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Summary 

Background 

Cardiovascular diseases are the leading cause of death globally and transportation noise has been 

reported to be associated with cardiovascular diseases. A meta-analysis reported a pooled risk ratio for 

cardiovascular diseases of 1.08 (95% CI: 1.04-1.13) per 10 dB of increase of road traffic noise levels. 

Some relationships between noise, annoyance to noise and health need to be clarified. There are still 

uncertainties about the exposure-response relationship for the major transportation noise sources from 

road traffic, railway and aircraft. In addition, most studies have used averaged noise indicators to 

define exposure, not taking the variation of noise into account. Further the timing of exposure has not 

been investigated enough. Finally there is still no agreement about the impact of confounding by air 

pollution in noise studies.  

Objectives 

The aim of the present thesis was to better understand  

1) The relationship between annoyance to road traffic noise exposure, road traffic noise exposure and 

heath-related quality of life,  

2) To better understand the mutual independent link between cardiovascular mortality in adults and 

residential exposure to transportation noise sources,  

3) To evaluate the impact of noise characteristics such as number of events and intermittency on the 

association between transportation noise and cardiovascular diseases 

4) To evaluate whether the association between noise and cardiovascular mortality is modified by 

factors such as age, gender, socio-economic status, nationality and degree of urbanity 

5) To investigate the effects of transportation noise in different time windows during day and night on 

cardiovascular mortality. 

6) To build a nationwide NO2 and PM2.5 air pollution model in order to assess the mutual impact of 

noise and traffic related air pollution on cardiovascular mortality.  

Methods 

The first study presented is based on the QUALIFEX prospective cohort study on health-related 

quality of life and radiofrequency electromagnetic field exposure. Questionnaires were sent at baseline 

and follow-up one year later. The questionnaire consisted of a battery of validated scores about general 

health status, socio-demographic and lifestyle factors. Noise annoyance due to transportation, industry 

and neighbours noise was evaluated using a validated question. Road traffic noise exposure was 
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assigned at the place of residence of the cohort participants based on their geocodes. For each 

respondent, time-weighted daily average noise levels Ldn were calculated for road traffic noise. 

Baseline and follow-up survey data were combined and analysed with multivariable mixed-effects 

regression models to investigate the association between annoyance to each noise source, noise 

exposure, and the health indicators. Upon identification of sleep disturbance as the main effect 

modifier, a structural equation model was built to explore the interdependencies between the variables 

road traffic noise, annoyance to road traffic noise, sleep disturbance and HRQOL. 

The second, third and fourth studies were designed as follows: 

Data from the Swiss national cohort (SNC) was used. The data contain 7.28 million observations and 

information from census data from 2000, and mortality and emigration records for the period 2000 to 

2008. The outcomes under investigation were primary causes of death from various cardiovascular 

outcomes. Within the framework of this project, a high definition Swiss-wide noise database for the 

three transportation noise sources and intermittency ratio (IR) for the year 2001 was built. The IR 

quantifies the number of noticeable noise events of a noise source based on the sound energy of events 

that surpasses background noise by 3 dB. Each SNC participant was assigned exposure from the noise 

database according to their geocodes and floor of residence. 

In the second study, Lden for each noise source was assigned at the most exposed façade to each 

participant of the cohort. The association between noise and CVD was investigated by Cox regression. 

Hazard ratios for the outcomes of interests were computed using multipollutant models. Each model 

was adjusted for potential confounders and IR. Stratification analysis was conducted by sex, age, 

building age, movers, number of events exceeding the background level, socio-economic position, and 

degree of urbanity.  

In the third study, combined noise exposure (Leq,Comb) from all three sources was calculated (i.e. the 

energetic sum of road, railway, and aircraft noise) in different time windows. IR from all 

transportation sources combined was estimated in the same time periods as the Leq,Comb as well as 

separately for 07 to 23h and 23 to 07h. The data was analyzed by Cox regression. In order to calculate 

comparable hazard ratios (HR), the Leq,Comb for each time window of interest were standardized and 

HRs per one standard deviation (SD) of exposure were reported. Each model was adjusted for IR and 

potential confounders. The impact of IR in different time windows during day and night adjusted for 

Lden,Comb and the other potential confounders mentioned above was examined. 

In the fourth study Lden for each noise source was assigned at the most exposed façade to each 

participant of the cohort. In addition, NO2 (for the years 2000 to 2008) and PM2.5 (for the years 2003 

to 2008) concentrations were predicted at the residential address. The yearly predictions were 

averaged in order to determine long-term exposure. The association between noise and MI was 

examined by Cox regression. Hazard ratios for the outcomes of interests were computed using 
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multipollutant models. Models were adjusted for potential confounders, without adjusting for air 

pollution, with adjustment for NO2 or PM2.5, and adjusted for both air pollutants. 

Conclusion 

The first study demonstrates that annoyance to road traffic noise is more strongly associated with 

health-related quality of life than road traffic noise itself. This pattern was confirmed by structural 

equation modelling that revealed an indirect link between road traffic noise and health-related quality 

of life via annoyance to road traffic noise. Annoyance was found to be the mediator of further health 

effects to which sleep disturbance belongs. 

The second study confirmed previous results from international studies on transportation noise and 

strengthens the existing evidence. Road traffic noise appeared to be the most widespread noise source 

and the most detrimental for health. Road traffic noise studies conducted to date have found 

inconclusive results with regards to stroke. In the second study, road traffic noise was significantly 

associated with ischemic stroke but not with haemorrhagic stroke. Impact of railway noise exposure 

was comparable with road traffic noise but at a smaller magnitude. For railway noise the risk started to 

increase from levels as low as 30 dB. Aircraft noise was associated with heart failure and myocardial 

infarction. Exposure to mid-range noise intermittency tended to increases the risk of cardiovascular 

disease by 1%.  

In the third study, different timing of exposure yielded diurnal variation of risk for cardiovascular 

diseases, ischemic heart diseases, blood pressure and heart failure. Stroke was neither associated with 

noise nor a diurnal variation of risk could be observed. For ischemic heart diseases, the risk was 

greater during the night whereas for heart failure daytime noise appeared to be more relevant. For 

blood pressure-related death and nighttime noise, the risk started to increase from levels as low as 35 

dB. 

Adjustment for NO2 and PM2.5 did not induce much change of the risk estimate for all noise sources 

and MI. Categorical models showed that the increase of the risk estimates for road traffic noise and MI 

was more pronounced in the higher noise categories 60-65dB and  >60 dB. The increase was mainly 

driven by adjustment for NO2. For railway noise, MI risk estimates were robust to adjustment to air 

pollution. 
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1. Introduction and background 

 

1.1. Cardiovascular diseases (CVD): a public health burden  

In 2012, CVD were the leading cause of death globally and its death toll amounted to around 17.5 

million people, representing 31% of all deaths (1). Yearly the CVD subgroups coronary heart disease 

and stroke cause around 7.4 and 6.7 million deaths (1). Over three quarters of the deaths caused by 

CVD occur in low- and middle income countries (1). While a decrease in age-standardized mortality 

rate has been observed in high income countries for decades (2), mortality rates have been reported to 

be higher in low- and middle income countries than in the western world (3). Quality of life is affected 

too; disability-adjusted life years (DALYs) is an indicator combining the years of healthy life lost due 

to disability and the years of life lost due to premature death. CVD are responsible for 10% and 18% 

of DALYs in low- and middle income countries, and in high-income countries, respectively (1). The 

worldwide distribution of DALYs for CVD is depicted in Figure 1. In 2010, the global costs of CVDs 

were estimated at US$ 863 billion (4).  

 

Figure 1: Map of the worldwide distribution of DALYs for CVD in 2004 per 100’000 (5)  

 

In 2014, CVD was the number one killer in Switzerland and accounted for 34.8% and 30.6% of the 

total deaths for females and males (6). In 2011, CVD is attributed to CHF 10.3 mio and CHF 6.4 mio 

of direct and indirect costs (7). 

Risk factors for CVD can be classified in three different subgroups; physiological, behavioral, and 

socioeconomic and environmental (8). Physiological factors include hypertension, high blood lipids, 

diabetes and high blood glucose, and thrombosis and inflammation. These factors act directly on the 
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cardiovascular system by favoring atherosclerosis leading to CVD. The status of physiological factors 

is directly influenced by behavioral factors from one side, and by socioeconomic and environmental 

factors from the other. Socioeconomic and environmental factors also indirectly influence 

physiological pathways via behavioral factors.  Behavioral factors comprise physical inactivity, 

smoking, alcohol overconsumption, and unhealthy diet, while socioeconomic and environmental 

factors encompass exposure to air pollution and transportation noise, lack of green space, 

socioeconomic status, education level and inequalities. This framework is displayed in Figure 2.  

 

Figure 2: Schematic diagram of proposed determinants of and risk factors for CVD by Tzoulaki et al. (8) 

A joint-effect analysis of those risk factors conducted in a comparative risk assessment study by 

Ezzati, Hoorn (9) showed that an estimated 80% of deaths from IHD and 70% of deaths from stroke 

globally were attributable to only a few physiological and behavioral factors. Most environmental 

factors contribute little to the etiology of CVD compared to physiological and behavioral factors. 

However, exposure to air pollution and transportation noise is very common and even a marginal risk 

increase can have a significant impact in terms of public health. 

 

1.2. Noise 

Sound is a wave travelling through the air by small fluctuations of atmospheric pressure. A sound is 

made of different tones, each of these tones having a particular frequency. The human ear perceives 

frequencies ranging from 20Hz to 20’000Hz. When these frequencies are harmonically ordered we 

hear pleasant sounds such as the chirping of birds or music. When these frequencies are chaotically 
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ordered, we perceive unpleasant sound referred to as noise. However, the way each of us perceives 

noise depends on our individual habits and preferences, situational conditions, and meaning and 

impact of noise. 

Noise is measured in sound pressure level Lp, which is a logarithmic measure of the effective pressure 

of a sound p relative to a reference value p0 (equation 1).  

Equation 1 𝐿𝑝 = 10 log10 (
𝑝2

𝑝0
2) [dB] 

The sound pressure levels tells how much larger the measured sound pressure is compared to the 

pressure at the hearing threshold (2*10
-5

 Pa @ 1000Hz) and it is measured in decibel (dB). An 

overview of the decibel scale is depicted in Figure 3. 

 

Figure 3: The decibel scale 

Sound level meter devices can measure the sound pressure level in real time very accurately. However, 

in order to evaluate long-term noise exposure, an energetic average of the sound pressure level over 

the timeframe of interest coined the equivalent continuous sound level Leq is preferred (10). Two 

further noise metrics often used in epidemiology are based on the Leq; Lday, Lnight, Ldn and Lden. Lday and 

Lnight metrics are the average equivalent sound level over the daytime and nighttime hours. The 

definition of daytime and nighttime hours can vary depending on the country. The Ldn is the average 

equivalent sound level over 24h including a penalty of 10 dB for noise during the nighttime hours 
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from 22:00 to 06:00 in Europe (10) and 23:00 to 07:00 in Switzerland. The Lden is the average sound 

level over 24h including a penalty of 5 dB for noise during the evening hours from 18:00 to 22:00 and 

a penalty of 10 dB during the nighttime hours from 22:00 to 06:00 (10). In Switzerland, the Lden is 

calculated based on evening hours from 19:00 to 23:00 and nighttime hours from 23:00 to 07:00.   

1.3. Noise exposure 

Currently, more than half of the world’s population live in urban areas where noise levels exceed the 

WHO guideline for night-time noise of 45 dB (11).  According to projections from the WHO, by 2050 

seven out of ten people will live in cities (12). A growing world population and increasing global 

traffic will lead to more noise and therefore expose a bigger share of the population to harmful noise 

levels.The most prevalent noise globally originates from transportation noise sources: road traffic, 

railway and aircraft noise. Studies from Vietnam (13), Brazil (14), India (15) and Nigeria (16) have 

reported noise levels far above the 45 dB threshold. In China, in order to manage the 10% annual 

growth in air traffic, six to seven new airports are built each year in addition to the 180 that already 

exist (17). A noise impact study around Guangzhou Baiyun airport in China has reported weighted 

effective continuous perceived noise levels LWECPN above 70 dB affecting 400’000 people (18).  

The situation is similar in industrialized countries. In 2012 in the European Union, 125 and 37 mio 

people were respectively affected by road traffic noise Lden above 55 and 65 dB (19). For railway and 

aircraft noise 8 mio and approximately 3 mio people are exposed to Lden noise levels above 55 dB (19). 

In Switzerland, 50% of the population is exposed to Leq,day above 55 dB from road traffic noise (20). 

Further, 85, 90 and 95% of people affected by road traffic, railway and aircraft noise live in cities, 

where the co-exposure to two or more noise sources is common (20). 

1.4. Noise and health 

Unlike other environmental pollutants, noise does not physically interact with the organs of the 

exposed individuals. Rather it interacts with the body via nervous stimulation of the brain following 

direct and indirect pathways (21). The direct pathway involves the acoustic nerve and the central 

nervous system, while the indirect pathway involves the cognitive perception of the noise and triggers 

cortical activation that is linked with emotional responses. Both pathways trigger stress responses 

translating into an increase in heart rate and increase in the concentration of cortisol, adrenaline and 

noradrenaline that in turn may lead to inflammation. It is important to note that noise exposure during 

daytime triggers the above mentioned mechanism, while nighttime noise induces additional stress via 

sleep disturbances. 

 

1.3.1. Noise and annoyance  

Noise as “unwanted sound” (22) is mostly perceived as a stressor and triggers annoyance which may 

lead to further health effects . Annoyance by transportation noise is widespread and, in Switzerland, 
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about two-thirds of the population is annoyed by transportation noise (23). Noise annoyance defines 

the level of disturbance induced by noise exposure (24) and is driven by psychosocial factors. This 

includes fear of danger from the noise source, beliefs about the value of the noise source, decisional 

freedom regarding exposure and general noise sensitivity (25, 26). The proportion of strongly annoyed 

individuals in a population tends to increase when the same individuals are exposed to higher noise 

levels (27). According to the framework of Recio et al. (28), constant or repeated exposure to noise 

induces sustained psychological stress that is transferred to the somatic and physiological levels. 

Therefore, annoyance can be seen as the first health effect of noise exposure and the mediator of 

further health effects such as stress (29). 

1.3.2. Noise and sleep 

Many studies have shown that exposure to noise causally disturbs sleep (30-32). Sleep deprived 

subjects tend to display alterations of the sympathetic system, that in turn trigger changes in cardiac 

contractility, cardiac output, blood volume and peripheral resistance, thus inducing an elevation of the 

blood pressure (33). Further, sleep indebted subjects present higher concentrations of inflammatory 

markers such as high leukocytes count and IL-6 and TNF-α concentration in blood (33). Thus, through 

mechanisms such as raised blood pressure and inflammation, sleep deprivation has a direct impact on 

CVD health. Indeed, a meta-analysis reported that short sleep duration (less than 7h per night) was 

associated with an increased risk of developing or dying of coronary heart diseases (RR 1.48, 95% CI: 

1.22-1.80) and stroke (RR 1.15, 95% CI: 1.00-1.31) (34).  

1.3.3. Noise and CVD 

The mechanisms presented in the previous sections 1.3.1. and 1.3.2. lead to disturbances of the 

homeostasis of the exposed individuals. In the long-term, those disturbances lead to hypertension or 

atherosclerosis and more severe events such as stroke or myocardial infarction. Indeed, two meta-

analyses found a relative risk for hypertension of 1.13 (95% CI: 1.00-1.28) per 10 dB(A) increase in 

aircraft noise (35), while odds ratio of 1.03 (95% CI: 1.01-1.06) was found for 5 dB(A) increase of 

road noise (36). The hazard ratio for mortality from myocardial infarction was found to be 1.48 (95% 

CI: 1.01–2.18) for subjects living since more than 15 years in an area where aircraft noise levels were 

above 60 dB(A) (37). Another study reported a relative risk of 1.21 (95% CI: 0.98-1.49) and 1.23 

(95% CI: 1.02-1.49) for stroke mortality in relation to daytime and nighttime noise levels (38). 

2. State of research and open questions 

Most studies use models with a single-source noise exposure and some uncertainty still remains in the 

mutual independent exposure-response curve when considering multiple sources. Further, the majority 

of studies use the time-averaged noise exposure variables Lden, Ldn or Leq,Day or Leq,Night which do not 

inform neither about the peaking characteristics of the noise sources nor about the number of noisy 

events. Therefore there is a need for an exposure variable describing the variability of noise. Indeed,  it 
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has been shown that the probability of event-related, body movements and cardiovascular arousals 

depends on the sound pressure level and the slope of rise of individual noise events (39-41). Further, 

the impact of the time of exposure has rarely been investigated and only a few studies report different 

estimates for the day and the night (42-44). Finally, there is still a lack of agreement on the question 

whether noise and air pollution trigger independent effects. Many studies have assessed the mutual 

independent impact of transportation noise and air pollution on CVD with mixed results (45-50).  
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3. Methods 

This thesis is part of the interdisciplinary SiRENE project (Short and Long Term Effects of 

Transportation Noise Exposure) involving a team of acousticians, psychologists, chronobiologists and 

epidemiologists. The goal of SiRENE was to investigate acute, short- and long-term effects of road, 

railway and aircraft noise exposure on annoyance, sleep disturbances and cardio-metabolic risk. The 

project was financed by the Swiss National Science Foundation and conducted together with the Swiss 

Federal Laboratories for Materials Science and Technology (EMPA), the Centre of Chronobiology of 

the University of Basel, N-sphere and the Federal Office for the Environment (FOEN). The noise data 

generated in the framework of the SiRENE project is described in the publication of Karipidas et al. in 

Annex A, while the derivation of the intermittency ratio is described in the publication of Wunderli et 

al. in Annex B. 

3.1.  Aims of this thesis 

In this section, the different aims of this thesis and the description of the studies are presented. Each 

aim refers to a particular chapter.  

Aim 1: To investigate the association between road traffic noise exposure and annoyance, and health 

indicators.  

Aim 2: To better understand the mutual independent link between cardiovascular mortality in adults 

and the residential exposure to transportation noise sources 

Aim 3: To evaluate how relevant are noise characteristics such as number of events and intermittency 

of the noise source  

Aim 4: To evaluate whether the association between noise and cardiovascular mortality is modified by 

factors such as age, gender, socio-economic status, nationality and degree of urbanity. 

Aim 5: To investigate the effects of transportation noise in different time windows during day and 

night on cardiovascular mortality. 

Aim 6: To build a nationwide NO2 and PM2.5 air pollution model in order to assess the mutual impact 

of noise and traffic related air pollution on cardiovascular mortality. 

3.2.  Study description 

The first study (described in detail in section 4. of this work) answers aim 1 and is based on the 

QUALIFEX prospective cohort study on HRQOL and radiofrequency electromagnetic field exposure. 

Questionnaires were sent to 4000 randomly selected residents from the region of Basel, Switzerland, 
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aged between 30 and 60 years. After one year, a follow-up was conducted by resending the same 

questionnaire to the respondents of the baseline survey. The questionnaire consisted of a battery of 

validated scores about their general health status (general health indicator from the European health 

survey (51)), physical health (von Zerssen (52)), mental health (SF-36 mental health component (53)), 

sleep disturbances (sleep disturbance score from the Swiss Health Survey 2007 (54)), socio-

demographic and lifestyle factors. Noise annoyance due to road traffic, trains, aircrafts, industry and 

neighbours was evaluated using a validated question. Road traffic noise exposure was assigned at the 

place of residence of the cohort participants based on their geocodes. For each respondent, time-

weighted daily average noise levels Ldn were calculated for road traffic noise. Baseline and follow-up 

survey data were combined and analysed with multivariable mixed-effects regression models to 

investigate the association between annoyance to each noise source, noise exposure, and the health 

indicators. Interaction tests were conducted to identify effect modifiers. Upon identification of sleep 

disturbance as the main effect modifier, a structural equation model was built to explore the 

interdependencies between the variables road traffic noise, annoyance to road traffic noise, sleep 

disturbance and HRQOL.  

Answers to aims 2 to 6 were provided based on the same health data with a different set of exposure 

variables for each study.  

The Swiss National Cohort (SNC) contains 7.28 million observations and information from census 

data from 2000, and mortality and emigration records for the period 2000 to 2008. The outcomes 

under investigation were primary causes of death from various cardiovascular outcomes. Within the 

framework of the SiRENE project, a high definition Swiss-wide noise database for the three 

transportation noise sources and intermittency ratio for the year 2001 was built. The IR quantifies the 

number of noticeable noise events of a noise source based on the sound energy of events that surpasses 

background noise by 3 dB. Each SNC participant was assigned exposure from the noise database 

according to their geocodes and floor of residence. 

In the second study (described in details in section 5. of this work) aims 2-4 were answered. Lden for 

each noise source was assigned at the most exposed façade to each participant of the cohort. The 

association between noise and CVD was investigated using the Cox proportional hazards model with 

age as the underlying time variable. Hazard ratios for the outcomes of interests were computed using 

multipollutant models, i.e. including linear terms for each noise source. Each model was adjusted for 

potential confounders and IR. Stratification analysis was conducted by sex, age, building age, movers, 

number of events that exceed the background level, socio-economic position, and urbanization. 

The study on diurnal variation of noise exposure (described in section 6. of this work) answered aim 5. 

For this analyses combined noise exposure (Leq,Comb) from all three sources was calculated (i.e. the 

energetic sum of road, railway, and aircraft noise) for the following time windows: 07 to 19h, 19 to 
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23h, 23 to 01h, 01 to 05h, 05 to 06h, and 06 to 07h. IR from all transportation sources combined was 

estimated in the same time periods as the Leq,Comb as well as separately for 07 to 23h and 23 to 07h. 

The data was analyzed by Cox regression with age as the underlying time variable. In order to 

calculate comparable hazard ratios (HR), the Leq,Comb for each time window of interest were 

standardized and HRs per one standard deviation (SD) of exposure were reported. Each model was 

adjusted for IR and potential confounders. In order to explore the exposure-response relationship, 

categorical analyses were conducted for all time windows. Further, the impact of IR in different time 

windows during day and night adjusted for Lden,Comb and the other adjustment variables mentioned 

above was examined. 

The study focusing on the confounding effect of air pollution (described in section 8. of this work) 

answered aim 6. For this analysis two distinct air pollution models for NO2 and PM2.5 were built. More 

details on the modelling procedure for PM2.5 and NO2 can be found in section 7. and section 8. of this 

work. The NO2 model was based on passive sampler data collected from 2000 to 2008 from the air 

pollution monitoring authorities from the cantons: Genève, Vaud, Neuchâtel, Jura, Fribourg, Berne, 

Basel-City, Basel-Country, Solothurn, Aargau, Ticino, the Inluft and Ostluft network, and the Sapaldia 

team. Building footprint area, population density, land use area, total length of roads, traffic density, 

altitude, and PolluMap estimates (55) were extracted in various buffer sizes around the sampling point. 

Model selection was conducted for each year from 2000 to 2008 with the elastic net algorithm and the 

residuals were kriged. The prediction for the SNC at residential address was based on the selected 

elastic net model and the smoothed residuals obtained by kriging. Finally, the yearly final predictions 

were then averaged to obtain a long-term NO2 exposure value.  

The PM2.5 model was built based on the method published by Kloog et al. (56). In brief, the ratio 

between PM2.5 and PM10 data from 10 monitoring sites of the NABEL network was used to predict 

PM2.5 concentrations at sites where only PM10 measurements were available. Aerosol optical depth 

(AOD) data for the period of 2003−2008 at 1km resolution was used. Spatial and temporal predictor 

data was extracted at different scales; the global (1x1km) and local (100x100m; nested in the 1x1km 

grid) scales as well as at the point location of the monitoring sites. Both global and local predictors 

included the following: PM2.5 emissions from agriculture, households, industry, traffic and wood 

smoke for the years 2005 and 2010, distance to nearest main road, elevation, land use, meteorological 

data including daily modelled planetary boundary layer data, daily temperature, wind speed, wind 

direction and precipitation at a ~10x10km resolution. A 4-staged modelling approach, described in 

previous work (56) was adapted and further developed to ultimately estimate PM2.5 concentrations at 

both 1km and 100m grid cells across Switzerland from 2003 to 2008. In stage 1, PM2.5 measurements 

were regressed against 1km predictors using mixed effects models. In stage 2, the models were then 

used to predict PM2.5 in the cells where AOD was available. In stage 3 a generalized additive mixed 

model with spatial smoothing was applied to generate PM2.5 predictions for those grid cells where 
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AOD was missing (stage 3).  Finally, to estimate 100 m localized PM2.5 predictions, the residuals from 

the stage 1 model at each monitoring site were regressed against the local spatial and temporal 

variables at each monitoring site (stage 4) using the support vector machine algorithm.  

Lden for each noise source was assigned at the most exposed façade to each participant of the cohort. In 

addition, NO2 (for the years 2000 to 2008) and PM2.5 (for the years 2003 to 2008) concentrations were 

predicted at the residential address. The yearly predictions were averaged in order to determine long-

term exposure. The association between noise and MI was examined by Cox regression with age as 

the underlying time variable. Hazard ratios for the outcomes of interests were computed using 

multipollutant models, i.e. including linear terms for each noise source 1) without adjusting for air 

pollutants 2) adjusted for PM2.5 3) adjusted for NO2 and 4) adjusted for both. Each model was adjusted 

for potential confounders and IR. Categorical noise analyses were performed using Lden(Road), 

Lden(Rail) and Lden(Air) in 5dB categories to explore the effect of combined exposure of noise with 

NO2 and PM2.5 respectively. Synergistic effects were searched by including an interaction term for 

each noise source and NO2 and PM2.5. 

3.3.  The relevance of this thesis 

By examining the relationships between noise, annoyance, sleep disturbance and HRQOL, the effects 

of noise events, the impact of diurnal variability of noise and the extent of confounding by air 

pollution, many open questions in the area of epidemiological noise research have been explored. This 

thesis will help the community of noise researchers to better understand the impacts of noise on CVD. 

In addition, the introduction of a novel noise metric termed intermittency ratio opens new research 

avenues in environmental noise epidemiology.  

The expected findings of this thesis should inform governments and ministries regarding the extent of 

the risk of noise exposure for cardiovascular diseases. These results will help decision-makers in 

determining noise protection policies for better protection of the affected populations. In addition, this 

thesis may offer valuable information for urban planners and architects willing to protect the 

populations at risk. Further, physicians may also benefit from the knowledge generated by this thesis. 

A better understanding of the risk of transportation noise exposure and knowledge about the most 

vulnerable populations may help to develop targeted prevention measures. 
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Abstract: The aim of this study is to investigate the relationships between road traffic 

noise exposure, annoyance caused by different noise sources and validated health 

indicators in a cohort of 1375 adults from the region of Basel, Switzerland. Road traffic 

noise exposure for each study participant was determined using modelling, and annoyance 

from various noise sources was inquired by means of a four-point Likert scale. Regression 

parameters from multivariable regression models for the von Zerssen score of somatic 

symptoms (point symptom score increase per annoyance category) showed strongest 

associations with annoyance from industry noise (2.36, 95% CI: 1.54, 3.17), neighbour 

noise (1.62, 95% CI: 1.17, 2.06) and road traffic noise (1.53, 95% CI: 1.09, 1.96). Increase 

in modelled noise exposure by 10 dB(A) resulted in a von Zerssen symptom score increase 

of 0.47 (95% CI: −0.01, 0.95) units. Subsequent structural equation modelling revealed 

that the association between physical noise exposure and health-related quality of life 

(HRQOL) is strongly mediated by annoyance and sleep disturbance. This study elucidates 
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the complex interplay of different factors for the association between physical noise 

exposure and HRQOL.  

Keywords: noise; exposure; annoyance; health indicators; von Zerssen; SF-36; quality of life 

 

1. Introduction 

Annoyance is one of the numerous health effects related to noise exposure and affects a large share 

of the population worldwide. Annoyance, often also triggered at low noise levels, has been the focus of 

previous environmental noise research [1,2]. Numerous studies found a positive exposure-response 

relationship for annoyance with increasing noise exposure from various sources [3–5]. In 2011, the 

WHO estimated that the share of the European population highly annoyed by road traffic noise at 

levels >55 dB(A) was 25% [6]. Upon extrapolation, it was estimated that annoyance induces losses in 

the range of 0.32–3.92 million disability adjusted life years or DALYs/year in the European Union [6]. 

In recent years, the evidence linking noise exposure and indicators of annoyance-mediated 

degradation of quality of life has accumulated. Studies have shown marked associations between noise 

exposure and annoyance with disturbance [2,7,8], reduced wellbeing [2,7] and reduced health-related 

quality of life (HRQOL) [2,8,9]. 

According to the Burden of Disease Report of the WHO [6], people annoyed by noise may 

experience a range of negative responses such as depression, anxiety or exhaustion, thus augmenting 

stress which is a recognised risk factor for cardiovascular diseases. For this reason, a better 

understanding of annoyance and its influence on health may help to prevent future health degradation. 

As stated in the theoretical framework of Stallen [10] and Soames [11], annoyance plays a role in 

mediating the further development of noise-induced health effects. Indeed, an internal mechanism of 

appraisal based on a set of non-acoustical factors such as attitude towards the noise source [10] or 

noise sensitivity [11] modify the annoyance reaction. Thus, subjects lacking the internal resource to 

overcome noise-induced stress and annoyance are more likely to present signs of health degradation in 

the long-term, although noise effects on sleep have also been observed in people who are not annoyed 

by noise [12]. In previous work [13–15] structural equation models have been used to disentangle the 

complex interplay between noise and noise-related variables such as annoyance, sleep disturbance, 

noise sensitivity and HRQOL. 

Further, the association between annoyance and any health outcome may be modified by factors 

such as sleep deprivation or body mass index (BMI). Indeed, the recent study of Sørensen et al. [16] 

indicate that BMI may play a role in noise induced health effects. A recent analysis using the same 

data as the present paper found that the association between road traffic noise and sleep was modified 

by gender [17]. 

The present study investigated the association between road traffic noise exposure and annoyance, 

and health indicators. It is based on a cohort study on HRQOL in relation to environmental factors 

conducted in the Basel area in Switzerland [18]. Whereas a previous analysis focussed on noise 

induced sleep effects [12], the present paper addresses the interplay between noise, annoyance to noise, 

sleep disturbance and HRQOL, and explores potential modifying factors such as socio-demographic 
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factors, BMI, comorbidity and noise exposure level. We further investigate the importance of 

annoyance and sleep disturbance as mediators of the association between physical noise and HRQOL 

indicators by structural equation modelling (SEM). 

2. Methods 

We used data from the QUALIFEX study (HRQOL and radio frequency electromagnetic field  

(RF-EMF) exposure: prospective cohort study), which focussed on health effects of RF-EMF and 

various other environmental exposures [18,19]. In May 2008, questionnaires entitled “environment and 

health” were sent to 4000 randomly selected residents from the region of Basel (2000 each from the 

cantons of Basel-City and Basel-Country), Switzerland, aged between 30 and 60 years. Reasons of  

non-eligibility in the cohort were severe disabilities, death, incorrect addresses (no possible matching 

with modelled noise exposure), absence during the time of the survey, and problems understanding the 

questionnaire due to language. After one year, a follow-up was conducted by sending the same 

questionnaire to the respondents of the baseline survey. Ethical approval for the conduct of the study 

was received from the ethics committee of Basel on 19 March 2007 (EK: 38/07). 

2.1. Outcome Variables 

The questionnaire consisted of a battery of validated scores about health in general, major health 

outcomes (current treatment for diabetes, stroke), and various non-specific symptoms of health (sleep 

quality, headaches) as well as socio-demographic (sex, age, marital status) and lifestyle (alcohol 

consumption, smoking, physical activity) factors. Respondents were requested to assess their health 

status on a categorical scale which was transformed into a binary variable (0 = “very good” and 

“good”; 1 = “fair”, “bad” and “very bad”) and used as an indicator of general health status as described 

in the methodological manual of the European Health Interview Survey [20]. We additionally used the 

von Zerssen 24 item list of somatic complaints [21] such as tiredness, loss of appetite, abdominal pain, 

cold feet; these are not specific to any diseases and can therefore be used for broad patients groups or, 

as in this study, for a population to estimate HRQOL. For each participant, answers to all 4-point 

Likert scale questions have been summed resulting in a continuous score ranging from 0 (no health 

complaints) to 96 (maximum health complaints). Mental health was assessed using the mental health 

section of the SF-36 questionnaire [22], which is an indicator used for evaluating individual patients 

health status. We recalculated the norm-based score for each participant, where high values reflected 

low mental health. Respondents had to state their feeling of nervousness, depression, relaxation, 

demoralisation and happiness on a five point scale. Sleep disturbances were assessed using the sleep 

disturbance score from the Swiss Health Survey 2007 [23] which addresses difficulties to fall asleep, 

troubled sleep, frequency of spontaneous awakening, and waking up too early in the morning. 
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2.2. Noise Annoyance and Noise Exposure 

Noise annoyance at home due to road traffic, trains, aircrafts, industry and neighbours was evaluated 

using a four-points Likert scale with categories “no”, “slight”, “considerable”, and “heavy” [24]. 

Noise exposure assessment was conducted using the same procedure described elsewhere [12].  

In brief, the Swiss Federal Statistical Office provided geocodes for each respondent address. Both 

geocodes were provided for participants who moved between the baseline and follow-up (n = 65). 

Based on their geocodes, noise exposure was assigned from one of two available models depending on 

whether study participants resided in Basel-City (urban) or in Basel-Country (suburban). In Basel-City 

we used a road traffic noise cadaster provided by the Basel-City Office for the Environment and 

Energy. It is based on a detailed 3D city model that was developed by the land surveying office using 

photogrammetrically analysed aerial photographs. The road traffic data were derived from a traffic 

model from the year 2008 [12]. In Basel-Country, values were derived from the nationwide SonBASE 

model [25,26]. Respondents were assigned average traffic noise values for the day (Lday 06:00–22:00) 

and the night (Lnight 22:00–6:00). Time-weighted daily average noise levels Ldn were calculated for rail 

and road traffic noise including a 10 dB(A) penalty for the nighttime [27]. Values were censored at  

30 db(A), and 10 dB(A) increments of Ldn were used in the analysis. In order to rule out selection bias, 

exposure values extracted for the geocodes of participants and non-participants were compared. 

2.3. Statistical Analysis 

Baseline and follow-up survey data were combined and analysed with multivariable mixed-effects 

regression models with random intercept, clustered at the level of the individual to investigate the 

association between annoyance to each noise source, noise exposure, and the health indicators. The 

relationships with the von Zerssen symptom score and the SF-36 mental health score were analysed 

using linear regression, while logistic regression was used for self-reported health status. All models 

were adjusted for age, age as quadratic polynomial, sex, physical activity (frequency of exercise-induced 

sweating per week), smoking (current smoker vs. non or former smoker), education level (low, middle, 

high), and marital status (single, married, divorced/widowed). A further adjustment was conducted to 

account for urban vs. suburban region, where the two different noise models (3D city model vs. 

SonBASE) have been used. 

In order to evaluate potential effect modification, stratified analyses and interaction tests with 

annoyance to noise source or noise exposure were conducted by sex, age (subjects aged below and 

above median = 47 years), noise exposure level (subjects exposed below and above median = 46 dB(A)), 

BMI (cut-off value = 25), and sleep disturbance score from the Swiss Health Survey 2007 [23] 

(subjects below and above median = 5.61, where individuals scoring higher than median had the most 

sleep disturbances). A further stratification was conducted for self-reported doctor-diagnosed 

comorbidity, defined as suffering two or more diseases (arthritis, bronchitis, myocardial infarction, 

stroke, kidney disease, cancer, osteoporosis or diabetes). 
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2.4. Structural Equation Model (SEM) 

Upon identification of sleep disturbance as the main effect modifier, a structural equation model 

was built to explore the interdependencies between the variables road traffic noise, annoyance to road 

traffic noise, sleep disturbance and HRQOL. SEM allows for gathering in-depth knowledge on the 

direct and indirect effects variables may have on each other. As displayed in Figure 1, we specified the 

SEM in sequential steps based on the literature focussing on the relationships (1) road traffic noise → 

HRQOL, (2) road traffic noise → sleep disturbance, (3) road traffic noise → annoyance to road traffic 

noise, (4) sleep disturbance → HRQOL, (5) sleep disturbance → annoyance to road traffic noise and 

(6) annoyance to road traffic noise → HRQOL. We then built two distinct SEMs for each HRQOL 

indicator (von Zerssen and SF-36 score) by incrementally increasing their complexity. Relationships 

(1), (2), (4) and (6) were adjusted for gender, age, physical activity, smoking and education, while 

relationships (3) and (5) were adjusted for gender, age, urban/suburban and awareness about 

environmental issues (e.g., fear from car exhaust, sceptical to new technologies) [28]. All variables 

were z-normalised to obtain comparable regression coefficients. We ran a separate model for baseline 

and follow-up data. Missing values were excluded yielding 1307/1357 baseline and 1064/1074 follow 

up observations for SEMs including the von Zerssen/SF-36 mental health indicator. In subsequent 

steps, non-significant exogenous/endogenous and endogenous/endogenous relationships between 

variables were constrained to zero. Search for missing paths was conducted using modification indices, 

and significant paths consistent with the direction of effect were added to the model. Model selection 

was based on χ2, Aikaike Information Criterion (AIC), Tucker-Lewis, Root Mean Squared Error of 

Approximation (RMSEA) and Standardized Root Mean squared Residuals (SRMR) values. Statistical 

analyses were carried out using STATA version 13.0 (StataCorp, College Station, TX, USA). 

Figure 1. Theoretical model used for the construction of subsequent SEMs for the 

relationships between road traffic noise, sleep disturbance, annoyance to road traffic noise 

and HRQOL. The “C” indicates additional factors (confounders) relevant for an association. 
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3. Results 

Out of 3743 eligible study participants, 1375 individuals participated in the baseline investigation 

(participation rate of 37%) and, of these, 1122 (82%) returned a follow-up questionnaire one year later 

accounting for a total of 2497 observations. The socio-demographic characteristics of the study sample 

are displayed in Table 1. 

Table 1. Socio-demographic characteristics of the 2497 observations. 

Age Categories In % 

30–34 Years 13.3 

35–39 Years 13.5 

40–44 Years  17.7 

45–49 Years 17.7 

50–54 Years  18.0 

>55 Years 19.9 

Sex In % 

Female 59.1 

Male 40.9 

Educational level In % 

Low (primary school) 5.9 

Medium (apprenticeship) 48.4 

High (higher education) 45.7 

Lifestyle characteristics  

Mean BMI (SD) 24.2 (4.2) 

Smokers (%) 27.3 

Comorbidity * (%) 11.5 

Note: * At least two chronic diseases in the same 

subject (see text).  

In terms of potential selection bias, road traffic and rail noise exposure was not significantly 

different between participants (mean Ldn road: 52.02 ± 6.18 dB(A) and mean Ldn railway: 23.59 ± 

10.44 dB(A)) and non-participants (52.45 ± 6.28 dB(A) and 24.67 ± 11.10 dB(A)). Figure 2 shows the 

proportion of the study sample exposed to road and rail noise in 5 dB(A) Ldn categories. We decided 

not to conduct analysis on modelled noise exposure to rail noise due to the small number of highly 

exposed persons (94% and 95% exposed to Lday and Lnight noise levels <40 dB(A), respectively). 

Figure 3 shows the distribution of annoyance to various noise sources. The proportion of 

respondents that reported considerable and heavy annoyance was highest in relation to aircraft noise 

(21.4%), road traffic noise (13.8%) and neighbour noise (10.2%) and less so for rail (2.4%) and 

industry noise (1.9%). Univariable regression parameters for annoyance to neighbour noise were found 

to be strongly associated with annoyance to road (0.21, 95% CI: 0.17, 0.25) and industry (0.17, 95% 

CI: 0.09, 0.25) noise. 
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Figure 2. Proportion of the study sample in relation to Ldn. 

 

Figure 3. Proportion of the level of annoyance due to different noise sources for the study sample. 

 

Figure 4 shows the relationship between modelled road traffic noise and annoyance. The proportion 

of the study sample highly (considerable + heavy) annoyed by road traffic noise reaches 36% at an Ldn 

of 70 dB(A). 
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Figure 4. Proportion of the study sample highly (considerable + heavy) annoyed in relation 

to road traffic noise levels. 

 

Crude and adjusted regression parameters for the von Zerssen symptom and SF-36 mental health 

score are displayed in Table 2. 

Table 2. Crude and adjusted increase of the von Zerssen symptom score and the SF-36 

mental health score in relation to modelled noise (per 10 dB(A) Ldn) or source specific 

annoyance (per rating category). 

Von Zerssen β [95% CI] Crude p-Value β [95% CI] Adjusted * p-Value 

Road traffic noise 10 dB(A) 0.59 [0.09, 1.09] 0.02 0.47 [−0.01, 0.95] 0.05 

Annoyance road 1.50 [1.06, 1.94] <0.001 1.53 [1.09, 1.96] <0.001 

Annoyance rail 1.03 [0.22, 1.84] 0.01 0.84 [0.06, 1.63] 0.04 

Annoyance aircraft 0.76 [0.35, 1.18] <0.001 0.73 [0.33, 1.14] <0.001 

Annoyance industry 2.14 [1.30, 2.97] <0.001 2.36 [1.54, 3.17] <0.001 

Annoyance neighbour 1.61 [1.16, 2.07] <0.001 1.62 [1.17, 2.06] <0.001 

SF-36 Mental Health β [95% CI] Crude p−Value β [95% CI] Adjusted * p-Value 

Road traffic noise 10 dB(A) 0.47 [−0.05, 0.98] 0.08 0.09 [−0.43, 0.61] 0.73 

Annoyance road 1.16 [0.66, 1.66] <0.001 1.03 [0.54, 1.52] <0.001 

Annoyance rail 1.49 [0.60, 2.37] <0.01 1.22 [0.34, 2.10] 0.01 

Annoyance aircraft 0.12 [−0.33, 0.58] 0.60 0.21 [−0.25, 0.67] 0.37 

Annoyance industry 2.16 [1.22, 3.10] <0.001 2.20 [1.27, 3.12] <0.001 

Annoyance neighbour 1.47 [0.96, 1.98] <0.001 1.34 [0.83, 1.84] <0.001 

Note: * Adjusted for age, age2, sex, physical activity, smoking, education, marital status, region. 

After adjusting for covariates, a 10 dB(A) increase of the road traffic noise Ldn was associated with 

a 0.47 (95% CI: −0.01, 0.95) point increase of the von Zerssen symptom score. A substantial increase 

in the von Zerssen symptom score for annoyance to road, industry and neighbour noise was observed 
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(>1.5 per unit increase in annoyance rating category), while the link with annoyance to railway and 

aircraft noise was weaker (<1 point per unit increase). 

After adjusting for covariates the SF-36 mental health score was not associated with road traffic 

noise, whereas it was positively associated with most annoyance types with the exception of 

annoyance to aircraft noise (Table 2). In the crude and adjusted logistic regression models presented in 

Table 3, self-reported health status was strongly associated with road traffic noise and annoyance to 

road traffic and neighbour noise.  Annoyance to neighbour noise was positively associated with health 

indicators in all models. 

Table 3. Crude and adjusted odds ratio for decrease of self-reported health status in 

relation to modelled noise (per 10 dB(A) Ldn) or source specific annoyance (per rating 

category). 

Self-Reported Health Status OR [95% CI] Crude p-Value OR [95% CI] Adjusted * p-Value 

Road traffic noise 10 dB(A) 1.36 [1.19, 1.55] <0.001 1.28 [1.12, 1.48] <0.001 

Annoyance road 1.52 [1.32, 1.77] <0.001 1.45 [1.25, 1.70] <0.001 

Annoyance rail 1.22 [0.95, 1.58] 0.12 1.07 [0.83, 1.40] 0.58 

Annoyance aircraft 0.98 [0.85, 1.13] 0.78 0.99 [0.86, 1.15] 0.96 

Annoyance industry 1.43 [1.11, 1.88] 0.01 1.28 [0.97, 1.68] 0.08 

Annoyance neighbour 1.79 [1.52, 2.08] <0.001 1.75 [1.49, 2.08] <0.001 

Note: * Adjusted for age, age2, sex, physical activity, smoking, education, marital status, noise model used. 

To test effect modification, stratified analyses were conducted for gender, age, noise exposure 

levels, BMI, sleep disturbance score and occurrence of comorbidity. In general, we found little 

indication that these factors act as effect modifiers. Sleep disturbance, however, was found to modify 

the relationship between road traffic noise and the von Zerssen score (p-value < 0.001), annoyance to 

aircraft noise and von Zerssen score (p-value = 0.017), annoyance to industry noise and the von 

Zerssen score (p-value < 0.01), and annoyance to neighbour noise and the von Zerssen score (p-value 

< 0.01). These associations were stronger for those people who had a higher sleep disturbance score. 

Stratified analysis conducted for the SF-36 mental health score and the self-reported health status 

yielded no results and is therefore not shown. 

Figure 5 shows the final SEM (Model A) and the Z-normalised parameters for the relationships 

between road traffic noise, annoyance to road traffic noise, sleep disturbance, the von Zerssen score 

and their confounders. Separate models for the baseline and the follow-up data yielded equivalent 

results. The assumed direct relationship between road traffic noise and the von Zerssen score lost 

significance with the addition of paths between the von Zerssen and other explanatory variables. Path 

parameters between road traffic noise and annoyance to road traffic noise, and between sleep 

disturbance and the von Zerssen score display the highest values. 
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Figure 5. Model A, SEM describing the relation between road traffic noise, annoyance to 

road traffic noise, sleep disturbance, the von Zerssen score and their confounders.  

Z-normalised model parameters based on baseline (displayed in black) and follow up (in 

red) observations. 

 

The path estimates and model fit indices for Model A are shown in Table 4. Both baseline and 

follow up subsets of Model A have low and non-significant χ2 test values indicating a good fit of the 

model parameters with the observed covariance matrix. Other model fit indices confirm this diagnostic. 

Table 4. Estimated parameters of SEM, 95% confidence intervals and p-values for all 

relationships and model fit indices for baseline and follow up observations in Model A. 

Relationship 
Baseline (n = 1307) Follow up (n = 1064) 

β [95% CI] p-Value β [95% CI] p-Value 

Direct effects     
Road traffic noise → Annoyance to road traffic 0.37 [0.32, 0.42] <0.001 0.35 [0.29, 0.40] <0.001 

Degree of urban → Annoyance to road traffic 0.07 [0.02, 0.12] 0.007 0.00 [−0.05, 0.06] 0.929 

Environmental Awareness → Annoyance to road traffic 0.23 [0.18, 0.28] <0.001 0.18 [0.12, 0.23] <0.001 

Annoyance to road traffic → von Zerssen 0.07 [0.02, 0.11] 0.003 0.06 [0.01, 0.11] 0.021 

Sleep disturbance → von Zerssen 0.41 [0.36, 0.45] <0.001 0.45 [0.40, 0.50] <0.001 

Environmental Awareness → von Zerssen 0.19 [0.15, 0.24] <0.001 0.17 [0.12, 0.22] <0.001 

Physical activity → von Zerssen −0.07 [−0.11, −0.02] 0.002 −0.08 [−0.13, −0.03] 0.003 

Smoking → von Zerssen 0.09 [0.04, 0.13] <0.001 0.10 [0.05, 0.15] <0.001 

Education → von Zerssen −0.05 [−0.10, −0.01] 0.022 −0.04 [−0.09, 0.01] 0.097 

Gender → von Zerssen −0.24 [−0.28, −0.19] <0.001 −0.26 [−0.31, −0.21] <0.001 

Annoyance to road traffic → Sleep disturbance 0.10 [0.05, 0.15] <0.001 0.12 [0.06, 0.18] <0.001 

Environmental Awareness → Sleep disturbance 0.08 [0.03, 0.14] 0.003 0.11 [0.05, 0.17] <0.001 

Education → Sleep disturbance −0.09 [−0.15, −0.04] 0.001 −0.08 [−0.14, −0.02] 0.011 

Gender → Sleep disturbance −0.09 [−0.15, −0.04] 0.001 −0.11 [−0.17, −0.05] <0.001 
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Table 4. Cont. 

Relationship 
Baseline (n = 1307) Follow up (n = 1064) 

β [95% CI] p-Value β [95% CI] p-Value 

Indirect effects     
Annoyance to road traffic → von Zerssen 0.04 [0.02, 0.06] <0.001 0.05 [0.03, 0.08] <0.001 

Road traffic noise → von Zerssen 0.04 [0.02, 0.06] <0.001 0.04 [0.02, 0.06] <0.001 

Degree of urban → von Zerssen 0.01 [0.00, 0.01] 0.022 0.00 [−0.01, 0.01] 0.929 

Environmental Awareness → von Zerssen 0.06 [0.03, 0.08] <0.001 0.07 [0.04, 0.10] <0.001 

Education → von Zerssen −0.04 [−0.06, −0.01] 0.001 −0.03 [−0.06, −0.01] 0.011 

Gender → von Zerssen −0.04 [−0.06, −0.01] 0.001 −0.05 [−0.08, −0.02] <0.001 

Road traffic noise → Sleep disturbance 0.04 [0.02, 0.06] <0.001 0.04 [0.02, 0.06] <0.001 

Degree of urban → Sleep disturbance 0.01 [0.00, 0.01] 0.031 0.00 [−0.01, 0.01] 0.929 

Environmental Awareness → Sleep disturbance 0.02 [0.01, 0.04] 0.001 0.02 [0.01, 0.03] 0.001 

Model fit indices Baseline Follow up 

χ2 3.62 13.42 

p-value χ2 0.963 0.201 

RMSEA 0.000 0.018 

AIC 36278 28878 

Tucker-Lewis 1.017 0.989 

SRMR 0.006 0.014 

Figure 6. Model B, SEM describing the relation between road traffic noise, annoyance to 

road traffic noise, sleep disturbance, the SF-36 mental health score and their confounders. 

Z-normalised model parameters based on baseline (displayed in black) and follow up (in 

red) observations. 

 

Figure 6 shows the final SEM (Model B) and the Z-normalised parameters for the relationships 

between road traffic noise, annoyance to road traffic noise, sleep disturbance, the SF-36 mental health 

score and their confounders. Again, there was no direct relationship between road traffic noise and the 
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SF-36 mental health score upon addition of paths better explaining the latter variable. In contrast to 

Figure 5, no significant path between annoyance to road traffic noise and the SF-36 mental health 

score was identified. An indirect link between road traffic noise and SF-36 was found via annoyance to 

road traffic noise and sleep disturbance. 

The path estimates and model fit indices for Model B are shown in Table 5. Both baseline and 

follow up subsets of Model B have low and non-significant χ2 test values indicating a good fit of the 

model parameters with the observed covariance matrix. Other model fit indices confirm this diagnostic. 

Table 5. Estimated parameters of SEM, 95% confidence intervals and p-values for all 

relationships and model fit indices for baseline and follow up observations in Model B.  

Relationship  
Baseline Follow_up 

β [95% CI] p-Value β [95% CI] p-Value 

Direct effects     
Road traffic noise → Annoyance to road traffic 0.38 [0.33, 0.43] <0.001 0.35 [0.30, 0.41] <0.001 

Environmental Awareness → Annoyance to road traffic 0.23 [0.18, 0.28] <0.001 0.17 [0.12, 0.22] <0.001 

Sleep disturbance → SF-36 0.84 [0.54, 1.14] <0.001 0.65 [0.35, 0.95] <0.001 

Environmental Awareness → SF-36 0.10 [0.04, 0.17] 0.003 0.11 [0.04, 0.18] 0.002 

Physical activity → SF-36 −0.07 [−0.11, −0.02] 0.004 −0.06 [−0.12, −0.01] 0.025 

Smoking → SF-36 0.12 [0.08, 0.17] <0.001 0.07 [0.02, 0.13] 0.011 

Annoyance to road traffic → Sleep disturbance 0.11 [0.06, 0.16] <0.001 0.12 [0.06, 0.18] <0.001 

Environmental Awareness → Sleep disturbance 0.10 [0.04, 0.15] <0.001 0.10 [0.05, 0.16] <0.001 

Education → Sleep disturbance −0.10 [−0.15, −0.05] <0.001 −0.08 [−0.14, −0.02] 0.007 

Gender → Sleep disturbance −0.07 [−0.12, −0.02] 0.007 −0.11 [−0.17, −0.06] <0.001 

Indirect effects         

Annoyance to road traffic → SF-36 0.09 [0.05, 0.14] <0.001 0.08 [0.04, 0.12] <0.001 

Road traffic noise → SF-36 0.04 [0.02, 0.06] <0.001 0.03 [0.01, 0.05] 0.001 

Environmental Awareness → SF-36 0.10 [0.04, 0.17] 0.001 0.08 [0.03, 0.13] 0.003 

Education → SF-36 −0.09 [−0.13, −0.04] <0.001 −0.05 [−0.09, −0.01] 0.015 

Gender → SF-36 −0.06 [−0.1, −0.02] 0.006 −0.07 [−0.12, −0.03] 0.002 

Road traffic noise → Sleep disturbance 0.04 [0.02, 0.06] <0.001 0.04 [0.02, 0.07] <0.001 

Environmental Awareness → Sleep disturbance 0.03 [0.01, 0.04] <0.001 0.02 [0.01, 0.03] 0.001 

Model fit indices     

χ2 3.724 10.094 

p-value χ2 0.959 0.432 

RMSEA 0.000 0.003 

AIC 33991 26379 

Tucker-Lewis 1.018 1.000 

SRMR 0.006 0.012 

4. Discussion 

In our analysis using multiple linear models, modelled road traffic noise exposure was strongly 

associated with self-reported health status but not with the SF-36 mental score and borderline 

significant with the von Zerssen symptom score. The associations with noise annoyance tended to be 

stronger and more consistent for all three health indicators, although the pattern was more pronounced 

for annoyance from road, industry or neighbour noise than for annoyance from railway and  

aircraft noise. 
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The SEMs revealed no direct associations linking modelled road traffic noise to the von Zerssen 

symptom score and the SF-36 mental health score. This finding is in line with previous work [14] 

where the link between modelled road traffic noise and health outcomes vanished after inclusion of 

additional variables. However, for both HRQOL indicators we could demonstrate the existence of an 

indirect path via annoyance and sleep disturbances in both surveys (baseline and follow-up). These 

indirect paths indicate that annoyance and sleep disturbance act as a mediator for the association 

between noise exposure and health related quality of life. Interestingly, no direct relationship between 

annoyance and the SF-36 mental health score was found. According to the work of Stansfeld [29] such 

a direct relationship may have been observable when including the noise sensitivity in the model, since 

noise sensitivity affects the psyche and annoyance. Unfortunately, this information is not available in 

our study. 

In both SEMs, the path linking road traffic noise to sleep disturbance vanished after inclusion of the 

variables education and gender. This is in line with a previous analysis conducted on the present  

cohort [12] that found no association between road traffic noise exposure and subjective sleep quality. 

However, a significant association was found between road traffic noise and objective sleep 

parameters measured by actimetry. The lack of association between road traffic noise and subjective 

sleep quality implies that people may not be aware of the objective effect of noise on their sleep. This 

is of particular relevance for research looking at the link between noise and cardiovascular diseases. 

This further raises the question of the accuracy of annoyance as an indicator for the most severe health 

effects of noise.  

The von Zerssen score is a HRQOL indicator which, to the best of our knowledge, has not yet been 

used in noise research. Although we used different health indicators our study results are comparable 

with previous research on this topic [2,7–9]. The direction and magnitude of the observed associations 

are consistent with the theoretical framework of Soames et al. [11]. This demonstrates that noise 

annoyance and sleep disturbances play important mediating roles for noise induced effects on HRQOL. 

Our SEMs confirm the statements made by different authors that HRQOL is more closely correlated 

with reaction and coping of noise exposure than with the physical noise exposure itself [10,11]. The 

mediator effect of annoyance indicates that both individual coping behaviour and the real noise 

exposures are important, at least for a common source like road traffic. Conversely, hidden factors 

triggering annoyance may explain why the proportion of persons highly (considerable and heavy) 

annoyed by aircraft noise is substantially higher than for any other noise source (Figure 2), although 

exposure to aircraft noise is relatively low in our study area. According to noise contour maps from the 

Federal Office of Civil Aviation, no subject in our study sample lived in area with noise ratings [27] 

Lr, day exceeding 57 dB(A) [30] and Lr, 23:00-24:00 exceeding 47 dB(A), whereas 19 percent of the study 

sample is exposed to road traffic above 57 dB(A). Such a high annoyance to aircraft noise could, for 

instance, be explained by increased awareness to this particular noise source through the controversies 

on the night traffic bans. This phenomenon for example has been previously observed in Switzerland 

with respect to shooting noise, where only a low correlation with actual exposure values was  

observed [3]. Alternatively the few aircraft operations taking place between 23:00 and 24:00 at Basel 

airport may be triggering annoyance because they are well observable due to the generally low 

background noise levels. Yet, the weaker association observed between annoyance to aircraft noise and 
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the three health scales could be attributable to lower aircraft noise exposure or show that high 

annoyance does not necessarily translate into a decrease of HRQOL. 

Exposure to industry and railway noise is also expected to be low in our sample although modelling 

data to confirm this was only available for railway noise. Contrary to aircraft noise, for both of these 

sources the proportion of annoyed persons is also low. Nevertheless, the associations of the three 

health indicators with railway noise annoyance and with industry noise annoyance are quite different, 

with considerably stronger associations for the latter indicating that annoyance from a specific noise 

sources is mediated by additional factors. 

We investigated whether the low response rate of 37% could lead to bias in our analysis. We found 

similar noise exposure of non-respondents compared to respondents, ruling out bias for the relationship 

between road traffic noise and HRQOL. In terms of annoyance, it was not possible to undertake a  

non-responder analysis thus it is conceivable that more environmentally concerned people have taken 

part in this study yielding to an overestimation of the proportions of annoyed people. However, 

associations between annoyance and HRQOL would only be biased if these people also differ in terms 

of HRQOL. 

Potential limitations when dealing with self-reported annoyance and health outcomes include 

information bias and confounding. People more susceptible to all kinds of environmental and other 

factors may express more noise annoyance and more symptoms. We adjusted for relevant confounding 

factors which, in most cases, decreased the association indicating that residual confounding still might 

play a role, although unlikely to explain the full association. However, in these regards, the absence of 

adjustment for noise sensitivity and possible exposure misclassification (façade insulation, location of 

the bedroom and window opening/closing behaviour could not be considered) is a shortcoming of this 

study. The cross-sectional analysis also did not allow us to address the timing issue; which comes first, 

the increase in annoyance, the sleep disturbance or the decrease in HRQOL? As in other studies, we 

did not have the possibility to assess the proportion of people who moved out of noisy areas because of 

annoyance. Although our analysis is based on a cohort study, a longitudinal analysis was not possible 

since only about 65 subjects, those who moved in the one year between baseline and follow-up, had a 

change of exposure between baseline and follow-up. We further saw no significant difference in the 

Ldn values for participants that moved between baseline and follow-up indicating that self-selection is 

not expected to play a major role. 

5. Conclusions 

This study demonstrates that sleep disturbances and annoyance play an important role for the effects 

of road traffic noise on HRQOL. 
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Abstract 

Background: Most studies published to date consider single noise sources and the reported noise metrics are 

not informative about the peaking characteristics of the source under investigation. Our study focuses on the 

association between cardiovascular mortality in Switzerland and the three major transportation noise sources – 

road, railway and aircraft traffic– along with a novel noise metric termed intermittency ratio (IR), expressing the 

percentage contribution of individual noise events to the total noise energy from all sources above background 

levels.  

Methods: We generated Swiss-wide exposure models for road, railway and aircraft noise for 2001. Noise from 

the most exposed façade was linked to geocodes at the residential floor height for each of the 4.41 million adult 

(>30y) Swiss National Cohort (SNC) participants. For the follow-up period 2000 to 2008, we investigated the 

association between all noise exposure variables (Lden(Road), Lden(Rail), Lden(Air), and IR at night) and various 

cardiovascular primary causes of death by multipollutant Cox regression models adjusted for potential 

confounders including NO2.  

Results: The most consistent associations were seen for myocardial infarction: adjusted hazard ratios (HR) 

(95% CI) per 10 dB increase of exposure were 1.038 (1.019-1.058), 1.018 (1.004-1.031), and 1.026 (1.004-

1.048) respectively for Lden(Road), Lden(Rail), and Lden(Air). In addition, total IR at night played a role: HRs for 

CVD were non-significant in the 1
st
, 2

nd
 and 5

th
 quintiles whereas they were 1.019 (1.002-1.037) and 1.021 

(1.003-1.038) for the 3
rd

 and 4
th

 quintiles.  

Conclusion: Our study demonstrates the impact of all major transportation noise sources on cardiovascular 

diseases. Mid-range IR levels at night (i.e. between continuous and highly intermittent) are potentially more 

harmful than continuous noise levels of the same average level. 

 

Keywords: road traffic, railway, aircraft,  noise, exposure, Lden, cardiovascular mortality, intermittency 

ratio  
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Introduction 

There is growing epidemiological evidence that transportation noise affects health in various ways. 

Transportation noise induces sympathetic and endocrine arousals that release stress hormones such as 

catecholamine and cortisol in the blood stream [1]. Further it induces annoyance [2], affects health-related 

quality of life [3-5], reduces sleep quality [6], and has been shown to affect physical activity levels [7]. All these 

effects are expected to increase the incidence and progression of hypertension and myocardial infarction (MI) 

[8, 9].  

Blood pressure has been the most studied outcome in noise research so far. In a meta-analysis, Van Kempen and 

Babisch report a pooled odds ratio for hypertension prevalence of 1.03 (95% CI: 1.01, 1.06) per 5 dB increase in 

road traffic noise levels [10]. With respect to aircraft noise, meta-analyses on hypertension reported risk increase 

of 1.63 (95% CI: 1.14-2.33) [11] and 1.13 (95% CI: 1.00-1.28) [12] per 10 dB increase in exposure. For MI, a 

recent meta-analysis reports a linear exposure-response relationship within the range of 52‑77 dB with a relative 

risk of 1.08 (95% CI: 1.04-1.13) per 10 dB increase in road traffic noise exposure [13], while another meta-

analysis reported a relative risk for ischemic heart disease (IHD) of 1.04 (95% CI: 1.00-1.10) per 10 dB increase 

of road traffic noise exposure starting at a threshold of 50 dB [14]. For stroke, however, the few published 

studies do not show a consistent pattern; some point to an association with transportation noise [15, 16] whereas 

others do not [17-20].  

Other cardiovascular outcomes such as heart failure have rarely been addressed, and studies on railway noise are 

scarce and restricted to outcomes like sleep medication intake [21], weight gain [22], waist circumference [23], 

blood pressure [24], heart failure [25] and hypertensive heart disease but cardiovascular mortality has not yet 

been investigated. 

Further, most studies to date have considered a single noise source as the exposure variable. Thus, there is 

considerable uncertainty about the mutual independent exposure-response curve in the presence of multiple 

noise sources. Moreover, all previous studies on chronic diseases represent exposure using time-averaged noise 

levels, predominantly the Leq-based metrics like Ldn, Lden, Leq,Night or Leq,Day. However, there is evidence that 

temporal characteristics of noise also play an important role, e.g. when it comes to awakening reactions at night. 

There is evidence that the probability of event-related awakenings, body movements and cardiovascular arousals 

depend on the maximum sound pressure level and the slope of rise of individual events [26-28] . As a 
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consequence, such effects are less well predicted by average levels [29]. Since noise events during night have 

been linked with cardiac arousal on the short term [27, 30], we hypothesize that single but pronounced noise 

events during night are involved in the development of cardiovascular disease morbidity and mortality in the 

long run irrespective of the source of such events. Therefore, to describe the "eventfulness" of the noise 

exposure situation, we developed the noise metric “intermittency ratio” (IR in %), which quantifies the 

contribution of individual noise events above the background level to the total noise exposure [31].   

By combining source specific nationwide noise models with the Swiss National Cohort (SNC) data, the aim of 

this study was to better understand the mutual independent link between cardiovascular mortality in adults and 

the residential exposure to the levels and intermittency of major transportation noise sources in Switzerland. In 

addition, we evaluated potential modifying effects of sex, age, socio-economic status, urbanization, building 

age, duration of residence and number of noise events. 

 

Methods 

Study population 

The SNC probabilistically links national census data with mortality and emigration records [32]. The data used 

in our study is based on the 4 December 2000 census and on mortality and emigration data for the period 5 

December 2000 to 31 December 2008 and contains 7.28 million observations. We excluded subjects below 30 

years of age (n=2.59 million), observations for which residential coordinates were missing (n=0.19 million), 

subjects living in an institution (n=0.25 million), and observations for which the cause of death was imputed 

(n=0.03 million) leaving 4.41 million observations for the analyses. 

The outcomes under investigation were primary causes of death from all cardiovascular diseases (CVD) (ICD-

10: I00-I99), IHD (ICD-10: I20-I25), stroke in general (ICD-10: I60-I64), hemorrhagic stroke (ICD-10: I60-

I62), ischemic stroke (ICD-10: I63), MI (ICD-10: I21-I22), heart failure  (ICD-10: I50), and blood-pressure 

related death (BP) (ICD-10: I10-I15). 

The SNC was approved by the cantonal ethics boards of Bern and Zurich. 

 

Noise exposure data 
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Within the framework of the SiRENE project (Short and Long Term Effects of Transportation Noise Exposure), 

we built a Swiss-wide noise exposure database for the year 2001 which includes the three major transportation 

noise sources in Switzerland: road traffic, railway and aircraft noise.  

The noise exposure database is described in detail elsewhere [33]. In brief, road traffic noise emissions were 

calculated using sonROAD [34] while propagation was computed via the propagation model of StL-86 [35]. For 

railway noise, the emissions were calculated using sonRAIL [36] and propagation was computed using the 

Swiss railway noise model SEMIBEL [37]. For aircraft noise, the three major civils airports; Zürich, Geneva 

and Basel, and the military airport located in Payerne were considered. Noise exposure estimates were 

calculated via FLULA2 [38], based on radar data for Zürich while for Geneva and Basel exposure was 

calculated on the basis of traffic statistics from the Federal Office of Civil Aviation along with available 

acoustic footprints from the years 2000 and 1999, respectively. For the military airport of Payerne, noise 

exposure estimates were computed based on idealized flight paths, number of flights and approximate operation 

times. 

IR calculation has already been described elsewhere in detail [31]. In brief, the event-based sound pressure was 

computed for all vehicle pass-bys obtained from traffic flow statistics. All event-based sound pressure levels 

that exceed the background level, defined as the modeled hourly Leq, by 3 dB were classified as perceivable 

events (level Leq, T, Events). The ratio of these perceivable events and the overall sound pressure level Leq,T,tot is 

termed the intermittency ratio (IR) as follows: 

𝐼𝑅 ≡
100.1𝐿𝑒𝑞,𝑇,𝐸𝑣𝑒𝑛𝑡𝑠

100.1𝐿𝑒𝑞,𝑇,𝑡𝑜𝑡
∗ 100 

IR takes values in the range 0% to 100%, where 0% IR means that no single events can be perceived above 

background and 100% IR means that all noise energy is produced by “individual” noise events. In this study we 

only considered IR at night (23 to 7h) from all transportation sources combined.  

For each building in Switzerland, noise exposure was estimated at pre-defined façade points. A maximum of 

three façade points, spaced by at least 5 meters, were assigned to each building façade by floor. For each façade 

point, we calculated the Lden (defined as the weighted logarithmic average of Leq,day, Leq,evening and Leq,night with a 

penalty of 5 dB and 10 dB respectively applied to the latter exposure variables) for each noise source. Using the 

available geocodes and the information about floor of residence, we linked participants to their respective 

dwelling unit to assign noise exposure. Exposure, including IR, was assigned on the basis of the façade point per 
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dwelling unit with the highest Lden value. If information on floor of residence was not available, we assigned the 

noise estimates corresponding to the middle floor of the building.  

Statistical Analysis 

We analyzed the data using the Cox proportional hazards model with age as the underlying time variable. 

Participants were followed until emigration, death or end of follow-up. Lden exposure variables were censored at 

35 dB (road traffic) or 30 dB (railway and aircraft noise). Hazard ratios for the outcomes of interests were 

computed using multipollutant models, i.e. including linear terms for each noise source shown in the following 

equation. 

𝑂𝑢𝑡𝑐𝑜𝑚𝑒 = 𝐿𝑑𝑒𝑛(𝑅𝑜𝑎𝑑) + 𝐿𝑑𝑒𝑛(𝑅𝑎𝑖𝑙) + 𝐿𝑑𝑒𝑛(𝐴𝑖𝑟) + 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡𝑠 

The linearity assumption was evaluated in models with categorical exposure data. We included quintiles of IR 

night as a categorical variable in the model based on a significant log-likelihood ratio test. Each model was 

adjusted for sex (female/male), neighborhood index of socio-economic position (low, medium, high), civil status 

(single, married, widowed, divorced), education level (compulsory education or less, upper secondary level 

education, tertiary level education, not known), annual average NO2 concentration (µg/m
3
, estimated outdoor 

residential levels using PolluMap, a 100x100m dispersion model for Switzerland for year 2010 [39]), mother 

tongue (German and Rhaeto-Romansch, French, Italian, other language) and nationality (Swiss, rest of Europe 

(inclusive ex-USSR), rest of the world/unknown). Stratification analysis was conducted by sex (female vs. 

male), age (<65 vs. >=65 years old), building age (newer than 30 years or renovated vs. older than 30 years 

without renovation), movers (more than 5 years of residence vs. less than 5 years of residence), number of 

events that exceed the background level (median split), socio-economic position (median split), and urbanization 

(urban vs. rural).  

Results 

The study population amounted to 4.41 million observations, with 33.85 million person-years for the period 5th 

December 2000 to 31st December 2008. Characteristics of the study population are displayed in Table 1. In 

general, populations highly exposed to road and railway noise (Lden >55 dB, IR>80%) had a lower 

socioeconomic position and education than the total population, whereas it was the other way around for people 

highly exposed to aircraft noise. For all three highly noise exposed populations, the proportion of non-Swiss 

residents and the NO2 concentration tended to be increased.  



 

7 

The cohort contained 142,955 deaths from CVD, of which 42.2%, 15.7% and 9.4% were deaths from IHD, 

stroke and BP-related diseases. Exposure to road traffic noise was most prevalent with >89% of the study 

population exposed to Lden above 45 dB. With respect to railway and aircraft noise, 25% and 14% of the study 

population were respectively exposed to Lden above 45 dB. The proportion of censored observations was 1.2%, 

45.5% and 67.1% for road, railway and aircraft noise, respectively. The distribution of exposure to IR was 

skewed toward higher values with a mean of 69.5% and a median of 75.0%. More than 39% of the population 

was exposed to IR above 80%. These patterns are displayed on Figure 1. 

Correlations between the three noise sources were low: Spearman’s rank correlation for Lden(Air) vs Lden(Road): 

0.09, Lden(Rail) vs Lden(Road): 0.12, Lden(Air) vs Lden(Rail): -0.04. Correlations for IR night with the 

transportation specific noise levels were also low: (Lden(Air): -0.07, Lden(Rail): 0.14 and Lden(Road): 0.04).  

Table 2 shows the hazard ratios (HR) per 10 dB increase in Lden of all three transportation sources, included in 

one multipollutant model by outcome. The most consistent associations were observed for road traffic noise for 

which the HR for all CVD was 1.025 (95% CI: 1.018-1.032) per 10 dB. The only outcomes not related to road 

traffic noise were stroke in general (HR=1.011, 95% CI: 0.993-1.028) and hemorrhagic stroke (HR=1.004, 95% 

CI: 0.968-1.040). Ischemic stroke was significantly associated with road traffic noise (HR=1.050, 95% CI: 

1.002-1.099). For railway noise exposure, significant positive linear associations were seen for IHD and MI with 

a borderline significant association for all CVD. Aircraft noise was not associated with all CVD (HR=0.994, 

95% CI: 0.985-1.002). However, significantly elevated risks were observed for MI, heart failure and ischemic 

stroke. Categorical analyses demonstrated for most outcomes approximate linear associations, with the risk 

starting to increase as low as 40 dB (Supplementary Figures 2-9).  

Night time IR was significantly associated with CVD (Table 3 and supplementary figures 10-17) in a bell 

shaped relationship where the HR for CVD were 1.019% (95% CI: 1.002-1.037) and 1.021% (95% CI: 1.003-

1.038) in the 3
rd

 and 4
th

 quintiles. This trend was observed for all other outcomes although statistical 

significance was only reached for hemorrhagic stroke. Depending on the outcome, the highest HRs were located 

in the second (heart failure), third (stroke, ischemic stroke), or fourth (IHD, hemorrhagic stroke) quintile. This 

indicates that the health effects of noise are more pronounced in situations where the noise is between 

continuous and highly intermittent.  

We evaluated a number of potential effect modifiers on all CVD, MI, ischemic stroke, BP and heart failure. For 

road and railway noise Lden, higher HRs for CVD were observed for men compared to women, although not 
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confirmed in the other outcomes. For all exposure sources and all outcomes, in tendency, HRs were larger in 

younger than in older individuals (≥65 year). For urbanization a mixed pattern was seen depending on outcome 

and exposure source. We did not find effect modification when considering building age, duration of living at 

the same residence, number of events that exceed background level, or socio-economic position (Supplementary 

Table 4-8). 

Discussion 

This study adds to the body of evidence linking transportation noise to CVD and, for the first time, addresses the 

impact of noise characteristics using a novel metric. In general, IR night appears to be non-linearly associated 

with the outcomes, which suggests that either continuous noise or highly intermittent noise with long quiet 

periods between events is less problematic than mid-range intermittency.  

We observed a risk increase for heart failure, BP related, ischemic stroke and MI mortality in the road traffic 

noise levels independent of the other noise sources. Our exposure-response associations are fairly well in line 

with previous meta-analyses suggesting somewhat stronger risks but with a higher threshold [13, 10, 14]. 

Previous research on road traffic noise and stroke was inconsistent. Our study is the first to show that ischemic 

stroke but not hemorrhagic stroke is associated with road traffic noise. Of note, for hemorrhagic stroke IR was a 

significant predictor and we found borderline significant associations with railway noise, which is highly 

intermittent during night. This might indicate that for hemorrhagic stroke eventfulness of noise exposure is more 

relevant than the average level. 

Most previous noise research on long-term transportation noise effects has not considered railway noise. In our 

study we observe an association between railway noise and death from IHD, MI and CVD as primary cause of 

death, but we cannot confirm a link with blood pressure and heart failure as seen in a German case control study 

[25]. Strikingly, categorical models suggest that the risk for CVD, IHD, and MI starts to increase at Lden levels 

as low as 30 dB (Supplementary Figures 2, 4, 5). Similar to Huss et al. [20], though with three additional years 

of SNC data and a greatly improved noise exposure model, we confirmed a significant association between 

aircraft noise and MI. In addition, aircraft noise was linked to heart failure and ischemic stroke. In general, 

effects of aircraft noise on all types of CVD were less pronounced than as seen for road and railway noise; a 

pattern which was also observed in the NORAH study [25]. In Switzerland there is a night ban on air traffic, 

meaning that during most of the night people are not exposed to aircraft noise, which may explain weaker 

associations for CVD. On the other hand this would imply that for MI, heart failure and ischemic stroke the 
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daytime, early morning or late night exposure to aircraft noise is involved in mechanisms triggering those 

particular outcomes. Further, self-selection may play a role in explaining the absence of association for aircraft 

noise exposure: subjects not able to cope with aircraft noise may tend to move away from noisy areas. 

Alternative explanations include residual confounding (socioeconomic position and educational levels tended to 

be higher in people exposed to aircraft noise) and exposure misclassification in the high exposure range (since 

airports have to subsidize the installation of sound-proof windows in areas exceeding certain noise levels). 

The recently published ESCAPE study reports a weak association between road traffic noise and hypertension 

that tended to be attenuated after adjustment for PM2.5  [41]. In our study, neither the direction nor the strength of 

association of any noise source substantially changed after adjustment for NO2 (data not shown). However, we 

cannot rule out residual confounding from fine particles. 

We did not find strong effect modification by sociodemographic factors. But higher relative risks observed for 

males, with respect to road and railway noise, are in line with an observational sleep study [42] and a recent 

meta-analysis on myocardial infarction [14].   

Additional effect of noise intermittency 

A particular asset of this study is the evaluation of the temporal noise exposure characteristics in addition to the 

noise levels. This IR night refers to the events above the background level and thus can be high even if Lden is 

low. The underlying hypothesis is that in quiet places even relatively low-level noise events during night may 

have an additional health effect compared to the average noise levels expressed as Lden. We found indications 

that a moderate IR night level (2
nd

-4
th

 quintile) was more relevant than continuous noise (quintile 1) or highly 

variable noise (quintile 5) for increased risk of all CVD and IHD. This bell-shaped relationship indicates that 

subjects appear to be better able to cope with either continuous noise or highly variable noise. The latter may 

represent situations with very few distinct events and long quiet periods between. Interestingly, depending on 

the outcome different trends were apparent: for heart failure continuous levels with low level of intermittency 

seemed to be more problematic whereas for IHD it was the other way round.  

Public health impact 

While a risk increase of 2.5% per 10 dB road traffic noise exposure for cardiovascular mortality seems 

negligible, the public health impact is substantial. Transportation noise in 2010 in Switzerland was attributed to 

6000 years of life lost which represents 1.8 billion CHF of external costs when also accounting for loss in 
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housing prices due to noise exposure [43]. Our study contributes to a better understanding of the role of noise 

characteristics; this should be considered in future noise regulation which currently focuses only on average 

noise levels.  

Strengths and limitations 

The strengths of this study are: the large study population without potential for selection bias; the large sample 

size combined with the long follow-up time which gives us high statistical power; and the very comprehensive 

noise modeling, for all three transportation sources, at the address level taking into account floor information. 

This allowed us to conduct an individual exposure assessment, and to assess the individual impact of all three 

sources concurrently which has rarely been done in previous large population studies.  Finally, the IR metric 

allowed us to refine our exposure estimates, and in general this metric opens new research avenues in the field 

of noise epidemiology and in the regulation of noise. 

While our models were adjusted for socioeconomic status and other demographic variables, there is no 

information about individual lifestyle and smoking in the SNC. Thus, we cannot rule out that residual 

confounding of lifestyle may have played a role for our analyses, although no indications for this were seen in a 

previous SNC noise study [20].  

Our study further relied on death records, which may be considered a weakness as it does not represent 

incidence data. From a mortality perspective, bias would only be a problem if the quality of the death records is 

related to noise exposure.  Given that noise exposure varies on a small scale this is unlikely. Furthermore, a 

meta-analysis of studies on MI and road traffic did not find systematic differences between mortality and 

incidence studies [14].  

Although, substantial effort in historical exposure modeling was undertaken in the SiRENE project, the potential 

for exposure misclassification is a limitation in the present work, as it is in other epidemiological noise studies. 

Modeling errors of the three propagation models, e.g. from meteorology, was reported to be between 0.4 and 2.0 

dB [44]. Additional uncertainty comes from the missing input data, missing information about residential 

history and location of bedroom, and personal behavior (such as window closing behavior and other coping 

strategies). However, these errors are more likely to be non-differential, thus resulting in an underestimation of 

the true risks.  
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In conclusion, this study confirmed previous results and generated new knowledge in the field of noise exposure 

epidemiology. Not only the nature of noise but its characteristics were found to be relevant for health. This 

finding may be of importance for noise protection policies.  
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Fig 1: Distribution of noise exposure in the study population expressed as Lden in dB for aircraft, railway and 

road traffic noise levels and total IR at night in % (note different labelling for y-axis). 
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Table 1: Study population characteristics. 

Characteristics at baseline Total cohort  

(n=4,415,206) 

>55 dB  

Road traffic 

noise 

(n=2,018,090) 

>55 dB 

Railway 

noise 

(n=459,408) 

>55 dB 

Aircraft 

noise 

(n=115,463) 

Males (%) 47.9 47.9 48.2 48.7 
Age: mean (SD) 52.4 (15.1) 52.4 (15.5) 52.1 (15.3) 51.1 (14.1) 

Education level (%)     
• Compulsory education or less 23.8 26.7 27.9 20.7 

• Upper secondary level education 51.6 49.9 50.5 51.7 

• Tertiary level education 22.2 20.4 18.6 24.8 
• Not known 2.2 2.8 2.9 2.6 

Civil status (%)     
• Single 13.9 15.5 14.3 12.5 

• Married 69.6 66.4 68.1 71.2 
• Widowed 7.9 8.5 8.2 6.0 

• Divorced 8.4 9.4 9.2 10.2 

Socio-economic position (%)     
• low 50.4 54.5 61.0 35.2 

• high 49.6 45.5 39.0 64.8 
Mother tongue (%)     

• German and Rhaeto-Romansch 64.7 58.2 60.0 52.9 

• French 19.4 22.6 19.5 28.4 
• Italian 7.3 8.6 8.8 5.1 

• Other  8.4 10.5 11.5 13.5 
Nationality     

• Swiss 82.2 77.9 76.2 73.9 

• Rest of Europe (inclusive ex-USSR) 15.9 19.5 21.3 22.2 
• Other /unknown 1.9 2.5 2.4 3.9 

NO2 concentration µg/m3: mean (SD) 20.4 (6.2) 22.1 (6.6) 21.6 (5.2) 24.3 (4.6) 
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Table 2: Hazard Ratios (HR) and 95% confidence intervals (CI) per 10 dB increase in noise levels for cardiovascular causes of death.  

Outcome ICD-10 

code 

N Cases HR Lden(Road) (95% CI) HR Lden(Rail) (95% CI) HR Lden(Air) (95% CI) 

Crude Adjusted Crude Adjusted Crude Adjusted 

CVD I00-I99 142955 

(37.4%
a
) 

1.012 

(1.006-1.019) 

1.025 

(1.018-1.032) 

1.006 

(1.001-1.010) 

1.005 

(1.000-1.010) 

0.949 

(0.942-0.956) 

0.994 

(0.985-1.002) 

BP I10-I15 13549 

(9.4%
b
) 

1.02 

(0.999-1.041) 
1.053 

(1.030-1.075) 

1.008 

(0.993-1.023) 

1.011 

(0.995-1.027) 

0.930 

(0.907-0.954) 

1.012 

(0.985-1.039) 

IHD I20-I25 60261 

(42.2%
 b
) 

1.008 

(0.997-1.018) 
1.023 

(1.012-1.034) 

1.019 

(1.011-1.026) 

1.012 

(1.005-1.020) 

0.958 

(0.947-0.969) 

0.991 

(0.978-1.003) 

MI I21-I22 19313 

(13.5%
 b
) 

1.038 

(1.020-1.056) 

1.040 

(1.021-1.059) 

1.023 

(1.011-1.036) 

1.020 

(1.007-1.033) 

0.971 

(0.952-0.990) 
1.027 

(1.006-1.049) 

Heart failure I50 12345 

(8.6%
 b
) 

1.021 

(0.999-1.043) 
1.051 

(1.027-1.074) 

0.964 

(0.948-0.980) 

0.997 

(0.980-1.014) 

0.907 

(0.882-0.932) 
1.056 

(1.028-1.085) 

Stroke I60-I64 22377 

(15.7%
 b
) 

1.005 

(0.989-1.022) 

1.011 

(0.993-1.028) 

1.000 

(0.988-1.012) 

0.995 

(0.983-1.008) 

0.981 

(0.963-0.999) 

1.013 

(0.993-1.033) 

Hemorrhagic 

stroke 

I60-I62 5354 

(3.7%
 b
) 

1.029 

(0.995-1.063) 

1.004 

(0.968-1.040) 
1.028 

(1.004-1.051) 

1.020 

(0.996-1.045) 

0.990 

(0.955-1.026) 

0.991 

(0.951-1.032) 

Ischemic 

stroke 

I63 

 

2991 

(2.1%
 b
) 

1.037 

(0.992-1.083) 
1.050 

(1.002-1.099) 

0.998 

(0.966-1.031) 

0.989 

(0.956-1.023) 
1.052 

(1.006-1.099) 

1.074 

(1.020-1.127) 

a
 % of total causes of death, 

b
% of all CVD causes of death, Multipollutant models adjusted for sex, neighborhood index of socio-economic  

position, civil status, education level, mother tongue, nationality and NO2 exposure. 
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Table 3: Hazard Ratios and 95% confidence intervals (CI) for cardiovascular causes of death and categorical IR night by quintiles.  

 1st quintile  

(reference) 

2nd quintile  

(IR night;  

53.5-69.4%) 

3rd quintile  

(IR night;  

69.5-79.5%) 

4th quintile  

(IR night;  

79.6-87.3%) 

5th quintile  

(IR night;  

87.4-100%) 

p-value for IR
a
 

CVD 1 1.001  

(0.984-1.018) 
1.019  

(1.002-1.037) 

1.021  

(1.003-1.038) 

0.994  

(0.976-1.012) 

0.003 

BP 1 1.018  

(0.992-1.045) 

1.022  

(0.995-1.049) 
1.033  

(1.006-1.061) 

1.01  

(0.982-1.039) 

0.311 

IHD 1 0.982  

(0.94-1.025) 

1.036  

(0.993-1.082) 

1.024  

(0.98-1.069) 

1.003  

(0.958-1.05) 

0.148 

MI 1 1.019  

(0.963-1.077) 

1.045  

(0.988-1.105) 

1.018  

(0.962-1.078) 

0.987  

(0.93-1.048) 

0.290 

HF 1 1.007  

(0.949-1.068) 

1.004  

(0.947-1.065) 

0.986 (0.929-

1.047) 

0.954  

(0.896-1.015) 

0.370 

Stroke 1 0.939  

(0.861-1.025) 

1.041  

(0.955-1.135) 

1.066  

(0.977-1.163) 

0.968  

(0.881-1.063) 

0.096 

HS 1 1.023  

(0.912-1.149) 

1.044  

(0.929-1.173) 

1.008  

(0.895-1.135) 

0.926  

(0.815-1.053) 

0.024 

IS 1 1.029  

(0.982-1.077) 

1.017  

(0.971-1.066) 

1.046  

(0.999-1.097) 

1.006  

(0.957-1.057) 

0.366 

 
a
 based on a likelihood ratio of models with and without IR. Models without IR presented in Table 2.  

Multipollutant models including Lden(Road), Lden(Rail) and Lden(Air) adjusted for sex, neighborhood index of socio-economic position, 

 civil status, education level, mother tongue, nationality and NO2 exposure.
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Fig 2: Categorical HRs for CVD for road traffic, railway, and aircraft noise. Multipollutants models adjusted for sex, 

neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality and NO2 

exposure 

 

Fig 3: Categorical HRs for BP for road traffic, railway, and aircraft noise. Multipollutants models adjusted for sex, 

neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality and NO2 

exposure 
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Fig 4: Categorical HRs for IHD for road traffic, railway, and aircraft noise. Multipollutants models adjusted for sex, 

neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality and NO2 

exposure 

 

 

Fig 5: Categorical HRs for Myocardial Infarction for road traffic, railway, and aircraft noise. Multipollutants models 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 

 

 



4 
 

 

Fig 6: Categorical HRs for Heart failure for road traffic, railway, and aircraft noise. Multipollutants models adjusted 

for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality and 

NO2 exposure 

 

 

Fig 7: Categorical HRs for Stroke for road traffic, railway, and aircraft noise. Multipollutants models adjusted for 

sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality and NO2 

exposure 
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Fig 8: Categorical HRs for Hemorrhagic stroke for road traffic, railway, and aircraft noise. Multipollutants models 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 

 

 

Fig 9: Categorical HRs for Ischemic stroke for road traffic, railway, and aircraft noise. Multipollutants models 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 
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Fig 10: HRs by quintiles of IR night for CVD. Multipollutant models including Lden(Road), Lden(Rail) and Lden(Air) 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 

 

 

Fig 11: HRs by quintiles of IR night for BP. Multipollutant models including Lden(Road), Lden(Rail) and Lden(Air) 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 
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Fig 12: HRs by quintiles of IR night for IHD. Multipollutant models including Lden(Road), Lden(Rail) and Lden(Air) 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 

 

 

 

Fig 13: HRs by quintiles of IR night for Myocardial Infarction. Multipollutant models including Lden(Road), Lden(Rail) 

and Lden(Air) adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother 

tongue, nationality and NO2 exposure 
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Fig 14: HRs by quintiles of IR night for Heart failure. Multipollutant models including Lden(Road), Lden(Rail) and 

Lden(Air) adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 

 

 

 

Fig 15: HRs by quintiles of IR night for Stroke. Multipollutant models including Lden(Road), Lden(Rail) and Lden(Air) 

adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 
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Fig 16: HRs by quintiles of IR night for Hemorrhagic stroke. Multipollutant models including Lden(Road), Lden(Rail) 

and Lden(Air) adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother 

tongue, nationality and NO2 exposure 

 

 

 

Fig 17: HRs by quintiles of IR night for Ischemic stroke. Multipollutant models including Lden(Road), Lden(Rail) and 

Lden(Air) adjusted for sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, 

nationality and NO2 exposure 
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Table 4: Stratified HRs for CVD for Road traffic, Railway and Aircraft noise. 

Outcome Strata 
N cases 

HR Lden(Road) 

(95% CI) 

HR Lden(Rail) 

(95% CI) 

HR Lden(Air) 

(95% CI) 

CVD 

<65y
a
 17431 1.067 (1.046-1.089) 1.02 (1.006-1.034) 0.997 (0.975-1.019) 

>=65y
a
 125524 1.019 (1.012-1.027) 1.003 (0.997-1.008) 0.993 (0.984-1.002) 

new building
b
 75025 1.028 (1.018-1.038) 1.004 (0.997-1.011) 0.999 (0.988-1.011) 

old building
b
 67930 1.021 (1.01-1.031) 1.004 (0.997-1.011) 0.989 (0.978-1.001) 

Movers
c
 65521 1.021 (1.011-1.032) 1.001 (0.993-1.008) 0.994 (0.982-1.007) 

non-movers
c
 73411 1.031 (1.021-1.041) 1.009 (1.002-1.016) 0.991 (0.979-1.002) 

low n events
d
 70330 1.009 (0.997-1.022) 1.003 (0.997-1.01) 0.989 (0.977-1.001) 

high n events
d
 72625 1.04 (1.029-1.051) 1.007 (0.999-1.015) 0.998 (0.986-1.009) 

Male 69915 1.043 (1.032-1.053) 1.013 (1.006-1.02) 0.987 (0.975-0.998) 

Female 73040 1.008 (0.998-1.018) 0.997 (0.991-1.004) 1 (0.989-1.012) 

low sep
e
 77763 1.015 (1.005-1.024) 1.003 (0.996-1.009) 0.984 (0.972-0.997) 

high sep
e
 65192 1.039 (1.028-1.05) 1.007 (0.999-1.014) 1.002 (0.991-1.013) 

Urban
f
 101283 1.03 (1.022-1.039) 1.008 (1.002-1.014) 0.992 (0.984-1.001) 

Rural
f
 40428 1.012 (1-1.025) 0.995 (0.985-1.005) 1.016 (0.991-1.042) 

Multipollutants models adjusted for sex, neighborhood index of socio-economic position, civil status, education level, 

mother tongue, nationality and NO2 exposure. a Age split at 65 years, b building newer than 30y or renovated vs. older 

than 30y without renovation,  c more than 5 years of residence vs. less than 5 years of residence,  d number of events 

that exceed background level (median split),  e socio-economic position (median split), f urbanity degree (urban vs. 

rural) 
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Table 5: Stratified HRs for BP for Road traffic, Railway and Aircraft noise. 

Outcome Strata 
N cases 

HR Lden(Road) 

(95% CI) 

HR Lden(Rail) 

(95% CI) 

HR Lden(Air) 

(95% CI) 

BP 

<65y
a
 1089 1.017 (0.939-1.101) 1.048 (0.992-1.106) 1.091 (1.003-1.187) 

>=65y
a
 12460 1.057 (1.033-1.083) 1.008 (0.991-1.025) 1.004 (0.976-1.033) 

new building
b
 6894 1.042 (1.01-1.076) 1.016 (0.993-1.039) 1.042 (1.003-1.084) 

old building
b
 6655 1.068 (1.034-1.104) 1.008 (0.985-1.031) 0.986 (0.949-1.025) 

Movers
c
 6171 1.036 (1.002-1.072) 1.008 (0.984-1.032) 1.015 (0.975-1.057) 

non-movers
c
 7002 1.07 (1.037-1.104) 1.014 (0.992-1.037) 1.002 (0.964-1.041) 

low n events
d
 6724 1.036 (0.996-1.078) 1.002 (0.982-1.023) 0.98 (0.941-1.02) 

high n events
d
 6825 1.094 (1.056-1.133) 1.018 (0.992-1.045) 1.038 (1-1.078) 

Male 5023 1.069 (1.03-1.109) 1.027 (1-1.054) 1.045 (1-1.091) 

Female 8526 1.045 (1.016-1.075) 1.002 (0.982-1.022) 0.993 (0.959-1.028) 

low sep
e
 7455 1.043 (1.013-1.075) 1 (0.979-1.021) 1.008 (0.967-1.051) 

high sep
e
 6094 1.069 (1.032-1.107) 1.026 (1.001-1.051) 1.016 (0.98-1.054) 

Urban
f
 9288 1.062 (1.032-1.093) 1.015 (0.996-1.034) 1.011 (0.982-1.041) 

Rural
f
 4125 1.028 (0.99-1.068) 0.987 (0.956-1.019) 1.032 (0.955-1.114) 

Multipollutants models adjusted for sex, neighborhood index of socio-economic position, civil status, education level, 

mother tongue, nationality and NO2 exposure. a Age split at 65 years, b building newer than 30y or renovated vs. older 

than 30y without renovation,  c more than 5 years of residence vs. less than 5 years of residence,  d number of events 

that exceed background level (median split),  e socio-economic position (median split), f urbanity degree (urban vs. 

rural) 
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Table 6: Stratified HRs for MI for Road traffic, Railway and Aircraft noise. 

Outcome Strata N cases HR Lden(Road) 

(95% CI) 

HR Lden(Rail) 

(95% CI) 

HR Lden(Air) 

(95% CI) 

MI 

<65y
a
 4217 1.081 (1.038-1.125) 1.027 (0.999-1.056) 1.039 (0.995-1.085) 

>=65y
a
 15096 1.029 (1.008-1.052) 1.018 (1.003-1.033) 1.025 (1-1.05) 

new building
b
 10398 1.046 (1.02-1.073) 1.018 (1-1.037) 1.037 (1.006-1.069) 

old building
b
 8915 1.034 (1.005-1.063) 1.018 (0.999-1.038) 1.016 (0.985-1.048) 

Movers
c
 8744 1.038 (1.009-1.067) 1.012 (0.992-1.032) 1.041 (1.008-1.075) 

non-movers
c
 9968 1.049 (1.022-1.077) 1.023 (1.004-1.042) 1.012 (0.982-1.044) 

low n events
d
 9510 1.04 (1.005-1.075) 1.023 (1.005-1.04) 1.005 (0.973-1.037) 

high n events
d
 9803 1.044 (1.014-1.075) 1.008 (0.987-1.031) 1.045 (1.015-1.077) 

Male 11451 1.049 (1.024-1.075) 1.017 (1-1.035) 1.026 (0.998-1.054) 

Female 7862 1.028 (0.998-1.059) 1.024 (1.003-1.045) 1.031 (0.996-1.066) 

low sep
e
 10737 1.041 (1.016-1.068) 1.019 (1.002-1.037) 1.016 (0.983-1.049) 

high sep
e
 8576 1.038 (1.008-1.069) 1.021 (1-1.042) 1.039 (1.009-1.069) 

Urban
f
 13684 1.043 (1.019-1.068) 1.017 (1.001-1.032) 1.03 (1.007-1.054) 

Rural
f
 5485 1.036 (1.002-1.07) 1.026 (0.999-1.054) 0.99 (0.926-1.058) 

Multipollutants models adjusted for sex, neighborhood index of socio-economic position, civil status, education level, 

mother tongue, nationality and NO2 exposure. a Age split at 65 years, b building newer than 30y or renovated vs. older 

than 30y without renovation,  c more than 5 years of residence vs. less than 5 years of residence,  d number of events 

that exceed background level (median split),  e socio-economic position (median split), f urbanity degree (urban vs. 

rural) 
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Table 7: Stratified HRs for heart failure for Road traffic, Railway and Aircraft noise. 

Outcome Strata 
N cases 

HR Lden(Road) 

(95% CI) 

HR Lden(Rail) 

(95% CI) 

HR Lden(Air) 

(95% CI) 

HF 

<65y
a
 478 1.206 (1.069-1.361) 0.911 (0.833-0.996) 1.199 (1.067-1.348) 

>=65y
a
 11867 1.046 (1.021-1.071) 1.001 (0.984-1.018) 1.05 (1.019-1.081) 

new building
b
 6146 1.058 (1.023-1.093) 0.998 (0.974-1.022) 1.04 (0.996-1.086) 

old building
b
 6199 1.043 (1.009-1.079) 0.992 (0.969-1.017) 1.061 (1.021-1.103) 

Movers
c
 5681 1.021 (0.986-1.057) 0.988 (0.963-1.013) 1.069 (1.025-1.115) 

non-movers
c
 6344 1.085 (1.05-1.121) 1.007 (0.983-1.031) 1.049 (1.007-1.092) 

low n events
d
 5977 1.021 (0.98-1.064) 1.008 (0.986-1.031) 1.052 (1.008-1.098) 

high n events
d
 6368 1.058 (1.02-1.097) 0.992 (0.964-1.019) 1.067 (1.026-1.109) 

Male 5088 1.103 (1.064-1.144) 0.997 (0.971-1.024) 1.062 (1.016-1.11) 

Female 7257 1.017 (0.986-1.048) 0.997 (0.975-1.019) 1.054 (1.015-1.094) 

low sep
e
 7247 1.025 (0.994-1.056) 0.981 (0.96-1.003) 1.091 (1.047-1.137) 

high sep
e
 5098 1.097 (1.056-1.139) 1.019 (0.992-1.047) 1.033 (0.993-1.075) 

Urban
f
 8302 1.079 (1.046-1.112) 1.003 (0.983-1.023) 1.048 (1.016-1.081) 

Rural
f
 3927 1.01 (0.972-1.049) 0.987 (0.954-1.02) 1.143 (1.058-1.234) 

Multipollutants models adjusted for sex, neighborhood index of socio-economic position, civil status, education level, 

mother tongue, nationality and NO2 exposure. a Age split at 65 years, b building newer than 30y or renovated vs. older 

than 30y without renovation,  c more than 5 years of residence vs. less than 5 years of residence,  d number of events 

that exceed background level (median split),  e socio-economic position (median split), f urbanity degree (urban vs. 

rural) 
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Table 8: Stratified HRs for ischemic stroke for Road traffic, Railway and Aircraft noise. 

Outcome Strata 
N cases 

HR Lden(Road) 

(95% CI) 

HR Lden(Rail) 

(95% CI) 

HR Lden(Air) 

(95% CI) 

IS 

<65y
a
 337 1.006 (0.872-1.16) 0.888 (0.796-0.991) 1.038 (0.892-1.208) 

>=65y
a
 2654 1.058 (1.005-1.114) 1.002 (0.967-1.039) 1.081 (1.022-1.145) 

new building
b
 1612 1.062 (0.995-1.134) 0.98 (0.935-1.027) 1.039 (0.962-1.121) 

old building
b
 1379 1.044 (0.972-1.123) 0.999 (0.951-1.05) 1.121 (1.039-1.208) 

Movers
c
 1368 1.086 (1.011-1.166) 0.98 (0.931-1.031) 1.11 (1.026-1.2) 

non-movers
c
 1564 1.024 (0.958-1.096) 0.996 (0.95-1.043) 1.047 (0.972-1.129) 

low n events
d
 1440 1.008 (0.924-1.099) 0.991 (0.947-1.037) 1.065 (0.984-1.152) 

high n events
d
 1551 1.073 (0.997-1.155) 0.99 (0.937-1.046) 1.089 (1.012-1.172) 

Male 1435 1.05 (0.98-1.126) 0.967 (0.92-1.017) 1.081 (1.001-1.167) 

Female 1556 1.052 (0.984-1.126) 1.009 (0.964-1.057) 1.071 (0.994-1.154) 

low sep
e
 1549 1.041 (0.975-1.112) 1.014 (0.97-1.061) 1.077 (0.991-1.17) 

high sep
e
 1442 1.07 (0.996-1.149) 0.956 (0.907-1.008) 1.071 (0.998-1.148) 

Urban
f
 2181 1.051 (0.992-1.115) 0.997 (0.959-1.037) 1.084 (1.024-1.147) 

Rural
f
 780 1.055 (0.967-1.151) 0.969 (0.9-1.043) 1.038 (0.874-1.232) 

Multipollutants models adjusted for sex, neighborhood index of socio-economic position, civil status, education level, 

mother tongue, nationality and NO2 exposure. a Age split at 65 years, b building newer than 30y or renovated vs. older 

than 30y without renovation,  c more than 5 years of residence vs. less than 5 years of residence,  d number of events 

that exceed background level (median split),  e socio-economic position (median split), f urbanity degree (urban vs. 

rural) 
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A B S T R A C T

Background: Most epidemiological noise studies consider 24 h average noise exposure levels. Our aim was to
exploratively analyze the impact of noise exposure at different time windows during day and night on cardio-
vascular mortality.
Methods: We generated Switzerland-wide exposure models for road traffic, railway and aircraft noise for dif-
ferent time windows for the year 2001. Combined noise source equivalent continuous sound levels (Leq) for
different time windows at the most exposed façade were assigned to each of the 4.41 million Swiss National
Cohort adult participants. Follow-up period was from 2000 to 2008. Hazard ratios (HR) of noise effects on
various cardiovascular primary causes of death were computed by Cox regression models adjusted for potential
confounders and NO2 levels.
Results: For most cardiovascular causes of death we obtained indications for a diurnal pattern. For ischemic
heart disease the highest HR was observed for the core night hours from 01 h to 05 h (HR per standard deviation
of Leq: 1.025, 95% CI: 1.016–1.034) and lower HR for the daytime 07 h to 19 h (1.018 [1.009–1.028]). Heart
failure and daytime Leq yielded the highest HR (1.047 [1.027–1.068]).
Conclusion: For acute cardiovascular diseases, nocturnal intermittent noise exposure tended to be more relevant
than daytime exposure, whereas it was the opposite for chronic conditions such as heart failure most strongly
associated with continuous daytime noise. This suggests that for acute diseases sleep is an important mediator for
health consequences of transportation noise.

1. Introduction

Transportation noise has been shown to affect cardiovascular health
(Münzel et al., 2014). With regard to road traffic noise, a meta-analysis
reported a risk increase of 8% (95% CI: 4–13%) for coronary heart
diseases per 10 dB increase in noise levels (Babisch 2014). Also with
regard to myocardial infarction the majority of studies published to
date have reported significant positive associations with road traffic
noise (Babisch et al., 2005; Sørensen, 2012; Willich et al., 2006). Meta-

analyses focusing on aircraft noise reported pooled relative risk in-
creases of 1.63 (95% CI: 1.14, 2.33) and 1.06 (95% CI: 1.04, 1.08) per
10 dB increase in noise levels for hypertension (Huang et al., 2015) and
ischemic heart disease (Vienneau et al., 2015), respectively. This evi-
dence is based on studies that used 24 h average noise level metrics
such as Leq,24 (defined as the energetic average of continuous mea-
surements over a 24 h period) or Lden (defined as the weighted energetic
average of Leq,day, Leq,evening and Leq,night with a penalty of 5 dB and 10
dB applied respectively to the latter).
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Using the exposure metric Lden, we found associations between
different cardiovascular causes of death and noise exposure from road,
railway and aircraft noise in a previous study of the Swiss National
Cohort (SNC) using data from 2000 to 2008 (Heritier et al., 2017). For
instance, increased risk of death from myocardial infarction (MI) per
10 dB increase in Lden of road, railway and aircraft noise exposure were
4.0% (95% CI: 2.1–5.9%), 2.0% (95% CI: 0.7–3.3%) and 2.7% (95% CI:
0.6–4.9%), respectively.

However, it has been hypothesized that the impact of exposure to
transportation noise on cardiovascular health is at least in part medi-
ated via sleep alterations (Münzel et al., 2014), and thus noise exposure
during sleep may be more critical than during the day. In sleeping
subjects, transportation noise can induce sleep disturbances (Frei et al.,
2014), and short sleep duration is a predictor of coronary heart disease
and stroke (Cappuccio et al., 2011). Further, noise during sleep has a
direct impact on the cardiovascular system by an acute increase in heart
rate and blood pressure (Jarup et al., 2007) as well as neurocortical
arousals (Basner et al., 2011).

Despite this evidence, little is known from epidemiological research
about cardiovascular effects of noise at different times of the day and
night, particularly during the nighttime hours; likely due to the high
correlations between the exposures. So far only a few studies report the
difference between nighttime and daytime exposure (Dratva et al.,
2012; Hansell et al., 2013; Jarup et al., 2007) and there is a lack of
knowledge and considerable uncertainty about the most sensitive
nighttime windows and their detrimental impact on cardiovascular
health. Such knowledge, however, is needed for policy makers to create
an effective regulatory framework for noise.

The aim of this paper was to use data from our previous study
(Heritier et al., 2017) to explore the effects of transportation noise in
different time windows during day and night on cardiovascular mor-
tality. In particular, we aimed at providing exposure-response re-
lationships between transportation noise and cardiovascular outcomes
for specific time windows: 07–19 h, 19–23 h, 23–01 h, 01–05 h,
05–06 h, and 06–07 h.

2. Material and methods

2.1. Study population

The SNC links national census data with mortality and emigration
records (Spoerri et al., 2010). The census data contains personal,
household and building information. Date of death, is included in the
mortality records. The data used in our study is based on the 4 De-
cember 2000 census and on mortality and emigration data for the
period 5 December 2000–31 December 2008 and contains 7.28 million
people. We excluded subjects below 30 years of age (n=2.59 million),
observations for which residential coordinates were missing (n=0.19
million), subjects living in an institution (n=0.25 million), and ob-
servations for which the cause of death was imputed (0.03 million)
leaving 4.41 million observations for the analyzes.

The outcomes under investigation were primary causes of death
from all cardiovascular diseases (CVD) (ICD-10: I00-I99), ischemic
heart diseases (IHD) (ICD-10: I20-I25), stroke (ICD-10: I60-I64), myo-
cardial infarction (MI) (ICD-10: I21-I22), heart failure (ICD-10: I50) and
hypertensive disease related death (ICD-10: I10-I15, comprising pri-
mary hypertension, hypertensive heart diseases, hypertensive renal
disease, and hypertensive heart and renal disease). For 37% of all stroke
deaths we had information about type of stroke (ICD-10: I60-I64), he-
morrhagic (ICD 10: I60-I62) or ischemic (ICD 10: I63).

The SNC was approved by the cantonal ethics boards of Bern and
Zurich.

2.2. Noise exposure data

Within the framework of the SiRENE project (Short and Long Term

Effects of Transportation Noise Exposure), we built a Swiss-wide noise
exposure database for the reference year 2001 which includes the three
major transportation noise sources in Switzerland (road traffic, railway
and aircraft noise) in different time windows (for details see (Karipidis
et al., 2014)). For these analyzes we calculated combined noise ex-
posure (Leq,Comb) from all three sources (i.e. the energetic sum of road,
railway, and aircraft noise) for the following time windows: 07–19 h
(Leq,Comb(07-19)), 19–23 h (Leq,Comb(19–23)), 23–01 h (Leq,Comb(23-
01)), 01–05 h (Leq,Comb(01-05)), 05–06 h (Leq,Comb(05-06)), and 06–07 h
(Leq,Comb(06-07)). The time windows in the night were selected to
roughly represent the different aspects of sleep at the population level,
which is falling asleep (23:00–01:00), persistent sleep (01:00–05:00)
and wake up phase (05:00–06:00 and 06:00–07:00) (Tinguely et al.,
2014).

To consider the different characteristics of the three transportation
noise sources, we additionally calculated the intermittency ratio (IR)
quantifying the contribution of individual noise events above the
background level to the combined noise exposure (Wunderli et al.,
2016). IR values range from 0% to 100%, where 0% IR means that no
single event occurs 3 dB above background (i.e. continuous noise) and
100% IR means that all noise energy is produced by “individual” noise
events. Background corresponds to hourly Leq. We estimated IR from all
transportation sources combined in the same time periods as the Leq.

For each building and each floor in Switzerland, noise exposure was
estimated at pre-defined façade points. For each façade point, we cal-
culated the Lden,Comb from all transportation sources combined. Leq,Comb

and IRComb for the specific time ranges were assigned on the basis of the
façade point with the highest Lden,Comb value. Using the available geo-
codes for each SNC participant and the information about floor of re-
sidence, we linked participants to their respective façade points. If in-
formation on floor of residence was not available (n=1,290,042), we
assigned the noise estimates of the middle floor of the building.

2.3. Statistical analysis

We analyzed the data using the Cox proportional hazards model
with age as the underlying time variable. Participants were followed
until emigration, death or end of follow-up in 2008, whatever occurred
first. For all time windows Leq,Comb values below 35 dB were set to 35
dB for the analyzes. In order to calculate comparable hazard ratios (HR)
for different times of the day and night with different noise exposure
distributions, the Leqs for each time window of interest were standar-
dized and HRs per one standard deviation (SD) of exposure reported. To
adjust for the noise peaking characteristics, we included a categorical
(quintile) term for IRComb(Night) (19:00–7:00) in all models based on
previous findings, where nighttime IR was significantly associated with
CVD in a bell shaped relationship with highest HR for the 3rd and 4th
quintile (Heritier et al., 2017). Additional to age (timescale), the fol-
lowing confounders were included in the model: sex (female/male),
neighborhood index of socio-economic position(Panczak et al., 2012)
(tertiles low, medium, high), civil status (single, married, widowed,
divorced), education level (compulsory education or less, upper sec-
ondary level education, tertiary level education, not known), average
NO2 concentration (estimated outdoor residential levels using Pol-
luMap, a 100× 100m dispersion model for Switzerland for the year
2010 (FOEN, 2013)), mother tongue (German and Rhaeto-Romansch,
French, Italian, other language) and nationality (Swiss, rest of Europe,
rest of the world/unknown).

In addition to exploring linear relationships with standardized
Leq,Comb at during different time windows, we also conducted catego-
rical noise analyzes using absolute values of Leq,Comb in 5 dB categories
to explore the form of the exposure response at different times of the
day and night.

In a second analysis we evaluated the impact of IR in different time
windows during day and night adjusted for Lden,Comb and the other
adjustment variables mentioned above. IRComb at different time
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windows was split into quintiles to visualize non-linear relationships.
All analyzes were conducted with the statistical software R and the

package “survival” (R Development Core Team 2008; Therneau, 2000).

3. Results

3.1. Study population

The study sample amounted to 4.41 million observations, with
33.85 million person-years for the period 5th December 2000–31 st
December 2008. Median (mean) time of follow-up was 8.07 (7.64)
years. Characteristics of the study sample are displayed in Table 1.

The cohort contained 142,955 deaths from CVD, of which 42.2%,
15.7%, 9.4%, 8.6% were deaths from IHD, stroke, hypertensive disease
and heart failure. Increase in crude incidence rates by increasing day-
time and nighttime noise were observed for all outcomes except for
stroke (eTable 1).

3.2. Noise exposure

The percentage of the study population exposed to levels> 45 dB
and> 55 dB was higher during daytime than nightime and conse-
quently the percentage of observations below 35 dB was highest during
the core night from 01 h to 05 h (Table 2).

The distribution of transportation noise exposure Leq,Comb in the

different time windows was slightly skewed as displayed in Fig. 1 and
summarized in eTable 2.

Spearman’s rank correlations between the Leq,Comb for different time
windows were high (≥0.94, eTable 3 Supplementary material), whereas
Spearman’s rank correlations between the IRComb for different time
windows were somewhat lower (eTable 4 Supplementary material). Road
traffic is the most prevalent transportation noise source and thus cor-
relation between Leq,Road with Leq,Comb at different time windows was
higher than corresponding correlations of Leq,Rail and Leq,Air with
Leq,Comb (eTable 5). Correlation between Leq,Comb and IRComb at different
time periods was generally low and did not exceed 0.4.

3.3. Diurnal effect pattern for Leq,Comb

For IHD, we observed the highest HR for standardized noise ex-
posure during the core night (Leq,Comb(01–05 h)) and the lowest HR for
the time window 06–07 h and during the day, although differences
were not statistical significant (Fig. 2). The HR per standard deviation
of Leq,Comb was 1.025 (95% CI: 1.016–1.034) for the core night, 1.017
(95% CI: 1.008–1.026) for the time window 06–07 h and 1.018 (95%
CI: 1.009–1.028) for daytime exposure (eTable 6). A similar pattern was
seen for all CVD deaths combined (eFigure 1). The diurnal pattern was
not pronounced for MI (eFigure 1). For heart failure, an inverse pattern
was observed, the risk being lowest for Leq,Comb(01–05 h) and highest
during the day (07–19 h, HR=1.047 [1.027–1.068]) (Fig. 2). For hy-
pertensive disease highest HR was observed in the early morning
(05–06 h) and lowest HR in the early night (23–01 h) (Fig. 2). For all
stroke deaths, no overall association and no overall diurnal pattern was
seen (Fig. 2). However, for hemorrhagic stroke, HRs tended to be
slightly increased during night but not during the day (eFigure 1). For
ischemic stroke, HRs were highest during daytime and only slightly
above unity in the core night (eFigure 1).

Non-standardized HR for each time window in absolute 5 dB
Leq,Comb categories demonstrated a fairly linear exposure-response
pattern for hypertensive disease, IHD and heart failure (Fig. 3), CVD
and MI (eFigure 2). During the core night (01–05 h), HRs tended to start
increasing from a lower level than during daytime. This pattern also
held for heart failure (Fig. 3) where a different diurnal pattern was seen
for the standardized exposure analysis.

3.4. Day-night pattern for the intermittency ratio (IR)

For IRComb during night (23:00–6:00) the categorical HRs followed a
bell shaped curve with highest risk in the 3rd and 4th quintiles for
cardiovascular disease (eFigure 3). For IRcomb during daytime windows
the HR curves were somewhat flatter and skewed toward the 2nd
quintile (eTable 7), which corresponds to a more continuous noise
level. A similar pattern was observed for ischemic heart disease but an
opposite pattern for hypertensive diseases (Fig. 4): noise events were
relevant during daytime as whereas during core night (01:00–05:00),
continuous noise (1st quintile) tended to be more detrimental. For heart
failure highly intermittent noise (5th quintile) produced somewhat re-
duced HR except during the core night. Highly intermittent noise im-
plies relatively few noise events with longer quiet phases between the

Table 1
Study population characteristics.

Characteristics at baseline Study population
(n= 4,415,206)

Males (%) 47.9
Age: mean (SD) 52.4 (15.1)
Education level (%)
Compulsory education or less 23.8
Upper secondary level education 51.6
Tertiary level education 22.2
Not known 2.2

Civil status (%)
Single 13.9
Married 69.6
Widowed 7.9
Divorced 8.4

Socio-economic position (%) (Panczak
et al., 2012)

low 33.3
medium 33.3
high 33.3

Mother tongue (%)
German and Rhaeto-Romansch 64.7
French 19.4
Italian 7.3
Other 8.4

Nationality
Swiss 82.2
Rest of Europe (inclusive ex-USSR) 15.9
Other/unknown 1.9

NO2 concentration in μg/m3: mean (SD) 20.4 (6.2)
Outcomes
All cardiovascular diseases (CVD) (ICD-10:
I00-99)

142,955 (37.4%a)

Hypertensive diseases (ICD-10: I10-I15) 13,549 (9.4%b)
Ischemic heart diseases (IHD) (ICD-10:
I20-I25)

60,261 (42.2%b)

Myocardial infarction (MI) (ICD-10: I21-
I22)

19,313 (13.5%b)

Heart failure (ICD-10: I50) 12,345 (8.6%b)
Stroke (ICD-10: I60-I64) 22,377 (15.7%b)
Hemorrhagic stroke (ICD-10: I60-I62) 5354 (3.7%b)
Ischemic stroke (ICD-10: I63) 2991 (2.1%b)

a % of total causes of death.
b % of all CVD causes of death.

Table 2
Percentage of the study population exposed to noise<35 dB,>45 dB and>55dB.

Exposure variable % of
population<35 dB

% of population
with> 45 dB

% of population
with> 55 dB

Leq,Comb(07–19 h) 1.2 89.6 47.7
Leq,Comb(19–23 h) 2.7 77.9 32.4
Leq,Comb(23–01 h) 7.8 54.2 15.9
Leq,Comb(01–05 h) 18.2 37.7 7.3
Leq,Comb(05–06 h) 4.9 64.9 22.8
Leq,Comb(06–07 h) 1.8 84.1 38.9
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events.

4. Discussion

Similar to other studies, we previously observed in this SNC dataset
associations between various cardiovascular causes and deaths and
average noise exposure expressed as Lden (Heritier et al., 2017). In this
follow-up paper we could investigate exposure effects from transpor-
tation noise in different time windows during day and night, which is
useful information for an effective regulatory framework of noise. Our
results point toward a stronger association between transportation
noise exposure during the nighttime hours 23–06 h and acute heart
diseases, (e.g. IHD) than for daytime. Thereby intermittent noise seems
to be more critical than continuous noise exposure. This pattern tended
to be reversed when considering chronic heart disease such as heart
failure. For hypertensive disease, the diurnal pattern was less distinct
with highest HRs in the early morning and during daytime. No asso-
ciation at all was found with stroke, although noise tended to be as-
sociated with ischemic stroke, mainly during daytime. During night,
cardiovascular disease risk started to increase as low as 35 dB.

Different outcome related impacts of the timing of noise exposure
may indicate that different mechanisms are at play in the aetiology of
cardiovascular outcomes. With regard to IHD, our finding supports the
hypothesis that noise associated sleep disturbances impair cardiovas-
cular health in the long run. The core night contains more deep sleep
than the early morning hours and thus disturbances from noise events
during this time interval seem to be considerably critical (Webb and
Agnew 1971). Sleep disturbances have been linked with higher risk for
obesity and diabetes (Eze et al., 2017; Knutson and Van Cauter, 2008)
which are known risk factor for IHD (Lavie et al., 2009; Wilson et al.,
1998) and also recently found to be related to transportation noise
exposure (Eze et al., 2017; Sörensen et al., 2013); thus further sup-
porting the link between nighttime noise and this particular outcome.
The onset of acute coronary events shows a strong morning peak during
the time of sympathetic nervous system activation (Muller 1999) going
along with endothelial dysfunction, arterial stiffening, platelet ag-
gregation and thrombus formation (Chen and Yang 2015). Thus, noise
exposure in the previous night may act as an additional stressor
(Münzel et al., 2014) which triggers the onset of fatal events.

Interestingly, for heart failure an opposite diurnal pattern was seen

Fig. 1. Distribution of Leq,Comb(19–23 h), Leq,Comb(23–01 h), Leq,Comb(01–05 h), Leq,Comb(05–06 h), Leq,Comb(06–07 h), and Leq,Comb(07–19 h) in the study population. The
vertical red lines show the 45 dB (left) and 55 dB (right) threshold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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compared to death due to IHD. Daytime noise and continuous noise
exposure was most critical. Heart failure has only recently been linked
to noise exposure (Correia et al., 2013; Seidler et al., 2016). Death by
heart failure is caused in approximately 50% of cases by sudden cardiac

death and in 35% by acute worsening of ischemia (Ørn and Dickstein,
2002). Deaths from sudden cardiac death occur most often during 6 am
and 12 noon (Moser et al., 1994) and thus it is plausible that noise
associated stress during daytime is a relevant trigger.

Fig. 2. Adjusteda) hazard ratio and 95% confidence intervals per increase of 1 standard deviationb) of standardized Leq,Comb in the different time windows for the following causes of
death: Hypertensive diseases, IHD, heart failure and stroke. Note different y-axis for all the figures.
a) adjusted for age (timescale), sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality, NO2 exposure and IRcomb(Night), b) SD is
between 7.35 and 8.01 dB (see eTable 6)

Fig. 3. Adjusteda) categorical HRs for specific time windows. Models for the following causes of death: Hypertensive diseases, IHD, heart failure and stroke.
a) adjusted for age (timescale), sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality, NO2 exposure and IRcomb(Night)
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For hypertensive disease related mortality the diurnal pattern was
most similar to heart failure but less distinct. Early morning hours and
daytime exposure may be most critical. The start of activity phase in the
early morning hours coincides with the diurnal peak levels of gluco-
corticoids (Dickmeis, 2009). Additional external noise stressors may
thus affect body homeostasis with higher risk for a fatal event. Daytime
noise exposure is expected to lead to vegetative arousals with increases
in blood pressure and stress hormone levels, which may result arterial
hypertension (Münzel et al., 2014). Our results suggest that for such
arousals during the day noise events are more critical than continuous
noise exposure levels. Conversely, during night continuous noise ex-
posure might be most critical for hypertensive diseases.

Only a few epidemiological studies systematically addressed the
different impacts of daytime and nighttime noise on cardiovascular
outcomes. Halonen et al. (2015) found higher risk of cardiovascular
hospital admissions in the elderly for road traffic noise during daytime.
Since cardiovascular admissions comprised heart failure, this observa-
tion may be in line with our findings for heart failure related deaths
during the day. Others observed stronger effects at night for hy-
pertension and aircraft noise (Jarup et al., 2007) as well as for systolic
blood pressure and railway noise (Dratva et al., 2012). However, the
difference in exposure assessment of those studies limits comparison
with ours. It is well possible that the exact timing of a fatal event also
depends on the typical sleeping attitudes in a population. In Switzer-
land people wake up on average at 06:30 (IQR:06:00–07:00) (Tinguely
et al., 2014). Critical time windows may be different for other popu-
lations with a different sleeping pattern.

A particular challenge for such an evaluation in observational re-
search is the inherent high correlation between exposure levels at dif-
ferent time windows which limits causal inference and produces largely
overlapping confidence intervals as shown in Fig. 2. Thus, chance
cannot be completely ruled out as a potential explanation for the ob-
served findings. However, HR of Leq for IHD, hypertensive diseases and
heart failure showed relative smooth cosine-shaped diurnal patterns,
which speak against random fluctuations of the risk estimates.

By standardizing the noise exposure during different time windows

we were able to directly compare the HRs. We also combined exposure
from the three traffic sources road, railway and aircraft. This is ex-
pected to reduce within day correlation since the diurnal pattern is
different for the three traffic sources (e.g. night curfews for aircraft,
heavy nighttime railway traffic from freight trains). On the other hand,
this may create confounding if one assumes different health effects for
different noise characteristics emitted by different sources. To prevent,
or at least minimize, such confounding we have additionally included in
all our models the IR and could indeed demonstrate that – independent
on the noise levels – IR is related to cardiovascular mortality. For IHD
we found in tendency a pattern of larger effects for nighttime IR com-
pared to daytime IR and a shift of the risk toward higher IR quintiles.
This indicates that noise events may be more problematic for nighttime;
whereas during daytime continuous noise with absence of quiet phases
may be most detrimental.

We did not find an association between stroke and noise exposure.
In line with a Danish cohort study (Sorensen et al., 2014) noise was not
associated with hemorrhagic stroke, but some indication for an asso-
ciation with ischemic stroke was observed, in particular for daytime
noise (HR:1.029, 95% CI: 0.988–1.072, eTable 6). However, informa-
tion about type of stroke was only available for 37% of the 22,377
stroke deaths, which explains why the subgroup results for hemorrhagic
and ischemic stroke do not add up to the results for all types of stroke,
which also includes non-specified strokes (ICD-10: I64). In addition,
stroke does not share a common etiology with the other CVD if no in-
formation about cardiac embolism is available (Arboix and Alió, 2012;
Ferro, 2003). Therefore including stroke in the broader CVD category,
as most often done in cardiovascular noise research, will have an im-
pact on the strength of association for CVD in general. Indeed, in a
sensitivity analysis excluding stroke from all CVD yielded a 0.2% in-
crease of the HR for CVD per 10dB of Leq,Comb(01–05 h).

4.1. Exposure misclassification

One might argue that the diurnal pattern of HRs throughout the
different time windows may reflect exposure misclassification. During

Fig. 4. Adjusteda) categorical Hazard ratio and 95% confidence intervals per quintiles of IR at different time windows for the following causes of death: Hypertensive diseases, IHD, heart
failure and stroke.
a) adjusted for age (timescale), sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality, NO2 exposure and Lden.
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the core night, the exposure assigned to the study population may be
closer to the true exposure since people are at home, while during the
day noise exposure is not relevant for the true exposure since people
may be elsewhere for example at work. However, if there was only
exposure misclassification at play, this would affect all estimates for all
outcomes. This is not the case for hypertensive disease, ischemic heart
disease and heart failure for which the estimates of the core night
(01–05 h) and the day (07–19 h) have either the same or even a lower
magnitude. This suggests that the observed pattern reflects a true un-
derlying risk pattern and is not just caused by a common underlying
bias.

4.2. Strength and limitations

The strengths of this study are the large study population and the
long follow-up time providing a high number of cases. We developed an
extensive and detailed noise exposure model, which allowed an in-
dividual exposure assessment at the address and floor level, which has
rarely been done in previous large population studies. Detailed input
data of the noise models such as traffic flow statistics could be used to
calculate Leq and IR with high temporal resolution. Potential selection
bias is minimal in this nationwide study based on census data.

Though our models are adjusted for socioeconomic status and other
demographic variables, we could not adjust for lifestyle and smoking as
this information is not available in the SNC. We therefore cannot rule
out that residual confounding of lifestyle may play a role for our ana-
lyses, although no indications for this were seen in a previous SNC noise
study (Huss et al., 2010). Further, as in every study on long term noise
exposure, exposure misclassification is unavoidable due to uncertainty
in the input data (e.g., traffic information). A validation of the road
traffic model using 123 weekly noise measurements demonstrated a
good agreement with an average difference between modeling and
measurements of +0.4 dB with an interquartile range (IQR) of −1.7 to
3.1 dB (Schlatter, 2017). Most relevant, even during night (23:00–7:00)
when other sources of noise may have a larger impact on the mea-
surements due to low traffic density, a good model performance was
observed in the exposure range between 30 and 70 dB (mean deviance:
0.2 dB, IQR: −1.8 to 2.7 dB. Note that noise exposure was assigned
based on estimates for the loudest outdoor façade point while no in-
formation was available regarding indoor noise levels. We did not have
information on sleeping room orientation nor on factors relevant for the
noise propagation into the residency such as sound proof window in-
stallation and window closing behavior. However, such misclassifica-
tion is more likely to dilute the association than introduce a bias.

5. Conclusion

This study indicates diurnal patterns for the association between
transportation noise and various cardiovascular causes of mortality.
This suggests that different mechanisms are at play in the aetiology of
various noise associated cardiovascular causes of deaths. Our results
provide more support for protecting the population against nighttime
noise as risk factor for CVD.
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eFigure 1: Adjusted
a)

 Hazard Ratios and 95% confidence intervals per increase of 1 30 

standard deviation
b)

 of standardized Leq,comb in the different time windows for the 31 

following causes of death: all CVD, myocardial infarction, hemorrhagic stroke and 32 

ischemic stroke. 33 

 34 

a)
 adjusted for age (timescale), sex, neighborhood index of socio-economic position, civil status, education level, 35 

mother tongue, nationality, NO2 exposure and IRcomb(Night). 36 

b) SD is between 7.35 and 8.01 (see eTable 6). 37 
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eFigure 2: Adjusted
a)

 categorical HRs for specific time windows for the following causes of death: CVD, myocardial infarction, 39 

hemorrhagic and ischemic stroke.
 

40 

 41 
a)

 adjusted for age (timescale), sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality, NO2 exposure and IRcomb(Night). 42 
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eFigure 3:  Adjusted
a)

 categorical hazard ratio and 95% confidence intervals per quintiles of IR at different time windows for the following 43 

causes of death: CVD, myocardial infarction, hemorrhagic and ischemic stroke.44 

 45 

a)
 adjusted for age (timescale), sex, neighborhood index of socio-economic position, civil status, education level, mother tongue, nationality, NO2 exposure and Lden. 46 
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eTable 1: Crude rates for all outcomes in relation to daytime and nighttime noise exposure categories (per 100,000 person years). 47 

 Daytime noise (7:00-23:00) Nighttime noise (23:00-7:00) 
<45 dB 45-55 B 55-65 B >65 dB <45 dB 45-55 B 55-65 B >65 dB 

All cardiovascular diseases  2990 3126 3386 3487 3023 3329 3520 3225 
Hypertensive diseases  265 297 327 326 284 316 339 303 
Ischemic heart diseases  1262 1322 1421 1474 1280 1399 1477 1394 
     Myocardial infarction  388 423 461 474 402 457 471 471 
Heart failure  260 262 298 313 256 288 315 272 
Stroke  469 493 529 529 473 526 544 467 
     Hemorrhagic stroke 115 115 129 128 112 126 132 126 
     Ischemic stroke 58 67 70 72 64 69 75 58 
 48 

  49 
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eTable 2: Summary statistics of the transportation noise exposure Leq,Comb in the different time windows (all values in dB). 50 

Exposure 

measure 

Time 

window 

Min 25
th

 

percentile 

Median Arithm. 

mean 

75
th

 

percentile 

95
th

 

percentile  

Max 

Leq,Comb 19-23h 35 45.7 50.9 51.32 57 64.4 89.2 
Leq,Comb 23-01h 35 40.7 45.9 46.71 52.2 60.1 87.8 
Leq,Comb 01-05h 35 36.8 42.1 43.41 48.5 56.5 86.4 
Leq,Comb 05-06h 35 42.9 48.1 48.71 54.4 62.2 87.6 
Leq,Comb 06-07h 35 47.4 52.5 52.93 58.7 66.2 88.6 
Leq,Comb 07-19h 35 49.4 54.6 54.87 60.6 67.9 88.9 
IR 19-23h 0 50.7 71.6 65.54 84 93.5 100 
IR 23-01h 0 65.4 80 74.18 89.1 96.1 100 
IR 01-05h 0 68.8 84.2 77.79 91.8 97.6 100 
IR 05-06h 0 61.9 78.3 72.09 88.1 95.4 100 
IR 06-07h 0 45.5 68.2 62.68 83.1 93.2 100 
IR 07-19h 0 39.4 62.6 58.52 79.9 92.2 100 
 51 

  52 
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eTable 3: Spearman’s rank correlations between Lden,Comb and Leq,Comb in the different time windows. 53 

 Lden,Comb Leq,Comb 

(Day)
a
 

Leq,Comb 

(Night)
b
 

Leq,Comb 

(19-23) 

Leq, Comb 

(23-01) 

Leq, Comb 

(01-05) 

Leq, Comb 

(05-06) 

Leq, Comb 

(06-07) 

Leq, Comb 

(07-19) 

NO2 

Lden, Comb 1          
Leq,Comb(Day)

a 0.99 1         
Leq, Comb (Night)

b 0.99 0.98 1        
Leq, Comb(19-23) 1 0.99 0.98 1       
Leq, Comb (23-01) 0.99 0.97 0.99 0.98 1      
Leq, Comb (01-05) 0.96 0.94 0.98 0.95 0.98 1     
Leq, Comb (05-06) 0.98 0.97 0.99 0.97 0.98 0.99 1    
Leq, Comb (06-07) 0.99 0.99 0.99 0.98 0.98 0.96 0.98 1   
Leq, Comb (07-19) 0.99 1 0.97 0.99 0.96 0.94 0.97 0.98 1  
NO2 0.34 0.35 0.34 0.35 0.33 0.34 0.33 0.33 0.34 1 
aDaytime defined from 07 to 23h, b Nighttime defined from 23 to 07h 54 

eTable 4: Spearman’s rank Correlation for Lden,Comb and IRComb in the different time windows. 55 

 Lden,Comb IRComb 

(Day)
a
 

IRComb 

(Night)
b
 

IRComb 

(19-23) 

IRComb 

(23-01) 

IRComb 

(01-05) 

IRComb 

(05-06) 

IRComb 

(06-07) 

IRComb 

(07-19) 

Lden,Comb 1         
IRComb (Day)

a
 0.1 1        

IRComb (Night)
b
 0.21 0.9 1       

IRComb (19-23) 0.15 0.98 0.95 1      
IRComb (23-01) 0.26 0.78 0.96 0.87 1 

 
   

IRComb (01-05) 0.37 0.45 0.73 0.56 0.85 1    
IRComb (05-06) 0.24 0.82 0.96 0.89 0.96 0.8 1   
IRComb (06-07) 0.12 0.97 0.94 0.97 0.83 0.52 0.88 1 

 
IRComb (07-19) 0.09 1 0.89 0.97 0.77 0.43 0.82 0.97 1 
a Daytime defined from 07 to 23h, b Nighttime defined from 23 to 07h 56 
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eTable 5: Spearman’s rank correlations between Leq,Comb including Lden,Comb and source-57 

specific Leqs including Ldens in the different time windows. 58 

 Lden,

Comb 

 

Leq,Comb 

(Day)
a
 

Leq,Comb 

(Night)
b
 Leq,Comb 

(19-23) 

Leq, 

Comb 

(23-

01) 

Leq, 

Comb 

(01-

05) 

Leq, 

Comb 

(05-

06) 

Leq, 

Comb 

(06-

07) 

Leq, 

Comb 

(07-

19) 

NO2 

Lden(Road) 0.88 0.91 0.86 0.86 0.81 0.79 0.87 0.90 0.91 0.33 
Leq,Road(Day)

a 0.88 0.90 0.86 0.86 0.81 0.79 0.87 0.90 0.91 0.33 
Leq,Road (Night)

b 0.87 0.89 0.86 0.85 0.82 0.81 0.88 0.89 0.90 0.33 
Leq,Road(19-23) 0.88 0.90 0.86 0.86 0.82 0.80 0.88 0.90 0.91 0.33 
Leq,Road (23-01) 0.86 0.89 0.86 0.85 0.82 0.82 0.87 0.89 0.89 0.33 
Leq,Road (01-05) 0.84 0.86 0.85 0.83 0.81 0.82 0.86 0.87 0.87 0.34 
Leq,Road (05-06) 0.87 0.90 0.86 0.85 0.82 0.81 0.88 0.90 0.90 0.33 
Leq,Road (06-07) 0.88 0.90 0.86 0.86 0.82 0.80 0.88 0.90 0.91 0.33 
Leq,Road (07-19) 0.88 0.90 0.86 0.86 0.81 0.79 0.87 0.90 0.91 0.33 
Lden(Rail) 0.43 0.36 0.47 0.44 0.53 0.53 0.47 0.39 0.35 0.30 
Leq,Rail(Day)

a 0.44 0.38 0.49 0.45 0.55 0.54 0.48 0.41 0.36 0.30 
Leq,Rail (Night)

b 0.42 0.36 0.46 0.43 0.52 0.52 0.46 0.38 0.34 0.30 
Leq,Rail(19-23) 0.44 0.38 0.49 0.45 0.55 0.55 0.48 0.41 0.36 0.30 
Leq,Rail (23-01) 0.42 0.36 0.46 0.43 0.52 0.51 0.46 0.38 0.34 0.30 
Leq,Rail (01-05) 0.42 0.36 0.47 0.44 0.53 0.54 0.46 0.38 0.34 0.30 
Leq,Rail (05-06) 0.42 0.36 0.46 0.43 0.51 0.51 0.45 0.38 0.34 0.30 
Leq,Rail (06-07) 0.41 0.35 0.45 0.42 0.50 0.50 0.45 0.38 0.34 0.30 
Leq,Rail (07-19) 0.44 0.38 0.49 0.45 0.54 0.54 0.48 0.41 0.36 0.30 
Lden(Air) 0.18 0.21 0.11 0.23 0.12 0.04 0.07 0.14 0.20 0.40 
Leq,Air(Day)

a 0.18 0.21 0.11 0.23 0.12 0.05 0.07 0.14 0.21 0.40 
Leq,Air (Night)

b 0.17 0.19 0.12 0.21 0.12 0.04 0.06 0.15 0.18 0.40 
Leq,Air(19-23) 0.18 0.21 0.11 0.23 0.12 0.04 0.06 0.14 0.20 0.40 
Leq,Air (23-01) 0.17 0.19 0.11 0.22 0.12 0.04 0.05 0.13 0.18 0.40 
Leq,Air (01-05) 0.09 0.09 0.08 0.12 0.08 0.00 0.01 0.09 0.08 0.41 
Leq,Air (05-06) 0.08 0.07 0.05 0.10 0.05 0.00 0.02 0.07 0.07 0.40 
Leq,Air (06-07) 0.17 0.19 0.12 0.21 0.12 0.04 0.07 0.15 0.18 0.40 
Leq,Air (07-19) 0.18 0.21 0.11 0.23 0.12 0.05 0.07 0.14 0.21 0.40 
a Daytime defined from 07 to 23h, b Nighttime defined from 23 to 07h 59 

  60 
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eTable 6: Adjusted HRs and 95% CI for standardized Leq ad different time window with 61 

corresponding standard deviation (SD) for all outcomes under investigation.  62 

Outcome Time window HR (95% CI) SD (in dB) 

Cardiovascular diseases 07-19h 1.019 (1.013-1.025) 7.98 
Cardiovascular diseases 19-23h 1.020 (1.013-1.026) 7.97 
Cardiovascular diseases 23-01h 1.021 (1.015-1.028) 7.81 
Cardiovascular diseases 01-05h 1.022 (1.016-1.028) 7.35 
Cardiovascular diseases 05-06h 1.022 (1.016-1.028) 7.95 
Cardiovascular diseases 06-07h 1.018 (1.012-1.024) 8.01 
Hypertensive disease 07-19h 1.044 (1.024-1.064) 7.98 
Hypertensive disease 19-23h 1.041 (1.021-1.061) 7.97 
Hypertensive disease 23-01h 1.038 (1.019-1.058) 7.81 
Hypertensive disease 01-05h 1.041 (1.022-1.061) 7.35 
Hypertensive disease 05-06h 1.046 (1.026-1.066) 7.95 
Hypertensive disease 06-07h 1.042 (1.022-1.062) 8.01 
Ischemic heart diseases 07-19h 1.018 (1.009-1.028) 7.98 
Ischemic heart diseases 19-23h 1.019 (1.010-1.029) 7.97 
Ischemic heart diseases 23-01h 1.023 (1.014-1.033) 7.81 
Ischemic heart diseases 01-05h 1.025 (1.016-1.034) 7.35 
Ischemic heart diseases 05-06h 1.023 (1.014-1.033) 7.95 
Ischemic heart diseases 06-07h 1.017 (1.008-1.026) 8.01 
Myocardial infarction 07-19h 1.035 (1.019-1.052) 7.98 
Myocardial infarction 19-23h 1.038 (1.021-1.055) 7.97 
Myocardial infarction 23-01h 1.039 (1.023-1.057) 7.81 
Myocardial infarction 01-05h 1.035 (1.019-1.052) 7.35 
Myocardial infarction 05-06h 1.038 (1.021-1.054) 7.95 
Myocardial infarction 06-07h 1.034 (1.018-1.051) 8.01 
Heart failure 07-19h 1.047 (1.027-1.068) 7.98 
Heart failure 19-23h 1.046 (1.025-1.067) 7.97 
Heart failure 23-01h 1.036 (1.016-1.057) 7.81 
Heart failure 01-05h 1.028 (1.007-1.048) 7.35 
Heart failure 05-06h 1.037 (1.016-1.058) 7.95 
Heart failure 06-07h 1.043 (1.023-1.064) 8.01 
Stroke 07-19h 1.002 (0.988-1.018) 7.98 
Stroke 19-23h 1.001 (0.986-1.016) 7.97 
Stroke 23-01h 1.001 (0.986-1.016) 7.81 
Stroke 01-05h 1.001 (0.986-1.016) 7.35 
Stroke 05-06h 1.001 (0.986-1.016) 7.95 
Stroke 06-07h 0.999 (0.984-1.014) 8.01 
Hemorrhagic stroke 07-19h 0.999 (0.969-1.030) 7.98 
Hemorrhagic stroke 19-23h 1.000 (0.970-1.031) 7.97 
Hemorrhagic stroke 23-01h 1.009 (0.979-1.040) 7.81 
Hemorrhagic stroke 01-05h 1.015 (0.985-1.045) 7.35 
Hemorrhagic stroke 05-06h 1.007 (0.978-1.038) 7.95 
Hemorrhagic stroke 06-07h 1.001 (0.971-1.032) 8.01 
Ischemic stroke 07-19h 1.029 (0.988-1.072) 7.98 
Ischemic stroke 19-23h 1.020 (0.979-1.063) 7.97 
Ischemic stroke 23-01h 1.011 (0.971-1.053) 7.81 
Ischemic stroke 01-05h 1.009 (0.970-1.051) 7.35 
Ischemic stroke 05-06h 1.014 (0.974-1.056) 7.95 
Ischemic stroke 06-07h 1.021 (0.980-1.064) 8.01 
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eTable 7: Adjusted categorical HRs and 95% confidence intervals (CI) for cardiovascular causes of death and categorical IRComb for 63 

various time windows by quintiles. 64 

 
Time 

window 

1st 

quintile 

(reference) 

2nd quintile 3rd quintile 4th quintile 5th quintile 

Cardiovascular 

diseases 

IRComb 

(07-19h) 
1 

1.008  
(0.991-1.025) 

1.012  
(0.995-1.029) 

1.011  
(0.994-1.028) 

0.997  
(0.980-1.015) 

IRComb  

(19-23h) 
1 

1.009  
(0.992-1.026) 

1.023  
(1.006-1.040) 

1.014  
(0.997-1.032) 

0.999  
(0.981-1.017) 

IRComb  

(23-01h) 

1 1.001  
(0.984-1.018) 

1.020  
(1.002-1.037) 

1.017  
(0.999-1.035) 

0.997  
(0.979-1.016) 

IRComb  

(01-05h) 

1 0.993  
(0.976-1.009) 

1.004  
(0.987-1.021) 

1.017 
(1.000-1.035) 

0.998  
(0.980-1.016) 

IRComb  

(05-06h) 

1 1.003  
(0.986-1.020) 

1.022  
(1.004-1.039) 

1.016  
(0.998-1.034) 

0.997  
(0.979-1.016) 

IRComb  

(06-07h) 

1 1.009  
(0.992-1.026) 

1.008  
(0.991-1.026) 

1.011  
(0.994-1.028) 

0.996  
(0.978-1.014) 

Hypertensive 

disease 

IRComb 

(07-19h) 

1 1.058  
(1.001-1.119) 

1.043  
(0.986-1.103) 

1.034 
(0.978-1.094) 

1.025  
(0.967-1.086) 

IRComb  

(19-23h) 

1 1.036  
(0.979-1.095) 

1.044  
(0.987-1.104) 

1.036  
(0.979-1.096) 

1.004  
(0.946-1.064) 

IRComb  

(23-01h) 

1 1.026  
(0.971-1.085) 

1.057  
(0.999-1.117) 

0.989  
(0.933-1.048) 

0.974  
(0.917-1.035) 

IRComb  

(01-05h) 

1 0.983  
(0.931-1.039) 

1.006  
(0.952-1.063) 

0.962  
(0.908-1.019) 

0.960  
(0.905-1.017) 

IRComb  

(05-06h) 

1 1.006  
(0.952-1.064) 

1.014  
(0.959-1.073) 

1.001  
(0.945-1.060) 

0.975  
(0.918-1.035) 

IRComb  

(06-07h) 

1 1.041  
(0.985-1.102) 

1.047  
(0.990-1.108) 

1.029  
(0.973-1.089) 

1.024  
(0.966-1.086) 
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Ischemic heart 

diseases 

IRComb 

(07-19h) 

1 1.016  
(0.990-1.043) 

1.016  
(0.990-1.043) 

1.019  
(0.993-1.047) 

1.017  
(0.990-1.045) 

IRComb  

(19-23h) 

1 1.020  
(0.994-1.047) 

1.028  
(1.002-1.055) 

1.018  
(0.992-1.046) 

1.020  
(0.992-1.049) 

IRComb  

(23-01h) 

1 1.010  
(0.985-1.037) 

1.021  
(0.994-1.048) 

1.030  
(1.002-1.058) 

1.014  
(0.986-1.043) 

IRComb  

(01-05h) 

1 0.994  
(0.968-1.020) 

0.995  
(0.970-1.022) 

1.025  
(0.998-1.053) 

1.001  
(0.974-1.029) 

IRComb  

(05-06h) 

1 1.020  
(0.993-1.047) 

1.027  
(1.001-1.055) 

1.022  
(0.995-1.050) 

1.018  
(0.990-1.048) 

IRComb  

(06-07h) 

1 1.017  
(0.991-1.044) 

1.011  
(0.984-1.038) 

1.016  
(0.989-1.043) 

1.015  
(0.988-1.044) 

Myocardial 

infarction 

IRComb 

(07-19h) 

1 1.016  
(0.970-1.064) 

1.020  
(0.974-1.068) 

1.037  
(0.990-1.086) 

1.014  
(0.966-1.064) 

IRComb  

(19-23h) 

1 1.033  
(0.986-1.081) 

1.034  
(0.987-1.083) 

1.034  
(0.986-1.083) 

1.022  
(0.974-1.073) 

IRComb  

(23-01h) 

1 1.030  
(0.984-1.079) 

1.035  
(0.988-1.084) 

1.037  
(0.989-1.088) 

1.023  
(0.973-1.075) 

IRComb  

(01-05h) 

1 1.039  
(0.992-1.088) 

1.027  
(0.980-1.075) 

1.041  
(0.993-1.092) 

1.023  
(0.974-1.074) 

IRComb  

(05-06h) 

1 1.044  
(0.997-1.093) 

1.029  
(0.982-1.078) 

1.047  
(0.999-1.098) 

1.024  
(0.974-1.076) 

IRComb  

(06-07h) 

1 1.013  
(0.967-1.061) 

1.021  
(0.974-1.069) 

1.034  
(0.987-1.084) 

1.012  
(0.964-1.062) 

Heart failure 

IRComb 

(07-19h) 

1 1.026  
(0.968-1.088) 

1.011  
(0.953-1.073) 

1.002  
(0.945-1.063) 

0.944  
(0.888-1.004) 

IRComb  

(19-23h) 

1 0.992  
(0.935-1.051) 

0.994  
(0.937-1.054) 

0.975  
(0.919-1.035) 

0.936  
(0.880-0.996) 

IRComb  

(23-01h) 

1 1.008  
(0.951-1.069) 

0.999  
(0.942-1.060) 

0.997  
(0.939-1.059) 

0.961  
(0.902-1.023) 

IRComb  

(01-05h) 

1 0.977  
(0.921-1.036) 

0.995  
(0.939-1.055) 

0.989  
(0.932-1.050) 

0.986 
(0.928-1.048) 
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IRComb  

(05-06h) 

1 1.004  
(0.947-1.065) 

0.999  
(0.941-1.060) 

0.991  
(0.933-1.052) 

0.943  
(0.886-1.004) 

IRComb  

(06-07h) 

1 1.049  
(0.990-1.113) 

0.998  
(0.940-1.059) 

1.010  
(0.952-1.072) 

0.935  
(0.879-0.995) 

Stroke 

IRComb 

(07-19h) 

1 1.002  
(0.960-1.045) 

1.013  
(0.970-1.057) 

1.013  
(0.970-1.057) 

0.994  
(0.951-1.039) 

IRComb  

(19-23h) 

1 1.011  
(0.969-1.055) 

1.037  
(0.994-1.082) 

1.037  
(0.993-1.083) 

1.014  
(0.969-1.061) 

IRComb  

(23-01h) 

1 0.996  
(0.955-1.040) 

1.027  
(0.984-1.073) 

1.031  
(0.987-1.078) 

1.024  
(0.978-1.073) 

IRComb  

(01-05h) 

1 0.993  
(0.951-1.036) 

1.026  
(0.983-1.071) 

1.046  
(1.001-1.094) 

1.028  
(0.982-1.076) 

IRComb  

(05-06h) 

1 0.986  
(0.945-1.030) 

1.045  
(1.001-1.091) 

1.031  
(0.986-1.077) 

1.018  
(0.972-1.066) 

IRComb  

(06-07h) 

1 0.985  
(0.944-1.028) 

0.997  
(0.955-1.041) 

1.017  
(0.974-1.062) 

0.991  
(0.947-1.036) 

Hemorrhagic 

stroke 

IRComb 

(07-19h) 

1 0.941  
(0.863-1.026) 

1.052  
(0.966-1.146) 

1.007  
(0.923-1.098) 

0.987  
(0.902-1.081) 

IRComb  

(19-23h) 

1 0.988  
(0.906-1.078) 

1.054  
(0.967-1.150) 

1.106  
(1.013-1.206) 

1.020  
(0.930-1.119) 

IRComb  

(23-01h) 

1 0.994  
(0.912-1.084) 

1.015  
(0.929-1.107) 

1.100  
(1.007-1.202) 

1.044  
(0.950-1.147) 

IRComb  

(01-05h) 

1 1.037  
(0.951-1.132) 

1.046  
(0.957-1.142) 

1.111  
(1.015-1.216) 

1.149  
(1.047-1.259) 

IRComb  

(05-06h) 

1 0.974  
(0.893-1.063) 

1.039  
(0.952-1.134) 

1.126  
(1.031-1.230) 

1.032  
(0.939-1.134) 

IRComb  

(06-07h) 

1 0.941  
(0.862-1.027) 

1.057  
(0.970-1.152) 

1.055  
(0.967-1.151) 

0.990  
(0.903-1.085) 

Ischemic 

stroke 

IRComb 

(07-19h) 

1 1.105  
(0.984-1.240) 

1.086  
(0.966-1.221) 

1.030  
(0.914-1.160) 

1.016  
(0.898-1.150) 

IRComb  

(19-23h) 

1 1.109  
(0.988-1.244) 

1.125  
(1.002-1.264) 

1.023  
(0.907-1.154) 

0.991  
(0.873-1.124) 
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IRComb  

(23-01h) 

1 1.023  
(0.912-1.148) 

1.035  
(0.922-1.163) 

1.006  
(0.892-1.135) 

0.926  
(0.815-1.053) 

IRComb  

(01-05h) 

1 0.948  
(0.844-1.064) 

1.044  
(0.931-1.171) 

0.983  
(0.872-1.108) 

0.900  
(0.794-1.021) 

IRComb  

(05-06h) 

1 0.994  
(0.885-1.116) 

1.067  
(0.950-1.198) 

1.004  
(0.891-1.132) 

0.892  
(0.784-1.015) 

IRComb  

(06-07h) 

1 1.057  
(0.942-1.187) 

1.055  
(0.939-1.186) 

0.997  
(0.885-1.124) 

0.985  
(0.870-1.115) 

 65 
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a b s t r a c t

Spatiotemporal resolved models were developed predicting daily fine particulate matter (PM2.5) con-
centrations across Switzerland from 2003 to 2013. Relatively sparse PM2.5 monitoring data was sup-
plemented by imputing PM2.5 concentrations at PM10 sites, using PM2.5/PM10 ratios at co-located sites.
Daily PM2.5 concentrations were first estimated at a 1 � 1km resolution across Switzerland, using
Multiangle Implementation of Atmospheric Correction (MAIAC) spectral aerosol optical depth (AOD) data
in combination with spatiotemporal predictor data in a four stage approach. Mixed effect models (1)
were used to predict PM2.5 in cells with AOD but without PM2.5 measurements (2). A generalized additive
mixed model with spatial smoothing was applied to generate grid cell predictions for those grid cells
where AOD was missing (3). Finally, local PM2.5 predictions were estimated at each monitoring site by
regressing the residuals from the 1 � 1km estimate against local spatial and temporal variables using
machine learning techniques (4) and adding them to the stage 3 global estimates. The global (1 km) and
local (100 m) models explained on average 73% of the total,71% of the spatial and 75% of the temporal
variation (all cross validated) globally and on average 89% (total) 95% (spatial) and 88% (temporal) of the
variation locally in measured PM2.5 concentrations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fine particulate matter (PM2.5) has been linked to a number of
adverse health effects including lung cancer, natural cause mor-
tality, low birth weight, lung function in both adults and children
and acute coronary events (Raaschou-Nielsen et al., 2013; Beelen
et al., 2014; Pedersen et al., 2013; Gehring et al., 2013; Cesaroni
et al., 2014; Adam et al., 2015). These studies also show that ef-
fects are significant at PM2.5 levels below 15e20 mg/m3 (Brunekreef
et al., 2015).

Estimating historic levels of PM2.5 at a small spatial and tem-
poral scale, necessary for epidemiological studies, however, is an
ongoing challenge. PM2.5 monitoring sites are sparse, especially
going back in time, and therefore do not provide good spatial nor

temporal coverage. Current research often relies on so-called back-
extrapolation to estimate historical air pollution exposures
(Pedersen et al., 2013; T�etreault et al., 2016; Panasevich et al., 2016).
Routine monitoring data is thereby used to convert estimates from
a recent land use regression (LUR) model to the time of the health
event or baseline of cohort study. The assumption in back extrap-
olation is that the spatial structure of the air pollution surface is
stable over a sufficiently long period of time. There is evidence to
justify back-extrapolation for annual air pollution surfaces (Gulliver
et al., 2016), the spatial structure for shorter time periods, however,
is likely to change, for example due to changing meteorological
conditions, leading to fluctuations in air pollution levels which are
difficult to be picked up by back-extrapolation. In Switzerland there
are existing long-term (annual and bi-annual) air pollution models
for PM2.5 developed using LUR for specific years (Aguilera et al.,
2015; Eeftens et al., 2015) and regularly updated dispersion
models (FOEN, 2013). Models to estimate historic PM2.5 concen-
trations at a fine spatial temporal scale do not exist, something this
paper will attempt to address.

Since the early 2000s, satellites have been measuring the light
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extinction by aerosol scattering and its absorption in the atmo-
spheric column, also called aerosol optical depth (AOD). Recent
studies in North America (US, Mexico), Europe (Italy) and China
have utilised this data by applying sophisticated statistical methods
to predict PM2.5 concentrations (Kloog et al., 2012, 2014; Stafoggia
et al., 2017; Li et al., 2017). These studies all demonstrate that
satellite-derived AOD measurements have the potential to help
explain spatial and temporal variations in PM2.5 concentrations
across large spatial domains (Kloog et al., 2012, 2014; Stafoggia
et al., 2017). While this method has been successfully applied in
Northern America, Mexico and Italy, more testing, in other chal-
lenging areas, is still needed.

Switzerland poses some unique challenges in terms of air
pollution modelling, both topographically and meteorologically.
The country has a diversity of landscapes and climates, from high
mountains to plateaus to valleys, which influences the meteoro-
logical phenomena including complex wind fields, inversions and
temperature patterns due to the topography. Compared to other
parts of the world, Switzerland has very low levels of PM2.5. The
range of annual PM2.5 concentrations measured at the National Air
Pollution Monitoring Network (NABEL), has decreased from 11 to
28 mg/m3 in 2003 to 6e18 mg/m3 in 2013. With the ongoing debate
as to whether there is a threshold for health effects (Brunekreef
et al., 2015), it is important to be able to model exposures for low
concentration levels. This makes Switzerland an interesting study
area to further develop, test and adapt the method originally
applied in Northern America (Kloog et al., 2014) and test its validity
in low pollution areas. Another challenge is the, for our purposes,
small number of PM2.5 monitoring sites in Switzerland, with 10
sites operating between 2003 and 2013. In this paper we used PM10
monitoring data to supplement the sparse PM2.5 data.

This paper describes the development of spatiotemporal models
predicting daily PM2.5 concentrations for Switzerland from 2003 to
2013. The modelling further develops a previously presented
methodology (Kloog et al., 2014; Stafoggia et al., 2017) applied in
North-America and Italy. In the first three stages of the 4 stage
approach, daily PM2.5 concentrations are estimated at a 1 � 1km
resolution across Switzerland, taking advantage of the recently
available MAIAC (Multiangle Implementation of Atmospheric
Correction) spectral AOD data and spatiotemporal predictor data. In
stage 4, we attempt to explain the local variability of air pollution at
a 100 � 100 m scale by applying support vector machine
algorithms.

2. Materials and methods

2.1. Study area

Switzerland, situated in Central Europe and with a surface area
of 41,285 km2, is land-locked by Germany, Austria, Italy and France
and at the end of 2015 had a population of 8.3 million (FSO, 2016).
Switzerland is dominated by two mountain ranges; the Alps in the
South and the Jura in the Northwest. In between lies the Swiss
Mittelland, which is densely populated and intensely farmed. Due
to its topography, the climate across the country varies locally, but
in general is temperate, with warm and humid summers and more
dryer and stable conditions in the winter. The most important
sectors of the Swiss economy are industry, tourism and services.

2.2. Monitoring data

The regulatory monitoring network for Switzerland, NABEL,
comprises of 16 measurement sites distributed across the country,
of which 10 measure PM2.5 (see Figure A.1). Daily (Jan 2003eApril
2010) and four-daily (April 2010eDec 2013) PM2.5 measurement

data, conducted at these 10 sites, were obtained from the Immis-
sionsdatenbank Luft (IDB) (Federal Office of the Environment, Bern,
Switzerland), with not all sites measuring all years (see Table A.1).
PM2.5 measurements were carried out using gravimetry. Given the
insufficient number of PM2.5 monitoring sites to inform ourmodels,
we further obtained daily PM10 data from IDB for the same 10
stations measuring PM2.5 (i.e. co-located) plus at an additional 89
stations including more NABEL stations and cantonal sites (see
Figure A.1). PM10 measurements were carried out by gravimetry,
betameter or TEOM. With the view to impute PM2.5 concentrations
at PM10 sites, we calculated the correlation of determination be-
tween daily PM2.5 and PM10 concentrations at co-located sites for
each year. We evaluated the performance of this approach at each
of the 10 co-located sites, by applying the PM2.5/PM10 relationship
from the nearest co-located site and comparing imputed PM2.5 with
measured PM2.5. Subsequently, the extracted equations were
applied to the 89 PM10 sites to impute PM2.5 concentrations, again,
by using the nearest co-located site. The 99 monitoring sites with
both measured and imputed PM2.5 concentrations will be referred
to as PM2.5 monitoring sites from now on.

2.3. AOD data

Daily MAIAC spectral AOD was derived from MODIS (Moderate
Resolution Imaging Spectroradiometer) Aqua Collection 6 L1B data
for the period of 2003e2013. The MAIAC algorithm provides the
high-resolution (1 km) AOD product that was used in our analysis
for Switzerland. The MAIAC data from MODIS Aqua represent a
mid-afternoon measurement [mean daily acquisition time of 2:57
p.m. Greenwich Mean Time (GMT) �5 h; range 2:10e3:45 p.m.
local overpass time]. MAIAC uses a time series analysis and pro-
cessing of groups of pixels to derive surface bidirectional reflec-
tance distribution function (BRDF) and aerosol parameters over
both dark vegetated surfaces and bright surfaces, without as-
sumptions typical of current MODIS operational processing algo-
rithms. The spatio-temporal analysis also helps MAIAC's cloud
mask augmenting traditional pixel-level cloud detection tech-
niques. MAIAC's high resolution, which is important in many ap-
plications such as air pollution studies, brings new information
about aerosol sources and, potentially, their strength. An in-depth
description of the MAIAC product and algorithm details can be
found elsewhere (Lyapustin et al., 2011a, 2011b). Because AOD
values may be spurious at cloud edges, AOD data were filtered to
exclude values with adjacent cloud or high uncertainty flags and
with a moving window variance in the top 2.5th percentile. The
resulting MAIAC data set included 19.8% of all possible observa-
tions, which is consistent with previous work (Kloog et al., 2014).

2.4. Spatial and temporal predictors

Spatial and temporal predictor data were extracted at different
scales. Global predictors (to inform stage 1e3 models) were
extracted for each grid cell (1 � 1km, based on the MAIAC AOD
geography). Local predictors (to inform stage 4 models) were
extracted at the PMmonitoring site locations. Lastly, local predictor
variables were extracted at 100 � 100 m grid cell centroids (nested
in the 1 � 1km grid) to facilitate the mapping process at the local
scale by combining stage 3 1 � 1km and stage 4 100 � 100 m es-
timates. Predictors, detailed information of which can be found in
Appendix A, included: emission data obtained from Meteotest
(FOEN, 2013; FOEN, 2011); road data originating from VECTOR25
and TeleAtlas MultiNet TM; elevation data from the Swiss Federal
Office of Topography; land use from European Corine Landcover;
meteorology obtained from the European Centre for Medium-
Range Weather Forecasts (Dee et al., 2011); and NDVI from the
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LANDSAT 8 satellite.

2.5. Pre-processing PM2.5 and AOD data

Before use in the modelling framework, the PM2.5 monitoring
and the AOD retrieval data were cleaned. The rationale for this lies
in the objective of the mixed model framework's first stage, namely
the optimisation of the calibration between daily PM2.5 measure-
ments and co-located AOD retrievals, i.e. to predict PM2.5 based on
AOD data and additional spatial and spatiotemporal parameters.
Depending on the conditions (i.e. meteorological, geographical
etc.), AOD and PM2.5 are poorly to weakly correlated, but by ac-
counting for spatial and temporal heterogeneity in the AOD-PM2.5
relationship we assume that AOD becomes an important factor to
explain PM2.5 variability. To be able to do this, however, we needed
to make sure that only good quality AOD observations were
retained and that unreliable AOD data due to, for example, cloud
contamination, proximity to water surfaces or snow-covered areas,
malfunctioning of the sensor on board the satellite, etc., were
removed. This cleaning process, prior to the modelling, therefore
gave us a well formulated calibration model which could be
reasonably applied to areas and days when no PM2.5 data exist
(Stafoggia et al., 2017). More details about the pre-processing,
including of numbers of record removed, can be found in
Appendix A.

2.6. Statistical methods

A 4-staged modelling approach (see Figure A.2), described in
detail by Kloog et al. (2014). was adapted and further developed to
estimate PM2.5 concentrations at both 1 km a 100 m grid cells
across Switzerland from 2003 to 2013.

2.6.1. Stage 1
Due to the complex topography and climatology of Switzerland

we decided to perform the stage 1 modelling, i.e. the day-specific
random intercepts and slopes, in five nested climatic regions; Up-
per Rhine plains, Jura, Swiss Mittelland, Prealpine zones and Swiss
Alps.

For each year we fitted the following model (slight deviations
for each year), calibrating the nearest (within 1500 m) AOD
observation to the PM2.5 monitoring data using all daily PM2.5
measurements, whilst adjusting for temporal and spatial
covariates:

PM2:5ijk¼
�
aþujþujk

�
þ
�
b1þvjþvjk

�
AODijþ

�
b2þwj

þwjk

�
PBLijþb3WindSpijkþb4WindDirijkþ b5Tempijk

þb6Precijkþb7NDVIijkþb8Spatialikþεijk

� Where PM25ijk denotes the measured PM2.5 concentration at a
site i on a day j in climatic region k;

� a is the fixed and uj and ujk are the random daily intercepts on a
day j in the climatic region k;

� AODij is the AOD value in the grid cell corresponding to site i on
day j, b1 is the fixed slope, and vj and vjk are the random slopes
on a day j and on a day j in the climatic region k;

� PBLij is the planet boundary layer (PBL) value (site i on day j), b2
is the fixed slope, and wj and wjk are the random slopes on a day
j and on a day j in the climatic region k;

� Wind Spijk,Wind Dirijk, Tempijk and Precijk are the assigned values
of respectively wind speed, wind direction, temperature and

precipitation in the grid cells corresponding to site i on a day j in
the climatic region k

� NDVIijk is the mean NDVI value in the grid cell containing site i
on a day j in the climatic region k;

� Spatialik are the spatial predictors (including land use, road,
emissions, elevation) in the grid cell containing site i in the
climatic region k;

� εijk is the error term in the grid cell containing site i on a day j in
the climatic region k.

2.6.2. Stage 2
Using the stage 1 models fits, PM2.5 was estimated in grid cells

with AOD, but without PM2.5 monitoring data.

2.6.3. Stage 3
In grid cells without AOD available a generalized additive mixed

model with spatial smoothing (thin plate spline) was applied to
generate grid cell predictions of PM2.5.

PredPM2:5cj¼ðaþucÞþðbþvcÞMeanPM2:5cjþSðXc;YcÞkðjÞþεcj

� Where, PredPM2.5cj is the predicted PM2.5 concentration from
Stage 2 (cell c, day j);

� a and uc are the fixed and random (cell specific; day and climatic
region levels) intercepts;

� MeanPM2.5cj is the average PM2.5 concentration in grid cell c and
day j, computed from all stations within 60 km from the cell
centroid;

� b1 and vc are fixed and cell-specific random slopes for
MeanPM2.5;

� SðXc;YcÞkðjÞ is a smooth function (thin plate spline) of the loca-
tion (computed as a thin-plate spline of latitude (X) and longi-
tude (Y) of the cell centroid c) specific to the bi-monthly period
k(j) in which day j falls (a separate spatial smooth was fitted for
each bi-monthly period).

2.6.4. Stage 4
In the fourth stage PM2.5 predictions are estimated at the local

level. First the residuals from the stage 1 model at each monitoring
site were regressed against the local spatial and temporal variables
at each monitoring site using machine learning techniques
(Mitchell, 1997). The modelled residuals were then added to PM2.5
predictions from the global model (stage 3) resulting in stage 4
local PM2.5 estimates. For stage 4 we defined the following support
vector machine (SVM) algorithm:

ResPM2:5ij ¼
X
m

amK
�
Xmij ; x

�þ ε

� Where, ResPM2.5ij is the residual of the observed minus the
predicted PM2.5 concentration (site i, day j) from the stage 1
cross validation (CV) model;

� Each x is an instance from Xmij representing the spatial and
temporal predictors (m) around the monitoring station i on day
j;

� K is a kernel function (Gaussian) capturing nonlinearities and
interactions among the predictors in predicting ResPM2.5ij, and
its parameters are chosen using 10-fold cross validation.

The 5 temporal predictors included are planetary boundary
layer height, ambient temperature, wind speed, wind direction and
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precipitation. Spatial predictors included in this step are emissions
(agriculture, household, industry, traffic and wood smoke), major
and all road density, land use (residential, industry, urban green,
total build up, agriculture and natural) within a 100 m buffer
around themonitoring site, NDVI, elevation, and distance to nearest
major road.

Support Vector Machines (SVMs), first introduced in the
nineties, are a classification algorithm aimed at categorizing new
objects into two separate groups, based on their properties and a
set of known examples (observed data), which are already classi-
fied (Vapnik, 1995). SVM trains a model to assign new unseen ob-
jects into a certain category by creating a linear partition of the
feature space into two categories. It places an object “above” or
“below” the separation plane, based on features in the new unseen
objects, leading to a categorization. SVMs has been extended to
more complex situations, such as nonlinear dependencies and
continuous outcomes, by introducing various types of non-linear
decision boundaries, and training the SVM to identify the best
linear separating hyperplanes in high-dimensional vector spaces
(Vapnik et al., 1997).

Statistical analyses have been performed with the R statistical
software, version 3 (R Development Core Team; http://R-project.
org) and SPSS version 24. Geospatial analysis was performed with
ESRI ArcGIS 10.

2.7. Statistical performance

We assessed the performance of the models (stage 1, 3 and 4) by
reporting statistics of the regression between observed and pre-
dicted PM2.5 (n ¼ 99), for the full model and for the spatial and
temporal components of the models. To avoid possible overfitting
of the mixed modelling framework we checked the suitability of
the spatial and temporal predictors/covariates by screening, prior
to entering the model, on their partial correlations of determina-
tion with PM2.5. We also performed a ten-fold cross validation (CV)
by building models on 90% of the PM2.5 monitoring sites, and
evaluating them on the other 10%. We repeated this 10 times. In
summary we report the following statistics by year:

� Total R2, by regressing the predicted versus observed PM2.5;
� Total CV R2, a 10-fold cross validation of predicted versus
observed PM2.5;

� Total root mean square error (RMSE) in mg/m3, representing a
measure of prediction error;

� Spatial R2, by regressing the annual average observed and pre-
dicted PM2.5 concentrations, representing the explained fraction
of spatial variation (annual average concentrations were calcu-
lated by averaging the daily predicted and observed PM2.5

concentrations in each cell);

� Temporal R2, by subtracting the annual average from both the
observed and predicted daily PM2.5 concentrations and
regressing the daily observed versus predicted PM2.5 deviations,
representing the fraction of temporal variation in daily PM2.5
concentration for all days at all monitoring stations;

� Spatial and temporal RMSE, intercepts and slopes, reporting the
prediction errors, intercepts and slopes for the spatial and
temporal components of PM2.5.

3. Results and discussion

3.1. Imputation of PM2.5 measurement data

We found high coefficients of determination between PM10 and
PM2.5 at the 10 co-located sites (range R2's between 0.69 and 0.98;
Table A.2). A high coefficient of determination (R2 ¼ 0.89) with a
relationship close to the 1:1 line (y ¼ 1.36 þ 0.88 � x) was found
when applying, at each of the 10 co-located sites, the PM2.5/PM10
relationship from the nearest co-located site and comparing
imputed PM2.5 with measured PM2.5 (see Figure A.3). This robust
relationship gave us confidence of using imputed PM2.5 estimates at
the 89 PM10 monitoring sites. Restricting the comparison to PM2.5
concentrations up to 40 mg/m3 (for both imputed and observed)
made no real difference to the performance (R2 ¼ 0.87). We applied
the regression equation from the nearest co-located site to impute
daily PM2.5 concentrations at the 89 PM10-only locations
(Table A.2). From here on, the PM2.5 data include the PM2.5 imputed
concentrations, for a total of 99 sites.

3.2. Global (1 � 1km) models

Table 1 presents the global model results from 2003 to 2013 for
stage 1, showing performance statistics of the daily predicted PM2.5
concentrations against the daily observed PM2.5 concentrations at
the monitoring sites including the 10-fold cross validation.
Table A.3 shows, by year, the number of PM2.5 sites used and the
minimum, maximum and mean number of daily observations.
Predicted PM2.5 concentrations at a 1 � 1km resolution were
strongly correlated with observed PM2.5 reflected in total R2

(0.784e0.912), spatial R2 (0.604e0.793) and temporal R2

(0.819e0.925). The 10-fold cross validation also showed strong
coefficients of determination (total CV R2; 0.642 to 0.816, spatial CV
R2; 0.592 to 0.802, temporal CV R2; 0.639 to 0.831) giving confi-
dence in the robustness of the model fits. Total and temporal RMSE
were very similar ranging from 2.4 to 4.5 mg/m3, whereas the
spatial RMSE was lower ranging from 1.5 to 2.1 mg/m3. The slope
was close to 1 for all years indicating an almost 1:1 relationship
between predicted and observed PM2.5 (slopes between 1.02 and
1.04). Table A.4 shows the models for each year reporting the
intercept and the beta for predictor variables. In line with the

Table 1
Global model performance statistics over Switzerland (1 � 1km) stage 1.

Year R2 Intercept Slope RMSE CV R2 CV RMSE Spatial R2 Spatial RMSE CV Spatial R2 Temporal R2 Temporal RMSE CV Temporal R2

2003 0.850 19.098 1.028 4.470 0.763 5.783 0.662 2.006 0.707 0.868 4.001 0.778
2004 0.843 16.852 1.034 3.460 0.698 4.927 0.724 1.581 0.761 0.856 3.105 0.700
2005 0.851 17.440 1.040 3.302 0.642 5.119 0.772 1.486 0.773 0.862 2.961 0.639
2006 0.912 14.736 1.017 3.429 0.816 4.804 0.793 1.639 0.802 0.925 3.015 0.831
2007 0.845 14.320 1.031 3.721 0.747 4.723 0.749 1.511 0.754 0.859 3.364 0.762
2008 0.865 12.801 1.019 3.557 0.815 4.080 0.716 1.532 0.751 0.881 3.210 0.830
2009 0.784 13.150 1.032 3.211 0.698 3.710 0.604 1.736 0.592 0.819 2.709 0.734
2010 0.801 13.622 1.033 3.125 0.707 3.797 0.646 1.698 0.653 0.834 2.624 0.746
2011 0.814 15.423 1.028 4.165 0.732 4.957 0.665 2.125 0.670 0.842 3.564 0.761
2012 0.825 13.897 1.031 3.785 0.735 4.724 0.687 1.859 0.660 0.845 3.314 0.760
2013 0.832 13.145 1.034 2.874 0.713 3.844 0.655 1.497 0.676 0.860 2.449 0.740
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decline of PM2.5 concentrations over time, the intercept of the
models reduced from 19.1 in 2003 to 13.1 mg/m3 in 2013. Most
predictor variables had the same sign in the models, except for
temperature and agricultural land use which exhibited e and þ
signs.

Fig.1 shows the annual mean PM2.5 concentrations estimated by
the global models at a 1� 1km resolution (AOD cells) (stage 3). The
annual meanwas calculated by averaging the estimated daily PM2.5
concentrations by year. The maps show the gradual decline of
annual mean PM2.5 concentrations from 2003 to 2008 after which
the concentrations stabilised. The declining trend is also observed
in Figure A.4 where the national average of the measured annual
mean PM2.5 concentrations (at 10 stations), the national average
measured including the imputed PM2.5 concentrations (at 99 sta-
tions) and the average of all PM2.5 estimates at 1 � 1km
cells � 1000 m altitude across Switzerland (model stage 3) are
plotted. The 3 lines show similar trends over time with a decline in
PM2.5 concentrations (both measured and estimated) until 2008,
after which it stabilised to just under 15 mg/m3. The estimated PM2.5
concentrations below 1000 m altitude mostly follow the measured
PM2.5 concentrations, both temporally and quantitatively, for
example following the dip in concentrations in 2008. Performance
statistics for stage 3 are presented in Table A.5 showing robust
relationships between daily predicted 1� 1km PM2.5 andmeasured
PM2.5 concentrations by year (R2 ranging between 0.730 and 0.872
and slopes close to 1).

To illustrate the daily variation in both the observed and
predicted PM2.5 concentrations, Figure A.5 shows for all years,
the daily averages of observed PM2.5 at all monitoring sites and
the daily averages of predicted PM2.5 over all 1 � 1km cells (Stage
3). The graph shows that predicted PM2.5 followed the daily
observed trend in PM2.5 concentrations well, staying below the
maximum and above the minimum measured PM2.5
concentrations.

3.3. Local (100 � 100 m) models

Table 2 shows the statistical performance of the local models by
year. Compared with the performance statistics for stage 1 (Table 1)
we found an improvement in the total, spatial and temporal model
R2's together with a reduction of the associated RMSE. The
improvement in the R2 of the spatial models is most striking,
changing from 0.604 to 0.793 in stage 1 (Table 1) to 0.917 to 0.973 in
stage 4 (Table 2). Like in stage 1 slopes are very close to 1 (mean
slope 1.01). Figure A.6 shows the improvement of themodel fit after
we applied the local model. For 2003 we found that the R2 im-
proves from 0.763 (CV R2) to 0.899 (R2) when compared to the
measured PM2.5 concentrations. An example of stage 4 daily esti-
mated PM2.5 concentrations is shown in Fig. 2, where 4 consecutive
days (30 July e 2 August 2003) are mapped at a 100 � 100 m
resolution. Temporal variations in estimated PM2.5 concentrations
are observed in line with observed PM2.5 (see inset graph in Fig. 2)
with 30 and 31 July generally being low pollution days with
pollution increasing during 1 and 2 August, possible due to the
Swiss national day fireworks. Also spatial patterns vary during the 4
days with estimated PM2.5 levels increasing in the north-east of
Switzerland during the 4 days.

The presented model results for Switzerland are comparable
with results of studies conducted in northeastern USA (Kloog et al.,
2014) and Mexico (Just et al., 2015) using a similar methodology.
Kloog et al. (2014) developed PM2.5 daily models for northeastern
USA for 2003 to 2011 with an average CV R2 of 0.88 and a mean
spatial and temporal R2s both of 0.87 at the 1 � 1km scale, which
are slightly higher than model performance in Switzerland (mean
CV Total R2¼ 0.73, Spatial R2¼ 0.71, temporal R2¼ 0.86). In Mexico,
a PM2.5 model for 2004 to 2014 yielded a similar mean CV R2 of 0.72
(Just et al., 2015). A recent study conducted in China estimated daily
PM2.5 concentrations at the national scale using a generalized
regression neural network (R ¼ 0.81) between February 2013 and
December 2014 (Li et al., 2017).

Fig. 1. Annual mean PM2.5 concentrations (mg/m3) for 2003 to 2013 at appr 1 � 1 km grid cells aggregated from daily estimates.
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Table 2
Local model performance statistics (at 100 m level) stage 4.

Year Total R2 Slope RMSE Spatial R2 Spatial RMSE Temporal R2 Temporal RMSE

2003 0.899 1.017 3.512 0.973 0.608 0.891 3.459
2004 0.899 1.011 2.774 0.960 0.639 0.889 2.701
2005 0.893 1.015 2.794 0.960 0.665 0.882 2.716
2006 0.941 0.992 2.771 0.961 0.697 0.939 2.684
2007 0.886 1.019 3.175 0.970 0.550 0.877 3.128
2008 0.910 1.014 2.933 0.950 0.668 0.907 2.859
2009 0.858 1.007 2.592 0.917 0.812 0.847 2.472
2010 0.876 1.025 2.468 0.922 0.786 0.868 2.346
2011 0.894 1.014 3.107 0.971 0.620 0.882 3.042
2012 0.881 1.012 3.018 0.928 0.872 0.872 2.913
2013 0.893 1.004 2.274 0.955 0.578 0.884 2.197

Fig. 2. Estimated daily average PM2.5 concentrations after stage 4 (bottom) at the local scale (100 � 100 m) for 4 consecutive days in 2003 across Switzerland.
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The method presented here is a good alternative in estimating
historical exposures (here from 2003 to 2013) when compared to
for example backextrapolation. The PM2.5 estimates are flexible,
both temporally and spatially. The daily predictions can be aggre-
gated to any required exposure time window to fit with the specific
epidemiological research question (i.e. pregnancy trimesters for
birth cohorts, multiple days prior to date of lung function reading in
respiratory research, long term periods for lung cancer, etc.). The
method also allows for predictions to be calculated at different
spatial scales; at address locations from cohort participants to for
example at census areas in large population studies. Fig. 1 shows
annual PM2.5 estimates at a 1 � 1km level, but similar maps can be
produced at finer temporal and spatial scales.

Most predictor variables exhibited consistent signs across the
study period (See Table A.4), except for temperature and agricul-
tural land use having different signs across the years modelled. It
can be argued, however, that these two variables can both have
negative and positive associations with PM2.5 concentrations. PM2.5
concentrations generally increases with higher temperatures in the
summer, as these are often associated with high pressure areas,
with calm wind conditions, resulting in stagnant air mass and thus
higher built up concentrations. In the winter, Switzerland has
meteorological conditions that trigger inversion also under high
pressure systems, but with low temperatures, showing the oppo-
site tendency compared to the earlier described summer condi-
tions. Moreover, heating is an important source of air pollution
during cold winter periods. Agricultural land use can be seen as an
air pollution source with emissions arising from agricultural ac-
tivity (e.g. machinery, ploughing etc.), but this does not apply in all
seasons, nor to areas under permanent crop (similar to natural
areas).

3.4. Using PM10 measurements to impute PM2.5 estimates used for
modelling

Ten PM2.5 monitoring sites were operating, at some point, dur-
ing the eleven years study period. This was not deemed sufficient
for our modelling purposes and we therefore gap-filled using in-
formation from the 89 PM10 monitoring sites also operating during
that time period. At co-located sites (all of the 10 PM2.5 stations
were co-located with PM10) we evaluated the relationship between
PM2.5 and PM10 concentrations and found robust temporal re-
lationships. This gave us confidence to use these linear regression
relationships (by year) to impute PM2.5 concentrations based on
measured PM10 using the nearest co-located site regression equa-
tion. Many studies have examined the PM2.5/PM10 relationship, but
few have used this information to impute PM2.5 concentrations in
subsequent modelling. Yoval and Broday (Yuval and Broday, 2014)
tested two imputation methods in Israel and found that the PM10/
PM2.5 ratio method, similar as what was used here, performed the
best, yielding a cross-validated R2 of 0.76 when comparing
observed daily PM2.5 concentrations with imputed daily PM2.5
concentrations. Gehrig and Buchmann (2003) further found mean
daily PM2.5/PM10 ratios at 7 sites across Switzerland (1998e2001)
ranging from 0.55 to 0.79with R2's for all years ranging from 0.85 to
0.98. These ratios are similar to the ratios we report: yearly ratios
between 0.53 and 0.93, and yearly R2's of daily PM2.5/PM10 ranging
between 0.70 and 0.98 (2003e2013).

SVM is in principle a much more flexible method than con-
ventional regression methods (Vapnik, 1995) SVM, a relatively new
method in the air pollution exposure modelling scene, has recently
been applied in Italy, where the implemented SVM model greatly
improved the model fitting, explaining 71% of the total PM10 vari-
ation (Stafoggia et al., 2017).

Despite the high performance of our models we realise that

there are limitations. For the majority of predictor datawe used one
data set to represent the whole duration of the study period. The
exceptions where meteorological data (daily) and emission data (2
time periods), but for land use, road data and NDVI we used data
representing respectively 2006, 2008 and 2014. We made the
assumption that the three environmental and source features these
data represent did not change much over the duration of the study
period and in terms of land use and road data were in fact repre-
senting the middle point of the study period. In addition, NDVI was
collected for the year 2014 as it was the only year with cloud free
conditions on the days the LANDSAT 8 satellite orbited Switzerland.

During certain meteorological conditions (inversion) occurring
during the winter, parts of Switzerland, and in particular the Swiss
Platteau (or Schweizer Mittelland), suffer from foggy or low cloud
days, sometimes lasting for days at a time. Days when these con-
ditions occur will not have an AOD measurement due to the cloud
cover. There is thus the chance that PM2.5 concentrations estimated
during those particular conditions are under- or over estimated.We
accounted for this by applying a generalized additive mixed model
with spatial smoothing to generate grid cell predictions for those
grid cells where AOD was missing.

Despite the unique nature of Switzerland's challenges (e.g.
elevation, climate) the global models we developed are robust
explaining on average 73% of the total,71% of the spatial and 75% of
the temporal variation (all cross validated) at the 1 km level. Models
at the local level (100 m) explained on average 89% (total) 95%
(spatial) and 89% (temporal) of the variation in PM2.5 concentra-
tions. The presented modelling approach may be particularly
appealing for exposure assessment in large cohort studies on long-
term effects of air pollution (Beelen et al., 2014; Pedersen et al.,
2013; Gehring et al., 2013; Adam et al., 2015). It offers the oppor-
tunity to derive annual means over decades for any grid cell, using
coherent methods and routine data fully capturing the annual and
even seasonal patterns of pollution. Typically, backextrapolations
relied on fewer data (Pedersen et al., 2013; Gehring et al., 2013;
Adam et al., 2015) with a certain loss of specific annual and sea-
sonal patterns of exposure. Indeed, the derivation of daily values
(step 1) offers even the opportunity to retrospectively investigate
short-term effects of air pollution on a national level, or to derive
individually assigned windows of exposure such as during
pregnancy.

The reliance on good quality monitoring network data is also a
major advantage compared to the traditional approaches where
extensive local measurements were needed to model pollution at
only one or a few cities or regions (Aguilera et al., 2015, 2016), thus
study participants moving out of those modelled regions are lost to
follow up. Moreover, updates of such models need repeated in-
vestments in measurements.

4. Conclusions

We successfully estimated daily levels of PM2.5 in Switzerland
from 2003 to 2013 at a fine resolution, the predictions of which can
facilitate environmental epidemiological research at fine temporal
and spatial scales. We tested and succeeded in applying a novel
approach to borrow information from an extensive PM10 moni-
toring network to inform the relative sparse PM2.5 data set. This
specifically addresses a major obstacle for other countries aiming to
model PM2.5, as these sites are often underrepresented, especially
going back in time.
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Material and Methods 

1. Global and local predictor variables 

Emissions; PM2.5 emissions for the years 2005 and 2010 were obtained from Meteotest at a 

200x200m grid, covering agriculture, household, industry, traffic and wood smoke emissions 11, 18. For 

traffic, emission data was modelled using information about the Swiss road network, traffic intensity 

from the Swiss national traffic model and national emission factors. Industrial emissions were 

calculated by summing the stationary sources from NFR categories 1A1 “Energy Industries”, 1A2 

“Manufacturing Industries and Construction”, 2 “Industrial Processes” plus emissions from 

crematories. Agricultural, household and wood smoke emissions were obtained from the Swiss 

Federal Office of Environment (FOEN) and were distributed across the relevant land uses.  

 

Distance to nearest main road; Main roads were extracted from the sonBASE traffic database, linked 

to the VECTOR25 road network, by selecting roads with an Annual Average Daily Traffic (AADT) 

greater than 5000.  The NEAR command in ArcGIS10 was used to calculate the distance to the nearest 

main road from the centroid of the 1x1km grid cell (global); and from the point location of the 

monitoring sites and the centroid of the 100x100 grid cell (both local). 

  

Roads; road data originated from the 1:10,000 EuroStreets digital road network (version 3.1, based 

on TeleAtlas MultiNet TM for year-2008).  The road data was aggregated into the sum of length of all 

and major roads (using the classification available in EuroStreets) in a 100x100m grid cell for the local 

predictor and to the 1x1km grid cell for the global predictor.   

 

Elevation; we use the digital height model DHM25 at a 200m grid, based on the Swiss National Map 

1:25 000 (Source: Swiss Federal Office of Topography). Average errors, when comparing model 

heights with measurements, are between 1.5 and 8m depending on the region. In addition to 

elevation, two more variables were calculated. The gradient or slope (in degrees) within the 



200x200m cell was extracted using the SLOPE function in ArcGIS.   The standard deviation of 

elevation within a 1x1km cell, depicting flat (low standard deviation) versus hilly or mountainous 

(high standard deviation) terrain was determined. 

Land Use; the 100x100m European Corine Land Cover (CLC2006) data set was obtained.  From the 44 

land classes available in Corine, six main groups were extracted: residential (Corine class = 1 + 2; RES), 

industry or commercial (3; IND), urban green (10; URBGR), total built up (1-9; BUILT), agriculture (12 - 

22; AGR) and semi-natural and forest (23 - 41; NAT).  The percentage of each land use variable within 

each grid cell was calculated. 

 

Meteorology; daily modelled planetary boundary layer data, daily temperature, wind speed, wind 

direction and precipitation at a ~10x10km resolution from 1 January 2003 till 31 December 2013 

were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF).  The 

meteorological variables are modelled through the ERA-Interim, the global atmospheric re-analysis 

19. The temperature variable was converted from Kelvin to degrees Celsius. Wind direction at 10 

metres was calculated from the U10 and v10 components using the formula:  

𝑎𝑡𝑎𝑛2 (−𝑈10, −𝑣10) 𝑥 
𝜋

180
 

 

NDVI; A 30x30m raster depicting the Normalised Difference Vegetation Index (NDVI) was derived by 

combining 6 tiles, covering the extent of Switzerland, downloaded from the USGS EarthExplorer 

website (http://earthexplorer.usgs.gov). The tiles were taken with the LANDSAT 8 satellite between 8 

June and 19 July 2014 without any cloud cover 

 

2. Pre-processing of PM2.5 and AOD data 

During the cleaning process we removed 14% of records (11082 of 76762) with: 1) conflicting AOD 

and PM2.5 values (AOD < 50th percentile and PM2.5 > 90th percentile, or PM2.5 < 50th percentile and 

AOD > 90th percentile) (6422 or 8%); 2) monitors with less than 30 daily observations ; and 3) with 

http://earthexplorer.usgs.gov/


AOD values >1.2 and those with uncertainty parameter (from MAIAC algorithm) outside the range 0-

0.04 (3021 or 4%) and 4) where the grid cell falls in a lake or in snow covered mountain tops (NDVI 

<=0) (1642 or 2%). 

  



Table A.1: Monitoring stations measuring daily PM2.5 concentrations in Switzerland from 2003 to 

2013 

Name Acronym Years Site Type 

Bern-Bollwerk beBER 2003-2013 Urban, traffic 

Basel-Binningen blBAS 2003-2013 Suburban 

Chaumont neCHA 2003-2006 Rural, < 1000m 

Härkingen-A1 soHAE 2011-2013 Rural, autoroute 

Rigi-Seebodenapl szRIG 2007-2013 Rural, > 1000m 

Lugano-Università tiLUG 2003-2013 Urban 

Magadino-Cadenazzo tiMAG 2011-2013 Rural, > 1000m 

Payerne vdPAY 2003-2013 Rural, > 1000m 

Dübendorf-Empa zhDUE 2011-2013 Suburban 

Zürich-Kaserne zhZUE 2008-2013 Urban 

 

Table A.2: Results of regression (correlation, slope, intercept and RMSE) between daily 

concentrations of PM2.5 and PM10 per year at co-located monitoring sites in Switzerland between 

2003 and 2013 

Site Name Year Number 
of days 

R2
 RMSE Slope Intercept 

beBER 2003 362 0.907 3.773 0.579 2.102 
beBER 2004 359 0.860 3.722 0.571 1.463 
beBER 2005 349 0.844 3.799 0.530 2.708 
beBER 2006 364 0.940 3.640 0.596 -0.674 
beBER 2007 364 0.888 3.396 0.634 -0.957 
beBER 2008 365 0.864 3.584 0.617 -0.109 
beBER 2009 343 0.817 4.067 0.682 -0.504 
beBER 2010 167 0.884 4.102 0.639 0.878 
beBER 2011 91 0.912 3.591 0.890 -2.563 
beBER 2012 82 0.875 3.194 0.733 -0.919 
beBER 2013 90 0.888 4.005 0.711 -1.081 

blBAS 2003 365 0.941 3.495 0.897 -3.147 
blBAS 2004 366 0.908 3.487 0.814 -0.882 
blBAS 2005 365 0.928 3.060 0.916 -2.611 
blBAS 2006 363 0.944 3.659 0.843 -2.032 
blBAS 2007 360 0.900 3.386 0.790 -1.387 
blBAS 2008 362 0.914 2.814 0.848 -1.925 
blBAS 2009 365 0.958 2.149 0.908 -2.506 
blBAS 2010 169 0.936 3.259 0.886 -1.586 
blBAS 2011 89 0.980 1.516 0.892 -2.388 
blBAS 2012 89 0.972 1.664 0.868 -1.772 
blBAS 2013 91 0.978 1.650 0.906 -2.164 

neCHA 2003 356 0.890 2.380 0.733 0.141 
neCHA 2004 360 0.802 2.304 0.657 0.681 
neCHA 2005 344 0.864 2.128 0.796 -0.251 
neCHA 2006 352 0.732 3.212 0.676 0.788 

soHAE 2011 88 0.971 1.827 0.874 -2.610 
soHAE 2012 92 0.706 5.144 0.591 1.296 
soHAE 2013 90 0.926 3.021 0.831 -2.216 

szRIG 2007 348 0.880 2.256 0.766 -0.345 
szRIG 2008 351 0.686 2.943 0.532 1.669 
szRIG 2009 352 0.833 2.222 0.696 0.057 
szRIG 2010 144 0.950 1.909 0.892 -0.523 
szRIG 2011 82 0.912 1.769 0.816 -0.384 
szRIG 2012 88 0.894 1.805 0.780 -0.420 
szRIG 2013 84 0.948 1.532 0.894 -0.693 

tiLUG 2003 337 0.923 4.977 0.800 -0.779 
tiLUG 2004 356 0.919 4.967 0.876 -3.344 
tiLUG 2005 364 0.908 5.208 0.796 -1.949 
tiLUG 2006 357 0.922 4.600 0.774 -1.680 
tiLUG 2007 331 0.901 4.567 0.817 -2.253 



tiLUG 2011 89 0.972 2.407 0.881 -2.676 
tiLUG 2012 89 0.973 2.340 0.881 -2.613 
tiLUG 2013 87 0.963 2.131 0.861 -1.411 

tiMAG 2011 89 0.952 2.661 0.805 -1.704 
tiMAG 2012 88 0.959 2.582 0.844 -2.387 
tiMAG 2013 87 0.956 2.205 0.821 -1.361 

vdPAY 2003 346 0.951 3.436 0.896 -3.066 
vdPAY 2004 363 0.902 3.156 0.847 -2.126 
vdPAY 2005 361 0.913 2.762 0.882 -2.476 
vdPAY 2006 351 0.943 3.865 0.772 -0.995 
vdPAY 2007 364 0.880 3.362 0.745 -1.898 
vdPAY 2008 365 0.900 3.226 0.741 -1.935 
vdPAY 2009 355 0.934 2.333 0.857 -2.860 
vdPAY 2010 175 0.964 2.380 0.932 -3.427 
vdPAY 2011 84 0.972 1.719 0.837 -2.045 
vdPAY 2012 90 0.930 2.389 0.834 -1.827 
vdPAY 2013 88 0.972 1.947 0.903 -1.682 

zhDUE 2011 89 0.928 2.565 0.815 -1.210 
zhDUE 2012 92 0.958 1.837 0.836 -1.728 
zhDUE 2013 91 0.979 1.589 0.864 -1.584 
zhZUE 2008 365 0.917 2.940 0.860 -2.182 
zhZUE 2009 364 0.940 2.472 0.859 -2.581 
zhZUE 2010 169 0.977 2.069 0.912 -2.610 
zhZUE 2011 91 0.951 2.233 0.836 -1.830 
zhZUE 2012 87 0.962 1.898 0.828 -1.303 
zhZUE 2013 88 0.968 1.981 0.847 -1.116 

 

Table A.3: Summary statistics for number of observations used in the stage 1 modelling 

Year 
Number of 
PM2.5 sites 

Number of daily observations 

Minimum Maximum Mean 

2003 43 67 159 121 

2004 44 39 115 87 

2005 42 33 131 93 

2006 47 28 130 92 

2007 66 30 187 116 

2008 64 45 130 92 

2009 63 44 126 86 

2010 67 36 105 78 

2011 78 58 172 127 

2012 80 46 142 95 

2013 77 36 133 87 

 

 



Table A.4: Beta’s for predictor variables (fixed effects per year) 

 

Category Variable 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

(Intercept)  19.098 16.852 17.440 14.736 14.320 12.801 13.150 13.622 15.423 13.897 13.145 

Satellite AOD 1.660 1.577 1.929 1.860 1.623 1.057 1.218 1.095 1.339 1.320 1.396 

Meteorology Boundary Layer Height -3.658 -2.417 -3.638 -4.762 -2.399 -2.438 -1.621    -0.733 
 Ambient Temperature 3.065 3.255 3.477 3.641 1.448 1.814 0.937  -2.395 0.243  
 Wind Speed -0.884 -1.094 -0.655 -0.880 -0.674 -0.692 -0.218 -0.485 -0.707 -0.708 -0.506 
 Precipitation -0.509  -0.571 -0.477   -0.647 -0.477 -0.484 -0.347 -0.167 

Greenness NDVI -0.658 -0.454 -0.365 -0.438 -0.922 -0.395 -0.687 -0.817 -0.574 -0.668 -0.970 

Land use (perc) Total Build up 1.087           
 Agriculture 1.406 0.325 0.386    -0.583   -0.453 -0.398 
 Urban Green  -0.892 -1.069 -0.664  -0.379      
 Industry         0.235   

Emissions Industry    0.212        
 Household 0.205 0.238 0.197 0.415 0.462 0.253  0.213 0.394   
 Traffic 0.945 1.071 1.076 0.498  0.738 0.385 0.508 0.489 0.505  
 Agricultural     0.447  0.475 0.306    
 Wood smoke      0.215      

Road/Traffic Sum of all roads length 0.264 0.922 0.947 0.862        
 Sum of major roads length 0.596 0.159 0.261 0.261 0.574 0.405 0.701 0.376 0.371 0.428 0.538 
 Distance to nearest main road  0.273     0.561  0.359 0.224  

Elevation Elevation -0.383 -0.771 -0.846 -0.716 -1.542 -1.050 -1.340 -1.122 -2.285 -1.218 -0.953 
 Slope         0.482   
 Stand Dev elevation   0.143  1.492 0.560 0.747 0.215    

 



Table A.5: Performance statistics over Switzerland (1x1km) stage 3 

Year R2
 RMSE Slope 

2003 0.785 5.329 0.937 

2004 0.735 4.483 0.918 

2005 0.730 4.427 0.947 

2006 0.872 4.127 0.957 

2007 0.798 4.236 1.000 

2008 0.843 3.828 0.970 

2009 0.751 3.439 1.032 

2010 0.778 3.298 1.024 

2011 0.768 4.659 1.019 

2012 0.800 4.035 1.023 

2013 0.770 3.360 1.186 

  



 

 

Figure A.1: PM2.5 and PM10 monitoring locations in Switzerland; 2003 – 2013 
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beBER Bern-Bollwerk
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zhZUE Zürich-Kaserne



 

Figure A.2: Flow diagram depicting the 4 stages in the modelling framework 

 

 

 
 

Figure A.3: Correlation of imputed and measured daily PM2.5 concentrations, based on PM2.5/PM10 

relationship at the nearest co-located site (calculated by year). 
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PM2.5 ~ AOD + other spatio-temporal 

predictors (fit with fixed effects model)

Stage 2
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to predict PM2.5 in grid cells with 

AOD but without monitors

Stage 3

Estimate PM2.5 in cells with no 

available AOD data using spatial 

smoothing of nearby AOD and 

daily regional patterns

Stage 4

Take residuals between stage 1 1x1km predicted 

PM2.5 and measured PM2.5 and regress against 

local spatial and temporal predictor variables 

using Support Vector Machine learning algorithms 

to estimate PM2.5 residuals.

Residuals PM2.5

Final PM2.5 predictions at 100x100m scale by 

summing ‘global’ PM2.5 predictions from Stage 3 

and ‘local’ PM2.5 predictions from Stage 4



 

 

Figure A.4: Comparison by year of mean PM2.5 concentrations for a) all PM2.5 measurements; b) all 

PM2.5 measurements + imputed PM2.5 concentrations at the PM10 sites; and c) all PM2.5 estimates 

across Switzerland for grid cells lying <= 1000m (1x1km, stage 3).   

 



 

Figure A.5: Observed daily average versus predicted daily average PM2.5 concentrations for 2003 to 

2013; Observed daily PM2.5 concentrations calculated as the average PM2.5 across all 99 operating 

sites in Switzerland; Predicted daily PM2.5 concentrations calculated as the average across all 1x1km 

cells covering Switzerland (stage 3)  
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Figure A.6; Daily predicted versus observed PM2.5 concentrations (µg/m3) at PM monitoring stations (n = 5210) 

for 2003 after stage 1 (CV R2
=.763; left) and stage 4 (R2

=.899; right).  
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Abstract 

Aims: The present study aimed to disentangle the risk of the three major transportation noise 

sources – road, railway and aircraft traffic– and the air pollutants NO2 and PM2.5 on 

myocardial infarction (MI) mortality in Switzerland based on high quality/fine resolution 

exposure modelling. 

Methods and Results: We modelled long term exposure to outdoor road traffic, railway and 

aircraft noise levels, as well as NO2 and PM2.5 concentration for each address of the 4.40 

million adults (>30y) in the Swiss National Cohort (SNC). We investigated the association 

between transportation noise/air pollution exposure and death due to MI during the follow-up 

period 2000 to 2008, by adjusting noise (Lden(Road), Lden(Railway), Lden(Air)) estimates for 

NO2 and/or PM2.5 and vice versa by multipollutant Cox regression models considering 

potential confounders. Adjusting noise risk estimates of MI for NO2 and/or PM2.5 did not 

change the hazard ratios per 10 dB increase in road traffic (without air pollution: 1.032, 95% 

CI: 1.014-1.051, adjusted for NO2 and PM2.5: 1.034, 1.014-1.055), railway traffic (1.020, 

1.007-1.033 vs. 1.020, 1.007-1.033) and aircraft traffic noise (1.025, 1.006-1.045 vs. 1.025, 

1.005-1.046). Conversely, noise adjusted hazard ratios for air pollutants were lower than 

corresponding estimates without noise adjustment. HR per 10 µg/m³ increase with and 

without noise adjustment were 1.024 (1.005-1.043) vs. 0.990 (0.965-1.016) for NO2 and 1.054 

(1.013-1.093) vs. 1.019 (0.971-1.071) for PM2.5.  

Conclusion: Our study suggests that transportation noise is associated with MI mortality, 

independent from air pollution. However, air pollution studies not adequately adjusting for 

transportation noise exposure may overestimate the cardiovascular disease burden of air 

pollution. 

Keywords: Noise, Road traffic, Railway, Aircraft, Air pollution  
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Introduction 

Several meta-analyses have highlighted the link between transportation noise and 

cardiovascular health. Babisch
1
 reported a risk increase of 1.08 (95% CI; 1.04-1.13) for 

coronary heart diseases per 10 dB(A) increase in road traffic noise levels, and positive 

associations between myocardial infarction (MI) and exposure to road traffic and to aircraft 

noise have also been reported by Vienneau.
2
 Air pollutants have also been shown to impact 

cardiovascular health. A recent meta-analysis focusing on MI reported a relative risk of 1.011 

(95% CI; 1.006-1.016) and 1.025 (95% CI; 1.015-1.036) per 10 µg/m
3
 increase in NO2 and 

PM2.5 concentrations, respectively.
3
 Transportation noise and air pollution impact health 

through different pathways,
4
 though they share many biologic pathways. 

Mutual confounding is also of concern, since transportation noise and air pollution mainly 

originate from traffic. NO2 and road traffic noise are often highly spatially correlated; aircraft 

and railway noise are less correlated with air pollution
5, 6

 and thus offer the potential to 

elucidate their mutual independent impact on health. Correlations between long-term traffic 

noise and air pollution ranging from 0.16 to 0.72 were reported in a systematic review.
7
 

However, Fecht and colleagues
8
 found that correlation depends on the spatial unit, with 

largest ranges seen when comparing across smaller vs. larger spatial units. Finally, correlation 

between transportation noise and air pollution has been shown to decrease with decreasing 

measurement error demonstrating the need of high quality exposure modeling.
9
 Various 

studies have investigated the link between co-exposure to air pollution and noise, and CVD 

mortality. Some report independent noise effects
6, 10-14

 while others suggest attenuation of the 

noise effect estimates after adjustment for air pollution thus indicating confounding or 

antagonistic interaction
15, 16

 or did not adjust for exposure to air pollutants.
17, 18

 A limitation in 

many of these studies, including our own previous analysis on this cohort,
19

 is the fact that 

they do not model exposure at the same spatial scale. Depending on the main interest of a 
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study, the model used for adjustment may be less accurate than the main exposure model 

which would then yield partial confounding adjustment. A systematic review of nine studies 

comprising outcomes such as hospital discharge registers, self-reported medication intake, 

and mortality found that less than 10% of the effect estimate of noise was attenuated after 

adjustment for air pollution or vice versa
7
 and thus concluded that confounding of 

cardiovascular effects by noise or air pollution is low. However, improvements in exposure 

assessment may change the situation. 

As per our previous cohort study,
20, 21

 we developed high-quality models to assess road, 

railway, and aircraft noise. In this study, we further included highly detailed NO2 and PM2.5 

exposures to investigate the independent associations between transportation noise and air 

pollution at the participants’ residence with MI mortality.  

Methods 

Study population 

The SNC probabilistically links national census data with mortality and emigration records.
22

 

The data used in our study is based on the 4 December 2000 census and on mortality and 

emigration data for the period 5 December 2000 to 31 December 2008 and contains 7.28 

million observations. We excluded subjects below 30 years of age (n=2.59 million) as 

myocardial mortality is very rare in this age group, observations for which residential 

coordinates were missing (n=0.19 million) or no buffers for the prediction of the air pollution 

levels could be calculated (n=0.01 million), subjects living in an institution such as special-

care homes (n=0.25 million), and observations for which the cause of death was imputed 

(0.03 million) leaving 4.40 million observations for the analyses. The outcome under 

investigation was primary causes of death from MI (ICD-10: I21-I22). Immediately after 

death, primary and underlying causes of deaths are recorded by a physician, possibly verified 
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later by autopsy. Eventually, coding of causes is done centrally by the Federal Statistical 

Office using the German Modification of the ICD-10 system. The SNC was approved by the 

cantonal ethics boards of Bern and Zurich. 

Noise exposure data 

Within the framework of the SiRENE project (Short and Long Term Effects of Transportation 

Noise Exposure), we built a Swiss-wide noise exposure database for the year 2001 which 

included the three major transportation noise sources in Switzerland: road traffic, railway and 

aircraft noise.  

The noise exposure database is described in detail elsewhere.
23

 In brief, road traffic noise 

emissions were calculated using sonROAD 
24

 while propagation was computed via the 

propagation model of StL-86 
25

. For railway noise, the emissions were calculated using 

sonRAIL
26

 and propagation was computed using the Swiss railway noise model SEMIBEL.
27

 

Aircraft noise exposure estimates were calculated via FLULA2.
28

 

For each building in Switzerland, transportation noise exposure was estimated at pre-defined 

façade points with a maximum of 3 per facade.
23

 For each façade point, we calculated the Lden 

for each noise source. Using the available geocodes and the information about floor of 

residence, we linked participants to their respective dwelling unit to assign noise exposure. 

Exposure was assigned on the basis of the façade point per dwelling unit with the highest Lden 

value. If information on the floor of residence was not available, we assigned the noise 

estimates corresponding to the middle floor of the building. 

NO2 exposure 

The fine scale NO2 model was based on data from cantonal air pollution monitoring 

authorities of Genève, Vaud, Neuchâtel, Jura, Fribourg, Berne, Basel-City, Basel-Country, 

Solothurn, Aargau, Ticino, the Inluft and Ostluft network, and the Sapaldia team.
29

 The data 
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comprised 9,469 data points from 14-days passive measurements collected from 2000−2008 

at a total of 1,834 locations. Missing data was imputed by considering available values from 

other monitoring sites within the same network based on inverse distance weighting. 

Subsequently, annual mean concentration for each year and site were calculated, and were 

regressed against various spatial predictors as outlined in the supplementary material 

including table S1. 

The prediction for the SNC at residential address was performed for each year, from 

2000−2008, and then averaged to obtain a long-term NO2 exposure estimate for each 

participant.  

PM2.5 exposure 

Daily PM2.5 at 100 m grid cells across Switzerland was predicted for 2003−2008 from 

satellite, land use and meteorological data as described in detail in de Hoogh et al, 2017.
30

 We 

used aerosol optical depth (AOD) data for the period of 2003−2008 at 1×1 km resolution and 

combined it in 4-staged modelling approach
31

 with various predictors (see supplementary 

material) and with PM2.5 ground measurements to refine model resolution to address level. 

The annual models for the period 2003−2008 were used to predict PM2.5 exposure for each 

SNC study participant, and the average over the whole period was used as a long term PM2.5 

exposure measure in the epidemiological analysis.  

Statistical Analysis 

We analysed the data using the Cox proportional hazards model with age at date of entry into 

the cohort as the underlying time variable. Participants were followed until emigration, death 

or end of follow-up. In order to capture long term effects of noise and air pollution, exposure 

values representing the average during the follow-up period as described above were added as 

static covariate into the model. Lden variables were left censored at 35 dB (road traffic) or 30 
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dB (railway and aircraft noise). Linear hazard ratios (HR) were computed using multipollutant 

models adjusted for potential confounders excluding NO2 and PM2.5 in a first step, and 

stepwise including them in a second step. Additional potential confounders included in the 

model were sex, neighborhood index of socio-economic position,
32

 civil status, educational 

level, nationality, and mother tongue using the categories depicted in Table 1. The latter was 

selected as it is expected to represent cultural variability in health behaviour in Switzerland.
33

 

To satisfy the Cox proportional hazard assumption, we stratified the baseline hazard function 

on the following variables; sex, neighbourhood index of socio-economic position, civil status, 

and education level. Potential multicollinearity between exposure variables in the Cox 

proportional hazards models was evaluated using the variance inflation factor (VIF). 

In addition to linear HRs, we also conducted categorical noise analyses using Lden(Road) in 5 

dB and Lden(Railway) and Lden(Air) in 10 dB categories to explore the effect of combined 

exposures of noise respectively with NO2 and PM2.5. All analyses were conducted with the 

statistical software R and the package “survival”.
34, 35

 

 

Results 

The cohort contained 4.40 million observations amounting to 33.67 million person-years. 

There were 19,261 deaths from MI. The characteristics of the study population are displayed 

in table 1.  
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Table 1: Study population characteristics 

Characteristics at baseline 

  
Lden Road above 

median (54.09 dB) 

NO2 above median 

(26.95 µg/m3) 

PM2.5 above median 

(18.74 µg/m3) 

Number of participants at baseline 4404046 2202848 2202744 2202025 

Males (%) 48 48 47 48 

Age: mean (SD) 52.4 (15.1) 52.47 (15.44) 52.57 (15.49) 52.51 (15.37) 

Education level (%)     

 Compulsory education or less 24 26 25 25 

 Upper secondary level education 52 50 50 50 

 Tertiary level education 22 21 23 22 

 Not known 2 3 3 3 

Civil status (%)     

 Single 14 15 17 16 

 Married 70 67 65 66 

 Widowed 8 8 8 8 

 Divorced 8 9 10 10 

Socio-economic position (%) (38)     

 low 33 37 32 33 

 medium 33 33 32 33 

 high 33 29 36 34 

Mother tongue (%)     

 German and Rhaeto-Romansch 65 59 60 60 

 French 19 22 19 19 

 Italian 7 9 10 10 

 Other 8 10 11 11 

Nationality (%)     

 Swiss 82 78 76 77 

 Rest of Europe (inclusive ex-

 USSR) 

16 19 21 20 

 Other /unknown 12 2 3 3 

     

NO2 concentration in µg/m3: mean (SD) 26.1 (7.3) 30.26 (7.78) 33.69 (5.6) 31.53 (7.17) 

PM2.5 concentration in µg/m3: mean (SD) 20.2 (3.5) 20.16 (4.05) 21.12 (4.12) 22.11 (3.11) 

 

For the NO2 exposure model, R
2
 values independently validated with NABEL data for each 

year, ranged from 0.70 to 0.82 with highest value for the year 2002 (table S2). R
2
 values for 

10 fold cross-validated elastic net models were ≥0.60 and the R
2
 values for elastic net 

combined with kriged residuals were ≥0.84 (table S2).  For the PM2.5 model, cross validated 

temporal and spatial R
2
 values ranged from 0.81 to 0.92 and 0.59 to 0.80.

30
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Mean NO2 and PM2.5 exposure concentrations were 26.1 and 20.2 µg/m
3 

as depicted in figure 

S1 of supplemental material. The highest Spearman’s correlation coefficient between the 

noise and the air pollution variables was 0.44, observed between Lden(Road) and NO2 (table 

2). Correlation between PM2.5 and road (0.27), railway (0.20) and aircraft noise (0.24) was 

rather low. The correlation coefficient between NO2 and PM2.5 was 0.62. 

Table 2: Spearman's rank correlation coefficients and variance inflation factor (VIF) for road 

traffic, railway, and aircraft noise as well as for PM2.5 and NO2 

 Lden Road Lden Railway Lden Air PM2.5 NO2 

Lden Road 1     

Lden Railway 0.13 1    

Lden Air 0.09 -0.04 1   

PM2.5 0.27 0.20 0.24 1  

NO2 0.44 0.18 0.27 0.62 1 

 

Without considering air pollution exposure, the hazard ratio for MI mortality per 10 dB noise 

increase was 1.032 (1.014-1.051) for road traffic, 1.020 (1.007-1.033) for railway traffic and 

1.025 (1.006-1.045) for aircraft traffic (Table S3). Adjustment for air pollution exposure had 

little impact on the HR of the linear exposure-response relationship for all three transportation 

noise sources (Figure 1). 
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Figure 1: linear HRs for associations between road, railway, and aircraft noise exposure and myocardial infarction 

per 10 dB increase in Lden, not adjusted for air pollution (no AP), adjusted for PM2.5 only (PM2.5), adjusted for NO2 

only (NO2), and adjusted for PM2.5 and NO2 (PM2.5+NO2). All models were adjusted for age, sex,  neighborhood index 

of socio-economic position, civil status, education level, mother tongue, nationality and the other noise sources. 

 

Categorical models showed a slight attenuation of the noise estimates for MI in all road traffic 

noise exposure categories after adjustment for both air pollutants (table S4). A similar pattern 

was seen for the association between MI mortality and railway noise (table S5) but not aircraft 

noise (table S6). 

Without considering noise exposure, the hazard ratio for MI mortality per 10 µg/m³ increase 

in NO2 was 1.024 (1.005-1.043) and per 10 µg/m³ increase in PM2.5 1.052 (1.013-1.093) 

(table S7). In this case risk estimates for air pollution exposure unadjusted for noise tended to 

decrease upon adjustment for all noise sources (Figure 2).  
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Figure 2: linear HRs for associations between PM2.5 (left side) and NO2 (right side) per 10 µg/m3 and myocardial 

infarction in single exposure models, adjusted additionally for all noise sources, and adjusted for all noise sources and 

the complimentary air pollutant. All models were adjusted for age, sex, neighbourhood index of socio-economic 

position, civil status, education level, mother tongue, and nationality. 

Multicollinearity between noise and air pollution exposure measures was not critical. In fully 

adjusted multipollutant models VIF was 1.25 for road traffic noise, 1.06 for railway traffic 

noise, 1.10 for aircraft noise, 1.65 for PM2.5 and 1.92 for NO2.  

Synergistic or antagonistic effects between road traffic noise and PM2.5 or NO2 could not be 

seen in linear-exposure response models including interaction terms. Similarly, testing 

interactions in categorical models to evaluate potential thresholds for interaction did not 

reveal any relevant interactions for PM2.5 (table 3) or NO2 (table S8) with road traffic noise 

exposure. For instance, interaction terms were close to unity for people exposed to high levels 

of noise and air pollutants. 
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Table 3: Adjusted* HR for NO2 and road traffic noise for MI in categorical interaction exposure 

models. Number of cases in each cell is shown in italics. 

  Road traffic noise [dB] 

  <40  

(reference) 

N=699 

41-50 

N=4393 

51-60 

N=8747 

>60 

N=5422 

NO2 [ug/m3] 

<20  

(reference) 

N=2824 

1.00 

N=325 

1.04  

(0.93-1.18) 

N=998 

1.12  

(1.00-1.26) 

N=1172 

1.09 

(0.94-1.27) 

N=329 

21-30 

N=9560 

1.11  

(0.95-1.29) 

N=311 

0.83 

(0.70-0.98) 

N=2583 

0.82 

(0.70-0.97) 

N=4566 

0.94 

(0.77-1.13) 

N=2100 

31-40 

N=5500 

0.74  

(0.47-1.18) 

N=19 

1.19 

(0.74-1.91) 

N=738 

1.19 

(0.75-1.89) 

N=2627 

1.21 

(0.75-1.95) 

N=2116 

>40 

N=1377 

2.24  

(0.84-6.00) 

N=44 

0.32 

(0.12-0.90) 

N=74 

0.37 

(0.14-0.99) 

N=382 

0.39 

(0.15-1.06) 

N=877 
* 
Age as the underlying time scale and additionally adjusted for sex, neighborhood index of socio-economic 

position, civil status, education level, mother tongue, nationality, railway and aircraft noise, PM2.5. 

 

Discussion 

Using fine scale exposure modelling, this study demonstrates that the association between 

transportation noise and death from MI is stable to air pollution adjustment but not vice versa. 

NO2 originates mainly from road traffic while PM2.5 arises from multiple sources including 

those not related to traffic such as industrial areas, power plants and wood burning and is thus 

less correlated to road traffic noise than NO2. In multipollutant air pollution studies, the 

impact of NO2 on mortality was independent from PM2.5.
36

 Strikingly many of the air 

pollution studies have not adjusted for transportation noise and thus noise as confounder in 

these studies cannot be ruled out, in particular for associations with NO2. In the present study 

we found that the effect estimates of both air pollutants were attenuated upon inclusion of the 

noise variables in the models, which indicates a confounding effect of transportation noise on 

air pollution. This finding would imply that many air pollution studies, which have not 
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adjusted for transportation noise, may have overestimated the effects of air pollution on MI 

mortality.  

On the other hand, our associations between noise and MI mortality were robust to PM2.5 

adjustment and only slightly attenuated if NO2 was considered in the analyses. However, we 

were not able to evaluate the effects of ultrafine particles (UFP) due to lack of a national 

model. Of all air pollutants, UFP may have the most similar propagation behaviour to noise. 

Ultrafine particles are moderately correlated to road traffic noise
37-41

 and are a known risk 

factor for cardiovascular morbidity.
42, 43

 Ultrafine particles, however, are poorly correlated 

with PM2.5 and we cannot fully rule out that road traffic noise exposure is confounded by 

UFP. However, UFP are expected to be poorly correlated with railway noise in Switzerland, 

since railways are electrified, and thus the corresponding risk estimates are unlikely to suffer 

from such a bias. 

Noise and air pollution exposure were both estimated at the residential address and thus bias 

due to different spatial resolution is expected to be minimized. Such bias may have occurred 

in our previous analysis
20, 21

 and other studies.
7, 44-46

 The models are further comparable in that 

both the noise and air pollution estimates reflect the ambient exposure, rather than indoor 

exposure, and therefore suffer similar bias. Nevertheless, bias cannot be completely excluded 

if accuracy of the models would differ; although R
2
 in external validations available for NO2 

and road traffic noise were found to be similar (0.70-0.82 for all models). 

In previous analyses conducted with the same cohort and noise data,
19

 the noise effect models 

were adjusted for NO2 derived from PolluMap, a 200×200m dispersion model for the year 

2010. Here we improved the spatial resolution of the NO2 exposure estimate, from the grid 

level to the address level, by further modelling with an extensive passive sampling network 

distributed across the country. PolluMap was included in this new NO2 model as a predictor 

variable, and was found to be the most relevant predictor for NO2. However including 
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additional factors like road and population density around the place of residence produced in 

improved NO2 exposure estimates (Table S1). The correlation between NO2 estimates from 

PolluMap used in our previous study
19

 and from the NO2 estimates used here is 0.83. In 

contrast to our previous analyses we did not consider the intermittency ratio - a measure of 

noise eventfulness - as an additional noise metric to the Leq. 

Our results for noise are in line with most of the criteria for evaluating causality proposed by 

Sir Arthur Hill 
47

 such as consistency,
48, 49

 temporality, biological gradient, plausibility
50

 and 

coherence
51

, although specificity cannot be expected for the multifactorial disease MI. The 

effect sizes are small and not of clinical relevance for an individual. Overall, however, public 

health burden is relevant as many people are exposed to transportation noise and air pollution. 

A previous health impact assessment for Switzerland concluded that transportation noise and 

air pollution caused 6,000 and 14,000 years of life lost in 2010.
52

  

Strength and limitations 

The strengths of this study include the large study population and the long follow-up time. We 

developed a detailed noise exposure model, which allowed for an individual exposure 

assessment at the address and floor level. Our air pollution models for NO2 and PM2.5 were 

both based on novel approaches using high resolution input data. Potential selection bias is 

minimal in this nationwide study based on census data. Finally, both the noise and air 

pollution models have been validated with independent data. The road traffic noise model for 

2011 has been validated using 99 weekly measurements conducted in 2016 yielding an 

average difference between modelling and measurements of +0.5 dB(A) with a standard 

deviation of 4.0 dB(A).
53

 This good agreement was obtained despite a time lag of five years 

between modelling and measurements demonstrating stable noise exposure in our study area. 

Similar stability is also expected for the time between baseline, time at which the noise 

exposure was assigned, and follow-up of this cohort study.  
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Though our models are adjusted for socioeconomic status and other demographic variables, 

we could not adjust for lifestyle and smoking as this information is not available in the SNC. 

We therefore cannot rule out that residual confounding of lifestyle may play a role for our 

analyses, although no indications for this were seen in a previous SNC noise study.
6
 However, 

the non-significant effect estimates observed for NO2 and PM2.5 after noise adjustment may 

suffer from residual confounding. In Switzerland, mortality from cardiovascular diseases has 

been shown to be higher in rural areas,
33

 where air pollution is lower on average. This 

mortality pattern is likely due to individual risk factors and the number of health facilities 

associated with urban areas, and thus correlated with NO2 and PM2.5, which may not be fully 

considered in our adjustment set. Since noise exposure varies on a very small scale, this type 

of bias is likely less relevant for these estimates.  

Further, despite high quality exposure modelling, exposure misclassification is unavoidable 

due to uncertainty in the input data. For noise, uncertainty may arise from exposure 

assignment based on estimates for the loudest outdoor facade point while no information was 

available regarding indoor noise levels and noise attenuation factors. However, the impact of 

such misclassification on the study results are similar for noise and air pollution, and are more 

likely to dilute the association than introduce a spurious effect. 

Conclusion 

In this analysis on MI, mutually adjusted with fine-scale noise and air pollution modelling at 

address level, a consistent exposure-response association between long term transportation 

noise exposure and MI mortality was observed. This association was independent from the 

effects observed for air pollution. Conversely, air pollution effects decreased upon adjustment 

for transportation noise exposure. Future studies need high quality exposure models for both 

air pollution and transportation noise to better understand their clinical and public health 

relevance for cardiovascular disease in various settings.  
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Predictors and modeling strategy of the NO2 model 

The following spatial predictors to were used to construct a NO2 model for the whole 

country:  

 Building footprints of the year 2008 derived from Vector25, the digital landscape 

model of Switzerland.
1
  

 Population density data at a 100×100 m grid were available for 2011 from the 

Bundesamt für Statistik (BfS) for Switzerland,
2
 supplemented with a 100×100 m 

resolution European population grid for 2000 for the border areas.
3
  

 CORINE Land Cover from the European Environment Agency for the year 2006. This 

was reclassified into 6 classes (Industry, water bodies, urban, farming, natural, and 

rocky natural). 

 Road network and modelled traffic intensity data from 2008 from Vector 25
1
 with 

resolution 1:25,000 were available from Swisstopo. 

The above predictors were calculated for various buffer sizes (i.e. 25, 50, 75, 100, 150, 250, 

500, 750, 1000m) around the place of residence. The following predictors refer to the 

coordinate of the home address: 

 Elevation at residential was extracted from a 25m digital height model of Switzerland 

(DHM25) from the Federal Office for Topography.
4
 

 The Topex indicator,
5
 which reflects ‘topographic exposure,’ was computed by 

subtracting the altitude averaged over the 1000m buffer by the altitude at the point 

coordinate.  

 NO2 concentration at the residential coordinates from the PolluMap dispersion model 

for Switzerland at a 200×200 m resolution, for the individual years 2000-2005.
6
  

Predictor selection for the models was conducted by elastic net regularization using the 

package glmnet in R,
7
 by selecting the minimum lambda value following a 10-fold cross-

validation. The NO2 concentrations for each year from 2000 to 2008 were predicted and we 

extracted the residuals which where fitted based on an exponential variogram. The resulting 

fitted variogram was subsequently kriged yielding a smoothed layer that corrected the over- 

and under-predicted values. These predictions were independently validated using data from 

the NABEL network (652 data points collected from 2000 to 2008 at 137 locations). The 

prediction for the SNC at residential address was performed for each year, from 2000 to 2008, 

in two stages. We first predicted the annual NO2 concentrations based on the elastic net 

models and in the second stage, we extracted the residuals from the annual kriged surface. 

First stage prediction and second stage residuals were then added to yield the final prediction. 
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Table S1: Predictors and coefficients of the NO2 model for years 2000 to 2008 

Predictors 2000 2001 2002 2003 2004 2005 2006 2007 2008 

(Intercept) 28.70 26.79 26.48 26.17 24.71 25.58 26.62 24.88 25.18 

Pollumap 2000 3.20 - - - - - - - - 

Pollumap 2001 - 2.82 - - - - - - - 

Pollumap 2002 - - 4.70 - - - - - - 

Pollumap 2003 - - - 4.24 - - - - - 

Pollumap 2004 - - - - 2.66 - - - - 

Pollumap 2005 - - - - - 3.45 3.12 3.02 2.67 

Elevation -1.68 -1.07 -0.84 -0.94 -0.16 -0.72 -0.13 -0.01  

Topex - - 0.43 0.54 - - - 0.17 0.13 

Industry 25m - - - - 0.62 - - - 0.06 

Industry 50m 0.44 0.36 0.34 0.37 0.03 - - - 0.00 

Industry 100m - - - - - - 0.16 0.11 0.23 

Industry 150m - 0.41 0.39 - - 0.12 - 0.15 - 

Industry 250m - - - - - 0.16 0.02 - - 

Industry 750m - - - -0.32 -0.18 - - - - 

Industry 1000m 0.10 - - - - 0.01 - - 0.11 

Water 25m - - - 0.00 - 0.00 - - - 

Water 50m 0.03 - - - - 0.17 - - - 

Water 75m - - 0.13 0.18 0.20 - - 0.12 - 

Water 100m - -0.17 -0.16 -0.23 - - - - - 

Water 250m - - 0.05 0.01 - - - - 0.23 

Water 1000m -0.73 -0.03  -0.34 -0.21 -0.79 - -0.19 -0.47 

Urban 100m - - - - -0.12 -0.45 - - - 

Urban 150m -0.13 - - -0.66 -0.05 - - -0.05 - 

Urban 1000m 0.28 0.42 0.51 0.23 0.79 0.50 - - 0.06 

Nature 100m - - - 0.27 0.04 - - - - 

Nature 150m 0.38 - - 0.02 0.15 - - - - 

Nature 500m - -0.83 -0.39 -1.04 -0.51 -0.58 -0.42 -0.47 -0.50 

Nature 750m -1.48 -0.43 - - - -0.04 - - - 

Agriculture 500m - - 0.29 0.35 - - - - - 

Agriculture 1000m - - -0.54 -1.22 - - - - - 

Population 25m -0.02 - -0.04 - - 0.06 - - - 

Population 50m -0.09 - -0.15 - - - - - - 

Population 75m - - 0.09 - - - - - - 

Population 100m 0.42 0.13 0.35 0.22  0.43 0.14 0.14 0.16 

Population 150m - - - - 0.21 - - - - 

Population 250m  0.25  0.09 0.31 0.10 0.08 0.12 0.19 

Population 500m - - 0.22 - - - - - - 

Population 1000m 0.64 0.10 0.00 - - - - - - 
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Table S1 continued 

Predictors 2000 2001 2002 2003 2004 2005 2006 2007 2008 

Class1 road 25m 1.51 1.57 1.92 2.10 1.84 2.20 2.21 2.32 2.42 

Class1 road 50m - - 0.22 - - - - - - 

Class1 road 75m 1.46 1.21 0.45 0.40 0.07  0.48 0.97 0.90 

Class1 road 100m - 0.20 0.10 0.43 1.11 0.93 0.14 0.07 0.20 

Class1 road 150m - - - 0.12 0.10 0.01 - - - 

Class1 road 250m - - - 0.20 - - - - - 

Class1 road 500m - 0.20 - - - - - - - 

Class1 road 750m - - - - - - 0.03 - - 

Class1 road 1000m - - 0.03 0.14 0.12 - 0.07 - - 

Class2 road 25m 0.27 0.54 0.45 0.53 0.39 0.16 - 0.09 0.13 

Class2 road 50m 0.52 0.21 0.28 0.28 0.28 0.73 0.37 0.72 0.65 

Class2 road 75m 0.05 - 0.28 0.09 - - - - - 

Class2 road 100m - - - 0.30 0.27 - 0.02 - - 

Class2 road 150m - - - - - - - - 0.00 

Class2 road 500m -0.48 -0.25 -0.22 - - - - - - 

Class2 road 750m - - - - - - - - -0.04 

Class2 road 1000m - - - 0.28 - - - - - 

Class3 road 25m - 0.16 0.33 - 0.12 - - - - 

Class3 road 50m 0.24 - - - - -0.17 - - - 

Class3 road 75m - - - - - - -0.06 -0.12 - 

Class3 road 100m - - - - 0.02 - - - - 

Class3 road 150m -0.29 - -0.02 -0.03 - - - - - 

Class3 road 250m - -0.30 -0.06 - 0.00 - -0.03 -0.25 -0.34 

Class3 road 500m - - - - - - - - -0.17 

Class3 road 750m - - - - 0.01 -0.24 - - - 

Class3 road 1000m - - 0.47 0.63 - -0.14 - - - 

Highway 25m 0.13 0.42 0.72 0.24 0.16 0.33 0.78 0.71 0.97 

Highway 50m 0.19 - - 0.04 - 0.50 0.36 - 0.20 

Highway 75m 1.33 1.04 0.71 0.47 0.80 - 0.15 0.80 0.33 

Highway 150m - - - 0.43 0.75 0.64 0.34 - - 

Highway 250m - 1.03 0.72 0.84 0.75 0.15 - - - 

Highway 500m 0.32 0.06 - - 0.58 - 0.11 0.28 0.50 

Highway 750m - 0.18 0.26 0.29 - 0.39 0.62 0.40 - 

Highway 1000m - - 0.38 1.22 0.65 0.23 0.08 0.30 0.12 
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Table S1 continued 

Predictors 2000 2001 2002 2003 2004 2005 2006 2007 2008 

Building density 25m 0.34 - 0.27 0.22 - 0.14 - 0.00 - 

Building density 50m 0.27 0.36 0.31 0.24 0.34 0.65 0.30 0.49 0.67 

Building density 75m 0.86 0.43 - 0.15 0.16 0.01 0.12 0.33 - 

Building density 100m - - - - - - 0.35 0.10 - 

Building density 150m 0.40 0.59 0.85 0.95 1.13 1.23 0.76 0.77 1.14 

Building density 250m - - - - - - - - 0.09 

Building density 750m - - - - - - 0.31 - - 

Building density 1000m - 0.00  0.46 0.89 0.80 1.04 1.22 0.71 

N trucks 25m 1.37 1.09 0.56 1.05 1.04 0.92 0.03 0.17 0.12 

N trucks 50m - - - - - 0.15 0.20 0.26 0.32 

N trucks 75m - - - - - - 0.06 - 0.00 

N trucks 150m - - - - - - - - 0.13 

N trucks 250m 0.19 0.14 - 0.09 0.08 0.19 - 0.37 0.28 

N trucks 750m - - - -0.18 - - - - 0.13 

N trucks 1000m - - -0.06 -0.07 - - - - - 

N motorbikes 25m -0.29 - - -0.38 -0.05 -0.47 - - - 

N motorbikes 50m 0.09 0.14 0.35 0.39 0.29 - - 0.16 - 

N motorbikes 75m -0.15 - - - - -0.14 - - - 

N motorbikes 100m - - - - - - 0.61 0.02 0.45 

N motorbikes 150m 0.30 - - 0.27 - 0.25 0.06 - - 

N motorbikes 250m - - - 0.05 - - - - - 

N motorbikes 500m 0.23 0.01 - - - - - - - 

N motorbikes 1000m - 0.10 -0.07 - - 0.00 - - 0.15 

N cars 25m - - - - - - 0.02 - 0.19 

N cars 50m - - - - - 0.23 0.19 - - 

N cars 75m - - - -0.44 -0.17 - - - - 

N cars 1000m - - -0.47 -0.17 - - - - - 
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Table S2: NO2 model building and validation statistics by year 

Year Cantonal passive sampling data NABEL data 

N sites 

training 

Elastic net 

cross-

validation 

R2 

Elastic net 

+ kriging 

prediction 

R2 

Elastic 

net + 

kriging 

SEE 

N sites for 

validation 

Validation R2 RMSE 

2000 980 0.60 0.89 3.53 78 0.73 5.83 

2001 886 0.61 0.89 3.31 81 0.78 4.79 

2002 975 0.69 0.90 3.13 86 0.82 4.20 

2003 1308 0.70 0.87 3.88 93 0.70 6.06 

2004 947 0.65 0.87 3.46 99 0.75 5.15 

2005 1169 0.68 0.88 3.44 98 0.75 5.32 

2006 1097 0.65 0.85 3.72 114 0.71 5.65 

2007 1145 0.64 0.84 3.75 135 0.72 5.64 

2008 1194 0.63 0.85 3.67 146 0.74 5.39 
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Predictors and modeling strategy of the PM2.5 model 

The development of the PM2.5 model is described in detail in de Hoogh et al, 2017.
8
 Global 

and local land use predictors for the PM2.5 model included:  

 PM2.5 emissions from agriculture, households, industry, traffic and wood smoke for 

the years 2005 and 2010 obtained from MeteoTest at a 200×200 m grid.  

 Distance to nearest main road, computed from the VECTOR25 road network. 

 Elevation from the DHM25 at a 200×200 m grid. 

 Land use from the European CORINE land cover at 100×100 m resolution. 

 Meteorological data including daily modelled planetary boundary layer data, daily 

temperature, wind speed, wind direction and precipitation at a ~10×10 km resolution 

from 1 January 2003 until 31 December 2013 from the European Centre for Medium-

Range Weather Forecasts. 

 Normalized Difference Vegetation Index in a 30×30 m raster for year 2014, 

mosaicked from scenes downloaded from the USGS EarthExplorer website 

(http://earthexplorer.usgs.gov).
9
 

A 4-staged modelling approach
10

 was adapted and further developed to calibrate the satellite 

data with measured PM2.5 concentrations. The measured PM2.5 dataset consisted of 10 daily 

measurement sites. To increase the number of measurement sites we applied the ratio between 

PM2.5 and PM10 data (daily; Jan 2003 - April 2010 and four-daily; April 2010 – Dec 2013) 

from 10 co-located monitoring sites of the NABEL network to predict PM2.5 concentrations at 

sites where only PM10 measurements were available, supplementing the monitoring dataset 

with an extra 89 measurement sites. At the 1km scale, mixed effect models (stage 1) were 

generated regressing PM2.5 measurements against day-specific random intercepts, fixed and 

random AOD and boundary layer height slopes, and fixed effects for spatial covariates. These 

mixed effect models were then used to predict PM2.5 in cells were AOD was available, but 

without a PM2.5 measurement (stage 2). Next, a generalized additive mixed model with spatial 

smoothing was applied to generate grid cell predictions for those grid cells where AOD was 

missing (stage 3). To estimate 100m localized PM2.5 predictions, the residuals from the stage 

1 model at each monitoring site were regressed against the local spatial and temporal 

variables at each monitoring site (stage 4) using machine learning techniques. This resulted in 

a PM2.5 model for each year for the period 2003-2008.  

References 
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Figure S1: Distribution of mean NO2 (2000 to 2008) and mean PM2.5 (2003 to 2008) exposure in 

the study population. 
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Table S3: linear HRs for associations between road, railway, and aircraft noise exposure and MI 

per 10 dB increase in Lden for models: crude, adjusted for sociodemographics but not air 

pollution (AP), adjusted for PM2.5, adjusted for NO2, and adjusted for PM2.5 and NO2 

Noise 

source 

Crude1 Adjusted (no AP) 

(95% CI)2 

Adj for PM2.5 

(95% CI)2 

Adj for NO2 

(95% CI)2 

Adj for PM2.5 and 

NO2 (95% CI)2 

Road 1.039  

(1.020-1.057) 

1.032 

(1.014-1.051) 

1.031 

(1.013-1.051) 

1.034 

(1.014-1.055) 

1.034 

(1.014-1.055) 

Railway 1.024  

(1.011-1.037) 

1.020 

(1.007-1.033) 

1.019 

(1.007-1.033) 

1.020 

(1.008-1.034) 

1.020 

(1.007-1.033) 

Aircraft 0.971  

(0.952-0.990) 

1.025 

(1.006-1.045) 

1.024 

(1.004-1.045) 

1.026 

(1.006-1.047) 

1.025 

(1.005-1.046) 

1 age as the underlying time scale 

2Models additionally adjusted for sex, neighborhood index of socio-economic position, civil status, education 

level, mother tongue, nationality and the other noise sources. 

Table S4: categorical HR for road traffic noise exposure and MI for models: not adjusted for air 

pollution (AP), adjusted for PM2.5, adjusted for NO2, and adjusted for PM2.5 and NO2 

Road traffic ≤45 

dB 
45-50 dB 50-55 dB 55-60 dB 60-65 dB >65 dB 

Adjusted (no 

AP) 
1 

1.040  

(0.982-1.100) 

1.057  

(1.002-1.115) 

1.087  

(1.029-1.148) 

1.072  

(1.012-1.135) 

1.093  

(1.028-1.162) 

Adj for PM2.5 1 
1.039  

(0.982-1.100) 

1.057  

(1.002-1.115) 

1.086  

(1.028-1.148) 

1.071  

(1.011-1.135) 

1.092  

(1.026-1.162) 

Adj for NO2 1 
1.041  

(0.983-1.102) 

1.060  

(1.004-1.118) 

1.091  

(1.031-1.153) 

1.077  

(1.015-1.142) 

1.101  

(1.032-1.176) 

Adj for PM2.5 

and NO2 
1 

1.041  

(0.983-1.102) 

1.059  

(1.004-1.118) 

1.090  

(1.031-1.153) 

1.077  

(1.015-1.142) 

1.102  

(1.032-1.177) 

Age as the underlying time scale and additionally adjusted for sex, neighborhood index of socio-economic 

position, civil status, education level, mother tongue, nationality and railway and aircraft noise. 

Table S5: categorical HR for railway noise exposure and MI for models: not adjusted for air 

pollution (AP), adjusted for PM2.5, adjusted for NO2, and adjusted for PM2.5 and NO2 

Railway ≤30 dB 30-40 dB 40-50 dB 50-60 dB >60 dB 

Adjusted (no AP) 
1 

1.030  

(0.991-1.072) 

1.066  

(1.026-1.107) 

1.034  

(0.984-1.087) 

1.070  

(1.009-1.134) 

Adj for PM2.5 1 
1.030  

(0.989-1.071) 

1.065  

(1.024-1.107) 

1.033  

(0.982-1.086) 

1.068  

(1.007-1.133) 

Adj for NO2 1 
1.033  

(0.993-1.076) 

1.069  

(1.028-1.112) 

1.036  

(0.985-1.090) 

1.072  

(1.011-1.137) 

Adj for PM2.5 and 

NO2 
1 

1.032 

(0.992-1.075) 

1.068 

(1.027-1.111) 

1.035 

(0.984-1.088) 

1.070 

(1.009-1.135) 

Age as the underlying time scale and additionally adjusted for sex, neighborhood index of socio-economic 

position, civil status, education level, mother tongue, nationality and road and aircraft noise. 
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Table S6: categorical HR for aircraft noise exposure and MI for models not adjusted for air 

pollution (AP), adjusted for PM2.5, adjusted for NO2, and adjusted for PM2.5 and NO2 

Aircraft ≤30 dB 30-40 dB 40-50 dB 50-60 dB >60 dB 

Adjusted (no AP) 
1 

1.001  

(0.952-1.053) 

1.048  

(1.007-1.091) 

1.050  

(0.978-1.127) 

0.979  

(0.827-1.159) 

Adj for PM2.5 1 
1.000  

(0.951-1.053) 

1.047  

(1.005-1.091) 

1.049  

(0.976-1.127) 

0.978  

(0.826-1.158) 

Adj for NO2 1 
1.003  

(0.953-1.056) 

1.053  

(1.009-1.098) 

1.053  

(0.980-1.131) 

0.981  

(0.829-1.161) 

Adj for PM2.5 

and NO2 
1 

1.002  

(0.952-1.055) 

1.051  

(1.008-1.096) 

1.051  

(0.978-1.129) 

0.978  

(0.826-1.158) 

Age as the underlying time scale and additionally adjusted for sex, neighborhood index of socio-economic 

position, civil status, education level, mother tongue, nationality and road and railway noise. 

 

Table S7: linear HR for PM2.5 and NO2 (per 10 µg/m³) for MI in single exposure models, in 

models adjusted for noise, and in models adjusted for noise and the opposite air pollutant. 

Air 

pollutant 

Crude1 Single exposure 

model2 Adj for all noise sources2  

Adj for all noise 

sources and for the 

other air pollutant2 

PM2.5 
0.991  

(0.955-1.029) 

1.052  

(1.013-1.093) 

1.010  

(0.969-1.052) 

1.019  

(0.971-1.071) 

NO2 
0.968  

(0.950-0.986) 

1.024  

(1.005-1.043) 

0.996  

(0.974-1.018) 

0.990  

(0.965-1.016) 
1
age as the underlying time scale 

2
Models additionally adjusted for sex, neighborhood index of socio-economic position, civil status, education 

level, mother tongue, and nationality. 
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Table S8: Adjusted* HR (95% confidence intervals) and number of deaths (N=) for NO2 and 

road traffic noise for MI in categorical (quartiles) interaction exposure models. Cells with 

interaction terms
$
 are shown in italics. 

  Road traffic noise [dB] 

  ≤49.0 

(main effect) 

N=4249 

49.0-54.1 

N=4775 

54.1-60.3 

N=5016 

>60.3 

N=5221 

NO2 [µg/m³] 

≤22.3 

(main effect) 

N=4728 

1.00  

(reference) 

N=1834 

1.04 

(0.97-1.12) 

N=1287 

1.05 

(0.97-1.13) 

N=999 

1.05 

(0.96-1.15) 

N=608 

22.3-27.0 

N=4643 

1.02 

(0.95-1.10) 

N=1181 

0.97 

(0.87-1.08) 

N=1282 

1.02 

(0.92-1.15) 

N=1223 

1.11 

(0.98-1.26) 

N=957 

27.0-32.3 

N=4851 

1.05 

(0.96-1.14) 

N=848 

1.01 

(0.90-1.13) 

N=1335 

1.00 

(0.89-1.12) 

N=1413 

0.97 

(0.85-1.10) 

N=1255 

>32.3 

N=5039 

1.02 

(0.91-1.14) 

N=386 

0.98 

(0.85-1.12) 

N=871 

1.00 

(0.87-1.15) 

N=1381 

0.98 

(0.85-1.13) 

N=2401 
* 
Age as the underlying time scale and additionally adjusted for sex, neighborhood index of socio-economic 

position, civil status, education level, mother tongue, nationality, railway and aircraft noise, NO2. 

$
 Overall effects (HRtot) in cells with interaction terms are obtained by multiplying the HR of these cells with the 

HRs of corresponding main effects (E.g. HRtot for people in the highest NO2 (>32.3 µg/m
3
) and highest noise 

category (>60.3 dB): 0.98*1.02*1.05=1.05)  
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9. Summary of the main findings 

The main findings from the sections 4. to 8. are summarized here. The objectives of this thesis are 

defined by the research questions in section 3.1. and will be briefly answered here. Detailed results and 

discussions are given in the respective chapters. More general aspects of the thesis are discussed in 

section 10.  

9.1. Summary of results of section 4. 

Over 4000 individuals were contacted for the QUALIFEX study, 1375 individuals participated in the 

baseline and 1122 returned the follow-up questionnaire one year later, thus accounting for 2497 

observations. Mean exposure Ldn noise levels (SD) to road traffic was 52.0 dB (6.2). The proportion 

of considerable and heavy annoyed subjects was highest for aircraft (21.4%), road traffic (13.8%) and 

neighbour noise (10.2%) and smaller for railway (2.4%) and industry noise (1.9%).  

A 10 dB increase of the road traffic noise Ldn was associated with a 0.47 (95% CI: −0.01, 0.95) point 

increase of the von Zerssen symptom score meaning an increase of symptoms and thus worsened 

physical HRQOL. A substantial increase in the von Zerssen symptom score for annoyance to road, 

industry and neighbour noise was observed.  

The SF-36 mental health score was not associated with road traffic noise, whereas it was positively 

associated with most types of annoyance with the exception of annoyance to aircraft noise. An 

increase in annoyance category meant a worsening of mental HRQOL. 

Search for interaction revealed that sleep disturbance was an important effect modifier of the relation 

with the von Zerssen score. No variable was found to modify the relationships with the SF-36 mental 

health score.  

In the SEM, upon inclusion of other explanatory variables, the direct association between road traffic 

noise and the von Zerssen score vanished. Road traffic noise was indirectly associated with the von 

Zerssen, while the annoyance and sleep disturbance were directly associated with this indicator. The 

second SEM for the SF-36 revealed that the direct relationship between road traffic noise and the SF-

36 was not robust to the addition of other explanatory variables. Road traffic noise and annoyance 

were indirectly associated with the SF-36, while sleep disturbance was directly associated with this 

indicator.  

 

9.2. Summary of results of section 5. 

The study population amounted to 4.41 mio observations and the number of deaths from CVD was 

142,955, of which 42.2%, 15.7% and 9.4% were deaths from IHD, stroke and BP-related diseases, 

respectively. The proportion of the population exposed to Lden noise levels above 45 dB was 89%, 

25% and 14% for road traffic, railway and aircraft noise, while more than 39% of the population were 

living in areas with highly intermittent noise (i.e. exposed to IR above 80%). Road traffic noise was 
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significantly associated with CVD, BP, IHD, MI, heart failure and ischemic stroke. The risk increase 

for CVD, BP, IHD and heart failure were 2.5% (95% CI: 1.8-3.2%), 5.3% (95%CI: 3.0-7.5%), 2.3% 

(95% CI: 1.2-3.4%) and 5.1% (95% CI: 2.7-7.4%) per 10 dB increase in road traffic noise. For railway 

noise the same tendencies than for road traffic were observed but the associations were weaker. 

Aircraft noise was significantly associated with MI, heart failure and ischemic stroke for which the 

risk increases were 2.7% (95% CI: 0.6-4.9%), 5.6% (2.8-8.5%), 7.4% (2.0-2.7%), respectively. 

Categorical analysis revealed that the risk for BP started to increase from levels as low as 30 dB for 

railway noise. 

For IR, a bell-shaped relationship was observed with stronger associations in the 3rd and 4th quintiles. 

The risk increase for CVD per 10% increase of IR were 1.9% (95% CI, 0.2-3.7%) and 2.1% (0.3-

3.8%) in the 3rd and 4th quintiles, respectively. 

Stratification analyses yielded stronger associations between road traffic and railway noise  exposure, 

and CVD for subjects with more than 5 years of residence in the same community. With regard to 

gender, males tended to be at higher risk for CVD than females for exposure to road traffic and 

railway noise. 

9.3. Summary of results of section 6. 

The study population amounted to 4.41 mio observations and the number of deaths from CVD was 

142,955, of which 42.2%, 15.7% and 9.4% were deaths from IHD, stroke and BP-related diseases, 

respectively. During the core night hours from 01 to 05h and during daytime hours from 07 to 19h, 

37.7% and 89.6% of the study population were exposed to Leq,Comb transportation noise levels 

above 45 dB. Spearman’s rank correlations between the different Leq,Comb for different time 

windows were higher than 0.94. With the exception of stroke, all outcomes were associated with 

Leq,Comb in the different time windows. For BP, IHD, and heart failure, the risk described a sinus-

shaped relationship, increasing and decreasing throughout the day. For CVD and IHD a diurnal pattern 

was found with highest HR during the core night (01-05h). For heart failure, a reversed pattern was 

found, where the highest HR was seen during the day (07-19h), while for BP highest HR was seen in 

the morning (06-07h). Categorical analysis showed that the risk for BP started to increase during the 

core night (01-05h) from Leq,Comb levels as low as 35 dB.  

With the exception of heart failure, IR at night rather than during day was found to be more strongly 

associated with the outcomes. For most outcomes, the risk for IR night described a bell-shaped 

relationship with highest values in the 3rd and 4th quintiles, while for IR day the highest risk values 

tended to be shifted towards the 2nd and 3rd quintiles.   

9.4. Summary of results of section 8. 

The study population amounted to 4.40 mio observations and the number of deaths from MI was 

19,261. For road traffic noise, neither adjustment for NO2 nor for PM2.5 did change the risk estimates. 

Similarly, adjusting for both sources did not significantly attenuate the estimates. For railway and 
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aircraft noise, adjustment for both air pollutants did not attenuate the risk estimates for MI. Categorical 

models showed that the increase of the estimates for road traffic noise, and MI was more pronounced 

in the higher noise categories 60-65 dB and >65 dB. The increase was mainly driven by adjustment for 

NO2. For railway noise and both outcomes, estimates were robust to adjustment to air pollution. For 

aircraft noise the categorical risk estimates for MI exhibited a slight increase in all noise categories 

below 60 dB. This increase was more marked when adjusting for NO2.  
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10.  General discussion and conclusions 

In the following section, the findings of the present work are compared to the international pee-

reviewed scientific literature and their implications for further research are examined. Finally, the 

public health relevance of this work will be discussed.  

 

10.1. Noise annoyance and HRQOL 

Annoyance to road traffic has been reported to be more strongly associated with decreased activity 

than with objective road traffic noise itself (57). This thesis strengthens this web of relationship 

between noise, annoyance to noise and health effects by reporting that annoyance from road traffic 

noise seems to be more strongly associated with poor health than physical exposure to road traffic 

noise itself.  In terms of physical and mental health, two different studies with road traffic noise (58) 

or annoyance to road traffic noise (42) as exposure variable and the SF-36 questionnaire as response 

variable for assessing physical and mental health have highlighted this phenomenon. Indeed, while an 

association of road traffic noise with physical and mental health could not be demonstrated (58), 

annoyance to this particular noise source was significantly associated with physical and mental health 

(42). With regards to this HRQOL study, using the SF-36 for assessing mental health as in the 

previous mentioned studies, the same tendencies could be highlighted. Moreover, assessing physical 

health using a different indicator (von Zerssen (52)), a weaker association for road traffic noise 

compared to annoyance to road traffic noise was still found. 

In order to clarify the direct and indirect effects between road traffic noise, annoyance to road traffic 

and HRQOL indicators, an analysis was conducted using structural equation modelling. Two previous 

studies by Fyhri et al. (59, 60) indicate that 1) there is no direct link between road traffic noise and 

health outcomes and 2) annoyance is the mediator of further health effects, of which sleep 

disturbances belongs to. The findings of this thesis confirm 1) and 2) and further indicate that road 

traffic noise is indirectly associated with HRQOL. Furthermore, the results of the HRQOL study 

indicate that annoyance influences physical health directly and indirectly via sleep disturbances, while 

mental health is influenced only indirectly by annoyance via sleep disturbances.  

Overall, the findings indicate a strong relationship between annoyance to road traffic noise and 

HRQOL but do not exclude a link between road traffic noise and HRQOL. The fact that the direct 

association between road traffic noise and health effect vanishes when considering annoyance could be 

due to the use of self-reported health indicators. More annoyed people may tend to have more health 

complaints and this would introduce a bias, thus cancelling the relationship between road traffic noise 

and health. This is in line with a previous analysis conducted on the same data that found no direct 

association between road traffic noise exposure and subjective sleep quality (61). However, objective 

sleep quality measured by actimetry was significantly associated with road traffic noise exposure.  
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10.2. Road traffic noise 

Section 5. of this work shows that road traffic noise is a significant risk factor for heart failure, BP-

related death, ischemic stroke and MI. With one exception (99), previous studies focusing on road 

traffic noise and stroke produced inconclusive results (42, 95-97). In this thesis, ischemic stroke but 

not hemorrhagic stroke was linked with road traffic noise. This will be discussed in section 10.6.2. 

Slightly lower risk and a lower threshold were found compared to previous meta-analysis (62-64). 

Indeed, while one of these meta-analysis reported pooled risk estimates for CVD with regards to road 

traffic noise of 1.08 (95% CI: 1.04-1.13) (65) this thesis reports a smaller risk of 1.025 (95% CI: 

1.018-1.032). The difference may due to population characteristics, as well as uncertainties regarding 

confounding effects and exposure misclassification that will be the topic of section 10.7 and section 

10.8 of this thesis. In summary the association between road traffic noise and CVD appears as an 

established fact confirmed by a report from the WHO (11).  

Given the ubiquity of road traffic noise exposure, even a small increase in exposure levels could lead 

to an increase in the prevalence of CVD in the population. For this reason many governments have 

already taken some measures to tackle the problem. The most common approach in Switzerland aims 

at lowering the noise levels at the source. This comprises fostering the availability of silent tires (66), 

installation of low noise road pavement (66), speed zones (67), and vehicle taxing (66). More radical 

measures have been adopted in developing countries, in the city of Cairo, Egypt, a ban on horn, trucks 

and noisy buses has permitted to lower Leq noise levels from road traffic by 6.0 to 10.2 dB in 

residential areas (68). Similarly, a ban on rickshaws in Lanzhou, China has decreased road traffic 

noise Leq by 1.7dB (69).  

Noise levels are expected to be reduced with the advent of electric cars. Indeed, a simulation showed 

that a 90% electrical vehicle fleet would lead to an overall 3 dB reduction of noise levels, while the 

proportion of annoyed and severely annoyed people would decrease by 33 and 36%, respectively (70). 

Further, in the industrialized nations, rate of driver’s licenses follows a decreasing trend in the 

generations of the millennials (born between 1979 and 2000) (71). As a consequence, car ownership 

and therefore the total number of kilometers driven is decreasing (72). It is unclear whether these 

change will hold due to the advent of the mobile technologies (73), or will vanish once millennials will 

have access to more economic resources (74). However, the momentum towards fewer cars in the 

cities has already begun. In order to prevent traffic congestion, cities like Stockholm or London have 

introduced a tax that limits the number of cars entering the central urban area (75, 76). In Switzerland, 

between 2000 and 2010, the share of households without a car in the cities of Basel and Bern has 

increased from 45.3 to 54.9% and from 42.2 to 53.2% (77). Following the trends in north European 

cities like Amsterdam and Copenhagen, in Swiss cities more and more people use bicycles for moving 
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around. This translates in less cars on the road and therefore in a reduction of noise levels. In Geneva, 

between 2001 and 2010 a 128% increase of the number of cyclists has been observed (78). All these 

tendencies are expected to reduce exposure to road traffic noise in cities. A reduction of road traffic 

has been shown to decrease annoyance and activity disturbance, while an increase in general well-

being was observed (79), and it seems plausible that the incidence of CVD decreases with less noise 

exposure. 

In the developing world a reversed trend arises; increased urbanization and wealth fuel the rates of car 

ownership (80). Indeed, in China, Chile, Mexico, Korea and Thailand, the number of motor vehicles is 

increasing by more than 10% annually (80). As reported by a Vietnamese study, road traffic noise 

levels are in tendency higher in Vietnam than in Japan (13). The urban populations in developing 

countries are already vulnerable in terms of lifestyle due to changes in social relationships, and 

enhanced exposure to microbiological hazards due to poor sanitation facilities (81). In those settings 

the projected increase of road traffic noise will render the burden of CVD heavier.  

10.3. Railway noise 

The study presented in section 5. is the first study examining the link between railway noise and CVD 

mortality. This study reports an association between railway noise and IHD, MI and CVD as primary 

cause of death. Categorical models show an increase of risk from noise levels as low as 30dB. This 

finding has a particular meaning in terms of noise protection policy. Indeed, the current night noise 

guidelines from WHO recommend a long-term target of 45 dB (11) at the most exposed façade, and, 

according to the results this value would still expose the populations to high increased risk for CVD. A 

German study conducted in the surroundings of Frankfurt airport reported an association between 

railway noise, and blood pressure and heart failure (82), which could not be confirmed. 

This thesis shows that railway noise induce less deleterious effects than road traffic noise. This is in 

line with the less steep exposure response curve of annoyance to railway noise compared to other 

transportation noise sources (27). Further, railway noise in Switzerland is quite predictable. Indeed, 

given the high punctuality of the Swiss railway company, people living close to railway tracks may 

anticipate their exposure and develop coping strategies. Further, noise mitigation strategies may 

contribute to lower the risk estimates for CVD. Without noise mitigation, freight trains have been 

shown to produce stronger cardiac responses (83) during sleep than passenger trains. Switzerland is at 

the lead in term of railway noise mitigation in Europe. Indeed according to Swiss railways a large 

share of the goods wagons fleet have been equipped with special brakes, while noise barriers are being 

built along railway lines. A plan has been set to ban noisy freight wagons from the Swiss rail network 

by 2020 (84). 

In China the railway network length has grown by 7% in average between 2009 and 2015 (85). In 

many parts of the world, railways tracks are built for noisy high speed trains. Recently, China has 
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decided to ship a larger share of its exportation to Europe by train. Without noise mitigation strategies, 

an increase of the number of freight trains may increase noise levels and therefore lead to a higher 

incidence of CVD cases. 

10.4. Aircraft noise 

The risk estimates for MI reported for aircraft noise in section 5., confirm the results from Huss et al. 

(86). Further, an association with ischemic stroke and heart failure could be demonstrated.  

In the two largest Swiss airports of Geneva and Zürich a ban on night operations restricts the number 

of night-time aircraft movements between 00:30 and 05:00, and 23:30 and 06:00, respectively. Given 

these restrictions on air traffic, the results more likely reflect the impact of daytime aircraft noise 

exposure. Further, as in the NORAH study (82), it can be shown that aircraft noise has less impact on 

CVD than road traffic or railway noise.  

In the study presented in section 5., aircraft noise exposure has been found to be protective against 

cardiovascular diseases in general and ischemic heart diseases. This contra-intuitive effect can be 

explained in many different ways. The proportion of foreigners (first and second generation migrants) 

is higher around the airports. Indeed, based on data from the Federal Office of Statistics (87), the 

proportion of foreigners living in municipalities within the 55 dB aircraft noise contour for the airports 

of Zürich, Bern, Geneva, and Samedan was calculated. In 2014, the proportion of foreigners was 

31.5% while it was 24.3% at the national level. Yet a study conducted with the SNC data (88) shows 

that first and second generation migrants live longer than Swiss nationals. Though the models were 

adjusted for nationality, there was not enough information to adjust for second generation migrants 

that may have already undergone the naturalization process and hence, are considered Swiss nationals. 

In addition, self-selection may play a role in explaining the protective effect of aircraft noise exposure: 

subjects not able to cope with aircraft noise tend to move away from noisy areas, while subjects with 

enough psychological resources tend to habituate to aircraft noise. Further, in Switzerland, airports 

have to subsidize the installation of sound-proof windows in the area exceeding certain noise levels. 

Better sound insulation may lead to a large overestimation of the indoor noise exposure. In addition, 

the aircraft noise model used in this study is based on noise level contour data, which may introduce 

exposure misclassification. Indeed, people living on the quiet side of a building may have been 

considered as highly exposed while in fact the building would have a shielding effect. 

Aircraft noise has been at the center of the media attention for years in Switzerland. While a 

substantial effort has been made to mitigate the deleterious effects of aircraft noise by airport 

authorities, activist citizens are still requiring an extension of the existing night curfews. This thesis 

demonstrates a non-negligible impact of aircraft noise on health in a country where virtually no night 

operations are allowed between 00:30 and 05:00. Most major European airports have adopted 

mitigations strategies such as allowing noisy aircraft during daytime only as well as night curfew (89) 



 

143 
 

to protect the surrounding populations. However, a French exception emerges from this picture; 

Indeed, at Roissy Charles-de-Gaulle airport – the largest French airport- a maximum of 55 night 

flights are allowed between 00:00 and 05:00 (89). In general, in western countries, the issue has been 

taken seriously and substantial progress has been made to reduce aircraft noise nuisances. In addition, 

initiatives to reduce aircraft noise at the source are bourgeoning (90). Today’s aircraft are much less 

noisy than last generation ones. Indeed the Airbus A-380, which is the current largest aircraft launched 

in 2005 has been shown to generate less noise than the Boeing B747-400 launched in 1988 (91).  

These trends will contribute to alleviate the noise exposure in the surroundings of airports. 

The situation is a matter of concern in fast developing countries where the health of the populations is 

often considered after the economic interests. At the Beijing Capital International Airport, Beijing, 

China and Chhatrapati Shivaji International Airport, Mumbai, India about 150 landings and take-offs 

are scheduled each night between 00:00 and 06:00 (92). Both airports are located next to dense urban 

areas. Figure 4 shows that two hospitals and a dense residential area are located in the axis of one of 

Mumbai’s airport runways. Given that China and India are forecasted to become the first and third 

world largest aviation markets by 2025, the governments of these nations urgently need to take action 

in order to protect their populations (93). 

 

Figure 4: Satellite picture of a runway at Chhatrapati Shivaji International Airport, Mumbai, India (Google earth) 
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10.5. Different exposures – different effects? 

This thesis highlights different relationships between noise sources as well as timing of exposure and 

outcomes. This section is devoted to the discussion of the variety of relationships found between the 

different exposures variables and the different outcomes.  

10.5.1. Timing of exposure 

This study presented in section 6. assessed the impact of transportation noise exposure on CVD in 

different time windows of the day and night. Stronger associations between transportation noise 

exposure during nighttime from 23:00 to 06:00 for IHD have been found. For heart failure, this pattern 

was opposite, with higher risk during the day from 06:00 to 23:00. For BP-related deaths, exposure 

during the morning hours from 05:00 to 06:00 appeared to be more deleterious. The risk for BP was 

found to increase from noise levels as low as 35 dB during the night from 01:00 to 05:00, while this 

threshold was 45 dB and 50 dB for IHD and heart failure.  

Differences in outcome risk for different time exposure windows may reflect different mechanism in 

the etiology of those particular outcomes. Indeed, acute coronary events have been shown to occur in 

the morning hours following sympathetic nervous system activation (94), which induces a cascade of 

processes leading to thrombus formation mechanisms. Impact of noise exposure during the previous 

night may act as an additional stressor at wake time. Higher risk for heart failure was found for noise 

exposure during the day. Deaths by heart failure are caused by sudden cardiac death or acute 

worsening of ischemia (95), occurring most often during the day. Therefore, it seems plausible that 

noise exposure during the day induces a stress that acts as a trigger for death by heart failure.  

Only a few studies investigated on the impact of noise exposure during the night and the day (42-44). 

Results are not conclusive, because some found a higher risk of cardiovascular hospital admissions for 

road traffic during the day (43), while others report stronger effects during the night for hypertension 

and aircraft noise (44) as well as for systolic blood pressure and railway noise (42). Since the analysis 

in those studies was not conducted using the same time windows as the study of this thesis, a 

comparison remains difficult.  

10.5.2. Stroke – a special case 

Stroke was neither associated with a noise source nor was it associated with a particular time window 

of exposure to combined transportation noise. Stroke does not share a common etiology with IHD and 

heart failure (96, 97). Previous studies focusing on road traffic noise and stroke found positive 

associations (98, 99) while not considering the subgroups of stroke. In this work, no association was 

found when considering stroke in general. Considering subgroups of this outcome it was shown that 

ischemic stroke but not hemorrhagic stroke was linked with road traffic noise. This may indicate that 

different mechanisms are at play in the etiology of stroke and that road traffic noise does not belong to 

the risk factors influencing hemorrhagic stroke. 



 

145 
 

10.5.3. Different impact magnitude by source? 

The relationship between transportation noise exposure and the annoyance reaction to transportation 

noise sources has been extensively documented (27, 100). Miedema et al. (27), derived dose-response 

relationships for aircraft, railway and road traffic noise sources and their respective annoyance. The 

results reported in the HRQOL study in section 4. are in line with Miedema’s findings. Indeed, for the 

same equivalent noise levels, annoyance to aircraft noise is higher than for road traffic and railway 

noise (27). Since annoyance to noise has been postulated to be the precursor of further health effects, 

this raises the question whether different noise sources have different impact magnitude. In terms of 

physiological effects, aircraft noise has been shown less likely than the other transportation noise 

sources to induce cortical and vegetative arousal in sleeping subjects (39, 101). The lower risk for 

CVD observed in section 5. for aircraft noise compared to the other sources is in line with the 

physiological mechanisms. This implies that a particular noise source is more likely to trigger a 

particular outcome than others noise sources. Given that aircraft noise exposure in Switzerland is very 

unlikely to occur during the night, daytime mechanisms may be at play in the etiology of CVD from 

this noise source. Indeed, high annoyance prevalence reported for aircraft noise shows that aircraft 

noise generates psychosocial stress in the conscious state which can be further internalized and 

processed physiologically and somatically (28). The risk for heart failure being higher during the day, 

may indicate that an annoyance-mediated pathway may play a role in the etiology of this outcome. 

Further, the prevalence of annoyance to road traffic and railway noise is substantially lower than for 

aircraft noise, but physiological effects during sleep have been shown to be stronger (39, 101). This 

would indicate a sleep-mediated pathway for IHD with regards to road traffic and railway noise 

exposure. The findings from section 5. show that IHD is more strongly associated with these noise 

sources, while the findings in section 6. showing a higher risk during the core night for IHD further 

support this view. However, as shown in section 4. an indirect link between annoyance and health 

outcomes via sleep disturbance may also be present. Further, as discussed in section 10.1, results 

shows that for different outcomes, different pathways may be at play. This pathway-mediated impact 

hypothesis deserves further research. 

Further, this raises the question whether for a given noise source different impact magnitudes can be 

expected? This can be reformulated as follows; is exactly the same impact of noise expected regardless 

of the noise characteristics and the noise levels? As shown in the study from Phan et al. (13), there can 

be substantial differences in terms of road traffic noise levels and characteristics between countries. 

More insight on the impacts of noise characteristics on health are discussed in section 10.6. of this 

work. 

10.6. Gender specific impacts 

Stratification analyses conducted in section 5. of this work show gender-specific responses to 

transportation noise exposure. In general, males were more affected by transportation noise than their 
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counterparts. With regards to MI, the results of this thesis confirm the findings from other studies (47, 

102, 103). While the findings from the literature in terms of vulnerability for hypertension yield mixed 

results (104-106), this thesis shows that for BP-related deaths, males are more vulnerable to all 

transportation noise. Interestingly, females are more vulnerable to noise exposure in terms of changes 

in waist circumference (107-109), a marker for obesity, which may lead to diabetes for which females 

tend to be more vulnerable than men (108, 110).  These findings suggest that different mechanisms are 

at play; leading to either higher risk of CVD for males or diabetes mellitus for females. Females tend 

to report higher annoyance levels (102, 111), and annoyance has been associated with a decrease in 

physical activity (57), thus leading to weight increase and obesity (107-109). Different noise exposure 

pattern between genders could also be an explanation; A study reports stronger association for males 

with MI and work sound levels, while environmental noise levels affected both gender (112).  

10.7. Refining the exposure: Intermittency ratio 

The IR was introduced based on the hypothesis that highly peaking noise sources would be more 

detrimental for health. The results surprisingly show that for most outcomes IR values in the 3
rd

 and 4
th
 

quintiles are more harmful to health. The soundscape in those quintiles categories is a mix between 

background noise and intermittent noise sources as opposed to the 1
st
 and 2

nd
 quintiles where 

background noise is continuous and almost no single event can be distinguished. In the 5
th
 quintile, 

each single event can be distinguished. The median number of noise events during the night can 

support understanding of the soundscape in the different quintiles: 139 and 173 in the 1
st
 and 2

nd
 

quintiles, while it was 123 and 99 in the 3
rd

 and 4
th
 quintiles and finally it was 58 in the 5

th
 quintile. 

The median number of noise events in the latter quintile shows that exposure to noise is mostly 

intermittent with periods of silence in-between. Based on the hypothesis that silence between two 

noise events is more relevant for health than the noise events themselves, this explains why high IR 

has been found to be less strongly associated with the outcomes.  

 

The purpose of the IR was to capture the impact of noise variability on health that is otherwise not 

captured by average noise levels (113). In other terms, IR allows to refine the exposure. This 

refinement aimed to capture the remaining variance not captured by average noise levels variables. 

This refining effect of the IR is particularly obvious when observing the effect of the inclusion of IR in 

the models on the risk estimates for road traffic noise. Indeed, inclusion of IR tended to attenuate the 

risk estimates indicating that IR successfully captured the remaining variance, and further indicating 

that IR contributes to the risk of those outcomes. This tendency is not observable for railway and 

aircraft noise because IR is mostly driven by road traffic noise. Aircraft and railway noise are very 

intermittent noise sources and populations exposed to those noise sources are exposed to high IR at the 

same time. They therefore enjoy more periods of silence between noise events and their health is less 

affected by intermittency that acts as a protective factor. As a result, the risk estimate for exposure to 

Lden(Air) and Lden(Rail) aircraft and railway is increased. HR unadjusted and adjusted for IR for each 
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of the three noise sources road traffic, railway and aircraft are displayed in table 1. 

 

 

Table 1: HR unadjusted and adjusted for IR for various CVD outcomes for each of the three noise sources road 

traffic, railway and aircraft 

 HR  

Lden(Road)  

(95% CI) 

HR  

Lden(Road)  

(95% CI)  

adj for IR 

HR  

Lden(Rail)  

(95% CI) 

HR  

Lden(Rail)  

(95% CI)  

adj for IR 

HR  

Lden(Air)  

(95% CI) 

HR  

Lden(Air)  

(95% CI)  

adj for IR 

CVD 1.025 

(1.018-1.032) 

1.023 

(1.016-1.031) 

1.005 

(1.000-1.010) 

1.006 

(1.001-1.012) 

0.994 

(0.985-1.002) 

0.994 

(0.985-1.002) 

IHD 1.023 

(1.012-1.034) 

1.021 

(1.010-1.032) 

1.013 

(1.005-1.020) 

1.013 

(1.005-1.021) 

0.991 

(0.979-1.003) 

0.990 

(0.978-1.003) 

Stroke 1.011 

(0.993-1.028) 

1.008 

(0.990-1.026) 

0.995 

(0.983-1.008) 

0.996 

(0.983-1.009) 

1.013 

(0.993-1.034) 

1.012 

(0.992-1.033) 

BP 1.054 

(1.030-1.078) 

1.052 

(1.028-1.076) 

1.011 

(0.995-1.027) 

1.014 

(0.998-1.032) 

1.012 

(0.985-1.040) 

1.013 

(0.985-1.041) 

HF 1.052 

(1.027-1.077) 

1.053 

(1.028-1.079) 

0.997 

(0.980-1.014) 

1.003 

(0.985-1.021) 

1.058 

(1.028-1.088) 

1.060 

(1.030-1.091) 

HS 1.004 

(0.969-1.041) 

0.999 

(0.963-1.037) 

1.021 

(0.996-1.046) 

1.025 

(0.998-1.052) 

0.991 

(0.952-1.032) 

0.991 

(0.952-1.032) 

IS 1.051 

(1.002-1.103) 

1.050 

(1.000-1.103) 

0.989 

(0.956-1.024) 

1.000 

(0.964-1.037) 

1.076 

(1.020-1.135) 

1.080 

(1.023-1.139) 

MI 1.041 

(1.021-1.060) 

1.038 

(1.018-1.058) 

1.020 

(1.007-1.033) 

1.021 

(1.007-1.036) 

1.027 

(1.006-1.050) 

1.027 

(1.005-1.049) 

 

The road traffic component of intermittency has been modeled on the basis of the energy of noise 

events from car engines and tires (113). This implies that intermittency is based on the same noise 

frequencies as average noise levels. However, intermittency could arise from different frequencies due 

to differences in the vehicle fleet or by neither engine nor tire-related vehicle noises such as horns. 

Indeed, in many countries horn noise is a common phenomenon (13, 68, 69, 114) contributing 

substantially to noise levels (68). A frequency analysis of road traffic noise comparing two 

Vietnamese cities with a Japanese city has shown that a peak of frequencies related to horn noise could 

be clearly identified (13). Therefore, noise phenomenon like horns are more likely to induce changes 

in the magnitude of IR. In the light of this reasoning, future investigations will have to answer the 
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question whether in a different setting, a bell-shaped relationship between intermittency and risk for 

CVD still prevails. 

However, a general decrease in noise levels as discussed in sections 10.2. and 10.3. could change the 

IR levels. In the case of road traffic noise, if the vehicle fleet changes toward more electric cars and 

fewer combustion motor engines, the background noise would be generated by the electric cars and 

noisier combustion cars would generate single events that would be easily noticed. This is most likely 

to happen on busy roads where current IR is low because of high traffic. A decrease in the noise levels, 

may then expose populations to harmful IR levels.  

10.8. Confounding  

In this section the issue of confounding of the associations between noise and health in the context of 

the results of this thesis will be discussed. 

10.8.1. Confounding by air pollution 

The results of section 8. demonstrate quite robust association between transportation noise in general 

and MI after adjustment for air pollution. Only the associations involving road traffic noise appeared 

to be confounded by NO2 while no major change of the risk estimates occurred upon adjustment for 

PM2.5. NO2 is more related to traffic than PM2.5 which can arise from different sources and this is most 

probably the reason why no confounding effect from this air pollutant could be observed. These results 

are in line with the extent of confounding reported in a meta-analysis (115). Categorical analyses 

revealed a larger extent of confounding by NO2 in higher road traffic noise exposure categories for MI. 

This indicates that at NO2 exposure has an impact on the relationship between road traffic noise and 

health above a certain threshold only. Further, this implies that a mutual confounding between road 

traffic noise and NO2 occurs where noise and air pollution levels are more harmful for health. 

Consequently, it remains difficult to evaluate the contribution of health damaging effects from either 

pollutant for individuals in these high exposure categories. However, the results for railway and 

aircraft noise show independent health effects from air pollution. Using the exposure-response 

relationships from these sources in order to disentangle the effect from road traffic and air pollution is 

not advised, for railway and aircraft noise do not share the same characteristics and do not trigger the 

same health effects as road traffic noise. 

Confounding of the association between road traffic noise and MI by NO2 was observed at noise levels 

as low as 45 dB for which mean NO2 concentrations was 21.21 µg/m
3
 which is well below the WHO 

guideline value of 40µg/m
3
 for long-term exposure. The extent of confounding increases in higher 

noise exposure categories. In the present thesis the estimated average NO2 concentration was 33.05 

µg/m
3
 for road traffic noise levels above 65 dB. This raises the question about the extent of 

confounding by air pollution in other settings. Indeed, in Shanghai, China and Mumbai, India where 

long-term NO2 levels range from 48 to 83 µg/m
3 
(116) and 24 to 127 µg/m

3
 (117), independent health 
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effects of noise and air pollution may be even more difficult to assess. Further, these ranges of 

hazardous air pollutant concentrations come along with very high noise exposure. One may raise the 

question about the relationship of these pollutants with health in this particular context. Are the health 

effects from transportation noise dwarfed by the massive air pollution levels? Does transportation 

noise contribute evenly with air pollution to higher risks? Is there a synergistic effect between air 

pollution and noise at high exposure levels? Although no synergistic effect between air pollutants and 

transportation noise was identified in this thesis, a publication has reported that such an effect can be 

observed on cognitive performance at lower exposure levels (118). 

10.8.2. Confounding by neighbour noise 

In the HRQOL study presented in section 4., annoyance to neighbour noise has been examined. The 

prevalence of neighbour noise and its impact on health have been rarely investigated. The LARES 

study (119), reports a prevalence of 12.4% of subjects strongly annoyed by neighbour noise, while in 

the present sample the proportion of subjects considerably and heavily annoyed was 10.2%. A 

longitudinal study conducted by Weinhold and colleagues using self-reported binary measurement for 

defining exposure and outcome has found that neighbour noise was significantly associated with lower 

quality of life and higher risk for cardiovascular diseases (120). Similar to the HRQOL study where 

neighbour noise annoyance was more strongly associated with HRQOL outcomes than road traffic 

noise annoyance, the study of Weinhold and colleagues shows stronger effect estimates for neighbour 

noise than for road traffic noise (120). From a methodological point of view, the HRQOL study is 

stronger, since validated scores were used for both exposure and outcome in place of binary variables. 

Further the LARES study reports a dose-response increase of the risk for cardiovascular symptoms 

and medically diagnosed hypertension, arthrosis, allergy, depression and migraine with increasing 

neighbour noise annoyance category (119). These results support the association between neighbour 

noise annoyance and the von Zerssen indicator reported in the HRQOL study. Further, the HRQOL 

study shows that not only physical but mental health may be affected by neighbour noise annoyance. 

Neighbour noise annoyance is highly prevalent in the population and studies show an impact on health 

that should not be underestimated. Whether neighbour noise exposure is as high as annoyance to 

neighbour noise remains an open question, but this raises the question of confounding by neighbour 

noise. Indeed, neighbour noise is expected to co-occur along with road traffic noise in cities where 

population density is high. The stratified analysis in section 5. show that in general the risk for CVD 

due to road traffic noise exposure is higher in urban settings where neighbour noise is more prevalent. 

Given that a clear impact of neighbour noise on HRQOL has been demonstrated, it may be likely that 

other health effects could be observed. Being correlated with both road traffic noise exposure and the 

outcomes, neighbour noise fulfills the definition of a confounder and should deserve particular 

attention. For this reason, future studies should seek to elucidate the importance of neighbour noise for 

health. 
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10.9. Strengths and limitations  

In the study presented in section 4., the relationship between road traffic noise exposure, annoyance, 

sleep disturbance and HRQOL was examined using advanced statistical methods. This study provides 

prevalence values of the –often underreported noise annoyance types- annoyance to industrial and 

neighbour noise as well as associations between these annoyance types and HRQOL indicators. SEM 

has rarely been conducted in the field of environmental noise and robust baseline and follow-up values 

have been reported in separate models, thus strengthening the consistency of the present results. This 

study has used the von Zerssen indicator for the first time in the field of environmental noise 

epidemiology.  

Limitation related to the low-response rate of 37% which could have introduced a bias could be ruled 

out by comparison of the noise exposure levels of the non-respondent vs respondents. However a bias 

related to the use of self-reported scales for annoyance and HRQOL could not be excluded. All 

associations were adjusted with the set of variables deemed necessary in this kind of study. However, 

the presence of some residual confounding cannot be ruled out. Indeed, noise sensitivity, which is an 

important parameter to consider when dealing with annoyance and mental health (121), was not 

available.  

Studies reported in sections 5., 6., and 8. have been conducted on a cohort of about 4.41 mio 

observations over 8 years of follow-up without selection bias. The size of the study population ensures 

robust estimates through high statistical power. The high definition model for all three transportation 

sources allowed us to perform a cutting edge individual exposure assessment taking into account the 

place and floor of residency. For both air pollutant models, high definition data and advanced 

statistical methods were used in order to guarantee a high level of accuracy of the predicted exposure. 

The impact of all three noise sources concurrently was assessed which has rarely been done in 

previous large noise impact studies. Further, the IR metric allows us to refine noise exposure and this 

metric is expected to open new research avenues and will affects noise policy and regulations. The 

evaluation of the effects of transportation noise exposure in different time windows is also a novelty 

brought by this thesis.   

All models were adjusted for socioeconomic status and other demographic variables, but the SNC did 

not contain information on smoking status or lifestyle. Therefore, residual confounding related to 

lifestyle cannot be ruled out. However, an uneven distribution of smokers or lifestyle factors in 

different noise categories seems not plausible and bias from this side is therefore not expected. 

Similarly, a bias on the mortality records would have occurred only if mortality was related to the 

exposure, which is very unlikely. Mortality data as used in this study cannot be considered incidence 

data because time to death after the disease has been diagnosed can vary greatly. However, a meta-

analysis of studies on MI and road traffic ruled out systematic differences between mortality and 

incidence studies (64).  
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A great effort has been invested in acquiring the input data for the noise and air pollution models. 

Each model contains errors and uncertainties stemming from missing information and modelling 

assumptions. However, these errors are more likely to be non-differential, thus resulting in an 

underestimation of the true risks.  

The majority of studies (as all the noise studies from this thesis) in the field of environmental noise 

epidemiology suffer potential exposure misclassification. Indeed, missing historical data, missing 

information about residential history and location of bedroom, and personal behavior (such as window 

closing behavior and other coping strategies), no information about exposure modifiers such as façade 

insulation and location of the bedroom could have biased the estimates.  

10.10. Public health relevance 

 

This thesis fills many knowledge gaps in environmental noise epidemiology. While confirming the 

associations between transportation noise and CVD in international studies, new insights about the 

impacts of noise characteristics, time of exposure and confounding by air pollution have been 

revealed. This thesis reports valuable knowledge for public health authorities, urban planners as well 

as physicians and could potentially lead to a paradigm change in protection from environmental noise 

pollution. Moreover, this work can be used to inform the population about the deleterious effects of 

transportation noise exposure. 

The attributable risk gives the proportion of cases among the exposed attributable to the exposure. In 

the study population analyzed in the framework of the present thesis, the attributable risk for CVD due 

to road traffic is 2.5%. This means that over all the individuals that deceased from CVD between the 

years 2000 to 2008, 2.5% of them could have been avoided if they were not exposed to road traffic 

noise. Further the sum of attributable risk to all transportation noise sources translates into 4146 cases 

that could have been avoided by eliminating the exposure.  

Table 2: Table of attributable risk (in %) for selected outcomes due to road traffic, railway, and aircraft noise. 

 Road % 

(95% CI) 

Rail % 

(95% CI) 

Aircraft % 

(95% CI) 

n avoidable cases from all 

noise sources 

CVD 2.4 

1.8-3.1) 

0.5  

(0.0-1.0) 
- 

4146 

IHD 2.2  

(1.2-3.4) 

1.1  

(0.5-2.0) 
- 

1989 

MI 3.6 

(2.1-5.5) 

2.0  

(0.7-3.1) 

2.6  

(0.6-4.3) 

1584 

Heart failure 4.8  - 5.3  1247 
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(0.2-9.0) (0.2-11.2) 

 

While a total elimination of the risk attributable to transportation noise is unrealistic for practical 

reasons, the measures discussed in sections 10.2. and 10.3. of this work will help to lessen the impact 

of transportation noise. The results of this thesis support noise mitigation strategies adopted in 

Switzerland. Furthermore, the higher risk observed during nighttime pleads for the introduction of low 

speed zones (Tempo 30, Figure 5) from 22h to 06h as in many German cities like Hamburg and 

Frankfurt.  

 

Figure 5: German street sign limiting the speed during nighttime 

This thesis also show that air pollution and noise have independent effect and a reduction of both 

sources can easily achieved with modest means. Indeed, since years, due to improved infrastructure, 

the number of cyclists has been increasing in Swiss cities. The use of bicycles helps alleviate both air 

pollution levels and noise emissions while also being a protective factor for CVD prevention (122). 

Compared to major risk factors for CVD, transportation noise exposure seems negligible. However, 

there are substantial differences between classical risk factors for CVD such as lack of physical 

activity and smoking behavior, and environmental risk factors like transportation noise and air 

pollution. Various risk factors for CVD mortality are displayed in table 3.  

Table 3: Risk factors for CVD mortality and their estimates 

Risk factor Risk increase in % (95% CI) 

Smoking >10 cigarettes/day (123) 80 (61-111) 

Lack of physical activity (124) 90 (60-120) 

Heavy alcohol consumption (125) 105 (9-286) 

High salt intake (126) 14 (0-32) 

Air pollution (100 µg/m
3
) (127) 6 (5-7) 

Road traffic noise (10 dB) (65) 8 (4-13) 

 

While smoking, lack of physical activity, high alcohol and salt consumption belong to individual 

lifestyle and can in some extent be controlled, air pollution and transportation noise are much more 
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difficult to control at the individual scale. The high prevalence of annoyance to transportation noise 

reported in this thesis expresses this feeling of lack of perceived control.    

Further, while the prevalence of smokers in Switzerland has been reported to be around 25%  (128), 

this thesis reports that >89% of the Swiss population is exposed to noise levels above 45 dB. In terms 

of public health, lower risk and high prevalence raises the importance of transportation noise 

compared to the high risk and lower prevalence of smoking. 25% of the population has made the 

choice of smoking, while the 89% of the population exposed to road traffic noise has not decided to be 

voluntarily exposed. Therefore a sound decision would be to allocate more resources in order to 

protect the whole population from risk factors that affects almost everyone.  
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11.  Outlook 

Exposure misclassification has been shown to have a non-negligible impact on the risk estimates (129-

132). In order to assess exposure misclassification, the SIAS (SiRENE Innen-Aussenstudie) study has 

been launched at the Swiss TPH. The aim of this project is to evaluate the extent of exposure 

misclassification and assess the impact of such misclassification on the association with health 

outcomes by considering additional factors such as the age of building, date of renovation, and the 

presence of double-glazed windows. 

The Holy Grail in terms of environmental noise research is the true exposure. The technology to 

achieve an assessment of the true exposure is available. Personal exposure tools have been developed 

and can be loaded in smartphone apps, thus allowing for a real-time evaluation of the noise exposure 

and can be deployed for small studies. For large scale studies however, assessing the true exposure 

remains difficult.  

Within the framework of the SiRENE project, noise modelling was conducted for the years 1991, 

2001 and 2011. The analyses in the present thesis were conducted using the SNC data from 2000 to 

2008 and the noise model for the year 2001. The SNC contains a variable informing about the length 

of stay of the subject in the same community. The SNC team is expected to extend the observations to 

years subsequent to 2008. A longer duration of observation of the cohort, time-varying noise exposure 

and the use of the “length of stay” variable will allow comparison of the health impact of longer term 

noise exposure as well as the effect of a change in noise exposure due to address change.  
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1 Introduction
Transportation noise, largely from road, railway and air-
craft tra�c, is one of the most widespread sources of en-
vironmental stress and discomfort in daily life. Viewed
mainly as an urban problem, it impacts a large propor-
tion of the population in Europe. Based on the EU strategic
noisemaps, covering approximately 20%of the total popu-
lation in 2010, an estimated 50% of residents in agglomer-
ations with >250,000 inhabitants are exposed to road traf-
�c noise of ≥55 dBLden [1]. This led European legislation to
adopt the European Noise Directive, END [2], which is cur-
rently being implemented by the member states [3]. END
aims at monitoring and mapping environmental noise,
to inform the public and to initiate noise mitigation and
abatement actions.

Little is known, however, about how acute and short-
term noise e�ects translate into long-term health conse-
quences. In particular, it is unclear which acoustical char-
acteristics of noise from di�erent transportation sources
are most detrimental for human health and wellbeing. To
date, research and noise policy has mainly focused on
annoyance and metrics capturing average exposure (e.g.
Lden, Lnight) [4–6]. Despite certain limitations, for exam-
ple in communicating noise exposure in a comprehensible
way to the public [7], such energy-based exposure mea-
sures seem to predict su�ciently well annoyance or dis-
turbance [8]. However their application to forecast the im-
pact of noise on sleep has not met with much success [9–
13]. Whereas the probabilities of event-related awaken-
ings and cardiovascular arousals clearly increase with the
maximum sound pressure level of noise events (Lmax,
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SEL) [4, 14, 15], average noise metrics usually fail to pre-
dict sleep disturbances su�ciently [16–18]. Thus, depend-
ing on whether the noise source is intermittent (e.g., pass-
ing �ights or trains) or continuous (e.g., road tra�c from
a highway), the e�ects of noise on sleep might be better
predicted by the number of noise events and their charac-
teristics [19]. There is, for example, evidence that railway
noise at comparable average levels across a night elicits
stronger reactions in the sleeping individuals compared to
noise from other transportation modes [20]. It has been
proposed that the distribution of maximum sound pres-
sure levels and the relatively short rise time of railway
noise events are primarily responsible for the increased re-
action probability, as compared for example to road traf-
�c noise events. For these reasons, it is essential not only
to evaluate the average exposure levels for possible long-
termhealth e�ects but also investigatemoredetailed expo-
sure assessment characteristics, in particular the degree of
intermittence and the distribution of maximum sound pres-
sure levels, and also the diurnal variation of exposure.

The SiRENE project (Short and Long Term E�ects of
Transportation Noise Exposure) aims at investigating the
health e�ects of exposure to transportation noise in the
Swiss population. We focus on the relationship between
noise exposure from individual and combined transporta-
tion sources and three main outcomes: annoyance, sleep
disturbances and cardio-metabolic risk. Cardio-metabolic
morbidity andmortality is investigated,with the aim to de-
rive exposure-response associations for the various trans-
portation noise sources, using data from two on-going
Swiss epidemiological studies (SAPALDIA and SNC, see
below)datingback to the 1990s.Underpinningand linking
these three components is the detailed, nationwide mod-
elling of road, railway and aircraft noise exposure to co-
hort participants’ residential and occupational address.

The SAPALDIA (Swiss Study onAir Pollution and Lung
Disease in Adults) Biobank is a large chronic disease co-
hort initiated in 1991 to investigate the e�ects of air pollu-
tion on respiratory and cardiovascular health in adults [21,
22]. The baseline survey (1991, SAPALDIA 1) included 9,561
subjects residing in eight geographically distinct urban
and rural communities across Switzerland. Two follow-up
surveys have since been conducted, including 8,047 sub-
jects in 2000 (SAPALDIA 2) and∼6,000 in 2010-11 (SAPAL-
DIA 3). Over the 20 year period, detailed questionnaire in-
formation on lifestyle, sleep problems, noise annoyance,
medical history and risk factors as well as blood and DNA
samples have been collected and stored. Full residential
history has also been compiled over the entire follow-up
period, as well as addresses for secondary residence and
work place. The database contains exposure relevant in-

formation including the building �oor level where each
participant lives, the orientation of the sleeping room rel-
ative to the street, the type and age of the building, and
personal window-opening habits. The Swiss National Co-
hort (SNC) is a national longitudinal research platform
which uses a probabilistic linkage of census with mortal-
ity records [23]. Participation in the censuses (years 1990,
2000 and 2010) was mandatory and enumeration is near-
complete. Thedatabase is continuously updatedwithmor-
tality and migration data, and the fully linked SNC in-
cludes an individual record for each person in Switzer-
land, a household record, and a building record includ-
ing exact geocodes for the home address. It also contains
exposure-relevant information includingwhether persons
live (or lived) on the ground �oor or above, type of the
housing (e.g. detached house, apartment), and age of the
building or date of the last renovation.

The accuracy of geocodes in SAPALDIA and the SNC
is essential, directly impacting the accuracy of the noise
exposure assessment as a whole. Pilot work in SAPAL-
DIA suggested that annoyance can be used as an internal
validation criterion to improve exposure assignment, and
that building age is one of the most important modifying
factors [24]. Furthermore, the SAPALDIA and SNC cohorts
span several decades over which transportation in Europe
has shown steady growth [25], altering the soundscape
and exposure situation for many residents. Recognizing
this spatial and temporal change in noise levels across the
population is crucial for the epidemiological analysis, in
order tominimize exposuremisclassi�cation in the assess-
ment of long-term health e�ects.

In the following, we present the noise exposure analy-
sis of SiRENE and themajor challenges of this task. We ad-
dress the integration of geo-referenced input datasets from
various sources (infrastructure and building datasets,
population data address directories and geocodes of study
participants), the processing of tra�c information, the
noise calculations aswell as the assignment of tra�cnoise
exposure characteristics from façade points to dwelling
units.

2 Methods

2.1 Overview

According to the overall objective of SiRENE, noise expo-
sure data is required for virtually all residential house-
holds in Switzerland - essentially each dwelling of ev-
ery building. Precondition for the corresponding exposure
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assessment is detailed and accurate information about
building coordinates and heights as well as the number
of �oors per building. For each building and �oor, façade
points are de�ned for which noise calculations for road,
railway and aircraft noise are performed for the years 2011,
2001 and 1991. Due to the three decades of interest in the
SiRENE project, represented by three speci�c years, data
compilation and processing of adequate input data is re-
peated for each year.

The number of dwellings per building can be ex-
tracted from census data. The façade points are assigned
to dwelling units, allowing for a detailed exposure analy-
sis per unit. Using the census data (GWS 2011), each build-
ing record is geocoded and has the number of residents
attributed. The same applies for participants of SAPAL-
DIA and SNC cohorts, which are also assigned to distinct
dwelling units as part of this noise exposure analysis.

Fig. 1. Flow chart depicting the data processing, from the input data
to the exposure analysis. Further information about sonROAD is
available in [26], for sonRAIL in [27] and FLULA2 in [28].

In SiRENE we implement a more detailed temporal
evaluation of noise exposure than recommended in the
Swiss Noise Abatement Ordinance (NAO) [29] to have esti-
mates relevant to the actual sleeping behavior of the popu-
lation. Time periods in the SiRENE project are: 07:00-19:00
LDay, 19:00-23:00 LEvening, 23:00-07:00 LNight. A particular
focus is on the late night and early morning hours when
a large proportion of the population is still asleep. The
night period is thus subdivided into four further partitions:
23:00-01:00, 01:00-05:00, 05:00-06:00, and 06:00-07:00.

Our analysis is based on and closely related to the
sonBASE Project [30], the Swiss Noise Geodatabase ap-
plication. Some of the input data used for SiRENE is al-
ready incorporated in sonBASE, such as building outlines
and the de�nition of the façade points. Another main rea-

son for using sonBASE is the pre-calculated attenuations
database between emission source and façade points. The
following sections present the detailed data processing
and methodology for the calculation year 2011, as well as
strategies to overcome data availability issues for the cal-
culation years 2001 and 1991.

2.2 Building outlines and de�nition of
façade points

Building outlines from the period 1998 – 2006 are de�ned
in the digital landscape model of Switzerland (1:25,000
VECTOR25) from the Swiss Federal O�ce of Topography,
Swisstopo [31]. VECTOR25 displays connected houses as
single buildings. Thus, one building can have several en-
trances and dwellings. The accuracy of position of the
building polygons is in the order of 3 – 8 metres.

The building heights are derived by incorporating in-
formation from a digital surface model (DSM) and digital
terrain model (DTM) from Swisstopo. The DSM provides
three-dimensional information for all arti�cial and nat-
ural obstacles and objects on earth’s surface, while the
DTM displays solely the natural terrain. The deviation be-
tween these two datasets is used to determine the height of
the buildings, and subsequently the number of �oors. The
number of �oors is based on an assumed 2.5 to 3.3 metre
�oor height, with a base height of 1.5 metres.

On the de�ned buildings we assign façade points.
Façade or receiver points represent the 3-D point loca-
tion at which the incoming transportation noise is cal-
culated. A maximum of 3 façade points, spaced a mini-
mum distance of 5 metres, are speci�ed for each façade
and �oor of all buildings. We created a total of 54,300,000
façade points, assigned to 1,813,000 buildings throughout
Switzerland.

Buildings and façadepoints for earlier periods are also
necessary to calculate noise exposure for 2001 and 1991.
The earliest useful digital dataset for buildings in Switzer-
landwas created by Swisstopo in 2004, with data originat-
ing from 1996 to 2000. Although this dataset lacks streets
and buildings built between 2000 and 2001, it is su�cient
for the de�nition of façade points, dwellings within build-
ings and the subsequent exposure calculation. The terrain
model is the same as used for the analysis 2011, as there is
little change assumed. The same buildings dataset created
for 2001 is used for 1991, as there is no more accurate data
available.
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2.3 De�nition of dwelling units and
assignment of façade points

In a further step, these façade points are assigned to
dwelling units within the buildings. The building foot-
prints in VECTOR25, however, do not include separat-
ing walls between dwellings. In order to de�ne distinct
dwellings, we use geo-coded raster point information
about dwelling units, obtained from the building and
dwelling statistics (GWS) from the Swiss Federal Statis-
tics O�ce. These GWS points are located inside each VEC-
TOR25 building. The number of points contained in each
VECTOR25building indicates howmanydistinct dwellings
are contained within. Hence, multiple GWS coordinates
can point to the same VECTOR25 building and, given that
a building may have more than one �oor with an assumed
one dwelling per �oor, multiple dwellings may be associ-
ated with the same GWS coordinates.

TheGWSpoints allowedus to subdivide buildings into
dwelling units by creating Voronoi (or Thiessen) polygons
in ArcGIS (Figure 2). This approach does not claim to gen-
erate a realistic representation of the dwelling units. It is,
however, su�cient for delineating the correct number of
dwellings per building.

Due to a temporal mismatch between the GWS data
(compiled in 2010) and older VECTOR25 data, these two
datasets do not necessarily match. For example, if a build-
ing was replaced by a new construction, the GWS point
might be displayed outside the VECTOR25 building out-
line. GWS points are thus assigned to the nearest build-
ing outlinewith a threshold distance of 20metres. All GWS
points beyond this threshold are eliminated. Apossible so-
lution to this problem could be the generation of a default
building around GWS points more than 20 metres from an
existing building outline. While this approach fell short of
computing capacity and this is a very rare case,wedecided
to erase these entrance points without substitution.

The number of inhabitants per GWS point is next as-
signed to the subdivided buildings respectively to individ-
ual dwelling units. SNC datasets already contain the num-
ber of inhabitants per dwelling and furthermore the �oor
on which they reside [23].

The�nal step is to assign the façadepoints available in
sonBASE to dwelling units (Figure 3). Dwellings typically
span buildings, and havemore than one facade point. The
subsequent epidemiological analysis in SiRENE considers
both the highest exposure of each dwelling and also the
potential bene�t of quiet façades. Since we use Voronoi
polygons and existing façade points from sonBASE, there
is the possibility that some dwellings are left without a
façade point. Dwelling units A and B in Figure 3 contain

Fig. 2. Buildings and Voronoi polygons to represent dwellings
based on the GWS points.

Fig. 3. Façade points and dwelling units within a building showing
assignment of the nearest façade point to units with none.

no façade point within their boundaries, thus the closest
façade points are assigned (e.g., façade points a1 and a2
are assigned to A; b1 and b2 are assigned to B).

2.4 Data processing and noise calculation

2.4.1 Road tra�c

Road tra�c noise exposure calculation requires informa-
tion about the geometry and classi�cation of all streets as
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well as detailed tra�c statistics, including yearly averages
and diurnal variations, for all vehicle categories. Statistics
and datasets concerning this information vary in quality
and availability, and historical information is often partic-
ularly di�cult to obtain.

The geometries of all existing roads in Switzerland are
based on the su�ciently accurate VECTOR25 street section
dataset. We supplement this with further geo-referenced
data including:
– slope of each road section,
– road type and width,
– speed limit,
– bridge construction height, and
– tra�c statistics.

To obtain the slope of each road section, we projected
the VECTOR25 data on the DSM and calculated change in
slope. Consequently the road is subdivided into sections
corresponding to the changes of slope. Information about
the correct height of bridge constructions is derived by
manually overlaying VECTOR25 with DSM.

Information about noise barriers was obtained from
the Federal Road O�ce (FEDRO) and the cantonal o�ces
for infrastructure and tra�c. The year of construction is
available for ∼20% of the noise barriers. Adequate data
speci�cally for the years 2001 and 1991 is not available.
State and cantonal expenditures on noise barriers indicate
that the large majority of the noise barriers in Switzerland
have been built after 2000 (∼85%), hence we assume that
if there is no construction date, it did not exist in 1991 or
2001 [32].

By comparing the geo-data with satellite images we
controlled and corrected the dataset. False noise barriers,
such as bushes and shrubs which were sometimes coded
as noise barriers by mistake, were manually deleted. We
rendered the surface resolution more precisely by gener-
ating a Triangulated Irregular Network (TIN) from a 2 × 2
metre resolution DTMusing ArcGIS 3DAnalyst. Thusmore
obstacles such as small hills or slopes, which in�uence
the sound propagation similarly to a noise barrier, could
be identi�ed. In the case of missing values for height of
the noise barriers, we assumed a default value of 3.5 me-
tres for barriers proximate to highways and 2metres for all
other barriers. In total we incorporated 1,700 noise barri-
ers (with an overall length of 238 km) at cantonal roads
and 870 noise barriers (284 km) at national highways. De-
fault height values were assigned to 30% of the barriers at
cantonal roads. As therewas no information for the barrier
heights at national highways, 100% of these barriers were
assigned the default height.

Tra�c information can be gathered from tra�c cen-
sus monitoring systems. However such data is typically
only available for highways and major roads. For Switzer-
land the federal department of the environment, trans-
port and energy DETEC provides annual statistics that
currently cover about 17% of all streets and about 60%
of the total tra�c volume. In sonBASE, a sophisticated
tra�c model developed by Arendt Consulting, is imple-
mented [33] that combines this dataset with Swiss federal
census data of population andbusiness enterprises to gen-
erate tra�c information also for the street sections not rep-
resented by monitoring stations. Based on assumptions
of a distinct tra�c behavior between dwellings and en-
terprises or other targets, the model creates daily average
tra�c statistics for passenger cars and heavy tra�c. The
Arendt road tra�c model [34, 35] also includes a classi�-
cation of the road type and the number of lanes. In combi-
nation with information about speed limits the speci�ca-
tions for each street section were de�ned. Due to its high
temporal and spatial resolution and tra�c statistics from
each street category, themodel allows for a highly detailed
calculation of road tra�c noise for the year 2011.

For the past situations we performed a back scaling
based on the simulation of 2011. In a �rst step the street
network was adjusted. Comparing the infrastructure of
2011 with 2001 for example this resulted in a reduction of
the total street network of 3%. Thenavailable tra�c census
data was again combined with information on local popu-
lation density and the number of workplaces for the years
1991 and 2001. After a reevaluationwith the Arendtmodel,
scaling factors were derived for each street section.

Finally we performed the tra�c noise calculation us-
ing the emission model of sonROAD [26] and the propaga-
tion model of StL-86 [36].

2.4.2 Railway tra�c

Basic geometry for railway tracks is derived from infor-
mation provided by the Federal O�ce of Transport (FOT).
Supplemental data about the rail system, including the
start and end of route sections and the coordinates of
switch points, was provided by the Swiss Federal Railways
(SBB). SBB also provided detailed information dating back
to the 1970s about the year of construction, x-y-coordinates
and height of noise barriers. Datasets contained informa-
tion about a total of 2,055 noise barriers with an overall
length of 244 km.

SBB provided the aggregated daily tra�c for 2011 for
each of the main train types, including actual driving
speed. Thediurnal variationof railway tra�c,which is cru-
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cial information for the subsequent exposure calculation,
is also available and will be incorporated. Historical data
of railway tra�c statisticswill be incorporated as soon as it
will be available. However it already became apparent that
tra�c informationwill not be on hand for all railway lines,
especially not for the year 1991. For these railway lines,
where historical data is not available, a back-scaling will
be performed using global scaling parameters for passen-
ger and freight trains.

The tra�c statistics are based on a classi�cation sys-
tem with 9 di�erent train types including intercity trains,
commuter trains and freight trains. The composition of
these trains is varied for each year of calculation, repre-
senting the rolling stock in use during this period. Of great
importance on the resulting noise exposure level is thus
the noise remediation program for rolling stock which has
been conducted in Switzerland since 2000. In this pro-
gram the braking systems of all Swiss vehicles with cast-
iron brakes are replacedwith braking blocksmade of com-
posite material, resulting in a noise reduction of up to
10 dB(A) [37].

The emission of railway noise is calculated with the
recently developed calculationmodel sonRAIL [38]. An es-
sential part of the model is the emission data base, which
has been developed based on an extensive measurement
campaign and contains emission data for the major track
constructions and rolling stock types used in Switzerland.

The corresponding propagation model [27] however
has so far not been applied for sonBASE. As a propagation
calculation for entire Switzerland was not possible within
the given time frame, an attenuation database of calcula-
tions with the previous Swiss railway noise model SEMI-
BEL [39] was used instead.

2.4.3 Air tra�c

The nature and level of detail for air tra�c data is entirely
di�erent to that for road and rail. Ongoing radar moni-
toring of each single aircraft movement for the main air-
ports Zurich, Geneva and Basel provide a high level of de-
tail, including exact event times and the actual �own�ight
tracks. Combinedwith tra�c statistics delivered by the air-
ports, each radar track canbeassigned to a speci�c aircraft
type. The main runways infrastructure at Swiss airports
did not change since 1991. The radar dataweused contains
information about the x-y- and z-axis in time steps of ap-
proximately 4 seconds, fromwhich the actual �own speed
is deduced.

The aircraft noise calculation is performed with
FLULA2 [28, 40], which includes a sound source database

with information about sound directivity patterns of al-
most every conventional aircraft type operated in Switzer-
land. The sound source database is based on measure-
ments of real tra�c, distinguishing landings and take-
o�s. FLULA2 performs a time-step simulation of individ-
ual �ights and yields maximum noise levels (LA,max) and
sound exposure levels (LAE) as results.

The acoustical footprint of an aircraft is the noise ex-
posure, on average, created by a certain aircraft type on
a speci�c route, calculated for a receiver grid with a con-
stant height of 4metres above terrain. The average is based
on a su�ciently large number of aircraft of the same type
�ying the speci�ed route. By assuming that the existing
air routes remain unchanged, acoustical footprints can be
taken from other years if radar data is not available. In
FLULA2 these acoustical footprints can be imposed with
an assumed air tra�c volume to calculate the air tra�c
noise exposure for the survey years where radar data is
missing [41].

Radar data for Zurich, the largest Swiss airport, is
available for each survey year at an hourly resolution,with
information about aircraft types and the �own air routes.
For Geneva, the second largest Swiss airport, data avail-
ability is analogue only for the calculation year 2011. Radar
data is not available for the years 2001 and 1991. For the
exposure calculation of 2001 and 1991 tra�c statistics in-
cluding the �eet mix, from the Federal O�ce of Civil Avi-
ation (FOCA), will be used with available acoustical foot-
prints dating from the year 2000.

Yearly calculations for Basel airport have always been
conducted in France, so data availability is limited. We
therefore use data derived from a calculation made by
Empa in 2001, based on highly detailed tra�c statistics for
this year, and 1999 footprints. Due to the lack of informa-
tion, these footprints are also assumed for the exposure
calculations for 2011 and 1991. For 2011 and 1991 tra�c
statistics from FOCA are used.

Military air�elds are not taken into account with the
exception of Payerne, as Payerne is of great importance for
SAPALDIA. Information about military aircraft operations
is generally poor. Radar data is not accessible, thus solely
idealized �ight paths are used. The aircraft types and the
number of �ights are known. However the hours of opera-
tion are only accessible in very generalized way, di�eren-
tiating morning, afternoon and evening �ights.

Small air�elds used for private and business aviation
are not taken into account as there is no reliable data avail-
able.
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3 Results
Key interim results for the ongoing SiRENE noise exposure
analysis are presented below.

3.1 Improvement in sound propagation
calculation using topography

As already mentioned in section 2.4.1 topography is rep-
resented more precisely for the actual calculations com-
pared to the sonBASE 2006 and previous versions. Fig-
ure 4 and Figure 5 show as an example a section of a high-
way close to Geneva, where the highway is embedded in
a cutting before entering a tunnel. As a consequence of
the rough resolution of the terrain model DHM25 of swis-
stopo used for sonBASE 2006 no noticeable reduction of
the source takesplace and sound seems topropagate freely
resulting in the levels as depicted in Figure 4. With the re-
�ned topography the basin situation is represented more
accurately, yielding a prominent barrier attenuation and
consequently signi�cantly lower exposure levels in the
vicinity of the source, as shown in Figure 5. It can be con-
cluded that a more detailed representation of topography
results in major increase of the accuracy of the resulting
exposure analysis.

Fig. 4. Sound propagation and topography in sonBASE 2006 based
on the terrain model DHM25 of swisstopo, calculated for a height of
4 m above terrain.

3.2 Calculation at facade points

The exposure calculation was performed on 54,3 million
façade points of 1,8 million buildings of the VECTOR25
dataset. As an example, Figure 6 shows an excerpt of a
noisemap including the exposure at façade points for road
tra�c for the period of 06:00-18:00 (LDay).

Fig. 5. Sound propagation and topography in sonBASE 2010 based
on the terrain model swissALTI3D of swisstopo with a 2 × 2 meter
resolution.

Fig. 6. Noise map and exposure at façade points of road tra�c for
the period of 06:00-18:00 (LDay).

Exposure results can be broken down to single build-
ings, allowing the analysis of distinct buildings or areas of
interest. Calculation results of a detachedhouse parallel to
a street with no re�ections from surrounding buildings are
shown in Figure 7. Of each building side, the façade point
with the highest exposure is represented. As can be seen,
the levels vary substantially for the di�erent façades. This
illustrates the importance of the orientation of dwelling
units as discussed in section 2.3.

3.3 Statistical analysis for the year 2011

A total of 7,9 million inhabitants, which represent the
entire Swiss population, were assigned to buildings and
subsequently to distinct dwellings and façade points. For
our preliminary results we assigned the inhabitants to
the façade point with the highest Leq value, taking into
account a potential overestimation of the true exposure
as rooms like sleeping and living rooms are likely to be
oriented toward less noisy façades. Figure 8 shows his-
tograms of exposure of the Swiss population, in noise ex-
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Fig. 8. Distribution of the Swiss population exposure to road, rail-
way and air tra�c noise, LNight and LDay, classi�cation in 5 dB(A)
steps for the year 2011.

posure categories in 5 dB(A) steps, respectively for LDay
and LNight for the year 2011. The �gures depict clearly the
shift from lower to higher exposure levels during the day
relative to the night period for road and air tra�c noise. In
the case of railway noise this shift is not present, although
the overall exposure is slightly lower during the night pe-
riod. 
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Fig. 9. Number of a�ected inhabitants by road and air tra�c noise
(1h-Leq) >55 dB (A) for an area of 35 km2 south of Zurich airport.

3.4 Comparison of noise exposure 2001 and
2011

Figure 9 yields a comparison of the number of people ex-
posed to 1h-Leq levels above 55 dB(A) for road and air traf-
�c in the course of the day for the years 2001 and 2011. The
calculation was performed for an area south of the Zurich
international airport of 7 × 5 km. The area was inhabited
by 103’727 persons in 2001 and 115’145 in 2011. Primarily
as a consequence of population growth a general increase
of the number of a�ected people can be seen for road traf-
�c, which is to a large extent independent of the time of
the day.

The situation for air tra�c di�ers substantially from
road tra�c. First an overall decrease of the number of af-
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fected people can be seen. This decrease of overall air traf-
�c noise at Zurich airport has also been stated by other in-
vestigations [42]. Second it is interesting to see how much
the temporal pattern varies between the two years, indicat-
ing the great operational variability of the airport as a con-
sequence of its three runways with di�ering orientation.

4 Discussion

4.1 Noise exposure assessment for
environmental health studies

Accurate assessment of exposure is an essential compo-
nent of any epidemiological study aiming at elucidating
the exposure-response relationships. Noise models which
are used for regulatory strategic noise maps (i.e. in ac-
cordance with the END) only reproduce long-term equiv-
alent continuous sound level and do not meet the needs
of SiRENE. We thus present a novel approach for calculat-
ing a highly detailed, nation-wide assessment of (individ-
ual) noise exposure. In addition to average exposure levels
the potential health e�ects of other noise characteristics
including distribution of maximum sound pressure levels,
number of events, and the diurnal variation are studied as
well.

Typically the exposure assessment in socio-acoustic
surveys or epidemiological studies on the cardio-
metabolic e�ects of transportation noise is based on the
gridded (mapped) output from these models [43–47],
while only a few use the calculation results assigned to
the home address and distinct dwellings [48–50]. To our
knowledge, none have considered the additional noise
characteristics we compute for SiRENE in epidemiolog-
ical research on long term e�ects. Furthermore, except
for Huss et al. [47] which was also conducted in Switzer-
land, none of these examples have been conducted on a
nation-wide basis.

4.2 Uncertainty of the exposure analysis

The quality of SiRENE’s exposure-response analyses and
risk assessments depends strongly on the reliability and
credibility of the input data and the models used for the
exposure calculations. As nationwide exposure data can-
not be taken from measurements, models have to be used
to provide a realistic representation of the exposure sit-
uation. Models as such pose a potential risk of failing to
depict reality su�ciently. With respect to epidemiological

studies, therefore, systematic errors are more signi�cant
than stochastic uncertainties. Validation results of all cal-
culation models used in SiRENE have been published be-
fore. In combination with the uncertainties of input pa-
rameters, such as the tra�c modeling or the accuracy of
geo-referenced data, a combined standard uncertainty of
2.7 dB for daytime road tra�c noise calculations and 3.1 dB
for nighttime calculations can be deduced. The result-
ing overall uncertainty of the A-weighted equivalent con-
tinuous sound level (LA,eq) calculations of railway noise
with sonRAIL remains below 2.5 dB for day and night [51].
Given the real �eet mix of aircraft and the corresponding
noise source data, the remaining standard uncertainties of
the aircraft noise calculation software FLULA2 add up to
0.5 dB for daytime calculations and 1.0 dB for nighttime
calculations [28, 52]. Detailed information about this topic
has been previously published [30, 51, 52].

On the noise exposure assessment side, achievements
of SiRENE include compiling and re�ning data about ex-
isting buildings and tra�c infrastructure and integrating
their true spatial position and dimensions in the subse-
quent exposure calculations. By not only using existing
standard models, but additionally re�ning and combin-
ing them with other sources, we created the most sophis-
ticated model of the current situation in Switzerland with
respect to noise. Shortcomings deriving from the temporal
mismatch of input data, as described in section 2.3, have to
be taken into account. However, there is no systemic error
emerging from this issue and the absolute error has been
kept to a minimum.

The quality of input data regarding tra�c statistics
has essential in�uence on the accuracy of the subsequent
noise exposure analysis. In contrast to railway and air traf-
�c, statistics for road tra�c were taken from a model. The
Arendtmodel used for the road tra�c statistics has proved
tobe relativelyprecise in itsmodelling,with aweightedde-
viation of 4.6% from real tra�c [34], which translates into
an insigni�cant variation of +0.2 to −0.2 dB(A).

4.3 Challenges related to historical noise
exposure estimation

Data quality and availability improved markedly over the
past 20 years, leading to the current situation where a
large variety of often high quality information is avail-
able. Although the datasets representing the present situ-
ation cannot be used without corrections and processing,
the 2011 information is by far more reliable compared to
datasets available from 2001 or 1991. This particularly ap-
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plies to the geo-referenced data such as buildings, streets
and railway lines, and statistics on tra�c and population.

One of the main objectives of SiRENE is to depict the
temporal variation in noise exposure of the Swiss popula-
tion from 1991 to 2011 and to assess the long-term health
e�ects of noise. Thus, noise calculations representing the
past years have to be performed as similar as possible to
those done with the state-of-the-art models available for
the current situation in 2011. As pointed out in the meth-
ods, this led to a variety of challenges mainly related to
data availability.

Through our overall approach, we solved many of
these problems. The solutions rely mainly on certain sim-
pli�cations, as the required datasets for the years of inter-
est are simply not available. This includes road, railway
and air tra�c statistics of 1991, leading to larger uncertain-
ties for this particular year. The uncertainty, however, is
expected to be lowest for major sources such as highways,
major railways and national airports. Thus, the identi�-
cation of highly exposed buildings will be more accurate
than in the low exposure range. The impact of this expo-
sure assessment error on the epidemiological results will
be addressed by sensitivity analyses and simulation stud-
ies.

4.4 Conclusions and impact of SiRENE on
further surveys

It is well recognized that noise exposure from transporta-
tion is one of themost widespread sources of environmen-
tal stress, especially in densely populated areas such as
those in Europe and mega-cities outside of Europe. Based
on population noise exposure derived from the strategic
noise maps through END, the annual burden of environ-
mental noise in Western Europe is an estimated loss of
1 – 1.6 million healthy life-years [1]. As demonstrated in
a recent special issue on noise, development of a com-
mon methodological framework under END for noise as-
sessment in Europe is ongoing [53]. Improvements to the
strategic noise maps in future will no doubt help to im-
prove calculation of disease burden. Equally important,
however, is the derivation of reliable exposure-response
relationships based on large population studies. To sup-
port this particular type of research, more re�ned expo-
suremodels for a broader range ofmetrics are needed com-
pared to the outputs for strategic noise modeling.

A key aspect of our exposure assessment is the evalu-
ation of noise in three-dimensions. This allows us to link
exposures to individuals based on the �oor of their par-
ticular dwelling. Also, given that we estimate exposures

for the entire Swiss population our subsequent exposure
database can be used for other studies besides SiRENE.

Acknowledgement: This work was undertaken in the
framework of SiRENE - Short and Long Term E�ects of
Transportation Noise Exposure, funded by the Swiss
National and Science Foundation SNF-Sinergia (CR-
SII3_147635) and Federal O�ce for the Environment. The
authors gratefully acknowledge the �nancial support
given by the funders, and the scienti�c input and advice
of colleagues working on SiRENE.

Additional members of the SiRENE study group are:
Cajochen C, Clark I, Eze I, Foraster Pulido M, Héritier H,
Lang C, Pieren R, Rudzik F, Scha�ner E, Thiesse L.

References
[1] WHO, 2011. Burden of Disease from Environmental Noise:

Quanti�cation of Healthy Life Years Lost in Europe. ed. L.B.
Fritschi, Lex; Kim, Rokho; Schwela, Dietrich; Kephalopolous,
Stelios and Place. World Health, Copenhagen.

[2] 2002. Directive 2002/49/EC of the European Parliament and
of the Council of 25 June 2002 Relating to the Assessment and
Management of Environmental Noise.

[3] Curcuruto, S., R. Silvaggio, R. Amodio, L. De Rinaldis, E. Maz-
zocchi, F. Sacchetti, and M. Stortini, 2012. HUSH project con-
tribution to environmental noise directive implementation and
revision, focusing on noise management and public informa-
tion tools. in 41st International Congress and Exposition on
Noise Control Engineering 2012, INTER-NOISE 2012.

[4] WHO, 2009. Night Noise Guideline for Europe. World Health
Organization.

[5] Miedema, H.M.E., W. Passchier-Vermeer, and H. Vos, 2003.
Elements for a position paper on night-time transportation
noise and sleep disturbance. ISBN-90-6743-981-9. TNO.

[6] Asdrubali, F., S. Schiavoni, F. D’Alessandro, C. Schenone, and
I. Pittaluga, 2012. Innovative aspects in noise mapping and
dissemination activities within life+ "NADIA" project. in 19th
International Congress on Sound and Vibration 2012, ICSV
2012.

[7] Ribeiro, C., Anselme, C., Mietlicki, F., Vincent, B., Da Silva,
R., Gaudibert, P., 2013. At the heart of Harmonica project: the
Common Noise Index (CNI), in 42nd International Congress
and Exposition on Noise Control Engineering, Internoise 2013:
Innsbruck. p. 10.

[8] Blatter, K., P. Graw, M. Münch, V. Knoblauch, A. Wirz-Justice,
and C. Cajochen, 2006. Gender and age di�erences in psy-
chomotor vigilance performance under di�erential sleep pres-
sure conditions. Behavioural Brain Research 168, 312-317.

[9] Frey, S., S. Balu, S. Greusing, N. Rothen, and C. Cajochen,
2009. Consequences of the Timing of Menarche on Female
Adolescent Sleep Phase Preference. PLoS ONE 4.

[10] Brink, M., P. Lercher, A. Eisenmann, and C. Schierz, 2008.
Influence of slope of rise and event order of aircraft noise
events on high resolution actimetry parameters. Somnologie -

Unauthenticated | 10.248.254.158
Download Date | 9/19/14 2:07 PM



A Swiss nationwide transportation noise model | 13

Schla�orschung und Schlafmedizin 12, 118-128.
[11] Griefahn, B., A. Schuemer-Kohrs, R. Schuemer, U. Moehler,

and P. Mehnert, 2000. Physiological, subjective, and be-
havioural responses during sleep to noise from rail and road
tra�c. Noise Health 3, 59-71.

[12] de Coensel, B. and A.L. Brown, 2012. Modeling road tra�c
noise using distributions for vehicle sound power level, in
internoise 2012, New York: New York.

[13] Brown, A.L., 2013. Issues in the measurement of sleep-related
noise events in road tra�c streams, in Acoustics 2013: Victor
Harbor, Australia. p. 1-5.

[14] Finegold, L.S. and e. al., 1994. Community Annoyance and
Sleep Disturbance: Updated Criteria for Assessment of the
Impacts of General Transportation Noise on People. Noise
Control Engineering Journal 42, 25-30.

[15] Miedema, H.M.E. and H. Vos, 1998. Exposure-response re-
lationships for transportation noise. Acoustical Society of
America 104, 3432-3445.

[16] Birchler-Pedross, A., C.M. Schröder, M. Münch, V. Knoblauch,
K. Blatter, C. Schnitzler-Sack, A. Wirz-Justice, and C. Ca-
jochen, 2009. Subjective well-being is modulated by circadian
phase, sleep pressure, age, and gender. Journal of Biological
Rhythms 24, 232-242.

[17] Cajochen, C., C. Jud, M. Münch, S. Kobialka, A. Wirz-Justice,
and U. Albrecht, 2006. Evening exposure to blue light stimu-
lates the expression of the clock gene PER2 in humans. Euro-
pean Journal of Neuroscience 23, 1082-1086.

[18] Späti, J., M. Münch, K. Blatter, V. Knoblauch, L.A. Jones, and C.
Cajochen, 2009. Impact of age, sleep pressure and circadian
phase on time-of-day estimates. Behavioural Brain Research
201, 48-52.

[19] Schmidt, C., F. Collette, Y. Leclercq, V. Sterpenich, G. Vande-
walle, P. Berthomier, C. Berthomier, C. Phillips, G. Tinguely,
A. Darsaud, S. Gais, M. Schabus, M. Desseilles, T.T. Dang-Vu,
E. Salmon, E. Balteau, C. Degueldre, A. Luxen, P. Maquet, C.
Cajochen, and P. Peigneux, 2009. Homeostatic sleep pressure
and responses to sustained attention in the suprachiasmatic
area. Science 324, 516-519.

[20] Münch, M., S. Kobialka, R. Steiner, P. Oelhafen, A. Wirz-
Justice, and C. Cajochen, 2006. Wavelength-dependent ef-
fects of evening light exposure on sleep architecture and sleep
EEG power density in men. American Journal of Physiology
- Regulatory Integrative and Comparative Physiology 290,
R1421-R1428.

[21] Ackermann-Liebrich, U., B. Kuna-Dibbert, N. Probst-Hensch,
C. Schindler, D. Dietrich, E. Stutz, L. Bayer-Oglesby, F. Baum,
O. Brändli, M. Brutsche, S. Downs, D. Keidel, M. Gerbase, M.
Imboden, R. Keller, B. Knöpfli, N. Künzli, L. Nicod, M. Pons, P.
Staedele, J.-M. Tschopp, J.-P. Zellweger, and P. Leuenberger,
2005. Follow-up of the Swiss Cohort Study on Air Pollution
and Lung Diseases in Adults (SAPALDIA 2) 1991–2003: meth-
ods and characterization of participants. Sozial- und Präven-
tivmedizin 50, 245-263.

[22] Downs, S.H., C. Schindler, L.J. Liu, D. Keidel, L. Bayer-Oglesby,
M.H. Brutsche, M.W. Gerbase, R. Keller, N. Kunzli, P. Leuen-
berger, N.M. Probst-Hensch, J.M. Tschopp, J.P. Zellweger, T.
Rochat, J. Schwartz, and U. Ackermann-Liebrich, 2007. Re-
duced exposure to PM10 and attenuated age-related decline
in lung function. The New England Journal of Medicine 357,
2338-47.

[23] Bopp, M., A. Spoerri, M. Zwahlen, F. Gutzwiller, F. Paccaud, C.
Braun-Fahrländer, A. Rougemont, and M. Egger, 2009. Cohort
pro�le: The Swiss National Cohort - A longitudinal study of
6.8 million people. International Journal of Epidemiology 38,
379-384.

[24] Vienneau, D., N. Probst-Hensch, J. Wunderli, B. Struchen, E.
Fischer, and M. Röösli, 2012. Epidemiological Noise Exposure
Assessment - A Pilot Study. 00.0066.PZ / L142-2822. Federal
O�ce for Environment.

[25] Mantzos L., C.P., Kouvaritakis N., Zeka-Pschou M., 2003. Eu-
ropean Energy and Transport Trends to 2030, O.f.O.P.o.t.E.
Communities, Editor. European Commission.

[26] Heutschi, K., 2004. SonRoad: New Swiss road tra�c noise
model. Acta Acustica United with Acustica 90, 548-554.

[27] Wunderli, J.M., 2012. sonRAIL - from the scienti�c model to an
application in practice, in Euronoise: Prague.

[28] Empa, 2010. FLULA2, Ein Verfahren zur Berechnung und
Darstellung der Fluglärmbelastung. Technische Programm-
Dokumentation. Version 4. Eidgenössische Materialprüfungs-
und Forschungsanstalt (Empa), Abteilung Akustik / Lärmmin-
derung, Dübendorf.

[29] NAO, 1986. Lärmschutz-Verordnung (LSV) vom 15. Dezember
1986 (Stand am 1. August 2010) (Noise Abatement Ordinance
(NAO) from 15 December 1986 (E�ective 1 August 2010)). SR
814.41.

[30] BAFU, 2009. SonBase - die GIS-Lärmdatenbank der Schweiz.
Grundlagen, in Umwelt-Wissen. Bundesamt für Umwelt: Bern.
p. 61.

[31] Swisstopo, 2007. VECTOR 25. Das digitale Landschaftsmodell
der Schweiz. Bundesamt für Landestopogra�e, Wabern. 31.

[32] H., C.L.I.K.L.-F.N.P., 2007. Sanierung Strassenlärm. Stand und
Perspektiven: Dezember 2006. Bundesamt für Umwelt: Bern.
p. 50.

[33] Arendt. Verkehrsaufkommen flächendeckend ermitteln. 2009
[cited 01.04.2014]; Available from: http://arendt.ch/objects/
websitedownload/53/download/VM_Flyer_d.pdf.

[34] 2010. Nationales Personenverkehrsmodell des UVEK, Basis-
modell 2005, B.f. Raumentwicklung, Editor. Bundesamt für
Raumentwicklung.

[35] 2010. Nationales Personenverkehrsmodell des UVEK, Ref-
erenzzustand 2030, B.f. Raumentwicklung, Editor. Bundesamt
für Raumentwicklung.

[36] BAFU, 1987. Computermodell zur Berechnung von Strassen-
lärm, Teil 1, Bedienungsanleitung zum Computerprogramm
StL-86, in Schriftenreihe Umweltschutz. Bundesamt für
Umweltschutz: Bern. p. 47.

[37] 2013. Monitoring Eisenbahnlärm. Bundesamt für Verkehr:
Bern.

[38] Thron, T. and M. Hecht, 2010. The sonRAIL emission model
for railway noise in Switzerland. Acta Acustica United with
Acustica 96, 873 - 883.

[39] FOEN, 1990. SEMIBEL: Schweizerisches Emissions- und Im-
missionsmodell für die Berechnung von Eisenbahnlaerm. ed.
S.F.O.f.t. Environment. Swiss Federal O�ce for the Environ-
ment.

[40] Pietrzco, J.S. and R.F. Hofmann, 1988. Prediction of A-weighted
aircraft noise based on measured directivity patterns. Applied
Acoustics 23, 29-44.

[41] Schä�er, B., R. Bütikofer, S. Plüss, and G. Thomann, 2011.
Aircraft noise: Accounting for changes in air tra�c with time of

Unauthenticated | 10.248.254.158
Download Date | 9/19/14 2:07 PM

http://arendt.ch/objects/websitedownload/53/download/VM_ Flyer_d.pdf
http://arendt.ch/objects/websitedownload/53/download/VM_ Flyer_d.pdf


14 | Ioannis Karipidis et al.

day. Journal of the Acoustical Society of America 129, 185-199.
[42] Bissegger, M., 2013. Noise Management in the light of airport

developement, in 42nd International Congress and Exposition
on Noise Control Engineering, Internoise 2013: Innsbruck. p. 7.

[43] Andrew, W., L. Junenette, I. Jonathan, S. Melly, and F. Dominici,
2013. Residential exposure to aircraft noise and hospital ad-
missions for cardiovascular diseases: Multi-airport retrospec-
tive study. BMJ (Online) 347.

[44] Anna, L., M. Blangiardo, L. Fortunato, S. Floud, K. De Hoogh, D.
Fecht, R.E. Ghosh, H.E. Laszlo, C. Pearson, L. Beale, S. Beev-
ers, J. Gulliver, N. Best, S. Richardson, and P. Elliott, 2013. Air-
craft noise and cardiovascular disease near Heathrow airport
in London: Small area study. BMJ (Online) 347.

[45] Beelen, R., G. Hoek, D. Houthuijs, P.A. Van Den Brandt, R.A.
Goldbohm, P. Fischer, L.J. Schouten, B. Armstrong, and B.
Brunekreef, 2009. The joint association of air pollution and
noise from road tra�c with cardiovascular mortality in a co-
hort study. Occupational and Environmental Medicine 66,
243-250.

[46] Gan, W.Q., H.W. Davies, M. Koehoorn, and M. Brauer, 2012.
Association of long-term exposure to community noise and
tra�c-related air pollution with coronary heart disease mortal-
ity. American Journal of Epidemiology 175, 898-906.

[47] Huss, A., A. Spoerri, M. Egger, and M. Röösli, 2010. Aircraft
noise, air pollution, and mortality from myocardial infarction.
Epidemiology 21, 829-836.

[48] Selander, J., M.E. Nilsson, G. Bluhm, M. Rosenlund, M.
Lindqvist, G. Nise, and G. Pershagen, 2009. Long-term ex-
posure to road tra�c noise and myocardial infarction. Epi-
demiology 20, 272-279.

[49] Sřrensen, M., Z.J. Andersen, R.B. Nordsborg, T. Becker, A.
TjŘnneland, K. Overvad, and O. Raaschou-Nielsen, 2013. Long-
term exposure to road tra�c noise and incident diabetes: A
cohort study. Environmental Health Perspectives 121, 217-222.

[50] Sřrensen, M., Z.J. Andersen, R.B. Nordsborg, S.S. Jensen, K.G.
Lillelund, R. Beelen, E.B. Schmidt, A. Tjřnneland, K. Overvad,
and O. Raaschou-Nielsen, 2012. Road tra�c noise and inci-
dent myocardial infarction: A prospective cohort study. PLoS
ONE 7.

[51] Thron, T. and M. Hecht, 2010. The sonRAIL emission model
for railway noise in Switzerland. Acta Acustica united with
Acustica 96, 873-883.

[52] Schä�er, B., S. Plüss, and G. Thomann, 2014. Estimating the
model-speci�c uncertainty of aircraft noise calculations. Ap-
plied Acoustics 84, 58-72.

[53] Kephalopoulos, S., M. Paviotti, F. Anfosso-Lédée, D. Van Maer-
cke, S. Shilton, and N. Jones, 2014. Advances in the develop-
ment of common noise assessment methods in Europe: The
CNOSSOS-EU framework for strategic environmental noise
mapping. Science of The Total Environment 482–483, 400-
410.

Unauthenticated | 10.248.254.158
Download Date | 9/19/14 2:07 PM



 

174 
 

14.  Appendix B 

This paper does not belong to this thesis. It describes the derivation of the intermittency ratio used in 

this thesis 

Intermittency ratio: A metric reflecting short-term temporal variations of transportation noise 

exposure 

Jean Marc Wunderli
1
, Reto Pieren

1
, Manuel Habermacher

2
, Danielle Vienneau

3,4
, Christian Cajochen

5
, 

Nicole Probst-Hensch
3,4

, Martin Röösli
3,4

 and Mark Brink
6
 

1
 Empa, Laboratory for Acoustics/Noise control, Swiss Federal Laboratories for Materials Science and 

Technology, Dubendorf, Switzerland. 

2
 N-sphere AG, Zürich, Switzerland 

3
 Swiss Tropical and Public Health Institute, Basel, Switzerland 

4
 University of Basel, Basel, Switzerland 

5
 Centre for Chronobiology, Psychiatric Hospital of the University of Basel, Basel, Switzerland 

6
 Federal Office for the Environment, Bern, Switzerland



OPEN

ORIGINAL ARTICLE

Intermittency ratio: A metric reflecting short-term temporal
variations of transportation noise exposure
Jean Marc Wunderli1, Reto Pieren1, Manuel Habermacher2, Danielle Vienneau3,4, Christian Cajochen5, Nicole Probst-Hensch3,4,
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Most environmental epidemiology studies model health effects of noise by regressing on acoustic exposure metrics that are based
on the concept of average energetic dose over longer time periods (i.e. the Leq and related measures). Regarding noise effects
on health and wellbeing, average measures often cannot satisfactorily predict annoyance and somatic health effects of noise,
particularly sleep disturbances. It has been hypothesized that effects of noise can be better explained when also considering the
variation of the level over time and the frequency distribution of event-related acoustic measures, such as for example, the
maximum sound pressure level. However, it is unclear how this is best parametrized in a metric that is not correlated with the Leq,
but takes into account the frequency distribution of events and their emergence from background. In this paper, a calculation
method is presented that produces a metric which reflects the intermittency of road, rail and aircraft noise exposure situations. The
metric termed intermittency ratio (IR) expresses the proportion of the acoustical energy contribution in the total energetic dose that
is created by individual noise events above a certain threshold. To calculate the metric, it is shown how to estimate the distribution
of maximum pass-by levels from information on geometry (distance and angle), traffic flow (number and speed) and single-event
pass-by levels per vehicle category. On the basis of noise maps that simultaneously visualize Leq, as well as IR, the differences of
both metrics are discussed.

Journal of Exposure Science and Environmental Epidemiology advance online publication, 9 September 2015; doi:10.1038/jes.2015.56
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INTRODUCTION
Transportation noise, largely from road, railway and aircraft traffic,
is one of the most widespread sources of environmental stress
and discomfort in daily life. Health effects of noise may emerge
directly via autonomous stress reactions to the physical exposure
or indirectly via negative affective states, for example, annoyance.
Noise pollution is an important public health factor, with recent
burden of disease estimates ranking it the second major
environmental health risk after air pollution in Europe.1 A recent
review2 summarized the current state of knowledge about
auditory and non-auditory effects of noise.

Health Effects of Transportation Noise
The most prevalent non-auditory effect in a population exposed to
environmental noise is annoyance. It may result from interference
with daily activities, rest or sleep, and can be accompanied by
negative emotional and behavioral responses such as anger,
displeasure, exhaustion and by stress-related symptoms.3,4 Impor-
tantly, humans perceive, evaluate and react to environmental
sounds not only during daytime, but also when asleep. Laboratory
and field studies have consistently demonstrated that transporta-
tion noise induces acute and short-term effects on sleep.5,6 Acute
physiological reactions to noise events during the night include

conscious and unconscious awakenings, shifts to lighter sleep
stages, cortical and cardiovascular arousals (increases of heart rate
and blood pressure) and body movements.6,7 The probabilities of
such reactions are clearly correlated with acoustic characteristics
of noise events, especially with the maximum sound pressure level
and the slope of rise of the level. In field studies, noise events with
LSmax as low as about 35 dB(A) at the ear of the sleeper have been
shown to induce electroencephalography awakening reactions in
sleeping environments with low background noise.8–10 Recent
evidence as, for example, from the HYENA study11 suggests that
nocturnal noise exposure may be more relevant for the genesis of
long-term cardiovascular outcomes than daytime noise exposure,
probably because of repeated autonomic arousals (short-living
heart rate and blood pressure increases, peripheral vasoconstric-
tion and so on) during sleep that have been shown to habituate to
a much lesser degree than cortical arousals.5,12 A recent Swiss
study presented evidence of an adverse effect of railway noise on
blood pressure, that was especially associated with night-time
exposure.13 As it is well plausible that an ample proportion of the
long-term cardiovascular health impacts of noise are triggered by
repeatedly occurring cardiovascular arousals during sleep,14 it is
paramount for a (new) noise metric to amply reflect the acoustic
characteristics of the noise events that potentially trigger such
arousals.
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Differences between Constant and Intermittent Noise
Many epidemiological studies, as well as many annoyance surveys
consider noise exposure as equivalent continuous levels over
longer time periods (e.g., Ldn, Lden, Lnight or Lday

15,16). It has been
repeatedly shown that such energy-based exposure measures
(alone) have limited explanatory power regarding annoyance or
disturbance effects—yet essentially better and more sophisticated
acoustic metrics to explain noise effects are likewise missing. This
has earned the Leq a reputation of being the "best of all the bad
noise exposure metrics". However, the application of equivalent
levels to predict the impact of noise on sleep has not met with
much success.17 Whereas the probabilities of event-related
awakenings and cardiovascular arousals clearly increase with the
maximum sound pressure level of noise events, average noise
metrics usually fail to predict noise-induced sleep disturbances
sufficiently.6,18,19 One can conclude that depending on whether
the noise source is intermittent (such as passing flights or trains)
or continuous (such as road traffic from a busy highway), the
effects of noise on sleep might be better explained by the number
of noise events and their characteristics, than by average noise
exposure.8

Figure 1 illustrates the effect of different degrees of source
intermittency on the course of the sound pressure level for a given
average exposure level (Leq= 55 dB(A)) over an 8-h observation
period, recorded along a railway double-track line (red) and a
highway (blue). Although, in this example, both exposure
situations yield the same average level during the observation
period, the higher degree of intermittency of individual events,
which is characteristic to railway traffic, produces more strongly
pronounced fluctuations in the sound pressure level.
It is highly questionable that the two exposure situations shown

in Figure 1 result in the same overall effect during any given time
period. Although a larger impact on sleep by the exposure from
the railway line at night time can be expected for the above
mentioned reasons, the presence of calm periods of respite in
between loud pass-by events may render the same railway noise
more acceptable during daytime. The latter is reflected in the "rail
bonus" which is inherent to many railway noise regulations in
Europe. The constant noise from the highway on the other hand
might pose no threat to a good night’s sleep, while being
considerably annoying at daytime. It is thus well possible that
the established source dependence of reported annoyance (in
particular, as reviewed by Miedema et al.20) can at least partially
be explained by differences in noise variation over time.
It is important to note that the temporal variation characteristics

of noise do not just vary between different source categories
(road, rail and air), but also within the same source. This is most

clearly obvious in road traffic noise, where the temporal structure
of occurring noise events shows a high variation between small
one-lane city streets with highly intermittent noise up to wide 4-,
6- or even 8-lane highways, which produce a nearly continuous
sound exposure with very little fluctuation. Miedema concluded
that highway noise produced higher annoyance as compared with
main roads at comparable LAeq24h.

21 In contrast Lercher et al.22

found higher annoyance prevalences for main-road traffic than for
highway traffic noise of the same Lden level. The same group also
found that the distance between dwellings and the nearest
railway track was a level-independent predictor for railway noise
annoyance, with higher annoyance ratings in people living
o300 m from the railway track.23 These findings suggest an
influence of the temporal structure of noise exposure on
annoyance reactions—and maybe other health outcomes as
well—however, the functional relationship is yet unclear.

Metrics for Acoustically Characterizing Intermittent Noise
Situations
No matter how one looks at it, it seems essential that large-scale
long-term health effect studies, as well as annoyance surveys,
should consider more detailed characteristics of the temporal
variation of the sound, as well as its emergence instead of only
considering averaged exposure levels. In the last decades there
have in fact been several proposals to add time-related variables
to replace or supplement the Leq. A discussion of alternatives or
amendments to the Leq can be found in TSG924 and Commission
E.25 Common approaches are the introduction of thresholds and
the counting of the number and duration of events (e.g., the Noise
and Number Index, which was common during the 1970s and
1980s) or an application of level statistics. The latter are, for
example, the basis of derived quantities such as the Traffic Noise
Index,26 the Noise Pollution Level,27 the Common Noise Index
developed within the Harmonica project,28 the concept of notice-
events 29 or fluctuation and emergence, as used by Bockstael et
al.30 However, these metrics have so far not reached a broader
application for regulatory purposes either because they highly
correlate with the Leq or for reasons of complexity to be imple-
mented in or combined with common calculation models.

Rationale and Goals
Although the association between (night time) noise and health
outcomes could be convincingly demonstrated in past research,
the causal chain from reactions to individual noise events in the
night to the long-term outcomes is not yet fully understood. We
hypothesize that for a given exposure level the potential of noise

Figure 1. Level-time course of the sound pressure level produced by road traffic on a highway, at 7.5 m distance, and along a railway line with
predominantly freight traffic events, at 250m distance, for a time period of 8 h. Both signals have been recorded along the Swiss north-south
transit axis on the Gotthard route (road and rail) between 22 and 06 h and normalized to 55 dB(A) Leq.
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to activate pathophysiologically relevant pathways is more
pronounced in noise situations that produce relatively few but
loud single events with calm periods in between, than constantly
emitting noise sources with almost no variation of the sound
pressure level over time. If this would hold true, one should observe
higher risk estimates for cardiovascular and other health outcomes
in exposure situations that emit noise intermittently rather than
constantly. Therefore, a measure of intermittency may contribute, at
least in part, to elucidate the large proportion of unexplained
variance which is usually found in noise effect models that predict
effects from average exposure solely. Such a measure could
therefore be used as a second predictor metric, complementing
energy equivalent average level metrics such as the Leq.
The present work was stimulated by the demands of the SiRENE

study31 which investigates transportation noise effects in the
Swiss population. One goal of the project is to elucidate the effect
of source intermittence on cardiovascular morbidity and mortality
in two large-scale epidemiological studies (the SAPALDIA cohort
and the SNC study). We aimed at deriving an exposure metric to
quantify the intermittence and put to test the working hypothesis
mentioned above. In this paper we thus present a calculation
method by which current noise exposure models can be extended
with a metric that yields an integral description of the eventful-
ness (or intermittency) of noise exposure situations, taking into
account both number and magnitude of noise events during a
certain time period. The metric referred to as intermittency ratio
(IR) can be derived either directly from acoustic measurements or
calculated from traffic and geometry data for any transportation
noise source and any time period (including day and night).

METHODS
In the next sections, a calculation method is described by which IR can be
integrated in current noise exposure calculation models. The method has
been implemented in sonBASE, the Swiss noise mapping database32 and IR
has been calculated for entire Switzerland. The result of this effort is
presented in the Results section where noise maps are shown that
incorporate the IR metric alongside Leq.

IR Basic Principle
Highly intermittent traffic noise exposure situations consist of subsequent
pass-bys of vehicles (cars, aircraft, trains and so on) which acoustically
stand out from the background (noise) by a certain degree. We define such
parts of the level-time course as "noise events". A noise event can be
characterized by its maximum level, its sound exposure level, the
emergence from background noise, its duration, or by the slope of rise
of the level. For an integral characterization of the "eventfulness" of an

exposure situation over a longer period of time we introduce the event-
based sound pressure level Leq,T,Events, which accounts for all sound energy
contributions that exceed a given threshold, that is, clearly stand out from
background noise. This event-based sound pressure level Leq,T,Events can
now be compared with the overall sound pressure level Leq,T,tot. The IR is
defined as the ratio of the event-based sound energy to the overall sound
energy.
Hence IR is defined as

IR� 100:1Leq;T ;Events

100:1Leq;T ;tot
U100 ¼ 100:1 Leq;T ;Events - Leq;T ;totð ÞU100ð%Þ ð1Þ

Leq,T,tot corresponds to the equivalent continuous sound pressure level of
all sound sources involved and is given as

Leq;T ;tot � 10Ulog
10

1
T

Z T

0
100:1LðtÞdt

� �
½dB� ð2Þ

where L(t) is the continuous sound pressure level at the receiver position.
A single pass-by only contributes to Leq,T,Events if its level exceeds a given

threshold K.

K � Leq;T ;tot þ C½dB� ð3Þ
This threshold K is defined relative to the long-term average of the overall
sound pressure level Leq,T,tot and an offset C. Thus Leq,T,Events is defined as:

Leq;T ;Events � 10Ulog
10

1
T

Z T

0
HðLðtÞ - KÞ100:1LðtÞdt

� �
½dB� ð4Þ

with the Heaviside step function H. The offset C is the only free parameter
within the definition of IR. On the basis of practical experience on
transportation noise situations, C might not be smaller than 0 and not
larger than about 10 dB. For low values of C, almost any situation produces
a large IR, whereas high values of C almost always produce low IR, as only
in extraordinarily intermittent situations the level rises above the high
threshold. This means that such choices of C cause greatly skewed
distributions of IR. To be able for IR to distinguish between situations with
different degrees of intermittency, the criterion for setting C was a
preferably uniform spread of IR across the range of exposure situations as
they occur in the real world. The balance between these extreme cases was
investigated by numerical simulations of various traffic situations and
resulted in C=3 dB.
The integration time T has to be chosen in a way that the partial Leqs do

not significantly differ from the total Leq. If this precondition is not fulfilled,
for example, because of a highly varying traffic flow, it is recommended to
determine partial Intermittency Rates and average them according to the
equation given in Appendix section A7.
By definition, IR only takes values between 0 and 100% (including 0%

and 100%). An IR of450% means that more than half of the sound dose is
caused by "distinct" pass-by events. In situations with only events that
clearly emerge from background noise (e.g., a receiver point close by a
railway track), IR yields values close to 100%. As, for example, Figure 2
shows a railway noise situation where the single events exhibit

Figure 2. Railway noise recordings at 560m distance from a freight train railway line during the night. Background noise is dominated by
nature sounds and distant road traffic noise. Intermittency ratio (IR)= 87%. The portions of the curve marked “gray” are used to calculate
Leq,T,Events.
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FAST-weighted maximum levels which are about 20 dB(A) higher than
background noise and a high IR of 87%. In contrast Figure 3 depicts a
situation with intensive road traffic at 100m distance. Here, the levels are
rather constant over time and consequently, the IR is low with only 12%.
Air and railway traffic generally exhibit a high IR, with the exception of

situations with such a high background noise (e.g., noise from other
sources) that the events are partially or fully masked. The IR for road traffic
is primarily determined by the number of pass-by events and by the
distance between source and receiver. Figure 4 shows another road traffic
situation with the same overall Leq as Figure 3 but a shorter distance to the
source and less vehicles per hour, resulting in a significantly higher IR
of 62%.

Estimation of the IR by Calculation
In the examples shown above, the IR was derived based on measured level
vs time data. However, with only a few exceptions (such as, for example,
the aircraft noise model FLULA233, transportation noise calculation models
that can be used for large-scale calculations such as CNOSSOS,34

Harmonoise,35 Nord200036 or Doc. 2937 are designed in a way that only
permits equivalent continuous sound pressure levels Leq or derived
quantities such as Lden as an output, but no information on level variation
over time. Therefore, a direct calculation of the IR is not possible in these
models. However IR can be estimated based on traffic information which is
commonly at hand for noise assessment purposes. The corresponding
procedure is illustrated in Figure 5.

The first step is to assess the maximum sound pressure level LFmax of
single pass-by events. The estimation of maximum levels as given in
equation (5) is based on the assumption that the propagation conditions
for the entire source are also representative for the geometry that
determines the maximum level. This might not hold in the case of strong
changes of shielding effects, that is, if barriers abruptly end along the line
source. Therefore in such situations it is recommended to split the source
into different sections with uniform propagation conditions.
The maximum level of a single pass-by in a given source–receiver

geometry can be written as

LFmax ¼ Leq;T ;single þ log
10

vT
DΦ

� �
þ ΔLair½dB�: ð5Þ

Where D is the shortest distance of the source polygon to the receiver
point, v denotes the speed, Φ is the source path aspect angle, that is, the
angle that the source path subtends at the receiver, and ΔLair denotes a
correction for air absorption. A derivation of equation (5) can be found in
Appendix section A1. Equation (5) is valid for point sources. In Appendix
section A2 an expression for the maximum level of moving line sources
with finite size is given, which should be used in case of trains.
As a next step, for each vehicle category a distribution of maximum

levels is derived by adding a source level variance. It is assumed that the
maximum levels of single pass-bys are normally distributed. For road traffic
an additional variation in level is introduced to account for the temporary
overlap of single pass-by events (see Appendix section A3 for details).
As an example, Figure 6 shows calculated maximum level distributions

for the traffic situation presented in Figure 4. In Figure 6a sound pressure

Figure 3. Road traffic noise at 100m distance from a highway with a speed limit of 120 km/h. A total of 3200 vehicles per hour with 12% heavy
traffic. Intermittency ratio (IR)= 19%. The portions of the curve marked “gray” are used to calculate Leq,T,Events.

Figure 4. Road traffic noise at 100m distance from a highway with a speed limit of 120 km/h. A total of 315 vehicles per hour with 12% heavy
traffic. Intermittency ratio (IR)= 62%. The portions of the curve marked “gray” are used to calculate Leq,T,Events.
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squared of the maximum pass-by levels, and in Figure 6b the number of
pass-by events is shown. The vertical black line indicates the threshold K.
The number of pass-bys N above threshold is calculated according to
Appendix section A4. N represents an estimate of the number of events. As
can be seen, the majority of trucks produce maximum levels above the
threshold, that is, noise events, but less than half of the passenger
cars do so.
Looking at Figure 6a depicting sound intensity, one would assume a

much higher IR than 60% as only a small part of the level distribution
remains below the threshold. However, it has to be considered that only
maximum levels are shown. Even for single pass-bys with maximum
levels clearly above K, a significant part of L(t) remains below the threshold.

This aspect is taken into account by introducing a weighting function as
defined in Appendix section A6 that cuts off that part of an event which
remains below the threshold.
As a last step, according to equation (1), IR is calculated for all traffic

noise sources individually, as well as for the sum of them.

RESULTS
Including the IR in Noise Mapping
As part of the SiRENE study, IR was calculated for all dwellings
in Switzerland (54,300,000 facade points, assigned to 1,813,000
buildings). As an example, Figures 7 and 8 depict noise maps that
incorporate IR for an area north of the city of Zurich. Figure 7
shows the road traffic exposure situation during the day. The
background color gradient of the map indicates the yearly
average for road traffic noise Lday ranging from 30 to 70 dB(A).
As can be seen, important noise sources are a highway/express-
way that passes the map section in the lower right corner, and
several major roads. In addition, there are numerous arterial roads
with significantly less traffic. Values for IR have been calculated at
all facade points. The facade points are shown as dots, reflecting
the value of IR with different colors. Low values of IR can not only
be found far away from roads but also in vicinity of the highway,
despite the very different Leqs. In contrast, high values of IR can be
found close to smaller roads with thinned-out traffic where single
pass-bys of vehicles clearly stand out from background noise.
Generally, receiver points on the front-side of buildings exhibit a
markedly higher IR than on the back-side, where noise is much
more diffuse.
The influence of background noise on IR can be studied well in

Figure 8. The same map section as above is used, but the image
shows aircraft noise exposure. Disregarding background noise,
aircraft noise is basically always "eventful", however, in presence of
an elevated background noise (e.g., through road traffic), aircraft
flyover events can be masked, resulting in a reduction of IR. In the
map section shown in Figure 8, the 16-h-Leq produced by aircraft is
almost identical everywhere on the map, at a comparably low
level of about 47 dB(A). At receiver positions with elevated road
traffic noise, aircraft noise events only cause small IR. Elevated
levels of IR for aircraft noise can only be found far away from
major roads where the overall road traffic Leq is low, such as for
example, on the left side and on the right upper corner of
Figure 8.

Correlation between Leq and IR
As most of the common noise metrics like Lday, Lden, or Ldn, to
name just a few, are usually highly correlated (e.g., for road traffic
noise, r is clearly 40.9), the introduction of a complementary
(new) metric only makes sense if it is basically uncorrelated with
the Leq, as was, for example, pointed out by the authors of the
I-INCE report on supplemental noise metrics.24 Table 1 lists the

Figure 5. Scheme for the calculation of the intermittency ratio (IR).

Figure 6. Calculated maximum level distributions for the traffic
situation presented in Figure 4, a: sound pressure squared, b:
number of events. Calculation details: 277 cars with 120 km/h and a
single-event Leq of 24.0 dB(A) and 38 trucks with 90 km/h and a
single-event Leq of 29.0 dB(A). Leq,T,tot=50.0 dB(A), Leq,Events=47.8 dB
(A), IR = 60%, NEvents= 151. Resolution of the x-axis: 0.1 dB.
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correlations between different conventional noise metrics and IR
for the map section shown in Figures 7 and 8.
Compared with correlations between the most common

metrics, the correlations between the Leq and IR in the map
section above are rather small. One could expect the correlation to

be positive though, for quite obvious reasons. For example, facade
points pointing towards a road are characterised by a markedly
higher Leq as those pointing to a rather calm backyard, where the
distance to passing vehicles is longer and hence, both Leq and IR
are smaller. For aircraft noise, the Leq during day is very similar for

Figure 7. Road traffic noise map showing both Leq and IR during daytime (16 h). Intermittency ratio (IR) has been calculated for individual
facade points on the map, marked as small dots. The map section shows an area north of the city of Zurich in vicinity of Zurich airport.

Figure 8. Aircraft noise map showing both Leq and IR during daytime (16 h). Intermittency ratio (IR) has been calculated for individual facade
points on the map, marked as small dots. The map section shows an area north of the city of Zurich in vicinity of Zurich airport.
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all facade points within the map section, but due to different
masking effects from other sources, aircraft IR values nearly spawn
the whole possible range of values, thus only correlating little with
the Leq.

DISCUSSION
Typically, studies on health and annoyance effects of noise rely on
acoustic exposure metrics that are based on the concept of an
average energetic dose over longer time periods (e.g., Leq,24h, Ldn,
Lden, Lnight or Lday). However there are strong indications that these
Leq-based quantities are not appropriate to predict noise-induced
sleep disturbances and also have their limitations with respect to
satisfactorily explaining variance of annoyance or disturbance of
activities. Potentially, other metrics can add to, improve, or replace
the predictions made using Leq-based measures. Therefore in this
paper, we developed the metric IR. This metric allows an integral
characterization of the eventfulness of a noise exposure situation,
independent of the overall energetic dose. The decorrelation from
the Leq is an eminent feature of a complimentary noise metric that
aims at explaining remaining variance in epidemiological studies,
and in a practical example, we could demonstrate that the IR
metric is essentially uncorrelated with energetic measures.
An advantage of the concept of IR is that it can be derived

based on acoustic measurements, as well as, from calculations as it
has been designed in a way which facilitates subsequent
implementation into the most common traffic noise calculation
models. The latter allows it to be used in large-scale epidemio-
logical (population-based) studies and other types of observa-
tional investigations such as annoyance surveys. However, one has
to be aware of the fact that in the procedures described, the
estimation of maximum levels is based on several assumptions. An
increase of the accuracy of the calculation of IR could be achieved
by applying calculation models that directly yield maximum levels
of single pass-bys—or even better—entire level vs time courses.
First approaches for such models are at hand (for example see de
Coensel et al.).38

As part of the calculation of IR, the decision whether an "event"
accounts for Leq,T,Events (according to equation (4)) or not, is based
on a simple criterion, the parameter C, for which a value of 3 dB
has been assumed. This value has not been set based on any
verified psychoacoustic principle but was derived empirically to
attain a uniform spread of IR across the range of the different
exposure situations. The question of how much an event really has
to stand out from background noise in order to be termed "event"
by normal listeners depends on various other parameters (which
were not addressed in the present paper). In fact, for the
noticeability of an event, not only the acoustic characteristics of
the event compared to the background, but also the attentional,
cognitive and emotional situation of the listener is relevant, as was
described by de Coensel et al.29

In the near future, we expect to be able to increase the
explanatory power of our epidemiological models by

incorporating IR as a predictor alongside with average level
measures within the aforementioned SiRENE study. The IR metric
with its current parameter setting of C will be further validated
using a self-report rating scale that measures the subjective
perception of intermittency by residents affected by noise. In
order to further investigate if IR is an appropriate measure to
describe the relevant aspects of the temporal pattern of noise
exposure, we would like to encourage others to implement the
methodology presented here in their own models.
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A. APPENDIX
A.1 Estimation of the maximum level of a moving point source
with constant speed
Taking geometrical spreading and air absorption into account, the
effective value of sound pressure, peff, of a non-moving monopole
point source at distance r can be given as

p2effðrÞ ¼
Wρ0cU10

- 0:1αr

4πr2
: ð6Þ

with W the sound power, ρ0 the density of air, c0 the speed
of sound in air and α the atmospheric attenuation coefficient
in dB/m.
If the point source is moving with constant speed v oo c in

m/s along a straight path at distance D from a receiver, the
effective sound pressure can approximated by

p2effðtÞ ¼
1
4π

U
Wρ0cU10

- 0:1α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vU t - tpð Þ½ �2þD2

q
½vUðt - tpÞ�2 þ D2

; ð7Þ

with tp being the time when the maximum level is reached. Note
that tp − D/c0 corresponds to the time when the source is at
shortest distance to the receiver. The FAST-weighted maximum
level LFmax is approximated by

LFmax � 10Ulog
10

p2ef f ðt ¼ tpÞ
p20

� �
ð8Þ

¼ 10Ulog
10

Wρ0c10
- 0:1αD

4πD2p20

� �
½dB�: ð9Þ

Applying the FAST-weighting to a signal emitted by a moving
source, leads to a systematic underestimation of its actual
level. The magnitude of underestimation depends on the speed
v and extent of the source L as well as the shortest distance to
the receiver D. In a highway situation with 120 km/h and a
measurement distance of 7.5 m relative to the center of the lane
the error amounts to approximately 0.5 dB for passenger
cars.39 For increasing distances or lower speeds the error
decreases rapidly. Therefore we decided to neglect that effect in
equation (8).
The equivalent continuous sound pressure level Leq for an

integration interval of tp − τ to tp + τ can be given as

Leq;T ;single ¼ 10Ulog
10

1
T

Z τ

- τ

p2ef f ðtÞ
p20

dt

� �

¼ 10Ulog
10

Wρ0c
4πTp20

Z τ

- τ

10 - 0:1α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2Ut2þD2

p

v2Ut2 þ D2 dt

 !

¼ 10Ulog
10

Wρ0c
4πTp20

U
2

D2

Z τ

0

10
- 0:1αD

ffiffiffiffiffiffiffiffiffiffiffiffi
vt
Dð Þ2þ1

q
vt
D

� �2 þ 1
dt

0
BB@

1
CCA ð10Þ
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by substituting vt=D ¼ tan y it can be simplified as

Leq;T ;single ¼ 10Ulog
10

Wρ0c
4πTp20

U
2

D2

Z Φ=2

0

10- 0:1αD
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan

2
y

p
1þ tan

2
y

U
D=v

cos
2

y
dy

0
@

1
A

¼ 10Ulog
10

Wρ0c
4πTp20

U
2
Dv

Z Φ=2

0
10 - 0:1αD

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan

2
y

p
dy

 !

¼ 10Ulog
10

Wρ0c
4πTp20

U
2
Dv

Z Φ=2

0
10 - 0:1αD 1

cos ydy

 !
:

ð11Þ
with Φ as the angle that the source path subtends at the receiver.
For a pass-by of infinte length Φ = π. By neglecting air absorption
(α = 0) follows

Leq;T ;single ¼ 10Ulog
10

ðWρ0c
4πTp20

U
2
Dv

U19y¼Φ=2
y¼0

¼ 10Ulog
10

Wρ0c
4πTp20

U
Φ

Dv

� �
½dB� ð12Þ

Subtracting (9) from (12) an expression for the maximum level of a
constantly moving point source in dependence of the Leq can be
found

LFmax ¼ Leq;T ;single þ 10Ulog
10

vT
DΦ

� �
½dB� ð13Þ

where

ΔL ¼ 10Ulog
10

vT
DΦ

� �
½dB�: ð14Þ

Subtracting equation (11) from equation (9) it can be shown that
the influence of air absorption on ΔL is independent from the
speed v, but dependent on the distance and the source aspect
angle Φ. Assuming a pass-by of infinite length for the influence of
air absorption, ΔL can be approximated as

ΔL� 10Ulog
10

vT
DΦ

� �
þ ΔLairðαDÞ½dB�: ð15Þ

ΔLair can be given as

ΔLair ¼ 10Ulog
10

10 - 0:1αD

2
π

R π=2
0 10 - 0:1αD 1

cos ydy

 !

¼ - 10Ulog
10

2
π

Z π=2

0
100:1αD 1 - 1

cos yð Þdy
 !

½dB� ð16Þ

ΔLair is always positive and increases with increasing air
absorption αD. For αD = 1 dB equation (16) yields ΔLair = 1 dB,
with αD = 3 dB follows ΔLair = 2 dB.
By substituting y ¼ π

4ϑþ π
4 and hence adapting the integration

limits the above expression can be efficiently numerically
solved

ΔLair ¼ - 10Ulog
10

2
π

π

4

Z 1

- 1
10

0:1αD 1 - 1

cos π
4ϑþ

π
4ð Þ

� �
dϑ

0
B@

1
CA

¼ - 10Ulog
10

1
2

Z 1

- 1
kðϑÞdϑ

� �
� - 10Ulog

10

1
2

Xn
i¼1

wik ϑið Þ
 !

½dB�

ð17Þ

Applying a Gauss-Legendre integration of third order (n = 3)

ΔLair � - 10Ulog
10

5
18

k -
ffiffiffiffiffiffiffiffi
3=5

p� �
þ 8
18

kð0Þ þ 5
18

k
ffiffiffiffiffiffiffiffi
3=5

p� �� �

� - 10Ulog
10

5
18

100:0159Uλ þ 8
18

100:4142Uλ þ 5
18

104:6783Uλ
� �

ð18Þ
with λ =− 0.1αD, the error remains below 0.1 dB for αD o 7 dB.
Although the atmospheric attenuation coefficient α is highly

frequency dependent, in order to keep the computational cost
low, a representative value per noise source type is proposed.
Based on the analysis of representative source spectra it is
recommended to set α = 5 dB/km for road and air traffic.

A.2 Estimation of the maximum level of a moving line source with
constant speed
The estimation for single pass-by LFmax as given in Appendix
section A1 is based on the assumption of a moving point source,
which can be used for cars and planes, but not for trains. In this
section an extension is presented to derive LFmax for moving line
sources of finite length L. It is assumed that the sound power W is
equally distributed over an incoherently radiating line source.
The maximum level is reached for the geometrical situation in

which the center of the line source is at shortest distance D to the
receiver. Integrating over the length of the line source, the sound
pressure can be given as

p2eff t ¼ tp
� � ¼ Z L=2

- L=2

ρ0cW
4πL

U10 - 0:1α
ffiffiffiffiffiffiffiffiffi
s2þD2

p

s2 þ D2 ds ð19Þ

Neglecting air absorption (α = 0) it can be deduced

p2eff t ¼ tp
� � ¼ ρ0c

4π
U
2W

LD2

Z L=2

0

1
s
D

� �2 þ 1
ds: ð20Þ

Applying the substitution s/D = tan θ it follows

p2eff t ¼ tp
� � ¼ ρ0c

4π
U
2W

LD2

Z arctanðL=ð2DÞÞ

0

1

tan
2

yþ 1
U

D

cos
2

y
dy

¼ ρ0c
4π

U
2W
LD

Z arctanðL=ð2DÞÞ

0
1dy ¼ ρ0cWΘ

4πLD
ð21Þ

with Θ ¼ 2arctanðL=ð2DÞÞ as the opening angle of the source. The
maximum level of a moving line source can then be given as

LFmax � 10Ulog
10

ρ0cWΘ

4πLDp20

� �
½dB�: ð22Þ

Neglecting air absorption the Leq of a single pass-by remains as for
point sources, see equation (12). ΔL is derived by subtracting (12)
from (22):

ΔL ¼ 10Ulog
10

vTΘ
LΦ

� �
þ ΔLair½dB� ð23Þ

with

Θ ¼ 2arctan
L
2D

: ð24Þ
Thereby Φ 44 Θ, meaning that the whole source element, i.e.,
for example the entire railway track, must be clearly longer than
the moving line source, i.e., the train. For L≪2D, Θ can be
approximated by L

D, in which case equation (23) takes on the
behavior of a point source according to equation (15).
For moving line sources the influence of air absorption is

generally slightly smaller than for point sources. Nevertheless the
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expression for ΔLair given in equation (18) can be used as first
approximation.
As railway noise sources generally exhibit more high frequent

components than road and air traffic it is recommended to set α
= 7 dB/km for railway traffic.

A.3 Maximum level distribution
It is assumed that the maximum levels of single pass-bys are
normally distributed for a given vehicle category and only slightly
varying speed.

h Lmaxð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2πσ2

p e -
LFmax - LFmaxð Þ2

2σ2 ð25Þ

with the standard deviation σ in dB and the arithmetic mean
Lmax. However, sound levels obtained from noise calculations
usually represent an energetic mean (here denoted LE) over a
certain time. Given the above assumption, the following
relation between the arithmetic and the energetic mean can be
deduced

LFmax � LEFmax - 0:115σ
2 ð26Þ

In real situations, the sound pressure signals of single pass-bys
overlap temporarily. By the temporal overlap, the total Leq, Leq,T,tot,
and—by definition—the threshold K are not affected. However,
the intensity above the threshold (Leq,Events) increases and thus the
Intermittence Ratio. The influence of the overlap effect on IR in the
case of road traffic noise was investigated by numerical
simulations. Measurement data of periodically and stochastically
distributed pass-by times were synthesized as the two marginal
cases. It could be shown that particularly intermittency rates
between 0 and 0.5 are affected. It was found that this effect could
be approximated by an artificial increase of the standard deviation
of the level by

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
0 þ σ2

OL

q
ð27Þ

with σ0 being the single source standard deviation and σOL an
additional standard deviation for the temporal overlap. At
maximal overlap the simulations yielded σOL ≈ 4.5 dB, at minimal
overlap however σOL ≈ 2 dB. As a compromise between both
marginal cases σOL = 3 dB is adopted for road traffic noise. For
railway and air traffic noise the temporal overlap is neglected, i.e.
σOL = 0 dB.
The single source standard deviation reflects the variation of

the sound power level within a vehicle category at a given speed.
For the current application of IR within the project SiRENE it was
concluded that a representative standard deviation σ0 = 2 dB
can be used for all vehicle categories such as passenger cars,
heavy and light trucks, different types of trains and aircraft
and that the assumption of a normal distribution was valid.
For road noise the above conclusions were taken based on
measurement data of road traffic monitoring stations collected
in the project Footprint40–43 based on a classification system
with 10 categories (Swiss10). For railway noise measurement data
from the project sonRAIL was analysed44,45 and for aircraft noise
we relied on the emission database of FLULA233,46 and measure-
ments from the sonAIR project.47,48 However it has to be kept in
mind that this setting is depending on the local (national)
composition of the vehicle fleet and its categorization and does
not account for significant variations in the travelling speed such
as congestions. For other countries a wider spread might be
appropriate, see for example.49 Therefore the setting of these
standard deviations has to be checked and if necessary adjusted
to the local conditions.

A.4 Number of events
The number of events exceeding the threshold K can be
calculated by

NEvents ¼ NU
Z 1

K
h LFmaxð ÞdLFmax

¼ NU
1
2

1þ erf
LFmax - Kffiffiffiffiffiffiffiffi

2σ2
p

� �	 

ð28Þ

with N the traffic flow intensity, i.e. the number of pass-bys within
time T, and with the Gauss error function erf().

A.5 Event-Leq
The Event-Leq Leq,T,Events is calculated by

Leq;T ;Events ¼ 10Ulog
10

NU
Z 1

K
h LFmaxð Þw LFmaxð Þ100:1LFmaxdLFmax

� �
-ΔL½dB�

ð29Þ
where w denotes a weighting function and

ΔL ¼ LFmax - Leq;T ;single½dB� ð30Þ
Equation (29) has to be evaluated for different source types
(regarding the parameters Leq,T,single, D, v, Φ) separately. On
the basis of the partial Event-Leqs Leq,T,Events,i the total IR is
calculated by

IR ¼
P

i10
0:1Leq;T ;Events;i

100:1Leq;T ;tot
¼
X
i

IRi ð31Þ

In doing so, the temporal overlap between different source types
is neglected which underestimates the IR. As pass-bys of aircraft
and trains generally only last a small percentage of time this effect
is of minor importance.

A.6 Weighting function
The weighting function w(x) considers the truncation effect due to
the finite line source length and makes sure that for a given event
only the intensity above the threshold K is integrated. w(x) is
formulated as

wðxÞ ¼ f ðx; ÞUgðx; αDÞ; ð32Þ
with x = LFmax − K. f corresponds to the analytical solution of a
line source neglecting air absorption and g is an empiric
correction for the influence of the air absorption. It can be shown
that

f ðx;ΦÞ ¼ 2arccos 10 - 0:05x� �
Φ

�! 1 ð33Þ

The influence of the air absorption is approximated under the
assumption of an infinitely extended source (i.e. Φ = π).
Investigations by numerical simulations yielded the empirical
model

gðx; αDÞ � 1 - bUe - cxð Þ - 1 ð34Þ
with parameters b and c for which the following linear regressions
were obtained

b ¼ 0:1597Ulog
10

αD
1dB

� �
þ 0:1887 ð35Þ

c ¼ 0:0243Ulog
10

αD
1dB

� �
þ 0:0596 ð36Þ
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A.7 Averaging of intermittency rates over different time periods
Averaging of IR over M time periods k is defined as

IR �
PM
k¼1

IRk100:1L
k
eq;T ;tot

PM
k¼1

100:1L
k
eq;T ;tot

: ð37Þ

The Intermittency Ratio IR of time period k is weighted
with the total Leq during that period. Hence time periods
with higher Leq get a higher weight on IR than periods with
lower Leq.
The averaging has to be performed as the final step, after the

summation of IR over different sound sources as defined in
Appendix section A5.
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