
   

 

Maximum-level as an additional criterion for the 
assessment of railway noise at night: Definition 
of sleep quality and derivation of a protection 
criterion based on reported sleep disturbances 
for standards and regulations 

Dirk Schreckenberg, Christin Belke, Sarah Benz  

ZEUS GmbH, Germany. 

Ulrich Möhler 

Möhler+Partner Ingenieure AG, München, Germany. 

Uwe Müller 

Deutsches Zentrum für Luft- und Raumfahrt e.V., Germany. 

Manfred Liepert 

Möhler+Partner Ingenieure AG, München, Germany. 

Summary 

In German regulations on railway noise the average sound level LpAeq for day and night-time is the 

standard rating level to assess the railway noise impact. On behalf of the Hessian Environmental 

Department an expert report was prepared including re-analyses of existing data on noise effects 

on health and case studies in order to develop a suggestion for the implementation of a maximum 

sound level criterion for the impact assessment of railway noise at night-time.  

In this contribution criteria of sleep quality and the impact of noise on sleep at night-time are 

discussed and physiologically measured indicators as well as indicators assessed in socio-

acoustical surveys are presented with which an evaluation of maximum sound level criteria for the 

impact assessment of nocturnal railway noise has been done. Furthermore, in this contribution 

results on the relationship between reported sleep disturbances, average sound level at night-time, 

highest maximum sound level of all train types and number of trains are presented. For this, 

survey data on the effects of railway noise in the Rhine-Main Region in Germany assessed within 

the NORAH study on Noise-Related Annoyance, Cognition, and Health have been re-analysed.  

In a second Euronoise contribution presented by Müller et al. exposure-response relations of 

railway noise-induced additional awakenings, the physiological criterion, will be shown. In a third 

contribution, Möhler et al. present the acoustical sound indicators for describing the maximum 

sound exposure and suggest a combined protection concept for residents affected by nocturnal 

railway noise based on maximum sound level criteria.  
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1. Introduction
1
 

The average sound level LpAeq for day and night-

time is the standard rating level in German regula-

tions on railway noise in order to assess the rail-

way noise impact. However, several studies on the 

impact of transportation noise on sleep have shown 

the importance of a maximum sound pressure level 

criterion and the number of noise events as metrics 

of exposure in exposure-response analysis on 

noise-related sleep disturbances. This is true for 

additional, noise-induced awakenings as measured 

physiologically (polysomnographically) [1] re-

ferred to nocturnal aircraft and railway noise as 

well as for reported sleep disturbances, e.g. due to 

nocturnal aircraft noise [2].   

In this study, existing data on the impact of rail-

way noise at night-time were re-analysed in order 

to develop a suggestion for the implementation of 

maximum sound level criteria in German noise 

regulations for the impact assessment of nocturnal 

railway noise. 

 

The results are presented in this and two other 

conference papers (see [3]-[4]). In this contribu-

tion it is described how sleep quality can be de-

fined and what indicators of the impact of noise on 

sleep exist that can be used as impact criteria for 

the noise effect assessment in regulations. Then, 

results of a re-analysis of data of the NORAH 

study on the relationship between reported sleep 

disturbances due to railway noise, average contin-

uous sound pressure level at night-time, highest 

maximum sound level of all train types and num-

ber of trains are presented. 

 

Sleep is an active and complex process in which a 

variety of physiological processes take place (e.g. 

protein biosynthesis, excretion of specific hor-

mones, or the consolidation of memory contents), 

which serve in the broadest sense of recovery and 

thus the preparation for the next waking phase 

Undisturbed sleep of sufficient duration is essen-

tial for maintaining psychomotor performance and 

health (see e.g. [5]) 

 

This definition shows that regardless of the exact 

structure of sleep, it is overall health relevant. 

Good sleep health [6] is characterized by (1) 

subjective satisfaction [with sleep], (2) adequate 

time period, (3) adequate duration (about 7 - 9 

                                                      

 

hours for a healthy adult according to a consensus 

American recommendation of the Academy of 

Sleep Medicine and Sleep Research Society [7]), 

(3) high efficiency and (4) sustained wakefulness / 

attention during waking hours. If sleep is impaired 

with regard to these sleep parameters, further ad-

verse health effects cannot be ruled out. 

 

It follows that both the subjectively experienced 

disturbance of sleep by noise is an indicator of 

health impairment, as well as physiological varia-

bles indicating that the course of sleep is altered by 

noise (here: railway noise) so that an impairment 

of the physical, mental and social well-being has to 

be expected resp. cannot be excluded. 

 

Porter et al. [8] present a simplified model describ-

ing the effects of nocturnal noise in four stages: 

 

(1) acute reactions involving an immediate, direct 

disturbance by a sound event;  

(2) noise effects over a whole night period repre-

senting an aggregation of acute reactions 

within one night;  

(3) after-effects at the following day resulting 

from the noise effects of (1) and (2);  

(4) chronic effects that can occur as long-term 

consequences of (1) to (3). 

 

Physiological and psychological impact criteria 

were selected for the analysis of the identification 

of suitable acoustic load characteristics for the 

assessment of nocturnal railway noise. These crite-

ria are based both on the acute event (physiologi-

cal effect) and as well on the evaluation of the 

noise-related disturbance over several nights (psy-

chological effect). 

 

As a psychological impact criterion, the percentage 

of highly sleep-disturbed persons (% HSD) was 

chosen. The selected physiological effect criterion 

is the strongest physiological effect of nocturnal 

railway noise on sleep, the awakening reaction, for 

which an ecologically valid exposure-response 

curve for the probability of awakening due to a 

railway noise event was derived. 

 

 

2 Methodology 
 

The %HSD criterion has long been established 

internationally in procedures for assessing the im-

pact of noise on the population. In a recent review 
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of the effects of nocturnal environmental noise on 

sleep as part of the WHO World Health 

Organization's WHO Environmental Noise Guide-

lines update [9], the %HSD criterion has been 

revisited. Furthermore, the %HSD criterion is 

used, for example, in the European Environmental 

Noise Directive 2002/49 / EC [10]. 

 

In the present paper, sensitivity analyses are used 

to calculate three types of exposure-response mod-

els for %HSD. The disturbance data were obtained 

in surveys on railway noise from the NORAH 

study, conducted in 2012 in the Rhine-Main area 

[11]. This study allows, among other things, to 

investigate the combination of psychological ef-

fects with different acoustic characteristics of rail-

way noise burden. The  railway noise as investi-

gated in the NORAH study include a broad range 

of various types of trains with different traffic 

volumes as it is common in the current German 

railway network. For the re-analysis of data from 

the NORAH study, the reported sleep disturbances 

due to railway noise during the time of falling 

asleep, during sleep, early in the morning (while 

waking-up), and overall (mean score from the 

three individual ratings on sleep disturbance) in 

the past 12 months were considered. The sleep 

disturbance assessments were each based on the 

ICBEN recommendations on the assessment of 

noise annoyance [12] as specified in ISO/TS 

15666 [13], using a five-step response scale from 

"(1) not ..." to "(5) extremely disturbed". Subjects 

with the indication of "(4) very" and "(5) ex-

tremely" disturbed during sleep were classified as 

"highly sleep disturbed" (HSD). Depending on the 

impact variables, data from 2,062 to 2,072 people 

were included in the analysis. 

 

The three model types represent logistic regres-

sions of %HSD at falling asleep, during night 

sleep, when waking-up as well as in total. They all 

refer to the following acoustic characteristics: 

 

a) Equivalent average continuous sound pressure 

level during the night LpAeq,22-06h; 

b) Highest maximum sound pressure level 

LpAF,max for all types of trains; 

c) Combination of maximum sound pressure 

level and nocturnal number of trains (10 pm to 

6 am) in the radius of 250 m. 

For all models, the additional factors (co-determi-

nants) “survey mode” (telephone vs. online), 

“nocturnal air traffic noise level LpAeq, 22-06h” and 

“nocturnal road traffic noise level LpAeq,22-06h” were 

included. Logistic regression models were evalu-

ated for model fit using the Akaike Information 

Criterion (AIC). This is a measure for the good-

ness of fit of a regression model. On the one hand, 

the AIC rewards the goodness of fit by means of 

the likelihood function and on the other hand "pe-

nalises" the addition of further predictors [14]. 

Thus, this penalty prevents an "overfitting", be-

cause increasing the number of model parameters 

usually improves the quality of fit. Lower AIC 

values mean better model fit. 

 

 

3. Results 

The model calculations show that the proportion of 

high sleep-disturbed persons due to railway noise 

(%HSD) rises both with increasing nocturnal con-

tinuous equivalent sound pressure level and with 

the highest maximum level across all types of 

trains and the number of trains. It emerges from 

the exposure-response models examined that the 

continuous average equivalent sound pressure 

level alone is not necessarily the noise level with 

the best fit as a measure for the prediction of the 

%HSD proportion. With respect to all psychologi-

cal sleep disturbance variables, either the highest 

maximum level across all types of train alone or in 

combination with the number of trains better re-

flects the %HSD rate (see Table 1). 

 

In particular, the exposure-response relationships 

to sleep disturbance as a whole (total score) are 

relevant for the consideration of the maximum 

sound pressure level criterion for nocturnal railway 

noise. Figure 1 shows the exposure-response 

curves for the %HSD portion of railway noise of 

sleep-disturbed persons (total score) related to the 

nocturnal continuous average sound pressure level 

(model A) and the highest maximum level across 

all types of trains (model B). 
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Table I. Model fit (AIC) of logistic regressions of %HSD to metrics of sound exposure.  

Model A B C 

 LpAeq,22-06h LpAF,max 

LpAF,max + number 

of trains 

%HSD – falling asleep 1409.63 1397.53 1402.05 

%HSD – during night 1265.97 1262.59 1272.95 

%HSD – awaken on early morning 1271.00 1269.15 1267.23 

%HSD – Sleep disturbance (total score) 1023.97 1020.63 1023.14 

AIC = Akaike Information Criterion (lower values = better model fit) 
 

 

Figure 1: Proportion of highly sleep disturbed persons due to rail traffic noise (% HSD) as a function of nocturnal railway noise 

level LpAeq,22-06h (blue) or maximum level LpAF, max (red) 

 

4. Conclusions 

The implementation of a maximum level crite-

rion for the night time period seems necessary 

because the %HSD level differs considerably in 

terms of the average sound pressure level and 

with regard to the maximum level in their abso-

lute levels. At levels of LpAeq,22-06h higher than 

about 55 dB the exposure-response function for 

%HSD related to the average sound level under-

estimates the percentage of highly sleep dis-

turbed people when the difference between 

LpAF,max and the LpAeq,22-06h exceeds 17 to 20 dB. 

The implementation of a maximum level crite-

rion or a physiological effect criterion related to 

the maximum level is additionally recommended 

while maintaining the average continuous sound 

pressure level.  

This is also supported by the fact that, depending 

on the observed phase of nocturnal sleep (when 

falling asleep, during sleep time or time of wak-

ing-up), only the maximum level or the combi-

nation of maximum level and number of trains 

has a better model fit for predicting the propor-

tion of sleep-disturbed persons. Since the aver-

age sound pressure level contains both infor-

mation (noise level and number of events), this 

indicates that the average continuous sound pres-

sure level should be maintained plus a supple-

ment by a maximum level or performance crite-

rion based thereon. 
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