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ABSTRACT

Annoyance and sleep disturbance by road and affictnoise in an urban area are investigated. &ieigels
Lden and Lnight are determined with an engineenioige model that is optimized for the local sitoafi
based on local noise measurements. The noise larelsombined with responses of 71 inhabitantsito a
annoyance survey to derive local exposure-respmatons, using the regression method with cemksore
normal distributions developed by Miedema and céens. It is found that the local exposure-response
relations deviate considerably from the ‘standaethtions derived from international annoyance sysv
Noise events reported by the inhabitants — suchiegght trains passing through the area at niglatre-
described to illustrate the local situation. Futscenarios for the urban area are also analyzelliding
measures aimed at reducing road and rail traffissadNumbers of highly-annoyed inhabitants in thzan
area are calculated for different scenarios by yapglthe local exposure-response relations to ¢l t
population in the area of about 1000 inhabitants.

Keywords: traffic noise, human response, measuremen
I-INCE Classification of Subjects Numbers: 52.3,4%53.2, 68.3, 76.1

1. INTRODUCTION

Traffic noise is a major environmental problem imamg urban areas, and causes annoyance and
sleep disturbance of the inhabitants (1,2). InEbk the standard approach for analyzing a trafice
problem in an urban area is based on calculatidtissimple models (3). First noise levels in thear
are calculated with an engineering noise model @@t empirical exposure-response relations are
applied to estimate the prevalence of annoyance dedp disturbance. The focus is often on
annoyance at home, and therefore the noise levelsaculated at the facades of dwellings.

A limitation of the standard approach is that tlesuits represent average situations. The noise
levels correspond to average noise emission amgrmession (4,5,6). The exposure-response relations
represent averages over a large set of noise angeysurveys (1,2,7,8). Consequently, considerable
deviations may occur from standard annoyance ptiedie in specific situations. Standard predictions
should be considered as crude estimates, and noowgade results can be obtained only by more
detailed and local investigations.

In this article we present such a detailed locakstigation of a traffic noise problem in an urban
area. An experimental study was performed in an afi¢h about 1000 inhabitants, who are exposed to
road and rail traffic noise. Noise levels in theamwere measured at 33 locations during one week.
Simultaneously, annoyance and sleep disturbandbdrarea were monitored by means of surveys,
both surveys of long-term annoyance and sleep hatwce and surveys of annoyance and sleep
disturbance on specific days of the week of thesusaments.

An objective of this work was to assess the dewieifrom standard predictions in this specific
situation. A more general objective was to devedomethodology for local assessment of a traffic
noise problem. The methodology consists of thesstedicated in Fig. 1.

- The first step is the determination of traffic rmigvels in the area, based on a combination of
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sound measurements and an engineering noise midiemodel is ‘calibrated’, or optimized,
by adjusting model parameters based on measuradl hoése levels.

- The second step is the determination of local expoasesponse relations for annoyance (or
sleep disturbance), based on the results of a loc&le annoyance survey among a limited
number of inhabitants in the area.

- The third step is a traffic-noise impact assessmiet calibrated noise model (step 1) and the
local exposure-response relation (step 2) are agpio all inhabitants in the area, which
results in an estimate of the overall prevalencarofoyance in the area.

- An optional fourth step is a scenario study, in eththe impact assessment is repeated for a
scenario, for example a scenario with a noise redngneasure.

For comparison, the standard approach for analyzeffic noise employs a standard noise model in
step 1 and a standard exposure-response relatisiepn2.

step 1 step 2 step 3 step 4
local noise measurement local noise annoyance survey impact assessment scenario study
‘calibrated’ noise model local exposure-response relation prevalence of annoyance effects of measures, ...

Figure 1 — lllustration of steps of the local impassessment methodology employed in this study.

2. SETUP OF THE EXPERIMENTAL STUDY

Figure 2 shows a map of the urban area investigatéiuis work. The area is located in the city of
Vught in the Netherlands. Two busy railway lineslame major road (road N65) are major sources of
traffic noise. The flow on road N65 is around 5@0@&hicles per 24h. In addition there are several
minor roads in the area. In collaboration with ghehorities of Vught, 463 dwellings in the area &er
selected. The inhabitants of the dwellings wererasised by mail, with a request to participate te on
or more of the following three elements of a losaientific study of traffic noise.

a) A single questionnaire with questions about longrtetraffic noise annoyance and sleep

disturbance, and other characteristics that maretsted to the annoyance.

b) A daily questionnaire with questions about traffmise annoyance and sleep disturbance during

the actual day or night.

c) Noise measurements with microphones at varioudilmts in the area, including locations near

dwellings (in the garden for example).
In total 82 inhabitants agreed to participate.

The questionnaire of element a) was filled in bypatticipants. It consisted of 34 questions about
the dwelling of the participant, traffic noise alyaoce, sleep disturbance, vibrations caused bfidraf
expectations about future developments of trafficthhie area, and personal characteristics. The
guestions about annoyance and sleep disturbance fenulated with an 11-point annoyance scale
running from zero (not at all annoyed) to 10 (extedy annoyed), referring to the situation at home
during the past 12 months, distinguishing differgaffic sources.

Elements b) and c) were executed simultaneouslingwne week at the end of September 2013.
The daily questionnaire of element b) was filledoy 35 participants. It consisted of two questions
about daily annoyance (day and evening) and onstipreabout sleep disturbance, again with an
11-point scale. In addition, inhabitants were astkedescribe specific noise events, including thest
of the event and the activity of the inhabitanthett moment.

The noise measurements of element c) were perfoan88 locations. The locations were carefully
selected based on a standard noise map of the calealated according to the Dutch standard
calculation model for traffic noise (4), which isgsented in Sec. 3. Sound levels were recorded
continuously during one week. Most microphones réded broadband sound levels (4 per second) and
some microphones also recorded sound spectra (8q@and). The microphones were mounted on
tripods or lampposts, at a height of 3 m. Figushi8ws an example of the sound signal recordeddy th
microphone labeled ‘a’ in Fig. 2, near railway liRe Peaks exceeding 80 dB correspond to train
passages. During the night sound levels are lotem turing the day.
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rail (2) road rai_l__(_‘l_)

-+ 463 dwellings
@ 82 participants
33 microphones

Figure 2 — Map of the urban area investigatedigwlork. Black lines represent two railway linesbgled 1
and 2) and one major road (double line, road Ng®y lines represent minor roads, and grey polygons
represent buildings. Also indicated are 463 setkdteellings (red), 82 dwellings of participantsdgn), and
33 microphones used for the noise measuremens)(blu
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Figure 3 — Example of a sound signal, recordetieatriicrophone labeled ‘a’ in Fig. 2, near railwiag12,
during one week starting at time 0:00 on Wedneddais are average levels over successive periotlS of

minutes, with different colors for the day (redyering (purple), and night (cyan).

3. MEASURED AND CALCULATED SOUND LEVELS

Figure 4 shows the standalrg., noise map of the area, i.e. thg,noise map calculated with the
Dutch standard calculation model for traffic noisgégure 5 shows the corresponding standard
noise map. LevelsgenandL, are the day-evening-night level and the night lenespectively (3). The
night level is denoted dsgn: in Ref. 3, but here we use the shorter notatigrRoad and rail traffic
noise levels were summed logarithmically for Figgend 5. The two railway lines and the road N65 are
clearly visible as bands of high noise level onriegp. The measurdg,.,andL, noise levels at the 33
microphone positions — averaged over the measureweek - are shown as colored dots. Deviations
are observed in particular near the railway lirtere the measured levels are considerably lower tha
the calculated levels. Similar deviations betweesmasurement and calculation were observed for
passages of individual trains. Apparently the noéseission of trains in this area is lower than
according to the Dutch standard model. This magiueeto quiet trains and / or quiet tracks in thissa

Figures 6 and 7 show the ‘calibratdd;, andL, noise maps, showing good agreement with the
measured noise levels. The calibration was perfdra follows. Six sources of traffic noise were
distinguished: two railway lines, major road N6&ptminor roads, and the combination of all other
minor roads. Each source was assigned an adjudaldecorrection. In addition a background level
was included to represent all other noise sourget) traffic on small roads not included in thedoa
network and other sources. By optimization we fotinel values of the six level corrections and the
background level. Separate optimizations were peréal for the day period, evening period, and
night period. As expected, we found negative les@irections for the two railway sources, in the
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range -6 dB to -11 dB. The corrections for the rdbab and the other roads were closer to zero. The
optimized background level was 55, 52, and 44 dBitie day, evening, and night, respectively.

Differences between levels calculated with thehralied noise model and measured levels are of
the order of 1 dB. The average absolute differeisck.4 dB forLg4en and 1.2 dB folL,. The largest
differences occurred for three microphones durihg tay, which was caused by the fact that
construction noise occurred near these microphdneisg the day. For the analysis of annoyance and
sleep disturbance, described in the next sectienemployed the calibrated noise model. The above
mentioned background levels were included in thedehoas road traffic noise contributions,
neglecting the fact that part of the backgrouncels\are due to non-traffic sources. As a check, the
analysis described in Secs. 4 and 5 was repeatdddirg the background levels: this gave slightly
different exposure-response relations, but theceéffa the impact assessment (percentages of annoyed
and sleep-disturbed inhabitants) was negligible.

Lden (dB) Ln (dB)

Figure 4 — Standardy., noise map. The measured  Figure 5 — Standarld, noise map. The measured
Lgennoise levels at the 33 microphone positions are L, noise levels at the 33 microphone positions are
shown as colored dots. shown as colored dots.

Lden (dB) Ln (dB)

Figure 6 — ‘Calibrated_4e, noise map. Figure 7 — ‘Calibratdg’noise map.

4. ANNOYANCE AND SLEEP DISTURBANCE

4.1 Exposure-response relations and impact assessment

Local exposure-response relations were derived dybining the long-term annoyance and
sleep-disturbance scores (element a, see Sec.tB)Lwd, and L, noise levels calculated with the
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calibrated noise model described in the previousice.

Figures 8 and 9 show graphs of the annoyance gctiveroad and rail traffic noise as a function of
the Lgen level, denoted a8 (Lqer). The graphs show the individual scores (dots)gdr and nonlinear
regression lines (blue lines), and the standardreygrey line). The linear regression yielded
correlation coefficients of 0.41 and 0.58, respedlti, andp-values less than 0.001. The nonlinear
regression was performed according to the methagldped by Miedema and Oudshoorn (7). The
standard curves in the figures are the correspa@ndionlinear regressions to a large set of noise
annoyance surveys (7). The local exposure-respogis¢gions give considerably higher annoyance
scores than the standard curves do.

Figures 10 and 11 are similar to Figs. 8 and 9nlowi for sleep disturbance. The exposure-response
relations are denoted &L,). The correlation coefficients are 0.38 and 0.A%pectively, and the
p-values are less than 0.001.

We briefly describe the nonlinear regression mett¥ddThe individual annoyance score is denoted
asA* in Ref. 7 and is renormalized to a scale fronoQL00. It is assumed that corresponds to a
(latent) random variablé running from e to +o according to the linear expressify+ Bilgen + U,
with coefficientsf, andf3; and random componemni such thatA* = A for 0 < A < 100. A normal
distribution is assumed far and A, corresponding to a censored normal distributionA*. The
nonlinear regressions in Figs. 8 and 9 represemegpectation value &* as a function oL 4., For
Bo andp; we used the values from the linear regression fandariances? of u we used the value of
1000 (based on values in Refs. 7 and 8), whereote that results of this study are not very sewsiti
to the precise value @f. For the standard curves we used valueg§pB;, ando? from Refs. 7 and 8.

Using the nonlinear regression lines shown in F§sand 9, we have derived corresponding
relations for the percentage of inhabitants thdtighly annoyed, indicated &%5. A person is called
highly annoyed if the annoyance score is 72 or &iigin a scale from 0 to 100. The cur®g (Lgen
are shown in Figs. 12 and 13, together with theesponding standard curves. Figures 14 and 15 show
Puso(Ly), i.e. the percentage highly sleep-disturbed pesss a function df,.

Next we have performed an impact assessment. NeisésL 4.,andL, were calculated for all 463
dwellings in the area (see Sec. 2). We assumeeZsbps per dwelling, so we have approximately 1000
inhabitants. The exposure-response relations frga.A2-15 were used to calculate the distributions
shown in Figs. 16-19. The blue bars represent #po®ure distributionRg, percentage exposed),
while the red bars represent the annoyance/slegfuriance distributionPia/Prsp). We see for
example that in total 34% of the 1000 inhabitasthighly annoyed by road traffic noise.

The percentages are collected in Table 1 (‘presieumation’). For comparison, also the percentages
according to a standard prediction are given, whaith much lower. Here standard prediction means
that standard noise levels are used (calculatedowtitlocal model ‘calibration’) and the standard
exposure-response relations are used.

An important question iwhy annoyance and sleep disturbance is so much htgharaccording to
the standard prediction. We have tried to find asrsamo this question by performing a statistical
analysis of all responses of the participants exghestionnaires. A detailed discussion of thidyeis
will be presented elsewhere, but here we give adenclusions drawn from the analysis. For road
traffic noise annoyance it was found that: i) btith major road N65 and the minor roads play a role,
ii) noise peaks and vibrations play a role, andannoyance occurs in particular during sleep/aest
during interaction with TV/radio/computer. For raiaffic noise annoyance it was found that: i) high
tones and vibrations play a role, and ii) annoyam@aurs in particular during conversation. Furtlier,
was found that accumulation of road and rail taffoise does not explain the high annoyance scores.
For example, the statistical prediction of railweagffic noise annoyance as a function of railwayjseo
exposure was not improved by including road traffisése exposure as an additional variable.

4.2 Daily questionnaires

The annoyance and sleep-disturbance scores fromdihe questionnaires (element b, see Sec. 2)
were found to be considerably lower than the lomigrt scores (element a), on the average. The daily
scores averaged over the seven days of the measnteveek are shown in Figs. 20-23, together with
linear regression lines. It is not clear why theelweaverage scores are so much lower than the
long-term scores (i.e. the scores representing#sé 12 months). The difference cannot be attribute
to much lower traffic noise levels during the wedlhe measurement took place after the annual
summer holiday, so there was no holiday traffig'diConstruction noise at one location during the

Inter-noise 2014 Page 5 of 10



Page 6 of 10 Inter-noise 2014

day may have affected the annoyance scores of neeanticipants. We found that annoyance during
the weekend was not significantly higher or lowan during the week.

As indicated in Sec. 2, participants could descispecific annoying noise events on the daily
guestionnaires. Some participants did this veryeftdly, even during the night. Other participants
described noise events more in general, withouteseference to times of events. Here we present a
few examples.

Figure 24 shows the four noise events that a gpetit near microphone ‘b’ (see Fig. 2) noted on
one day. The dwelling of the participant is closedilway line 1. The upper graph shows the signal
the microphone during the day, with the momenthefevents noted by the participant indicated ¢h re
The two lower graphs show zoomed-in sections ahtutes centered at events 1 and 4. Event 1 is the
passage of a freight train at 3:42h in the nigherit 4 is the passage of an intercity train at 3B: The
peaks in the sound signal agree well with the tim&gd by the participant. The participant alscedot
to sleep preferably with slightly open window, ladgmetimes the window is closed because of the
noise.

Figure 25 shows the three noise ‘events’ that sigipant near microphone ‘c’ (see Fig. 2) noted on
one day. The dwelling of the participant is closarajor road N65. Actually this participant did not
note specific events, but rather a pattern of neisents, which was noted identically for every @&y
the week. Traffic on the N65, in particular truckiésturbed sleeping in the early morning (5h-7h),
around dinner time (16h-18h), and late in the engrfaround 23h). These three periods are marked in
red above the upper graph in Fig. 25, showing tgea at microphone ‘c’ during the day. The
participant noted that noise peaks and vibratiardributed to the annoyance. During the day, the
regular noise level variations due to the repetitd traffic stopping and pulling up at the traffight
on the N65 (located in the lower left corner on thap in Fig. 2) was also mentioned as an annoying
element of the noise. The regular variations aséolé in the middle graph in Fig. 25, which is a
zoomed-in section of two hours (16h-18h). A Fougealysis of the fluctuating sound level reveals
that the time period of the traffic light is 2 mies (124 sec), as shown by the peak in the Fourier
spectrum in the lower graph in Fig. 25. De quansitpwn is the 10-base logarithm of the spectral
density of the sound pressure amplitud&®pwhereL is the A-weighted sound level. This type of
sub-Hertz spectra have been related to the humpareejation of the urban soundscape (9).

Figure 26 shows a further analysis of the effedheftraffic light on the noise level at microphone
‘c’. The upper graph shows the sound level avera@mghrithmically) over successive periods of 2
hours, for the seven days of the measurement vildeksound level peaks at 8h and 17h, except in the
weekend when the levels are a bit lower. The middémh shows the value of the log spectral density
at time interval 124 s (i.e. the peak value inltheer graph in Fig. 25), which also reaches théhbij
values at 8h and 17h. At these times the cars seelmve more or less ‘bumper to bumper’, and there
is no room for variations in the flow except by ttegular interruption by the traffic light.

The lower graph in Fig. 26 shows the number of atiolevents per 5 min. An acoustic event is
defined as a moment when the sound level is at a8 above the levdls smin (50% exceedance
level based on 5 minute intervals) during at I@astconds. We see that the number of events par 5 m
shows a maximum not at 8h and 17h but rather 2brbethe peak at 8h, i.e. around 6h. Apparently,
around 6h there is more room for variations offtbes and the noise level, while at 8h the ‘bumper t
bumper’ driving suppresses the variations.

5. SIMPLE SCENARIO STUDIES

To get insight into the possibilities of reducifggtannoyance and sleep disturbance in the area, we
have performed a few simple scenario studies. Theans that we have repeated the impact
assessment described in Sec. 4.1 for situationsenthe noise levels in the area have been modified.

We have considered the following four scenarios.

A. An increase of the number of trains on both railMiags by a factor of five.

B. A decrease by 10 dB of the noise levels from rayiwae 1.

C. A decrease by 10 dB of the noise levels from majad N65.

D. A decrease by 10 dB of the noise levels from adlds
The noise level reductions may be achieved by nioéseers, or by development of a (rail)road below
ground level. The increase of the number of trainder A may seem large, but a factor of five is one
of the things that are being considered for thesaar

The results of the scenario studies are given Wl€fd. Scenario A yields an increaseRpfy and
Pusp by about 45%, and scenario B yields a decreassbbyt 40%. The effect of scenario C is rater
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small, due to the fact that road traffic noise ayarce is caused not only by major road N65 but also
by the other roads in the area. The effect of sderais larger, but it should be noted that inist easy

to achieve a noise reduction of 10 dB for all roatshe area. Consequently, it appears that noise
reduction measures on the railway lines are mastibde and effective.

6. CONCLUSIONS

Based on an experimental study of traffic noise dnonan response in an urban area, a
methodology for local impact assessment of trafiicse has been presented. Accurate local traffic
noise levels and exposure-response relations waterrined by combining engineering noise model
calculations, locally measured noise levels, anmtbgance and sleep-disturbance scores of inhabitants
It was found that percentages of highly annoyed highly sleep-disturbed inhabitants are much
higher in this area than according to standard iptichs.

Table 1 — Percentages of inhabitants that areyhaimoyed Py,) and highly sleep-disturbe®sp), for the
present situation (standard and optimized calara)iand for four scenarios.

Pha Pusp
scenario road rail road rail
present situation (standard prediction) 12.7 7.3 6 6. 3.6
present situation 34.2 34.6 25.1 25.0
A (rail 1,2 + 7dB) 34.2 49.4 25.1 36.9
B (rail 1 -10 dB) 34.2 21.7 25.1 15.5
C (road N65 -10 dB) 31.6 34.6 22.2 25.0
D (all roads -10 dB) 225 34.6 14.8 25.0
road traffic noise rail traffic noise
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Figure 8 — Scoré(Lge) for road traffic. Figure 9 — ScoléL 4 for rail traffic.
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Figure 10 — Scor&(L,) for road traffic. Figure 11 — Sco®L.,,) for rail traffic.
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Figure 16 —Pg(Lgen), Pra(Lgen for road traffic.
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