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Abstract

Two listening experiments were conducted in order to determine whether A-weighting is a valid indicator of the

perceived loudness or annoyance of road-traffic sound. Because A-weighting has been criticized for not properly

integrating energy at low frequencies, experimental road-traffic sounds were selected with a wide range in low-frequency

content, assessed as the difference between C- and A-weighted sound pressure levels (LC�A). In the first experiment, 30

listeners assessed the perceived loudness of the selected sounds. In the second experiment, another group of 31 listeners

assessed the perceived annoyance of the same sounds. Sounds with high levels of LC�A were louder and more annoying

than sounds with medium levels of LC�A, which in turn were louder and more annoying than sounds with low levels of

LC�A, at similar A-weighted sound pressure levels (LA). It was estimated that the change in perceived loudness or

annoyance associated with a 1 dB change in LC�A would correspond to approximately a 0.4 dB change in LA. In contrast,

sounds with similar Zwicker loudness levels (LN) were approximately equal in loudness and annoyance irrespective of their

LC�A. Thus, LN was found to be superior to LA as an indicator of short-term loudness and annoyance of road-traffic

sounds with wide variation in low-frequency content.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In most national standards, road-traffic sound is assessed in terms of its A-weighted sound pressure level.
A common critique of A-weighting is that it overcompensates for the hearing system’s reduced sensitivity at
low frequencies [1–3]. Road-traffic sounds may vary considerably in low-frequency content due to variations
in source characteristics and distance between receiver and vehicles. It may therefore be questioned if
A-weighting is a valid indicator of the perceived loudness or annoyance of road-traffic sound. This question
was addressed in two experiments, in which listeners assessed short-term loudness (Experiment 1) or
annoyance (Experiment 2) of road-traffic sounds with a wide variation in low-frequency content.

Most previous experimental studies on the perception of road-traffic sound have failed to show that
A-weighting is inferior to alternative indicators of perceived loudness or annoyance [4–9]. One probable
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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reason for the relative success of A-weighting in these experiments is that they were not designed to truly put
A-weighting to the test. A critical test would include several sounds with the same A-weighted sound pressure
level but with a wide range of low-frequency content. To my knowledge, Watts ([10], third experiment) is the
only previous study on road-traffic sound that conducted such a test. He accomplished this by filtering
recordings of road-traffic sound from single vehicles. The perceived noisiness of sounds with similar
A-weighted sound pressure levels was found to differ consistently with the low-frequency content.
Furthermore, the loudness level [11,12], was found to be superior to A-weighted sound pressure level as an
indictor of perceived noisiness.

The present experiments expand Watts’s [10] study in two respects. First, Watts did not quantify the effect
of low-frequency content on perceived noisiness. However, quantification is needed in order to estimate the
size of the prediction error attributed to the use of A-weighting. In the present study, the difference between C-
and A-weighted sound pressure level (LC�A) was used as the measure of low-frequency content (e.g.,
Refs. [13,14]). Following Vos [15], the effect of low-frequency content could then be quantified by including
LC�A in a multiple regression model.

Second, Watts [10] manipulated recordings of road-traffic sound. The 1
3
-octave-band sound levels

between 1 and 2.5 kHz were increased up to 15 dB, while keeping the overall A-weighted sound pressure
level (ASEL) constant. Such sounds are unlikely to be heard in real life. The present experiments were
designed to include non-manipulated sounds taken from real recordings. At the same time, the selected sounds
also had a wide variation in low-frequency content. In order to achieve this, a ‘‘stimulus population’’ was
created by dividing several hours of recordings of road-traffic sound into 3-s excerpts. Each excerpt was
measured with respect to overall A-weighted sound pressure level and LC�A. Experimental sounds were then
selected in order to obtain a set of road-traffic sounds varying in LC�A at equal A-weighted sound pressure
levels.

2. Experiment 1: loudness

2.1. Method

2.1.1. Binaural recordings

Binaural recordings of approximately 45min were conducted in 12 gardens of a residential area of two-story
houses, located along a main road (19,600 vehicles/24 h on weekdays; 6% heavy vehicles). The recordings were
conducted in 1999 always during the afternoon rush hours. The traffic was not congested; the average speed
was 60 km/h. Due to stop signs, the traffic flow was irregular and contained periods with vehicles at regular
speed, as well as, periods with accelerating and decelerating vehicles. The road was flat and its surface was
conventional asphalt. There were no screens between microphone and road. The distance between the center
of the road and the microphones was 23m. The microphone height was 1.6m.

2.1.2. Selection of experimental sounds from a stimulus population

The 45-min binaural recordings were edited in order to eliminate periods with major wind disturbances,
sounds from people talking close to the microphones, etc. After the editing, the recordings had a total
duration of 6 h and 25min. These recordings were divided into 3-s excerpts using a program written in
MATLAB. In order to obtain a very large set of excerpts, the 3-s excerpts were sampled each second of the
recording (i.e., there was a two second overlap between adjacent excerpts). This procedure generated a
‘‘stimulus population’’ of 23,114 excerpts. The duration of the excerpts corresponded to the duration of the
‘‘psychological present’’ [16,17]. This assured that assessments referred to short-term perceptions of the traffic
sounds and therefore were unaffected by various cognitive biases known to affect retrospective assessments of
longer periods [18].

A-weighted sound pressure level (LAeq,3 s, in the following denoted LA) and the difference between
A- and C-weighted sound pressure levels (LCeq,3 s–LAeq,3 s, in the following denoted LC�A) was deter-
mined for each excerpt. These measurements referred to the channel of the binaural recoding with the
higher value. The Pearson coefficient of correlation between LA and LC�A in the stimulus population
was �0.49.
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The selection of experimental sounds from the 23,114 excerpts was conducted in the following way:
(1)
Fig.
J m
All excerpts in the stimulus population were categorized in 38 groups of equal LA (70.5 dB), from 43 to
85 dB.
(2)
 The experimental sounds were selected from 16 of these LA-categories, from 48 to 78 dB in 2-dB steps.

(3)
 From each of these 16 categories, three experimental sounds were chosen representing sounds with low,

medium and high levels of LC�A. This was accomplished by random selection among the 10% of excerpts
with lowest values of LC�A, among the excerpt(s) with the median value of LC�A and among the 10% of
excerpts with highest values of LC�A, respectively.
Thus, 16� 3 ¼ 48 experimental sounds were chosen. Although only 3-s long, the sounds were perceived as
realistic sounds dominated by traffic noise from a nearby major road. The selected sounds were all from
different periods in the recordings; there was no overlap in time between any two of the selected sounds.
2.1.3. Acoustic analysis of experimental sounds

The selection of experimental sounds described above was based on sound levels referring to the channel,
left or right, with the greater value of LA. Analysis of the absolute binaural sound level difference,
DL ¼ 9LA,left-channel�LA,right-channel9, revealed systematic differences between the three groups of excerpt
sounds. On average, DL was 1.8, 1.1, and 0.7 dB for excerpts with small, medium and high relative levels of
low-frequency content, respectively. In order to account for this difference, an average was calculated on the
antilog of decibel-values from each channel, and the logarithm of this average was used in all analyses
reported below. Fig. 1 shows the resulting sound levels (LA) and relative levels of low-frequency content
(LC�A) for the 48 chosen road-traffic sounds. For sounds with approximately equal levels of LA, the maximum
range in LC�A was 15 dB (vertical distance between filled circles and triangles in Fig. 1).

Along with LA, LC�A and DL, the experimental sounds were also analyzed with respect to Zwicker loudness
level (ISO 532B [11]) calculated from the 1

3
-octave spectra averaged over the 3-s duration of the sound (LN),

A-weighted sound pressure level and loudness level exceeded 10% of the time (LA10 and LN10) and the
difference between levels exceeded 10% and 90% of the time (LA10–90 and LN10–90). All these measures refer to
the logarithmically averaged level across the left and right channel of the binaural recording. Ranges and inter-
correlations of the acoustical variables are given in Table 1.

In addition to the 48 experimental traffic sounds, 21 sound levels of pink noise, ranging from 44 to 84 dBA
in 2 dB steps, were used as reference sounds in accordance with Berglund’s master-scaling method [19]. The
main idea of this method is to provide a well-defined context of reference sounds, within which a set of
‘‘target’’ sounds may be assessed. This allows for comparison between studies with the same set of reference
sounds but different target sounds. The use of well-defined reference sounds also makes it possible to express
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Table 1

Ranges and inter-correlations of acoustical variables

Pearson coefficient of correlation (r)

Range (dB) Variable LC�A LA LA10 LN LN10 LA10–LA90 LN10–LN90

1–18 LC�A

47–78 LA �0.32

48–80 LA10 �0.31 40.99

65–96 LN �0.17 0.99 0.99

67–97 LN10 �0.15 0.98 0.98 40.99

1–12 LA10–LA90 �0.13 0.33 0.40 0.34 0.40

1–10 LN10–LN90 0.04 0.10 0.17 0.13 0.21 0.89

0–4 DL �0.47 0.23 0.25 0.17 0.17 0.28 0.16
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magnitude estimates in a meaningful unit, namely, the physical unit of the reference sound (see below, Section
2.2.1). In the present application, the reference sounds were pink noises, and the targets were traffic sounds.

2.1.4. Listeners

Thirty university students participated in the experiment (25 women, 5 men; mean age ¼ 29 years). All
participants’ hearing threshold levels [20] were below 25 dB in their best ear in all tested frequencies (0.5, 1, 2,
3, 4, 6, and 8 kHz, pure-tone audiometer: Brüel & Kjær, Type 1800). The listeners received course credit for
their participation.

2.1.5. Procedure

The experiment consisted of eight listening sessions. In each of these sessions, 69 sounds were presented,
including the 21 pink-noise references and the 48 experimental traffic sounds (Fig. 1). Experimental and
reference sounds were presented in random orders, which were different for each session and participant.
Listening session duration was approximately 7min. The sessions were separated from one another with 2-min
pauses, except for the pause between sessions 4 and 5, which was 10min. A training session with 12 sounds was
conducted prior to the first session. Perceived loudness was assessed with the method of free number
magnitude estimation [21]. The participants entered their magnitude estimates on a computer keyboard.

2.1.6. Equipment

The binaural recordings were conducted using a DAT-recorder (Sony TCD-D10 ProII, A/D: 16 bit,
48 kHZ) and a binaural recording system (Artificial head Brüel & Kjær Type 4100, with Brüel & Kjær
microphones Type 4190, preamplifiers Type 2669 and a microphone amplifier Type 2690 NEXUS). The
recordings were edited on a personal computer (Dell Precision 220). Unusable recording periods (e.g., due to
wind disturbances) were first manually removed from the original recordings using a sound-editing software
(Sound Forge 7.0). A large number of 3-s excerpt sounds were then created and analyzed with respect to
average 1

3
-octave-band levels using scripts written in MATLAB.

The listener was seated in a soundproof room in front of a computer screen connected to a computer in
another room. In order to guarantee good reproduction of low frequencies, the excerpt sounds were
simultaneously reproduced on a pair of earphones (Sennheiser HD 600) and a pair of subwoofers (Velodyne).
Measurement of our earphones showed a drop in the frequency response below 40Hz. Therefore, the
earphones were set to reproduced frequencies above 40Hz, whereas the subwoofers reproduced frequencies in
the range of 15–40Hz. The whole listening system was calibrated using a pink-noise signal, which was
measured at the point of the listener’s ear. The digital signal, stored on a personal computer (Dell Precision
220; Sound card: LynxTwo), was fed into a digital filter and D/A-converter with a four-channel analogue
output (Rane RPM 26z). One set of digital filters was applied to the stereo signal reproduced by the
earphones. These filters included a high-pass filter at 40Hz as well as filters correcting for the nonlinear
frequency response of the earphones in the higher frequencies. A digital low-pass filter at 40Hz was applied
to the stereo signal reproduced by the subwoofers. The subwoofers were also equipped with an analogue
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low-pass filter, which was set to 40Hz. The frequency response of the whole listening system was flat within
2 dB (13-octave-band levels, 20–16 000Hz).

The experimental sounds were randomly ordered and presented using a MATLAB script. The same script
was used for collecting the listener’s responses.

2.2. Results and discussion

The consistency of individual data was found to be high, as determined by the coefficients of correlation
(Pearson) between magnitude estimates of sounds in the first and last four sessions. All except two participants
had coefficients greater than 0.85 for the pink-noise reference-sounds (median ¼ 0.97, range: 0.62–0.99) and
all except two participants had coefficients greater than 0.85 for the traffic sounds (median ¼ 0.91, range:
0.57–0.96). The general trend of the data of the participants with coefficients below 0.85 was not different from
the other participants. Therefore, data from all participants were included in the group analyses.

2.2.1. Pink noise equivalent sound level (PNEloud)

The perceived loudness of each traffic sound was expressed as the pink-noise equivalent sound level
(PNEloud). The PNEloud of a traffic sound is the sound level of an equally loud pink noise. The main advantage
of expressing loudness as PNEloud is (a) that it gives loudness a meaningful unit (pink-noise sound level in
dBA), and (b) that it does not presuppose that listeners are able to produce magnitude estimates with ratio-
scale properties. The only assumption is that, on average, equal numbers (magnitude estimates) means equal
loudness (cf. Refs. [19,22,23]).

PNEloud-values were determined by first calculating the geometric mean magnitude estimate (Rpn) for each
listener and pink-noise sound level (Lpn). These geometric means were used to derive individual
psychophysical functions,

logðRpnÞ ¼ aþ bLpn, (1)

where a and b are constants unique to each listener. The fits, R2, of these individual functions were excellent,
between 0.86 and 0.99 (median ¼ 0.97). The slope, b, of the functions varied between 0.006 and 0.055,
median ¼ 0.018.

Second, for each listener and road-traffic sound, the geometric mean magnitude estimate (Rtraffic) was
calculated. These geometric means were then transformed into pink-noise equivalent sound levels, using each
listener’s unique set of constants (a and b). The logic behind the transformation was as follows: Equal loudness
of a traffic sound and a pink-noise sound level would imply that a listener, on average, would give the two
sounds the same magnitude estimate. Thus, Rpn ¼ Rtraffic, and, from Eq. (1),

logðRtrafficÞ ¼ aþ bLpn. (2)

The PNEloud equals the sound level of pink noise in Eq. (2). Thus, PNEloud ¼ Lpn, and, from Eq. (2),

PNEloud ¼ ½logðRtrafficÞ � a�=b. (3)

Eq. (3) was used to calculate individual PNEloud-values for each traffic sound. The standard deviation of individual
PNEloud-values for a given traffic sound ranged between 3.2 and 9.3dB PNEloud (mean ¼ 5.4dB, N ¼ 48 traffic
sounds). The underlying distributions were approximately symmetric with the difference between the arithmetic mean
and the median PNEloud-values ranging between�2.1 and 0.9dB PNEloud (mean ¼ �0.6dB, N ¼ 48 traffic sounds).
Therefore, it was justified to use arithmetic means for summarizing the results across listeners.

2.2.2. Psychoacoustic relationships for perceived loudness (PNEloud)

If LA was a valid indicator of perceived loudness, then equal levels of LA would mean approximately equal
levels of perceived loudness. However, this was not the case, as seen in Fig. 2(a), where PNEloud-values
averaged across listeners are shown as a function of LA. The line shows the linear regression function; the
corresponding equation, fit and standard error of the estimates are given in the second row of Table 2. In
general, sounds with high levels of LC�A (filled circles) were louder than sounds with medium levels of LC�A

(open circles), which in turn were louder than sounds with low levels of LC�A (triangles). The absolute values
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A-weighted sound pressure level, LA (dB)
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Fig. 2. Perceived loudness (PNEloud) as a function of: (a) A-weighted sound pressure level, LA, and (b) loudness level, LN (ISO 532B [11]).

K High, J medium and, W low relative level of low-frequency content.

Table 2

Linear relationships between perceived loudness (PNEloud) and acoustical variables

Empirical relationship R2 Standard error (dB PNEloud)

PNEloud ¼ 5.38+0.94LA 0.92 2.6

PNEloud ¼ �3.80+1.03LA+0.42LC�A 0.99 1.1

PNEloud ¼ �15.30+0.99LN 0.98 1.4
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of PNEloud were higher than the LA-values of road-traffic sounds with high levels of LC�A (filled circles), and
roughly equal to the LA-values of traffic sounds with medium or low levels of LC�A (open symbols). This
means that, for similar LA-values, pink noise was less loud than traffic sounds with high levels of LC�A, but
roughly equal in loudness to traffic sounds with low or moderate levels of LC�A. This makes sense, since pink-
noise has a fairly low level of LC�A (approx. 2 dB).

In order to determine the effect of low-frequency content on perceived loudness, a standard multiple
regression analysis was conducted with PNEloud as the dependent variable and LA and LC�A as the
independent variables. The empirical equation obtained is given in the third row of Table 2, together with the
fit and standard error of the estimate. All coefficients were significantly greater than zero (po0.001). LC�A was
found to explain a large part of the variance in perceived loudness not accounted for by LA. The model fit, R2,
increased from 0.92 with only LA in the model to 0.99 with both LA and LC�A in the model. The ratio of the
coefficients for LC�A to LA was 0.41 (0.42/1.03), suggesting that a 1 dB change in LC�A has the same effect on
loudness as a change in LA of approximately 0.4 dB.1
1A sequential regression analysis was employed to determine if the effect of LC�A on perceived loudness (Experiment 1) or annoyance

(Experiment 2) was in fact caused by a variation in the binaural level difference (DL) acting as a ‘‘confounding’’ variable (cf. Ref. [28]).

This could be suspected because DL and LC�A were correlated [r ¼ �0.47 (Table 1)]. In the first step of the sequential regression analysis,

DL was entered as the only independent variable in the regression model. In the second step, LA and LC�A were added to the regression

model, accounting for the variance not accounted for by DL. In Experiment 1, the regression coefficient for DL (�0.28) was found to be

insignificant (p ¼ 0.136), whereas the coefficients for LA (1.03) and LC�A (0.40) were significant (po0.001). The coefficient for LC�A

was only slightly lower than the coefficient obtained without controlling for DL. The ratio of the coefficients of LC�A and LA was 0.39,

which is similar to the ratio of 0.41 obtained without controlling for DL. In Experiment 2, the regression coefficient for DL (�0.01) was

found to be insignificant (p40.05), whereas the coefficients for LA (1.27) and LC�A (0.45) were significant (po0.001). The coefficient for

LC�A was only slightly lower than the coefficient obtained without controlling for DL. The ratio of the coefficients of LC�A and LA was

0.36, which is the same as obtained without controlling for DL. It may be concluded that the observed effect of LC�A on perceived loudness

(Experiment 1) and annoyance (Experiment 2) was not the result of a variation in DL. Observe that the sound levels, LA and LC�A, used in

the analysis were combined levels of the left and right channels of the binaural recordings (see above Section 2.1.3). The result of the

sequential regression analysis shows that this successfully compensated for the difference in DL between the experimental sounds.
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Fig. 2(b) shows PNEloud as a function of loudness level, LN. The line shows the linear regression function;
the corresponding equation, fit and standard error of the estimates are given in the fourth row of Table 2. The
fit and standard error show that LN was superior to LA as an indicator of perceived loudness of the traffic
sounds. In fact, the standard error of the estimates was only slightly higher for LN than for the model
including both LA and LC�A, 1.4 and 1.1 dB PNEloud, respectively (see Table 2). Observe that PNEloud is
expressed in dBA (see Section 2.2.1), whereas loudness level is expressed in phon. This explains the difference
in absolute values between PNEloud and LN. The average difference between PNEloud and LN was 16 dB. The
corresponding difference between LA and LN was 18 dB.

It is noteworthy that the regression line for LA (Fig. 2(a)) falls closely to the sounds with medium low-
frequency content (open circles). If only these sounds had been included in the experiment, then LA would
have performed as well as LN (R2

¼ 0.994 and 0.995, respectively). This shows the importance of selecting the
right set of experimental sounds in order to distinguish between A-weighted sound pressure level and loudness
level.

3. Experiment 2: annoyance

In Experiment 1, LC�A was found to explain a large part of the variance in perceived loudness not
accounted for by LA. Furthermore, LN was found to be superior to LA as an indicator of perceived loudness.
The purpose of Experiment 2 was to explore whether these results would hold also for perceived annoyance.

3.1. Method

In Experiment 2, a new group of participants were asked to assess perceived annoyance of the sounds used
in Experiment 1. Unlike the loudness instruction used in Experiment 1, the annoyance instruction in
Experiment 2 referred to a specific situation: ‘‘Imagine that you are sitting in a garden relaxing when you hear
the sound.’’ Otherwise, the two experiments were identical; they used the same experimental sounds, the same
procedure and the same equipment.

The listeners in Experiment 2 were 31 university students (21 women, 10 men; mean age ¼ 28 years), all with
a hearing threshold level [20] below 25 dB in their best ear in the tested frequencies (0.5, 1, 2, 3, 4, 6, and 8 kHz,
pure-tone audiometer: Brüel & Kjær, Type 1800). The listeners received course credit for their participation.

3.2. Results and discussion

The consistency of individual data was assessed in the same way as in Experiment 1. All except one
participant had test–retest coefficients greater than 0.85 for the pink-noise reference sounds (median ¼ 0.96,
range: 0.53–0.99) and all except four participants had coefficients greater than 0.85 for the traffic sounds
(median ¼ 0.92, range: 0.62–0.96). Thus, the consistency of individual data was as high as that found in
Experiment 1 for loudness. The general trend of the data of the participants with coefficients below 0.85 was
not different from the other participants. Therefore, data from all participants were included in the group
analyses.

3.2.1. Pink noise equivalent sound level (PNEannoy)

PNEannoy-values of annoyance were calculated in the same way as described in connection with Eqs. (1)–(3),
but with Rpn and Rtraffic now referring to annoyance rather than to loudness. The fit, R2, of the psychophysical
functions for annoyance, Eq. (1), was excellent, between 0.79 and 0.98 (median ¼ 0.95). The slope, b, of the
functions varied between 0.006 and 0.029, median ¼ 0.015.

The inter-individual variability of PNEannoy was much greater than for PNEloud (Experiment 1). The mean
standard deviation across individuals for a given traffic sound was 12.4 dB PNEannoy in Experiment 2 (range:
6.7–24.4 dB) compared to 5.4 dB PNEloud in Experiment 1. Furthermore, the underlying distributions were
negatively skewed in Experiment 2, with the difference between the arithmetic mean and the median PNEannoy

ranging between �8.7 and �0.16 dB (mean ¼ �2.7 dB). The main reason for the high standard deviation and
the skew of the underlying distributions was that some listeners found the pink-noise extremely annoying in
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comparison to the traffic sounds. This resulted in very low PNEannoy-values (o0 dB in a few cases). Because of
the skew distribution of individual PNEannoy-values, median values were used for summarizing the results
across listeners.

3.2.2. Psychoacoustic relationships for perceived annoyance (PNEannoy)

Fig. 3(a) shows median PNEannoy-values as a function of LA. The line shows the linear regression function;
the corresponding equation, fit and standard error of the estimate are given in the second row of Table 3.

The general pattern of the data was similar to the pattern found for loudness (cf. Fig. 2(a)). Sounds with
high levels of LC�A (filled circles) were more annoying than sounds with medium levels of LC�A (open circles),
which in turn were more annoying than sounds with low levels of LC�A (triangles). However, the absolute
values of PNEannoy were smaller than the corresponding values of PNEloud (compare Figs. 2 and 3). This
means that a traffic sound that was found to be approximately equally loud as a given pink-noise level in
Experiment 1, was assessed as less annoying than the same pink-noise level in Experiment 2. This is explained
by the annoying character of pink noise; several listeners pointed out that the character of the pink noise was
more annoying than the character of the road-traffic sounds.

The standard error of the estimate of the linear function in Fig. 3(a) was 3.5 dB PNEannoy. This error is
greater than that found for loudness in Experiment 1 (2.6 dB PNEloud). One reason for this was the poor fit of
the three least annoying sounds (PNEannoyo42 dB). The validity of these PNEannoy-values may be questioned
because they were derived from extrapolations of individual psychophysical functions (the lowest pink-noise
level was 42 dB). With these three sounds excluded, the standard error of estimate was 3.1 dB.

In order to determine the effect of low-frequency content on perceived annoyance, a standard multiple
regression analysis was conducted with PNEannoy as the dependent variable and LA and LC�A as the
independent variables. The empirical equation obtained is given in the third row of Table 3, together with the
A-weighted sound pressure level, LA (dB) Loudness level, LN (phon)
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Fig. 3. Perceived annoyance (PNEannoy) as a function of: (a) A-weighted sound pressure level, LA, and (b) loudness level, LN (ISO

532B [11]). K High, J medium and, W low relative level of low-frequency content.

Table 3

Linear relationships between perceived annoyance (PNEannoy) and acoustical variables

Empirical relationship R2 Standard error (dB PNEannoy)

PNEannoy ¼ �13.87+1.18LA 0.91 3.5

PNEannoy ¼ �24.04+1.27LA+0.46LC�A 0.96 2.3

PNEannoy ¼ �39.21+1.23LN 0.95 2.5
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model fit (R2) and the standard error of estimate. All coefficients were significantly greater than zero
(po0.001). The coefficients for LA and LC�A and their ratio (0.46/1.27 ¼ 0.36) were similar to the
corresponding values for loudness in Experiment 1 (0.42/1.03 ¼ 0.41)1.

Fig. 3(b) shows PNEannoy as a function of loudness level, LN. The line shows the linear regression function;
the corresponding equation, fit and standard error of the estimates are given in the fourth row of Table 3. As
for loudness in Experiment 1, the standard error of the estimates was only slightly higher for LN than for the
model including both LA and LC�A, 2.5 and 2.3 dB PNEannoy, respectively (see Table 3).

The regression line for LA (Fig. 3(a)) falls closely to the sounds with medium low-frequency content (open
circles), as also found in Experiment 1. If only these sounds had been included in the experiment, then LA

would have performed as well as LN, with R2
¼ 0.953 and 0.954, respectively. Once again, this shows the

importance of stimulus selection in the testing of indicators.

4. General discussion

The results showed that sounds with similar A-weighted sound pressure levels were louder and more
annoying the greater their relative level of low-frequency content (LC�A). These results agree with the notion
that A-weighted sound pressure level overcompensates for the lower sensitivity of the hearing system at low
frequencies (e.g., Refs. [1–3]). Conversely, sounds of similar loudness levels [11] were approximately equal in
loudness and annoyance irrespective of their low-frequency content. Thus, loudness level was found to be
superior to A-weighted sound pressure level as an indicator of short-term loudness and annoyance of road-
traffic sounds with a wide variation in low-frequency content.

Several previous experiments on perception of road-traffic sounds have failed to show that A-weighted
sound pressure level is inferior to loudness level [7,9]. This was probably because of the lack of systematic
selection of experimental sounds in these experiments, which resulted in a set of road-traffic sounds with
limited variations in spectral content for sounds of similar sound level. The present results illustrate the
consequences of a limited stimulus set: If only traffic sounds with medium relative level of low-frequency
content were included in the analyses (open circles in Figs. 2 & 3), then A-weighted sound pressure level would
be as successful as loudness level in predicting perceived loudness and annoyance. However, by including
several sounds with the same overall sound level that differed in spectral content the indicators were critically
tested.

The present results agree with Watts ([10], experiment 3) who found that A-weighting was inferior to
loudness level as an indictor of perceived noisiness. Watts filtered road-traffic recordings in order to obtain a
set of road-traffic sounds with a wide range of low-frequency content at a constant A-weighted sound pressure
level. The present experiments show that Watts’s results may be generalized to real, non-manipulated road-
traffic sounds.

Because Watts [10] manipulated low-frequency content while keeping other variables constant, his results
strongly suggest a causal link between low-frequency content and perception of road-traffic sound. In the
present experiments, LC�A was not manipulated independently of other variables. Therefore, one cannot
exclude that the observed effect was in fact caused by some ‘‘confounding’’ variable that was also correlated
with LC�A.

Inter-correlations between acoustical variables identified one potential confounder, namely the binaural
level difference (DL), which was moderately correlated with LC�A (r ¼ �0.47, Table 1). However, statistical
analysis showed that the effect of LC�A on perceived loudness and annoyance remained after controlling for
the effect of DL (see footnote 1). The other investigated acoustical variables could also be excluded as
confounders. Sound-level variability over time was only weakly correlated with LC�A, r ¼ �0.13 and 0.04 for
LA10–LA90 and LN10–LN90, respectively. The two measures of maximum sound level, LA10 and LN10, were
correlated with LC�A, r ¼ �0.31 and �0.15, respectively. However, these variables were almost perfectly
correlated with the measures of overall sound level, LA and LN. Therefore, they could not have accounted for
the variance in perceived loudness or annoyance that was not accounted for by LA and LN.

Source identification is another possible confounder. Versfeld and Vos [24] found that heavy vehicles were
more annoying than light vehicles at similar A-weighted sound pressure levels, despite similar frequency
content. However, several other studies found no effect of source type on annoyance of road-traffic sound
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[4,5,8,25]. Carefully listening to the selected excerpts suggested that the variation in low-frequency content was
mainly caused by source characteristics and distance to the vehicles. Excerpts with a high relative level of low-
frequency content and a high overall sound level contained sounds of motorcycles and heavy vehicles at close
distance. Excerpts with a high relative level of low-frequency content and a low overall sound level contained
undifferentiated road-traffic sound from vehicles at further distance. The effect of low-frequency content
was found for all sounds, including those at low levels where single sources could not be identified (see Figs. 2
and 3). This speaks against the hypothesis that source identification confounded the observed relationship
between low-frequency content and loudness or annoyance.

In summary, the present results suggest that low-frequency content is a determinant of perceived loudness
and annoyance of road-traffic sound: A relationship was found and possible confounders were ruled out.
Furthermore, the present study quantified the effect of low-frequency content. It was estimated that the
change in perceived loudness or annoyance associated with a 1 dB change in LC�A would correspond to
approximately a 0.4 dB change in sound level (LA). Therefore, two road-traffic sounds with the same LA, one
with 0 dB and the other with 15 dB LC�A, would differ in perceived loudness corresponding to a sound level
difference of 15� 0.4 ¼ 6 dBA.

Consequently, a corrected sound level for measuring road-traffic sound may be suggested:
L*

A ¼ LA+0.4LC�A. This correction adds a ‘‘penalty’’ to the sound level depending on its low-frequency
content (LC�A). L*

A may be used as a rule of thumb for comparing traffic sounds with different spectral
content. Observe, however, that the size of this correction was derived from the present results. One should
therefore be cautious about generalizing to other sets of traffic sounds, for instance sounds from larger roads
or larger distances to roads than those used in the present experiment.

Previously, Vos [26] and Kjellberg et al. [27] suggested indicators based on both C- and A-weighted levels
for annoyance of impulse sounds and occupational noise. The present results show that such an approach may
also be useful for evaluating short-term loudness or annoyance of road-traffic sound. It should, however, be
noted that the loudness level (LN) performed nearly as well as the model based on both C- and A-weighted
sound pressure level in predicting perceived loudness and annoyance (Tables 2 and 3). This speaks in favor of
LN, because it was tested with one free parameter less than the model based on C- and A-weighted sound
pressure level. On the other hand, loudness level is more difficult to measure than A- and C-weighted
sound pressure level. For example, most hand-held sound level meters measure both A- and C-weighted sound
pressure level, but not loudness level. Furthermore, for traffic sounds with typical levels of low-frequency
content, A-weighted sound pressure level and loudness level were equally good as indicators of perceived
loudness and annoyance (open circles in Figs. 2 and 3). Thus, as previously shown for other environmental
sounds [23], A-weighted sound pressure level is a useful indicator of short-term loudness and annoyance of
road-traffic noise without prominent low-frequency content.

5. Conclusions

The main purpose of the present experiments was to determine whether A-weighting is a valid indicator of
perceived loudness or annoyance of road-traffic sound with wide variation in low-frequency content. The
following conclusions were drawn from the results.
(1)
 A-weighted sound pressure level was found to be inferior to loudness level [11] as an indicator of short-
term loudness and annoyance of road-traffic sounds with a wide variation in low-frequency content.
(2)
 Low-frequency content was found to influence the perceived loudness and annoyance of road-traffic
sound. In general, sounds with similar A-weighted sound pressure levels (LA) were louder and more
annoying the greater their low-frequency content (LC�A).
(3)
 The change in perceived loudness or annoyance associated with a 1 dB change in LC�A corresponded to
approximately a 0.4 dB change in LA.
(4)
 Systematic selection of experimental sounds from a ‘‘stimulus population’’ was found to be useful for
obtaining non-manipulated environmental sounds with a wide range in acoustical variables critical for the
research question. In the present study, the selection method yielded a set of road-traffic sounds with a
wide range in both LA and LC�A.
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