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Statistical structures of indoor traffic noise in a high-rise city
S. K. Tang and W. H. Au
Department of Building Services Engineering, The Hong Kong Polytechnic University, Hong Kong, China

~Received 3 February 1998; revised 1 April 1999; accepted 1 August 1999!

Noise measurements were conducted in seven residential flats close to the traffic in Hong Kong.
Noise-level time variations and their statistics are discussed. The results of the overall noise level
statistics reveal that Gaussian noise-level distribution can only be found under the free traffic-flow
condition while some characteristics of gamma noise-level distributions are observed when the flow
is of the interrupted type. Short-duration noise-level time variation statistics reveal a well-defined
relationship between skewness and kurtosis for each traffic-flow pattern identified. Results also
suggest that the Pearson type I and IV distributions are useful for describing the short-duration
noise-level distributions. ©1999 Acoustical Society of America.@S0001-4966~99!00512-3#

PACS numbers: 43.50.Lj, 43.50.Jh@MRS#
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INTRODUCTION

In a densely populated high-rise city such as Ho
Kong, the acoustical environment under the influence of t
fic noise may differ from those of the smaller cities. This
largely due to the proximity of trunk roads to larg
buildings1,2 and the effect of city reverberation.3

The importance of traffic noise in environmental cont
has attracted the attention of many acousticians and scien
in the past few decades. Griffithset al.4 studied the subjec
tive effects of traffic-noise exposure on human beings in
London area. A similar study focused on the behavior
human beings exposed to traffic noise was carried out in
French cities by Lambertet al.5 Traffic-noise criteria for as-
sessing the annoyance caused by traffic noise have also
studied. Scholes6 found that the A-weighted equivalen
sound-pressure levelLAeq and the traffic noise index~TNI!
calculated from the A-weighted percentile levelsLA10 and
LA90 correlate satisfactorily with human annoyance. The
of percentile levels as the noise criteria was further inve
gated by Langdon and Griffiths.7 LA10 is widely used in traf-
fic noise-control practices nowadays.

Physical noise measurements were also conducted
researchers all over the world. Examples are the works
Ko1 in Hong Kong, Ishiyamaet al.2 in Tokyo, Cannelli8 in
Rome, and more recently, Chakrabartyet al.9 in Calcutta.
Scale-model studies have also been done by Liu10 and Ya-
mashita and Yamamoto.11 However, this list is by no mean
exhaustive. Empirical formulas for the estimation ofLA10

under known traffic volume have also been developed.12

Statistical modeling of traffic noise is also a resea
topic. Foxon and Pearson13 concluded from the results of
site measurement that the distribution of traffic-noise leve
Gaussian-like. However, Kurze14 has showed both math
ematically and experimentally that the noise-intensity flu
tuation due to free-flowing traffic is gamma-distributed.
should be noted that Foxon and Pearson13 and Kurze14 were
using different quantities for describing the noise statist
Foxon and Pearson13 used the noise level in dB while
Kurze14 discussed the noise intensity. The noise levelL is
related to the noise intensityI by the well-known logarithmic
relationship
3415 J. Acoust. Soc. Am. 106 (6), December 1999 0001-4966/99/1
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L510 log0~ I /I ref!,

where I ref denotes the reference noise intensity. The m
recent results of Don and Rees15 suggest complicated noise
level distributions depending on the compositions of ro
vehicles, and they have developed a model based on
superposition of Gaussian distributions for the estimation
traffic-noise probability distribution. However, their pro
posed model has not been widely adopted in the traffic-no
prediction practice. Despite the efforts of previous resear
ers, a commonly agreed-upon distribution function for traf
noise has not been sought, nor its shape under diffe
traffic-flow patterns.

Most of the measurements mentioned above were
conducted at the facades of buildings. In a high-rise a
densely populated city, the transmission of traffic noise
indoor built environment through the building facades is
big problem. Owing to the large variation of the indo
acoustical conditions, results of indoor traffic noise in exi
ing literature are very limited. One example is due to Ko16

who showed the existence of a fairly good correlation b
tween indoor and outdoor traffic-noise levels in the op
window case. The present study is an attempt to find
whether a fixed traffic-flow pattern will lead to a certain ge
eral shape of the indoor traffic noise-level distribution. It
hoped that the present results can provide information
further development of the traffic-noise prediction method

I. SITE MEASUREMENTS

A. Methodology

In the present study, seven site measurements were
ried out within the urban area of Hong Kong where the ma
source of noise was traffic. Simultaneous recording of o
door and indoorLAeq,T52 s was done using two Metrosonic
dB-3100C integrating sound-level meters. They also m
sured noise-level probability distributions, the overallLA10

andLA90 . The outdoor noise levels were measured 1 m from
the building facades while the indoor ones were record
close to the centers of the indoor environments. Duration
each measurement was at least 25 min. A video recordin
the traffic flow was carried out in parallel with each noi
341506(6)/3415/9/$15.00 © 1999 Acoustical Society of America



TABLE I. General features of measurement sites.

Site A B C D E F G

Road type Main trunk Main trunk Main trunk Distributor Distributor Distributor Distributor
Speed limit
~km/h!

70 70 70 50 50 50 50

Anticipated traffic
flow

Free Free Free Free Interrupted Interrupted Interrupted

Number of lanes 6~3 in each
direction!

6 ~3 in each
direction!

6 ~3 in each
direction!

4 ~2 in each
direction!

6 ~3 in each
direction!

4 ~2 in each
direction!

4 ~2 in each
direction!

Distance from
traffic light ~km!

.1 .1 .1 ;0.5 0.05 0.07 0.05

Traffic light
durationa ~s!

¯ ¯ ¯ ¯ 60G160R
both sides

30G180R near side
20G190R far side

37G160R near side
20G160R far side

37G160G near side
20G160R far side
General building
clearance~m!

.10 .10 .10 ;5 generally no
clearance

,5 .10

General building
height ~m!

80 80 65 35 34 40 65

Indoor
reverberation time

0.8 0.8 0.4 0.5 0.4 0.4 0.8

aG: green light; R: red light.
e
sa
I
a

io

ith
on

a
ee
-
to
r
ar
no
to

it
nd
en
is
ns
af
he
it

os
1
th

ac
l.
r
ha
en

en-
a-

by

ne
re-

nd
le II.
unc-
n.

s-
eed

the
ow
he
ave
It

the
nd
er

t-
ly
e

fea-

ere

tics
ria-

he

 28 February 2025 09:26:36
measurement for later traffic count and other analyses. M
speeds of the vehicles were also estimated from their pas
time between two lampposts with a known separation.
addition, reverberation measurement was carried out in e
indoor environment using the Bru¨el & Kjær 2144 frequency
analyzer in the multispectrum mode. Open window condit
was adopted in the present study.

B. General site information

The seven sites selected in the present study are e
near a main trunk road or a road junction with buildings
both sides of the associated roads. Thus, the results
mainly related to two types of traffic-flow patterns—the fr
flow14 and the interrupted flow.17 The latter flow pattern de
scribes the situation in which the vehicles decelerate, s
and accelerate again.17 This phenomenon is common fo
road junctions. These two mentioned traffic-flow patterns
also typical in high-rise and densely populated cities. It is
intended to subdivide the interrupted flow pattern in
banked and pulsed flow patterns as in Don and Rees.15 This
will be discussed later.

Table I summarizes the general features of these s
and Fig. 1~a! to ~c! show the survey maps for sites C, D, a
E which illustrate all the essential features of the pres
surveyed sites. Effect of traffic interruption by traffic light
important at sites E to G, which are close to road junctio
However, the traffic pattern for site D was unavoidably
fected by a traffic light located about 500 m away from t
measurement point, though the vehicles could move w
speeds similar to those in sites A to C. Sites A to C are cl
to main trunk roads where there is no traffic light within
km from measurement points. It should also be noted that
buildings surrounding site E are packed very closely to e
other so that the clearance between them is very smal
addition, the results from the reverberation time measu
ments reveal that a great variety of indoor environments
been covered in the present study. The indoor environm
3416 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999
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associated with sites A, B, and G are unfurnished. The g
eral heights of the buildings shown in Table I reflect a fe
ture of a high-rise city. The road junctions studied
Chakrabartyet al.9 are surrounded by low-rise buildings.

C. Traffic-flow data

Traffic count and vehicle-speed estimation were do
after the site measurements by playing back the video
cordings. Traffic volume, the decomposition of traffic, a
average vehicle speed for each site are tabulated in Tab
The average vehicle speeds for the sites close to road j
tions are obtained during the green traffic light conditio
Also, a majority of the vehicles fell into the category ‘‘pa
senger car and taxis.’’ In general, the average vehicle sp
under the free-flow condition is higher than that under
interrupted flow. However, as stated before, the traffic fl
at site D was affected by a traffic light 500 m away from t
noise measurement point so that the vehicles may not h
attained their normal speeds in the free-flow situation.
should also be noted that the speed limit enforced by
local government will limit the speeds of the vehicles a
since the road at site D is not a main trunk road, the low
traffic volume will lead to a partially continuous flow pa
tern. This type of traffic flow is referred to as the partial
continuous free flow in the foregoing discussions. It will b
shown later that the results obtained at site D show the
tures of both the free and interrupted flows.

II. RESULTS AND DISCUSSION

Both the equivalent sound-pressure levels at 1 m from
the building facade and in the indoor environments w
recorded every 2 s in thepresent study. In the following
sections, their time variations and statistical characteris
are discussed. In the present investigation, the time va
tions of the indoor noise levels follow closely those of t
3416S. K. Tang and W. H. Au: Indoor traffic noise
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 28 February 2025 09:26:36
outdoors, as discussed in Ko.16 Also, it is found that the
indoor reverberation characteristics do not affect this re
tionship, though it does affect the difference betweenLAeq in
the indoor environment and at the building facade~not

FIG. 1. Examples of measurement site locations.~a! site C; ~b! site E; ~c!
site D.✪: Measurement location;;: traffic light.
3417 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999
-

shown here!. In order to simplify the following discussion
the results presented hereinafter, unless otherwise stated
those obtained indoors.

A. Noise-level variations and their overall statistics

Occasional lulls in the traffic flow result in reduced le
els, which appear as downward-pointing spikes in the ti
trace of noise-level variations. A typical example of this
that obtained at site C~free flow! shown in Fig. 2~a!. Bursts
of accelerating or decelerating traffic, especially preval
near traffic lights, produce the spikes of increased noise
served in Fig. 2~b! ~site F, interrupted flow!. Such spikes can
have a magnitude as high as 15 dB. Figure 2~c! illustrates the
noise-level time variation obtained at site E, which is a
fected by a traffic signal with equal duration of red and gre
light. The noise level varies periodically with nearly consta
amplitude, resulting in a relatively uncommon statistical d
tribution. It will be discussed later.

The partially continuous free-flow traffic pattern at si
D contains both lulls and bursts resulting from the traf
light located far away from the measurement point and
lower traffic volume~not shown here!. A similar phenom-
enon is observed in an additional measurement conducte
site A when the traffic volume was only about 3300 vehic
per h and the nominal vehicle speed was 65 km/h. S
excursions from the average level significantly affect t
shape, and thus influence the higher moments of the tra
noise-level distribution. Skewness,s, and kurtosis,k, as de-
fined by Stuart and Ord18

s5
( f ~x2 x̄!3

s3 and k5
( f ~x2 x̄!4

s4 23, ~1!

wheref is the probability distribution,$x% the sample,s the
standard deviation of$x%, andx̄ the sample mean, have bee
calculated for the free-flowing~sites A, B, and C! and the
interrupted flow~sites E, F, and G! traffic situations as well
as for site D, which appears to be a mixture of both flo
conditions. Results are presented in Table III. The skewn

FIG. 2. Time variations ofLAeq,T52 s. ~a! site C (LAeq,T525 min555.9 dB);
~b! site F (LAeq,T525 min558.6 dB); ~c! site E (LAeq,T525 min561.9 dB).
Horizontal straight line:LAeq,T525 min.
3417S. K. Tang and W. H. Au: Indoor traffic noise



3418 J. Acoust. S
TABLE II. Traffic-flow data summary.

Site

Number of vehicles/houra

V1 V2 V3 V4 V5 V6 V7 V8 Total
Mean speed

~km/h!

A 95 2304 816 0 96 960 517 242 5030 64
B 52 1620 1188 0 84 1080 480 186 4690 63
C 29 1992 84 0 0 36 7 0 2148 72
D 58 636 216 312 120 84 30 0 1456 45
E 8 780 0 144 204 36 34 4 1210 29
F 7 660 132 144 72 60 19 0 1094 30
G 2 336 48 12 48 24 4 0 472 23

aV1: Motorcycle; V2: passenger car and taxis; V3: light truck or van of unladen weight,2.8 tons; V4: light bus;
V5: double deck bus; V6: median truck of unladen weight,5.5 tons; V7: heavy truck of unladen
weight.5.5 tons excluding container vehicle; V8: container vehicle.
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for the interrupted traffic-flow cases is always positive. F
ure 3 illustrates some typical examples of the indoor no
level distributions for the three types of traffic conditions
1-dB bin range. The corresponding distributions for the o
door noise levels are very similar to those shown in Fig
and are not presented.

For a gamma-distributed noise-intensity time record,
resulting noise-level distribution will have a negative ske
nesss. Therefore, Fig. 3 shows that the noise-intensity flu
tuation may be gamma-distributed only for the case wit
continuous free-traffic flow. However, the skewness of
present distributions is very much higher than that of
noise-level distributions having the same kurtosis but w
gamma-distributed noise-intensity fluctuations as shown
Table III. This suggests that the present noise intensity d
not follow the gamma distribution proposed theoretically
Kurze.14 Also, the present distributions differ from those pr
sented by Ko,1 which show significant positive skewnes
However, it should be noted that although there is no ag
ment with the gamma distribution in these overall statisti
the noise-level distributions within short time intervals
follow some common probability density distributions. Th
will be discussed in the next section.

The corresponding noise-level distributions for the p
tially continuous free-traffic flow cases are Gaussian-l
with small skewness and kurtosis~Table III!. This is prob-
ably due to the randomness in the arrival time and spa
distribution of vehicles so that the results tend to agree w
those of Johnson and Saunders.19 The Gaussian-like traffic
oc. Am., Vol. 106, No. 6, December 1999
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noise-level distribution of Foxon and Pearson13 appears to be
due to this partially continuous flow pattern. Their measu
ment site was located in an area with both free flow a
interrupted traffic—a situation similar to site D.

The higher the discontinuity of the traffic flow, the mo
positive the noise-level distribution skewness will be. In ge
eral, the shapes of the noise-level distributions do not re
agree with those suggested by Don and Rees.15 Though the
noise-level distribution for site E has two peaks, the pres
data were recorded in the afternoon instead of in the even
as in Don and Rees.15 Such discrepancy may be due to th
fact that the results of Don and Rees15 are noise-level statis
tics within 300 s so that they are sensitive to the intermitt
changes in the traffic-flow pattern. However, it will be show
in the next section that their proposed noise-level distribut
shapes can occur in the short-time statistics. Noise-level
tributions at site G and, in particular, site F have skewn
close to unity and approximate more closely a gamma dis
bution ~for a gamma distribution with meanp54.9, s
50.90, andk51.22!. The positive skewness results from th
high-magnitude upward spikes in theLAeq,T52 s time varia-
tion such that the overall equivalent sound-pressure le
LAeq is higher than the mode of the level distribution@e.g.,
Fig. 2~b!#.

B. Short-time statistics

Since the noise levels keep on changing throughout
whole measurement period, it is worthwhile to investiga
TABLE III. Skewness and kurtosis in overall indoor noise-level statistics.

Site Skewnesssa Kurtosisk
Standard deviation

s ~dB! LAeq, T525 min ~dB!

A 20.45 ~20.77! 0.23 1.49 73.1
B 20.38 ~20.65! 0.06 1.92 51.6
C 20.12 ~20.78! 0.39 2.38 55.9
D 0.06 ~20.51! 20.39 2.27 73.7
E 0.25 ~20.44! 20.79 3.55 61.9
F 0.88 ~no solution! 1.35 2.41 58.6
G 0.99 ~20.86! 1.02 4.13 65.0
Additional
measurement

0.02 ~20.71! 0.44 1.89 71.3

aData in parentheses denote skewness of noise-level distribution with samek but obtained from gamma-
distributed noise-intensity time fluctuation.
3418S. K. Tang and W. H. Au: Indoor traffic noise
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how the statistical properties of the noise-level variatio
will change with time for a deeper understanding on the
ture of traffic-noise fluctuations. This section is an attemp
look into the variations of such properties and to look
their common characteristics. Statistical parameters, suc
the standard deviation, skewness, and kurtosis, are calcu
within any 5-min consecutive intervals of the recorded
doorLAeq,T52 s time variations. It is not believed that short
calculation intervals are suitable to ensure reliable statis
because transient noises and pulses will then contaminat
results so obtained. Five-minute intervals have been ado
for the measurement of unsteady noise inside of
buildings20 as well as in the traffic-noise study.15

The standard deviations of the noise levels in the pres
study are lower than those of Don and Rees15 ~Fig. 4!. It can
also be observed from Fig. 4 as well as from Table III th
higherss are found at sites E and G where the durations
the red traffic light are relatively short~Table I! and the
nominal speeds of the vehicles are low~Table II!. Deviation
of the present short-time noise-level statistics from
Gaussian distribution is observed where the noise clim

FIG. 3. Examples of probability density distributions from overall statist
of 25-min averages.s: site A; n: site D; ,: site E.

FIG. 4. Variation of 5-min noise climate with noise-level standard dev
tion. s: site A; h: site B;3: site C;n: site D;,: site E;L: site F;1: site
G; d: additional measurement at site A; ———: Gaussian; –
Weibull ~Ref. 22!; –•–: gamma.
3419 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999
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LA10,T55 min2LA90,T55 min is concerned~Fig. 4!. The noise
climate can be assumed to be proportional tos only when
the latter is small (s<1.5 dB). This is different from the
results of Don and Rees.15 Gamma noise-level distribution i
not valid in the present case. Relatively large scattering
observed ats'2.4, where the variation range of the noi
climate is around 4 dB. This results from the free-flow traf
at site C. This will be further discussed later.

Examples of the 5-min noise-level distributions,
0.5-dB bins, indicate substantial differences with time at
same site@Fig. 5~a! and~b!#. An approximately uniform dis-
tribution with a small U-shape obtained from an interrupt
traffic flow at site E@Fig. 5~e!# differs from profiles reported
elsewhere~for instance, Don and Rees15!. It is found from a
replay of the video recording that the vehicles stopped
started periodically with a distinctive frequency because
the traffic signal~Table I!. The time variation of the noise
levels therefore appears approximately sinusoidal w
nearly constant amplitude@Fig. 2~c!#. Since a sinusoidal time
variation of noise levels will tend to produce a U-shap
distribution, the occurrence of the distribution observed
Fig. 5~e! is explained.

Since the short-time noise-level distributions vary su
stantially with time, it is not possible to analyze each of the
individually. In order to characterize these distributions, t
method of Pearson is employed. The type of distribut
function for describing a set of sampled data is determin
by analyzing the skewness and kurtosis of the sample o
skewness–kurtosis chart called the (b1 ,b2) chart of
Pearson,18 where b15s2 and b25k. Details of the proce-
dure and the importance of the relationship between sk
ness and kurtosis can be found in standard textbooks on
vanced statistics~for instance, Elderton and Johnson21!. The
present analysis is started off by comparing the~s,k! relation-
ships of the present data with those of the common distri
tions.

Though many different shapes of the noise-level dis
butions can be observed and they seem to appear rando
their skewnesss and kurtosisk are bounded and, to a larg
extent, related for each type of traffic flow identified in th
present study. Figure 6~a! is a plot of k againsts for the
interrupted traffic cases. Essential features of this plot
thats is always positive andk can be negative or positive bu
it increases and shows a definite relationship withs. The
noise-level distributions are neither Gaussian nor gamma
though some of the overall statistics tend to reveal the ch
acteristics of these two well-known distributions~Fig. 3 and
Table III!. The ~s,k! relationships of some common distribu
tion functions18 are also included in Fig. 6~a! but none of
them agrees with the present results. Though some ag
ments with the noise-level distribution with a gamm
distributed noise-intensity time variation are observed
small positives, this type of level distribution is in genera
not really valid in the positives range. It should be noted tha
a similar ~s,k! relationship is also observed for the outdo
measurements and thus they are not presented. It can al
noted from Fig. 6~a! that the data for site E show negativek
with small s, showing that the associated noise-level dis
butions are quite uniform.

-

:

3419S. K. Tang and W. H. Au: Indoor traffic noise



FIG. 5. Examples of 5-min noise-level distributions.~a! site A; ~b! site A; ~c! site D; ~d! site F; ~e! site E; ~f! site C.
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Figure 6~b! shows the~s,k! relationship for the free-
traffic-flow cases, which is less ordered than that shown
Fig. 6~a!. Unlike the case for interrupted traffic, skewness
in this case can be positive or negative and21<s<1. This
coexistence of positive and negatives, together with a rela-
tively large variation in the kurtosisk and a less-ordered~s,k!
relationship in the 5-min statistics will result in a large var
tion in the shape of the noise-level probability density a
cumulative distributions. These two distributions have a s
nificant effect on the noise climate, resulting in the lar
scattering of data associated with site C observed in Fi
(s'2.4).

Skewnesss in this free-flow case is not as large as th
for the interrupted cases. The variation ofk with s tends to be
bounded by the prediction of gamma-distributed noi
intensity fluctuations for negatives within reasonable toler-
ance. For positives, no collapse of data is possible in realit
as the gamma-distributed noise-intensity time fluctuat
will result in a negatively skewed noise-level distributio
This is because the noise intensity and noise level are rel
by a logarithmic relationship. Some data tend to agree w
that of a Weibull-distributed noise-level time variation22 and
quite a number of the distributions haves andk close to zero,
suggesting the presence of Gaussian noise-level distribu
in the short-time statistics under the free-flow condition.

No agreement with the gamma-distributed noise-le
prediction can again be observed under the free-flow co
tion. A Gaussian-distributed noise-intensity time fluctuati
gives rise to a noise-level distribution with negatives and
largek—a situation not observed in the present study. Th
the associated~s,k! relationship is not included in the discu
sions. Also, a Weibull-distributed noise-intensity time flu
3420 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999
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tuation givess521.14 andk55.40, which are outside the
range of the experimental results.

The ~s,k! relationship for site D, which represents th
case of a partially continuous free flow affected by a dist
traffic light, is shown in Fig. 6~c!. That for the additional
measurement at site A agrees with Fig. 6~c! for small posi-
tive s,1 ~not shown here!. Skewnesss for this additional
measurement, which was done close to a highway with
flow restriction of any form, is seldom larger than 1. Th
corresponding traffic volume was low. Though the noise
this case appears intermittent, the continuous generatio
noise by the vehicles does not in general produce very p
tively skewed noise-level distribution, asLAeq in this case
does not depend very much on the magnitudes of sev
specific spikes in the noise-level time variation. This is n
the case for a traffic flow with serious interruption.

Though boths and k vary with time, the present ob
served~s,k! relationship, at least for a particular type of tra
fic flow, tends to suggest that both the indoor and outd
noise-level distributions are not as random as one expe
The present~s,k! relationships appear much more organiz
than those of Don and Rees.15 Also, the above~s,k! relation-
ships are again found when the time interval for calculat
is reduced to 4 or even 3 min, though a higher order
scattering can be anticipated~not shown here!, suggesting
the robustness of these relationships. For the shorter ti
interval cases, the ranges ofs andk become larger, in gen
eral.

It is observed that the short-time statistical structure
the noise-level time variation differs from the overall stat
tics quite significantly. It is expected, especially for the i
terrupted traffic-flow cases, because the short-time statis
3420S. K. Tang and W. H. Au: Indoor traffic noise
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parameters are sensitive to relatively short-duration hi
energy-level acoustical signals and the intermittent chan
in the traffic condition. The question of whether there is a
relationship between these two sets of statistical results is
to further investigation.

In order to find out the type of distribution that may b
able to describe the general forms of present noise-level
tributions, the present~s,k! relationships are compared wit

FIG. 6. Relationships between skewness and kurtosis.~a! interrupted traffic
flow; ~b! free flow;~c! partially continuous traffic flow.s: site A; h: site B;
3: site C;n: site D;,: site E;L: site F;1: site G;d: Extreme value;j:
exponential;l: rectangular;m: logistic; .: Laplace; ———: gamma-
distributed noise level; –•–: Poisson-distributed noise level; ––: invers
Gaussian-distributed noise level; –••–: Weibull-distributed noise level;
•••••: gamma-distributed noise-intensity time fluctuation.
3421 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999
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es
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is-

those of the Pearson’s family on the (b1 ,b2) chart.18 Fine
details of the present short-time noise level distributions
ignored. Though there are some other families of freque
curves,21 the Pearson’s family appears to be the most fun
mental and is thus adopted in the present investigation.

Figure 7~a!, ~b!, and ~c! show the (b1 ,b2) chart18 and
the ~s,k! relationships of the interrupted flow, free-flow, an
partially continuous flow, respectively. These~s,k! relation-
ships are obtained by regression. The 95% confide
boundaries are also included here to provide for the d
scattering. The Roman letters in Fig. 7 represent the type
Pearson distributions and the alphabets in parentheses d
the general shapes of the distributions described in Elde
and Johnson.21 The thin solid lines are the boundaries sep
rating different regions of Pearson distributions. For furth
details of the (b1 ,b2) chart and the properties of the Pears
distributions, please see Refs. 18 and 21.

Figure 7~a! suggests that a majority of the noise-lev
distributions obtained under the interrupted traffic-flow co
dition can be approximated by the Pearson type I cu
which takes the form

f ~x!;S 11
x

a1
D m1S 12

x

a2
D m2

, ~2!

where mis and ais are constants to be evaluated from t
sample$x%. The shape of such distribution depends on
values ofmis andais. For s2*2, which is only found in the
interrupted flow cases, the measured noise-level distribu
remains close to the Pearson type I curve but there is a hi
chance to have a J-shaped one~not shown here!. For very
small s, the distribution may also take the form of
U-shaped Pearson type I curve. Whens50, it becomes a
Pearson type II distribution@m15m2 anda15a2 in Eq. ~2!#.
An example of a U-shaped noise-level distribution~which
appears quite rectangular! has been shown in Fig. 5~e!. It is
obtained at site E with an interrupted traffic-flow conditio
However, this region is very narrow and thus is not discus
further.

Figure 7~b! suggests that while it is possible to fin
noise-level distributions which take the forms of the Pears
type III, IV, V, and VI under the free-flow condition, the
probability of having a bell-shaped Pearson type I distrib
tion is still higher than those of the others. Some symmetr
Pearson type VII noise-level distributions can also be
pected for smalls. Unlike the case with interrupted traffic,
U-shaped Pearson type II distribution is not likely to
found.

The increase ofk with s is relatively rapid under the
partially continuous-flow condition, as shown in Fig. 7~c!.
Under this type of mixed-flow condition, no dominating di
tribution type exists and the noise-level distribution may ta
the form of Pearson type I, II, III, IV, V, or VI, depending o
s. For s2.0.7, Fig. 7~c! suggests the use of the Pearson ty
IV curve

f ~x!;S 11
x2

a1
2D 2m1

e2m2 tan21~x/a1!, ~3!

to approximate the noise-level distribution, while fors2

,0.3, the bell-shaped Pearson type I curve becomes m
3421S. K. Tang and W. H. Au: Indoor traffic noise
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FIG. 7. Comparison between short-time level distributions and Pearson
tributions.~a! interrupted traffic flow;~b! free flow; ~c! partially continuous
traffic flow. ———: Regression line; –•–: 95% confidence boundaries. M
bell-shaped; U: U-shaped; J: J-shaped; Roman letters: types of Pearso
tributions; thin solid lines: boundaries separating regions of Pearson d
butions~Ref. 19!.
3422 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999
appropriate. The noise-level distributions obtained under
traffic condition are usually bell-shaped~a property of the
relevant Pearson curves21!. The Pearson type VII and th
U-shaped type II distributions do not appear to be releva

III. CONCLUSIONS

Simultaneous indoor and outdoor noise measurem
with video recording were carried out at seven residen
flats affected by traffic noise in the present study. The traf
flow patterns on the main noise-producing roads can b
cally be divided into the free-flow and interrupted-flo
types. The time variations of noise levels, their overall s
tistics, and the short-duration statistics are discussed.
short-duration statistics are also compared with those of
existing frequency distributions.

Upward noise-level spikes appear frequently in t
interrupted-flow cases, giving rise to positive skewness in
noise-level statistics. For the free-flow cases, the noise le
fluctuates about the equivalent sound-pressure level with
casional downward spikes due to short-duration lulls in
traffic flow. The present overall statistical results suggest t
Gaussian noise-level distribution can only be found when
traffic volume is low and the flow is not interrupted ve
much. For the interrupted-flow case, the overall noise-le
distributions show some characteristics of the gamma dis
bution.

Five-minute short-duration noise-level statistics a
studied in the present investigation for a deeper understa
ing of the nature of the traffic-noise fluctuations. The re
tionships between skewness and kurtosis of the meas
short-duration noise-level distributions are far from t
Gaussian predictions. The results show some possibilitie
having a gamma-distributed noise intensity or a Weibu
distributed noise-level time fluctuation under the free-flo
condition. Skewness of the noise-level distribution is p
dominantly positive for the interrupted traffic-flow cases. N
commonly used statistical functions can describe the co
sponding relationship between skewness and kurto
though a gamma-like overall noise-level distribution is o
served.

The skewness–kurtosis relationships of the pres
short-duration noise-level distributions suggest that a ma
ity of these distributions, especially those for the interrup
flow, can be approximated by the Pearson type I curve
stead of the Pearson type III or Gaussian distribution s
gested in the existing literature. Gaussian noise-level dis
butions are likely to be found only under the free-flow traf
condition.
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