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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 | and IV distributions are useful for describing the short-duration
noise-level distributions. €1999 Acoustical Society of Amerid&80001-49669)00512-3

PACS numbers: 43.50.Lj, 43.50.JKMRS]

INTRODUCTION L=10logy(1/1 e,

In a densely populated high-rise city such as HongWherel . denotes the reference noise intensity. The more
Kong, the acoustical environment under the influence of traffecent results of Don and Ré@suggest complicated noise-

fic noise may differ from those of the smaller cities. This is!€vel distributions depending on the compositions of road
largely due to the proximity of trunk roads to large Vehicles, and they have developed a model based on the

buildings-? and the effect of city reverberatidn. superposition of Gaussian distributions for the estimation of

The importance of traffic noise in environmental control traffic-noise probability distribution. However, their pro-
has attracted the attention of many acousticians and scientise@sed model has not been widely adopted in the traffic-noise
in the past few decades. Griffittet al* studied the subjec- prediction practice. Despite the efforts of previous research-
tive effects of traffic-noise exposure on human beings in th€'s: @ commonly agreed-upon distribution function for traffic
London area. A similar study focused on the behavior off0iS€ has not been sought, nor its shape under different
human beings exposed to traffic noise was carried out in twéaffic-flow patterns.

French cities by Lambegt al® Traffic-noise criteria for as- Most of the measurements mentioned above were not
sessing the annoyance caused by traffic noise have also beg@nducted at the facades of buildings. In a high-rise and
studied. Scholésfound that the A-weighted equivalent densely populated city, the transmission of traffic noise the
sound-pressure levélae, and the traffic noise inde&TNI) mdoor built environment through the t_)w_ldlng facadgs is a
calculated from the A-weighted percentile levélg,, and ~ Pig problem. Owing to the large variation of the indoor

L ago COITelate satisfactorily with human annoyance. The uséicoustical conditions, results of indoor traffic noise in exist-
of percentile levels as the noise criteria was further investiind literature are very limited. One example is due to'Ro,

gated by Langdon and GriffitHsL . is widely used in traf- who showed the existence of a fairly good correlation be-
fic noise-control practices nowadays. tween indoor and outdoor traffic-noise levels in the open

Physical noise measurements were also conducted b@/indow case. The present study is an attempt to find out
researchers all over the world. Examples are the works ofvhether a fixed traffic-flow pattern will lead to a certain gen-
Ko! in Hong Kong, Ishiyamaet al? in Tokyo, Cannelff in eral shape of the indoor traffic noise-level distribution. It is
Rome, and more recently, Chakrabagyal? in Calcutta. hoped that the present results can provide information for
Scale-model studies have also been done by°land Ya- further development of the traffic-noise prediction method.
mashita and Yamamotd.However, this list is by no means
exhaustive. Empirical formulas for the estimation lof;, I. SITE MEASUREMENTS
under known traffic volume have also been develofged.

Statistical modeling of traffic noise is also a researc
topic. Foxon and Pearsbhconcluded from the results of a In the present study, seven site measurements were car-
site measurement that the distribution of traffic-noise level igied out within the urban area of Hong Kong where the major
Gaussian-like. However, Kur?ehas showed both math- source of noise was traffic. Simultaneous recording of out-
ematically and experimentally that the noise-intensity fluc-door and indoot peq v—» s Was done using two Metrosonics
tuation due to free-flowing traffic is gamma-distributed. It dB-3100C integrating sound-level meters. They also mea-
should be noted that Foxon and PeafS@md Kurzé* were  sured noise-level probability distributions, the ovetall;o
using different quantities for describing the noise statisticsandL ,gg. The outdoor noise levels were measuiem from
Foxon and Pearsdh used the noise level in dB while the building facades while the indoor ones were recorded
Kurze'* discussed the noise intensity. The noise ldvés  close to the centers of the indoor environments. Duration of
related to the noise intensityby the well-known logarithmic  each measurement was at least 25 min. A video recording of
relationship the traffic flow was carried out in parallel with each noise

hA. Methodology
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TABLE |. 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 70 70 70 50 50 50 50
(km/h)
Anticipated traffic Free Free Free Free Interrupted Interrupted Interrupted
flow
Number of lanes @3 ineach 6(3ineach 6(3ineach 4((2ineach 6(3ineach 4(2ineach 4 (2 in each

direction direction direction direction direction direction direction

Distance from >1 >1 >1 ~0.5 0.05 0.07 0.05
traffic light (km)
Traffic light 60G+60R 30G+80R near side 37G+60R near side
duratiorf (s) both sides 20G+90R far side 20G+60R far side

37G+60G near side
20G+60R far side

General building >10 >10 >10 ~5 generally no <5 >10
clearancgm) clearance

General building 80 80 65 35 34 40 65
height(m)

Indoor 0.8 0.8 0.4 0.5 0.4 0.4 0.8

reverberation time

&G: green light; R: red light.

measurement for later traffic count and other analyses. Meaassociated with sites A, B, and G are unfurnished. The gen-
speeds of the vehicles were also estimated from their passageal heights of the buildings shown in Table | reflect a fea-
time between two lampposts with a known separation. Irture of a high-rise city. The road junctions studied by
addition, reverberation measurement was carried out in eadBhakrabartyet al® are surrounded by low-rise buildings.
indoor environment using the Beli& Kjeer 2144 frequency

analyzer in the multispectrum mode. Open window condition

was adopted in the present study. C. Traffic-flow data

Traffic count and vehicle-speed estimation were done
B. General site information after the site measurements by playing back the video re-
cordings. Traffic volume, the decomposition of traffic, and

The seven sites selected in the present study are either : . .
; : : ) - average vehicle speed for each site are tabulated in Table II.
near a main trunk road or a road junction with buildings on

both sides of the associated roads. Thus, the results aThe average vehicle speeds for the sites close to road junc-

e : . . "
mainly related to two types of traffic-flow patterns—the free{lons are obtained during the green traffic light condition.

flow'* and the interrupted flow. The latter flow pattern de- Also, a majority of Fh? vehicles fell into the category “pas-
. oo . : senger car and taxis.” In general, the average vehicle speed
scribes the situation in which the vehicles decelerate, sto

. . Rinder the free-flow condition is higher than that under the
and accelerate agath.This phenomenon is common for

road junctions. These two mentioned traffic-flow patterns arénterrupted flow. However, as stated before, the traffic flow
J . P t site D was affected by a traffic light 500 m away from the

also typical in high-rise and densely populated cities. It is not_ . . .

. o : . __—hoise measurement point so that the vehicles may not have

intended to subdivide the interrupted flow pattern into_.. . d thei | ds in the freefl 0 |

banked and pulsed flow patterns as in Don and Re&his attained their normal speeds in the free-flow situation. It
should also be noted that the speed limit enforced by the

will be discussed later. e :
. .. local government will limit the speeds of the vehicles and
Table | summarizes the general features of these sites

: . Since the road at site D is not a main trunk road, the lower
and Fig. 1a) to (c) show the survey maps for sites C, D, and . . . .

S ’ raffic volume will lead to a partially continuous flow pat-
E which illustrate all the essential features of the presen

surveyed sites. Effect of traffic interruption by traffic light is emn. This type of tra]_‘flc flow is re_ferreq to as the paryally

) . . ; .~ continuous free flow in the foregoing discussions. It will be

important at sites E to G, which are close to road junctions, . .
! : : shown later that the results obtained at site D show the fea-

However, the traffic pattern for site D was unavoidably af- tures of both the free and interrupted flows

fected by a traffic light located about 500 m away from the P ’

measurement point, though the vehicles could move with

speeds similar to those in sites A to C. Sites Ato C are C|OSﬁ RESULTS AND DISCUSSION

to main trunk roads where there is no traffic light within 1

km from measurement points. It should also be noted that the Both the equivalent sound-pressure leveld an from

buildings surrounding site E are packed very closely to eaclthe building facade and in the indoor environments were

other so that the clearance between them is very small. Irecorded ever 2 s in thepresent study. In the following

addition, the results from the reverberation time measuresections, their time variations and statistical characteristics

ments reveal that a great variety of indoor environments haare discussed. In the present investigation, the time varia-

been covered in the present study. The indoor environmentsons of the indoor noise levels follow closely those of the
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FIG. 2. Time variations of peq7-2 & (@ Site C L aeq1=25 mn=55.9 dB);
(b) site F Q-Aeq,T:25 min=58.6 dB); (c) site E (I-Aeq,T:25 min=61.9 dB).
Horizontal straight lineL peq 1= 25 min-

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

A. Noise-level variations and their overall statistics

Occasional lulls in the traffic flow result in reduced lev-
els, which appear as downward-pointing spikes in the time
trace of noise-level variations. A typical example of this is
that obtained at site (free flow) shown in Fig. 2a). Bursts
of accelerating or decelerating traffic, especially prevalent
@UA—_ROAD N near traffic lights, produce the spikes of increased noise ob-

IID]]:EEDE]] |DIE[H7 % served in Fig. B) (site F, interrupted floyv Such spikes can
E @ E HEEI E@M\Q} have a magnitude as high as 15 dB. Figui® Rlustrates the
®) noise-level time variation obtained at site E, which is af-
fected by a traffic signal with equal duration of red and green
light. The noise level varies periodically with nearly constant
amplitude, resulting in a relatively uncommon statistical dis-
tribution. It will be discussed later.

The partially continuous free-flow traffic pattern at site
D contains both lulls and bursts resulting from the traffic
light located far away from the measurement point and the
lower traffic volume(not shown hereg A similar phenom-
enon is observed in an additional measurement conducted at
site A when the traffic volume was only about 3300 vehicles
per h and the nominal vehicle speed was 65 km/h. Such
excursions from the average level significantly affect the
shape, and thus influence the higher moments of the traffic
noise-level distribution. Skewness, and kurtosisk, as de-

\
! fl'///” N lH—vf%_l_r__ll__,Hong Korig ‘[Jniversity ) fined by Stuart and ord
‘ ! ' ' ~ Sf(x—x)3 Sf(x—x)*
(C) S= -3 and k: -4
FIG. 1. Examples of measurement site locatiqas site C;(b) site E;(c)
site D. 0: Measurement locatior®: traffic light.

MA TAU

SHE

@

3’ (1)

wheref is the probability distribution{x} the sampleg the
standard deviation dfx}, andx the sample mean, have been
outdoors, as discussed in KdAlso, it is found that the calculated for the free-flowingsites A, B, and ¢ and the
indoor reverberation characteristics do not affect this relainterrupted flow(sites E, F, and Gtraffic situations as well
tionship, though it does affect the difference betwegg,in  as for site D, which appears to be a mixture of both flow
the indoor environment and at the building faca@d®t conditions. Results are presented in Table IIl. The skewness
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TABLE II. Traffic-flow data summary.

Number of vehicles/hoér

Mean speed
Site V1 V2 V3 V4 V5 V6 V7 V8 Total (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

a/1: Motorcycle; V2: passenger car and taxis; V3: light truck or van of unladen weBttons; V4: light bus;
V5: double deck bus; V6: median truck of unladen weight5tons; V7: heavy truck of unladen
weight>5.5 tons excluding container vehicle; V8: container vehicle.

for the interrupted traffic-flow cases is always positive. Fig-noise-level distribution of Foxon and PearSbappears to be
ure 3 illustrates some typical examples of the indoor noisedue to this partially continuous flow pattern. Their measure-
level distributions for the three types of traffic conditions atment site was located in an area with both free flow and
1-dB bin range. The corresponding distributions for the outdinterrupted traffic—a situation similar to site D.

door noise levels are very similar to those shown in Fig. 3  The higher the discontinuity of the traffic flow, the more
and are not presented. positive the noise-level distribution skewness will be. In gen-

For a gamma-distributed noise-intensity time record theeral, the shapes of the noise-level distributions do not really
resulting noise-level distribution will have a negative skew-29"€€ With those suggested by Don and Reédhough the
nesss. Therefore, Fig. 3 shows that the noise-intensity fluc-noise-level distribution for site E has two peaks, the present
tuation may be gamma-distributed only for the case with apata were recorded in the afternoon instead of in the evening
continuous free-traffic flow. However, the skewness of the?S in Don and Re€s. Such dlscreggncy may be due to the
present distributions is very much higher than that of the@ct that the results of Don and Regare noise-level statis-
noise-level distributions having the same kurtosis but withtics within 300 s so that they are sensitive to the intermittent
gamma-distributed noise-intensity fluctuations as shown iffnanges in the traffic-flow pattern. However, it will be shown
Table I1l. This suggests that the present noise intensity doe e next section that their proposed noise-level distribution
not follow the gamma distribution proposed theoretically bySNa@P€s can occur in the short-time statistics. Noise-level dis-
Kurze* Also, the present distributions differ from those pre- tributions at site G and, in particular, site F have skewness
sented by Kd, which show significant positive skewness. Cl0S€ to unity and approximate more closely a gamma distri-
However, it should be noted that although there is no agreetiu'“On (for a gamma distribution with meap=4.9, s
ment with the gamma distribution in these overall statistics}? 0.90, anck=1.22. The positive skewness results from the
the noise-level distributions within short time intervals do Ngh-magnitude upward spikes in theeq -, s time varia-
follow some common probability density distributions. This ion such that the overall equivalent sound-pressure level
will be discussed in the next section. L aeq IS higher than the mode of the level distributipag.,

The corresponding noise-level distributions for the par—F'g' 2Ab)].
tially continuous free-traffic flow cases are Gaussian-like
with small skewness and kurtosi$able Ill). This is prob-
ably due to the randomness in the arrival time and spati
distribution of vehicles so that the results tend to agree with  Since the noise levels keep on changing throughout the
those of Johnson and Saund&tshe Gaussian-like traffic  whole measurement period, it is worthwhile to investigate

a?' Short-time statistics

TABLE Ill. Skewness and kurtosis in overall indoor noise-level statistics.

Standard deviation

Site Skewness? Kurtosisk o (dB) L aeq, T=25 min (dB)

A —0.45 (—0.77) 0.23 1.49 73.1
B —0.38 (—0.65 0.06 1.92 51.6
C -0.12 (-0.78 0.39 2.38 55.9
D 0.06 (—0.5) —0.39 2.27 73.7
E 0.25 (—0.49 -0.79 3.55 61.9
F 0.88 (no solution 1.35 241 58.6
G 0.99 (—0.89 1.02 4.13 65.0
Additional 0.02 (-0.7) 0.44 1.89 71.3
measurement

#Data in parentheses denote skewness of noise-level distribution with lsdyae obtained from gamma-
distributed noise-intensity time fluctuation.
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30 ' ' ; LA10.7=5 min—Lag0T=5 min IS concerned(Fig. 4). The noise
climate can be assumed to be proportionabtonly when

the latter is small §<1.5dB). This is different from the
results of Don and Reés. Gamma noise-level distribution is
not valid in the present case. Relatively large scattering is
observed av~2.4, where the variation range of the noise
climate is around 4 dB. This results from the free-flow traffic
at site C. This will be further discussed later.

Examples of the 5-min noise-level distributions, in
0.5-dB bins, indicate substantial differences with time at the
same sitgFig. 5@ and(b)]. An approximately uniform dis-
tribution with a small U-shape obtained from an interrupted
traffic flow at site g Fig. 5(e)] differs from profiles reported
elsewherdfor instance, Don and Re®s It is found from a
replay of the video recording that the vehicles stopped and
FIG. 3. Examples of probability density distributions from overall statistics started periodically with a distinctive frequency because of
of 25-min averagesO: site A; A: site D; V: site E. the traffic signal(Table ). The time variation of the noise

levels therefore appears approximately sinusoidal with

how the statistical properties of the noise-level variationg€@rly constant amplitudéig. 2(c)]. Since a sinusoidal time
will change with time for a deeper understanding on the navariation of noise levels will tend to produce a U-shaped
ture of traffic-noise fluctuations. This section is an attempt tglistribution, the occurrence of the distribution observed in
look into the variations of such properties and to look forFig. 5(€) is explained.

their common characteristics. Statistical parameters, such as Since the short-time noise-level distributions vary sub-
the standard deviation, skewness, and kurtosis, are calculatégntially with time, it is not possible to analyze each of them
within any 5-min consecutive intervals of the recorded in-individually. In order to characterize these distributions, the
doOr L peq 12 s time variations. It is not believed that shorter method of Pearson is employed. The type of distribution
calculation intervals are suitable to ensure reliable statisticBinction for describing a set of sampled data is determined
because transient noises and pulses will then contaminate th¥ analyzing the skewness and kurtosis of the sample on a
results so obtained. Five-minute intervals have been adoptegkewness—kurtosis chart called thgs;(8,) chart of

for the measurement of unsteady noise inside officearsort? where 8;=s and 8,=k. Details of the proce-
buildings® as well as in the traffic-noise study. dure and the importance of the relationship between skew-

The standard deviations of the noise levels in the preseritess and kurtosis can be found in standard textbooks on ad-

study are lower than those of Don and R&¢Big. 4). It can  vanced statisticgfor instance, Elderton and Johnédn The

also be observed from Fig. 4 as well as from Table Il thatpresent analysis is started off by comparing & relation-
higher os are found at sites E and G where the durations o8hips of the present data with those of the common distribu-
the red traffic light are relatively shoffTable ) and the tions.

nominal speeds of the vehicles are I6%able Il). Deviation Though many different shapes of the noise-level distri-
of the present short-time noise-level statistics from thebutions can be observed and they seem to appear randomly,
Gaussian distribution is observed where the noise climatéheir skewness and kurtosisk are bounded and, to a large
extent, related for each type of traffic flow identified in the
present study. Figure(& is a plot of k againsts for the
interrupted traffic cases. Essential features of this plot are
thatsis always positive an#d can be negative or positive but

it increases and shows a definite relationship vdthrhe
noise-level distributions are neither Gaussian nor gamma, al-
though some of the overall statistics tend to reveal the char-
acteristics of these two well-known distributioffsig. 3 and
Table Ill). The(s,K relationships of some common distribu-
tion functiond® are also included in Fig.(6) but none of
them agrees with the present results. Though some agree-
ments with the noise-level distribution with a gamma-
distributed noise-intensity time variation are observed for
small positives, this type of level distribution is in general
not really valid in the positive range. It should be noted that

Probability Density (%)

L

‘Aeq,T=2s ~

L

(dB)

'Aeq, T=25min.

= L0, 1-5min (dB)

L 10:7=5min

0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 o . - .
Standard Deviation & (dB) a similar (s,K relationship is also observed for the outdoor

measurements and thus they are not presented. It can also be
noted from Fig. 6a) that the data for site E show negatike

- Gaussian: ——: With small' s, showing that the associated noise-level distri-
Weibull (Ref. 22; —-—: gamma. butions are quite uniform.

FIG. 4. Variation of 5-min noise climate with noise-level standard devia-
tion. O: site A; [J: site B; X: site C;A: site D; V: site E; ¢ : site F; +: site
G; @: additional measurement at site A,
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20

151

10}t

Probability Density (%)

0
64 66 68

(dB)

Acq T=2s

20

20

74 76 78 80 8

2 64 66 68 70 72 74 76 78 80

L jog, 7225 (dB)

20

73 75 77 79 81 83
L peq =15 (dB)

65 67 69 71

20

20

Probability Density (%)

0
46 48 50 52 54 56 58 60 62 64

Lyeq, 1225 (dB)

63 65 67 69 71

L e 125 (dB)

0 0
50 52 54 56 58 60 62 64 66 68 61

L poq, 725 (dB)

73 75 77 79
FIG. 5. Examples of 5-min noise-level distributioria) site A; (b) site A; (c) site D; (d) site F;(e) site E;(f) site C.

Figure 6b) shows the(s,K relationship for the free- tuation givess=—1.14 andk=5.40, which are outside the
traffic-flow cases, which is less ordered than that shown imange of the experimental results.
Fig. 6(@). Unlike the case for interrupted traffic, skewness The (s,K relationship for site D, which represents the
in this case can be positive or negative anl<s<1. This  case of a partially continuous free flow affected by a distant
coexistence of positive and negatisetogether with a rela- traffic light, is shown in Fig. &). That for the additional
tively large variation in the kurtosisand a less-ordere@,k ~ measurement at site A agrees with Figc)&or small posi-
relationship in the 5-min statistics will result in a large varia- tive s<1 (not shown here Skewnesss for this additional
tion in the shape of the noise-level probability density andmeasurement, which was done close to a highway without
cumulative distributions. These two distributions have a sigflow restriction of any form, is seldom larger than 1. The
nificant effect on the noise climate, resulting in the largecorresponding traffic volume was low. Though the noise in
scattering of data associated with site C observed in Fig. t¢his case appears intermittent, the continuous generation of
(o0=2.4). noise by the vehicles does not in general produce very posi-

Skewness in this free-flow case is not as large as thattively skewed noise-level distribution, ds,eq in this case
for the interrupted cases. The variationkofiith stends to be  does not depend very much on the magnitudes of several
bounded by the prediction of gamma-distributed noisespecific spikes in the noise-level time variation. This is not
intensity fluctuations for negative within reasonable toler- the case for a traffic flow with serious interruption.
ance. For positive, no collapse of data is possible in reality, Though boths and k vary with time, the present ob-
as the gamma-distributed noise-intensity time fluctuatiorserved(s,K relationship, at least for a particular type of traf-
will result in a negatively skewed noise-level distribution. fic flow, tends to suggest that both the indoor and outdoor
This is because the noise intensity and noise level are relatetise-level distributions are not as random as one expects.
by a logarithmic relationship. Some data tend to agree witiThe presents,Kk relationships appear much more organized
that of a Weibull-distributed noise-level time variatfdmnd  than those of Don and Re&%Also, the aboves,K relation-
quite a number of the distributions hasandk close to zero, ships are again found when the time interval for calculation
suggesting the presence of Gaussian noise-level distributions reduced to 4 or even 3 min, though a higher order of
in the short-time statistics under the free-flow condition.  scattering can be anticipatd¢dot shown herg suggesting

No agreement with the gamma-distributed noise-levethe robustness of these relationships. For the shorter time-
prediction can again be observed under the free-flow condinterval cases, the ranges #findk become larger, in gen-
tion. A Gaussian-distributed noise-intensity time fluctuationeral.
gives rise to a noise-level distribution with negatisend It is observed that the short-time statistical structure of
largek—a situation not observed in the present study. Thusthe noise-level time variation differs from the overall statis-
the associate(s,K relationship is not included in the discus- tics quite significantly. It is expected, especially for the in-
sions. Also, a Weibull-distributed noise-intensity time fluc- terrupted traffic-flow cases, because the short-time statistical
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6 - 7 7 those of the Pearson’s family on thgy(,3,) chart!® Fine

st / ] details of the present short-time noise level distributions are
/ ;/ ignored. Though there are some other families of frequency
4r /) &/ 1 curves?! the Pearson’s family appears to be the most funda-
N i / | mental and is thus adopted in the present investigation.
- . Figure 7a), (b), and(c) show the (;,3,) chart® and
§ 2t 74 ] the (s,K relationships of the interrupted flow, free-flow, and
< L 4 gty | partially continuous flow, respectively. The&gkK relation-

ships are obtained by regression. The 95% confidence
boundaries are also included here to provide for the data
scattering. The Roman letters in Fig. 7 represent the types of
Pearson distributions and the alphabets in parentheses denote
2 - : the general shapes of the distributions described in Elderton

) and JohnsoA! The thin solid lines are the boundaries sepa-
rating different regions of Pearson distributions. For further
details of the B;,85) chart and the properties of the Pearson
distributions, please see Refs. 18 and 21.

Figure 7a) suggests that a majority of the noise-level
distributions obtained under the interrupted traffic-flow con-
dition can be approximated by the Pearson type | curve
which takes the form

26

Skewness s

my mz

; @

Kurtosis %

X
1— —

f(x)~ 2

X
1+ —
ay

wherem;s and a;s are constants to be evaluated from the
sample{x}. The shape of such distribution depends on the
values ofm;s anda;s. Fors?=2, which is only found in the

interrupted flow cases, the measured noise-level distribution
Skewness s remains close to the Pearson type | curve but there is a higher
o . , chance to have a J-shaped dmet shown here For very
/ y/ small s, the distribution may also take the form of a
5f / yan U-shaped Pearson type | curve. Wher 0, it becomes a
ol / T Pearson type Il distributiopm; =m, anda;=a, in Eq. (2)].
/ / An example of a U-shaped noise-level distributiGmhich
< 3t Y . // / 1 appears quite rectanguldras been shown in Fig.(&. It is
2,0 o /° / | obtained at site E with an interrupted traffic-flow condition.
£ ,&ﬁ . However, this region is very narrow and thus is not discussed
<t i 1 further.
N N o 7 Figure 1b) suggests that while it is possible to find
L noise-level distributions which take the forms of the Pearson
At "'“i, ----- ) 1 type I, 1V, V, and VI under the free-flow condition, the
» . . . probability of having a bell-shaped Pearson type | distribu-
-1 0 1 2 tion is still higher than those of the others. Some symmetrical
Skewness s Pearson type VII noise-level distributions can also be ex-

FIG. 6. Relationships between skewness and kurtéaisnterrupted traffic pECted for smalé. Unlike the C_ase, Wlt,h m,terrUpte,d traffic, a
flow; (b) free flow; (c) partially continuous traffic flowO: site A; O: site B; U-shaped Pearson type Il distribution is not likely to be
X: site C; A: site D; V: site E; O site F; +: site G; ®: Extreme valuel: found.

exponential; ¢ : rectangular; A: logistic; V: Laplace; : gamma- The increase ok with s is relatively rapid under the
distributed noise level; —: Poisson-distributed noise level; ——: inverse . - " . .
Gaussian-distributed noise level;-—: Weibull-distributed noise level, partially _contlnuous-flow Condltlon’_ _as shown ”_1 F'Q-C)Z .
..... : gamma-distributed noise-intensity time fluctuation. Under this type of mixed-flow condition, no dominating dis-

tribution type exists and the noise-level distribution may take
parameters are sensitive to relatively short-duration highthe forry of Pearson type I, II, I1l, IV, V, or VI, depending on
energy-level acoustical signals and the intermittent change® FOrs=>0.7, Fig. 1c) suggests the use of the Pearson type
in the traffic condition. The question of whether there is any!V curve

relationship between these two sets of statistical results is left %2\ —m »
to further investigation. f0~|1+ 2| e™ tan “(xfay), 3
1

In order to find out the type of distribution that may be
able to describe the general forms of present noise-level dige approximate the noise-level distribution, while fef
tributions, the presen(s,K relationships are compared with <0.3, the bell-shaped Pearson type | curve becomes more
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9 . . , appropriate. The noise-level distributions obtained under this
traffic condition are usually bell-shapdd property of the
8r 1 v relevant Pearson curvés The Pearson type VIl and the

g = oo for Pearson system / /

U-shaped type Il distributions do not appear to be relevant.

[lI. CONCLUSIONS

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

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

Five-minute short-duration noise-level statistics are
studied in the present investigation for a deeper understand-
ing of the nature of the traffic-noise fluctuations. The rela-
tionships between skewness and kurtosis of the measured
short-duration noise-level distributions are far from the
Gaussian predictions. The results show some possibilities of
having a gamma-distributed noise intensity or a Weibull-
distributed noise-level time fluctuation under the free-flow
condition. Skewness of the noise-level distribution is pre-
dominantly positive for the interrupted traffic-flow cases. No
commonly used statistical functions can describe the corre-
sponding relationship between skewness and kurtosis,
though a gamma-like overall noise-level distribution is ob-
served.

The skewness—kurtosis relationships of the present
short-duration noise-level distributions suggest that a major-
ity of these distributions, especially those for the interrupted
flow, can be approximated by the Pearson type | curve in-
stead of the Pearson type Il or Gaussian distribution sug-
gested in the existing literature. Gaussian noise-level distri-
butions are likely to be found only under the free-flow traffic
condition.

0 0.5 1.0 1.5 2.0

ACKNOWLEDGMENTS
FIG. 7. Comparison between short-time level distributions and Pearson dis-
tributions. (a) interrupted traffic flow;b) free flow; (c) partially continuous This work was partially supported by a research grant
traffic flow. : Regression line; —: 95% confidence boundaries. M: from the Research Committee, The Hong Kong Pontechnic

bell-shaped; U: U-shaped; J: J-shaped; Roman letters: types of Pearson d|s- . . . f
tributions; thin solid lines: boundaries separating regions of Pearson distribmversny' The constructive efforts and suggestions from the

butions(Ref. 19. reviewers are greatly acknowledged.

3422 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999 S. K. Tang and W. H. Au: Indoor traffic noise 3422

9€:92:60 G20z Ateniged gz



IN. W. M. Ko, “Traffic noise in a high-rise city,” Appl. Acoustl11, diction of road traffic noise and design of noise control facilities,” Appl.

225-239(1978. Acoust.31, 185-196(1990.
2T. Ishiyama, K. Tateishi, and T. Arai, “An analysis of traffic noise propa- *’Department of Transport Welsh Offic8alculation of Road Traffic Noise
gation around main roads in Tokyo,” Noise Control Eng.38, 65—72 (Her Majesty’s Stationary Office, London, 1988

(1992. 3. Foxon and F. J. Pearson, “A statistical model of traffic noise,” Appl.
SF. M. Wiener, C. |. Malme, and C. M. Gogos, “Sound propagation in Acoust.1, 175—-188(1968.

urban areas,” J. Acoust. Soc. Ar@7, 738—747(1965. 14U. J. Kurze, “Statistics of road traffic noise,” J. Sound Vit8, 171-195

4l. D. Griffiths, F. J. Langdon, and M. A. Swan, “Subjective effects of  (1971).
traffic noise exposure: reliability and seasonal effects,” J. Sound¥ib. °C. G. Don and I. G. Rees, “Road traffic sound level distributions,” J.

227-240(1980. Sound Vib.100, 41-53(1985.

5J. Lambert, F. Simonnet, and M. Vallet, “Patterns of behaviour in dwell- *N. W. M. Ko, “Indoor traffic noise in a high-rise city,” J. Sound Vil
ings exposed to road traffic noise,” J. Sound V@2, 159-172(1984. 599-601(1976.

SW. E. Scholes, “Traffic noise criteria,” Appl. Acousg, 1-21(1970). 17p. Kokowski and R. Makarewicz, “Interrupted traffic noise,” J. Acoust.

7F. J. Langdon and |. D. Griffiths, “Subjective effects of traffic noise ~ Soc. Am.101, 360—371(1997.
exposure, Il: Comparisons of noise indices, response scales, and the éfA. Stuart and J. K. Ordkendall's Advanced Theory of Statistics. Vol.1:

fects of changes in noise levels,” J. Sound V@3 171-180(1982. Distribution Theory(Charles Griffin, London, 1987
8G. B. Cannelli, “Traffic noise pollution in Rome,” Appl. Acoust, 103— 19D, R. Johnson and E. G. Saunders, “The evaluation of noise from freely
115(1974. flowing road traffic,” J. Sound Vib7, 287—-309(1968.

9D. Chakrabarty, S. C. Santra, A. Mukherjee, B. Roy, and P. Das, “Statug°R. Baldwin, An Environmental Assessment for Existing Office Buildings
of road traffic noise in Calcutta metropolis, India,” J. Acoust. Soc. Am. (Building Research Establishment, Watford, 1293

101, 943-949(1997. 21w, P. Elderton and N. L. JohnsoBystems of Frequency Curvé@am-
10X, Liu, “Analysis of the acoustical environment of urban dwellings,”  bridge University Press, Cambridge, 1969
Appl. Acoust.29, 273-287(1990. 22\, Weibull, “A statistical distribution function of wide applicability,”

M. Tamashita and K. Yamamoto, “Scale model experiments for the pre- Trans. ASME, J. Appl. Mechl8, 293—-297(1951).

3423 J. Acoust. Soc. Am., Vol. 106, No. 6, December 1999 S. K. Tang and W. H. Au: Indoor traffic noise 3423

9€:92:60 G20z Ateniged gz



