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The propagation of sound in narrow street canyons

K. K. lu and K. M. Li®
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Hong Kong

(Received 22 October 2001; revised 29 April 2002; accepted 20 May) 2002

This paper addresses an important problem of predicting sound propagation in narrow street
canyons with width less than 10 m, which are commonly found in a built-up urban district. Major
noise sources are, for example, air conditioners installed on building facades and powered
mechanical equipment for repair and construction work. Interference effects due to multiple
reflections from building facades and ground surfaces are important contributions in these complex
environments. Although the studies of sound transmission in urban areas can be traced back to as
early as the 1960s, the resulting mathematical and numerical models are still unable to predict sound
fields accurately in city streets. This is understandable because sound propagation in city streets
involves many intriguing phenomena such as reflections and scattering at the building facades,
diffusion effects due to recessions and protrusions of building surfaces, geometric spreading, and
atmospheric absorption. This paper describes the development of a numerical model for the
prediction of sound fields in city streets. To simplify the problem, a typical city street is represented
by two parallel reflecting walls and a flat impedance ground. The numerical model is based on a
simple ray theory that takes account of multiple reflections from the building facades. The sound
fields due to the point source and its images are summed coherently such that mutual interference
effects between contributing rays can be included in the analysis. Indoor experiments are conducted
in an anechoic chamber. Experimental data are compared with theoretical predictions to establish the
validity and usefulness of this simple model. Outdoor experimental measurements have also been
conducted to further validate the model. 202 Acoustical Society of America.

[DOI: 10.1121/1.1492821

PACS numbers: 43.50.Gf, 43.28.En, 43.50[RtRS]

I. INTRODUCTION by summing the sound intensities of direct and reflected
) o ] sound. Kan& has compared the sound fields in street can-

The investigation of sound propagation outdoors hag,,nq \ith diffusely and geometrically reflecting boundaries.
been the subject of extensive research since the 1950s. Piergy, ;- developed a radiosity-based theoretical model for dif-

l . .
Et al. rewew_eddthe deng?pmgnt fprl?r to 1&377.thjEmbléton fusely reflecting boundaries. In his model, the sound propa-
as summarized many Intriguing teatures ot outdoor Soungation in the street can be simulated by energy exchange

by emphasizing field measurements and their physical inte between the nodal points. The interference effects due to

retations. M f th i nsider a relatively simpl . . .
pretations. Most of these studies consider a relatively simp ?’nultlple reflections are expected to be less significant in the

scenario—the source and receiver are located in the vicinit N ) . .
é:odel. However, the radiosity approach is not included in
1

of an absorbing ground surface. However, due to the rapi ¢ av b h ¢ d
urbanization of many countries and heightened environmen- € scope of our current study, but, rather, we prefer to study

tal and other concerns in the past three decades, knowleddfs® interference effect of multiple reflections.
of the near-ground propagation of sound in complex urban ~ FOr geometrically reflecting boundaries, the energy re-
environments is of great economic and social importance. SPONse at the receiver is obtained by summing contributions
Indeed, theoretical studies of sound propagation in a citfom the source and all image sources. Some commercial
street were conducted in the 1970s by Schidtteee and Software, such as Raynoidéyas implemented this idea to
Da\/ies‘,1 |_y0n,5 and Steenackeret a|_6 It was assumed in include the effect of Wa”/ground absorption in these models.
their ana|yses that the street was represented by a Simpmwever, the interference effects between the direct and re-
channel between two infinite-reflecting walls with image flected waves are again not included in their calculations. In
sources produced as a result of multiple reflections of soundddition, they have restricted their studies to the case where
In their approach, attention was focused on the determinatiothe width of the street canyon ranges from 10 to 40 m only.
of a reverberant sound field in city streets. However, thdn some practical situations of a dense high-rise city, the
possibilities of ground interference and further interferencewidth of many street alleys is often less than 10 m. This
due to multiple reflections between two parallel walls weregives us a motivation to investigate the propagation of sound
ignored in these early studies. in this type of environment, which is referred as narrow
Oldham and Radwdrhave proposed an alternative ap- street canyons in this paper.
proach in which the sound levels in city streets are estimated We also note that Waleriaet all° have recently ex-
ploited a simple model for predicting the time-average sound

@Author to whom correspondence should be addressed. Electronic mail.evel within ar_] urban_ SySte_m- In their propagation mOdeI_’ a
mmkmli@polyu.edu.hk sound wave interacting with obstacles undergoes multiple
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reflections from walls and diffractions from wedges. In the W
case of canyon streets, diffraction at the top edges of build-

ings has been omitted in their studies. Further, it is assumeReceiver (x, y, 2)
that the total field is computed by summing the squared pres
sures of all image sources. As a result of using squared pres
sures in the summation, the interference effects are omittec
in their analysis. Although Waleriaet al. have pointed out
that the interference effect is significant for a relatively nar- 4
row street canyon, no further investigations have been con 0
ducted.

In the late 1970s, Gensane and Saht@onsidered the
wave nature of sound in their study for sound fields in
bounded and arbitrarily shaped air spaces. Lemire andented as two infinite vertical planes of normalized
Nicolas'? extended this approach by using a spherical waveadmittance,;3, and Bg, respectively. They are parallel, and
reflection coefficient instead of a plane wave reflection coeflocated at the plane of=0 for the left vertical wall and at
ficient to model sound wave propagation in a bounded spac¢he planex=W for the right vertical wall. An impedance
In particular, they investigated the sound fields in a rectanground of normalized admittang@g, which is located be-
gular enclosure and the region bounded by two infinite partween the vertical walls, is situated at the plane0. The
allel planes. Their predicted results agreed very well with théempedance ground is assumed to be perpendicular to the ver-
standard normal mode solutions, but no experimental validatical walls. The schematic diagram of the posed problem is
tions were presented in their study. We also remark thashown in Fig. 1. We assume that a point source is placed at
Danceet al*® have pointed out the importance of interfer- (x;,0z5), where the time-dependent facter, !, is under-
ence effects in an enclosed space. By assuming perfectstood and suppressed throughout the analysis. As the sound
reflecting boundaries and using an image-source methodield is symmetrical about thg=0 plane, we restrict our
they developed an interference model for calculating the tointerest to the region wherge[OW], ye[0,®), and z
tal sound fields in an industrial space. However, their modek [0,). The sound fieldp(x,y,z), can be computed by
was found to be more accurate near the vertical walls, floorsolving the Helmholtz equation:
and ceiling, but less so at receivers located further from these
reflecting surfaces. In view of these earl_ier _studies, We en- g2 4 42— — §(x—xq) 8(y) S(z—z), 1)
deavor to extend these models by considering theoretically

and experimentally the effect of finite impedance on the _ :
overall sound fields in an enclosed space. wherek is the wave number of the source. The governing

In this paper, we wish to investigate the propagation 0fequation is supplemented further by the boundary conditions

sound in a narrow street such that the height of the buildingg’f the paraliel walls and the impedance ground as follows:

is much greater than the width of the street. It is expected

that the interference effects caused by direct and reflected Jp .

rays will play a significant role in the prediction of sound a_x+'kﬁLp:O at x=0, (2a)
fields in such a street canyon. A brief review of other models

is discussed also, but our principal aim is to establish a

simple yet accurate model for predicting sound fields in nar- a—p—ikﬁszo at x=W, (2b)
row street canyons. The model is based on an analytic 9%

Green’s function. We also conduct extensive experimental

measurements both indoors and outdoors. Indoor experand

ments are conducted in an anechoic chamber and outdoor

field measurements are carried out in a typical alley street. P

The theoretical predictions will be compared with the experi- —+ikBgp=0 at z=0. (20
mental measurements. The emphasis of this paper is the ex- z

perimental verification of the proposed theoretical model.

Source (x;, 0, z5)

"i// PP F7.

FIG. 1. Schematic diagram for sound propagation in a city street.

In the absence of the impedance ground, the solution can

be expressed as a Fourier intedtal
Il. PROPAGATION MODELS

A. Analytical formulations 1 = (= (= Gyexplikyy+ik,|z—zy)

In an earlier publication, Tang and *fiderived an ex- P=" 23 f_mf_xf_w (K*—kg—kI—k2)
pression for the sound field due to a harmonic source above
an impedance ground in front of an absorbing facade. In this X dky dky dk, ©)
paper, we extend their work to consider the sound fields
above an impedance ground between two parallel facade suaken over the space of all wavenumbekss (k, Ky k).
faces. This is the model we adopt to assess the sound propaéhe variableG, in Eq. (3) may be regarded as the required
gation in a narrow city street. Essentially, the street is repreGreen’s function in the wave number space given by
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([ [+ V| elkes][ ekt 4 /el ikx(2W=x)]]
1—V_ Vg exp2ik W)

|
| Receiver
|
i
for x=xq, !
|
i
{
|

Gy= [kt +\/, efkuks][ @™ K4 /el IKx(2W=X1] (4)

1-V, Vgexp2ik,W)
for x<xs,

\

where V| and Vy are the reflection factors for the waves
reflected by the left and right vertical walls, respectively.
They can be determined according to

FIG. 2. Two rows of image sources are obtained by mirror reflection of the
vertical walls and a reflecting ground. The sour&,, is located at
(xs,0,z5) and the receiver atx(y,z).

kx_ kBL
ke o [ [ s
271')3 (k?— kf)
and _ .
X{elkzlzfzs\+VBelkZ(z+zS)}d k.d kyd K,, (7)
where Vg is the reflection factor of the waves from the
k—kBr ground, which can be expressed as
R TR (5b)
K, +KkBg
N kz_ kIBB (8)
B™1L 1., *
Replacing the denominator by its binomial series, expanding kz+kBg
the square brackets, and grouping all terms accordingly in  The outer integral with respect kg can be evaluated by
Eq. (4), we obtain the method of contour integratibsmo give
eikyy
. P~ (277)2 f f ok
_ iKyX—Xg| iKy(X+Xg) iKy(2W—X—Xg) . .
|20 [e +V. e +Vge ><{e|kz \zfzs\_i_vécemz (z+zs)}d kdk, , (93
+VLVReikX(2W7X+Xs)](VLVR92ikXW)I. (6) where
First, let us consider the case whien0 of the series in kE =+ VK =k — kg (9b)
Eqg. (6). The first term in the square bracket represents thgnd
direct wave. The second term in the square bracket is a result
of the reflection from the left vertical wall. They are marked —KkBg
as Sy; and Sy, in Fig. 2. The last two terms are a pair of Vg = k* KB (90
B

image sources, which are obtained by mirror reflection of the
first two in the right vertical wall. They are marked 8s;  In this paper, the integral9g) is used for the modeling of
and Sy, in Fig. 2. The process can be repeated again andound propagation in a street canyon. However, the exact
again(in which| ranges from 1 tec in the seriep leading to  evaluation of the integral is difficult if not impossible for all

a row of an infinite number of image sources located at théut the simplest situation. A well-known example is that all
height of z; above the impedance ground. In the event thateflecting surfaces are acoustically hard whgge= 8, = Br

the waves are reflected by the impedance ground, we can 0. In this case, the reflection factors are all equal to 1, i.e.,
apply the boundary conditiof2c) in Eq. (3) to yield V,_=Vgr=VE§ = 1. Substitution of Eq(6) into (9a) leads to

[ = elkyelkz 2=z . _ _ .
p= _(277_)2 2 f f oI [e'kx|X*Xs\+e'kx(x+xs)+e'kx(ZW*X*XsH-e'kx(ZW*XJrXs)](ez'ka)'dkxdky
oo ee] va

- elkyye i ikyl | ik ik ik ) ik |
ekxx=Xs| 4 @l x(X+Xs)+e' ><(2W—x—xs)_+_e| x(2W—X+Xg eZ| xW dk.dk.. 10
(2,”_)2' 4 f f 2k* [ ]( ) x Y Ry ( )
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Obviously, the total sound field is composed of contributionsfield (I« p?) can be obtained from Egl1) by summing each
from two rows of noise sources located at heigh{sand  contributing component incoherently to yield

—zg, respectively. Each of these integrals in EXD) can be o

. o . - 1 1 1 1 1

identified as a Sommerfeld integral with each source located |—=| (2 e T
. .. . ref ref — d2 d2 d2 dZ d2

at a different position. These integrals can be evaluated ex- =0\t G2 Gz Ha 0

actly (see, for example, Ref. 16and the total sound field

. ) 1 1 1
can be expressed as the sum of a series as follows: t—t—t—, (12
dI2 dl3 dI4
1 oikdiy  gikdy  gikdiz  gikdyg eikgu wherel ¢ is the reference sound_inte_ngity ata reference fjis-
p=-—— + + + + tance ofd,. from the source. An implicit assumption of this
4mi=o | diy dp ds dig dix approach is that the mutual interference effects of the direct
eikaz eikas eikEm a}nd all reflected waves are ignored. The assgmption is.justi—
+ + + , (11) fiable because the existence of many possible rays is ex-
di» di5 dis pected to smooth out the effect of interference. Benjedard

where the first four terms of the square bracket in the abov. upported this assumption by arguing that typical distances

series are the contributions due to the reflections from th etween the. source and the' receiver in urban areas are
vertical walls only. The path lengthe,;, dj, dis, andd,, shorter than in the case of major highways. As a result, the

can be determined by simple geometrical considerations. Th'EIfluence of any possible interference due to ground and fa-

total sound field is also augmented by a set of image sourceg]dei\}rse Ziﬁit\i/zgs;srmgrgcsgﬁ tgguzzjoﬁ‘)iz?d??;r (t):ui %?SZ'
due to the presence of a reflecting ground. These are repre- =" . . '
sened by e lst four terms of the sauare bracket.n £ 41" DUl fark bt sde of an xpressy. i s
(11). The corresponding pat.h Iength§ aig, diz, dia, aNd 4 des the effects of multiple reflections and diffuse scat-
d;4 that can also be determined straightforwardly.

: ) . . tering for noise propagated in street canyons. Reflection co-
The above theoretical formulation provides the basis for g Propag y

L == “efficients are used in their numerical method, leading to a
subsequent analyses. Two popular heuristic apprommatlonﬁetter model for estimating the effects of ground and facade
the incoherent and coherent models, will be described in th

. ) Bn the overall noise levels, but the direct wave and reflected
following sections. waves are combined incoherently. In this paper, we refer to
this type of prediction method as the incoherent model.

To allow for finite impedances of the facades and the

Oldham and Radwdrave proposed a simple model for ground surfaces, the concept of the absorption coefficient is
the prediction of sound propagated in a street canyon. Theometimes introduced, such that a fraction of constant sound
model is based on the construction of all image sources duenergy,« say, is absorbed for each reflection from the fa-
to the reflections from the building facade on each side of theades and impedance ground. In other words, the factor
street. The total sound level is computed by summing thél—a) is multiplied for each reflection from the reflecting
intensities of direct and all reflected sound levels incoherboundaries. Hence, the total sound field can be estimated
ently. According to this model, the intensity of the soundheuristically by

B. A critical review of the incoherent model

—1 42 o [(1-a)'(1-ap) (1—aL>'“<1—aR>'+<1—aL>'(1—aR>'+l
= lyef ref|:O dI21 d|22 d|23
(1_CYL)|+1(1_C¥R)|+1+(1_CVL)|(1_CVR)I(1_CYG)I+1+(1_a|_)|+1(1_CVR)I(]-_CYG)Hl

di df d%

(1-a)'(1-ap) "M (1-ae)™t (1-a)' "M (1-ap)' ™M (1-ag) ™t
+ d2 + d2
3 14

: (13

where the subscripts, R, andG represent the corresponding efficient of brickwork varies from 0.02 at 125 Hz to 0.05 at
absorption coefficients for the left and right vertical walls 2 kHz. Windows, which act as panel absorbers, enhance the
and the impedance ground, respectively. absorption at low frequencies. Del&fyestimated the aver-
Building facades consist typically of brickwork or other age absorption coefficient to be of the order of 0.1, taking
masonry construction and glass windows. The absorption cdnto account the greater area of brickwork generally found in
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traditional residential areas. In addition, Lee and Ddvies e'kdo1 elkdoz
studied the ground effect assuming the asphalt road surface P= ad +Q(do2, 002, 8L) 2mds
to reflect 0.9 of the incident sound with no change in phase. oL 02

Hence, it is reasonable for us to assume that all reflecting - glkdor

boundariesincluding the vertical walls and the impedance +Q(do1, 001,8c) amd

ground have the same absorption coefficients, ig.= ag THo

=ag. Indeed, Steenackers, Myncke, and Copstermined elkd02

the absorption coefficient of a typical urban street by mea- +Q(d02,Hoz,BG)Q(doz,®oz,BL) (17)

suring the decay curves of the reverberated sound in different 4mdo,

streets and comparing them with calculated curves for differ-
ent absorption coefficients. The absorption coefficient is de-
termined by fitting the measured data with theoretical predicwhere Q(d,#,8) is the spherical wave reflection
tions. For streets of width ranging from 9 to 12 m, they coefficient that can be determined for a given separation of
found that the corresponding absorption coefficients vary bethe image source and receiwkrthe angle of incidence of the
tween 0.1 and 0.2. In this paper, the absorption coefficient ofeflected waved, and the normalized admittance of the
0.1 is used in our subsequent numerical analyses unless otheundaryg. It is determined according to
erwise stated.

We also note that the direct sound pressure level is

given, according to the incoherent model, by Q(d,8,8)=R,+(1—Ry)F(w), (18

Lp=L et 20 lg(des/dR), (14
where

whereL . is the sound pressure level from the source at the
reference distance artk is the distance between the source
and receiver. The sound pressure level at the receiver due to cosf—

a reflected ray “hitting” the boundaries times is given by (19

P~ Cosf+ B’
Lrn=L et 2019(def/dgp) + 100 Ig(1— ), (15
— H —W2 1
wheren is the order of reflectiong is the absorption coeffi- F(w)—1+|\/;we erfo( —iw), (20
cient of the boundaries andk,, is the path length from the
image sources to the receiver.
and

C. The coherent model

w=+ \/3ikd(cosf+B). (21

The incoherent model estimates the sound field by the
energy approach in which the interference effects due to the
source and its images are ignored. However, it becomes in-
creasingly inadequate in some cases. A more accurate arlde angle of incidence of the reflected wavés, o1, boa,
intricate model is to allow the variation of the reflection fac- and ®y, can be found for a given source and receiver loca-
tors, V|, Vg, andVg, with the angle of incidence in Eq. tion as
(9a). Before we proceed to give an analytical expression for
the integrals in Eq(9a), it is of interest to consider a special
case where we have only an infinite facade, located at the left X+ Xq —  z+zg
side, say, of the source. The theoretical and experimental 008002=d—, C0Sfp1= q.
studies of this case has been reported elsewtidre fact, 02 01
this problem can be treated as a special case of two parallel
walls where the width of the street becomes very lakye,

(22)

%. It is then straightforward to show*xV—0. We can —  ztz 4 cod. XF X
simplify G, from Eq. (4) to Cosﬁog—d—oz, and co Oz_d—oz_
GX:eikx|x—xs\+VLeikx(x+xS). (16)

Substituting it into Eq(9a) leads to an analogous expression It is enlightening to show that our current theoretical
as developed in our earlier stuyof sound fields above an formulation may be regarded as a generalization of the pre-
impedance ground in front of an absorbing facade. Anvious study** Based on the analytical result of their ap-
asymptotic solution has been derived in their study and it igproach, we can write down the heuristic solution for Ep)
given as follows: straightforwardly as

J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 K. K. lu and K. M. Li: Sound in street canyons 541
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ikd, glkdiz

1
. Q'(di1,61,80)Q'(di1, 61, 8r) ars +Q"X(dyy, 612,8)Q'(diz, 012, 8r) da,

P=72

M s

=0

ikd,5 aikdg
+Q'(di3,613,80)Q" 1 (di3,6/3,8r) drs +Q'"Y(d4,014,8)Q" " (dis, 614, 8r) d.

_ _ _ ikgll _ _ - eikglz
+Q'(di1,61,80)Q'(d1, 611, 8:)Q(d1,011,Bc) ) +Q" X (di2,612,8)Q'(di2, 612, 8r)Q(d12,012, 85) )
1 2
_ _ - ikas
+Q'(di3,613,80)Q 1 (di3, 013, 8r)Q(di3, 0,3, 8c) as
— — — — —_ — e'kEIA
+Q'" Y (d14,014,80)Q " H(di4, 614, Br)Q(d14, 014, Bc) a | (23
14

where6,q, 6),, 03, 64, ;ll, ;lz: 53, ;,4, G_)ll, 6|2, @_)|3, presence of a reflecting ground. The total sound field can be

and ®,, are the angles of incidence of the reflected wavegstimated either by Eq13) or (23), depending on whether
measured from the normal of the reflecting plane. the incoherent or coherent models are required.

The validity of Eq.(23) can be confirmed by comparing In the presentation of numerical and experimental re-
it with precise model experiments conducted indoors in arpults, we use excess attenuati&#), which is defined as the
anechoic chamber and outdoors in a narrow street. The déatio of the total fieldP, to the direct fieldPy, as follows:
tails of these experimental measurements and numerical _
simulations will be described in the following section. Be- EA=2019(P/Pq). 24
fore we end this section, we remark that use of an impedancghere are many rays connecting the source and receiver that
model for enclosing surfaces has somewhat complicated theontribute to give the total field. According to the incoherent
analysis. However, its introduction is essential as it allowsmodel, the individual excess attenuation, [Fdue to each
the consideration of more general situations. For instance, ray can be obtained from Eq&l4) and (15) to yield
hard ground is not accurate enough to model an asphalt road
surface which is frequently used to reduce road traffic noise EAn=Lgn—Lp=201g(dr/dgp) +10n1g(1—a), (25

in urban areas. wheren is the order of rays. The excess attenuation, EA, due

to the total field is obtained by combining each individual

I1l. NUMERICAL SIMULATIONS, EXPERIMENTAL excess attenuation, EAogarithmically to give

RESULTS, AND DISCUSSIONS .

A. Numerical simulations EA=10 |g( > ]_OEAn”-O)‘ (26)
n=1

To simplify the problems, we shall model the propaga-
tion of sound in city streets as an analogous situation to the  We wish to point out that only a few terms are normally
determination of sound fields in a simple channel boundedequired in Eq(13), and hence Eq.26), to ensure the con-
by two parallel(vertica) infinite walls and a flat horizontal vergence of the series. This is because of the large distances
ground. Although it is straightforward to implement imped- of the image sources from the receiver and the presence of
ance boundary conditions in our numerical model, the analy¢1— )" term in the series. Oldham and Rad#/asuggested
ses here are restricted to perfectly reflecting wall surfacethat the inclusion of higher orders beyondi&., n=8) pro-
only. Both hard and impedance grounds will be studied. Theluced only a minor contribution to the total field, which can
width of the channel i3V and the source is located at a be ignored without significant errors. Our initial analysis
height ofzg above the horizontal ground. To facilitate subse-supports their view. Indeed, the exact numbenafepends
guent calculations, we assume that the origin coincides witlon the distance between the source and the receiver, the sepa-
the left corner of the street canydm the y=0 plang as ration of the boundaries, and the magnitude of the absorption
shown in Fig. 1. The source and receiver are located atoefficient. When the separation of the boundaries is re-
(xs,02z5) and (,y,z), respectively. We are interested in the duced, it is found that up to 12th-order rays=12) are
case where &Xx, X;<W. required to ensure the convergence of the series for the cal-
It is obvious from Fig. 2 that a series of image sourcesculation of the total sound intensities. In Fig. 3, we display a
are produced by multiple reflections of the two parallelplot of the excess attenuation, EA, versus the wall separa-
walls. Another set of image sources is also formed due to théon, W. The source and receiver are located at heights of 0.5
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-14 T

wheredg is the direct distance between the source and re-
ceiver. In laboratory measurements and theoretical predic-
tions, dy is taken to ke 1 m for the reference sound level.

A close examination of Eq23) reveals that the sound
field is calculated by summing an infinite series. Each term
of the series is represented by a “virtual” source multiplied
by a spherical wave reflection coefficient. As discussed pre-
viously, only a finite number of image sources contribute
significantly to the total sound field. The contributions of
these image sources, which become weaker in strength when
they are located farther from the receiver, can be neglected.
The rate of attenuation is even greater for boundaries of finite
impedance since the spherical wave reflection coefficient is
-22'5 X generally less than 1 for such cases. Hence, the strength of

10 10 .

Wall separation(m) the reflected waves is further attenuated after a few reflec-
tions from the boundaries. In our experiments, as shown in
FIG. 3. The contribution of the higher-order rays on overall sound fields bythe following sections, we find that the use of 8 to 12 sets of
plotting the predicted excess atte_nuation versus wall separation. The sourq:mage sources in our theoretical predictions is normally ad-
is Ioc.ated at W/?,0,0.S) and receiver ai—1,20,1.5). n=4; ---, equate to give Satisfactory results.
n=8; .-, n=12; ——, n=16. . . . .
Figure 4 shows a comparison of the theoretical predic-
tions for sound propagation in street canyons. The predicted
and 1.5 m, respectively, above the ground, and the horizontaxcess attenuation is plotted against the width of the street
separation between them is 20 m. In numerical simulationszanyon. The source frequencies of 125 Hz, 1 kHz, and 8 kHz
the source is placed equidistant from both vertical walls andire used in the coherent model for the prediction of sound
the receiver is placed at\(—1) m from the left vertical fields. In Fig. 4a), the source and receiver coordinates are
wall. set at (v/2,0,0.65) and \(V/2,5,2.4), respectively. A some-

Different values o (4, 8, 12, and 16, respectivelpre  what different receiver location of\f—1,10,5) is used in
used to calculate the sound intensities, which illustrate théig. 4b). Figures 4a) and(b) show that coherent and inco-
relative significance of higher-order rays. The excess attenuierent models give rather similar results when the width of a
ation, which is defined asg,,— Lp with a reference distance street canyon is greater than about 10 m. However, when the
dg of 1 m, is used in Fig. 3. It is obvious that there is awidth becomes narrower, deviations in EA as predicted by
sizable contribution from the 8th higher-order ray and abovehe coherent and incoherent models are more significant.
(n=8) if Wis less than about 4 m. Its contribution becomesThis suggests that it is inappropriate to use the incoherent
insignificant if the separation is greater than 10 m. model for the prediction of noise propagation in a narrow

Differences between noise levels with and withoutstreet canyon.
ground surfaces were found to be of the order of 2.5 dB
within a typical urban distance of 200 m. In one of the inco-
herent models, further approximation is made: the ground. Indoor laboratory measurements

effect is approximated by adding 3 dB to the predicted levels In the present study, a one-tenth scale was used to model

due to the wall reflections quyFurther, I IS mtt_areshng 00 4 street canyon and a data acquisition system was set up to
note that the excess attenuation, the total field in the 'nCOhe'f:'onduct indoor measurements for sound propagation over

ent model, is independent of the frequencies since the at?:lifferent ground surfaces. A BSWA TECHin. condenser
sorption coefficients of all reflecting surfaces are assumed th ' o

, X repolarized microphone of type MK224 fitted with a BSWA
be constant at all frequencies. We reiterate here that the a CH preamplifier of type MA201 was used as the receiver
sorption coefficient of 0.1 is taken in our numerical simula-]cor indoor measurements. A Tannoy driver with a tube of
tloni di h h del. th i internal diameter of 3 cm and length of 1.5 m was used as a

ccording to the co er_ent model, t e tota |eRj,can_ point source. All indoor measurements were conducted in an
be obtained from Eq23). It is worth noting that the spheri- anechoic chamber with internal dimensions of@<4 ne. A

cal wave reflection coefficient is equal to 1 for a perfectIyF,C_loaseol maximum length sequence system analyzer
reflecting surface. In this case, E&3) can be reduced to Eq. (MLSSA)?® was used both as the signal generator for the
(11). No further simplification can be made if the total sound

figld is computed by sur_nming. all contributions from indi- 1 received signals were compared with the known output
vidual rays coherently. It is straightforward to use E2f) to sequence such that the background noise effects were mini-
compute the sound pressure. Hence the excess attenuatign; o The time-domain data were converted to spectrum
can be determined by using E(®4) with the direct field level data through the use of fast Fourier transform. Each

Excess Attenuation(dB)

given by spectrum level was then normalized by a “standard” prere-
1 [ekdr corded direct field measurement. All the steps described

= € , (27) above were carried out with MLSSA software. The final out-
47| dg put was the required excess attenuation spectrum. We note
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20 = FIG. 5. The impulse response at the receiver for the direct ray up to the
12th-order ray; source #0.1,0,0.06% and receiver at0.1,0.8,0.065

[,

o ] receiver geometry, a time interval of between 5.5 and 10.6

— ms is chosen for our subsequent analysis in the frequency
. N domain, as the former is estimated to be the arrival time of
.5_\\:\\\\\ N i the direct ray, while the latter is that for the 12th-order ray.
. /\} A varnished plywood board 18 mm in thickness was

) used to simulate an acoustically hard surface. A carpet, laid
on the varnished plywood board, was used to simulate an

impedance ground surface. Preliminary measurements were
conducted for sound propagation over the plywood board.
Both source and receiver were set at a height of 0.065 m

above the surface at various receiver locations between 0.5
\/*lﬁ*z’/\/\ and 1.4 m from the source. Theoretical predictions of excess

B o attenuation based on the model described in the previous
Wall separation (m) section were in accord with the experimental results. A typi-

_ ) o cal set of measurements, with a source/receiver separation of
FIG. 4. Comparisons of the coherent and incoherent prediction on the ®0.5 m. is shown in Fig. @)

cess attenuation versus wall separation-—*, coherent prediction at 125 , &
Hz; +--—--+, coherent prediction at 1000 Hz;—, coherent prediction at Attenborough’s two-parameter modeivas used to de-

8000 Hz; , incoherent predictiorfa) Both source and receiver are Scribe the impedance of the ground surface. Measurement
located at the centerline. The coordinates of the source and receiver afgrocedures were repeated as in the case of the hard surface

(W/2,0,0.65) and \\v/2,5,2.4).(b) The source is located at the centerline described above. The two parameters, the effective flow re-
and the receiver is offset from the centerline. The coordinates of the source, ) '

and receiver are, respectively(2,0,0.65) and \V— 1,10,5). S|_stivity (o) and the effective rate of change of porosity
with depth (), were deduced from the measurements. The

best-fit values foir, and a, were 13.5 kPa s iif and 100

that the prerecorded direct field measurement is taken at 1 m™ %, respectively. Figure(®) shows a comparison of experi-
from the source in the absence of any reflecting surfaces imental results and theoretical predictions based on the best-
the anechoic chamber. fit parameters for the acoustical characterization of the ab-

In the current study, the maximum length sequencesorbing ground—a carpet laid on a plywood board. We note
(MLS) technique is chosen to investigate sound propagatiothat, in Fig. &b), the same source/receiver geometry was
in a model street canyon as the technique improves thased as in Fig. &).
signal-to-noise ratio as compared to the conventional, sta- After the acoustical characterization of the model
tionary excitation technique. Heutcét al?* have confirmed ground, a one-tenth scale model of a street canyon was set up
its usefulness in their study of outdoor sound propagation fom the anechoic chamber. Since the maximum path length
distances of up to 200 m. between the image source and the receiver was about 10 m

MLSSA operates in the time domain where the impulse(100 m at full scalgat frequency up to 10 kHz in our mea-
response is measured. As we are only interested in reflectiurements, the effect of air absorption was not included in
rays up to 12th order, the time-domain data chosen for proeur analyses. The vertical walls and ground were made of
cessing are based on the time between the arrival of th#8-mm-thick plywood boards. The vertical walls, which
direct and the 12th-order rays. Figure 5 shows a typical imwere supported by a steel angle framework to ensure their
pulse response for sound propagation in a model street capfientation and stability, have a length and height of 2.4 and
yon for the source and receiver located(@t1,0,0.065and 1.8 m, respectively. The separatioft, between the vertical
(0.1,0.8,0.065 respectively. For this particular source/ walls was set at 0.2, 0.5, and 0.8 m for experiments. In a set

Excess Attenuation (dB)
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Excess Attenuation (dB)

8
=1
% FIG. 7. A 1:10 scale model set up in an anechoic chamber for measurement
g of sound propagation in a street canyon.
»
= st
o)
20} 8 work. Recently, Horoshenkoet al?>” have used a 1:20 scale
sl | model to study sound propagation in a city street canyon.
Noise sources, such as light and heavy vehicles, have been
03 - simulated by tubes from the source chambers elevated at
Frequency(tz) 0.025 m(0.5 m at full scalgand 0.05 m(1.0 m at full scalg
) ) _ above the ground. In our measurements, the source was lo-
FIG. 6. Sound propagation over horizontal ground. Both source and receiv:

are 0.065 m above the ground and are separated from each other at O.5e'?£h?‘ted at 0.065 n(\065 m at full Scal}a_above the ground and
theoretical prediction; ---, measuremetd) Effect of hard ground ~ €Ither at the centerline or on the side of the street at 0.1 m
reflection andb) characterization of impedance ground. (1.0 m at full scalgfrom one of the vertical walls. Again, the
chosen source height was used to simulate a realistic urban
noise source such as the typical engine location of automo-
of measurements, carpet was laid on the plywood board tbiles. For the 0.2-m-wide street, the receivers were set to
simulate an absorbing ground surface in a street canyon. locate both at the centerline of the street and on the side of
At full scale, the model represents a canyon street sedhe street at 0.02 m from one of the vertical walls. For the
tion of 24 m in length with two 18-m-high flat vertical par- 0.5- and 0.8-m-wide streets, the receivers were also set at the
allel building walls erected on either side of a street withcenterline and on the side of the street but at 0.1 m from one
widths of 2, 5, and 8 m. In the following paragraphs, weof the vertical walls. The heights of the receivers were at
refer to all dimensions as the scaled distances unless othed:065, 0.12, 0.24 and 0.5 m from the ground. Due to the
wise stated. Although Buscht al?® have reported an im- limitation of the available space in the anechoic chamber, the
proved technique for simultaneously selecting both an optihorizontal distances between the source and receivers were
mal scale factor and optimal model materials, no attempt isn the range of 0.2 to 1.0 m. A photograph showing the scale
made in our laboratory measurements to select the most amodel set in the anechoic chamber is shown in Fig. 7.
propriate materials to model an outdoor porous ground sur- To demonstrate the effect of mutual interference, the
face. However, the use of carpet-covered ground will allow ssource was placed equidistant from the vertical walls and at a
validation of the coherent and incoherent models by comparheight of 0.065 m. Measurements were taken at a horizontal
ing theoretical predictions with precise indoor measure-distance 1 m in front of the source and at a height of 0.5
ments. m above the ground. By reducing the width of the street, the
Indoor measurement of the excess attenuation was madeterference effect became more significant. Figufe) 8
at various receiver locations with the source located near thehows that distinct peaks occurred at 2000 and 600(26@
ground. This is to simulate the approximate location ofand 600 Hz at full scajein the street of width 0.2 ni2 m at
ground-based sources such as engine noise emitted frofull scalg. In this event, the measured excess attenuation
light vehicles or other construction equipment for road repaircaused by constructive interference is 10 dB higher than that
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Frequency(Hz) FIG. 9. Excess attenuation versus frequency for different ratios of the hori-
zontal distance to street width. A hard ground is assumed in the prediction.
FIG. 8. Excess attenuation versus frequency for various street widths for—— coherent predictions——, incoherent prediction;——, measure-

hard ground. , coherent predictios——, incoherent prediction; ~ment. () Ratio=0.25; width=0.8 m; source at0.1,0,0.06% receiver at
.——., measurementa) Width=0.2 m; source at0.1,0,0.06%; receiver at (0.7,0.2,0.065 and (b) ratio=5; width=0.2 m; source af0.1,0,0.065; re-
(0.1,1,0.5; (b) width=0.5 m; source at(0.25,0,0.065 receiver at ceiver at(0.18,1,0.24

(0.25,1,0.5; and (c) width=0.8 m; source af0.4,0,0.06% receiver at

(0.4,1,05.

widest street used in the experimerh Fig. 9b), the hori-
zontal distance is 1.0 nithe longest distance used in the

predicted by the incoherent model. In FiggbBand (c), experiment in the 0.2-m-wide streefthe narrowest street
peaks and dips are close to each other and such fluctuationsed in the experiment
will be smoothed out if the measurements are taken in octave Elevated noise sources, such as air conditioners and
bands. This shows that the interference effect becomesooling towers, installed on building facades are common in
gradually less significant when the width of the street is in-a complex urban environment. To simulate this situation, ad-
creased to 0.5 and 0.8 (B and 8 m for a full-scale street  ditional measurements of the excess attenuation were made

The interference effect can also occur when the source ifor the street canyon with width of 0.5 m. The source was
located at positions other than the center. In Fig. 9, thdocated at 0.05 ni0.5 m at full scalg¢ from one of the verti-
source is located 0.1 m from one of the vertical walls and thecal walls and the receivers were placed at 0.1 m from the
receiver is placed at 0.1 or 0.02 m from the opposite wall. Toopposite wall. While the source was set at 0.%55m at full
further demonstrate that the coherent model can be used &zalg above the ground, the receivers were set at the heights
predict the interference effect in a wide range of horizontalof 0.15, 0.5 and 0.8 m. The horizontal distances between the
distances to street width ratios, a change in the ratio fronsource and receivers were set at 0.2, 0.5, 0.8 and 1 m.
0.25 to 5.0 is selected for the purpose of illustration. The  The effect of mutual interference also occurs when the
theoretical and experimental results are shown in Fig®. 9 noise is emitted from the elevated source. Figurélillus-
and (b), respectively. In Fig. @), the horizontal distance trates that a distinct dip occurs at around 1700(Hz0 Hz at
between the source and receiver is set at 0.@hm shortest  full scale when the receiver is located at the same height of
distance used in the experimgit the 0.8-m-wide stredthe  the source. When the receiver is moved to either a lower
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FIG. 11. Excess attenuation versus frequency for various receiver locations
in the street with an impedance ground. , coherent predictien;,

FIG. 10. Excess attenuation versus frequency for elevated source in a 0.51easurement(a) Width=0.5 m; source at(0.1,0,0.06% receiver at
m-wide street with hard ground_ , coherent predictieﬂ;_7 inco- (04,02,012 and (b) width=0.5 m; source a’(01,0,0065 receiver at
herent prediction; ——, measurementa) Source at0.05,0,0.5, receiver at ~ (0.4,1,0.5.

(0.4,0.8,0.1% (b) source at(0.05,0,0.5; receiver at(0.4,0.8,0.5 and (c)

source ai0.05,0,0.5; receiver at(0.4,0.8,0.8.

m from one of the vertical walls while the receiver was lo-

cated 0.1 m from the opposite wall. Furthermore, the re-
level at 0.15 m above the ground in the scale model experieeiver was set at a horizontal distance of 0.2 m from the
ment in Fig. 10a) or to a higher level at 0.8 m above the source and at 0.12 m above the ground in Figalland was
ground in Fig. 1(c), the effect of destructive interference moved to 1.0 m from the source and 0.5 m above the ground
becomes less significant. In Figs. (&3-(c), the source is in Fig. 11(b). Again, good agreements between the theoreti-
separated from the receiver at a horizontal distance of 0.8 ntal predictions and experimental measurements are evident
According to the incoherent model the predicted results willfrom the results as shown in the figures. The agreements are
be the same in all the cases. However, it is worth pointingvithin 5 dB in most cases, especially at the frequency range
out that there are about 10 dB differences between the prérom 3000 to 5000 HZ300 to 500 Hz at full scale How-
diction results by the incoherent model and the measureever, the most important point to note is that the numerical
ments at the frequency range from 1000 to 2000(HX to  model can predict well the general trend of the experimental
200 Hz at full scalg data in the frequency spectrum.

The coherent model can also be used to predict the in-  Although it is increasingly common to use porous
terference peaks and dips in the street with an absorptivasphalt® as a noise abatement measure for reducing traffic
ground. Experiments were conducted in the “model” streetnoise, it may not be useful in some frequency ranges. Figure
at the anechoic chamber. To compare the numerical and ex= illustrates that the sound levels are increased significantly
perimental results, the predicted excess attenuation togethat the frequency range of 3000 to 4000 Hz by the introduc-
with the measured excess attenuation are plotted against thien of a finite impedance ground. Figure (42 shows the
frequency in Figs. 1&) and (b). In these comparisons, the excess attenuation when measurements are conducted in a
width of the street was 0.5 m and the source was located 0.dtreet of width 0.5 m with a plywood board representing hard
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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FIG. 13. Experimental setup in a 1.55-m-wide street canyon for outdoor
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cise manner. However, in the next section, we shall show
outdoor data where experimental results will be presented in
one-third octaves from the practical point of views.

Excess Attenuation(dB)

C. Outdoor field measurements

We have demonstrated in the last section that the coher-
10° 10* ent model agrees well with indoor measurement data. To
Frequency(Hz) provide further evidence in a realistic urban environment,
FIG. 12. Comparison of excess attenuation with the boundary conditiong)u'[door experimental measurements are required in order to
changing from(a) a hard ground tob) an impedance ground. , establish the validity of the coherent model for the prediction
coherent prediction;——, measurement. In both cases, the wigth5 m,  of multi-path transmissions of sound in a street canyon. A
the source is &(0.25,0,0.06% and receiver 2{0.25,1,0.5. side lane of 1.55 m in width was chosen. Two parallel build-
ing facades furnished with marble stone and ceramic tiles
enclosed the side lane. The ground was made of concrete

round. Figure 1) displays the results obtained in the . . )
9 gure @) play . ith a small drain channel formed at the edge of the side lane
same street with a carpet-covered board representing an ap- . : .
) . see Fig. 13 for a photograph of the experimental tesj.site
sorbing ground. In both cases, the source and the receiver are

placed equidistant from the vertical walls. The source is set A Roland type KC-300 amplifier and loudspeaker unit

at a height of 0.065 m. The receiver is located at a height O¥vas used as the sound source. A broadband white noise,

0.5 m and at a horizontal distance of 1.0 m from the source\{vhICh was generated by an Ivie Noise Generator of type

In general, the theoretical predictions by the Coheren{E-ZOB, was used for all outdoor experiments. Measurements

model agree reasonably well with the indoor experimentan the sound pressure levels in one-third octave bands were

- . onducted using an Ono Sokki Precision Sound Level Meter
data, which suggests that the interference effect should né:t e LA-5110 a? various receiver locations, with the source

be ignored, especially for narrow street canyons. Some dis?P

. . uated at the centerline of the side lane and 0.5 m above the
crepancies are found at frequencies between 1000 and 20 , . .

. ) o round. The receiver was located either at the centerline of
Hz in the scale model experiments. This is probably due t

the experimental limitations in the anechoic chamber and th he street or at an offset position of 0.15 m from one of the

diffraction effect at the edges of the scale model. We alst)%u”d'r?g facade;. .
It is convenient to present the outdoor experimental data

note that some systematic discrepancies are observed in the

high frequency region above 10000 HZ000 Hz at full In"a form of “transmission loss” spectrum for comparison

scalg. In this region, experimental results are always IowerW'th the theoretical predictions. The transmission IGES)

L is defined as the ratio of the total sound fidklis measured
than the predictions.

: . , . t the receiver position to the total sound field, dndis
We also wish to point out that some indoor experimental ;

L . . measured at 1 m from the source at the same height. It can be
results are presented in single frequencies for different wall
) . . . xpressed as
separations. This allows clear and detailed comparisons o

experimental data with the numerical models in a more pre- TL=20Ig(P/P). (28
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rays are ignored in this model. Inevitably, the incoherent
A model will not be sufficiently accurate when it is used to
or e~ S \\ predict the propagation of sound in a narrow street canyon.
L~ S In fact, we have conducted a series of measurements for
3 other geometrical configurations as described earlier. In this
N paper, we only show three sets of representative data for
1 illustration. All other measurements have led to a rather simi-
lar conclusion as described above. Hence, they are not shown
-151 (@) 1 here for the sake of brevity.

Finally, some significant discrepancies between outdoor
measurements and theoretical predictions are found. In addi-
tion to the possible reasons explained in the last section,
there are some possible factors that might affect the accuracy
of outdoor measurements as follows,

o
T

Transmission Loss (dB)

I 1) The surface roughness of the building facades and the
5 / { (@) The =S a
° /\ N \ drain channels on the ground could cause diffusion of

sound;

" N Vi (2) sound might reflect back from both ends of the side lane;
and

(3) the atmospheric turbulence effect is especially important

o B at high frequencies above 4000 Hz octave band. As a

. ‘ result, the predicted attenuation will be less reliable es-

pecially at high frequencies.

Transmission Loss (dB)

15k

] IV. CONCLUSIONS

Theoretical models of the sound field due to a stationary,
point monopole source in a street canyon have been devel-
oped. The theory is an extension of the classical Weyl—van
(© | de Pol formula that includes the effect of multiple reflections

from boundary surfaces. By identifying the corresponding
2002 10° image sources, the total field can be computed by summing
Frequency (Hz) all contributions coherently. Indoor experiments have been
FIG. 14. Comparison of transmission loss spectra among the cohere@onducted in a one-tenth scale model facility. Locations of
model predictions, the incoherent model predictions, and outdoor measurghe source and the receiver are chosen to simulate those situ-

ments for a street canyon with a width of 1.55 m. , coherent predic—ationS commonly occurring in city streets. It has been dem-
tion; , incoherent prediction; ——, measurement(a) Source at

(0.78.0,0.5; receiver a(0.78,3.88,0.5 (b) source af0.78,0.0.5; receiver at onstrated that the theoretical predictions agree reasonably

(1.4,3.88,0.98 and (c) source a{0.78,0,0.5; receiver at0.78,7.75,1.86 well with our experimental measurements. Further, outdoor
experimental measurements have also been conducted to es-
tablish the validity of the proposed model for the prediction

Figure 14 (see the figure captions for the geometrical of multi-path transmissions of sound in a street canyon.

configurations of the source and recejvehows compari- It is concluded that the interference effect has to be

sons of the theoretical predictions with the outdoor experitaken into account to predict the sound propagation in nar-

mental results. We note that the theoretical predictions ofow street canyons of perfectly flat walls. Use of the inco-

sound propagation in the side lane in one-third octave bandserent model gives reasonable predictions only when the

are based on the coherent model as well as the incohereséparation between the two vertical walls of a street canyon

model. Due to the limitation of the test site in our outdooris greater than 10 m or in the case when there are structured

measurements, the horizontal distances between the sounaalls leading to significant diffusions of sound energy.

and the receiver are limited in the range from 1.0 to 7.75 m

and all boundaries are modeled as perfectly reflecting planes.

Nevertheless, the experimental results can provide us With cxNOWLEDGMENTS

useful information on the validity of the model in a more
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