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The propagation of sound in narrow street canyons
K. K. Iu and K. M. Lia)

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. ©2002 Acoustical Society of America.
@DOI: 10.1121/1.1492821#

PACS numbers: 43.50.Gf, 43.28.En, 43.50.Rq@MRS#
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I. INTRODUCTION

The investigation of sound propagation outdoors h
been the subject of extensive research since the 1950s. P
et al.1 reviewed the development prior to 1977. Embleto2

has summarized many intriguing features of outdoor so
by emphasizing field measurements and their physical in
pretations. Most of these studies consider a relatively sim
scenario—the source and receiver are located in the vici
of an absorbing ground surface. However, due to the ra
urbanization of many countries and heightened environm
tal and other concerns in the past three decades, knowl
of the near-ground propagation of sound in complex urb
environments is of great economic and social importance

Indeed, theoretical studies of sound propagation in a
street were conducted in the 1970s by Schlatter,3 Lee and
Davies,4 Lyon,5 and Steenackerset al.6 It was assumed in
their analyses that the street was represented by a si
channel between two infinite-reflecting walls with ima
sources produced as a result of multiple reflections of sou
In their approach, attention was focused on the determina
of a reverberant sound field in city streets. However,
possibilities of ground interference and further interferen
due to multiple reflections between two parallel walls we
ignored in these early studies.

Oldham and Radwan7 have proposed an alternative a
proach in which the sound levels in city streets are estima

a!Author to whom correspondence should be addressed. Electronic
mmkmli@polyu.edu.hk
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by summing the sound intensities of direct and reflec
sound. Kang8 has compared the sound fields in street c
yons with diffusely and geometrically reflecting boundarie
He has developed a radiosity-based theoretical model for
fusely reflecting boundaries. In his model, the sound pro
gation in the street can be simulated by energy excha
between the nodal points. The interference effects due
multiple reflections are expected to be less significant in
model. However, the radiosity approach is not included
the scope of our current study, but, rather, we prefer to st
the interference effect of multiple reflections.

For geometrically reflecting boundaries, the energy
sponse at the receiver is obtained by summing contributi
from the source and all image sources. Some commer
software, such as Raynoise,9 has implemented this idea t
include the effect of wall/ground absorption in these mode
However, the interference effects between the direct and
flected waves are again not included in their calculations
addition, they have restricted their studies to the case wh
the width of the street canyon ranges from 10 to 40 m on
In some practical situations of a dense high-rise city,
width of many street alleys is often less than 10 m. T
gives us a motivation to investigate the propagation of so
in this type of environment, which is referred as narro
street canyons in this paper.

We also note that Walerianet al.10 have recently ex-
ploited a simple model for predicting the time-average sou
level within an urban system. In their propagation model
sound wave interacting with obstacles undergoes mult
il:
53737/14/$19.00 © 2002 Acoustical Society of America
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reflections from walls and diffractions from wedges. In t
case of canyon streets, diffraction at the top edges of bu
ings has been omitted in their studies. Further, it is assu
that the total field is computed by summing the squared p
sures of all image sources. As a result of using squared p
sures in the summation, the interference effects are om
in their analysis. Although Walerianet al. have pointed out
that the interference effect is significant for a relatively n
row street canyon, no further investigations have been c
ducted.

In the late 1970s, Gensane and Santon11 considered the
wave nature of sound in their study for sound fields
bounded and arbitrarily shaped air spaces. Lemire
Nicolas12 extended this approach by using a spherical w
reflection coefficient instead of a plane wave reflection co
ficient to model sound wave propagation in a bounded sp
In particular, they investigated the sound fields in a rect
gular enclosure and the region bounded by two infinite p
allel planes. Their predicted results agreed very well with
standard normal mode solutions, but no experimental val
tions were presented in their study. We also remark t
Danceet al.13 have pointed out the importance of interfe
ence effects in an enclosed space. By assuming perfe
reflecting boundaries and using an image-source met
they developed an interference model for calculating the
tal sound fields in an industrial space. However, their mo
was found to be more accurate near the vertical walls, fl
and ceiling, but less so at receivers located further from th
reflecting surfaces. In view of these earlier studies, we
deavor to extend these models by considering theoretic
and experimentally the effect of finite impedance on
overall sound fields in an enclosed space.

In this paper, we wish to investigate the propagation
sound in a narrow street such that the height of the buildi
is much greater than the width of the street. It is expec
that the interference effects caused by direct and refle
rays will play a significant role in the prediction of soun
fields in such a street canyon. A brief review of other mod
is discussed also, but our principal aim is to establish
simple yet accurate model for predicting sound fields in n
row street canyons. The model is based on an ana
Green’s function. We also conduct extensive experime
measurements both indoors and outdoors. Indoor exp
ments are conducted in an anechoic chamber and out
field measurements are carried out in a typical alley str
The theoretical predictions will be compared with the expe
mental measurements. The emphasis of this paper is the
perimental verification of the proposed theoretical model

II. PROPAGATION MODELS

A. Analytical formulations

In an earlier publication, Tang and Li14 derived an ex-
pression for the sound field due to a harmonic source ab
an impedance ground in front of an absorbing facade. In
paper, we extend their work to consider the sound fie
above an impedance ground between two parallel facade
faces. This is the model we adopt to assess the sound pr
gation in a narrow city street. Essentially, the street is rep
538 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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sented as two infinite vertical planes of normaliz
admittance,bL andbR , respectively. They are parallel, an
located at the plane ofx50 for the left vertical wall and at
the planex5W for the right vertical wall. An impedance
ground of normalized admittancebB , which is located be-
tween the vertical walls, is situated at the planez50. The
impedance ground is assumed to be perpendicular to the
tical walls. The schematic diagram of the posed problem
shown in Fig. 1. We assume that a point source is place
(xs,0,zs), where the time-dependent factor,e2 ivt, is under-
stood and suppressed throughout the analysis. As the s
field is symmetrical about they50 plane, we restrict our
interest to the region wherexP@0,W#, yP@0,̀ ), and z
P@0,̀ ). The sound field,p(x,y,z), can be computed by
solving the Helmholtz equation:

¹2p1k2p52d~x2xs!d~y!d~z2zs!, ~1!

wherek is the wave number of the source. The governi
equation is supplemented further by the boundary conditi
of the parallel walls and the impedance ground as follow

]p

]x
1 ikbLp50 at x50, ~2a!

]p

]x
2 ikbRp50 at x5W, ~2b!

and

]p

]z
1 ikbBp50 at z50. ~2c!

In the absence of the impedance ground, the solution
be expressed as a Fourier integral15

p52
1

~2p!3 E
2`

` E
2`

` E
2`

` Gx exp~ ikyy1 ikzuz2zsu!
~k22kx

22ky
22kz

2!

3dkx dky dkz , ~3!

taken over the space of all wavenumbers,k[(kx ,ky ,kz).
The variableGx in Eq. ~3! may be regarded as the require
Green’s function in the wave number space given by

FIG. 1. Schematic diagram for sound propagation in a city street.
K. K. Iu and K. M. Li: Sound in street canyons
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Gx55
@e2 ikxxs1VLeikxxs#@eikxx1VRe@ ikx~2W2x!##

12VLVR exp~2ikxW!

for x>xs ,

@eikxxs1VLeikxxs#@e2 ikxx1VRe@ ikx~2W2x!##

12VLVR exp~2ikxW!

for x,xs ,

~4!

where VL and VR are the reflection factors for the wave
reflected by the left and right vertical walls, respective
They can be determined according to

VL5
kx2kbL

kx1kbL
~5a!

and

VR5
kx2kbR

kx1kbR
. ~5b!

Replacing the denominator by its binomial series, expand
the square brackets, and grouping all terms accordingl
Eq. ~4!, we obtain

Gx5(
l 50

`

@eikxux2xsu1VLeikx~x1xs!1VReikx~2W2x2xs!

1VLVReikx~2W2x1xs!#~VLVRe2ikxW! l . ~6!

First, let us consider the case whenl 50 of the series in
Eq. ~6!. The first term in the square bracket represents
direct wave. The second term in the square bracket is a re
of the reflection from the left vertical wall. They are marke
as S01 and S02 in Fig. 2. The last two terms are a pair o
image sources, which are obtained by mirror reflection of
first two in the right vertical wall. They are marked asS03

and S04 in Fig. 2. The process can be repeated again
again~in which l ranges from 1 tò in the series!, leading to
a row of an infinite number of image sources located at
height of zs above the impedance ground. In the event t
the waves are reflected by the impedance ground, we
apply the boundary condition~2c! in Eq. ~3! to yield
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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p52
1

~2p!3 E
2`

` E
2`

` E
2`

` Gxe
ikyy

~k22kx
22ky

22kz
2!

3$eikzuz2zsu1VBeikz~z1zs!%dkxdkydkz , ~7!

where VB is the reflection factor of the waves from th
ground, which can be expressed as

VB5
kz2kbB

kz1kbB
. ~8!

The outer integral with respect tokz can be evaluated by
the method of contour integration15 to give

p5
i

~2p!2 E
2`

` E
2`

` Gxe
ikyy

2kz*

3$eikz* uz2zsu1VB* eikz* ~z1zs!%dkxdky , ~9a!

where

kz* 51Ak22kx
22ky

2 ~9b!

and

VB* 5
kz* 2kbB

kz* 1kbB
. ~9c!

In this paper, the integral~9a! is used for the modeling o
sound propagation in a street canyon. However, the e
evaluation of the integral is difficult if not impossible for a
but the simplest situation. A well-known example is that
reflecting surfaces are acoustically hard wherebB5bL5bR

50. In this case, the reflection factors are all equal to 1, i
VL5VR5VB* 51. Substitution of Eq.~6! into ~9a! leads to

FIG. 2. Two rows of image sources are obtained by mirror reflection of
vertical walls and a reflecting ground. The source,S01 , is located at
(xs,0,zs) and the receiver at (x,y,z).
p5
i

~2p!2 (
l 50

` E
2`

` E
2`

` eikyyeikz* uz2zsu

2kz*
@eikxux2xsu1eikx~x1xs!1eikx~2W2x2xs!1eikx~2W2x1xs!#~e2ikxW! ldkxdky

1
i

~2p!2 (
l 50

` E
2`

` E
2`

` eikyyeikz* ~z1zs!

2kz*
@eikxux2xsu1eikx~x1xs!1eikx~2W2x2xs!1eikx~2W2x1xs!#~e2ikxW! ldkxdky. ~10!
539K. K. Iu and K. M. Li: Sound in street canyons
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Obviously, the total sound field is composed of contributio
from two rows of noise sources located at heightszs and
2zs , respectively. Each of these integrals in Eq.~10! can be
identified as a Sommerfeld integral with each source loca
at a different position. These integrals can be evaluated
actly ~see, for example, Ref. 16!, and the total sound field
can be expressed as the sum of a series as follows:

p5
1

4p (
l 50

` Feikdl1

dl1
1

eikdl2

dl2
1

eikdl3

dl3
1

eikdl4

dl4
1

eikd̄l1

d̄l1

1
eikd̄l2

d̄l2

1
eikd̄l3

d̄l3

1
eikd̄l4

d̄l4
G , ~11!

where the first four terms of the square bracket in the ab
series are the contributions due to the reflections from
vertical walls only. The path lengths,dl1 , dl2 , dl3 , anddl4

can be determined by simple geometrical considerations.
total sound field is also augmented by a set of image sou
due to the presence of a reflecting ground. These are re
sented by the last four terms of the square bracket in
~11!. The corresponding path lengths ared̄l1 , d̄l2 , d̄l3 , and
d̄l4 that can also be determined straightforwardly.

The above theoretical formulation provides the basis
subsequent analyses. Two popular heuristic approximati
the incoherent and coherent models, will be described in
following sections.

B. A critical review of the incoherent model

Oldham and Radwan7 have proposed a simple model fo
the prediction of sound propagated in a street canyon.
model is based on the construction of all image sources
to the reflections from the building facade on each side of
street. The total sound level is computed by summing
intensities of direct and all reflected sound levels incoh
ently. According to this model, the intensity of the sou
g
lls

r
c

540 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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field (I} p̄2) can be obtained from Eq.~11! by summing each
contributing component incoherently to yield

I 5I ref d ref
2 (

l 50

` S 1

dl1
2 1

1

dl2
2 1

1

dl3
2 1

1

dl4
2 1

1

d̄l1
2

1
1

d̄l2
2 1

1

d̄l3
2 1

1

d̄l4
2 D , ~12!

whereI ref is the reference sound intensity at a reference d
tance ofdref from the source. An implicit assumption of thi
approach is that the mutual interference effects of the di
and all reflected waves are ignored. The assumption is ju
fiable because the existence of many possible rays is
pected to smooth out the effect of interference. Benjega17

supported this assumption by arguing that typical distan
between the source and the receiver in urban areas
shorter than in the case of major highways. As a result,
influence of any possible interference due to ground and
cade reflections is insignificant for the propagation of sou
Chew18 derived a model to predict sound fields for the ca
in which buildings flank both sides of an expressway. In
model, he followed the concept proposed by Davies,19 which
includes the effects of multiple reflections and diffuse sc
tering for noise propagated in street canyons. Reflection
efficients are used in their numerical method, leading t
better model for estimating the effects of ground and fac
on the overall noise levels, but the direct wave and reflec
waves are combined incoherently. In this paper, we refe
this type of prediction method as the incoherent model.

To allow for finite impedances of the facades and t
ground surfaces, the concept of the absorption coefficien
sometimes introduced, such that a fraction of constant so
energy,a say, is absorbed for each reflection from the
cades and impedance ground. In other words, the fa
~12a! is multiplied for each reflection from the reflectin
boundaries. Hence, the total sound field can be estim
heuristically by
I 5I ref d ref
2 (

l 50

` S ~12aL! l~12aR! l

dl1
2 1

~12aL! l 11~12aR! l

dl2
2 1

~12aL! l~12aR! l 11

dl3
2

1
~12aL! l 11~12aR! l 11

dl4
2 1

~12aL! l~12aR! l~12aG! l 11

d̄l1
2 1

~12aL! l 11~12aR! l~12aG! l 11

d̄l2
2

1
~12aL! l~12aR! l 11~12aG! l 11

d̄l3
2 1

~12aL! l 11~12aR! l 11~12aG! l 11

d̄l4
2 D , ~13!
at
the

-
ing

in
where the subscriptsL, R, andG represent the correspondin
absorption coefficients for the left and right vertical wa
and the impedance ground, respectively.

Building facades consist typically of brickwork or othe
masonry construction and glass windows. The absorption
 o-

efficient of brickwork varies from 0.02 at 125 Hz to 0.05
2 kHz. Windows, which act as panel absorbers, enhance
absorption at low frequencies. Delany20 estimated the aver
age absorption coefficient to be of the order of 0.1, tak
into account the greater area of brickwork generally found
K. K. Iu and K. M. Li: Sound in street canyons
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traditional residential areas. In addition, Lee and Davi4

studied the ground effect assuming the asphalt road sur
to reflect 0.9 of the incident sound with no change in pha
Hence, it is reasonable for us to assume that all reflec
boundaries~including the vertical walls and the impedan
ground! have the same absorption coefficients, i.e.,aL5aR

5aG . Indeed, Steenackers, Myncke, and Cops6 determined
the absorption coefficient of a typical urban street by m
suring the decay curves of the reverberated sound in diffe
streets and comparing them with calculated curves for dif
ent absorption coefficients. The absorption coefficient is
termined by fitting the measured data with theoretical pred
tions. For streets of width ranging from 9 to 12 m, th
found that the corresponding absorption coefficients vary
tween 0.1 and 0.2. In this paper, the absorption coefficien
0.1 is used in our subsequent numerical analyses unless
erwise stated.

We also note that the direct sound pressure leve
given, according to the incoherent model, by

LD5L ref120 lg~dref /dR!, ~14!

whereL ref is the sound pressure level from the source at
reference distance anddR is the distance between the sour
and receiver. The sound pressure level at the receiver du
a reflected ray ‘‘hitting’’ the boundariesn times is given by

LRn5L ref120 lg~dref /dRn!110n lg~12a!, ~15!

wheren is the order of reflection,a is the absorption coeffi-
cient of the boundaries anddRn is the path length from the
image sources to the receiver.

C. The coherent model

The incoherent model estimates the sound field by
energy approach in which the interference effects due to
source and its images are ignored. However, it becomes
creasingly inadequate in some cases. A more accurate
intricate model is to allow the variation of the reflection fa
tors, VL , VR , and VB* , with the angle of incidence in Eq
~9a!. Before we proceed to give an analytical expression
the integrals in Eq.~9a!, it is of interest to consider a specia
case where we have only an infinite facade, located at the
side, say, of the source. The theoretical and experime
studies of this case has been reported elsewhere.14 In fact,
this problem can be treated as a special case of two par
walls where the width of the street becomes very large,W
→`. It is then straightforward to showeikxW→0. We can
simplify Gx from Eq. ~4! to

Gx5eikxux2xsu1VLeikx~x1xs!. ~16!

Substituting it into Eq.~9a! leads to an analogous expressi
as developed in our earlier study14 of sound fields above an
impedance ground in front of an absorbing facade.
asymptotic solution has been derived in their study and
given as follows:
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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p5
eikd01

4pd01
1Q~d02,u02,bL!

eikd02

4pd02

1Q~ d̄01,ū01,bG!
eikd̄01

4pd̄01

1Q~ d̄02,ū02,bG!Q~ d̄02,Q̄02,bL!
eikd̄02

4pd̄02

, ~17!

where Q(d,u,b) is the spherical wave reflectio
coefficient21 that can be determined for a given separation
the image source and receiverd, the angle of incidence of the
reflected waveu, and the normalized admittance of th
boundaryb. It is determined according to

Q~d,u,b!5Rp1~12Rp!F~w!, ~18!

where

Rp5
cosu2b

cosu1b
, ~19!

F~w!511 iApwe2w2
erfc~2 iw !, ~20!

and

w51A 1
2 ikd~cosu1b!. ~21!

The angle of incidence of the reflected waves,u02, ū01, ū02,
and Q̄02 can be found for a given source and receiver lo
tion as

cosu025
x1xs

d02
, cosū015

z1zs

d̄01

,

~22!

cosū025
z1zs

d̄02

, and cosQ̄025
x1xs

d̄02

.

It is enlightening to show that our current theoretic
formulation may be regarded as a generalization of the p
vious study.14 Based on the analytical result of their a
proach, we can write down the heuristic solution for Eq.~9a!
straightforwardly as
541K. K. Iu and K. M. Li: Sound in street canyons



p5
1

4p (
l 50

` S Ql~dl1 ,u l1 ,bL!Ql~dl1 ,u l1 ,bR!
eikdl1

dl1
1Ql 11~dl2 ,u l2 ,bL!Ql~dl2 ,u l2 ,bR!

eikdl2

dl2

1Ql~dl3 ,u l3 ,bL!Ql 11~dl3 ,u l3 ,bR!
eikdl3

dl3
1Ql 11~dl4 ,u l4 ,bL!Ql 11~dl4 ,u l4 ,bR!

eikdl4

dl4

1Ql~ d̄l1 ,ū l1 ,bL!Ql~ d̄l1 ,ū l1 ,bR!Q~ d̄l1 ,Q̄l1 ,bG!
eikd̄l1

d̄l1

1Ql 11~ d̄l2 ,ū l2 ,bL!Ql~ d̄l2 ,ū l2 ,bR!Q~ d̄l2 ,Q̄l2 ,bG!
eikd̄l2

d̄l2

1Ql~ d̄l3 ,ū l3 ,bL!Ql 11~ d̄l3 ,ū l3 ,bR!Q~ d̄l3 ,Q̄l3 ,bG!
eikd̄l3

d̄l3

1Ql 11~ d̄l4 ,ū l4 ,bL!Ql 11~ d̄l4 ,ū l4 ,bR!Q~ d̄l4 ,Q̄l4 ,bG!
eikd̄l4

d̄l4
D , ~23!
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whereu l1 , u l2 , u l3 , u l4 , ū l1 , ū l2 , ū l3 , ū l4 , Q̄l1 , Q̄l2 , Q̄l3,
and Q̄l4 are the angles of incidence of the reflected wa
measured from the normal of the reflecting plane.

The validity of Eq.~23! can be confirmed by comparin
it with precise model experiments conducted indoors in
anechoic chamber and outdoors in a narrow street. The
tails of these experimental measurements and nume
simulations will be described in the following section. B
fore we end this section, we remark that use of an impeda
model for enclosing surfaces has somewhat complicated
analysis. However, its introduction is essential as it allo
the consideration of more general situations. For instanc
hard ground is not accurate enough to model an asphalt
surface which is frequently used to reduce road traffic no
in urban areas.

III. NUMERICAL SIMULATIONS, EXPERIMENTAL
RESULTS, AND DISCUSSIONS

A. Numerical simulations

To simplify the problems, we shall model the propag
tion of sound in city streets as an analogous situation to
determination of sound fields in a simple channel boun
by two parallel~vertical! infinite walls and a flat horizonta
ground. Although it is straightforward to implement impe
ance boundary conditions in our numerical model, the an
ses here are restricted to perfectly reflecting wall surfa
only. Both hard and impedance grounds will be studied. T
width of the channel isW and the source is located at
height ofzs above the horizontal ground. To facilitate subs
quent calculations, we assume that the origin coincides w
the left corner of the street canyon~in the y50 plane! as
shown in Fig. 1. The source and receiver are located
(xs,0,zs) and (x,y,z), respectively. We are interested in th
case where 0<x, xs<W.

It is obvious from Fig. 2 that a series of image sourc
are produced by multiple reflections of the two paral
walls. Another set of image sources is also formed due to
542 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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presence of a reflecting ground. The total sound field can
estimated either by Eq.~13! or ~23!, depending on whethe
the incoherent or coherent models are required.

In the presentation of numerical and experimental
sults, we use excess attenuation~EA!, which is defined as the
ratio of the total field,P, to the direct field,Pd , as follows:

EA520 lg~P/Pd!. ~24!

There are many rays connecting the source and receiver
contribute to give the total field. According to the incohere
model, the individual excess attenuation, EAn due to each
ray can be obtained from Eqs.~14! and ~15! to yield

EAn5LRn2LD520 lg~dR /dRn!110n lg~12a!, ~25!

wheren is the order of rays. The excess attenuation, EA, d
to the total field is obtained by combining each individu
excess attenuation, EAn logarithmically to give

EA510 lgS (
n51

`

10EAn/10D . ~26!

We wish to point out that only a few terms are norma
required in Eq.~13!, and hence Eq.~26!, to ensure the con-
vergence of the series. This is because of the large dista
of the image sources from the receiver and the presenc
(12a)n term in the series. Oldham and Radwan22 suggested
that the inclusion of higher orders beyond 8~i.e., n58! pro-
duced only a minor contribution to the total field, which ca
be ignored without significant errors. Our initial analys
supports their view. Indeed, the exact number ofn depends
on the distance between the source and the receiver, the s
ration of the boundaries, and the magnitude of the absorp
coefficient. When the separation of the boundaries is
duced, it is found that up to 12th-order rays (n512) are
required to ensure the convergence of the series for the
culation of the total sound intensities. In Fig. 3, we display
plot of the excess attenuation, EA, versus the wall sep
tion, W. The source and receiver are located at heights of
K. K. Iu and K. M. Li: Sound in street canyons
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and 1.5 m, respectively, above the ground, and the horizo
separation between them is 20 m. In numerical simulatio
the source is placed equidistant from both vertical walls a
the receiver is placed at (W21) m from the left vertical
wall.

Different values ofn ~4, 8, 12, and 16, respectively! are
used to calculate the sound intensities, which illustrate
relative significance of higher-order rays. The excess atte
ation, which is defined asLRn2LD with a reference distanc
dR of 1 m, is used in Fig. 3. It is obvious that there is
sizable contribution from the 8th higher-order ray and abo
(n>8) if W is less than about 4 m. Its contribution becom
insignificant if the separation is greater than 10 m.

Differences between noise levels with and witho
ground surfaces were found to be of the order of 2.5
within a typical urban distance of 200 m. In one of the inc
herent models, further approximation is made: the grou
effect is approximated by adding 3 dB to the predicted lev
due to the wall reflections only.7 Further, it is interesting to
note that the excess attenuation, the total field in the inco
ent model, is independent of the frequencies since the
sorption coefficients of all reflecting surfaces are assume
be constant at all frequencies. We reiterate here that the
sorption coefficient of 0.1 is taken in our numerical simu
tions.

According to the coherent model, the total field,P, can
be obtained from Eq.~23!. It is worth noting that the spheri
cal wave reflection coefficient is equal to 1 for a perfec
reflecting surface. In this case, Eq.~23! can be reduced to Eq
~11!. No further simplification can be made if the total sou
field is computed by summing all contributions from ind
vidual rays coherently. It is straightforward to use Eq.~23! to
compute the sound pressure. Hence the excess attenu
can be determined by using Eq.~24! with the direct field
given by

Pd5
1

4p FeikdR

dR
G , ~27!

FIG. 3. The contribution of the higher-order rays on overall sound fields
plotting the predicted excess attenuation versus wall separation. The s
is located at (W/2,0,0.5) and receiver at (W21,20,1.5). ———,n54; ---,
n58; ¯, n512; –•–, n516.
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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wheredR is the direct distance between the source and
ceiver. In laboratory measurements and theoretical pre
tions,dR is taken to be 1 m for the reference sound level.

A close examination of Eq.~23! reveals that the sound
field is calculated by summing an infinite series. Each te
of the series is represented by a ‘‘virtual’’ source multiplie
by a spherical wave reflection coefficient. As discussed p
viously, only a finite number of image sources contribu
significantly to the total sound field. The contributions
these image sources, which become weaker in strength w
they are located farther from the receiver, can be neglec
The rate of attenuation is even greater for boundaries of fi
impedance since the spherical wave reflection coefficien
generally less than 1 for such cases. Hence, the streng
the reflected waves is further attenuated after a few refl
tions from the boundaries. In our experiments, as shown
the following sections, we find that the use of 8 to 12 sets
image sources in our theoretical predictions is normally
equate to give satisfactory results.

Figure 4 shows a comparison of the theoretical pred
tions for sound propagation in street canyons. The predic
excess attenuation is plotted against the width of the st
canyon. The source frequencies of 125 Hz, 1 kHz, and 8 k
are used in the coherent model for the prediction of sou
fields. In Fig. 4~a!, the source and receiver coordinates a
set at (W/2,0,0.65) and (W/2,5,2.4), respectively. A some
what different receiver location of (W21,10,5) is used in
Fig. 4~b!. Figures 4~a! and ~b! show that coherent and inco
herent models give rather similar results when the width o
street canyon is greater than about 10 m. However, when
width becomes narrower, deviations in EA as predicted
the coherent and incoherent models are more signific
This suggests that it is inappropriate to use the incohe
model for the prediction of noise propagation in a narro
street canyon.

B. Indoor laboratory measurements

In the present study, a one-tenth scale was used to m
a street canyon and a data acquisition system was set u
conduct indoor measurements for sound propagation o
different ground surfaces. A BSWA TECH12-in. condenser
prepolarized microphone of type MK224 fitted with a BSW
TECH preamplifier of type MA201 was used as the recei
for indoor measurements. A Tannoy driver with a tube
internal diameter of 3 cm and length of 1.5 m was used a
point source. All indoor measurements were conducted in
anechoic chamber with internal dimensions of 63634 m3. A
PC-based maximum length sequence system anal
~MLSSA!23 was used both as the signal generator for
source and as the analyzer for subsequent data proces
The received signals were compared with the known out
sequence such that the background noise effects were m
mized. The time-domain data were converted to spectr
level data through the use of fast Fourier transform. Ea
spectrum level was then normalized by a ‘‘standard’’ pre
corded direct field measurement. All the steps descri
above were carried out with MLSSA software. The final ou
put was the required excess attenuation spectrum. We

y
rce
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that the prerecorded direct field measurement is taken at
from the source in the absence of any reflecting surface
the anechoic chamber.

In the current study, the maximum length sequen
~MLS! technique is chosen to investigate sound propaga
in a model street canyon as the technique improves
signal-to-noise ratio as compared to the conventional,
tionary excitation technique. Heutchiet al.24 have confirmed
its usefulness in their study of outdoor sound propagation
distances of up to 200 m.

MLSSA operates in the time domain where the impu
response is measured. As we are only interested in reflec
rays up to 12th order, the time-domain data chosen for p
cessing are based on the time between the arrival of
direct and the 12th-order rays. Figure 5 shows a typical
pulse response for sound propagation in a model street
yon for the source and receiver located at~0.1,0,0.065! and
~0.1,0.8,0.065!, respectively. For this particular sourc

FIG. 4. Comparisons of the coherent and incoherent prediction on the
cess attenuation versus wall separation.* –-–* , coherent prediction at 125
Hz; 1----1, coherent prediction at 1000 Hz;+––+, coherent prediction at
8000 Hz; ———, incoherent prediction.~a! Both source and receiver ar
located at the centerline. The coordinates of the source and receive
(W/2,0,0.65) and (W/2,5,2.4). ~b! The source is located at the centerlin
and the receiver is offset from the centerline. The coordinates of the so
and receiver are, respectively, (W/2,0,0.65) and (W21,10,5).
544 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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receiver geometry, a time interval of between 5.5 and 1
ms is chosen for our subsequent analysis in the freque
domain, as the former is estimated to be the arrival time
the direct ray, while the latter is that for the 12th-order ra

A varnished plywood board 18 mm in thickness w
used to simulate an acoustically hard surface. A carpet,
on the varnished plywood board, was used to simulate
impedance ground surface. Preliminary measurements w
conducted for sound propagation over the plywood boa
Both source and receiver were set at a height of 0.065
above the surface at various receiver locations between
and 1.4 m from the source. Theoretical predictions of exc
attenuation based on the model described in the prev
section were in accord with the experimental results. A ty
cal set of measurements, with a source/receiver separatio
0.5 m, is shown in Fig. 6~a!.

Attenborough’s two-parameter model25 was used to de-
scribe the impedance of the ground surface. Measurem
procedures were repeated as in the case of the hard su
described above. The two parameters, the effective flow
sistivity (se) and the effective rate of change of porosi
with depth (ae), were deduced from the measurements. T
best-fit values forse andae were 13.5 kPa s m22 and 100
m21, respectively. Figure 6~b! shows a comparison of exper
mental results and theoretical predictions based on the b
fit parameters for the acoustical characterization of the
sorbing ground—a carpet laid on a plywood board. We n
that, in Fig. 6~b!, the same source/receiver geometry w
used as in Fig. 6~a!.

After the acoustical characterization of the mod
ground, a one-tenth scale model of a street canyon was s
in the anechoic chamber. Since the maximum path len
between the image source and the receiver was about 1
~100 m at full scale! at frequency up to 10 kHz in our mea
surements, the effect of air absorption was not included
our analyses. The vertical walls and ground were made
18-mm-thick plywood boards. The vertical walls, whic
were supported by a steel angle framework to ensure t
orientation and stability, have a length and height of 2.4 a
1.8 m, respectively. The separation,W, between the vertica
walls was set at 0.2, 0.5, and 0.8 m for experiments. In a

x-

are

ce

FIG. 5. The impulse response at the receiver for the direct ray up to
12th-order ray; source at~0.1,0,0.065! and receiver at~0.1,0.8,0.065!.
K. K. Iu and K. M. Li: Sound in street canyons
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of measurements, carpet was laid on the plywood boar
simulate an absorbing ground surface in a street canyon

At full scale, the model represents a canyon street s
tion of 24 m in length with two 18-m-high flat vertical pa
allel building walls erected on either side of a street w
widths of 2, 5, and 8 m. In the following paragraphs, w
refer to all dimensions as the scaled distances unless o
wise stated. Although Buschet al.26 have reported an im
proved technique for simultaneously selecting both an o
mal scale factor and optimal model materials, no attemp
made in our laboratory measurements to select the mos
propriate materials to model an outdoor porous ground
face. However, the use of carpet-covered ground will allow
validation of the coherent and incoherent models by comp
ing theoretical predictions with precise indoor measu
ments.

Indoor measurement of the excess attenuation was m
at various receiver locations with the source located near
ground. This is to simulate the approximate location
ground-based sources such as engine noise emitted
light vehicles or other construction equipment for road rep

FIG. 6. Sound propagation over horizontal ground. Both source and rec
are 0.065 m above the ground and are separated from each other at 0
——— theoretical prediction; ---, measurement.~a! Effect of hard ground
reflection and~b! characterization of impedance ground.
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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work. Recently, Horoshenkovet al.27 have used a 1:20 scal
model to study sound propagation in a city street cany
Noise sources, such as light and heavy vehicles, have b
simulated by tubes from the source chambers elevate
0.025 m~0.5 m at full scale! and 0.05 m~1.0 m at full scale!
above the ground. In our measurements, the source wa
cated at 0.065 m~0.65 m at full scale! above the ground and
either at the centerline or on the side of the street at 0.1
~1.0 m at full scale! from one of the vertical walls. Again, the
chosen source height was used to simulate a realistic u
noise source such as the typical engine location of auto
biles. For the 0.2-m-wide street, the receivers were se
locate both at the centerline of the street and on the sid
the street at 0.02 m from one of the vertical walls. For t
0.5- and 0.8-m-wide streets, the receivers were also set a
centerline and on the side of the street but at 0.1 m from
of the vertical walls. The heights of the receivers were
0.065, 0.12, 0.24 and 0.5 m from the ground. Due to
limitation of the available space in the anechoic chamber,
horizontal distances between the source and receivers
in the range of 0.2 to 1.0 m. A photograph showing the sc
model set in the anechoic chamber is shown in Fig. 7.

To demonstrate the effect of mutual interference,
source was placed equidistant from the vertical walls and
height of 0.065 m. Measurements were taken at a horizo
distance of 1 m in front of the source and at a height of 0
m above the ground. By reducing the width of the street,
interference effect became more significant. Figure 8~a!
shows that distinct peaks occurred at 2000 and 6000 Hz~200
and 600 Hz at full scale! in the street of width 0.2 m~2 m at
full scale!. In this event, the measured excess attenua
caused by constructive interference is 10 dB higher than

er
m.

FIG. 7. A 1:10 scale model set up in an anechoic chamber for measure
of sound propagation in a street canyon.
545K. K. Iu and K. M. Li: Sound in street canyons
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predicted by the incoherent model. In Figs. 8~b! and ~c!,
peaks and dips are close to each other and such fluctua
will be smoothed out if the measurements are taken in oc
bands. This shows that the interference effect beco
gradually less significant when the width of the street is
creased to 0.5 and 0.8 m~5 and 8 m for a full-scale street!.

The interference effect can also occur when the sourc
located at positions other than the center. In Fig. 9,
source is located 0.1 m from one of the vertical walls and
receiver is placed at 0.1 or 0.02 m from the opposite wall.
further demonstrate that the coherent model can be use
predict the interference effect in a wide range of horizon
distances to street width ratios, a change in the ratio fr
0.25 to 5.0 is selected for the purpose of illustration. T
theoretical and experimental results are shown in Figs.~a!
and ~b!, respectively. In Fig. 9~a!, the horizontal distance
between the source and receiver is set at 0.2 m~the shortest
distance used in the experiment! in the 0.8-m-wide street~the

FIG. 8. Excess attenuation versus frequency for various street widths
hard ground. ———, coherent prediction; , incoherent prediction;
•––•, measurement.~a! Width50.2 m; source at~0.1,0,0.065!; receiver at
~0.1,1,0.5!; ~b! width50.5 m; source at ~0.25,0,0.065!; receiver at
~0.25,1,0.5!; and ~c! width50.8 m; source at~0.4,0,0.065!; receiver at
~0.4,1,0.5!.
546 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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widest street used in the experiment!. In Fig. 9~b!, the hori-
zontal distance is 1.0 m~the longest distance used in th
experiment! in the 0.2-m-wide street~the narrowest stree
used in the experiment!.

Elevated noise sources, such as air conditioners
cooling towers, installed on building facades are common
a complex urban environment. To simulate this situation,
ditional measurements of the excess attenuation were m
for the street canyon with width of 0.5 m. The source w
located at 0.05 m~0.5 m at full scale! from one of the verti-
cal walls and the receivers were placed at 0.1 m from
opposite wall. While the source was set at 0.5 m~5 m at full
scale! above the ground, the receivers were set at the hei
of 0.15, 0.5 and 0.8 m. The horizontal distances between
source and receivers were set at 0.2, 0.5, 0.8 and 1 m.

The effect of mutual interference also occurs when
noise is emitted from the elevated source. Figure 10~b! illus-
trates that a distinct dip occurs at around 1700 Hz~170 Hz at
full scale! when the receiver is located at the same heigh
the source. When the receiver is moved to either a low

or

FIG. 9. Excess attenuation versus frequency for different ratios of the h
zontal distance to street width. A hard ground is assumed in the predic
———, coherent prediction; , incoherent prediction;•––•, measure-
ment. ~a! Ratio50.25; width50.8 m; source at~0.1,0,0.065!; receiver at
~0.7,0.2,0.065!; and ~b! ratio55; width50.2 m; source at~0.1,0,0.065!; re-
ceiver at~0.18,1,0.24!.
K. K. Iu and K. M. Li: Sound in street canyons
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level at 0.15 m above the ground in the scale model exp
ment in Fig. 10~a! or to a higher level at 0.8 m above th
ground in Fig. 10~c!, the effect of destructive interferenc
becomes less significant. In Figs. 10~a!–~c!, the source is
separated from the receiver at a horizontal distance of 0.8
According to the incoherent model the predicted results w
be the same in all the cases. However, it is worth point
out that there are about 10 dB differences between the
diction results by the incoherent model and the meas
ments at the frequency range from 1000 to 2000 Hz~100 to
200 Hz at full scale!.

The coherent model can also be used to predict the
terference peaks and dips in the street with an absorp
ground. Experiments were conducted in the ‘‘model’’ stre
at the anechoic chamber. To compare the numerical and
perimental results, the predicted excess attenuation toge
with the measured excess attenuation are plotted agains
frequency in Figs. 11~a! and ~b!. In these comparisons, th
width of the street was 0.5 m and the source was located

FIG. 10. Excess attenuation versus frequency for elevated source in a
m-wide street with hard ground. ———, coherent prediction; , inco-
herent prediction;•––•, measurement.~a! Source at~0.05,0,0.5!; receiver at
~0.4,0.8,0.15!; ~b! source at~0.05,0,0.5!; receiver at~0.4,0.8,0.5!; and ~c!
source at~0.05,0,0.5!; receiver at~0.4,0.8,0.8!.
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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m from one of the vertical walls while the receiver was l
cated 0.1 m from the opposite wall. Furthermore, the
ceiver was set at a horizontal distance of 0.2 m from
source and at 0.12 m above the ground in Fig. 11~a!, and was
moved to 1.0 m from the source and 0.5 m above the gro
in Fig. 11~b!. Again, good agreements between the theor
cal predictions and experimental measurements are evi
from the results as shown in the figures. The agreements
within 5 dB in most cases, especially at the frequency ra
from 3000 to 5000 Hz~300 to 500 Hz at full scale!. How-
ever, the most important point to note is that the numeri
model can predict well the general trend of the experimen
data in the frequency spectrum.

Although it is increasingly common to use porou
asphalt28 as a noise abatement measure for reducing tra
noise, it may not be useful in some frequency ranges. Fig
12 illustrates that the sound levels are increased significa
at the frequency range of 3000 to 4000 Hz by the introd
tion of a finite impedance ground. Figure 12~a! shows the
excess attenuation when measurements are conducted
street of width 0.5 m with a plywood board representing ha

.5-

FIG. 11. Excess attenuation versus frequency for various receiver loca
in the street with an impedance ground. ———, coherent prediction;•––•,
measurement.~a! Width50.5 m; source at~0.1,0,0.065!; receiver at
~0.4,0.2,0.12!; and ~b! width50.5 m; source at~0.1,0,0.065!; receiver at
~0.4,1,0.5!.
547K. K. Iu and K. M. Li: Sound in street canyons
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ground. Figure 12~b! displays the results obtained in th
same street with a carpet-covered board representing an
sorbing ground. In both cases, the source and the receive
placed equidistant from the vertical walls. The source is
at a height of 0.065 m. The receiver is located at a heigh
0.5 m and at a horizontal distance of 1.0 m from the sou

In general, the theoretical predictions by the coher
model agree reasonably well with the indoor experimen
data, which suggests that the interference effect should
be ignored, especially for narrow street canyons. Some
crepancies are found at frequencies between 1000 and
Hz in the scale model experiments. This is probably due
the experimental limitations in the anechoic chamber and
diffraction effect at the edges of the scale model. We a
note that some systematic discrepancies are observed i
high frequency region above 10 000 Hz~1000 Hz at full
scale!. In this region, experimental results are always low
than the predictions.

We also wish to point out that some indoor experimen
results are presented in single frequencies for different w
separations. This allows clear and detailed comparison
experimental data with the numerical models in a more p

FIG. 12. Comparison of excess attenuation with the boundary condit
changing from~a! a hard ground to~b! an impedance ground. ———
coherent prediction;•––•, measurement. In both cases, the width50.5 m,
the source is at~0.25,0,0.065!, and receiver at~0.25,1,0.5!.
548 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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cise manner. However, in the next section, we shall sh
outdoor data where experimental results will be presente
one-third octaves from the practical point of views.

C. Outdoor field measurements

We have demonstrated in the last section that the co
ent model agrees well with indoor measurement data.
provide further evidence in a realistic urban environme
outdoor experimental measurements are required in orde
establish the validity of the coherent model for the predict
of multi-path transmissions of sound in a street canyon
side lane of 1.55 m in width was chosen. Two parallel bui
ing facades furnished with marble stone and ceramic t
enclosed the side lane. The ground was made of conc
with a small drain channel formed at the edge of the side l
~see Fig. 13 for a photograph of the experimental test sit!.

A Roland type KC-300 amplifier and loudspeaker u
was used as the sound source. A broadband white no
which was generated by an Ivie Noise Generator of ty
IE-20B, was used for all outdoor experiments. Measureme
of the sound pressure levels in one-third octave bands w
conducted using an Ono Sokki Precision Sound Level Me
type LA-5110 at various receiver locations, with the sour
situated at the centerline of the side lane and 0.5 m above
ground. The receiver was located either at the centerline
the street or at an offset position of 0.15 m from one of t
building facades.

It is convenient to present the outdoor experimental d
in a form of ‘‘transmission loss’’ spectrum for compariso
with the theoretical predictions. The transmission loss~TL!
is defined as the ratio of the total sound field,P is measured
at the receiver position to the total sound field, andP1 is
measured at 1 m from the source at the same height. It ca
expressed as

TL520 lg~P/P1!. ~28!

s

FIG. 13. Experimental setup in a 1.55-m-wide street canyon for outd
measurements.
K. K. Iu and K. M. Li: Sound in street canyons
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Figure 14 ~see the figure captions for the geometric
configurations of the source and receiver! shows compari-
sons of the theoretical predictions with the outdoor exp
mental results. We note that the theoretical predictions
sound propagation in the side lane in one-third octave ba
are based on the coherent model as well as the incohe
model. Due to the limitation of the test site in our outdo
measurements, the horizontal distances between the so
and the receiver are limited in the range from 1.0 to 7.75
and all boundaries are modeled as perfectly reflecting pla
Nevertheless, the experimental results can provide us
useful information on the validity of the model in a mo
complex outdoor environment.

It is found from Figs. 14~a!–~c! that the coherent mode
can give a reasonable prediction of the general trend of
transmission loss spectra as compared with the experime
data. However, the incoherent model is unable to predict
trend because the interference effects from all contribu

FIG. 14. Comparison of transmission loss spectra among the coh
model predictions, the incoherent model predictions, and outdoor mea
ments for a street canyon with a width of 1.55 m. ———, coherent pre
tion; , incoherent prediction;•––•, measurement.~a! Source at
~0.78,0,0.5!; receiver at~0.78,3.88,0.5!; ~b! source at~0.78,0,0.5!; receiver at
~1.4,3.88,0.93!; and ~c! source at~0.78,0,0.5!; receiver at~0.78,7.75,1.86!.
J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002
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rays are ignored in this model. Inevitably, the incohere
model will not be sufficiently accurate when it is used
predict the propagation of sound in a narrow street cany
In fact, we have conducted a series of measurements
other geometrical configurations as described earlier. In
paper, we only show three sets of representative data
illustration. All other measurements have led to a rather si
lar conclusion as described above. Hence, they are not sh
here for the sake of brevity.

Finally, some significant discrepancies between outd
measurements and theoretical predictions are found. In a
tion to the possible reasons explained in the last sect
there are some possible factors that might affect the accu
of outdoor measurements as follows,

~1! The surface roughness of the building facades and
drain channels on the ground could cause diffusion
sound;

~2! sound might reflect back from both ends of the side la
and

~3! the atmospheric turbulence effect is especially import
at high frequencies above 4000 Hz octave band. A
result, the predicted attenuation will be less reliable
pecially at high frequencies.

IV. CONCLUSIONS

Theoretical models of the sound field due to a stationa
point monopole source in a street canyon have been de
oped. The theory is an extension of the classical Weyl–
de Pol formula that includes the effect of multiple reflectio
from boundary surfaces. By identifying the correspondi
image sources, the total field can be computed by summ
all contributions coherently. Indoor experiments have be
conducted in a one-tenth scale model facility. Locations
the source and the receiver are chosen to simulate those
ations commonly occurring in city streets. It has been de
onstrated that the theoretical predictions agree reason
well with our experimental measurements. Further, outd
experimental measurements have also been conducted t
tablish the validity of the proposed model for the predicti
of multi-path transmissions of sound in a street canyon.

It is concluded that the interference effect has to
taken into account to predict the sound propagation in n
row street canyons of perfectly flat walls. Use of the inc
herent model gives reasonable predictions only when
separation between the two vertical walls of a street can
is greater than 10 m or in the case when there are struct
walls leading to significant diffusions of sound energy.
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