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The current study examines the propagation of sound in street canyons with geometrically reflecting
surfaces. An image source method is a popular numerical model to estimate the propagation of
sound energy in a street canyon. This numerical model calculates the total sound energy received at
a field point by summing the contributions from individual image sources incoherently. The discrete
image source model is generalized by replacing rows of point sources with their respective line
sources. An integral formulation is derived, which can be evaluated exactly to give a simple
analytical solution. The expression permits rapid computations of the sound energy due to a point
source placed in a street canyon. The transient sound energy at a receiver point is also examined. It
has been demonstrated that the transient sound energy can be expressed in terms of a standard
exponential integral. The Schroeder integration method is then used to calculate the reverberation
times, which allow a straightforward assessment of the acoustic environment in street canyons.
Indoor and outdoor experiments were conducted to validate the proposed integral formulation. The
analytical formulas were also compared with numerical results based on the standard image source
method and with published experimental data. © 2009 Acoustical Society of America.
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I. INTRODUCTION

In the past few decades, we witnessed a rapid growth in
mechanized transport and transportation systems. Noise is
one of the most cited environmental factors that are most
commonly associated with pollution from transport. Various
modes of land transportation are the primary source of noise
in dense, high-rise cities. An essential feature of compact and
high-rise cities is that the scarcity of suitable land has en-
couraged building development to go up in the vertical di-
mension. It is common to find residential and commercial
tower blocks of over 40 storeys with height over 100 m or
even more. Worse still, the urban areas are typically embed-
ded with a compact traffic network of highways and/or rail-
ways with high traffic volume. The lack of available land
space means that the residents are closer to noise sources.
The tall flanking buildings, which form a street canyon, per-
mit large portion of the dwellings exposing to the land trans-
portation noise. The noise levels do not decrease signifi-
cantly with the height above the ground in street canyons.1–4

The motivation of the current study is to develop a simple
formula to evaluate steady-state noise levels and the rever-
beration times in a street canyon for assessing the effective-
ness of noise control.

It is of interest to point out that the first measurements of
sound propagation in urban area were performed to deter-
mine an optimal location for sirens during 1940s.5,6 Wiener
et al.7 conducted a theoretical study on the propagation of
sound, the reverberation time, and speech intelligibility in a

8
city street of Boston. In 1970s, Aylor et al. conducted a
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study to investigate the effect of ivy grown on building
façades on the reverberation time. Yeow9,10 performed some
measurements of the reverberation time in downtown resi-
dential areas. From their experimental results, Ko and Tang11

suggested that the reverberation time of a street canyon was
proportional to the volume bounded by the tall buildings in
street canyons. Steenackers et al.12 carried out a series of
experimental measurements of the sound decay curves in a
street canyon. Their study was focused on the determination
of the absorption coefficient in favor of the reverberation
time of the street canyons but no theoretical models were
offered.

There were also a number of other studies addressing the
theoretical and numerical aspects of sound propagation in
street canyons in the past few decades. Typically, either an
image source model or a diffuse reflection model is used to
compute the sound fields and the reverberation times in a
street canyon.13–16 Most of the image source methods are
based on incoherent model17 although a coherent model has
been used in a recent study.18 Despite these theoretical and
experimental studies, there is still no simple but accurate
formula to predict the noise levels and the reverberation time
in street canyons. The present study is aimed to develop such
a simple but accurate analytical expression to predict the
noise levels and to calculate the reverberation time rapidly.
This, in turn, allows the assessment of the acoustic treat-
ments in street canyons.

We remark that the scattering of sound at the façade
surfaces is known to be significant for predicting the trans-

13,14
mission of noise along a street canyon. We shall use the

© 2009 Acoustical Society of America26�2�/644/12/$25.00
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image source model where the boundaries can be taken as
smooth, geometrically reflecting surfaces in the present
study. It is because this model is simple yet it can be used to
represent some urban situations. The closed-form analytical
results can be used to offer a first order engineering approxi-
mation to supplement the numerical results obtained from
other computational intensive schemes, e.g., the diffuse re-
flection model.15,16

The paper is arranged as follows. Section II presents an
integral formulation to calculate the noise levels and the re-
verberation times in street canyons. In Sec. III, the theoreti-
cal models are validated by comparing the numerical predic-
tions with experimental results. Section III A shows
comparisons of numerical results with published experimen-
tal data.12 In Sec. III B and III C, we present indoor and
outdoor experimental results. These measured results are
compared with the numerical predictions based on the inte-
gral formulations. The outcomes of the present study are
summarized in Sec. IV.

II. THEORY

A. Total steady-state sound energy at a receiver

A street canyon may be considered as a category of a
long enclosure: The flanking façades are treated as a pair of
parallel side walls, the road pavement is taken as the floor,
and the opening at the top is represented by a perfectly ab-
sorptive ceiling. Taking the boundaries as geometrically re-
flecting surfaces, the sound propagation along the street can-
yon can be calculated by means of an image source
method.16 Figure 1 displays an idealized street canyon where
h is the height of the buildings measured in the z-direction.
The pair of flanking façade surfaces is parallel to each other
with a horizontal separation of w measured in the x-direction.

FIG. 1. Schematic showing the rectangular coordinate system and the geo-
metrical configuration of a street canyon.
The y-axis is aligned along the direction of the street canyon.
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The origin is located on the ground at equidistance from the
parallel flanking buildings where the façade surfaces are situ-
ated at x= �w /2.19

In the current study, we consider a typical situation
where the height of the flanking façades is greater than the
width of the street canyon, i.e., h�w. The effect of diffrac-
tion at the top edges of the façades is ignored in the present
study. It is because the total sound energy at a receiver point
is dominated by the contributions from multiple reflected
sound rays of the boundary surfaces. In general, the noise
levels due to vehicular noise sources decrease with an in-
crease in the receiver height because there are no reflections
from the open ceiling of the street canyon. In addition, the
noise levels decrease with the increase in the separation be-
tween the source and receiver along the y-direction. How-
ever, Kang16 showed that the noise levels are relatively uni-
form between the buildings for a fixed horizontal separation
�greater than about 1.5w� from the source and at a constant
height above the ground. Without loss of generality, we
therefore assume that a point source S and a receiver R are
located at the coordinates of �0,0 ,zs� and �0,y ,zr�, respec-
tively. Hence, the sound source is separated from the receiver
by a horizontal distance

rI = �y2 + �zr − zs�2. �1�

A row of image sources, shown as the upper row in Fig.
2, is formed because of the reflections from the two vertical
façade surfaces. Based on this series of image sources, the
lower row of image sources can be constructed below the z
=0 plane due to the reflection from the ground surface. All
image sources can be linked to the receiver and the total
sound field is computed by summing the contributions from
these image sources. Making use of the image source model,
the total sound energy at the receiver due to the image
sources located above the ground is given by

�I = �
m=−�

�
Qem ln�1−�̄v�−�adm

dm
2 , �2�

where Q is the source strength, �̄v is the mean absorption
coefficient of the façade surfaces, and �a is the air absorption
factor, which can be obtained from Ref. 20 for different fre-
quencies. The path length of the �mth image source can be
determined by

dm = ��mw�2 + rI
2, �3�

where rI is determined according to Eq. �1�. Here, in Eq. �2�,
the attenuation due to the reflection from the boundary sur-
faces is written in its exponential form by noting the follow-
ing algebraic identity:

em ln�1−�̄v� = �1 − �̄v�m, �4�

where ln�1− �̄v��0 because �̄v�1 and m is the number of
reflections from the façades.

Suppose that the façades are built with hard surfaces
with small �̄v. In this case, the total sound energy received at
the reception point is composed of many terms due to the
multiple reflections from the façade surfaces. It is possible to

replace m with a continuous function in terms of x as
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m = �x�/w . �5�

A line source can now be used to replace the upper row of
the discrete image sources. Figure 2 shows a schematic of
the effective line source. It has an effective strength of
Q /w m−1 because there is only one image source for the
width, w, of the street canyon. The path length dm can be
replaced with

DI = �x2 + rI
2. �6�

From Eq. �2�, the sound energy at the reception point
due to the image sources above the ground can be written in
an integral form as

�I =
�0

w
�

0

�

�Idx , �7�

where �I is a symmetric function of x given by

�I = �I�x� =
2e	x ln�1−�̄v�/w−�aDI


DI
2 , �8�

and �0 is the free-field sound energy received at a distance
of 1 m from the point source. It can be determined by

�0 = Qe−�a�1�/12 � Q . �9�

The integral in Eq. �7� is difficult, if not impossible, to
evaluate analytically because of the presence of DI in the
exponential term of �I�x�. Although the integral can be
evaluated by a numerical quadrature, it is more convenient to
approximate the solution in an analytical form.

To this end, we approximate DI in the exponential term
of Eq. �9� by a linear function

DI = �rI
2 + x2 � rI + KIx , �10�

where KI is the slope of the approximate function. Since the
solution is given in an integral form �cf. Eqs. �7� and �8��, it

FIG. 2. Schematic to show the relative locations of the receiver, the point sou
above and below the ground surface.
is convenient to approximate KI such that
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�
0

XI �rI
2 + x2dx = �

0

XI

�rI + KIx�dx , �11�

where the upper limit of the integrand, XI, is set at a suffi-
ciently large distance in order to cover the range of x that
contributes to the total sound energy at the reception point.
As �I�x� is a monotonic decreasing function, we can ap-
proximate XI by the following function:

� = �I�XI�/�I�0� , �12�

where � is the ratio of the minimum sound energy and the
maximum sound energy contributed due to the effective line
source. The minimum sound energy is contributed from a
source located at x=XI and the maximum contribution comes
from the source located at x=0. Preliminary numerical analy-
ses have suggested that the predicted results are relatively the
same for a wide range of �. Hence, for simplicity, � is chosen
as 1	10−6 in the following numerical analyses.

It is remarkable that both integrals in Eq. �11� can be
evaluated analytically to give closed-form expressions. As a
result, KI can be written in an analytical form to yield

KI =
2

XI
2� rI

2

2

ln�XI + �rI

2 + XI
2

rI
� +

XI
�rI

2 + XI
2

rI
2 � − rIXI� .

�13�

Substituting Eqs. �8�, �10�, and �13� into Eq. �7�, we can
approximate �I by

�I �
2�0e−�arI

w
�

0

� e−
Ix

rI
2 + x2dx , �14�

where


I = − ln�1 − �v�/w + �aKI. �15�

By using the following identity of an indefinite integral
21

solid circle�, image sources �open circle�, and the corresponding line sources
rce �
for the exponential integral:

K. M. Li and C. Lai: Noise propagation in street canyons
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� ex

a2 + x2dx = −
1

a
Im	eiaE1�− x + ia�
 + const, �16�

we can simplify Eq. �14� to yield

�I �
− 2�0e−�arI

wrI
Im�ei
IrIE1�i
IrI�� , �17�

where E1 is the exponential integral with complex argu-
ments.

We demonstrate the accuracy of Eq. �17� by comparing
the numerical results obtained by direct numerical integra-
tion of Eq. �7�. Figure 3 shows comparisons of these two
numerical results in which the relative sound pressure level
�SPL� is plotted against the air absorption factor �a. In the
plots, the relative SPL is defined as

SPLr = 10 log��I/�0� , �18�

where �0 is the free-field sound energy at 1 m from the
source. In Fig. 3, a street canyon of 3 m wide and 100 m high
is used in the numerical calculations. We assume that the
building façades are perfectly reflecting surfaces, i.e., �̄v=0.
Numerical results with the horizontal separation between the
source and receiver of 5, 15, and 50 m, respectively, are
shown. Both source and receiver are located at equidistance
from façades and at the same height above the ground. It
follows from Fig. 3 that the numerical results according to
both schemes agree very well with each other. These com-
parisons have demonstrated the accuracy of the approximate
model, which is sufficient to estimate the effect of the atmo-
spheric absorption in a street canyon of typical source/
receiver geometrical configurations.

Similarly, we can derive an analogous expression for the
sound energy due to the image sources located below the
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FIG. 3. The relative SPL is plotted versus the absorption factor in air. The
squares, circles, and diamonds are the numerical results based on the direct
numerical integration of Eq. �7� for the source/receiver separations of 5, 15,
and 50 m, respectively. The plus, asterisks, and crosses are the correspond-
ing results based on the approximate formula given in Eq. �17�. The source
and receiver are located at the center line of the street canyon and at the
same height above the ground. The reference SPL is taken as 1 m free-field
SPL; see Eq. �18�.
ground as follows:
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�G =
�0e−�arG

w
�

0

�

�Gdx , �19�

where the subscript G denotes the corresponding parameters
for the ground-reflected waves. The symmetric function
�G�x� is given by

�G = �G�x� =
2�1 − �G�e	x ln�1−�̄v�/w−�aDG


DG
2 , �20�

where �G is the absorption coefficient of the ground, DG is
the total distance between the receiver and the image sources
below the ground

DG = �x2 + rG
2 , �21�

and rG is the corresponding horizontal separation

rG = �y2 + �zr + zs�2. �22�

Using an analogous approach, we can derive an approxi-
mate expression for the sound energy at the reception point
due to the image sources below the ground as follows:

�G =
− 2�0�1 − �G�e−�arG

wrG
Im�ei
GrGE1�i
GrG�� , �23�

where the parameters 
G and KG are given by


G = − ln�1 − �v�/w + �aKG �24a�

and

KG =
2

XG
2 � rG

2

2

ln�XG + �rG

2 + XG
2

rG
� +

XI
�rG

2 + XG
2

rG
2 �

− rGXG� . �24b�

By means of the same approach, it is possible to determine
XG by solving an analogous equation �cf. Eq. �11�� numeri-
cally. However, it is remarkable that the same term �i.e.,
XG=XI� may also be used in Eq. �24b� for calculating KG. A
numerical analysis has suggested that a small variation in XG

does not cause a significant change in the numerical values
of �G. The details of these numerical analyses are not shown
here for brevity.

The total sound energy can now be found by summing
the contributions from all image sources �above and below
the ground� to give

�T = �I + �G, �25�

where �I and �G are determined by Eqs. �7� and �19�, re-
spectively. It is possible to give a closed-form solution for �T

by substituting Eqs. �17� and �23� into Eq. �25� to yield

�T =
− 2�0e−�arI

wrI
Im�ei
IrIE1�i
IrI� + AG�1

− �G�ei
GrGE1�i
GrG�� , �26�

where AG is a correction factor for the change in distances
because the image sources are located below the ground. It is

given by

K. M. Li and C. Lai: Noise propagation in street canyons 647
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AG = �rI/rG�e−�a�rG−rI�. �27�

If the source is located near the ground and at a large hori-
zontal separation from the receiver �i.e., rI�rG�, AG is ap-
proximately equal to unity.

B. Reverberation time in street canyons

To assess the effect of multiple reflections, it is useful to
determine the reverberation times in a street canyon. The
problem may be treated as the determination of the transient
sound field when the source is either switched on or turned
off. According to the principle of reciprocity, we may con-
sider the receiver as the center of the wave fronts: the crests
of spherical waves radiating from the receiver, which arrive
at different image sources at different times. For conve-
nience, the initial time t=0 is set at the moment when the
direct sound wave reaches the receiver R. Suppose that the
source is turned on at time t=−rI /c. Then the position of a
wave crest at time t�0 is located at a horizontal distance
xI�t� from the source S. By a simple geometrical consider-
ation, the path length DI from the receiver to an image source
above the ground can be determined by

DI�t� = �xI�t�2 + rI
2 = rI + ct , �28�

where rI is given by Eq. �1�; see Fig. 4 for a schematic of the
wave crests at time t=0 and at time t.

According to Eq. �14�, the transient sound energy due to
the image sources above the ground can then be written as

�I�t� =
2�0e−�arI

w
�

0

xI�t� e−
Ix

rI
2 + x2dx, t � 0, �29�

since only those sources located in the region −xI�t��x
�xI�t� can contribute to the sound field at the reception
point. Equation �29� can be reduced to Eq. �14� when t→�,
i.e., the total transient sound energy �I��� becomes the
steady-state sound energy at the reception point.

We can also consider a complimentary situation when
the source is originally turned on but it is deactivated at t=
−rI /c where c is the sound speed in air. In this case, the
transient sound energy at time t is simply given by

�I
��t� =

2�0e−�arI

w
�

xI�t�

� e−
Ix

rI
2 + x2dx, t � 0. �30�

The integrals given in Eqs. �30� and �29� can be evaluated,

FIG. 4. Schematic to show the wave crests centering at the receiver at time
t=0 and at time t.
respectively, to yield
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�I
��t� = −

2�0e−�arI

wrI
Im	ei
IrIE1�
I�xI + irI��
 �31�

and

�I�t� = �I − �I
��t� , �32�

where �I is determined from Eq. �17�.
Similarly, the transient sound energy due to the image

source located below the ground can be determined when the
source is turned off at t=−rI /c. However, the sound energy
starts to decay at a later time at t= �rG /rI� /c because rG /rI.
The transient sound energy is given by

�G
� �t� = −

2�0e−�arG

wrG
Im	ei
GrGE1�
G�xG + irG��
,

t 
 �rG − rI�/c , �33�

where xG is determined by the following equation:

DG�t� = �xG�t�2 + rG
2 = rG + ct . �34�

On the other hand, if the source is activated at t=0, then the
transient sound energy is given by

�G�t� = �G − �G
� �t�, t 
 �rG − rI�/c . �35�

The effect of multiple reflections on street canyons can
be assessed by considering the reverberation times, T60 and
T30, where T60 is the time for the noise level to reduce by 60
dB below the initial level and T30 is the decay time for the
noise level to drop from �5 to �35 dB. A decay curve in the
noise level is normally needed to determine T60 and T30.
Therefore, we focus on the transient sound energy when the
source is turned off in favor of the transient sound energy
when the source is activated. The total transient sound en-
ergy can be obtained by summing the contributions from the
image sources located above and below the ground. From
Eqs. �31� and �33�, we can obtain

�T
��t� = �I

��t� + �G
� �t�

= −
2�0e−�arI

wrI
Im	ei
IrIE1�
I�xI + irI��

+ AG�1 − �G�ei
GrGE1�
G�xG + irG��
 . �36�

Since the current formulation is based on the image
source method, it is important to demonstrate the validity of
the model by comparing the current numerical results with
those predicted by the image source model. It is sufficient to
show plots of the decay curves with the source turned off at
t=rI /c. Figure 5 displays these comparisons at different
mean absorption coefficients of all boundary surfaces of
0.15, 0.2, 0.25, and 0.3, respectively. The width of 10 m and
the source/receiver separation of 10 m are used in the calcu-
lations. In the graphs, the relative SPLs are defined as

L�t� = 10 log��T
��t�/�T

��0�� , �37�

where the reference level �T
��0� is taken as the initial noise

level. The source and receiver are placed, respectively, at 0.5
and 5.0 m above the ground and they are located at equidis-
tance from the façade surfaces. We can see from Fig. 5 that

the predicted decay curves according to the image source

K. M. Li and C. Lai: Noise propagation in street canyons
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method and the integral formulation agree tolerably well
with each other in all cases.

Using Eq. �36�, the decay curve can be produced by a
reverse-time integration of the transient response. This pro-
cess is known as the Schroeder approach.22,23 The reverbera-
tion time T60 is then determined by using the rate of decay
given by the linear regression with the noise level reducing
by 60 dB from the initial level. In other words, T60 can be
determined for the time when the ratio of �T

��t� /�T
��0� is

reduced to 10−6. If the reverberation time T30 is required, Eq.
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SPL is taken at the initial time when the source is turned off; see Eq. �37�.
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�37� will be used to obtain the decay curve. A linear regres-
sion analysis is conducted to determine the rate of decay for
the noise level varying between 5 and 35 dB below �T

��0�.

III. COMPARISON WITH EXPERIMENTAL
MEASUREMENTS

A. Full scale field measurements in a town street

In the 1970s, Steenackers et al.12 carried out a series of
measurements for the reverberation time of typical town
streets with their widths varying between 9 and 60 m. An
alarm gun was used as an impulsive noise source where the
sound decay curves were measured. The reverberation time
was then used to estimate the sound absorption coefficient of
the town street. Their experimental data12 will be used to
validate the integral expression given in Eq. �36�. We also
compare the numerical results based on the image source
model with geometrically reflected boundary surfaces.16

Figure 6 displays the measured time histories of the rela-
tive SPLs adapted from the published data.12 They were the
sound level decay curves in the town streets with the respec-
tive widths of 12, 18, and 40 m. The horizontal distances
between the source and receiver for all measurements, which
were estimated from the experimental data, were 10 m. Since
the exact locations of the source and receiver are not avail-
able in Ref. 12, we assume that they were placed at 1.2 m
above the ground and at equidistance from the flanking
buildings.

To confirm the validity of this assumption, a prior nu-
merical analysis is conducted to examine the effect of the
source location on the SPLs at different receiver locations
along the street canyon. It is found that the sound fields are
generally uniform within the same cross sections of the street
canyon, especially, when the source and receiver are close to
the ground and their horizontal separation is sufficiently

.4 0.5 0.6 0.7 0.8
time (s)

12 m

18 m

40 m

10 dB

eiver separation of 10 m and the source and receiver were located at 1.2 m
The lines with plus signs �+� are measurement results taken from Ref. 12.

with circles ��� are predictions by the image source method. The reference
0
cay

ce/rec
0 m.

lines
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large. These numerical simulations are not shown here but
this finding is in agreement with the conclusion suggested by
Kang.16 With these prior numerical simulations, we expect
that their assumption on the source/receiver locations will be
sufficient to give accurate predictions of the sound fields in
the street canyons.

In addition to the published data, Fig. 6 also presents the
numerical predictions according to the image source model16

and the current formulation. In his numerical analyses,
Kang16 also used the incoherent model but he computed the
overall SPL by summing the contributions from all image
sources, which have been “switched” on. The number of im-
age sources increases discretely to its steady-state level after
the first arrival of the direct wave. The number of “switched-
on” image sources reaches its maximum level after a short
duration. Hence, the image source model predicts a step
change in the sound energy level shortly after the first arrival
time but time-varying sound energy will gradually become
the steady-state level as the time increases.

In the numerical calculations of all town streets, we as-
sume that the air absorption factor is zero because no perti-
nent information is provided for the atmospheric conditions
during the measurement periods. In Fig. 6�a�, we present the
predicted and measured results for the town street of 12 m
wide. According to Steenackers et al.,12 the ground was as-
sumed to be a perfectly reflecting surface and the average
mean absorption coefficient of the building façades was 0.15.
For the given source and receiver locations, Eq. �37� is used
to evaluate the time history of the relative SPLs. The numeri-
cal predictions according to the image source model and the
integral formulation agree to within 1.1 dB in the relative
SPL. Furthermore, both predicted results show good agree-
ments with the experimental data.

Figure 6�b� presents a set of data taken from Fig. 1 of
Ref. 12 where the width of the town street was 18 m. The
estimated sound absorption coefficient, which was taken
from Table I of Ref. 12, was 0.17. Again, we use Eq. �37� to
calculate the time histories of the relative SPLs. The average
discrepancy between the measured data and the image source
model is 1.21 dB while it is 1.15 dB for the integral formu-
lation.

The compared results for the last set of data are dis-
played in Fig. 6�c�. Based on the information obtained from
Steenackers et al.,12 we estimated that the mean absorption
coefficient of the façade was 0.3. Figure 6�c� shows tolerably
good agreements between the measured data and the numeri-
cal results according to both prediction methods. The aver-
age discrepancies between the image source method and
measured results are 1.54 and 1.35 dB for that of the integral
formulation.

By comparing with published experimental data, it is
enlightening to confirm the validity of the analytical formu-
lation for predicting the relative SPL in a street canyon. The
proposed model provides a simple closed-form solution,
which compares well with the standard image source model

and with the published experimental results.
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B. Indoor model experiments

A model street canyon was built and placed in an
anechoic chamber of internal dimensions of 6	6	4 m3

�high�. Hard plywood boards of 20 mm thickness were used
to construct the model street canyon of 0.8 m wide, 5 m long,
and 2.6 m high. The hard plywood boards were varnished to
prevent leakage of sound. To simulate the façade surfaces
with finite impedance, the two vertical walls were covered
with acrylic light diffusers of 5 mm thickness; see Fig. 7. The
light diffusers have rectangular grids with dimensions of
15	15 mm2 and open volumes. The light diffusers may
give diffused sound fields but, nevertheless, Daigle et al.24

demonstrated experimentally that a hard ground covered
with light diffusers can be used to simulate an indoor imped-
ance plane. In light of the suggestion of Daigle et al.,24 we
conducted a set of short-range measurements for the propa-
gation of sound above the hard plywood board covered with
and without light diffusers. In these measurements, the
source and receiver were placed at a horizontal separation of
1 m and at heights of 0.01 m above the model ground.

Figure 8�a� shows a typical measured spectrum to dem-
onstrate the interference effects due to the direct and re-
flected waves for sound propagation above the model imped-
ance ground. The excess attenuation, which is defined as the
ratio of the total field above the impedance surface to the
free-field measurement at 1 m in the anechoic chamber, is
plotted against the source frequency in Fig. 8�a�. We also
conducted similar measurements for the propagation of

FIG. 7. �Color online� Photograph showing the setup of the indoor experi-
ment conducted in an anechoic chamber.
sound over the hard plywood board. Its measured excess
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attenuation spectrum is shown in Fig. 8�b�. From both graphs
in Fig. 8, there are clear interference dips due to the interfer-
ence of the direct and reflected waves although the primary
dip occurs at higher frequency for the hard ground. It is
because the impedance of a hard surface is usually higher
than that of the model plane with finite impedance. From
these two sets of short-range measurements in the anechoic
chamber, we can confirm the suitability of treating the ply-
wood board covered with light diffusers as a model imped-
ance plane.

We also use the measured excess attenuation spectra in
Fig. 8 to determine the acoustic impedances of the plywood
board with �impedance façade surfaces� and without �hard
ground surfaces� the cover of light diffusers. Attenborough’s
two-parameter model25 was used to characterize the surface
impedances, Z, of the vertical wall and the ground in the
present study. The surface impedance is calculated by

Z = 0.538��e/f + i�0.538��e/f + 19.74�e/f� , �38�

where f is the source frequency, �e is the effective flow
resistivity, and �e is the effective rate of change in porosity
with depth. The parametric values of �e and �e are deduced
from the short-range propagation measurement over the sur-
face.

The best-fit parametric values for �e and �e were
80 kPa s m−2 and 450 m−1 for the vertical walls �plywood
boards covered with light diffusers� and 80 000 kPa s m−2

and 50 m−1 for the ground made of the plywood board.
These parametric values for different boundary surfaces used
in the numerical simulations are summarized in Table I for
the ease of reference. Figure 8 also shows typical predicted
excess attenuation spectra for the propagation of sound
above the vertical walls and the ground where their imped-
ances are calculated by using Eq. �38� with the parametric
values given in Table I.

For the image source model and the current integral for-
mulation, the one-third octave band absorption coefficients
��� of the boundary surfaces are calculated from the mea-
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� = �Z − 1

Z + 1
�2

. �39�

Using the Attenborough two-parameter impedance model,25

the absorption coefficients of the ground and vertical walls in
one-third octave bands are calculated and listed in Table II.

In indoor measurements, a Renkus-Heinz PN 61 self-
powered loudspeaker was used as the source and a “B&K”
4189 pre-polarized free-field 1/2 in. condenser microphone
was used as the receiver. A PC-based maximum length se-
quence system analyzer �Ref. 26� was used as both signal
generator for the source and data analyzer of the measure-
ments. The source strength was characterized by conducting
prior measurements to measure its SPL at 1 m free field in
the anechoic chamber. In the present indoor experiments, we
presented the results for steady-state SPLs at various hori-
zontal distances at different frequency bands. The source was
located at 0.545 m away from the left vertical wall and at
heights varying between 0.10 and 2.1 m. For the receiver, it
was also situated at 0.545 m from the left vertical wall and
0.2 m above the ground.

Figure 9 shows the typical spectra of the steady-state
SPLs where the receiver was located at 2 and 4 m from the
source. The source and received were, respectively, placed at
0.6 and 0.2 m above the ground and at the same distance of
0.545 m from the left vertical wall. In the graphs, we com-
pare the measured spectra with the numerical predictions ac-
cording to the integral formulation. The measured and nu-
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d �b� the hard floor �indoor ground�. The two-parameter model was used to
I for information. The solid lines are �——� are theoretical predictions and

TABLE I. The best-fit parametric values of the effective flow resistivity ��e�
and the effective rate of change in porosity with depth ��e� for predicting the
acoustic impedance of the boundary surfaces used in the indoor and outdoor
experiments.

�e

�kPa s m−2�
�e

�m−1�

Indoor façade 80 450
Indoor ground 80 000 50
Outdoor façade 50 000 500
Outdoor ground 200 000 500
s� an
able
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merical predictions agree reasonably well with each other
except for one or two individual one-third octave bands, e.g.,
a discrepancy of about 5 dB was found for 3150 Hz in the 2
m separation and about 7 dB for 5 kHz in the 4 m separation.
It is also observed that the integral formulation can predict
the general trend of the measured spectral SPLs. The average
discrepancies in the one-third octave bands were found to be
1.9 and 2.7 dB, respectively, for the 2 and 4 m separations.

The variation of the steady-state SPL with the horizontal
separation is shown in Fig. 10 where four sets of typical
results for the frequencies of 500 Hz, 1.25 kHz, 2.5 kHz, and
5 kHz are presented. The relative source/receiver positions
with the ground and with the vertical walls are the same as in
Fig. 9. These plots serve to highlight the capability of the
integral formulation in predicting the general trend of mea-
sured data for the indoor model experiments.

Before we end this section, they wish to point out that
there were other studies26,27 examining an improved tech-
nique for simultaneously selecting both an optimal scale fac-
tor and optimal model materials for use in indoor scale

TABLE II. The estimated mean absorption coefficients of the boundary surf
humidity given in dB/km.

Frequency �Hz� 400 500 630 800 1000 1
Absorption coefficient
�indoor façade� 0.07 0.09 0.11 0.14 0.18 0
Absorption coefficient
�indoor ground� 0.026 0.028 0.032 0.036 0.04 0
Absorption coefficient
�outdoor façade� 0.028 0.03 0.036 0.041 0.046 0
Absorption coefficient
�outdoor ground� 0.011 0.013 0.014 0.016 0.018 0
Air absorption
�30 °C, 80% R.H.�
�dB/km� 1.98 2.79 4.14 5.66 7.41 9
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FIG. 9. The SPL spectra for the indoor model experiments. The source was
located at 0.6 m above the ground and at 0.565 m from one side of the
vertical wall. The receiver was placed at 0.2 m above the ground and 0.215
from the same wall. The thick solid lines are experimental data and the thin
solid lines are predictions by the integral formulations. The lines with open
circles and plus signs are for the horizontal separations of 2 and 4 m, re-

spectively.
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model experiments. However, there is no attempt to select
the most appropriate materials for modeling the façade sur-
faces in the present study. The use of a model impedance
plane is sufficient to validate the integral formulation by
comparing its predicted SPLs with the precise indoor
measurements.28

C. Outdoor field measurements in an alley street

To confirm the versatility of the integral formulation, we
conducted a further set of full scale field measurements in an
alley street. It was 3.13 m wide, 20 m long, and the height of
the two parallel was 54 m. The alley street had a concrete
ground and both vertical walls were covered with hard mo-
saic tiles. We used the same set of instrument for all indoor
and outdoor measurements. Figure 11 shows the experimen-
tal setup in the alley street. In the experiments, the source
was located at the center of the alley street and 0.1 m above
the ground. The receiver was placed at a height of 1.6 m
above the ground and at 0.69 m from one of the vertical
walls. The distance between source and receiver was ad-
justed between 1 and 20 m.

given in dB and the absorption coefficient of air at 30 °C and 80% relative
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Prior in-situ measurements were conducted to determine
the sound absorption coefficient of the vertical walls and the
ground. The source and receiver were placed at 0.01 m above
the respective surfaces and their horizontal separation was
set at 1 m in these measurements. Again, the Attenborough
two-parameter impedance model25 was used to characterize
the respective impedances of the surfaces and their paramet-
ric values are listed in Table I. All these boundary surfaces
were made of acoustically hard construction materials, which
led to fairly high parametric values for �e according to the
short-range characterization measurements.

The sound absorption coefficients of the concrete ground
and the vertical walls covered with mosaic tiles can then be
calculated according to Eq. �39�. These absorption coeffi-
cients, which are listed in Table II, will then be used in
subsequent calculations of the reverberation times and SPLs
in the alley street.

During the measurement, the outdoor temperature was
about 30 °C and the relative humidity was 80%, the air ab-
sorption factors which are used in the following predictions
and are obtained from Ref. 20. The air absorption coeffi-
cients at different frequency bands are listed in Table II. Due
to the relatively high background noise levels in the field
measurements, the reverberation time T30 was measured in
favor of T60. The SPL of the loudspeaker was measured at 1
m free field in the anechoic chamber before the field mea-
surements. It was used to compare with the SPLs measured
in the alley street.

Figure 12 shows the experimental data of T30 in one-
third octave bands for the source and receiver located along
the alley street. We compare the measured data with the nu-
merical predictions of reverberation times for horizontal
separations of 4 and 12 m. The numerical results according
to the integral formulations are also shown in Fig. 12. We
remark that the numerical predictions can only give a reason-
able estimation of the general trend of T30 as the source
frequency increases. Comparison of results for other source/
receiver separations was generally similar to those shown in
Fig. 12 but they are not shown here for succinctness. In this

FIG. 11. �Color online� Photograph showing the experiment setup of the
field measurements in an alley street.
set of data, the source and receiver are placed at respective
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heights of 0.1 and 1.6 m above the ground. They are located
at respective distances of 1.56 and 0.69 m from one of the
vertical walls.

Figure 13 displays the variations of reverberation times
with the horizontal separation. The source/receiver positions
relative to the vertical walls and the ground are the same as
above. Numerical results and measured data are presented
for the source frequencies of 800 Hz, 1.6 kHz, 2 kHz, and 4
kHz. Similar results are also obtained for other frequencies
but only four frequencies are selected for presentation. As
shown in the plots, the predicted T30 varies marginally along
the horizontal range �up to 15 m� although the experimental
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FIG. 12. The reverberation time T30 is plotted versus the source frequency
where the source is placed at 0.1 m above the ground and at 1.56 m from
one side of the vertical wall. The receiver was located at 1.6 m above the
ground and 0.69 from the same vertical wall. The thick solid lines are for
experimental data and thin solid lines are for predictions by the integral
formulation. �Plus signs: source/receiver separation of 4 m and squares:
source/receiver separation of 12 m.�
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data show a fluctuation in T30. In general, the integral formu-
lation can predict the average level of measured T30 over the
range of interest.

Next, the same source/receiver geometries as above are
used for the next two sets of the experimental measurements.
In the first set of data, the predicted and measured spectra for
the steady-state SPLs are compared in Fig. 14 for the respec-
tive horizontal separations of 4, 12, and 20 m. Apparently,
the numerical predictions according to the integral formula-
tion give reasonably good agreements with the general trends
of the measured frequency spectra in all cases. In the second
set of data, the variations of steady-state SPLs with the hori-
zontal range were shown in Fig. 15 for the respective fre-
quencies of 500 Hz, 800 Hz, 2 kHz, and 4 kHz. Again, the
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FIG. 14. The steady-state SPL is plotted versus the source frequency with
the same source/receiver geometry as Fig. 12. The thick solid lines are for
experimental data and thin solid lines are for predictions by the integral
formulation. The respective source/receiver separations are 4 �plus signs�,
12 �squares�, and 20 m �asterisks�.
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FIG. 15. The steady-state SPL is plotted versus the distance. The source/
receiver geometry is same as Fig. 13. The thick solid lines are for experi-
mental data and thin solid lines are for predictions by the integral formula-
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predicted results show tolerably good agreements with the
general trend for the reduction in the SPLs when the separa-
tion between the source and receiver increases.

IV. CONCLUSIONS

By modeling a street canyon as a long enclosure with an
open top, it is possible to use an energy approach to sum the
contribution from all image sources incoherently. In the
present study, an integral formulation has been developed to
estimate the noise levels in a street canyon by replacing the
discrete image sources with an effective line source. The
integral formulation is used to predict the decay curve of
sound energy where the reverberation time in the street can-
yon can be estimated. Based on the reverberation time, the
steady-state SPLs in the street canyon can be calculated. It
has been demonstrated that the predictions according to the
integral formulation agreed reasonably well with published
data conducted in a town street. The numerical results ac-
cording to the integral formulation also show good agree-
ments with indoor and outdoor experimental data obtained in
the present study. The integral formulation can be used to
provide an efficient model for predicting noise levels and the
reverberation effect in a street canyon.
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