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a b s t r a c t

This paper presents an experimental, numerical and analytical study of the open roof effect on acoustic
propagation along a 3D urban canyon. The experimental study is led by means of a street scale model. The
numerical results are performed with a 2D-Finite Difference in Time Domain approach adapted to take
into account the acoustic radiation losses due to the street open roof. An analytical model, based on
the modal decomposition of the pressure field in the street width mixed with a 2D image sources model
including the reflection by the open roof, is also presented. Results are given for several frequencies in the
low frequency domain. The comparison of these approaches shows a quite good agreement until
f = 100 Hz at full scale. For higher frequency, experimental results show that the leakage, due to the street
open roof, is not anymore uniformly distributed on all modes of the street. The notion of leaky modes
must be introduced to model the acoustic propagation in a street canyon.

! 2010 Published by Elsevier Ltd.

1. Introduction

Urban acoustic researches are divided in three thematics: the
sources characterization and identification, the acoustic propaga-
tion and the noise perception in an urban context. This work enters
in the second thematic: its purpose is to describe the propagation
of sound emitted by known sources in a street by taking into ac-
count its physical morphology, particularly the open roof effect.

To study acoustic propagation in an urban context, several ap-
proaches are available: energy based methods [1–4] based on the
estimation of a quadratic quantity (energy density or acoustic
intensity), numerical methods [5,6] to estimate acoustic pressure
or velocity and modal approach [7–9] to calculate the pressure or
velocity fields.

Energy based methods are largely used in urban acoustics but
concern a limited frequency range: the image sources method
[1,2,10–12], the ray tracing approach [13], the radiosity method
[14–16] and finally statistical methods of particle transport
[3,4,17] are generally used for middle and high frequencies. All
these approaches propose to model the effect of the street open
roof by a complete absorption of the waves.

The numerical methods, as Finite Element Method (FEM) or
Boundary Element Method (BEM), are restricted for urban acous-
tics to low frequencies for 2D case or very low frequencies for 3D
case [6,5] because of the large time cost due to the discretization.

The modal approach, where the geometrical characteristics of
the street are explicitly taken into account in the model, is gener-

ally not used due to the complexity of the medium and to the dif-
ficulty to determine the modes of an open space like a street
canyon. For example, Bullen and Fricke [7] have studied the acous-
tic propagation in a guide with infinite height or more recently, the
modal approach was used to calculate the 2D field in a street sec-
tion, the acoustic radiation conditions being described by an equiv-
alent sources distribution at the interface between the street and
the free space [18]. This method was then extended to the 3D case
by a 2.5D equivalent sources method [8,9].

This review highlights more particularly that the open aperture
of the street on the half free space, essential characteristic of the
urban environment, is modeled by a complete absorption of the
wave by energy based approaches for middle and high frequencies.
For low frequencies, this assumption of complete absorption is not
justified: Hornikx and Forssén propose a method to describe the
radiation conditions on the open roof in a 2D geometry (in a sec-
tion) [18] and recent works deal with the 3D urban acoustic prob-
lem [8,9,19]. However, these methods are quite complex and can
be costly in numerical time. Moreover, the specific effect of the
open roof for low frequencies was not studied in the literature.

The aim of this paper is to study the open roof effect in the
acoustic propagation along a street canyon at low frequencies.
For this, a reflection coefficient is introduced in a simple analytical
model based on modal and image sources approaches. This coeffi-
cient is determined versus frequency by fitting the modeled pres-
sure field with the experimental one obtained in a street scale
model. In order to study only the open roof effect, street facades
are chosen smooth and considered as perfectly reflecting. This
work provides a first study of the open roof effect on the acoustic
propagation in street canyon at low frequencies. It leads to a

0003-682X/$ - see front matter ! 2010 Published by Elsevier Ltd.
doi:10.1016/j.apacoust.2010.03.004
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cases, a point source centered on ðzs ¼ 0:07 m; ys ¼ 0:115 mÞ for
f = 2000 Hz and ðzs ¼ 0:07 m; ys ¼ 0:1 mÞ for f = 2500 Hz is used.
The modal repartition of the source condition and the number of
the propagative modes differ from the two previous cases (three
modes are propagative). The attenuation along the street increases
also with frequency.

These observations show that the open roof of the street brings
acoustic losses for the pressure field inside the street. This attenu-
ation is studied more precisely in the following section. In one
hand, all these experimental maps show that the pressure on the
ðx; yÞ plane can be easily modeled by a modal decomposition of
the field. On the second hand, for all cases, it appears that the
attenuation increases along the street. This attenuation may be
due to the roof, ground and facades absorption, and to atmospheric
attenuation. However, at the studied frequencies
(1000 Hz < f < 2500 Hz), atmospheric attenuation in the scale mod-
el (a few meters length) is negligible and ground and facades are
assumed to be perfectly reflecting (the absorption coefficient in
diffuse field of varnished concrete and wood is around 3% at
1000 Hz).

These considerations show that the acoustic attenuation is
mainly due to the open roof of the street. Moreover, it appears that
this attenuation increases with frequency. In regards to experi-
mental conclusions, two models (analytical and numerical) of the
acoustic propagation along a street are presented in the following
sections to take into account this open roof absorption.

3. Analytical modelling of the open roof effect on acoustic
propagation along a street

The analytical model of the acoustic propagation along a street
is based on the modal decomposition of the pressure field in the
transverse direction y (Fig. 4b). The attenuation of the pressure
along the street, due to acoustic radiation losses through the open
roof is described by means of a 2D image sources model in the ver-
tical plane ðx; zÞ (Fig. 4c). The combination of these two approaches

allows to elaborate a 3D analytical model of the acoustic propaga-
tion along a street.

A semi-infinite 3D waveguide of width d closed by a rigid wall
at x = 0 containing an acoustic source is considered (Fig. 4).

In spherical polar co-ordinate ðr; h; yÞ as shown in Fig. 4 and in
the frequency domain (with a temporal convention ejxt , where x
is the acoustic pulsation), the acoustic pressure pðr; h; yÞ satisfies
the Helmholtz equation [7]

@2p
@r2 þ

1
r
@p
@r
þ @

2p
@y2 þ k2p ¼ 0; ð1Þ

where k ¼ x=c with c the sound celerity. The solution of the Eq. (1)
can be written as

pðr; h; yÞ ¼ pðr; hÞpðyÞ: ð2Þ

The transversal solution pðyÞ is given by

pðyÞ ¼
XN

n¼ 1

An

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 % dn0

p
cos

np
d

y
" #

; ð3Þ

where dn0 is the Kronecker symbol (dn0 ¼ dðnÞ ¼ 1 for n = 0 and
dn0 ¼ 0 8n – 0) and N is the number of modes. To determine the
amplitude An of each mode, the boundary condition given by the
acoustic source is used.

To model the attenuation of the pressure field due to acoustic
radiation losses through the street open roof, a 2D image sources
model is used in the vertical plane ðx; zÞ (Fig. 4c). In this plane,
the ground of the street is considered as perfectly rigid with a
reflection coefficient Rg ¼ 1 and the source is described by a point
source located at the height hs embedded in a rigid wall with
height h. The acoustic radiation condition corresponding to the
open roof of the street is modeled by means of a reflection coeffi-
cient Rr at the height h on the z-axis.

The pressure field in the street can be decomposed as an infinite
sum describing the multiple reflections on the ground and the
street roof. In a 2D domain, the Green function Gð~r;~r0Þ is written as

(a)

(b) (c)
Fig. 4. View of the street (a) in the ðx; yÞ plane (b) and in the ðx; zÞ plane (c).
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Gð~r;~r0Þ ¼ $
j
4

H1
0ðkj~r $~r0jÞ

! "
; ð4Þ

where ~r0 defines the position of the source and H1
0 is the Hankel

function of first order. According to Eq. (4), the pressure field of
the mode n, at the altitude z in the street, takes the following form:

pnðr; hÞ ¼ $
j
4

Xþ1

m¼0

ðRrÞm H1
0ðknrj~r $~rþ0mjÞ þ H1

0ðknrj~r $~r$0mjÞ
! "

; ð5Þ

with k2
nr ¼ k2 $ ðnpd Þ

2 and j~r $~r&0mj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðz & 2mh & hsÞ2

q
, where m

corresponds to the mth image source.
Finally, the pressure field pðr; h; yÞ along the street taking into

account the acoustic radiation losses due to the open roof is given
by the following equation:

pðr;h;yÞ ¼ $ j
4

X

n

An

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$ dn0

p
cos

np
d

y
! "X

m

ðRrÞm H1
0 knrj~r$~rþ0mj
$ %!(

þH1
0 knr j~r$~r$0mj
$ %"&

: ð6Þ

In this problem, the experimental source is a square plane
source or a point source. In the analytical model, the square source
is described by a hole with a width ds in a rigid wall on the street
input along the direction y given by

vðyÞ ¼ 1; for ys $ ds=2 < y < ys þ ds=2; ð7Þ
vðyÞ ¼ 0; for 0 < y 6 ys $ ds=2 and ys þ ds=2 6 y < d: ð8Þ

The source width along the z dimension can not be taken into
account in the image sources model. This assumption is valid far
from the source. On the other hand, the point source is well de-
scribed in this model when ds tends to 0.

In this work, the reflection coefficient Rr describing acoustic
radiation leakage due to the street open roof is determined by fit-
ting the model with the experimental results obtained in the street
scale model.

4. Numerical simulation of the open roof effect on acoustic
propagation along a street

To take into account the open roof effect on the acoustic prop-
agation along a street, the 3D numerical methods are well suited.
However, even at low frequencies, these methods have a high com-
putation cost. Thus, in this work, we propose to model the open
roof effect in a 2D-FDTD method which gives a simple and a low
computational cost numerical method. This 2D-FDTD method has
to describe the 3D geometrical dispersion and takes into account
the reflection phenomena due to the ground and the open roof in
order to be compared to experimental data in the street scale
model.

In a 2D description, the geometrical dispersion is lower (de-
crease with 1=

ffiffiffi
r
p

from the source) than in a 3D description (de-
crease with 1/r from the source). Thus, it is necessary to add a
loss term in a 2D description to describe a 3D geometrical disper-
sion. Moreover, the losses due to the ground and roof absorption
have to be modeled. In this 2D model, all the losses are introduced
by means of a single negative source term qðtÞ in the mass conser-
vation law, leading to the following form:

dpðtÞ
dt
þ c2q0

~r '~vðtÞ ¼ q0c2qðtÞ: ð9Þ

This negative source, uniformly distributed in the 2D plane, can
be considered as proportional with the pressure pðtÞ written as

qðtÞ ¼ $apðtÞ; ð10Þ

where a > 0 is a coefficient to be determined.

The discrete forms of the Eqs. (9) and (10) and the Euler equa-
tion can be achieved by a two dimensional Finite Difference Time
Domain (FDTD) computation. After the integration of the mass
conservation along a surface element of dimension dx along the
x-axis and dy along the y-axis, we obtain

dp
dt
ðx; yÞ þ c2q0

dvx

dx
ðx; yÞ þ dvy

dy
ðx; yÞ

' (
¼ $q0c2apðx; yÞ; ð11Þ

where vx and vy are respectively the projections of the acoustic
velocity along the x- and y-axis. The same approach is used with
the Euler equation. The discretization of these two equations is
achieved with a first order centered finite difference scheme with
staggered spatial and temporal grids [21]. This allows to obtain a
2D-FDTD computation of the propagation in a 3D space.

To apply the adapted 2D-FDTD simulation to the propagation
along a street with an open roof, the discrete equations are com-
puted by means of a Matlab program where the boundary condi-
tions are introduced on the acoustic velocity (the facades of the
street are considered as perfectly rigid) and the source condition
is introduced on the pressure. The anechoïc termination is simu-
lated by a Perfect Matching Layers (PML). The coefficient a in the
Eq. (11) is determined by fitting the simulation results with the
experimental ones obtained in the street scale model.

5. Results and discussion

5.1. General observations

In this section, we propose a qualitative comparison between
the experimental, analytical and numerical results for
f = 1000 Hz, f = 1500 Hz and f = 2500 Hz. Fig. 5 presents results ob-
tained at f = 1000 Hz, z = 0.07 m, for a square source centered on
ðys ¼ 0:175 m; zs ¼ 0:07 mÞ. The analytical results are computed
by means of Eq. (6) with N = 56, m = 3 and Rr ¼ $0:3. The reflection
coefficient of the open roof is determined by fitting qualitatively
the analytical and experimental pressure maps and more precisely
on pressure lines over the x-axis, by fitting the pressure maxima
magnitudes and positions. The numerical results are obtained with
a ¼ 1:8 ( 10$3 s$1 and with a spatial sampling of 0.01 m which
provides 34 points per wavelength.

The qualitative agreement between simulated (analytical and
numerical) and experimental results is correct: the shapes of the
field are close and attenuations along the street are qualitatively
of the same magnitude order, around 20 dB along 2.8 m. Since
the ground and facades have a very small absorption coefficient
(leading to a few dB attenuation along 2.8 m), this strong attenua-
tion is necessarily mainly due to the open roof. In the analytical
model, a reflection coefficient Rr is defined to describe the attenu-
ation due to the open roof. This coefficient, in the order of $0.3,
points out the role of the open roof which constitutes a impedance
mismatch involving a reflected wave. As expected, this coefficient
is negative, due to the open geometry of the street.

Secondly, from the middle of the street in the x direction, the
location on the y-axis of the pressure nods of the experimental
and numerical maps are shifted. These nods are confined progres-
sively near the facades. Thus, the modal structure of the pressure
field, defined in the first half part of the street, is progressively
modified when x is increased. This is probably due to the facades
absorption. In this case, the analytical model (with rigid facade
assumption), cannot well describe the structure of the pressure
field, in particular the pressure nods positions. On the contrary,
numerical simulations, which take into account all losses in one
absorption coefficient can describe this phenomenon. It appears
also a slight shift of the pressure nods positions in the y direction
between experimental and numerical results. This can be ex-
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is computed with Rr ¼ 0 and N = 62 and the simulated one is per-
formed with a ¼ 2" 10#3 s#1.

The agreement between the numerical and experimental re-
sults is good: except for the near field (30 cm from the source),
the attenuation is very well predicted and a error of 0.03 m on
the maxima positions along the x-axis, involved by the shift of
the spatial grid, is visible. In the near field, the acoustical path dif-
ference is in the order of the wavelength k: the first experimental
node at 0.15 m corresponds to a path difference of k=2 between di-
rect and reflected (by the ground) waves. These interferences can-
not be described by a 2D model.

For the analytical results, the maxima positions are well esti-
mated. The amplitude of the first maxima are well predicted until
x = 1.5 m. In the near field, the reflexion on the ground is predicted
with a weak deviation due to the definition of the source-receiver
distance (Eq. (5)) in the ðx; zÞ plane. Farther, this model underesti-
mates the attenuation: this is probably due to the weak absorption
of the facades (varnished wood) which modifies the experimental
pressure field structure but which is not taken into account in
the model. The misalignment of the robot leading to the shift of
spatial grids (notably visible on Fig. 3c) may also contribute to this
divergence.

Fig. 8 shows the experimental, analytical and simulated acoustic
pressure along the x-axis for f = 2500 Hz at y = 0.1 m. Numerical re-
sults are obtained with a ¼ 2:5" 10#3 s#1 and the analytical model
is performed for Rr ¼ 0 and N = 65. Comments of these results lead
to the same conclusions as for f = 2000 Hz: the analytical model pre-
dicts with a good accuracy the acoustic field except for the ampli-
tude in the very near field and underestimates the attenuation at
the end of the street; the numerical model predicts with a good
accuracy the acoustic field only far from the source (from 1 m) only.

Table 1 presents the reflection coefficient Rr and the absorption
coefficient a versus frequency. The absorption coefficient increases
with the frequency which denotes that the open roof of the street
tends to be transparent when the frequency increases. The reflec-
tion coefficient magnitude decreases with the frequency increase
and reaches zero for highest frequencies. However, it does not
mean that there is no reflection of the acoustic waves on the open
roof since the attenuation is modeled by a single coefficient Rr

depending on the frequency and the street size. Actually, for higher
frequencies, each mode has its own reflection coefficient as illus-
trated by the following section.

5.3. Frequency limit of the model

Fig. 9 shows the map of the experimental acoustic pressure
magnitude along the street for f = 3400 Hz with a square source
centered on ðys ¼ 0:1 m; zs ¼ 0:07 mÞ. On Fig. 10, the acoustic pres-
sure profile at y = 0.1 m is represented.

These figures highlight clearly two modal behaviors of the pres-
sure field along the x-axis. At the beginning of the street (until
1 m), the mode defined by 2k ¼ d along the y-axis is clearly pre-
dominant with an attenuation illustrated by the shaded line on
Fig. 10. A second mode, defined by k=2 ¼ d, is also visible on
Fig. 10 with an attenuation illustrated by the solid line. Because
the attenuation of this second mode is weaker than the first one,
only this mode remains in the second part of the street (from 1 m).

Fig. 7. Comparison of the experimental (blue curve), analytical (black curve) and
numerical (gray curve) results for the pressure profile along the street for
f = 2000 Hz (see Fig. 3 for geometrical configuration) at y = 0.08 m. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Comparison of the experimental (blue curve), analytical (black curve) and
numerical (gray curve) results of the pressure profile along the street for f = 2500 Hz
(see Fig. 3 for geometrical configuration) at y = 0.1 m. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Reflection coefficient Rr (analytical model) and absorption coefficient a (numerical
model) versus frequency.

f (Hz) 1000 1500 2000 2500

a (10#3 s#1) 1.8 1.9 2 2.5
Rr #0.3 #0.1 0 0

Fig. 9. Experimental acoustic pressure in a street at z = 0.07 m, for a frequency f = 3400 Hz and for a square source centered on ðys ¼ 0:1 m; zs ¼ 0:07 mÞ.
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a b s t r a c t

This paper presents an experimental, numerical and analytical study of the open roof effect on acoustic
propagation along a 3D urban canyon. The experimental study is led by means of a street scale model. The
numerical results are performed with a 2D-Finite Difference in Time Domain approach adapted to take
into account the acoustic radiation losses due to the street open roof. An analytical model, based on
the modal decomposition of the pressure field in the street width mixed with a 2D image sources model
including the reflection by the open roof, is also presented. Results are given for several frequencies in the
low frequency domain. The comparison of these approaches shows a quite good agreement until
f = 100 Hz at full scale. For higher frequency, experimental results show that the leakage, due to the street
open roof, is not anymore uniformly distributed on all modes of the street. The notion of leaky modes
must be introduced to model the acoustic propagation in a street canyon.

! 2010 Published by Elsevier Ltd.

1. Introduction

Urban acoustic researches are divided in three thematics: the
sources characterization and identification, the acoustic propaga-
tion and the noise perception in an urban context. This work enters
in the second thematic: its purpose is to describe the propagation
of sound emitted by known sources in a street by taking into ac-
count its physical morphology, particularly the open roof effect.

To study acoustic propagation in an urban context, several ap-
proaches are available: energy based methods [1–4] based on the
estimation of a quadratic quantity (energy density or acoustic
intensity), numerical methods [5,6] to estimate acoustic pressure
or velocity and modal approach [7–9] to calculate the pressure or
velocity fields.

Energy based methods are largely used in urban acoustics but
concern a limited frequency range: the image sources method
[1,2,10–12], the ray tracing approach [13], the radiosity method
[14–16] and finally statistical methods of particle transport
[3,4,17] are generally used for middle and high frequencies. All
these approaches propose to model the effect of the street open
roof by a complete absorption of the waves.

The numerical methods, as Finite Element Method (FEM) or
Boundary Element Method (BEM), are restricted for urban acous-
tics to low frequencies for 2D case or very low frequencies for 3D
case [6,5] because of the large time cost due to the discretization.

The modal approach, where the geometrical characteristics of
the street are explicitly taken into account in the model, is gener-

ally not used due to the complexity of the medium and to the dif-
ficulty to determine the modes of an open space like a street
canyon. For example, Bullen and Fricke [7] have studied the acous-
tic propagation in a guide with infinite height or more recently, the
modal approach was used to calculate the 2D field in a street sec-
tion, the acoustic radiation conditions being described by an equiv-
alent sources distribution at the interface between the street and
the free space [18]. This method was then extended to the 3D case
by a 2.5D equivalent sources method [8,9].

This review highlights more particularly that the open aperture
of the street on the half free space, essential characteristic of the
urban environment, is modeled by a complete absorption of the
wave by energy based approaches for middle and high frequencies.
For low frequencies, this assumption of complete absorption is not
justified: Hornikx and Forssén propose a method to describe the
radiation conditions on the open roof in a 2D geometry (in a sec-
tion) [18] and recent works deal with the 3D urban acoustic prob-
lem [8,9,19]. However, these methods are quite complex and can
be costly in numerical time. Moreover, the specific effect of the
open roof for low frequencies was not studied in the literature.

The aim of this paper is to study the open roof effect in the
acoustic propagation along a street canyon at low frequencies.
For this, a reflection coefficient is introduced in a simple analytical
model based on modal and image sources approaches. This coeffi-
cient is determined versus frequency by fitting the modeled pres-
sure field with the experimental one obtained in a street scale
model. In order to study only the open roof effect, street facades
are chosen smooth and considered as perfectly reflecting. This
work provides a first study of the open roof effect on the acoustic
propagation in street canyon at low frequencies. It leads to a

0003-682X/$ - see front matter ! 2010 Published by Elsevier Ltd.
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is computed with Rr ¼ 0 and N = 62 and the simulated one is per-
formed with a ¼ 2" 10#3 s#1.

The agreement between the numerical and experimental re-
sults is good: except for the near field (30 cm from the source),
the attenuation is very well predicted and a error of 0.03 m on
the maxima positions along the x-axis, involved by the shift of
the spatial grid, is visible. In the near field, the acoustical path dif-
ference is in the order of the wavelength k: the first experimental
node at 0.15 m corresponds to a path difference of k=2 between di-
rect and reflected (by the ground) waves. These interferences can-
not be described by a 2D model.

For the analytical results, the maxima positions are well esti-
mated. The amplitude of the first maxima are well predicted until
x = 1.5 m. In the near field, the reflexion on the ground is predicted
with a weak deviation due to the definition of the source-receiver
distance (Eq. (5)) in the ðx; zÞ plane. Farther, this model underesti-
mates the attenuation: this is probably due to the weak absorption
of the facades (varnished wood) which modifies the experimental
pressure field structure but which is not taken into account in
the model. The misalignment of the robot leading to the shift of
spatial grids (notably visible on Fig. 3c) may also contribute to this
divergence.

Fig. 8 shows the experimental, analytical and simulated acoustic
pressure along the x-axis for f = 2500 Hz at y = 0.1 m. Numerical re-
sults are obtained with a ¼ 2:5" 10#3 s#1 and the analytical model
is performed for Rr ¼ 0 and N = 65. Comments of these results lead
to the same conclusions as for f = 2000 Hz: the analytical model pre-
dicts with a good accuracy the acoustic field except for the ampli-
tude in the very near field and underestimates the attenuation at
the end of the street; the numerical model predicts with a good
accuracy the acoustic field only far from the source (from 1 m) only.

Table 1 presents the reflection coefficient Rr and the absorption
coefficient a versus frequency. The absorption coefficient increases
with the frequency which denotes that the open roof of the street
tends to be transparent when the frequency increases. The reflec-
tion coefficient magnitude decreases with the frequency increase
and reaches zero for highest frequencies. However, it does not
mean that there is no reflection of the acoustic waves on the open
roof since the attenuation is modeled by a single coefficient Rr

depending on the frequency and the street size. Actually, for higher
frequencies, each mode has its own reflection coefficient as illus-
trated by the following section.

5.3. Frequency limit of the model

Fig. 9 shows the map of the experimental acoustic pressure
magnitude along the street for f = 3400 Hz with a square source
centered on ðys ¼ 0:1 m; zs ¼ 0:07 mÞ. On Fig. 10, the acoustic pres-
sure profile at y = 0.1 m is represented.

These figures highlight clearly two modal behaviors of the pres-
sure field along the x-axis. At the beginning of the street (until
1 m), the mode defined by 2k ¼ d along the y-axis is clearly pre-
dominant with an attenuation illustrated by the shaded line on
Fig. 10. A second mode, defined by k=2 ¼ d, is also visible on
Fig. 10 with an attenuation illustrated by the solid line. Because
the attenuation of this second mode is weaker than the first one,
only this mode remains in the second part of the street (from 1 m).

Fig. 7. Comparison of the experimental (blue curve), analytical (black curve) and
numerical (gray curve) results for the pressure profile along the street for
f = 2000 Hz (see Fig. 3 for geometrical configuration) at y = 0.08 m. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Comparison of the experimental (blue curve), analytical (black curve) and
numerical (gray curve) results of the pressure profile along the street for f = 2500 Hz
(see Fig. 3 for geometrical configuration) at y = 0.1 m. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Reflection coefficient Rr (analytical model) and absorption coefficient a (numerical
model) versus frequency.

f (Hz) 1000 1500 2000 2500

a (10#3 s#1) 1.8 1.9 2 2.5
Rr #0.3 #0.1 0 0

Fig. 9. Experimental acoustic pressure in a street at z = 0.07 m, for a frequency f = 3400 Hz and for a square source centered on ðys ¼ 0:1 m; zs ¼ 0:07 mÞ.
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a b s t r a c t

This paper presents an experimental, numerical and analytical study of the open roof effect on acoustic
propagation along a 3D urban canyon. The experimental study is led by means of a street scale model. The
numerical results are performed with a 2D-Finite Difference in Time Domain approach adapted to take
into account the acoustic radiation losses due to the street open roof. An analytical model, based on
the modal decomposition of the pressure field in the street width mixed with a 2D image sources model
including the reflection by the open roof, is also presented. Results are given for several frequencies in the
low frequency domain. The comparison of these approaches shows a quite good agreement until
f = 100 Hz at full scale. For higher frequency, experimental results show that the leakage, due to the street
open roof, is not anymore uniformly distributed on all modes of the street. The notion of leaky modes
must be introduced to model the acoustic propagation in a street canyon.

! 2010 Published by Elsevier Ltd.

1. Introduction

Urban acoustic researches are divided in three thematics: the
sources characterization and identification, the acoustic propaga-
tion and the noise perception in an urban context. This work enters
in the second thematic: its purpose is to describe the propagation
of sound emitted by known sources in a street by taking into ac-
count its physical morphology, particularly the open roof effect.

To study acoustic propagation in an urban context, several ap-
proaches are available: energy based methods [1–4] based on the
estimation of a quadratic quantity (energy density or acoustic
intensity), numerical methods [5,6] to estimate acoustic pressure
or velocity and modal approach [7–9] to calculate the pressure or
velocity fields.

Energy based methods are largely used in urban acoustics but
concern a limited frequency range: the image sources method
[1,2,10–12], the ray tracing approach [13], the radiosity method
[14–16] and finally statistical methods of particle transport
[3,4,17] are generally used for middle and high frequencies. All
these approaches propose to model the effect of the street open
roof by a complete absorption of the waves.

The numerical methods, as Finite Element Method (FEM) or
Boundary Element Method (BEM), are restricted for urban acous-
tics to low frequencies for 2D case or very low frequencies for 3D
case [6,5] because of the large time cost due to the discretization.

The modal approach, where the geometrical characteristics of
the street are explicitly taken into account in the model, is gener-

ally not used due to the complexity of the medium and to the dif-
ficulty to determine the modes of an open space like a street
canyon. For example, Bullen and Fricke [7] have studied the acous-
tic propagation in a guide with infinite height or more recently, the
modal approach was used to calculate the 2D field in a street sec-
tion, the acoustic radiation conditions being described by an equiv-
alent sources distribution at the interface between the street and
the free space [18]. This method was then extended to the 3D case
by a 2.5D equivalent sources method [8,9].

This review highlights more particularly that the open aperture
of the street on the half free space, essential characteristic of the
urban environment, is modeled by a complete absorption of the
wave by energy based approaches for middle and high frequencies.
For low frequencies, this assumption of complete absorption is not
justified: Hornikx and Forssén propose a method to describe the
radiation conditions on the open roof in a 2D geometry (in a sec-
tion) [18] and recent works deal with the 3D urban acoustic prob-
lem [8,9,19]. However, these methods are quite complex and can
be costly in numerical time. Moreover, the specific effect of the
open roof for low frequencies was not studied in the literature.

The aim of this paper is to study the open roof effect in the
acoustic propagation along a street canyon at low frequencies.
For this, a reflection coefficient is introduced in a simple analytical
model based on modal and image sources approaches. This coeffi-
cient is determined versus frequency by fitting the modeled pres-
sure field with the experimental one obtained in a street scale
model. In order to study only the open roof effect, street facades
are chosen smooth and considered as perfectly reflecting. This
work provides a first study of the open roof effect on the acoustic
propagation in street canyon at low frequencies. It leads to a
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where ~r0 defines the position of the source and H1
0 is the Hankel

function of first order. According to Eq. (4), the pressure field of
the mode n, at the altitude z in the street, takes the following form:
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q
, where m

corresponds to the mth image source.
Finally, the pressure field pðr; h; yÞ along the street taking into

account the acoustic radiation losses due to the open roof is given
by the following equation:
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In this problem, the experimental source is a square plane
source or a point source. In the analytical model, the square source
is described by a hole with a width ds in a rigid wall on the street
input along the direction y given by

vðyÞ ¼ 1; for ys $ ds=2 < y < ys þ ds=2; ð7Þ
vðyÞ ¼ 0; for 0 < y 6 ys $ ds=2 and ys þ ds=2 6 y < d: ð8Þ

The source width along the z dimension can not be taken into
account in the image sources model. This assumption is valid far
from the source. On the other hand, the point source is well de-
scribed in this model when ds tends to 0.

In this work, the reflection coefficient Rr describing acoustic
radiation leakage due to the street open roof is determined by fit-
ting the model with the experimental results obtained in the street
scale model.

4. Numerical simulation of the open roof effect on acoustic
propagation along a street

To take into account the open roof effect on the acoustic prop-
agation along a street, the 3D numerical methods are well suited.
However, even at low frequencies, these methods have a high com-
putation cost. Thus, in this work, we propose to model the open
roof effect in a 2D-FDTD method which gives a simple and a low
computational cost numerical method. This 2D-FDTD method has
to describe the 3D geometrical dispersion and takes into account
the reflection phenomena due to the ground and the open roof in
order to be compared to experimental data in the street scale
model.

In a 2D description, the geometrical dispersion is lower (de-
crease with 1=

ffiffiffi
r
p

from the source) than in a 3D description (de-
crease with 1/r from the source). Thus, it is necessary to add a
loss term in a 2D description to describe a 3D geometrical disper-
sion. Moreover, the losses due to the ground and roof absorption
have to be modeled. In this 2D model, all the losses are introduced
by means of a single negative source term qðtÞ in the mass conser-
vation law, leading to the following form:

dpðtÞ
dt
þ c2q0

~r '~vðtÞ ¼ q0c2qðtÞ: ð9Þ

This negative source, uniformly distributed in the 2D plane, can
be considered as proportional with the pressure pðtÞ written as

qðtÞ ¼ $apðtÞ; ð10Þ

where a > 0 is a coefficient to be determined.

The discrete forms of the Eqs. (9) and (10) and the Euler equa-
tion can be achieved by a two dimensional Finite Difference Time
Domain (FDTD) computation. After the integration of the mass
conservation along a surface element of dimension dx along the
x-axis and dy along the y-axis, we obtain

dp
dt
ðx; yÞ þ c2q0

dvx

dx
ðx; yÞ þ dvy

dy
ðx; yÞ

' (
¼ $q0c2apðx; yÞ; ð11Þ

where vx and vy are respectively the projections of the acoustic
velocity along the x- and y-axis. The same approach is used with
the Euler equation. The discretization of these two equations is
achieved with a first order centered finite difference scheme with
staggered spatial and temporal grids [21]. This allows to obtain a
2D-FDTD computation of the propagation in a 3D space.

To apply the adapted 2D-FDTD simulation to the propagation
along a street with an open roof, the discrete equations are com-
puted by means of a Matlab program where the boundary condi-
tions are introduced on the acoustic velocity (the facades of the
street are considered as perfectly rigid) and the source condition
is introduced on the pressure. The anechoïc termination is simu-
lated by a Perfect Matching Layers (PML). The coefficient a in the
Eq. (11) is determined by fitting the simulation results with the
experimental ones obtained in the street scale model.

5. Results and discussion

5.1. General observations

In this section, we propose a qualitative comparison between
the experimental, analytical and numerical results for
f = 1000 Hz, f = 1500 Hz and f = 2500 Hz. Fig. 5 presents results ob-
tained at f = 1000 Hz, z = 0.07 m, for a square source centered on
ðys ¼ 0:175 m; zs ¼ 0:07 mÞ. The analytical results are computed
by means of Eq. (6) with N = 56, m = 3 and Rr ¼ $0:3. The reflection
coefficient of the open roof is determined by fitting qualitatively
the analytical and experimental pressure maps and more precisely
on pressure lines over the x-axis, by fitting the pressure maxima
magnitudes and positions. The numerical results are obtained with
a ¼ 1:8 ( 10$3 s$1 and with a spatial sampling of 0.01 m which
provides 34 points per wavelength.

The qualitative agreement between simulated (analytical and
numerical) and experimental results is correct: the shapes of the
field are close and attenuations along the street are qualitatively
of the same magnitude order, around 20 dB along 2.8 m. Since
the ground and facades have a very small absorption coefficient
(leading to a few dB attenuation along 2.8 m), this strong attenua-
tion is necessarily mainly due to the open roof. In the analytical
model, a reflection coefficient Rr is defined to describe the attenu-
ation due to the open roof. This coefficient, in the order of $0.3,
points out the role of the open roof which constitutes a impedance
mismatch involving a reflected wave. As expected, this coefficient
is negative, due to the open geometry of the street.

Secondly, from the middle of the street in the x direction, the
location on the y-axis of the pressure nods of the experimental
and numerical maps are shifted. These nods are confined progres-
sively near the facades. Thus, the modal structure of the pressure
field, defined in the first half part of the street, is progressively
modified when x is increased. This is probably due to the facades
absorption. In this case, the analytical model (with rigid facade
assumption), cannot well describe the structure of the pressure
field, in particular the pressure nods positions. On the contrary,
numerical simulations, which take into account all losses in one
absorption coefficient can describe this phenomenon. It appears
also a slight shift of the pressure nods positions in the y direction
between experimental and numerical results. This can be ex-
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This paper presents an experimental, numerical and analytical study of the open roof effect on acoustic
propagation along a 3D urban canyon. The experimental study is led by means of a street scale model. The
numerical results are performed with a 2D-Finite Difference in Time Domain approach adapted to take
into account the acoustic radiation losses due to the street open roof. An analytical model, based on
the modal decomposition of the pressure field in the street width mixed with a 2D image sources model
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open roof, is not anymore uniformly distributed on all modes of the street. The notion of leaky modes
must be introduced to model the acoustic propagation in a street canyon.

! 2010 Published by Elsevier Ltd.

1. Introduction

Urban acoustic researches are divided in three thematics: the
sources characterization and identification, the acoustic propaga-
tion and the noise perception in an urban context. This work enters
in the second thematic: its purpose is to describe the propagation
of sound emitted by known sources in a street by taking into ac-
count its physical morphology, particularly the open roof effect.

To study acoustic propagation in an urban context, several ap-
proaches are available: energy based methods [1–4] based on the
estimation of a quadratic quantity (energy density or acoustic
intensity), numerical methods [5,6] to estimate acoustic pressure
or velocity and modal approach [7–9] to calculate the pressure or
velocity fields.

Energy based methods are largely used in urban acoustics but
concern a limited frequency range: the image sources method
[1,2,10–12], the ray tracing approach [13], the radiosity method
[14–16] and finally statistical methods of particle transport
[3,4,17] are generally used for middle and high frequencies. All
these approaches propose to model the effect of the street open
roof by a complete absorption of the waves.

The numerical methods, as Finite Element Method (FEM) or
Boundary Element Method (BEM), are restricted for urban acous-
tics to low frequencies for 2D case or very low frequencies for 3D
case [6,5] because of the large time cost due to the discretization.

The modal approach, where the geometrical characteristics of
the street are explicitly taken into account in the model, is gener-

ally not used due to the complexity of the medium and to the dif-
ficulty to determine the modes of an open space like a street
canyon. For example, Bullen and Fricke [7] have studied the acous-
tic propagation in a guide with infinite height or more recently, the
modal approach was used to calculate the 2D field in a street sec-
tion, the acoustic radiation conditions being described by an equiv-
alent sources distribution at the interface between the street and
the free space [18]. This method was then extended to the 3D case
by a 2.5D equivalent sources method [8,9].

This review highlights more particularly that the open aperture
of the street on the half free space, essential characteristic of the
urban environment, is modeled by a complete absorption of the
wave by energy based approaches for middle and high frequencies.
For low frequencies, this assumption of complete absorption is not
justified: Hornikx and Forssén propose a method to describe the
radiation conditions on the open roof in a 2D geometry (in a sec-
tion) [18] and recent works deal with the 3D urban acoustic prob-
lem [8,9,19]. However, these methods are quite complex and can
be costly in numerical time. Moreover, the specific effect of the
open roof for low frequencies was not studied in the literature.

The aim of this paper is to study the open roof effect in the
acoustic propagation along a street canyon at low frequencies.
For this, a reflection coefficient is introduced in a simple analytical
model based on modal and image sources approaches. This coeffi-
cient is determined versus frequency by fitting the modeled pres-
sure field with the experimental one obtained in a street scale
model. In order to study only the open roof effect, street facades
are chosen smooth and considered as perfectly reflecting. This
work provides a first study of the open roof effect on the acoustic
propagation in street canyon at low frequencies. It leads to a

0003-682X/$ - see front matter ! 2010 Published by Elsevier Ltd.
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