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A hybrid BIEÕFFP scheme for predicting barrier
efficiency outdoorsa)

Shahram Taherzadehb)

Department of Environmental and Mechanical Engineering, The Open University, Walton Hall,
Milton Keynes MK7 6AA, United Kingdom

Kai Ming Li
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom,
Kowloon, Hong Kong

Keith Attenborough
Department of Engineering, University of Hull, Hull HU6 7RX, United Kingdom

~Received 16 November 1998; revised 5 August 1999; accepted 2 May 2001!

To assess the acoustical performance of noise screens in the presence of an arbitrary sound speed
profile, a numerical scheme based on a combination of the boundary integral and fast field program
methods is developed. The Green’s function required in the boundary integral is evaluated by a fast
field formulation. The procedure is validated by comparing its predictions with other numerical
results for simple cases and with measurements for indoor model experiments simulating downward
refracting conditions. It is predicted that the performance of a noise screen placed 50 m from the
source is reduced considerably by moderate downwind conditions. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1381539#

PACS numbers: 43.50.Gf, 43.50.Vt, 43.28.Fp@MRS#
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I. INTRODUCTION

Recent years have produced a wealth of models
methods for predicting sound pressure in an outdoor envi
ment. These include both analytical formulas for sound pr
sure in certain simple cases and numerical methods an
gorithms with varying degrees of complexity and efficien
for more complex environments. The analytical models d
mainly with propagation in a homogeneous atmosph
above a plane impedance boundary or one with a sim
sound speed gradient.1 The numerical methods, which hand
more general situations, include the fast field program2–6

~FFP! for a range-independent environment, the parab
equation method7 ~PE! for a range-dependent atmosphe
above a plane boundary, and ray tracing techniques.8 The
first two techniques have found a wide spread use in b
underwater and atmospheric acoustics. These nume
models have been able to explain many of the observed
fluences of atmospheric refraction and turbulence. Howe
all these methods deal with a plane boundary. If the groun
uneven at a scale that is large compared with the wa
lengths of interest, as, for example, in the presence o
sound barrier or a hill, many current FFP and PE meth
fail.

There has been a number of theoretical methods to
culate the sound field in presence of a barrier of simple sh
by, for example, Pierce9,10 and Rasmussen.11 These earlier
analyses were based on geometrical ray acoustics. On
other hand, numerical solution of the boundary integral eq
tion @the boundary element method~BEM!# provides a com-

a!Based on a presentation at ICA/ASA ’98, June 1998, Seattle.
b!Author to whom correspondence should be addressed. Electronic

S.Taherzadeh@open.ac.uk
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prehensive and accurate way of accounting for more co
plex boundaries such as a mixed impedance plane as we
an uneven terrain. This versatile numerical method has b
utilized to solve a variety of problems involving nonunifor
boundaries.12–21All these works have assumed neutral atm
spheric conditions and no account has been made of the
fects of sound wave refraction due to temperature and
wind speed variation and turbulence. Moreover, many
these numerical schemes assume an infinitely long
source emitting cylindrical waves impinging on barriers
strips of infinite length parallel to the source.

Li et al.22 have considered diffraction of sound from
bump or a trough with a Gaussian shape. They incorpora
sound refraction in the medium by using an expressi
originally due to Pekeris,23 for the sound field in an un-
bounded medium with a linear sound speed profile. By c
sidering only a rigid boundary or a pressure-release one,
simplified the problem considerably. They used an extens
of the method of moments to evaluate the boundary inte
~with a Gaussian bump!. They reported that a soft groun
with a bump or a hard ground with a trough causes a so
field enhancement beyond the shadow zone boundary.
significance of this apparent symmetry was not discusse
their predicted results. Uscinski24 considered a similar prob
lem above a rigid surface of random roughness. He used
expression derived from the parabolic equation approxim
tion to the wave equation to account for the refraction in
medium. More recently, Salomons25 has used a paraboli
equation approach to study the effect of an absorbing ba
in a refracting medium. His numerical procedure involv
starting a one-way parabolic marching solution and termin
ing the waves that impinge upon the barrier. Consequen
Salomons’ method does not include backscattering. W
il:
/110(2)/918/7/$18.00 © 2001 Acoustical Society of America
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et al.26 derived the parabolic wave equation with a bound
profile function included. They then proceeded to solve
resulting equation by a ‘‘wide angle’’ PE. The formulatio
however, is approximate and valid only for barriers or hi
with small slopes. Most of the models discussed here
two-dimensional propagation models~propagation in a plane
only! with a few exceptions such as the work of Duhame21

There are few theoretical problems with extending a tw
dimensional~2-D! model to a three-dimensional propagati
method.27 But the computational effort is large and wou
require some approximation. The procedure proposed he
also for two-dimensional propagation model.

Li and Wang28 have introduced a novel method to sim
late the effect of a noise barrier in a refracting atmosphere
their approach, a conformal mapping technique is used
map the wave equation in a medium where the speed
sound varies exponentially with height above a flat bound
to that for a neutral fluid above a curved surface~a section of
a cylinder!. Subsequently, they use a BEM program, with
discretization of the resulting curved boundary as well as
barrier, to predict the insertion loss of the barrier. They ha
validated their method by comparing their predictions w
measurements of the insertion loss of a thin barrier in a w
tunnel in downwind and upwind conditions.29 Their method
is restricted to relatively short ranges. Moreover, the requ
ment for discretizing the whole boundary puts a severe b
den on the computation time.

The approach taken in this paper is to account for
refraction of the atmosphere as well as the reflection from
flat impedance boundary in the formulation of the Gree
function. This approach is similar to that used by Gerst
and Schmidt30 for the evaluation of acoustic and seismic r
verberation in an ocean environment.

In the next section, the starting boundary integral eq
tion for our BEM is stated. In the subsequent sections
deal with the discretization of the boundary and the num
cal solution of the Green’s function. In the final sectio
some numerical examples are presented and discussed.

II. THEORY

A. The boundary integral equation

Assume that a line source produces a time-harmo
sound field in a medium,D, bounded by a locally reacting
impedance surface,S. The surfaceS can have features suc
as barriers, hills, impedance discontinuities, etc. By mean
the Green’s theorem, the sound field can be written in
integral form as

«f~r !5G~r ,r0!2E
S
H G~r ,r s!

]f~r s!

]n~r s!

2f~r s!
]G~r ,r s!

]n~r s!
J ds, ~1!

whereG(r ,r0), is the solution of the wave equation in th
domain in the absence of scatterers,r s is the position vector
of the boundary elementds, andn is the unit normal vector
out of ds. A time convention of exp(2ivt) is assumed. The
parameter« is dependent on the position of the receiver.31 It
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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is equal to 1 forr in the medium,12 for r on the flat boundary,
and equal to theV/2p at edges, whereV is the solid angle.
The surfaceS contains the flat, locally reacting ground su
face and additional features such as a barrier. The contr
tion to the total field from reflection by the flat ground su
face can be taken into account in the Green’s functi
G(r ,r s). The surfaceS can be redefined to include the sca
terer objects only, excluding the ground surface. The integ
is then the contribution of the scattering elements to the t
sound field at a receiver position. This integral formulati
~first derived by Kirchhoff in 1882! is called the Helmhotz–
Kirchhoff wave equation. It is the mathematical formulatio
of the Huygen’s principle. If one allows the receiver points
approach the boundary, one obtains an integral equation
the field potential at the boundary. This boundary integ
equation is a Fredholm integral equation of the second k
Once solved, the contribution of the scatterers can be de
mined by evaluating the integral in Eq.~1! and calculating
the total field for any point in the entire domain,D. This is
the main boundary integral equation~BIE! for the acoustic
field potential in the presence of a nonuniform boundary. T
boundary element method~BEM! represents the acousti
propagation in a medium by the boundary integral equat
and solves the set of integral equations numerically.

The imposition of a suitable boundary condition is r
quired also. In most cases of interest one can assume
cally reacting impedance boundary condition:

dw

dn
2 ik0bw50, ~2!

whereb, the admittance, can be a function of the position
the boundary. This can be applied to the surface of the pl
boundary and to the surfaces of the scatterers. Thus the
rivative term of the unknown potential can be written
terms of the potential itself. Hence

«f~r ,z!5G~r ,r0!2E
S
f~r s ,zs!H ik0bG~r ,r s!

2
]G~r ,r s!

]n~r s!
J ds, r ,r sPS. ~3!

When discretizing the boundary surface it is assumed that
unknown potential is constant in each element, thereby
ducing the integral equation to a set of linear equations.

B. Method of solving the BIE

The procedure for solving the integral equation~3!
adopted here is the one suggested by Mayers32 and used by
Chandler-Wilde15–17,19 These methods involve using
quadrature technique~Simpsons or Gauss! to discretize the
integral and transform it to a set of linear equations. In o
dimension it can be described as follows. The integrat
range is divided intoM subdomains or elements, each
length or sizeh. The unknown potential,f, is assumed to be
constant within each element. Then the integral in Eq.~3!
becomes
919Taherzadeh et al.: Boundary integral method
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E
S
f~r s ,zs!H ik0bG~r ,r0!2

]G~r ,r s!

]n~r s!
J ds

5 (
m51

M

f~r m ,zm!E
tm2h/2

tm1h/2H ik0bG~r ,r s!2
]G~r ,r s!

]n~r s!
J ds.

~4!

In principle, the integral on the right-hand side can be eva
ated numerically. Then the BIE@Eq. ~4!# becomes

«f~r !5G~r ,r0!2 (
m51

M

f~rm!L~r ,rm!, ~5!

whereL( ) denotes the integral on the right-hand side of E
~4!. Substitution ofr5rn , n51,...,M , produces a set ofM
linear equations:

«f~rn!1 (
m51

M

f~rm!L~rn ,rm!5G~rn ,r0!, n51,...,M .

~6!

The Green’s functionG(r ,r s) will be singular atr5r s , i.e.,
at diagonal elements whenn5m. One can use the principa
value of the integral for the integrals involving the singula
ties ~see Ref. 31!. Here we state only that the solution of th
equation~3! is unique except near characteristic frequenc
of the space enclosed by the barrier. The main methods
gested in the literature for overcoming this nonuniquen
problem are the so-called CHIEF method33–35 and the
method of Burton and Miller.36,37

III. THE GREEN’S FUNCTION

In Eq. ~3!, it remains to evaluate the Green’s functio
and its derivative. The Green’s function,G(r ,r0), represents
the sound field in the medium in the absence of the scatte
surfaces. In order to minimize the number of elements,
Green’s function includes reflection from the flat impedan
surface. The procedures for evaluation of this Green’s fu
tion in different conditions are the concern of the rest of t
section.

A. Neutral medium

As discussed in the Introduction, we consider a tw
dimensional problem with an infinitely long line source r
diating cylindrical waves in the medium. In this case t
boundary integral is a line integral and their numerical eva
ation is a relatively simple matter. The correspondi
Green’s function takes the form19

G2~r ,r0!52~ i /4!$H0
~1!~kur02r u!1H0

~1!~kur082r u!%

1Pb~r ,r0!, ~7!

with

Pb~r ,r0!5
ib

2p
E

2`

1`eik@~z1z0!A12s22~x2x0!s#

A12s2~A12s22b!
ds,

Re~b!.0. ~8!
920 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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In the above expressionH0
(1)( ) is the Hankel function of the

first kind, r , r0, and r08 are the receiver, source, and ima
source positions, respectively. The wavenumber,k, and the
complex admittance,b, are dependent on the frequency. T
function Pb represents the ground wave term. The deriv
tives of the Green’s function in thex andz directions are also
given in Ref. 19. When the source and the receiver positi
coincide, i.e., whenn5m, the integralL( ) has a removable
singularity. The integral can be evaluated analytically by
placing the Hankel functions by their small argument a
proximations and performing the integration.

Habault18 uses the alternatives of single and doub
layer potential expressions to represent the Green’s func
and its derivative. These are again in terms of Hankel fu
tions.

B. Evaluation of the Green’s function by the FFP
method

Since discretization of the boundaries is extremely ti
consuming, the Green’s function must include as many c
culations as possible in order to minimize the area of
boundary to be discretized. The Green’s function includ
the wave field propagating in the domain of the system.
such, it must contain the wave terms reflected from
ground if one is to avoid discretizing the whole ground s
face. This device means that it is necessary only to discre
the ‘‘scatterer’’ elements above the ground surface, thus s
ing on the number of elements and equations to be solv
The method allows for the incorporation of an absorbi
ground as well as a rigid one.

The Green’s function for a line source radiating cyli
drical waves above a locally reacting impedance plane
be written as38

G~r1 ,r2!5
1

A2p
E

0

`

w~z1 ,z2 ,kr !exp~ ikrR!dkr , ~9!

where r2@5(x2 ,z2)# and r1@5(x1 ,z1)# are the source and
receiver position vectors, respectively, andR@5x22x1# is
the horizontal separation between them.

In practice, the infinite integral is truncated at a suitab
value, saykmax, and the integral is replaced by a finite FF
sum. The variable of integration,kr , can be thought of as the
horizontal component of the wavenumber. To avoid the p
sible poles on or near the realk axis, the path of integration
is deformed below the real axis,

E
0

`

5E
0

2 ia dk

1E
2 ia dk

kmax2 ia dk

. ~10!

This is equivalent to makingkr a complex quantity with the
imaginary part relating to an adjustable parameter~a!. The
wavenumber interval,dk, is given by (kmax/Nk) with Nk be-
ing the number of integration points.

The kernel functionw in Eq. ~9! is now independent of
range and is in one dimension only. This function is t
solution of the one-dimensional Helmholtz equation in t
presence of a plane impedance boundary. For a hom
neous fluid this solution is known and is given in terms
direct and reflected plane waves:
Taherzadeh et al.: Boundary integral method
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w5
1

kz
H eikzuz12z2u1

kz2k0b

kz1k0b
eikz~z11z2!J , ~11!

with b being the specific normalized acoustic admittance
the ground; k0 the wave number (5v/c); and kz

5Ak0
22kr

2.
In an inhomogeneous medium such as a refracting at

sphere or in upwind or downwind conditions with an arb
trary sound speed profile, the potential function cannot
determined analytically. Instead, a scheme similar to the
nite element method can be utilized39,40 whereby the fluid is
divided into uniform horizontal layers with the speed
sound and air density assumed to be constant within e
layer. The potential in each layer is given by

w i5Ai
↑ekz,i ~z2Hi !1Ai

↓ekz,i ~Hi 112z!, ~12!

with Ai ’s being the unknown amplitudes andHi being the
layer altitude. The boundary conditions at the layer bou
aries determine the wave potential amplitudes in each la
These conditions are the continuity of normal particle vel
ity and the pressure across the boundary. The resulting s
linear equations in unknown amplitudes is set in a glo
matrix form,AÃXÄB. HereX represents the unknown am
plitude vector;A, the matrix resulting from the known expo
nential terms, andB is the source term.39,40This matrix equa-
tion is solved to produce the wave amplitudes in all laye
The value of the kernel function at one or more desired
sitions can then be derived easily. An alternative method i
use a transmission line method to evaluate the transfer f
tion between the source and the receiver layers. This met
however, is less efficient than the global matrix method u
in our approach for multiple receiver elevations. The deri
tive of the Green’s function required in the integralL can
also be calculated easily. It has been used to calculate
sound field of an arbitrarily oriented dipole above an int
face previously.41,42The derivatives of the kernel function i
a homogeneous fluid above an absorbing boundary are g
by

wx52 i
kr

kz
H eikzuz12z2u1

kz2k0b

kz1k0b
eikz~z11z2!J , ~13!

wz52 i H sign~z22z1!eikzuz12z2u1
kz2k0b

kz1k0b
eikz~z11z2!J .

~14!

The Green’s function in each case is obtained easily by s
stituting the appropriate kernel function in Eq.~9!. The kr

term in the numerator of Eq.~13! comes from differentiation
of the exponential function in the Hankel transform@Eq. ~9!#.
In a layered medium, the boundary conditions are the sa
as for a monopole source. However, there is a slight dif
ence in the source terms. At the fluid–solid interface wh
the boundary conditions apply, the source terms for the
derivatives areeikzuz12z2u(kz2k0b) for the z derivative and
kre

ikzuz12z2u(12k0b/kz) for the x derivative. The corre-
sponding term for a monopole iseikzuz12z2u(12k0b/kz).

A simplifying feature of these calculations is that th
Green’s function and its two derivatives can be calcula
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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simultaneously because the coefficient matrix is the same
all three and only the forcing term is different.

Once the kernel function is evaluated for allkr , the
integral in Eq.~9! can either be evaluated by a quadratu
scheme or, since it is a Fourier integral, by the discrete F
rier transform method~DFT!. This is the essence of the fa
field program for calculating the sound pressure field in
arbitrary, range-independent sound speed profile. In the D
scheme the integral in Eq.~9! is approximated by two dis-
crete sums:43

Gm~r !5
i

4

dk Nk
1/2

p1/2 Fe2pma/Nk (
n51

Nk21

w~z,kn!e22ipmn/Nk

1e22pma/Nk (
n51

Nk21

w~z,kn!e2ipmn/NkG , ~15!

where Gm( ) refers to the Green’s function at the receiv
point rm . One advantage of the FFT method is that the fu
tion values at an array of positions with a horizontal g
pointsm dr 52mp/kmax (m51•••Nk) are evaluated at once
thus making possible savings on the number of FFP calc
tions. The horizontal wave number is given by

kn5~n2 ia!dk. ~16!

Both summations can be performed by a single call to a D
program. To evaluate the integral correctly, certain modifi
tions are required to the kernel function to account for
truncation of the infinite integral at a finite value and f
changing the path of integral away from the real axis
avoid the poles. Without these corrections superficial os
lations, called Gibbs oscillations, are superimposed on
kernel function and have detrimental effects on the accur
of the final computation of the boundary element matr
This is overcome in our method by applying a Hanning w
dow to the kernel function.44 With this windowing, accurate
and oscillation-free values of the Fourier transform are
tained and lead to an accurate solution of the BIE.

It should be noted, however, that the Fourier transfo
is accurate only at distances greater than about two wa
lengths. At distances shorter than two wavelengths,
Green’s function for the homogeneous case is an accu
approximation since sound speed variations have little eff
This approximation has been implemented in our approa

IV. NUMERICAL CONSIDERATIONS

A high level of accuracy is required in evaluating th
Green’s functions in the boundary integral equation. The F
values for the pressure are accurate only at the spatial
points. An interpolation scheme for range points lying b
tween the grid points, while providing accurate values for
magnitude of the pressure, fails to give adequate accurac
the phase values because of insufficient spatial sampling
this respect, the midpoint of barrier elements must fall on
grid points of the FFP scheme. Hence, there are constra
on the integration parameters such as truncation value (kmax)
and the number of integration points~Nk). An alternative
would be to use the Chirp-Z FFP formulation proposed by
et al.45 to decouple the wave number and space domain
921Taherzadeh et al.: Boundary integral method
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values in FFP and have arbitrary grid points in the sp
domain. However, this approach has not been adopted h

The three stages to the calculations involving t
Green’s function and its derivatives are shown in Fig.
These stages include the following.

~a! Evaluating the radiation from each element to eve
other one@i.e., evaluating the matrix elements in Eq.~6!#.

~b! Calculating the radiation from the source to ea
element on the barrier@the right-hand sides of Eq.~6!#.

~c! Obtaining the contribution of each barrier element
the sound received at the observation point~i.e., evaluating
the boundary integral after the matrix equation has b
solved!.

In addition, it is necessary to calculate the sound fi
from the source to the receiver in the absence of the bar

While, in principle, a single FFP step is sufficient
evaluate sound pressure at all points in thex-z plane,
memory considerations make this impractical in most co
puter systems. Nevertheless, a considerable saving of
can be made at each of the three stages.

Apart from the case where a large area of the bound
has to be discretized~as in an uneven ground surface!, the
physical size of the scatterer is small compared with the
dius of curvature. Furthermore, if the horizontal separat
between the elements is small, the sound speed profile p
a very little role. In this case its homogeneous form@Eq. ~7!#
approximates the Green’s function adequately.

The use of FFP in evaluating the Green’s function
lows one to make efficient computations in certain typi
cases. In particular, if the scatterer is a barrier wall w
vertical sides, the right-hand sides for each vertical sec
@case~b! above# can be evaluated with a single FFP step.

The same is true for the third stage~i.e., contributions
from each element to a single observer point! by using the
reciprocity property of the Green’s function and its horizo
tal ~or x! derivative.

V. RESULTS AND DISCUSSION

The numerical program proposed in this paper~BIE-
FFP! has been validated by comparing its results to sim
fied cases where other predictions are available and to
tenuation data obtained in laboratory conditions. BIE-F
predictions for the relatively trivial~albeit computationally
intensive, since the entire surface must be discretized! case
of a sound field in a refracting medium above a flat abso
ing surface, may be compared to theoretical values base

FIG. 1. Schematic diagram to show a typical outdoor environment con
ing of a source, receiver, and noise barrier.
922 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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the standard fast field program. The results are shown
Figs. 2 and 3 for upwind and downwind conditions, resp
tively. In both figures the solid line represents the results
standard FFP calculations of the transmission loss~db re
field at 1 m! and the circles represent predictions of the BI
FFP. It is clear that the scheme outlined in this paper
consistent with the standard FFP method for simple case

Data for the insertion loss of barriers in an arbitra
sound speed profile are rare. Rasmussen29 has made scale
model measurements of the excess attenuation spectra
hind a thin barrier in a wind tunnel. The data is taken fro
Fig. 11 of Ref. 29 and the parameters are~see Ref. 29, Fig.
1!: hs52.0 m, hr51.0 m, d1520.0 m, d2540.0, with the
barrier height of 2.5 m. The input wind speed profile is t
average of profiles 1 and 2 measured in front and beyond
barrier. Profile No. 3 gave slightly worse predictions. Figu
4 shows the predicted and measured values. There is rea
able agreement between these data~solid line! and the BIE-

t-

FIG. 2. Sound pressure level in an upwardly refracting medium above
impedance plane as predicted by a FFP code~solid line! and calculated by
BIE-FFP and discretizing the boundary to test the code. The source
receiver heights are 10.0 and 1.2 m, respectively. The frequency is 10
and the sound speed gradient is21.0 m21.

FIG. 3. The same as in Fig. 2, except that the frequency is 50 Hz and
medium is downward refracting. The sound speed gradient is11.0 m21.
Taherzadeh et al.: Boundary integral method
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FFP predictions~circles!. These data have been used also
Li and Wang28 to validate their scheme based on a conform
mapping of a refracting atmosphere to a curved bound
The BIE-FFP predictions give improved agreement with
measured data.

Another set of measurements have been carried ou
Gabillet et al.46 over a hard concave surface with a thin ba
rier 15 cm high installed on it. The curvature of the surface
analogous to a positive sound speed gradient of 17.0 m21.
The source height was 0.1 m, a distance of 4 m away from
the barrier. The receiver was 3 m beyond the barrier also at
height of 0.1 m. Figure 5 shows the data@the solid line taken
from Fig. 15~c! of Ref. 37# and our prediction~circles! using
BIE-FFP. To achieve a stable result, an element size of 1
was used in the BIE, and 400 layers were utilized in the F

FIG. 4. Measured~solid line: see Fig. 11 of Ref. 24! and predicted~circles!
excess attenuation of sound at a receiver behind a barrier 2.5 m hig
downwind conditions. The measurement was made in 1:8 scale at a
tunnel facility. Parameters are hs52.0 m, hr51.0 m, d1520 m, and d2540
m. A positve sound speed gradient of 0.5 m21 was used.

FIG. 5. Measured@solid line: see Fig. 15~c! of Ref. 37# and predicted
~circles! excess attenuation of sound behind a thin barrier 0.15 m high
hard concave surface. Parameters relating to Fig. 1 are hs50.1 m, hr50.1 m,
d154 m, and d253 m. The curved surface mapped into a plane bound
resulted in a sound speed gradient of 17 m21.
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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calculations. Again, the BIE-FFP calculations show go
agreement with scale model measurements.

We have used the BIE-FFP program to investigate
performance of noise barriers in downwind conditions. W
have considered a situation in which an acoustically ri
barrier of height 1.55 m is positioned 50 m downwind of
noise source above an absorbing ground. The transmis
loss has been calculated by the BIE-FFP at a frequenc
500 Hz and at observer positions up to a range of 500 m.
predictions of transmission loss with and without the barr
are given in Fig. 6. It is evident that at distances longer th
300 m the barrier is predicted to cause no effective reduc
in sound levels. This is consistent with the view that t
sound rays effectively curve over the barrier for long d
tances so that the barrier becomes ineffective.

VI. CONCLUSION

The model proposed in this paper represents consi
able improvement on past applications of the boundary
ment method to sound propagation above a nonunifo
boundary, including the condition of refracting atmosphe
since these have assumed a rigid boundary. We have
scribed a numerical procedure for predicting the sound fi
in a refracting atmosphere above finite impedance surfa
that include noise barriers and other scatterers. The Gre
functions required by the BIE are calculated by the F
method.

The BIE-FFP has been validated by comparison w
widely accepted results for simplified cases and with labo
tory measurements reported by other workers.
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FIG. 6. Effectiveness of a noise barrier under downwind conditio
Crosses: sound level at 500 Hz downwind of the source in the absence o
barrier; Circles: sound level donwwind of the source with a barrier pres
at a distance of 50 m from the source. Solid line: barrier in the neu
atmosphere. The parameters are hs50.5 m, hr51.2 m,hbarrier51.5 m, and a
sound speed gradient of11.0 m21 is assumed. It is seen that after a distan
of about 300 m the barrier is no longer effective.
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