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Sound propagation over concave surfaces
Qiang Wang
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Kowloon, Hong Kong
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Diffraction of sound by concave surfaces is investigated theoretically and experimentally. In an
earlier study@J. Acoust. Soc. Am.104, 2683–2691~1998!#, it has been demonstrated that a rigorous
analogy exists for the sound field above a convex circular cylinder in an otherwise homogeneous
medium. The predicted sound field corresponds to the situation where the sound speed of the
medium decreases exponentially with height. Extending the previous work, this paper investigates
of the sound field above a concave surface and explores the corresponding analogy. Normal mode
solutions have been developed for a downward refracting medium with an exponential sound speed
profile. The solutions are used to predict the sound fields diffracted by a cylindrical concave surface.
A series of laboratory experiments is conducted using point monopole, horizontal dipole, and
vertical dipole sources over cylindrical concave surfaces. The experimental measurements are
compared with the normal mode predictions. For monopole and horizontal dipole sources, good
agreement has been found between measurements and the normal mode predictions using an
exponential profile. However, the agreement is less satisfactory where the sound field was due to
vertical dipole sources. ©1999 Acoustical Society of America.@S0001-4966~99!05411-9#

PACS numbers: 43.20.Fn, 43.28.Fp@LCS#
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INTRODUCTION

Diffraction of waves by convex surfaces is of interest
many fields. It has been studied in great detail since
initial work of Fock1 for the propagation of electromagnet
waves and subsequent work in acoustics by Pierce2 and
others.3–5 In more recent studies, Chamberset al.6 have used
the fast field formulation to reexamine the sound field abo
a convex circular cylinder. On the other hand, Liet al.7 have
used the residue series approach to explore the 3-D so
fields above convex impedance surfaces. However, the
relatively little attention focused on the diffraction of soun
by concave surfaces and most of these earlier studies
been concerned with monopole sources. Two notable ex
tions are, first, a study by Almgren8 where he measured th
sound field above a rigid concave curved surface. He
ported that the measurements agreed reasonably well
the sound fields calculated by using the theories
Pridmore-Brown,9,10 Pierce,3 and Rasmussen11 for propaga-
tion over a flat rigid ground in a downward refracting m
dium. He suggested that further work could be extended
finite impedance surface. Second, Gabilletet al.12 conducted
analogous indoor experiments over rigid and finite imp
ance concave surfaces with the radius of curvature of 20
Satisfactory agreements were obtained for a receiver loca
at a few wavelengths above the curved surface. We rem
that these two previous studies were aimed to simulate
propagation of sound in a downward refracting medium.

In this paper, we report a continuation of our previo

a!Electronic mail: mmkmli@polyu.edu.hk
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study7 by examining the sound field above a concave surf
both theoretically and experimentally. We consider not o
monopole but also dipole sources. A normal mode solutio
developed that is based on a recent study by Li and Wan13

Essentially, the residue series solution7 for sound field above
a convex cylindrical surface is extended to enable calcula
of the sound field scattered by a concave cylindrical surfa
Measurement results using point monopole and horizo
dipole and vertical dipole sources over cylindrical conca
surfaces are reported and compared with theoretical pre
tions.

I. THE NORMAL MODE SOLUTION

It has been suggested3 that an acoustic analogy exis
between downwardly curving ray paths over flat ground a
propagation over a concave surface in a neutral atmosph
The analogy is illustrated in Fig. 1. Almgren8 has shown that
it is valid to use a concave surface to simulate the propa
tion of sound in the downward refracting atmosphere. T
corresponding sound speed profile is modeled in a bilin
form where the speed of sound,c(z), is expressed in terms
of the vertical height,z (z!Rc), as

c~z!5
c0

A122z/Rc

'c0S 11
z

Rc
2

2z2

3Rc
2 1¯ D . ~1!

In Eq. ~1!, c0[c(0), and Rc is the radius of the curved
surface. We note that, to first approximation, 1/Rc

'(dc/dz)/c0 may be interpreted as the normalized sou
speed gradient for the downward refracting atmosphe
Given the bilinear sound speed profile, the normal mode
235806(5)/2358/9/$15.00 © 1999 Acoustical Society of America
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lution for the sound field,p(r ,z), can be expressed in term
of Airy functions Ai and their derivatives Ai8 as13,14

p~b!~r ,z!

5
ipe2 ip/4

l (
n
A 2

pKnr

Ai ~tn1zs / l !Ai ~tn1z/ l !eiK nr

$tn@Ai ~tn!#22@Ai 8~tn!#2%
,

~2!

where

tn5~Kn
22k0

2!l 2 for n50,1,2,3, . . . . ~3!

The variablestn ~for n50,1,2,3,...) are the zeros of the di
persion equation:

Ai 8~tn!1qnAi ~tn!50, ~4!

with

qn5 ik0b l n , ~5a!

l n5~Rc/2k0
2!1/35 l , ~5b!

say, k0([2p f /c0) is the reference wave number,r is the

FIG. 1. Sketch showing the analogy between curved ray path above a
boundary and straight-line propagation above a concave surface.
2359 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q. W
distance from the source along the curved surface,zs andz
are, respectively, the source and receiver heights, andKn is
the horizontal wave number of thenth mode. In Eq.~2!, the
superscript~b! denotes the sound field in a medium with th
bilinear sound speed profile. Here, in Eqs.~4! and ~5a!, qn

may be regarded as the nondimensional scaled admittan15

l n as the wave layer thickness,14 and b as the specific nor-
malized admittance of the ground. It is evident from Eq
~5a! and ~5b! that the wave layer thickness and the non
mensional scaled admittance are the same for all modes
the case of the bilinear profile.

With the acoustic analogy suggested by Refs. 3 and
is possible to use Eq.~2! to approximate the sound fiel
above a concave cylindrical surface in an otherwise hom
geneous medium. However, Di and Gilbert16 suggest a
stricter acoustic analogy by using a conformal transform
tion. They show that an exponential sound speed pro
should be used instead of the bilinear profile in predicting
sound field. In this paper, we wish to investigate the valid
of approximating the sound field above a concave cylindri
surface in a homogeneous medium by using the bilin
sound speed profile over a flat surface.

Using the same approach, Liet al.7 extend the confor-
mal transformation to three dimensions and they deriv
residue series solution for the sound field behind a long c
vex cylinder. In the light of these earlier studies, it is possi
to show that the sound field scattered by a concave cylin
cal surface in a homogenous medium is identical to
sound field above an impedance flat ground surface in
presence of an exponential sound speed profile.17 In the
downward refracting medium, the speed of sound is de
mined according to

c~z!5c0 exp~z/Rc!'c0S 11
z

Rc
1

z2

2Rc
2 1¯ D , ~6!

wherez!Rc . Making use of our previous analyses,7,13 we
can show that the sound field above a concave cylinde
given by

ne
p~c!~r ,c r ,z!5eip/4A8p

r
(

n
F j̄sj̄

k̄z
2~zs!k̄z

2~z!
G 1/4 AKnAi ~2 j̄s!Ai ~2 j̄ !eiK nr

~]tn /]Kn!$tn@Ai ~tn!#22@Ai 8~tn!#2%1~]qn /]Kn!@Ai ~tn!#2
, ~7!

where

j̄~z!55 H 3

2
KnRc cosc rF k̄z~z!

Kn cosc r
2tan21 S k̄z~z!

Kn cosc r
D G J 2/3

if z<Re~zt!,

2H 3

2
KnRc cosc rF2

A2 k̄z
2~z!

Kn cosc r
1tanh21 SA2 k̄z

2~z!

Kn cosc r
D G J 2/3

if z.Re~zt!,

~8!

zt5Rc lnSAk0
22Kn

2 sin2 c r

Kn cosc r
D , ~9!

k̄z~z!51A~k0
22Kn

2 sin2 c r ! exp~22z/Rc!2Kn
2 cos2 c r , ~10!
2359ang and K. M. Li: Sound propagation over concave surfaces
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 27 February 2025 02:30:09
c r is the azimuthal angle of the receiver in the plane
constantz, the superscript~c! denotes the sound field above
cylindrical concave surface, andzt is known as the turning
point13 in the terminology of ray acoustics. Again, the va
abletn represents the zeros of Eq.~4! but it is expressed, in
terms ofKn , differently as follows:

tn52j~0!52H 3

2
KnRc cosc r

3F Ak0
22Kn

2

Kn cosc r
2tan21 S Ak0

22Kn
2

Kn cosc r
D G J 2/3

.

~11!

In Eq. ~5! the variable]tn /]Kn can be evaluated to give

]tn

]Kn
5

Rc

A2tn

secc r tan21 S Ak0
22Kn

2

Kn cosc r
D . ~12!

The numerical values oftn , qn , andKn can be determined
by using the method described in Refs. 7 and 13. Subst
ing these numerical values into Eq.~7!, we can compute the
sound field above a cylindrical curved surface. The num
cal results for the bilinear and exponential sound speed
files will be shown in Sec. II.

Noting that the horizontal range and the vertical-heig
dependent factors are not coupled in the residue series
tion for a monopole source, the dipole fieldpd can be de-
rived from the monopole fieldp by noting18

pd52DdS0Fsingd cos~cd2c r !
]

]r
p1cosgd

]

]zs
pG , ~13!

where 2Dd is the separation of the components of two o
of-phase monopole components andgd andcd are the polar
o
in

le
ar
g
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and azimuthal angles of the dipole moment vector.6 The nor-
mal mode solution for a bilinear profile can be extended
an arbitrarily oriented dipole source over a concave surfa
i.e.,

pd
~b!5ph

~b!1pv
~b! , ~14!

whereph
(b) andpv

(b) are, respectively, the horizontal comp
nent and the vertical component of a dipole. They are de
mined according to24

ph
~b!~r ,c r ,z!

'
eip/4

l
A p

2r 3 Sd singd cos~cd2c r !

3(
n

~2iK n21!Ai ~tn1zs / l !Ai ~tn1z/ l !eiknr

AKn$tn@Ai ~tn!#22@Ai 8~tn!#2%
, ~15!

and

pv
~b!~r ,c r ,z!

'
peip/4

l 2 Sd cosgd

3(
n
A 2

pKnr

Ai 8~tn1zs / l !Ai ~tn1z/ l !eiK nr

$tn@Ai ~tn!#22@Ai 8~tn!#2%
.

~16!

The normal mode solution for an exponential profile for
arbitrarily oriented dipole source may be expressed by

pd
~c!5ph

~c!1pv
~c! , ~17!

where
ph
~c!'eip/4Sd singd cos~cd2c r !

3A2p

r 3 (
n

F j̄sj̄

k̄z
2~zs!k̄z

2~z!
G 1/4

~2iK n21!AKnAi ~2 j̄s!Ai ~2 j̄ !eiK nr

~]tn /]Kn!$tn@Ai ~tn!#22@Ai 8~tn!#2%1~]qn /]Kn!@Ai ~tn!#2
, ~18!

and

pv
~c!'eip/4Sd cosgdA8p

r
(

n
F k̄z

2~zs!j̄

k̄z
2~z!j̄s

G 1/4 AKnAi 8~2 j̄s!Ai ~2 j̄ !eiK nr

~]tn /]Kn!$tn@Ai ~tn!#22@Ai 8~tn!#2%1~]qn /]Kn!@Ai ~tn!#2
. ~19!
ave
ari-

le
Locations of poles for dipole sources are the same as th
for a monopole source and they are determined by solv
the dispersion equation@see Eq.~4!#.

II. THEORETICAL COMPARISONS

The normal mode solution for an exponential profi
Eq. ~7!, can be examined by means of numerical comp
sons. A frequency of 2915 Hz corresponding to a wavelen
se
g

,
i-
th

of 0.12 m in atmosphere, at which some experiments h
been conducted, is presented for these numerical comp
sons.

A. Comparison of the normal mode solution to the
fast field program results

The normal mode solution for an exponential profi
should agree with the fast field program~FFP!19 solution for
2360ang and K. M. Li: Sound propagation over concave surfaces
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FIG. 2. Transmission loss predicte
over a felt-covered concave surfac
with Rc52.5 m andzs5z50.10 m at
a frequency of 2915 Hz. Dash-dotte
curves: FFP calculations, solid curve
the normal mode calculations with ex
ponential profiles for~a! monopole,
~b! horizontal dipole, and~c! vertical
dipole.
ric

1

la-

n-
o
was

xi-
the same sound speed gradient. To validate the nume
solutions, we compare the transmission loss~TL! versus the
distance from source where

TL520 lg~p/p1! ~20!

andp1 is the free field acoustic pressure at a distance of
from the source.
2361 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q.
al

m

Figure 2 shows the results of the normal mode calcu
tion ~solid lines! compared with the FFP calculation~dash-
dotted lines! for the sound speed profile varying expone
tially with height. In Fig. 2~a!, the sound propagation due t
a monopole source above a felt-covered concave surface
predicted at a frequency of 2915 Hz withRc52.5 m and the
gradient was truncated at 1.24 m altitude. A good appro
2361Wang and K. M. Li: Sound propagation over concave surfaces
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FIG. 3. Transmission loss due to
monopole source obtained at a fre
quency of 2915 Hz in a gradient with
Rc52.5 m, over ~a! a felt-covered
concave surface withzs5z50.10 m
and ~b! a rigid surface with zs

50.02 m and z;0.00 m. Circles:
measurements, solid curves: the no
mal mode calculations for exponentia
profiles, and dash-dotted curves: fo
bilinear profiles.
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mation for the truncated gradient may be obtained by us
14 modes. This number of modes is the so-called
solution.14 The complex impedance of the surface is calc
lated by using a two-parameter model20 with se

538 kPa s m22 and ae515 m21. The chosen parameter
~Rc , se , andae) reflect the radius and the impedance of t
curved surfaces used in our subsequent laboratory mea
ments. The source and receiver heights are 0.1 m. Fig
2~b! and ~c! shows the comparisons for the propagation d
to a horizontal dipole source and a vertical dipole sour
respectively. The agreement between the two numer
schemes for monopole and horizontal dipole sources is
cellent. However, for the vertical dipole source, the agr
ment between the FFP and the normal mode prediction
less satisfactory. There are considerable oscillations in
magnitudes of TL for the normal mode predictions. This
largely due to the fact that the contribution due to a bran
line integral has been ignored in the normal mode solutio21

The inadequacy of the approximation is only apparent for
case of a vertical dipole because the solution involves
spatial differentiation with respect to the vertical height.
view of the acoustic analogy, the normal mode solution m
be used to predict the sound field above a curved surfac
an otherwise homogeneous medium. Its predictions will
compared with laboratory measurements in Sec. III.

B. Comparison of the normal mode solutions for two
profiles

Typical comparisons of the normal mode predictions
tween bilinear and exponential profiles are displayed. Fig
3~a! shows the predictions above the felt-covered conc
surface in a gradient withRc52.5 m, at frequencies of 291
Hz, for both profiles. The solid curves are calculated fro
Eq. ~7! for the exponential sound speed profile and the do
curves are calculated from Eq.~2! for the bilinear sound
2362 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q.
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speed profile. The source height is 0.02 m and the receiv
on the surface. For the present situation, the wave la
thickness,l n , and the wave number,k0 , can be determined
as about 0.075 m and 54 m21, respectively.

It is noteworthy that the predicted sound fields for t
exponential and bilinear sound speed profiles are compar
only at ranges less than about 20l n . This feature is some-
what different from the case of upward refracting medium
which the predicted sound fields for both profiles are co
parable in most practical situations.7 However, this is not the
case for the downward refracting medium. The differen
becomes more significant when the receiver is located
few wavelengths from the source. To illustrate the case,
consider the following example. A noise source of frequen
100 Hz is situated in a stratified medium with a normaliz
sound speed gradient of 131024 m21 ~i.e., Rc510 000 m).
The wave layer thicknessl n can be determined as about 1
m. Hence, there should be notable discrepancies in the so
fields when the range extends beyond 200 m.

Over a rigid concave surface, the trends are similar
those over the felt-covered concave surface. The solid
dashed lines in Fig. 4~b! show the normal mode prediction
for both profiles over a rigid surface with the source heig
of 0.02 m and the receiver on the surface.

C. Comparison with the boundary element method

To examine the calculations for both profiles over a c
lindrical concave surface, the normal mode solutions
compared to the predictions due to the boundary elem
method ~BEM!. The BEM predictions serve an importan
purpose of ‘‘benchmarking’’ the normal mode solution b
cause the numerical scheme of the BEM is based on an e
formulation of sound reflected by arbitrary surfaces. The
merical implementation of the BEM is well known and th
details are described elsewhere.22,23 In the BEM predictions,
2362Wang and K. M. Li: Sound propagation over concave surfaces
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FIG. 4. Transmission loss predicted at a frequency of 2915 Hz in a gradient withRc52.5 m, over~a! a felt-covered concave surface withzs5z50.10 m and
~b! a rigid surface withzs50.02 m andz;0.00 m. Circles: BEM calculations, solid curves: the normal mode calculations for exponential profiles
dash-dotted curves: the normal mode calculations for bilinear profiles.
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the cross section of the cylindrical concave surface is m
eled as a series of adjacent elements with impedance
faces.

Figure 4 shows two typical examples of prediction ov
concave surfaces, in a gradient withRc52.5 m @~a! the felt-
covered surface and~b! the rigid surface#. The solid lines
represent the predictions for the exponential profile and
dotted lines represent those for the bilinear profile. T
circles represent the calculations from the BEM.

There are considerable discrepancies between the
mal mode predictions for the bilinear profile and predictio
calculated from the BEM, especially at longer ranges.
short ranges, the discrepancies are small except that the
mal mode solution shows considerable oscillations in m
nitude. As the receiver is moved away from the source,
differences become greater.

Contrary to the bilinear sound speed profile, the norm
mode predictions for the exponential profile accord gener
with the BEM calculations over the concave surfaces. T
implies that the equivalent sound speed increases expo
tially rather than bilinearly with height over a cylindrica
concave surface. This implication is in agreement with
conclusion obtained in the case of a cylindrical conv
surface.7 In the following section, the data obtained fro
measurements over cylindrical concave surfaces will
compared with the normal mode predictions for both sou
speed profiles to test the performance of the theoretical m
els.
2363 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q. W
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III. EXPERIMENTAL INVESTIGATIONS

A series of laboratory experiments was performed, us
a point monopole source and horizontal and vertical dip
sources, above both felt-covered and rigid concave surfa
to investigate sound propagation over concave surfaces.
experimental data is analyzed and compared to prediction
the normal mode solutions for both the exponential@Eq. ~7!#
and the bilinear@Eq. ~2!# profiles.

A. Measurement techniques

The concave surfaces were constructed to behave e
as rigid surfaces or as surfaces of finite impedance. The r
concave surface was constructed by attaching sheets of
sonite to a series of curved ribbed structures. The resul
surface was that of a long cylinder with a radius of curvatu
2.5 m. It was built to have a transverse length of 2.5
~subtended angle of about 60 degrees!, a span of 1.8 m and a
depth of 0.45 m. To ensure that the surface acted as a
reflector, particular care was paid in fastening the maso
sheets to the structures. To obtain a surface of finite imp
ance, felt was secured to the rigid surface using double-s
tape to eliminate the possible transmission path between
sheets and the felt. The impedance of the felt was charac
ized by measurements over a flat surface.17 A two-parameter
impedance model20 with an effective flow resistivity of 38
2363ang and K. M. Li: Sound propagation over concave surfaces
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FIG. 5. Transmission loss due to
horizontal dipole source obtained at
frequency of 2915 Hz in a gradien
with Rc52.5 m, over ~a! a felt-
covered concave surface withzs5z
50.10 m and~b! a rigid surface with
zs50.02 m and z;0.00 m. Circles:
measurements, solid curves: norm
mode predictions for exponential pro
files, dash-dotted curves: prediction
for bilinear profiles.
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kPa s m22 and a rate of change of porosity with depth of
m21 was found to be adequate in modeling the impedanc
the felt-covered surface.

The hard and felt-covered surfaces allow sound pro
gation distances of up to 2.5 m in the direction perpendicu
to the axis of the long cylinder. Propagation above the c
cave surface simulates propagation in the presence of a
tive sound speed gradient withRc52.5 m. The model was
placed in an anechoic chamber which has an effective
ume of 33333 m3. A B&K 4311 1/4-in. condenser micro
phone was used to measure the sound pressure mea
ments. A Tannoy speaker type PD-30T, fitted with a tube
3-cm internal diameter and 90 cm long, was used as the p
monopole source. Two piezoceramic transducer discs w
resonance frequencies of 2915 and 4350 Hz were found t
adequate as the dipole sources.24 When the disc plane is
vertical, it acts as a horizontal dipole source and, when
horizontal, it acts as a vertical dipole source.

A PC-based maximum length sequence system anal
~MLSSA! was used both as the signal generator for
sources and as the analyzer for subsequent signal proces
The impulse signal was analyzed using a half Blackm
Harris window and Fourier transformed.25

B. The sound field due to a monopole source over
concave surfaces

The circles in Fig. 3~a! represent measurements for
frequency of 2915 Hz over the felt-covered concave surfa
Both the source and receiver are at heights of 0.10 m.
solid curves represent predictions of the normal mode s
tion for the exponential profile and the dash-dotted cur
represent predictions for the bilinear profile. The agreem
between the measured data and the two curves is exce
out to 2.0 m~about 25 times the wave layer thickness,l n)
2364 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q.
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from the source. Beyond this distance, no reliable exp
mental data were obtained because the receiver is too c
to the edge of the curved surface.

The circles in Fig. 3~b! represent measurements at 29
Hz, with the receiver moved along the rigid surfacez
;0.00 m) and the source at a height of 0.02 m. Good ag
ment is found between measurements and predictions fo
exponential profile~solid curves!. However, there are consid
erable discrepancies between the measured data and th
culations for the bilinear profile~dash-dotted curves!.

It is found that the predictions given by Eq.~7! for the
exponential profiles agree with the experimental results
tained over the cylindrical concave surfaces. The agreem
is better than that with the predictions given by Eq.~2! for
the bilinear profiles. This accords with the general conc
sion as with the propagation over cylindrical convex s
faces: the exponential sound speed profile is the most ap
priate profile for the acoustic analogy.3

C. The sound field due to a horizontal dipole source
over concave surfaces

The circles in Fig. 5~a! represent measurements at 29
Hz over the felt-covered concave surface with both
source and receiver at heights of 0.10 m. The solid cur
represent predictions for the normal mode solution from E
~18! for the exponential profile and the dash-dotted curv
denote predictions for the normal mode solution from E
~15! for the bilinear profile. The agreement between the
perimental data and the calculations for both profiles is v
good out to 2.0 m~about 25l n) from the source.

In Fig. 5~b!, we show experimental measuremen
~circles! at 2915 Hz, with the receiver moved along the rig
surface (z;0.00 m) and the source height of 0.02 m. T
calculations for the exponential profile are in excellent agr
ment with experimental data. However, there are consid
2364Wang and K. M. Li: Sound propagation over concave surfaces
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mode predictions for exponential pro
files, and dash-dotted curves: predi
tions for bilinear profiles.
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able discrepancies between the measurements and the p
tions for the bilinear profile~dash-dotted curves! at distances
longer than 1.0 m from the source.

Comparing Figs. 3 and 5, it is noted that over conca
surfaces, the sound field due to a horizontal dipole sourc
very similar to that due to a monopole source. This is c
sistent with what has been found in the case of con
surfaces.7 Moreover, as was the case with a monopo
source, the experimental measurements agree better wit
predictions based on the exponential sound speed pr
than those predicted according to the bilinear profile. Inde
this should be the case because our mathematical ana
suggest that the conformal transformation of a cylindri
curve surface leads to the exponential rather than the bilin
sound speed profile.

D. The sound field due to a vertical dipole source
over concave surfaces

The circles in Fig. 6~a! represent measurements at 29
Hz over the felt-covered concave surface with both
source and receiver at heights of 0.10 m. The solid cur
represent predictions from Eq.~19! for the exponential pro-
file and the dash-dotted curves represent predictions f
Eq. ~16! for the bilinear profile. In contrast to the theoretic
predictions, the experimental results lie on smooth cur
~the dashed curves!, which show similar trends to prediction
of the monopole sound fields~cf. Fig. 3!. Note that the scale
in Fig. 6 is different from Figs. 3–5 in order to allow a bett
presentation of data.

Similar results have been obtained over the felt-cove
concave surface. The circles in Fig. 6~b! represent data a
2915 Hz with the receiver moved along the rigid surfacez
;0.00 m) and the source at a height of 0.02 m.

It would appear that, for a vertical dipole source ove
cylindrical concave surface, the agreement between the m
2365 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q.
dic-

e
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le
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surements and the normal mode predictions for both profi
is relatively poor. As mentioned earlier, the inaccuracy is d
to the fact that the branch line contributions have been
nored in the normal mode solution. Nevertheless, relativ
speaking, there is better agreement with the predicti
based on the exponential profile than those based on
bilinear profile. It is of interest to note that, for the dipo
source, use of the FFP predictions agrees reasonably
with experimental measurements~results are not shown fo
brevity!.

IV. CONCLUSIONS

A normal mode solution has been developed for pro
gation in an exponential sound speed profile and used
predict the sound field diffracted by a cylindrical conca
surface. Analytical expressions for dipole sources have b
deduced directly from those for a monopole source.

A series of laboratory measurements of transmiss
loss have been conducted using a monopole source and
zontal or vertical dipole sources over cylindrical conca
surfaces. The measurement results have been compared
normal mode predictions for both the exponential profile a
the bilinear profile. For a monopole and a horizontal dipo
good agreement has been found between measurement
normal mode predictions using an exponential profile. Ho
ever, the agreement is less satisfactory where the sound
was due to vertical dipole sources. The solution for a bilin
profile showed considerable disagreement with meas
ments in both monopole and horizontal dipole sound fiel
and significant discrepancies from measurements in ver
dipole sound fields.

The predicted and measured transmission loss due
horizontal dipole source, as a function of range, have b
found to be close to those predicted for a monopole sou
2365Wang and K. M. Li: Sound propagation over concave surfaces
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However, the predicted transmission loss due to a vert
dipole source shows significant oscillations according to
normal mode solution.
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