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1. INTRODUCTION

Considerable effort has been devoted to the effects of the finite impedance of the ground surface
on sound propagation outdoors!. Less attention has been paid to the possible influences of the
roughness of the ground, where the mean roughness height is small compared with a wavelength
even though the effects of such surface roughness have been and are being studied intensively by
the underwater acoustics community2-4, In particular the existence of the predicted rough
surface boundary wave has been verified experimentally by pulse experiments3-7,

Tolstoy? has distinguished between two theoretical approaches, for predicting the coherent field
resulting from co-operative forward scatter by boundary roughnesses where the typical
roughness height and spacing is small compared to a wavelength. Both of these reduce the rough
surface scattering problem to one that uses a suitable boundary condition at a smeothed
boundary. According to Tolstoy? the boss method, originally derived by Biot® and Twersky?,
has the advantages that (i} it is more accurate to first order than perturbation methods (ii) it may
be used even in conditions where the roughness shapes introduce steep slopes and (iii) it is
reasonably accurate even when the roughness size approaches a wavelength. Tolstoy and others
have

predicted the possibility that ground roughness enables penetration of underwater sound into the
shadow zone formed by an upward refraction!®.1l. Howe!2 has considered propagation over a
rough finite impedance boundary, Howe laid stress on the prediction of an enhanced surface
wave component in the context of long range sound propagation at low frequencies and grazing-
incidence over hilly terrain with relatively acoustically-hard surfaces,

An important conclusion of previous work is that the normal surface impedance or admittance of
the boundary is modified by the coheremt forward scatter associated with the presence of
roughness. The surface admittance is known to have an influence on the attenvation spectrum
due to destructive and constructive interference between direct and ground-reflected sound paths
from a point source after allowing for wavefront spreading and atmospheric absorption. This
excess attenuation spectrum is known as ground effect and is an important factor in studies of
outdoor sound, particularly from continuous sources at near-grazing incidencel.

A reconciliation, combination and extension of Howe's and Tolstoy's results®4, enables
predictions of finite impedance ground effect (in the form of excess attenuation spectra) for
elevated point source and receiver in the presence of ground surfaces with arbitrary roughness
shapes and concentrations, and these predictions have been validated by laboratory
measurements!3, In this paper the results of Howe's and Tolstoy's analyses of propagation over
acoustically-hard and soft rough boundaries are given and Tolstoy's analysis of propagation into
the underwater shadow zone!? is repeated for the atmospheric upward refraction case. Far-field
predictions are made for realistic impedances and roughnesses after taking into account
incoherent scatter!4,
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2. EFFECTIVE ADMITTANCE THEORY

Propagation over a rough rigid-porous boundary where the roughnesses and their spacing are
small compared with a wavelength may be predicted from adaptation of the

Biot/Tolstoy/Lighthill3 theory for propagation at a rough fluid interface. The rigid-porous lower
medium and the (rigid-porous) roughness may be modetled as effective fluids with complex
densities and sound speeds.

The theory requires that kK h < k £ <1, where ko is the wave number in the vpper half-space

h is the mean roughness height and £ is the mean centre-to-centre spacing of the roughnesses.
A general (lwo-sided) boundary condition for the perturbed field potential in the half space

{pic1) above the boundary of a fluid (p3,c3) containing three-dimensional fluid roughnesses
(p2.c2) is given by’

a¢l a¢3 al¢|

%, _ 30 A (1)

dz dz dz
where ¢ is the perturbed fiéld potential in the upper half-space, §3 is that in the lower half-
space, time dependence exp (iwt) is understood and the effective relative admittance of the rough
surface, B3*, is given by

= ik, B, *9, +¢,8

* «
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B = BS represents the relative normal admittance of the lower half space.
P1Cy
Sy is a shape factor defined later.
Similarly, the effective relative admittance of a two-dimensionally-rough fluid interface is given
by
B; = ik, cos’Be + P )]

Pi=Pi| S
P + P,

where ajj isreplaced by a,; = 20, [ .
Vip
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P; + P 26, | B — P
= — and vy, = 1+ —r|—
T o K, ® N [pv +p;

Forp, = p;. ¢; = ¢, Ip;I>> p,, the expressions for effective relative admittance of the rough
surface may be simplified to

B =(1-iko.)B -~ iko(a,/2) (35,7 v, -2) (4)
B, ~(1 - ik,0,} B — ikocos’(B)a, (25, /v, ~ 1) )

where kg is the complex propagation constant in lower half-space,
Shape Factors s3 and sz are given by,

1
53=%(1+K), 51=-2-(1+K)

entrained fluid mass
mass of fluid displaced by scatter

where K =

and = -21- for hemispheres, K = 1 for semicylinders,

-Dipole interaction factors, v3 and vz, are given by

3n Gvsj) 2n [O’VSZJ
v, = 1 + — | = v, =1+ —|—=—=
! 8 (Nf’ ’ : 3 | N£

where N = number of scatterers per unit area
Equivalent forms that may be deduced from the results of Howe!2 are

* 3s
BS—(1+0A)B—ikO%‘—’[V—;—2J 6)

2s
T ; 2 2
[1 + (2 - 1] O'A] p- |k0 oy cos” (0) [ v, l] N
where G4 represents the area of scatterers per unit area of the rough surface.

Given any of these forms for effective relative admittance, it is possible to calculate the excess
attenuation (EA) above an arbitrarily rough finite impedance boundary using the classical form for

propagation from a point source over an impedance boundary!.

By

3. PROPAGATION IN A BILINEAR VELOCITY GRADIENT ABOVE A ROUGH
IMPEDANCE SURFACE

Following Tolstoy!0, we require the solution of
3%

a2

+ yz(z}q) =0,z >0 {8)

where ‘yz(z) = k2 K%, Kis horizontal wave number
k = w/cz)

Proc.1.0.A. Vol 17 Part 4 (1395) 437




Proceedings of the Institute of Acoustics

INFLUENCE OF GROUND ROUGHNESS

c(z) =

. 3 2 ’
subject to — = —-g|lk} +8—1p, z=0 9,
d oz ( ¢ 3z’ i ©)
whereg = G—V(3—S- —2]—i(l+o‘ B or G—V[E -2]—i(l +ikgcv)——ﬂ-
2 \v Al k 2 \v k
0 0
and 8 = ?.
eV
If source and receiver are on the boundary, then the solution may be written,
H, (2)(s,) [
o = 51_ e [ Y3 0 — J, (Kr) KdK (10}
T

HY (Sq) - €8 — k% 175" 1P (,) Yo
- L]

3
where S, = %yo’, 1, = k! - K?, p = w’q, and H® are Hanke! functions of the second

kind.
Note that p may be positive or negative. However in the remainder of this contribution we
concentrate on p 2 0, corresponding to a homogeneous or upward refracting atmosphere. If
equation (10) is rewritten in the form
1 o 1

—e
w b

"HAE,) e
then it is easier to deduce both the approximate form of solution and the relationship with standard

results for special cases.

In particular it should be noted that (12) reduces to the standard integral!> for propagation over a
smooth impedance plane in the absence of a velocity gradient and roughness. The reduced form for
p > 0, and no roughness may be seen to be related to the standard integral for this case!6 when the
relationships between Hankel functions of one-or two-thirds order and Airy functions are invoked.

Jo(Kr)KdK (11)

4. FAR-FIELD SOLUTIONS AT GRAZING-INCIDENCE

The boundary wave over a hard rough surface in the shadow zone, for weak gradients and high
frequencies may be calculated from

lin/4
¢B - .\{_____ Elkuz e bt e-n[qu-u) a12)
T y2nk,r
3, 4
where 8, ~ el k> exp (— f-a—'k“T]
3qc,
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The ratio of the rough surface boundary wave to the first term of the diffracted field in the far-
field!0 is given by

9
]

1 .
where £, =~ — (scatterer volume above plane per unit area).

~2p™"? e1k02 X, exp (51 - 83)r (13}

The solution of equation (12) can, in general, be approximated by a residue series summation.
Again the total field is given by a diffracted contribution plus a surface wave corresponding

complex ¥.
Hence ¢ = ¢, + $g, where
the diffracted field is given by
0, = ip ¥ HY (K, )™
d 4 ‘T'yq + pEd + Ez(kg - &Yofn):
and the roughness induced surface wave may be approximated by

iek,* 0.541 .
g ~ lz—nlocor [I + - ]exp (—otpr) exp [-1[kor—cm —%)] (15)

where 0ty :Ro.:[.iazk(,3 g e (H z L]]

(14)

36 Wy
2e’k,’
cand  wop = 3p° l
Your Ko (: (You - kf,)) are solutions of
Yo HZ,; (o) 7HIA(S, )] —£ (8v5 - kg) = © , (16)

which requires numerical solution in general.
5. ATTENUATION OF BOUNDARY WAVE DUE TO INCOHERENT SCATTER

The presence of surface roughness leads to incoherent as well as coherent scatter. Consequently the

amplitudes of the roughness-induced boundary waves are decreased. Tolstoy!4 has considered this
attenuation for a general rough two-fluid interface,
Hence for a rough two-fluid interface, the attenuation constants are given by

1
| g,(A’ *3 b§)
4nN 1 + pig /a8,
gl(A2 ‘2 bz’)
1 2 3
—_—— =<k, (18)
IN 1+ P/ PaBy
where g, , are roots of the characteristic equation for the rough surface boundary wave,

s = ko' un

O =
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A =0, (1 - P’ /pzczz):

3c.s
— = -alp)
b, = 20,5, (1 - p /p.)s
and subscnpts 3,2 refer to 3-D and 2-D roughnesses respectively.

In particular for hemispherical or semi cylindrical roughnesses of radius a, in a hard boundary,
7 .

b;

o kS, o, = N

o
= 16nN 3
and
N
Clp = m 0‘,3](05, o, = T;a
respectively.
RESULTS

1. COMPARISONS WITH DATA

Measurements of excess attenuation above various smooth and artificially-roughened boundaries
have been made in an anechoic chamber!3,

A smooth boundary consisted of a varnished-wooden board measuring 1.2 mx 1.2mx 0.02 m
(thick). Forty varnished halves of | m long wooden dowel rods (0.006 m radius) were used as two
dimensional roughnesses and placed at regular spacing on the board between source and receiver.
Figure 1(b) shows an example comparison between measured and predicted excess attenuation
spectra with source and receiver at 0.145 m height and separated by 1 m. The measured influence
of these roughnesses is to change the frequency of the primary ground effect dip from 4 kHz to a
little more than 3 kHz and to deepen it from 25 to 32 dB. Figure 1(a) shows a prediction obtained
by assuming that the {(smooth) vamished board has a small but finite admittance comresponding to a
rigid-porous medium with triangular pores2!, porosity 0.1, flow resistivity 500,000 kN s m—4,
tortuosity 1, and that the effect of the roughnesses is modelled by equations {6) and (7} (the curve
labelled MH). Also shown is a prediction obtained from equations (2) and (8) using an impedance
for the scatterers corresponding to that of a rigid-porous medium with triangular pores!8, porosity
0.1, flow resistivity 750 kN s m™ tortuosity 1 (the curve labelled MT). The agreement between
prediction (MT) and measurement is good.

2. NUMERICAL FAR-FIELD ESTIMATES

Figure 2 shows the estimated ratio of rough to smooth fields as a function of range in the presence
of a weak bilinear sound velocity gradient of 0.005 ms—! m~! at 500 Hz. Close packed 3-D or 2-D
roughnesses of 0.025 m radius are assumed and attenuation due to incoherent scatter is included.
Increases of level deep in the shadow zone by more than 20 dB are predicted as a consequence of
close packed 3-D ground roughnesses. Incoherent scatter reduces the effect of 2-D roughnesses in
comparison.

Figures 3 and 4 show predicted roughness effects in the refractive shadow zone above a finite
impedance surfuce. Cleurly the influence of a given (3-D) roughness is much reduced if the ground
has a small but finite admittance.
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CONCLUSIONS

Measurements show that surface roughness has a significant influence on ground effect

{hromogeneous atmosphere). Predictions of propagation over a rough finite impedance boundary

using two alternative models (MH and MT) for the effective surface admittance have been validated

by data.

T)cf)lstoy's theory for far-field propagation into the shadow zone caused by a weak velocity gradieat

in the atmosphere predicts substantial penetration by the rough surface boundary wave over a rough ‘
hard ground surface even when attenuation due to incoherent scatter is included. For a given mean
roughness height and close-packing, 3-D roughnesses result in greater penetration than 2-D ‘
roughnesses. |
Modifications of Tolstoy's theory to account for finite impedance predict that in the far-field and

high frequency limits the shadow zone penetration is much less when the ground impedance is

finite. .
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