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INTRODUCTION

The general problem of interest here is propagatien from a point source in a
homogeneous still atmosphere above flat locally reacting impedance ground.
Efficient calculation methods for the potential field above acoustically

homogeneous ground are well developad. In recent years sound propagation
over impedance inhomogeneities has been theoretically examined
(1,2,3,4,5,8,10]. A limitation common to all of the accurate calculation

methods is thelr computational expense. Generally expense increases with k2,
where k is the wavenumber of the sound and ¢ is a characteristic length of
the problem.

Here we foeus on propagation over a single straight line impedance
discontinuity which 1ies perpendicular to the direct source-recelver
propagation path. A development to an existing caleulation method {is
described. This development allows efficient examination of long distance
propagation.

The improved calculation method is applied to grazing {ncidence propagation
from a source above a rigid surface to a distant receiver abave absorbing
ground, Ercess attenuatien results are applied to a notional broad-band
environmental necise source. The limitations to bear In mind here are that a
homogeneous still atmosphere and perfectly flat ground have been assumed.
The impedance distribution in the ground is also scrictly defined to allow a
simple solution,

NUMERICAL METHOD

A point source with harmonic time dependence is situated over a flat locally
reacting surface of infinite extent. The surface is divided by a straight
line into two half planes. Each half plane is accustically homogeneous and
characterised by a frequency dependent complex admittance (the inverse of the
normalised acoustic impedance). We are interested in e&valuating the acoustic
potential at a point in a vertical plane that passes through the source and
is perpendicular to the admittance discontinuity. We will choose the x-axis
to be aleng the intersection of this plane with the surface, the origin
beneath the source, and the positive x-axis below the receiver.

Consider first the related problem in which the source is an infinicely long
coherent line source, parallel te the admittance discontinuity. From the
mathematical expression of this problem as a two dimensional boundary wvalue
problem (consisting of the Helmholtz equation and suitable boundary
conditions) the following boundary integral equation can be derived [6]:
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(L, .5,y = Ggalt, £ + ik(ﬂ,-ﬂ,)[T 6(5-51)631(5’52)dx' A 1)
. 1

Here &(t,.t,) is the acoustic potential at t, due to a source at t,. Gg, is
the known Green's function for propagation from a polnt source 1in two
dimensions over a homogeneous straight boundary of admittance f,. gy, ,=(—=,X]
is that half of the boundary with admittance £#,. s is a peint (x,0) in the
boundary. k is the wavenumber.

Equation (1) can be solved numerically fér &(t,.f,) by a two stage process
[1,7(Ch.4),10]. We consider here an approximata but less computationally
axpensive solutlion method based on replacing &(s,t) by GB,(g,E) in equation
(1) [1,4,8). This {is a physically plausible approximation which gives
sufficiently accurate results for application to outdoor scund propagation.

The acoustic potential, ¢, in the original three dimensional problem is now
approximated as follows:

aikd elkD
¢ *t 4 (2)

where kd and kD are the dimensionless distances from source (at t,) and image
source to recelver (at t,), Q is the cylindrical wave reflection coefficient
calculated from ¢(cz £, In the far field Q provides an acceptable
approximacion to the' spherical wave reflection eoeffleient [1]. To
calculate ¢ we use the above mentioned approximate solution of the boundary
integral equation:

$(L,, 500 = OgalE, £) + LB, -B0L, (3

where

I, - kL Gg,(8.%,)6g,(8.5,)ex . o (4)
1

Now we note that, for a reception point s in ths reflecting surface and a
source t above the surface,

Ggls.r) = H{') (kig-21)Rg(s,8)

vhera HS‘) is the Hankel function of the first kind of order zero, and
Rg(s,£) 13 equal to one plus the complex cylindrical wave reflection
coefficient for a homogeneous surface of admittance §. For It-s| large enough
the real and imaginary parts of H{')(kit-si1) oscillate in a well defined
fashion while Rg (s,t) varies. less rapidly. This observation suggests that
I,, can be usefully written in the more familiar form of a generalised
Fourier integral:

Iy, = [Tf(“7°1k5(*’d* : 'EN

where
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£(x} = kGBl(§-§|)GB:(§-E:)9-ikg(“).

g{x) = g, (x} + g,(x),

and -
B, (%) = 1,581, Ba(X) = 1t,-81.

When s 1is sufficiently distant from t, and ¢, f£(x) is a slowly varying
function compared to eikK8{X). This fact allows us to use simple asymptotic
methods to help evaluate (3).

An uncomplicated first case to consider is when ¥y, does not include the
geometrical reflection peint, X, (the solution of g'(x.)=0). For this case
we may Integrate by parts twice and apply the Riemann-Lebesgue lemma
[9(p.277)] to the remaining integral to get

Ly =~ J,(X) + J,(X) , k+o, . (6

1
where,

I, (X) = £(X) elkg(X)
1kg' (X)

gr (%) _ £ (0] F£x)alkelX)
T80 - [Ey T T dkrenT

Exprassion (6) shows the first two terms of an asymptotic expansion of IT"
in which Jy = O(k™M}.

In the light of this analysls we propeose the following breakdown of the
integral in (4):

171 = 1) + ITT !
vhere

I{r) = J, (1), (7

.and I.r 1s the integral over a truncated interval [r X] with r¢¥X and r<x,.
Within these conatraints r is chosen to satisfy relative and absolute error

criteria. We estimate the relative error im approximation (7) by the
follewing upper bound on J,/J,:
- [ 8'(r) ir 1 1 1
Er(r) [ig'(r)| * ?[g,(r) * g,(r)]]klg'(r)l ®)
Here |f'(r)/£(r)f in J, has been replaced by an upper bound which is expected
to hold always [7(p.598)]. We estimate the absclute error in approximation
(7) by the following upper bound on J,:
1£(r) )
Eg(r) Ep(r) TG (9)
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Equations (8) and (9) usually give conservative estimates of the relative and
absolute errors in approximation (7). We choose r to be the minimum of r,,
ry, and X, where ro satisfies

Epryg) = 02 (10}
and ry satisfles
Eﬂ("ﬁ) - € , (11)

where ¢ is chosen to give the required accuraecy in I.,. Both E.(x) and Eg(x)
are Infinite at %=X, and tend to zero as X+-=. 1 graphical examination
suggests that Ea(x) and Ep(x) are monotonic in (-w,x,) for typical geometries
and admittance values, so that 7y and r, are uniquely defined.

The effect of the approximation (7) Is to replace the problem of evaluating
the integrand in (4) over the infinite interval (-=,X}, by the problem of
evaluating the same integrand over the finlte iInterval [r,X]. The
approximation (7) removes the vteglon over which the 4integrand 13 mest
oscillatory. The remaining integral over yp - that part of y, near to the
geometrical reflection point - can be evaluated efficiently by adaptive
quadrature.

With this method 1t i3 necegsary to ensure that the part of the integration
path for which J(r) is used, the interval (-=,r], does not come within one
wavelength of the source. So far this has only invelved slight adjustments
to r when the source is low.

As the method stands, we have significantly reduced computation expense with
no losa of accuracy. For a wide range of test cases run together on s Cyber
180-830, cthe total calculation time has beon reduced by a factor of 9 over a
previous method {1]. This has made it feasible to examine long -distance
propagation.

RESULTS

We can use p given by the approximation (2) to examine propagation over flat
ground through a homogeneous still atmosphere. The excess attenuation over
spherical spreading due to the ground is given by

elkd
EAy = 20105'°|;Ea~

To calculate the results presented here an absolute error limit of 0.001 {n Q

was specified. This gives an acceptable bound on AEA}, tha error in EAj:

1ABA 1 ¢ 0-013/"'1()”‘1”20 :

for example when EA1=20dB, 14EA)1¢0-13dB. To achieve this error limit in q,
the parameter ¢ in (1ll) was taken as

¢ - o'oo1|z;§3—5—y“ 'Tfkg)|

The known potentials Gg, and Gg, were calculated using an efficient and
accurate algorithm (11,19].
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Propagation from a source above rigid ground to a recelver above absorbing
ground was examined. To this end §, was set to zero and f,(f) was calculated
by the Delany and Bazley semi-empirical formula [12,13], with an effective
flow resistivity of 109kgs~'m=3 chosen as & low value for grassland [l4). It
was found that using two or cthree times this value caused only a small
reduction in the magnitude of the results, and no change iIn the trends
observed. Tha source and receiver heights wera fixed at 1-5m.

For the present investigation a usaful varable is
Py = (X-d)/d .

When 0O¢X¢d, py gives the proportion of rigid ground between the source and
receiver.

Figures 1 show how EA; values for absorbing ground at four low frequencies
are affected by the introduction of rigid ground from behind the source.
Notice that when pr<0 or pral the modelled ground behaves as an acoustically
homogeneous plane. This indicates that the areas of flat ground behind the
source and behind the receiver do not contribute noticeably to the ground
effect actenuation at these long discances.

Looking only at the p0 cases in Figures 1l{c) and (d): when d 1s greater
than about 300 wavelengtha we see an increase in EA; of approximately €dB per
doubling of d. This long distance effect at grazing incidence has been
predicted in previous theoretical studies [15].

1t 1s useful to note how EBA; depends on p,. Figure 1(a) illustrates that at
very low frequencies there is a near linear decrease in EAj as the proportion
of rigid ground between the source and reciever is increased. We see in
Figure 1(b) that as the frequency rises a charactaristic 5-shaped curvae
develops. This characteristic curve is steepest when the admittance
discontinuity in the ground sapprecaches the source or reciever, suggesting
that the type of ground close to the source or reciever is particularly
important {c.f. the Dutch reoad traffic noise prediction model [16]). Figure
1(c) shows that this characteristic S-shaped curve 1s very well defined at
250Hz. 1In Figure 1(d) we see the beginnings of a pattern that intrudes inte
the S~shaped curve as the frequency rises. In this case, 500Hz, we see small
oscillations in EA; at each end of the S-shaped curves. At higher
frequencies (not shown) these oscillations extend comsiderably into each end
of the 5-shaped curve.

A further interesting feature to be observed in Figures 1(c) and (d) is the
emergence of an approximately 3dB increase in EA) per doubling of d at a wide
ranga of proportioms of rigid ground (0:-1<p,<0-9). In common with the £dB
increase in EAy per doubling of d at p,.=0, mentioned above, this 3dB per
doubling of d occurs when d is greater than about 300 wavelengths.

At long distances attenuation due to air absorption of acoustic energy is
significant. We can estimate & more practical quantity, the third-octave
band excess attenuation due to air and ground, by

EA3 = EA; + EAp,
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where EAy is the predicted third-ectave band free field air attenuation [17)
at 20°C and 70% relative humidicy. Here it has been assumed that Eag
calculated at esach third-octave band centre frequency 1s representative of
the ground induced excesa attenuation for the whele band.

Figure 2 shows EA3 at the four long distances when p,~0-53. At frequencies
less than lkHz the ground effect attenuation dominates, causing a minimum at
315 Hz. At frequencies greater than lkHz cthe alr attenation dominatas.
These trends are to be observed whenever there is sufficient absorbing ground
extending beneath the raeclever: i.s. from about p,=0-9.

Ve can see further what the implications of these theoretical results are by
applying thew to a notional continuous broad-band environmental noise source,
A simple spectral shape representative ¢f a jet engine at full thrust has
been used for this purpecse. The approximate form of the spectrum used is

L 48 , f ¢ 160 Hz ,
51-[

L - Blog, (£/160) dB , f > 160 Hz ,

where 53 is the third-octave band sound pressure level reduced to lm in the
free fiald, f {s the third-octave band centre frequency, and L is determined
by the operating parameters of the engina. The source is assumed to behave
sufficiently like a point source at large disctances for the theoretical
results to be directly applicable. We define a total excess attenuation over
spherfcal spreading for this source by

EA, = S; - (53 + 20log,,4) dB(A) ,

where EA; 13 the broad band excess attenuation due to tha ground effect and
air absorption, Sy is the total A-weighted sound pressure -level of the
notional source at lm distance 1in the free field, and 53 is the total
A-weighted sound pressure level predicted at the reciever position.

While generating the EA; results, described below, the spectral composition
of S3 was noted. At d<lkm S3 is dominated by the frequency bands centred
sbove 500Hz. It 1is only when dsllm that Sy is dominated by the less
attenuated low frequency bands. For homogeneous absorbing ground this low
frequency domination at long distances 1s interpreted in terms of the well
known ground wave component of the acoustic potential field [15].

Figure 3} shows how EA; behaves. We can see that it i5 not possibla to
predict the EA4 values at intermediate p, from a linear interpolation between
the values at pp~0 and py~l. This is due to the growth, as f increases, of
the curve shapes seen in figures 1. However, at the two longest distances we
note that EA, at p,=0.75 is about 11dB(A) less than EA; at p,=0. Also at
these distances the EA; values in the range Ogpy¢0:-75 1lie on straight lines.
These features suggest that, at distances of one or two kilometres, the
effect of a stretch of alrpert runway on the propagation from this type of
broad-band noise source to a receiver located above grassland might be
predicted by using

Eay(py) = EAL{O) - Cpyp, O ¢ pr x 0-8 , (12)
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Figure 2. Estimated third-octave band excess Figure 3. The effects of proportion of rigld
attenuations due to ground effect and air ground on broad-band nolse source excess
absorption. pp~0-5. attenuation over spherical spreading. Distances
10 as for figure 2. Solid 1lines are equation (12).
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with C taking the value 14-7 for the results presented here.

A final interesting feature to note from figure 3 1is the change in excess
attenuation of the broad-band noise per doubling of distance at intermediate
values of pr. When 0-25¢pr0-75 we observe approximately a 5dB increase in
B, per doubling of d. No similarly simple trend is seen for propagation
over the effectively homogeneous grounds. With the exception of the cases
wvhen py 1s greater than about 0.8, this result agrees reasonably with a
commonly used 4dB extra attenuation (of perceived nolse level) per doubling
of 4 [18].

CONCLUSTON

An {mproved calculation method has been presented for sound propagation over
a straight line impedance discontinuity in flat ground. The method is
derived from an asymptotic analysis at large wavenumber of an approximate
form of the two dimensional boundary integral equation. Accuracy is adequate
for the purpese of examining environmental noise propagation. A limitation
of the method is the assumption of homogeneous still air and flat ground.

Results for grazing incidence moncfrequency propagation show that the ground
induced excess attenuation is most sensitive to the location of the impedance
discontinuity when it I5 near the source or receiver. Only cthe ground
between the source and recelver contributes mnoticeably to the oxcess
attenuation. At large enough dimensionless socurce-receiver distances (kd),
wvhen the impedance -discontinuity {8 in the central &4/5th8 of the
gsource~receiver range, propagation from sbove the rigid ground to above the
absorbing ground shows a 3dB increase in excess attenuation per doubling of
source~recaiver distance.

Rasults for the excess attenuation, including air absorption, of a broad-band
A-weighted notional environmental noise source show that the excess
attenuation is most sensitive to the location of the impedance discontinuity
when it is near the receiver. When the impedance discontinuity is in the
central half of the source-recelver range, a 5d8(A) iIncrease in excess
attenuation per doubling of source-receiver distance ia observed.
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