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INTRODUCTION

In a refractive atmosphere, due to wind and/or temperature gradients, sound
follows curved ray paths and a shadow boundary can form through which sound i=
assumed Lo penetrate by means of creeping waves. Acoustic impulses form a
convenient way of studying both the region prior to and beyond the boundary.
as the resultant waveform is sensitive to time shifts between sounds following
different paths. Furthermore, the presence of a ground wave component can be
distinguished by its shape, whereas with singile frequency measurements the
ground wave is Just a different magnitude sinusoid shifted in time relative to
the source. In the following work, a 2ms duration impulse created by the
discharge of a blank in a rifle has been used to probe around the shadow
boundary. The impulse waveform measured 2m from the muzzle was uSed as Lhe
reference. After dlgltally sampling and storing the waveform, It was analysed
into its frequency components using a DFFT algorithm and then the compunents
multiplied by the appropriate continuous wave Lheory coefflcients before
generating the predicted pulse waveform using an inverse DFFT. Comparisocn af
experimental and predicted impulise waveforms, as well as the attenuation of
the peak values above that due to geometric spreading, l.e. the excess
attenuation, provide a stringent test of propagation Gheories. All
experimental waveforms are the ensemble average of at least ten individual
shots, which effectively eliminates minor fluctuations in the waveform due tn
turbulence. All waveforms have been scaled to remove differences in peak
levels for ease of comparlson. Their relative size can be judged from the
corresponding excess attenuatlon graph.

LOCATING THE BOUNDARY BY RAY THEORY

Although ray theory ls, at best, only applicable prior to the boundary, its
simplicity makes 1t =a useful starting point. Compared Lo a neutral
atmosphere, refraction alters the path lengths and hence the delay between the
direct and reflected rays reaching the receiver. The angle of incidence of
the reflected ray is alse modified, altering the phase change on reflection.
This results in excess attenuation occurring prior to the boundary. as
indicated in Flg.1, where the predicted curve B is compared to that for a
neutral atmosphere, A, for a source receiver above grassland with a measured
effective flow rFslstivlty of 300,000 rayl. Here, a linear sound speed
gradient of 1.6 wes required to fit the attenuation data, although this is
in disagreement with the prevailing meteorclogical conditioq§ which indicated
2 non-linear gradient and a wind speed at 1.2m around 3ms . [t should be
noted that the theoretical excess attenuation curve 1s discontinuous at the
boundary, which appears to be near 46m 1n this case.
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Fig.1: Comparison of neutral atmosphers (A} and ray bending (B) predictions
with experimental data taken over grassland.

Although 1t is feasible to deduce the boundary position from the effective
linear gradient required te flt the excess attenuation data, an alternative
technique is suggested by inspectlon of waveforms at various distances around
the boundary. In Fig.2. experimental waveforms are compared with shapes
calculated assumlng both a 1.6 linear gradient and a non-linear one simllar
to that present during the measurement period. It 1s apparent that the linear
gradient predictlons are in good agreement, ln contrast to the use of the more
realistic non-linear gradlent which falls to generate a sufficlently large low
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Fig.2: Experlmental and predicted waveforms prior to a shadow boundary at 46m.
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frequency ground wave component. Choice of other non-linear gradients _and
including intensities in the calculations only reduces bthe agreement. The
_ spike-at the onset of the pulse waveform 1s the remnant of the direct and the
almost totally inverted specularly reflected component. For the linear
gfadlent. case, the path difference for these components becomes effectively
zero at the boundary and consequently they cancel exactly leaving only the
rounder ground wave term. Thus, inspection of the waveforms to determine at
what distance the spike disappears would seem to be a useful method of
locating the boundary [1].

F‘lg.'S presents a graph of the variatlon in the risetime of the leading edge of
the impulse waveform as a function of distance. A marked change occurs aboul
46m, supporting the earlier estimate. By repeating these measurements with a
variety of source-recelver helights, -a consistent profile of the shadow
boundary has been cbtained. '
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Fig.3: Pulse risetimes measuréd from waveforms captured at various distances
from the source. ‘ -

Wwhen the ground lmpedance approximates to a flow resistivity of 300,000 rayi
or above, as In Fig.1, there is no apparent discontinuity in the excess

attenuation measurements at the boundary. llowever, such a change was observed
in measurements taken over the same field but with wvery dry graund,
corresponding teo, say, 150,000 rayl. The distance at which such

discontinuities occur agrees.with the prediction of the boundary location by
the risetime technique., supperting the validity of the latter method.

As ray theory is not applicable beyond the boundary it is necessary to resqrt
to creeping wave theory to continue the analysls. )
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CREEPING WAVE PREOICTIONS

Based on the diffraction of sound waves [2], this theory envisages sound
entering the shadow zone by following the limlting ray from the source down to
the ground, where It creeps along contlnuously shedding energy up along paths
parallel to the limiting ray. Earller attempts [3] to apply the theory were
limited by approximations Involving a creeping wave layer of thickness I,
which should be small compared to the wavelength: a major limitation when
considering the relatlvely broad band nature of pulses. More recently,
several residue serles sclutlons have been presented which avoid this
limitation [4,5,86].

If the pressure at a ieceiver at a distance r from a polint source above a
locally reacting surface of lmpedance 22 is written as
-]

=1 -
P=— J-Vu agexp[i(l:r wt)lde . (1)

=]

then, for a linear sound speed gradient, the residue serles solution for Vu is
‘12,4,5]
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where Ty = bne and &€, | and q depend on the wavenumber on the ground,

ka. and the radius, R, of the limiting ray in a linear gradlent. The impedance -
enters through the varlable q. Al represent Alry functions whlle bn are the

roots of the equation
[}
Al (bn) + qlexp(in/3)] Al(bn) =0, (3)
which must be solved at each frequency for bn and the value substituted into
Eq.(2).

I?lferlvlng Eq.(2), a Hankle functlon of the first kind and of order zero,
Hu .has been replacec by an asymptotic 1limit. To aveoid thls approximation

(6]}, the reslidue series can be written as
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where knz = I:oz +* bn exp(-lzu/:!)/lz. Deep within the shadow boundary only the
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leading term, n = 1, 15 required In either Eq.(2) or (4), however up to ten
terms are necessary close to, and especially prior to, the boundary. [t is
claimed that Fq.(2) is not applicable prior to the boundary (2], whereas
Eq. (4) avolds thls limitation [8]. In fact, under the experimental conditions
of this work, both equations give results within 0.1dB and so no further
attempt will be made to differentiate between them.

Fig.4 shows creeping wave predictions assumihg an effective sound speed
gradient deduced from the Impulse risetimes. The example shown is one where
there is a marked discontinuity in the excess attenuation measurements around
the predicted boundary position of 13m. Excellent agreement with Lhe
experimental excess attenuation measurements is obtalned close to the boundary
and, indeed, all the way back to about 4m from the source, after which i
became difficult to get the thecry to converge. However, deep within the
shadow zone the pulse attenuation iz grossly overpredicted. Impulse wavetnrms
are correctly calculated at all distances, Flg.5, suggesting that the
frequency and phase crpendence of the residue equations is correct. The
theory also accounts correctly for the effect of changing ground impedance.
Altering the effectlve sound speed gradient shifts the predicted attenuatlions
but with little change to the slope of the line.
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Flg.4: Creeping wave predictions compared with experiment, assuming a shadow
boundary around 13m.
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Flg.5: Comparlson of experlmental pulse shapes and creeping wave pradictiohs.

The above theory assumes a linear sound speed gradient. To lmprove agreement
between experiment and predictions, a non-linear gradient can be incorporated
by extending a technique suggested by Dalgle et. al. (7] to the case of a
source located above the ground. Basad on the experimentally measured
non-linear gradient, the corresponding caustic can be deduced by using the
method suggested by Van Moorhem [8]. This effective boundary is non-circular.
At any glven receiver distance inside the shadow zone, the clrcle vwhich jolins
the source, the ground and the caustic at that distence, see Fig.&, ls used to
determine the radius corresponding to an effectlve sound speed gradient. This
technique lgnores the intercept of the caustic with the ground and results 1n
an effectlve gradient which decreases with distance from the source. Using
this distance adjusted gradient in either residue equatlon is a slgnificant
improvement, although it now under-predicts the attenuation at larger

Fig.6: Diagram of method used to adjust for non-llnear gradlent.
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distances, F1g.7, with only minor changes to tLhe predicted waveforms deep
inside the shadow zone. Improved agreement is retalned if the geometry or
ground impedance 1s altered.

When elther residue solutlon is used to calculate impulse waveforms around the
boundary using the optimum linear gradlent value, it is apparent that a spike
remains for several metres beyond the boundary. This contrasts with ray
theory which predicts that it vanishes at the boundary. The implication is
that the use of risetimes to locate the boundary is invalid. However, at most
the error is only a few metres and assuming that the boundary is closer does
not improve agreement with the distant excess attenuation data. When the
distance adjusted gradlent 1s used, remnants of the fast risetime remalf even
at 200m, because the use of the variable gradient is effectively moving the
boundary out to near the distant measurling point.

(I
~ 5
g i
5 10 ' ¥ oss
= ' 4 ;l
g 15 4 variabla
= gradient
= 204
a hg = he = 0.8m
L
= 254 T = 170000 rayl ~.
lingar i
30 - gradient
3
1 2 S 10 20 %0 100 200
DISTANCE (w

Fig.7: Results calculated using the distance ad justed gradient model.
' CONCLUS10N

At. thls stage it appears that the fast rlsetime of the impulse may remain
until 5m or more beyond the shadow zone, although this could be an artifact of
using a linear sound speed gradient. Never the less, a boundary located by
“the risetime technique is consistent with discontinuitles in the excess
attenuation data over low impedance ground and does produce the optimumn |inear
sound speed gradlent for use in the thecry. Although reasonable agreement with
excess attenuatlon measurements can be achieved by Lnvoking a linear gradlent
varying with distance from the source, this 1is physically difficult to
justify. There is a need for a rigerous treatment of creeping wave Ltheory
with non-llnear gradients to resolve the unsat isfactory aspects of the current

approach.
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