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I . INTRODUCTION

For the majority of meteorological conditions there will always be regions within 2 10km

radius of a source whlch are in the acoustic shadow. Very often three of the four quadrants

are completely in shadow.

The acoustlc shadow is defined here as that zone which cannot he entered by acoustic rays

whlch are characteristics of the eikonal equation. It is delineated in one plane by the

ground and the path of the limiting ray after that ray has experienced a grazing incidence

on the grotmd. The acoustic shadow. is produced by temperature and/or wind gradienu close

to the ground such that there is an effective decrease in sound speed with height.

It has been appreciated in the Last 30 years that sound energy can penetrate the shadow

zone and very recently that there are commonly occurring meteorological conditions which

can produce weak shadows: In these propagation can occur over distances of up to 2km with

relatively small attenuation.

Pridmore-Brownl” presented a solution for the field in a shadow produced by temperature

and wind gradients. PleroeIII re-analysed the problem under the assumption of a near

constant negative sound speed gradient. and presented a residue seria solution which

permitted computation of levels inside the shadow zone. DaigleI3I. DonI‘I and Raspetl5]
have used Piercc's treatment to produce sound level predictions. Don and Raspet have also

adapted the residue method to allow prediction of waveshapes. Berry and DaigleIE'I It:th
made improvements in Plerce's raldue formulation which give accurate solutions :tl w;

location, including the lnsonil‘led zone provided the sound speed gradient is constant. All of

the above authors have noted that their predictions show peak pressure: considerath less than

those measured.

In this paper the methods of Pierce and 0! Berry and Dalgle are compared. In addition a

novel procedure for obtaining an improved average sound speed gradient close to the ground

is described. The use of this gradlent In both models is shown to produce estimates of peak

prmure in dour agreement with measurements.

2. THE RESIDUE MODELS

Pierce's and Berry and Daigle's models have been found to give identical results inside the

shadow zone. Only close to the shadow boundary or where shadows are very weak does

Berry and Daigle': procedure give more accurate results.

Pierce's residue series for the presure amplitude at a distance r from a source of strength §

at frequency f is
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R is the llmltlng ray radius. R - c(0)/g, C(O) Is the sound

speed close to the ground and g is the sound speedgradient;

k0 - zrr/cw) :
.IE

1" - bn a 3 . l)“ are roots which are obtained by an iterative
procedure described below;

where

zusn are the residues.

Equation (1) is strictly valid only _when r > /leo + 12R: where 10 is the source height
and z is the receiver height. This h when the observer h in the shadow zone and when R
is large In addition Pierce has assumed that most of the contributions from the
Fourier-Bessel integral used to derive (l) are for it in the vicinity oi ho. Tesla have
confirmed that this is the case provided R is sufficiently large.

Berry and Daigle's raidua series for the pressure amplitude is obtained without any
approximations!

1::
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n

inwhere
kn-ito /1+—kf’,15, a3

and H9' is a Hankel function of the first kind and- zero order. If the argument of the
Hankei function. kur. as well as Ito! are large. equation (2) reverts to Pierce't approximate
equation (1 ). The residues tor the two seriu are also approximately eqmi (see below). '

NW
The roots an are obtained by solving the equation below iteratively using the
Nema-Rnphaon procedure.

r a Aflbn) + q 4-13 Alan) = o (a)

The procedure described by Cremondm wu m with in: following improvemenn':

(a) the first and seeond derivative were obtained explicitly rather than by approximate
mead“.

(h) the Iteration was stopped when F/F' and P were lea than tolerance values which were
set up in order to guarantee sufficient accuracy.

Attheionerfinquencieswhenllislarge.asmanyutwentytermsareneededlnthe
residue calculation. As a consequence the arguments of the Airy huncdon and its derivative
can become large. Care has to be exercised in evaluating these lunctions by use of the
appropriate mymptoptic expansion.

ans Proe.l.o.A. Vol 11 Part 5 (1939) 



 

Proceedings of the Institute of Acoustics

PROPAGATION OF SOUND INTO THE ACOUSTIC SHADOW

AW
Pierce gives two forms of Z,“ corresponding to ‘hard' and 'soft' ground conditions. The

'hand' condition is relevant for most practical cases and will cover pound flow resistivity, a.

values greater than 30K Rsylslm.

Z

1 w. [1“ - —: If“ - El] (3)

Zr“ ' v.2 (1,.) (1.. - era)

where i i: I:
w'(n) V- 21' e M [119

lko pc(o)fl

q ' ZS

:—:c - [1 + 0.05105 [fit-Is} + l [0.07682 [gain]

71 is the ground impedance.

Berry and Daigle's Zres is applicable for m ground impedance values.

I IL; 124

2Al[b"-—: 3]Mb"—§e3]
zres ' ALL (4)

a 3 {Ai~‘(b,.) - bn M’(b")}

Examination of (4) shows that it is no more precise than (3) under the conditions for (3) to

be valid and it involves more computation because of the Airy derivative in the denominator.

More detailed descriptions of the two models. including the procedures for computing the
pressures in equation: (I) and (2). exactly or using approximations. are given in reference

is)-

3. MEASUREMENT OF SOURCE STRENGTH §

The prasure waveform was measured at 15m from a 1kg explosive charge. A Bruel and
Kjaer i" microphone with an ONOSOKI digital analyser was used to capture the waveform.

(Figure l), The Sign! was first downsempled using a three stage FIR filler/decimator from
the sample rate of mid-{z down to Ski-11. The shadow zone calculations only require
low sample rates 'slnce the shadow transfer functions behave effectively as low pass filters

with cut-offfrequencies generally below lltHz.

The fisaal was then further procesed to remove dc and to pad it with zeros so that the
spreading in time produced by the shadow effect does not give aliasing errors.

The source strength amplitude § was simply obtained by multiplying the above pressure by
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15/cxp(2.5il:°). to give the equivalent pressure amplitude Im from the source. it is assumed
that all non linear eflects have become negligible at the 75m distance. and that because oi
the non-linear behaviour in the near source region. the effects at ground reflection on the
above source strength value may be neglected.

4. DETERMINATION OF THE AVERAGE SOUND SPEED GRADIENT, g

The most seriote error in the prediction procedures described stems from the inaccuracies in
the measurement of sound speed gradient g close to the ground. in general this gradient is
rarely constant and may vary considerably over the crucial first few metres above ground.
Assuming that the above models are approsinuteiy valkl when g is variable we can only
obtain reliable predictions if a representative m gradient value can be obtained between
the ground and the receiver height (typically 1.! to In).

A novel two stage procedure has been developed for determination of these g values from
the avenge radius of curvature of the limiting ray. RAV. which is very sensitive to the
precise meteorology in the atmospheric surface layer. The first stage is the computation of
the micrometeorologlcal wind temperature profiles based on the meteorological measurements
at 1 and 10m heights. The Motrin Obukhov similarity theory for the atmospheric surface
layer has been used to give the precise profile. The theory has been rigoromly meal”
and gives very reliable profiles under all categories oi meteorological conditions. The
implementation of the procedure for profile calculation is described In relerencelsl. _

The~ second stage of the procedure employs a specially developed precision ray tracing
program which can use the above micrometeorologicai data. The ray tracing may be
restricted to a single plane without any lou of accuncy because ol the proximity of the
shadow boundary to the source. The limiting ray is touted by launching rays from the source
at very smallangular intervals. The ray tracer is set up to generate ctn'vaturea over height
changes as email as 0.1m. The avenge radius of curvature over the receiver height is
obtained by averaging the above ray piececurvatutcs each weighted according to its length.

5. COMPARISON OF MEASURED AN'D'PREDICTED
WAVEFORMS AND ATIBNUATIONS

Measured and predicted waveforms from either model at 500m from a 1kg blast source for
g=0.l§1 over a ground with flow resistivity 120K Rame are shown in Figure 2. The
predicted wavelorm'a positive peak pressure is very close to the measured value but its
waveshapeisinerror. Theattenuationcurvepredictedtortheahovecaseisshownln
Figure 3 together with the predicted attenuation: for flow resistivities of 30 and 300K
Rayislm. The shadow none attenuation is clearly not very sensitive to sound impedance.
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Figure 1. Measured waveformat 25m
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Figure 2. (a) Measured and (b) Predicted Waveforms

at 500111 for :0 = 2m, 2 = 1.5m. a = 120kR/m
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figure 3. Predicted Excess Attenuation. Parameter is

flow resistivity a (kn/m). 2° = 2m, 2 = 1.5m.
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