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1. INTRODUCTION

For many years the presence of turbulence in the aimosphere has been known to influence the
propagation of sound outdoors. Simple, accurate methods for including the attenuation effects
due to air absorption, spherical spreading and the ground effect are incorporated into most
prediction schemes but, despite much research in the area, at present there is no practical way of
including the effect of turbulence.

One of the main effects of turbulence on the propagation of sound is to reduce the coherence of
the waves. This lessens the destructive effect of interference of the waves. Daigle! developed a
method of accounting for this. The method is rather involved and, as will be seen in section 22,
requires the measurement of many parameters and a large amount of data processing. As such it
is not suitable for inclusion into outdeor propagation models.

In optics partial coherence theory is used to account for this phenomenon. It stems from the
realisation that the concept of a perfect point source is theoretical. Any real physical source is
always an approximation to a point source. The overall amplitude and phase of a disturbance
emitted from such a source produced by summing the Fourier components fluctuate randomly
The amplitude and relative phase of the Fourier components can be considered constant only for a
very short time (the coherence time). As sound waves pass through a turbulent medium their
relative phases and amplitudes fluctuate and it becomes partially coherent. The Mutual
Coherence Function (MCF) is a standard concept in optics and is a measure of partial coherence.
With the work of Clifford and Lataitis? it is directly applicable to the situation of sound in
turbulence and L'Espérance et al* use it in their proposed model. Although based on the work of
Daigle, the resulting calculations are much simpler, making it more practical for use in a
prediction scheme. It does involve some of the same parameters, however, in particular the
fluctuating index of refraction, {u?).

As will be shown in section 2.2.2, the calculation for {u®) requires many detailed measurements
1o be made and processed to provide the standard deviations of wind and temperature fluctuations
and their cross correlation function. These are all relatively inaccessible quantities and a way of
calculating {u®) from more readily available parameters is needed. Research from the
Meteorological Office at Bracknell has suggested an empirical formula which would greatly
simplify the calculation of {u” }* as it would depend only on height and wind speed.

This paper invesligales the accuracy of this Met. Office simplification by using it in Daigle's
method and comparing it in turn with Daigle's own comparisons of his full method with Parkin
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and Scholes™ measurements. In the hope of finding a practical, simple way of including
turbulence in outdoor sound prediction models it is used in the MCF suggested by L'Espérance
and compared with results of Daigle's method and Parkin and Scholes' data.

2. THEORY

PR N AP B o Py S Y B L S

SI
Fig. 1.

2.1 Source receiver topography.
The source-receiver geometry is shown in Fig. 1. The case considered involves non-refractive
propagation over flat ground of impedance Z, and only one reflected path between a point source

S and a receiver R. The source and receiver are located at heights hs and hr above ground and
separated by a distance d. r, and r, =7, 4+, are the path lengths of the direct and reflected rays
respectively and / is the maximum path separation between the rays.

2.2 Daigle's method.
For the simple case of Fig. 1 the long time average of mean square pressurc (ﬁz) at 'R’ is (from
Ref. 1) -

(r') ﬁ[%—)[:: ﬂgl:—:) *%d(l -IG-:’:‘]: HA 41 Ha* Yo, Jood & +y)exe] 03(1 )]

where;
Q =l()e” is the spherical reflection coefficient

@’} is the combined variance the normally distributed amplitude fluctuations of the direct
and reflected rays time-averaged over a statisticaily large number of turbulent fluctuations
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g, is the combined variance of the normally distributed phase fluctuations of the direct
and reflected rays time-averaged over a satistically large number of fluctuations.
p, and p, are the covariance of the amplitude and phase respectively.

& =k(r, —,) and k is the wave number in air.

2.2.1 Calculation of the spherical reflection coefficient.
This is calculated from the planc wave reflection coefficient, R, and the boundary loss factor,

H(w) -
Q =R, {1 -R )W)

where:
__sin @ ~poc/ Z,

1
d fAw) =1 +j 1e™erfo\ —fvw].
ooz ™ (w) =1 +j(xw)re~erfe —w)
In this paper the series proposed by Chesscl are used to approximate /{w)which is
a function of the numerical distance, w, given by:-
we= j—?(sin g +)

The single parameter model of Delany and Bazley? is used to calculate Z_, the normal
impedance of the ground:-
z _R+iX

R

r

where:

=075 =07
!\‘ H_gos(IOOOf] and X X llg(IOOOf)
P o P, a

and o is the flow resistivity of the ground in MKS Rayls.

2.2.2 Calculation of (7*) and ¢ .
These are functions of two quantities f, and {,:-

1 =Jr ()L

/ |+A(20)' Al
;2 - =_— | +arctan] ————— | +arctan} ———— -
&0 e 2 1 _ﬂ(m), [; -A(20): I +A(Zﬂ);

where: .

SCR
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kl? ,
1. in the above equations is the outer scale of the turbulence. {u?) is the fluctuating index of
refraction. For an isotropic, homogeneous atmosphere the fluctualing acoustical index of
refraction 17, where ## =1 +p and p <<l,is assumed Lo have a Gaussian spatial correlation function
{as in Ref 1). Typical values of these have been calculatcd and tabulated for different weather
descriptions by Daigle* Most conditions will be adequately described by an outer scale of
turbulence value of 1.1 but {u*) must be calculated:-

2 g, cosf ) Lo, R cosb [a, i
(u’) - e
CD ) "‘DT; 27;

where

o is the standard deviation of the temperature fluctuations
a, is the standard deviation of the wind fluctuations
R_ is the cross correlation between the wind and temperature fluctuations

¢, is the sound speed at mean temperature 7
@ is the angle between the wind direction and path of sound

propagation.

(@) and o can then be found form the following:-
|
x ={in(1 +a)]'y =24, ~1,)

X

(a’) = i for x <l
1+—x
4
{a?) =0.27x*" for x >!

1
e/ =_2.(; ! +1,)
2.2.3 Calculation of p, and p,.

)

shown in Fig. JI ).

P, =P, where 1‘[-;-) =erf[%) and [ ——-g (¢ is the maximumn path separation as

T |y

2.3 The Mutual Coherence Function (MCF).
The use of this further simplifies the calculations needed to be carried out in order to calculate the

long-time average of the mean square pressure. The expression given by L'Espérance et al for the
MCF is:-
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~|®

= (u2)EPRI| :Q

T(R.p) =exp —

~i®

where:

p is equal to half the maximum path separation (half the ¢ in Fig. 1).

R is the horizontal source-receiver separation (d in Fig 1).
The overall equation for the long time average of mean square pressure { }7‘2) at the receiver
becomes:- . .

1 ) 2

0 = 12+ B cofit, 1) arQ)r
This very similar to expressions derived by Daigle and later Clifford and Lataitis. It is directly
comparable to Daigle's expression as the MCF contains a term equivalent to I, and p,. It can be
seen from the above that it is much simpler to calculate than Daigle's expression as it avoids the
lengthy calculations for (@*) and 0,’, only requiring the relatively simple calculation for the
phase covariance. It does still require values for {u?) and L however.

3. RESULTS AND DISCUSSION

3.1 Results

Non-refractive conditions, classified as having neutral temperature conditions and zero vector
wind, are used for comparisons. Two test runs from Parkin and Scholes' data which satisfied
these conditions were chosen and these were runs 13 and 17. Run 13 provided the comparison
data in Figs. 2 and 3 while run 17 was used in Fig. 4.

Parkin and Scholes' data does not provide enough information to calculate (u?) using Daigle's full
equation. To make his comparisons he carried out extensive fitting to find a suitable value of
(1?) and found this to be 2 X107, His comparison curves from Ref. 1 using this value are
reproduced in Figs 2-4 and labelled ‘Daigle’s method'. They show excess attenuation (attenuation
produced by effects other than air absorption and spherical spreading) versus frequency. Parkin
and Scholes' data does provide enough information to calculate (x*) using the simplified method,
namely the wind speed at 10m. A wind speed of 5fis™" (1.5ms™') was recorded for run 13 and
23fis™" (7ms™") for run 17. The curves obtained are shown labelled as ‘Daigle’s (simplified)’ in
Figs. 2-4. The curves produced using the simplified form of (s*) and MCF are labelled 'MCF'.

A ground flow resistivity of 300 CGS Rayls and source and receiver heights of 1.8m and 1.5m
respectively were used in all cases. '
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Figure 2
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3.2 Discussion

3.2.1 Results for Run 13 (wind speed = 5fis~' (1.5ms™"))

321.1Fig 2

Fig. 2 shows excess atlenuation versus frequency for 2 different distances as calculated from each
of the 3 methods of including turbulence. Parkin and Scholes' measurements for run 13 are also
shown. The value of {u’} calculated using the simplified formula was 8.6 X107, a value lower
than that chosen by Daigle. The results obtained from all three methods compared well over the
whole frequency range for shorter distances. The curves lie very close together at 109.Im but at
distances greater than this the curves diverge increasingly with increasing distance. The curves
also stant to differ noticeably at lower frequencies as the distance becomes larger. The curves
using the simplified (") consistently over estimate the attenuation compared to Daigle's method
at longer distances and higher frequencies. All three methods compare fairly well with Parkin and
Scholes' data, Daigle’s method slightly underestimating the attenuation at higher frequencies
where the other methods tend to over estimate.

32.1.2Fig3

Fig. 3 shows the curves of Fig. 2 normalised to the sound level at 19.4m i.e. the corrected level
difference referred to 19.4m versus frequency. 19.4m is the position of the first microphone in the
Parkin and Scholes' experiment of Ref. 5 and the level at 1his point is the level they state as taking
as their reference level. In order to be consistent with the measurements of Parkin and Scholes,
comparisons with their data should be made using the corrected level difference and not the
excess altenuation as used in Ref. 1 and Fig. 2. The curves of Fig. 3 show the same trends as the
ones of Fig. 2. but appear to fit the shape of the measurements much better, especially at high
frequencies. The corrected level difference will therefore be used as a basis for comparison in
subsequent graphs in this paper.

3.2.2 Results for Run 17 (wind speed = 23 fis™* (7ms ™))

Fig. 4. shows the corrected level difference versus frequency for the same 2 distances calculated
using the 3 different methods. The measurements of Parkin and Scholes for run 17 are also
shown. They show similar trends to those of Fig. 3 in that they lie close together at short
distances and diverge increasingly with increasing distance. Divergence starts at a lower
frequency at the longer distance. As before, the curve of Daigle's method with simplified (u?)
consistently over estimates attenuation at higher frequencies and longer distances when compared
1o the unsimplified version of the method. This time, however, the curve using the MCF and
simplified (1"} under estimates attenuation compared to Daigle’s curves. The empirical value of
(') was 1.8 x107*, a value closer to that chosen by Daigle than in run 13. Since the simplified
{u’) is proportional to wind speed a possible trend of the MCF method under estimating for high
wind speeds and over estimating for low wind speeds may be emerging since the wind speed in
this case is much higher than that in run 13. This would need more research, using several
different wind speeds to verify this trend. Daigle's and the MCF methods compared best with
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Parkin and Scholes’ data, the simplified Daigle tending to rather overestimate the attenuation at
high frequencies and longer distances.

4. CONCLUSION

The three methods of including turbulent effects into the prediction of outdoor sound levels
agreed well with the data of Parkin and Scholes, especially when normalised to the pressure at
19.4m, for shorter ranges. In view of the results obtained it would seem that the loss in accuracy
over long ranges is warranted by the simplicity of the empirical formula for the fluctuating index
of refraction. The use of the MCF with the empirical formula achieved better comparisons with
Parkin and Scholes' data than the simplified method of Daigle at a higher wind speed. The MCF
further simplifies the calculations and would be the most practical cheice for inclusion into
outdoor sound prediction schemes. Its performance over long distances and varying wind speeds
needs further examination, however. The possibility of extending this work to account for the
effects of turbulence on barrier attenuation will be explored at a later date.
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