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INTRODUCT ION

Sogund propagation over long T?Tgetzjn T3 inho neous medium has been
studied widely, for example, ref , . and l4) etc, give detailed
descriptions of the problem. Atmaspheric inhomogeneity in the form of stratifi-
cation is of particular interest and is csused by temperature and/or wind gra-
dients. The presence of these gradients implies variations of sound speed with
height which causes a continuocus refraction of the sound rays. It is useful to
construct a simTif madel of the interaction between continuimg refraction and
ground effects .

THEQRY

A Limear Sound velocity Profile
A maior difference between the effect of temperature and wind gradients is

that the reciprocity law holds for the former case but mot for the latter. 1In
other words, the presence of a wind gradient causes the sound field to be ani-
sotropic such that the sound pressure is lower in the upwing direction. 0On the
other hand, the field is exactly the same for a temperature stratified medium if
we interchange the positiens of the source and the receiver. However, a wind
gradient is egquivalent to a temperature gradient as far as the curvature of the
sound ray Is concerned. The effect due to the temperature and wind gradients
are additive. One may simplify the analysis by assuming the atmosphere 1is
steady and vertlcally stratlfied.

The model of a vertically stratified medium allows one to use a linear
sound velocity proflle,

£(2) = Call + aZ) (1}
where C s the velocity of sound, a is the normalised sound velocity gradient, Z
is the height above ground level and subscript o denotes the condition at 2 = 0.

The assumotioh of a linear sound velocity profile leads to a clreular ray
path. [if is then straightforward to calculate the path of direct and indirect
waves .

Sound Pressure Near to an Impsdance Boundar
The fleld potentlal sbove an ImpedanchToundary due to a point source can

. be caleulated by Weyl-van der Pol formula as
eile eikR, (2)
ttat = aﬂR. + [Rp + (1 - Rp)F] 411'R2 .
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where Ry and R, are the distances from the source and its mirror Image to the
receiver respectively, 8 is the grazing incidence, k is the wave number in air,
R_and F are the plane wave reflection coefficient and the boundary loss factor
rBspectively. The geometry of the problem is shown in Figure 1. Both R_ and F
are functions of the grazing incidence and normal impedance for a locally
reacting surface.

The use of a linear sound velocity gradient gives an improved evaluation of
the path lengths, R, and R respectively, and the grazing angle 8. This, In
turn, will give a better estimation of the total sound field due to a point
source, aver an impedance surface.

Ground Impedance Model

Th gf are varipus simplified models for the acoustical properties of the
ground . The variable porosity model is used in the present work. This
means that the normal impedance, 2, can be expressed as

z = 0.218(2)0.% + 1[0.218(2).% + 9.74(%)] 3
f £ £ -

where ¢ and ¢ are the effective rate of change of porosity with depth and:éffec-
tive flow resistivity at the surface, respectively and f is the freguency,

Level Difference Spectrum -
The level difference between two vertically separated microphones is
defined as the total sound pressure of the upper receiver subtracted from that

of the lower receiver. It is calculated by the following equation

total sound pressure of upper receiverJ :(4]
total sound pressure of lower receliver

tevel difference (dB) = 20lag, of

The level difference spectrum has a distinctive property that it 1s'1nde-
pendent of the source spectrum.

Determination of Ground Parameters and Normalised Sound velocity Gradient

It has been suggested that a reasonable procedure for cbfaining the
acoustical properties of a given ground surface is to invert a short range
measurement of excess attenuTt}on using the theory given in equation (2) and an
appropriate impedance model 17). In principle this procedure may be extended to
longer ranges and to include a meteorological parameter.

Conseguently to deduce the ground parameters and the normalised sound velo-
city gradient from the experimental result one calculates the value of chi-
squared {x?) which minimises the expression

N

x*(a,0,a) = ¢ [(L.'o.p(fi) - L. (f] (5)

where N is the total number of data points and suffixes p and e denote predicted
and experimental values respectively. It should be noted that the magnitude of
the sound pressure is used in the level difference calculation because of the
great sensitivity of the phase to the atmospheric conditions.
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EXPERIMENTAL RESULTS AND DISCUSSION

Experiments were carried out (a) at short range in an anechoic chamber and
(b} over a sports ground. The anechoic chamber measurements were intended to
be, as near as possible, independent of meteorological conditions. :

The short range experiments were carried out in a small anechoic chamber of
size 3.9 mx 3.95m x 2 m and the chamber was fully anechoic only abave 2 kHz.
A sand tray measuring 1.8 m x 1.22 m and 0.3 m deep was used to simulate a flat
ground surface. A Tanoy driver unit with a cylindrical tube extension was used
as a point source. The results of fitting level differences for these short
range indoor measurements are summarised in Figures 2(a) and (0}. It can be
seen that the predicted level differences with or without sound veloclty gra-
dient are jdentical. One would expect this characteristics for short ranges and
indoor experiments where the effect of inhomogeneity in the atmosphere is unim-
portant,

Outdoor experiments were performed on a calm and sunny day in a sports
field. The source/recelver separation varied from 50 m to 100 m. The recelver
array consisted of vertically-separated mlcrophones at O m, 1 m and 2 m.
Typical results for each range are summarised in Figures 3(a), (b), (c) and (d).
It is apparent that there is a substantial improvement in fitting experimental
data with the inclusion of the linear sound velocity gradlent for a known
source/receiver geometry. For a alven range and the various source heights the
effective flow resistivity (o} values are remarkably constant. The second
ground parameter (@) values fluctuate. However it is known from best fits to
these data without Including a linear velocity gradient parameter, that a is
able to conpensate for meteorological effects to some extent by taking large
negative values. Consequently through the nature of the best fit procedure,
even with a veloclity gradient parameter Included some variation in a is
expected. The ground parameter values tend to vary with range, but those at
50 m and 100 m are consistent with values obtained from short range (~ 2 m)
measurements obtalned near the corresponding areas of specular reflection.
Finally it should be remarked that for a glven range the velocity gradients
yielded by the best fit protedure for the 0 and 1 m level difference tend to be
higher than those for the O and 2 m level difference. A typical set of the
'best-fit’ ground parameters and the normalized sound velocity gradient is shown
in Table 1..

. CONCLUDING REMARKS

By assuming a linear sound velocity gradient in the atmosphere, a ray-based
modification to the Weyl-van der Pol formula Is then used to calculate the sound
field over a surface of finite impedance. Experiments were performed and the
results were compared with theoretlcal predictions by means of a least squares
procedure. Tolerable agreement Is obtalned for a variety of surfaces, ranges
and source helghts.
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(a) 0 and 1 m Level Difference

(ii) Fitting with linear sound

(i) Fitting without linear sound
velocity gradient

velocity gradient

Hs o g R.M.S. Hs o3 [} a R.M.5.
m w™T  xID® mks Error ™ wr xID® s s-'  Error
unit unit
10.33 -1415 4,278 2.24 10,33  -2.27 1.745  -0.198 0.90
9.74 -1510 1.905 r 9.74 =28.7 1.961  -0.333  0.85
3.58 -1694 2.746 1.84 9.38 -309.7 3.110 -0.278 0.82
§8.97 =1387 2.627 2.66 B,97 -133.7 2.319  -0,32) 0.97
8.14 -832.1 4.256 1.76 8.74 =314.9 3,074  =0.195 0.96
8.20 -810.0 3.990 1.35 8.20 -499.3 3.585 -0.158 0.9l
7.97 -424.2 2.858 1.82 7.97 -=115.7 2.322 -0.210 0.84
7.43  -420,7 2.933 1.50 7.43 -144.8 2.560 -0.20 D.74
7.20 -803.1 4.075 1.11 7.20 -640.0 4.167 -0.122 0,97
€.43 -647.3 2.70% 0.95 6,43 -642.6 1.301 -0.142 0.73

(b) 0 and 2 m Level Difference

(i) Fitting without linear sound {ii) Fitting with linear sound

velocity gradient velocity gradient
Hs a [+] R.M.5. Hs [+] 5] a R.M.SJ
™ wr  XID® mks Error n mr x10° mks 5-°  Error
unit unit

10.33  -1l40 4.111 2.28 10.33 100.4 1.00 -0.126 1,19
9.94 =1595 2.636 2.48 Q.74 3.66 1.718 -0.202 1,39
9.28 -1004 2.351 2.47 9,38  -164.3 1.474 -0.166 1.10
B8.97 -1453 3.141 2.89 8.97 66.4 1,32 -Q,175 1.22
8.74 - .3 5.4721 1.97 B.74 -B86.7 .36 -8,14x] .
8.20 =2312 1.670 2.50 8.20 -820.0 9.732 -7.38x10~* 1.82
7.97 -738.1 5.281 2.05 7.97 7.4B 1.979  -0.102  1.28
T.43 =1456 8.511 1.94 7.43 =247.5 3,607 -0.104 1.%0
7.20 -578.1 3,973 1.46 7.20 =364.1 3.093 ~5.00%10 © 1.8
6.43 -1181 3.062 2.55 £.43 -572.6 2.790 =0D.112 1.79
Table 1: Predicted ground parameters and linear sound veloeity gradient for a

known source/Teceiver geometry with 87.5 m range.
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Figure 2 : Comperisona of sxperissntel dots with two prediction
pathods. The varisbls porosity sodel 1a used to calculots the
iepedances af the ground. Pradictlons based on the geometry of
{a) eource height et 0.2im two receivers st 0.05z snd ©0,3%9m

respectively and range st .75
[6) wourco halght st O.24m two recelvers st 0.058 snd 0,208,
rempectively end renge ot 1.38, '
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Figure 3 : Comparisons of oxperimental data with two predictiocn
pothoda, The varisble poropnity model is used to calculate the
impedance of the ground. Predictions besed on the goovetry of

(s) Bource st 4.26m, receivers st 0&{m snd range st 50z

b} source st 7.13m, receivers st 052m snd ronge at 62.5e

(c) source at 9.38a, recelvers at 0610 and rangs ot 87.5

(d) source st 8.63a, receivers at 062m ond range at 100a.
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