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ABSTRACT

A rigorous theory of interference of direct and ground-reflected waves in a turbulent atmosphere was
developed by Clifford and Lataitis (JASA, 73, 1545-1550, 1983). The primary goal of the present
paper is to generalize Clifford and Lataitis’s theory by taking into account developments in atmospheric
acoustics since 1983. In particular, we reformulate the geometry of the problem that allows us to use
the parabolic equation method. Furthermore, we take into account that the direct and ground reflected
waves are scattered by both temperature and wind velocity fluctuations, and use Kolmogorov, Gaussian,
and von Karman spectra to model spectra of these fluctuations. Finally, we obtain a formula for the
mean squared sound pressure and relate it to that of the coherence function of a spherical sound wave
for line-of-sight propagation.

1 - INTRODUCTION

In many cases of sound propagation in the atmosphere, a source and receiver are located close the ground.
If the horizontal distance L between the source and receiver is not too large, the effects of atmospheric
refraction can be ignored and the sound field p at the receiver is a sum of the direct wave and that
reflected from impedance ground. In the absence of atmospheric turbulence, the interference between
these two waves could lead to very deep minima in the amplitude of the resulting sound field. However,
temperature and wind velocity fluctuations always exist in the atmosphere. These fluctuations lead to
partial or complete loss of coherence between the direct and ground reflected waves. As a result, the
mean squared sound pressure <|p|2> at the interference minima can be increased by several dozen dB in
comparison to that in a nonturbulent atmosphere. This phenomenon has been studied since the 1960s.
A first rigorous approach for calculating the interference of the direct and ground reflected waves in a
turbulent atmosphere was developed by Clifford and Lataitis [1]. In this reference, it was assumed that
atmospheric turbulence is caused by temperature fluctuations.

Furthermore, log-amplitude and phase fluctuations of the direct and ground reflected waves were cal-

culated by using the Rytov method. Finally, an analytical formula for <|p|2> was derived. Using this

formula, <|p|2> was calculated for a Gaussian spectrum of temperature fluctuations. These results have
been widely used in subsequent research.

The main goal of the present paper is to generalize the theory developed by Clifford and Lataitis [1] in
the following directions. First, we reformulate the geometry of the problem. A new geometry allows us
to use the parabolic equation method, which has a wider range of applicability than the Rytov method.
Secondly, we assume that atmospheric turbulence is caused by both temperature and wind velocity

fluctuations since in most cases the effects of velocity fluctuations on <|p|2> are greater than the effects

of temperature fluctuations (e.g. [2]). Finally, we derive analytical formulas for <|p|2> for Kolmogorov,
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Gaussian, and von Karman spectra of temperature and wind velocity fluctuations. Using these formulas,

the effects of atmospheric turbulence on <|p\2> are studied numerically.

2 - PARABOLIC EQUATION

Let the source and receiver be located at the heights hs and h,. above the ground. We will use the
Cartesian coordinate system R = (z,y,2) with the center at the source, z-axis directed upward, and
z-axis in the direction from source to receiver. In this case, the plane z=—h, coincides with the surface
of the ground. We assume that the mean wind velocity is zero and the mean temperature Ty does not
depend on z Temperature and wind velocity fluctuations in the atmosphere are denoted as T” (ﬁ) and
7(R).

For this geometry, calculations of the statistical moments of a sound field are complicated by the presence
of the surface of the ground. Therefore, we reformulate this geometry. In a new geometry, sound
propagates in an unbounded turbulent medium which is symmetrical with respect to the plane z=—h;.
Furthermore, the sound field at the receiver is a sum of the sound field due to the source and that
due to an image source of the strength Q located at the point B; = (0,0, —hs). (The image source is
symmetrical to the real source with respect to the plane z=—h,.) Here, @ is the spherical-wave reflection
coefficient given by [3]:

28 [1 + iymde=Ferfe(—id) — B+ (hs + hy) /Rg} 1
©= 3+ (hs + 1) /Rs ’

where the distance from the image source to the receiver is Ry = ¢/ (hs + hr)2 + L2, the ground admit-
tance is 3, the complementary error function is erfc, and the numerical distance is

d: [5+(h5 +h7«)/R2] \/ikR2/2

where k is the sound wavenumber.

We assume that fluctuations in temperature and wind velocity are relatively weak so that sound backscat-
tering can be ignored. Then, for a new geometry, the sound pressure p at the receiver satisfies the
following parabolic equation [2]:

2ik 2+ 5‘—2+8—2 +2k%(1+¢/2)|p=0 (2)
Y or oy? 022 p=5
Here, ¢ (E) = -7 (ﬁ) J/To — 2v, (R) /co is a linear combination of temperature and wind velocity

fluctuations. In this formula, c¢q is the reference value of the sound speed and v, is the z-component of
. Note that the random field ¢ (E) is symmetrical with respect to the plane z=—h,. In the plane z =
0, the sound field p satisfies the following initial condition:

p(F) = (2im/k) [0 (7= 71) + Q6 (F — 72)], (3)
where ¥ = (y,z), and § is the delta function. Furthermore, ¥; = (0,0) and 7 = (0, —2h,) are the
coordinates of the source and image source in the plane z = 0.

It can be shown that Eqgs. (2) and (3) are equivalent to initial equations describing sound propagation over
the ground and boundary conditions for two cases: sound propagation over hard boundary in a turbulent
atmosphere and sound propagation over impedance boundary in a nonturbulent atmosphere. Using
physical reasoning, one would expect that Eqgs. (2) and (3) approximately describe sound propagation
over impedance boundary in a turbulent atmosphere if the turbulence is relatively weak.

A parabolic equation (2) with the initial condition (3) are the starting equations in our approach for

calculating the mean squared sound pressure <\ p? > Equations (2) and (3) can also be used for calculating

other statistical moments of a sound field propagating over impedance ground, for example, the coherence
function. Note that parabolic equations have been found to be very convenient for studies of wave
propagation in random media (e.g. [4]). Many classical methods for calculating the statistical moments
of a sound or electromagnetic field are based on parabolic equations. Therefore, we expect Egs. (2) and
(3) to be very useful for studies of sound propagation over impedance ground in a turbulent atmosphere.

3 - FORMULA FOR <|p\2>
The solution of Eq. (2) can be sought in the following form
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p = p1exp (X1 +id1) + paexp (x2 + ig2) . (4)

Here, p; and p, are the sound fields due to the source and image source in a nonturbulent atmosphere.
Furthermore, x; and ¢, are the log-amplitude and phase fluctuations of a sound field emitted by a source
in a turbulent atmosphere, while xs and ¢2 are the log-amplitude and phase fluctuations of a sound field
emitted by an image source.

We assume that x1, ¢1, x2 and @2 have Gaussian distributions. With the use of Eq. (4), we calculate
the mean squared sound pressure:

2
<|P|2> = Ri% + % + 2];@1'%20005 [(R2 — R1) k +Q+ (x192) — (x2¢1)] - (5)

Here, the brackets () denote the ensemble average, {2 is the phase of @ so that Q = |Q| €™}, and C is
given by

C =exp {<X1X2> + (p1¢2) — % (O3 + O3y + (07) + (3)) | - (6)

Equation (5) describes interference between the sound waves emitted by a source and an image source.
The factor C' in Eq. (5) characterizes the coherence between these waves and hereafter will be called
the ”coherence” factor. In a nonturbulent atmosphere C' = 1, while in a turbulent atmosphere C is less
than 1.

Equations (5) and (6) contain second statistical moments of phase and log-amplitude fluctuations, e.g.

<|p\2 . In order to calculate these statistical moments, we need to know expressions for x1, ¢1, x2 and

¢2 in terms of the random field . These expressions are found by substituting Eq. (4) into Eq. (2)
and using the first Rytov approximation. Then, the statistical moments of phase and log-amplitude
fluctuations in Egs. (5) and (6) are calculated. As a result, we obtain that in Eq. (5) the difference
(x102) — {x2¢1) is less than 7/2 and can be omitted. Furthermore, the following formula is obtained for
the coherence factor C':

h
C (h) = exp [—ML /O 5(0,0) — (0, 2)] dz] . (1)

Here, h = 2hsh,./ (hs + h,) and b is the two-dimensional correlation function determined by

b(7) = /Oo B (x,7) dx = 27r/d21ge”?ﬁq> (o,fh) . (8)

— 00

In this formula, B (ﬁ) is the correlation function of the random field &, and ® (Kx, K J_) is the three-

dimensional spectral density of this field, where K, and K, are the components of the wave vector
K = (Km7 K L). These functions are described in detail in section 7.2.3 from [2]. It follows from that

section that B (ﬁ) = Br (ﬁ) /TO2 + 4B, (é) /Cg, where By and B,, are the correlation functions
of the random fields 77 and v,. Furthermore, ® (I?) = Oy (K) JTE + 4D, (12) /c3, where &7 and

®,.,. are the three-dimensional spectral densities of these random fields. Note that equations similar to
Egs. (5) and (7) were also derived in Ref. [5] using Feynman path-integral technique. In this reference,
the case of electromagnetic wave propagation over perfectly reflecting boundary (Q=-—1) in a turbulent
atmosphere was considered. Interference of electromagnetic waves in a turbulent atmosphere has been
studied since the 1960s [6].

4 - KOLMOGOROV, GAUSSIAN AND VON KARMAN SPECTRA
Equation (7) for the coherence factor is valid for anisotropic as well as for isotropic turbulence. For the
latter case, this equation is simplified:

C (h) = exp [w2k2L /O d¢ /0 h K[1—Jo(hKE)] [®r (K) /T; +4F (K) /cj] dK | . (9)

Here, F(K) is the three-dimensional spectral density of wind velocity fluctuations (e.g. [2]), and Jg is the
Bessel function. Equation (9) is closely related to the coherence function I'(r) of a spherical sound wave
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in a turbulent atmosphere for line-of-sight sound propagation, given by Eq. (7.71) from [2]. Comparison
between these equations reveals that

C(h) =T (k) /To (h), (10)

where T'g(r) is the value of I'(r) in a nonturbulent atmosphere. In other words, the coherence factor C
is equal to the normalized coherence function of a spherical sound wave.

Formulas for the coherence function I'(r) are presented in [2] for Kolmogorov, Gaussian, and von Karman
spectra of temperature and wind velocity fluctuations. These formulas allow us to calculate the coherence
factor C' given by Eq. (10).

For the Kolmogorov spectrum, the spectral densities &7 (K) and F(K) are given by Egs. (6.38) from
[2], and the coherence function I'(r) is given by Eq. (7.38) from [2]. With the use of Eq. (10), we have

3DC 11DC?
CK —exp [ —k2ROBLZL - PRSP L—1 ) (11)
8T¢ 4c?
Here, the superscript K stands for the Kolmogorov spectrum, C2 and C?2 are the structure parameters of
temperature and wind velocity fluctuations, and the numerical coefficient D = 0.364. For the Gaussian
spectrum, @7 (K) and F(K) are given by Eqgs. (6.40) and (6.43), and I'(r) is given by Eq. (7.107) from

[2]. Using the latter formula and Eq. (10), one obtains

c¢ :exp{ 298 L [1— (Val/2h) erf (h/1)] = 22CL |1 = (V7l/4h) erf (b)) — ="/ ]} (12)

Here, the superscript G stands for the Gaussian spectrum, [ is a scale of temperature and wind velocity
fluctuations for the Gaussian spectrum, erf (h/l) is the error function, 7§ = /mk?021/ (873) and
1§ = /Tk*c2l/ (2¢}) are the extinction coefficients of the mean sound field due to temperature and
velocity fluctuations, respectively. Note that for the case when wind velocity fluctuations are zero Eq.
(12), was obtained in [1].

For the von Karman spectrum, &7 (K) and F(K) are given by Eqgs. (6.44) and (6.45), and I" is given by
Eq. (7.114) from [2]. For this spectrum, the coherence factor C is given by

vK __ 2L Ko vK 2é§% 2%£% 5
¢ —exp{—KOh/O dglw [1— kg )|+ [1— . (Kg@)—QKé(g))H.

Here, the superscript vK stands for the von Karman spectrum, Kg is inversely proportional to the
integral scale length of temperature and wind velocity fluctuations, K, is the modified Bessel function,
and K = 10n2AK2K, >3 C2) (10T¢) and 74 % = 6m2Ak>K, _5/302/ (5¢2) are the extinction coefficients
of the mean sound field due to temperature and wind velocity fluctuations, where the numerical coefficient
A =0.033.

Equations presented in this section are used to study numerically the effects of temperature and wind
velocity fluctuations on the interference of the direct and ground reflected waves in a turbulent atmo-
sphere. Numerical examples will be given during the presentation. Furthermore, in a companion paper
[7], theoretical results presented above are used to explain experimental data obtained in a laboratory
experiment which models sound propagation through a turbulent atmosphere.
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