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Abstract—The paper considers the problem of backscattering of sound waves by near-surface volumetric
inhomogeneities under conditions of intense wind waves. We calculate the expected share of the scattered sig-
nal spectrum based on the given wind-wave intensity and the depth distribution of volumetric inhomogene-
ities. For deep ocean conditions in the frequency range of 500—1000 Hz for a pulse duration of 10 s, we mea-
sure the levels and shape of the reverberation spectrum for time delays from 20 to 100 s. Comparison of the
measured and calculated reverberation spectra has shown their good coincidence.
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INTRODUCTION

It is well known that during scattering of low-fre-
quency acoustic waves by surface waves, the spectrum
of the reflected signal is broadened. The spectral
broadening mechanism is related to two factors. The
first is reflection from the fluctuating interface of two
media, and the second is scattering by individual sub-
surface scatterers in motion under the action of wind
waves or other factors.

There are quite a lot of experimental studies on
evaluating the influence of acoustic wave scattering
directly by the sea surface, including monotonic [1, 2]
and bistatic [3, 4] scattering of tone pulse and contin-
uous signals. As shown in many works, in particular,
[1, 2], for a small Rayleigh parameter, scattering by the
spatial wave spectral component K occurs, which
coincides with the difference Ak = k4 — K, Of pro-
jections onto the horizontal place of wave vectors of an
incident k;,, and scattered k., acoustic wave. For
the indicated model in the case of Bragg backscatter-
ing, the reverberation spectrum should contain two

spectral components at frequencies F, +/2kg/2m.
Here F is the ranging signal (Hz), k is the wave vector

of the acoustic wave, and g = 9.8 m/s? is freefall accel-
eration.

As numerical calculations have shown [5], for a
large value of the Rayleigh parameter, qualitatively,
the pattern of the reverberation spectrum does not
change, but the spectral peaks at frequencies

F, i«/Zkg/21t become significantly wider with an
increase in the Rayleigh parameter.

The experimental data, in particular, presented in
[1, 2], demonstrate that the real backscattering spec-
trum is bell-shaped with the center at the carrier fre-
quency F, and with significantly smaller peaks in the

frequency domain F, ++/2kg/2m.

To substantiate and simulate the experimentally
observed bell shape of the low-frequency monostatic
reverberation spectrum at frequency F,, we will use the
model of sound wave reflection from moving volumet-
ric subsurface scatterers, which may be, e.g., a sheet of
bubbles that occurs during the breaking of intense
wind waves [6]. The characteristic depth to which
waves propagate is z ~ A = 2n/K,,, where K, is the
minimum value of the wave vector of wind waves in
the water area. For a wind wave frequency of ~0.1 Hz,
the characteristic depth z of penetration of oscillations
is a significant value, ~100 m.
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MODEL OF THE SPECTRA OF A SIGNAL
SCATTERED BY SUBSURFACE
INHOMOGENEITIES

To describe the characteristics of developed surface
waves, we chose the most widespread Pierson—Mos-
kowitz model spectrum, which gives the spectral
power density of waves in the form

4
—0.74(i)
ol or

2
Gz(Q)=0.0083§e
[ ]4 (1)

2 —l.25 2
2@ =0.00835_¢ '/,

Q

where V'is the wind speed(m/s) at the 10—20 m hori-

zon and Q,, is the frequency of the maximum of the
wave spectrum.

Integrating expression (1) over Q, we can obtain
the mean square value of the amplitude of surface

oscillations (wave amplitude) 6 =+/(x — X )2 for a fixed
value of the wind speed or frequency of the maximum
of the wave spectrum.

‘We will consider surface oscillations at a local point
with a relatively narrowband process. Estimates show
that for a wind speed of, e.g., V'= 13 m/s (~50 km/h),

which correspondsto Q,, = 21 X 0.1 Hz,the mean square
value ¢ of the wave amplitude in nearly the entire fre-
quency band from 0 to 1 Hz is 1 m and the analogous
value in the band &= 0.05 Hz in the vicinity of the max-
imum of the wave spectrum f,, = Q,/2n = 0.1 Hz is

Go.111, = 0.78 m or 60% of the total wave energy.

The choice of a relatively narrow wave spectrum
band (8f/f,, = 0.5) makes it possible to simplify calcu-
lation of the scattered tone pulse signal. To find the
field of the current in the near-surface layer, we will
use the model of a sinusoidal surface wave, whose
wavenumber K,, corresponds to the maximum of the
wave spectrum, and the amplitude is determined by
the mean square value of the wave amplitude in the
mentioned frequency band.

In the linear case in the absence of stationary cur-
rents and the influence of the bottom, the motion tra-
jectory of a fluid element in the vicinity of a point with
depth z is a circle the radius R(z) of which (see Fig. 1)
has an exponential dependence on the deepening of z:

R(z) = Ryexp(—K,2), (2)

where R, is the averaged value of the wave amplitude on
the surface in the frequency band from 0.75f,, to 1.25f,,.

Let us find the Doppler spectrum of a signal scat-
tered by a fluid element of volume AU, which is
located at a mean depth z and is moving in the vertical
plane along the circumference of radius R(z) with a
cyclical frequency €,,. Let us assume that the projec-
tion of its linear velocity in the direction of propaga-
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Fig. 1. Scheme for calculating sound scattering by subsur-
face scatterers.

tion of the acoustic wave varies in the range +R(z)€2,
according to the law

u, = R(z)Q,,sin(Q,1).

Let us consider the problem of determining the
spectrum of the signal, which is scattered by a rotating
irregularity with an isotropic angular radiation pattern.
This problem is not going to be solved via the Fourier
transform of the signal, followed by incoherent accu-
mulation of spectra, but in a simpler way. Let the scat-
tered signal from the receiver be preliminarily passed
to a heterodyne and then be passed in complex form to
a set of 2N bandpass filters, when the passband of the
nth filter is nAfto (n + 1) Af, including both positive
and negative (n < 0) Doppler frequencies.

If the Doppler frequency of the backscattered sig-
nal varies according to the sine function

Jaop@®) =2u, [k = (2R(2)Q,,/N)sin(Q,1), then the
equation nAf = (2R(z)<,,/A)sin (Q,1,) helps to find
the time when the frequency f;,,(f) crosses the pass-
band of the nth filter. This happens once per semipe-
riod T / 2= n/ Q,, . Next, we can use values of t, and
t,+; to determine the time interval when the Doppler
frequency stays inside the passband of the nth filter:

Atn = tn+1 - tn
AMn+1)Af
20, R(2)

= LRe arcsin
Q

m

AnAf j (3)
2Q,R(z))

arcsin

The following property is used here: Re(arcsing) =
/2 for § > 1 and Re(arcsing) = -m/2 for & < —1.

We can easily find that the final distribution of the
scattered signal intensity over the frequency channel
numbers is proportional to the found durations of stay
of the signal in the frequency channels, with the
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Fig. 2. Spectrum of volumetric scattering strength
Sscatt.v (2, f), constructed for different depths z of scat-

terer location, in decibel scale.

respect to the normalization by the total observation
time T/2.

2
AP (p,z,n) = 222D
T

4)
Mot DAS i Mj _
2Q,,R(2) 2Q,,R(2)

Here, APX(p, z, n) is a squared amplitude of the sig-
nal, scattered by AU and filtered in the band from
nAfto (n + 1)Af. APX(p, z, n)/Af is a power spectral
density of the received signal. AP*(p, z) =
(Ssearey (2AU) P TLY(p) is a total squared amplitude
of the signal, scattered by AU element. S, ,(z) is the
strength of volumetric sound scattering in a medium in
the inverse direction (1/m?®), AU= Az Ap A p is the

volume of the elementary scatterer, p is the distance
from the scatterer to the receiver—emitter, TL is prop-

X Re [arcsin

agation losses (taken in a linear scale), and Plfn is the
field at a distance of 1 m from the source (Pa?).

Obviously, the sum of the squares for all fre-
quencies of the spectrum is equal to the initial

power of the signal scattered by AU, APZ(p,z) =

N
> AP,
The following expression for AP(p, z) as a function of
the parameters of the scatterers can be substituted to (4)
AP (p,z,n) = P’ TL(p)
X {lRe arcsinM 5)
i 2Q,,R(2)
AnAf
2Q,,R(z)

— arcsin

szcatt.V(Z}AUa
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and by analogy with (3) one can introduce and calcu-
late the spectral characteristic of the volumetric scat-
tering strength:

Sscatt. 14 (Z: l’l)
Mn + DAf

2Q, R(7)
ABASf

2QmR(Z)) Sscatt. V(Z) .

Figure 2 shows for example the result of calculating
the dependences of the level of the volumetric scatter-
ing strength spectrum S, (z, f) for a volumetric
element at depths z 0, 20, and 80 m, for a single value
of the volumetric scattering strength (S« p(2) =
1/m?%). Calculation was performed for the following
parameters mentioned above: A = 3 m (F, = 500 Hz),
Af=0.1 Hz, n =—25to +25, frequency of the energy-
carrying wave component Q,, = 2w X 0.1 Hz (which
corresponds to a wind speed of V= 13m/s or 25 knots).

As one can see from the figure, the width of the
scattered signal spectrum varied from 0.8 Hz for a
small scatterer depth to a spectral analysis resolution
of ~0.1 Hz at scatterer depths of 80 m or more.

When integrating (6) over z taking into account
expression (2), we pass from the spectral characteristic
of the volumetric scattering strength S, .. ,(n) to
scattering by the entire vertical fluid column n—the
spectral characteristic of the surface scattering
strength S, s(n), where n is the number of fre-
quency channels £, = (n + 0.5)Af:

= lRe (arcsin

T

(6)

—arcsin

Mrt1)Af

1 .
S n)=—| Rel arcsin
scatl.S( ) TC'('). ( 2QmR(Z)

(7)
AnAf
2Q . R(2)

In expression (7), there is an unknown function
S.catt v (2), the dependence of the volumetric scattering

strength on depth. We use two independent
approaches to estimate this value.

In the first, in analogy to (2), we represent the vol-
umetric scattering strength as the exponential depen-
dence on depth plus a constant:

SscatI.V(z) = Sscatt.V + SS\Z;:?V eXp(_Z/ZO)a (8)

where the constant S, ,, is the classical value of the
volumetric scattering strength in the range of 0.5—1,

equal to —100 to —80 dB [7]; S™"¢, s the value of
the volumetric backscattering strength close to the free
surface;z,is the characteristic distance when the volu-
metric scattering determined by the amount of bubbles
and other dislocations decreases with distance from
the surface e times.

— arcsin JSscatt.V(Z)dz-
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Fig. 3. Spectrum of surface scattering strength Sg.,¢¢ s(f), constructed in decibel scale: for two values of depths z;, 30 and 20 m
((a) and (b), respectively), for a fixed value of wind wave amplitude 0.74 m (light curve) and wind waves, the amplitudes of which

are distributed according to the Rayleigh law (dark curve).

Figures 3a and 3b show the backscattering spectra
Secare s(f) calculated for values of S, = 107 1/m?,

wind

s¥nd “— 107 1/m®and two characteristic depths of
the decrease in the volumetric scatterers z, = 20 and

wind

Zo= 30 m (light curves in Fig. 3). The S, and
Zovalues were chosen such that (a) the volumetric

scattering strength S, (z) does not depend a priori
on z for depths greater than 200 m and (b) the calcu-
lated shape of the reverberation signal spectrum coin-
cides with the experimental data to the maximum
extent.

Based on the adopted value of the volumetric scat-

tering strength S, =10~ 1/m? without allowance

ind . o
for the S....; , value, we can estimate the contribution

of volumetric scattering to the exponential sound
attenuation. As calculations have shown, the contribu-
tion to attenuation is a negligible value of 0.054 dB per
1000 km.

When calculating the plots in Fig. 3, in (7) we inte-
grated to a depth of 1000 m. The contribution of scat-

tering independent of the z component S, , to the
spectrum was ~+10% at frequency F;.

When calculating the surface scattering spectrum
in form (8), we did not take into account a random
direction of wave movement (this will lead on average
to narrowing of the spectra in Fig. 3 by approximately
30%) and the random character of the wind wave
height. If we take into account that the wave amplitude
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R, is distributed according to the Rayleigh law, then
we can recalculate the scattering spectra by introduc-
ing into (7) a Rayleigh distribution that depends on the

variable R, and the mean wave value Ry:

——— 1I[ R —R?
SSCatt.S(n) = lj _0 P eXp _O P
T (R) (2(R0)
X I Re [arcsinW—DAf—arcsm Mj )
2Q . R(2) 2Q,.R(2)

0
X Sscatt. 4 (Z)dzdRO'

Figure 3 also shows plots of the averaged surface

scattering spectra calculated according to (9) for R, =
0.74 m, a wind speed V= 13.7 m/s, and two values z, =
20 and z, = 30 m (dark curves).

Summing the surface scattering strength over all
frequencies,

Sscalt,S = stcatl.S(n)a (10)

we obtain the lower boundary of the conventional
value of the scattering strength on the surface for
around a zero grazing angle and a given wave or wind
strength amplitude value!.

! For a small grazing angle, sound scattering directly by the surface of
the water area will be minimal and scattering by subsurface inho-
mogeneities will remain virtually unchanged and in fact will deter-
mine the boundary value of the total scattering strength.
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Fig. 4. Dependence of reverberation level on time for fre-
quency grid in range of 700—800 Hz. Direction —75° from
normal of receiver array.
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Fig. 5. Dependence of reverberation level of time for fre-
quency grid in range of 700—800 Hz. Direction of —75°
from normal of receiver array. Time dependence of rever-
beration level: experimental curve and approximating
curve (smooth) 7, (r) = I,, (c1) 7> x 10701 (B = 0.054;
1,O =2X 10“), decibel scale, frequency Fy = 800 Hz.

As calculations have shown, the S ¢ values

attained according to (7) and (9) for a wind strength of
25 knots are —47 dB (z, =20 m) and —45 dB (z, = 30 m),
which agrees with the experimental data of [8]
obtained for small grazing angles at frequencies of
0.5—1 kHz for a wind speed of 25 knots. Such a com-
parison is possible, because the intensity of the signal
scattered directly by an uneven water—air boundary
decreases with a decreasing grazing angle.

Based on the obtained value of background scatter-

ing with a 1 m? surface, we can easily pass to integral
estimation of the target strength of background scat-
tering for the monostatic ranging scheme TF,,, =

Socatt.s gA(pc—t. For example, for a pulse duration of
T=10s, atime delay of =40 s (a distance of ~30 km) and

SALIN et al.

angular resolution of the receiver array of A¢ = 0.1 rad,
the level of the background target strength at fre-
quency Fyis TF,, = 26 dB.

Indirect verification of the coincidence of the
experimental and calculated values shows that for a
wind speed of 25 knots, the numerical values entering
into Eq. (8) werecorrectlychosen.

The second method of estimating Sy, ,(z) relies
on experimental measurement of the depth and radius
distributions of the bubble concentrations, which is
presented in [9] with reference to [10]. All existing bubble
fractions have resonance frequencies significantly higher
than the considered frequency F, = 500 Hz, and the
scattering strength can be calculated by well-known
method [9]. Unfortunately, the presented data have a
selective character: for a wind speed of 11—13 m/s and
three horizons. The result of calculating the scattering
strength only for the given bubble distribution without
allowance for other scatterers can be expressed using

wind

the notation introduced above: z, = 1.6 m, S )y =

1.9 X 107 1/m3. The estimates show that the resulting
value for the strength of scattering by bubbles at a fre-

quency of 500 Hz is a small value: S, s pubp. = —06 dB.

In [6], it was noted that air cavities and bubble
clouds can form, the gas concentration in which is by
two to four orders of magnitude higher than in the
background bubbles. Thus, the estimate S, ¢ = —45
to —47 dB used above can be considered quite realistic and
valid. The existing uncertainty in the input data on the
concentration and dimensions of air formations does not
allow more exact calculations and removes the necessity of
taking into account fine diffraction effects during sound
scattering by bubbles, as was done, e.g., in [6].

RESULTS

In 2011, we studied the characteristics of reverber-
ation signals in oceanic conditions: the Pacific Ocean,
the region of the Kamchatka Peninsula. These studies
were a continuation of experimental works conducted in
this region since the mid-1980s. A partial description of
the results of earlier studies is given in [11, 12], which
studied the energy characteristics of reverberations in the
frequency range of 600 and 800 Hz with tone pulse sig-
nals with a duration of ~5—10 s used for ranging.

As studies [12] have shown, the time dependence of
the reverberation level in these conditions is well
described by the expression

1.(1) = 1,o(ct)™" x 107", (11)

where ¢ = 1.47 km/s, n =2, and 3 = 0.03—0.08 dB/km.
The value n = 2 corresponds to a decrease in sound

intensity with distance according to the law r_3/ 2, and
the experimentally obtained 3 values somewhat exceed the
theoretical dependence § = 0.036/> dB/km (fis in kilo-
hertz). The theoretical B value for f = 0.6 kHz is
0.017 dB/km.
ACOUSTICAL PHYSICS  Vol. 63
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Fig. 6. Experimentally measured dependences B(F;) for
four directions of signal reception. Gray curve, theoretical
dependence B = 0.036 (107332 dB/km (fin hertz).

Based on our data obtained in 2011, in analogy with
[12], we also constructed the dependences of the
reverberation level for certain frequencies and direc-
tions of signal reception, which was performed with a
directional receiver array. Thus, e.g., Fig. 4, for a pulse
duration of 10 s and a direction of —75% from the nor-
mal of the array, shows the dependences of the rever-
beration level on time in a band of 1 Hz for an arbitrary
set of frequencies taken in the range of 700—800 Hz.
Here and below, 0 dB is taken as the uncertain level. As
one can see from the figure, the frequency scatter of
the emission level and reverberation level did not
exceed 10 dB.

To determine parameter Pwe approximated the
adopted reverberation signal by a function of the form (11)

Pl oon(®) = g (ct)” x 107" where ¢ = 1.45 cm/s
and B is in dB/km. Unknown parameters /; and [3

were found in the time interval of 30—130 s from the
minimum of the difference in the reverberation levels

(min|1010g Poy(t) — 1010g Pryror(f)
decibel scale.

), expressed in a

Figure 5 shows, e.g., in the decibel scale, the
approximated dependence and reverberation curve
measured for a direction of —75°. Figure 6 shows the
data on the frequency dependences [ obtained for four
directions of signal reception. Nearly all the 3 values
turned out to be larger than the theoretical ones shown
in Fig. 6 by the gray curve. The scatter of the measured
Bvalues for difference directions is mostly likely the
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Fig. 7. Current spectra of heterodyne reverberation signals
measured for emission frequencies of F, = 600, 700, and

800 Hz (Figs. 7a—7c, respectively).

result of the significant difference of the bottom pro-
file and the hydrology along the indicated propagation
tracks for the direct and scattered signals. Some of the
directions correspond to deep ocean conditions and
some are closer to shelf zone conditions.

To study the reverberation spectra we performed
current spectral analysis of a reverberation signal with
the maximum frequency resolution of Af = 0.1 Hz,
which was determined by the duration of the ranging
pulse. For example, Fig. 7 shows in a decibel scale the
current spectra of heterodyned reverberation signals
for emission frequencies F, near frequencies of 600,
700, and 800 Hz. The time in the spectra is counted
with respect to the instant a pulse reached the receiver
system. Figure 7a shows a fragment of a spectrogram
that includes the instant of arrival of a direct signal.
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Fig. 8. Averaged and orthonormalized reverberation spectra § 'm (Fo, f), constructed for tone pulse signals in the frequency range
500—800 Hz, in order of increasing frequency passing from Fig. 8a to Fig. 8b. Wide gray line corresponds to theoretical shape of

spectrum calculated according to (9).

The direct signal is depicted with a color-scale limita-
tion and, in addition, due to the operational features of
the recording system, a rise in the background level is
observed in the entire frequency range at the instant of
signal arrival.

As one can see from the spectrograms, reverbera-
tion at the carrier frequency exceeds the background
values of the spectrum in the entire measurement
time. The width of the reverberation spectrum is
~1 Hz. As well, the driving generator of the emitter is
sufficiently stable, and the width of the spectrum of
the direct signal is determined only by the duration of
the pulse envelope, which is 5—10 s.

To study the shape of the reverberation signal at
different arrival times and compare it to the theoretical
dependence, we averaged the current spectra in a time
interval of ~20 s for the time instants t,, = 30, 70, and
90 s. Based on the experimental dependence of the
reverberation level on time delay T in form (11)

I.(v)~1 ,O(C*t)_z, we normalized the averaged rever-
beration spectra S, (F,, /) to a value of

Sm (FODf)

In

SulEo )| &

2
- ) ARy, (12)

k

where T« is the mean time in the measurement interval

(t+ = 50 s). The normalizing factor A(F,) was chosen
such that the reverberation level at the zero frequency

S, (Fy,0) was the conditional value ~20 dB for all F,
independently of the emission level.

Figure 8 shows the averaged and orthonormalized

reverberation spectra S, (Fy, f) constructed for the
frequency range £, 500—800 Hz and time delays = 30,
70, and 90 s. The excess of the averaged reverberation
spectrum level at frequency /= 0 over the background
value was 15—30 dB, depending on the value of the
time delay.

ACOUSTICAL PHYSICS  Vol. 63 No.3 2017
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According to meteorological archive data [13], the
wind speed during the experiments in the given region
was 15—20 knots. Estimates of the scattering spectrum
were obtained for a wind speed close to the mentioned
values; therefore, they can be compared to the experi-
mental data.

The theoretical dependence in Fig. 8 (wide gray
line) was constructed according to (9) for the above-
mentioned wave and scattering parameters of the form
Seary = 1072 + 107¢ x exp(—z/20). As one can see
from comparison of the plots, at nearly all carrier fre-
quencies F, and delay times from 30 to 100 s, the mea-
sured reverberation spectra correspond well to the cal-
culated ones in width and shape, as well as in the
steepness of the drop with difference frequency f.

CONCLUSIONS

In closing it should be noted that the presented
schemes make it possible to calculate the spectral
characteristics of reverberation for the monostatic
ranging scheme and the use of low-frequency tone
pulse signals. Calculations are performed based on
certain data on the propagation conditions, knowledge
of the wind wave amplitude, and the depth distribu-
tion of the local volumetric scattering strength. If the
mentioned data are available, the proposed calcula-
tion scheme can be used to predictively estimate the
shape and width of the reverberation spectrum. In set-
ting up special experiments with measurement of the
reverberation parameters, propagation conditions,
and wind wave level, it is possible to solve the inverse
problem: reconstruction of the depth distribution of
the strength of volumetric scatters.
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