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Abstract: High order Bragg scattering from sand ripples is investigated by a tank experiment, where
the artificially produced sand ripples have a spatial period of 0.2 m and ripple height of 5 cm.
Bragg scattering has been measured at three frequencies 22 kHz, 24.57 kHz, and 27 kHz and three
incident grazing angles 20◦, 30◦, 40◦ by a method based on the conventional beamforming using
two horizontal receiving arrays. It is illustrated that high order Bragg scatterings can be observed,
and the corresponding scattered grazing angles agree with the theoretical prediction. Owing to the
ripple height being on the order of wavelength, it is found that the distribution of forward scattering
amplitude is different from the distribution for sand ripples of small height, i.e., the diffuseness of
scattering amplitude is increased with the ripple height.

Keywords: forward scattering; rough sand ripples; beamforming

1. Introduction

Understanding seafloor scattering is of importance in research areas such as sediment
property inversion [1–3], target detection, and recognition near the seafloor [4–6]. Therefore,
great efforts have been made to investigate the seabed backscatter strength by theory and
experiment [7–24], in which theoretical models based on the small-roughness perturbation
and the Kirchhoff approximation were widely used to interpret the experimental data,
and it was illustrated that the backscatter strength had dependence on the grazing angle,
frequency, and sediment types.

Different from the measurement of backscatter strength, the acquisition of bistatic
seafloor scattering data becomes much more complex, due to the separation between
transmitter and receiver. Some theoretical models [25,26] were proposed to study the
bistatic scattering process, and a few experimental data were published in literature [26–32].
The early bistatic scattering experiment carried by Urick [27] demonstrated that out-of-
plane scattering had little dependence on the azimuthal angle as long as it was away from
the specular direction [26]. High-frequency bistatic scattering measurements made by
Stanic et al. [28,29] showed little variation in scattering strength, where the source and
receiver were in close proximity. Williams and Jackson [26] presented a bistatic scattering
model, which was tested against data from coarse-grained sand bottom and gassy-mud
bottom; however, only the bistatic scattering strength away from the specular direction
was provided for comparison. Low grazing angle bistatic seafloor scattering measured
by Day and Yamamoto [30] on the Florida Atlantic coastal shelf demonstrated that the
scattering strength was highest along the transect between the source and transmitter,
and its maximum value appeared near the receiver, which means that the forward scattering
is much larger than the out-of-plane scattering. Although the seafloor statistics in above
were often assumed to be transversely isotropic, the anisotropy of seafloor roughness should
be considered when there exists ripples [31–36] in shallow water environments. High-
frequency bistatic scattering from the rippled seafloor was measured by Choi et al. [31,32].
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By comparing with the scattering from the isotropic rough seafloor, it was illustrated that
the out-of-plane scattering was augmented, especially for the orientation of ripples being
parallel to the direction of incoming waves [31]. In addition, the measurement of forward-
scattering strength [32] was found to be in good agreement with the prediction by the
APL-UW bistatic scattering model; however, the forward scattering did not demonstrate the
characteristic of Bragg scattering, which was the primary cause for the observed subcritical
acoustic penetration into the rippled seafloors [33–36].

On the other hand, because the measurement of bistatic scattering from sand ripples in
the frequency range from 10–100 kHz is quite complex, scale-model scattering experiments
have been carried at frequencies 500 kHz [37,38] and 1 MHz [39], where directional ripples
were produced by machining the soft blue wax. It was shown that [37,38], in the longitu-
dinal direction of ripples, the maximum scattering strength was in the specular direction,
whereas, in the transversal direction of the ripples, the scattering strength showed maxima
and minima at specific scattered angles. Note that the advantage of using the blue wax
ripple is that its size and shape are controllable, and its shape is not changed in water, which
means that scale-model scattering experiments can be easily made. However, different from
the sand bottom (fluid medium), the blue wax is a type of elastic medium and its density is
smaller than 1000 kg/m3. Therefore, in this paper, we make efforts to measure the forward
scattering from sand ripples into water, and discern the orders of Bragg scattering.

In order to better understand acoustic scattering from sand ripples, a water tank
experiment is designed for the forward scattering in the transversal direction of the rip-
ples. Because the received waveform consists of the incident wave and scattered waves,
a method based on the conventional beamforming is proposed to extract the scattered
waves using two horizontal receiving arrays, which can be considered as a variant of spatial
Fourier transform method to obtain the reflection coefficient [40,41]. In addition, we focus
on the forward scattering with the ripple height being on the order of wavelength. Usually,
when the incident grazing angle is lower than the critical angle, the strongest scattered
strength appears in the specular direction, whereas, in the direction away from the spec-
ular direction, the scattered strength decreases rapidly. However, as has been illustrated
by Yu and Peng [42], the diffuseness of scattered energy increased with the ripple height,
i.e., the scattered energy away from the specular direction decreases slowly. Although the
similar phenomenon has been observed for the scattering from the pressure-release sur-
face [43], it has not been reported in an experiment for sound scattering from the rough
seafloor to the best of our knowledge.

In Section 2, we first present a method to extract scattered waves from the conventional
beamforming using two horizontal receiving arrays, and then in Section 3 investigate the
Bragg scattering from sand ripples using experimental data, which are being compared
with theoretical results. Finally, a conclusion is given in Section 4.

2. Method to Extract Scattered Waves

Two horizontal receiving arrays located at positions z = z1 and z = z2 in Figure 1a
are used to extract scattered waves. We assume that the sound field at a given horizontal
wavenumber kx = k cos θ can be decomposed into downward and upward propagating waves,

p(θ, x, z) = A(θ)ej
(

ωt−kx x+
√

k2−k2
xz
)
+ B(θ)ej

(
ωt−kx x−

√
k2−k2

xz
)

(1)

where A(θ) represents the amplitude of downward propagating wave, and B(θ) represents
the amplitude of upward propagating wave. For A = 0 and B 6= 0, θ denotes the scattered
grazing angle θs. For A 6= 0 and B = 0, θ denotes the incident grazing angle θ′ relative to
the center of the receiving array. For A 6= 0 and B 6= 0, θ=θ′ = θs. By combining the total
field p(θ, x, z)|z=z1 and p(θ, x, z)|z=z2 , we obtain

|A(θ)| =
∣∣∣∣ p(θ, x, z2)− α∗p(θ, x, z1)

α− α∗

∣∣∣∣, |B(θ)| = ∣∣∣∣αp(θ, x, z1)− p(θ, x, z2)

α− α∗

∣∣∣∣ (2)
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with α = ejk sin θ(z2−z1) = ejk sin θz0 , where the interval z0 should be smaller than λ/2. If the
grazing angle θ is zero, then |α− α∗| = 0, which means the values of |A(θ)| and |B(θ)| are
sensitive to the errors when the grazing angle θ is near zero. Therefore, the amplitude of
downward and upward propagating waves obtained by our method should be discarded
at a near-zero grazing angle.

(a)

(b) (c) (d)

Figure 1. Experimental setup for scattering from sand ripples of surface amplitude h = 5 cm and
spatial period Λ = 0.2 m in water tank. In addition, the following parameters h1 = 2.17 m, h2 = 2 m,
l = 1.5 m, z0 = 1 cm, d = 3 cm are fixed, whereas the depth h3 of source is adjusted to obtain different
incident grazing angles θg. (a) a schematic diagram; (b) water tank in experiment; (c) sand ripples in
the tank; (d) a horizontal receiving array.

The sound field p(θ, x, z) in Equations (1) and (2) only describes the propagating waves
at a given grazing angle θ; however, the sound pressure received by each hydrophone of
the receiving array consists of waves propagating at different grazing angles. We denote
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the complex sound pressure received by each hydrophone at position (xn, z) as a vector
r = [p(x1, z), p(x2, z), . . . , p(xN , z)]T , and the conventional beamforming method is used
to obtain

p(θ, x, z) = sHr (3)

where s =
[
e−jk cos θ(x1−x), e−jk cos θ(x2−x), . . . , e−jk cos θ(xN−x)

]T
, as a steering vector at graz-

ing angle θ. Usually, the interval d between the neighboring hydrophone should not be
larger than λ/2 for the conventional beamforming to avoid the appearance of grating
lobes, however, with an interval d > λ/2 (d = 3 cm; f = 27 kHz) in experiments, and
the grating lobe does not appear at scattered grazing angles for the forward scattering;
therefore, the experimental result at frequency f = 27 kHz is also being presented below.

3. Results
3.1. Experimental System

Figure 1a illustrates a schematic diagram of experiments to measure the scattering
from sand ripples with the incident grazing angle θg1

(
θg2
)

and scattered grazing angle
θs, where θg1

(
θg2
)

is defined by the positions of the source S, the mirror image source S′,
and the center of array1 (array2). Owing to the small interval (z0 = 1 cm) between the
two arrays, i.e., λ/6 at frequency f =24.57 kHz, θg1 is approximately equal to θg2, and we
then define the incident grazing angle relative to the surface of sand bottom as θg ≈ θg1.
Because spherical waves are radiated by a source in our experiment, an incident wave
received by the array2 in Figure 1a is at grazing angle θ′ relative to the center of receiving
array, which is smaller than θg.

The water tank in Figure 1b is 3.8 m long, 1.9 m wide, and 2.8 m high. A layer of
sand sediment of density ρ = 1820 kg/m3 is laid on the bottom of tank, and the average
thickness of layer is 0.4 m. Sand ripples shown in Figure 1c are then artificially produced
by using a sinusoidal mold, which has a spatial period Λ = 0.2 m and surface amplitude
h = 5 cm. Finally, the water tank is filled with water to a height of h1 = 2.17 m, where
sound speed in water is measured to be 1474.7 m/s. Figure 1d shows a horizontal receiving
array of five hydrophones with an interval d = 3 cm, which satisfies d = λ/2 at frequency
f = 24.57 kHz. The sensitivities of hydrophones are about −210 dB (re 1 V/µPa) in the
frequency range from 5 to 40 kHz. A spherical transducer (not shown in Figure 1), of which
the source level is measured at about 140 dB (re 1 µPa.m/V) in the frequency range used in
the experiment, radiates five cycles of sine waves at three different frequencies f = 22 kHz,
24.57 kHz, and 27 kHz. Three different depths h3 = 1.794 m; 1.474 m; 1.0814 m are chosen for
the transducer, which correspond to three incident grazing angles relative to the surface of
sand bottom, θg = 20◦, 30◦, 40◦, respectively. Because the performance of acoustic absorption
by the floating absorbing wedges at the water surface is not very good, scattering from the
water surface can not be neglected, especially when the transducer is near it. This leads to
a limit on the measurements at large incident grazing angles.

3.2. Processing Experimental Data

In order to improve the scattered grazing angle resolution, a virtual horizontal receiv-
ing array is adopted. For a grazing angle θg = 30◦ relative to the surface of sand bottom and
frequency f = 24.57 kHz, Figure 2a shows the output signal of a power amplifier, which is
used as a reference signal for a measurement with a horizontal array of five hydrophones
at z = z1. By three measurements with a horizontal array of five hydrophones, i.e., moving
the horizontal receiving array shown in Figure 1d along the x-axis twice, three reference
signals are obtained to synthetize a virtual receiving array of 15 hydrophones. Figure 2b
illustrates the received waveforms of array1, each of which represents the temporal corre-
lation between the received sound pressure by each hydrophone and the corresponding
reference signal. By the temporal correlation, the virtual receiving array plays a role as a
real receiving array of the same length; therefore, the received waveforms by the virtual
array are used to obtain the complex pressure for beamforming. In order to eliminate
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the effects of reverberation in the water tank, the received waveforms are truncated by
assuming the pulse duration of incident waves and scattered waves from sand ripples
are almost the same for each hydrophone, and the truncated waveforms are illustrated
in Figure 2c. For the other grazing angles and frequencies, the received waveforms are
obtained in the same way as above.

(a)

(b) (c)

Figure 2. Received waveforms by the receiving array1 of 15 hydrophones located at z = z1, where
sound waves are incident at an grazing angle θg = 30◦ relative to the surface of sand bottom and
frequency f = 24.57 kHz. (a) reference signal for a measurement with a horizontal array of five
hydrophones at z = z1; (b) received waveforms (temporal correlation between the received sound
pressure and the corresponding reference signal); (c) the truncated waveforms adopted for beam-
forming are marked by numbers from n = 1 to n = 15.
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By the fast Fourier transform of the truncated waveforms, we obtain the complex
pressure p(xn, z) for each hydrophone located at position (xn, z) with n = 1, 2, ..., 15. The un-
normalized beam pattern is defined as |p(θ, x8, z)| using Equation (3), where (x8, z) is the
central position of the array, and the beampatterns for two virtual receiving array1 and
array2 are obtained by setting z = z1 and z = z2, respectively. We can not discriminate
the incident waves from the scattered waves by |p(θ, x8, z)|, in which the grazing angle θ
represents either the incident grazing angle θ′ relative to the center of the receiving array or
the scattered grazing angle θs. In order to extract the scattered waves from the received
waveforms, by substituting the complex beamoutput |p(θ, x8, z1)| and |p(θ, x8, z2)| of two
virtual receiving arrays into Equation (2), we obtain two beampatterns |B(θ)| and |A(θ)|,
which correspond to the upward propagating waves and the downward propagating
waves, respectively.

3.3. Analysis of Experimental Data

By using two horizontal receiving arrays at z = z1 and z = z2 to eliminate the incident
wave, the high order Bragg scatterings are clearly discerned in Figures 3 and 4, and the
distribution of forward scattering amplitude demonstrates a distinct feature. Figure 3
illustrates the unnormalized beampatterns obtained at frequency f = 24.57 kHz for three
different incident grazing angles θg = 20◦, 30◦, 40◦ relative to the surface of the sand bottom.
In the right column of Figure 3, the beampatterns of upward (|B(θ)|) and downward
(|A(θ)|) propagating waves extracted from the beamforming outputs of two single arrays
are illustrated, where Bragg angles θsm at which the m-th order scattering occurs are
marked by dotted lines. The θsm satisfies the Bragg condition k cos θsm = k cos θg + 2mπ/Λ,
in which m is an integer, Λ the spatial period of sand ripples, and k the wavenumber. It
is seen that Bragg angles θsm predicted by the Bragg condition are consistent with the
peak positions of |B(θ)| (upward propagating waves), and the values of |A(θ)| (downward
propagating waves) at these Bragg angles are small; therefore, we believe Equation (2) is
valid in extracting the scattered wave from the total field. It is also interesting to observe
that the high order Bragg scattering amplitude does not decrease rapidly with the scattering
order |m|, and this phenomenon is different from sound scattering from rough surfaces of
small amplitude. In addition, the 0-th scattering amplitude is large at θg = 20◦, and has
an obvious decrease at θg = 30◦ and θg = 40◦, which is consistent with experimental
measurement carried by Choi et al. [31]. Unfortunately, we can not discern the incident
grazing angle θ′ for θg = 20◦, 30◦, due to the lower grazing angle resolution of conventional
beamforming and the sensitivity of Equation (2) to errors at small grazing angles. However,
at θg = 40◦, the incident grazing angle θ′ = 27.4◦ is discerned from the peak position of the
beampattern |A(θ)|, which slightly deviates from θ′ ≈ 31◦ determined by the position of
source and the center of receiving array. Figure 4 illustrates the unnormalized beampatterns
obtained at frequencies f = 22 kHz (d < λ/2) and f = 27 kHz (d > λ/2). High order
Bragg scatterings are also observed, resulting in a slow decrease of the scattering amplitude
away from the specular direction. In addition, at θg = 40◦, we obtain the incident grazing
angles θ′ from the beampatterns |A(θ)|, i.e., θ′ ≈ 29.4◦ for f = 22 kHz and θ′ ≈ 27.2◦ for
f = 27 kHz.
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Figure 3. Beamforming output at frequency f = 24.57 kHz (d = λ/2) for three different incident
grazing angles, θg = 20◦ in (a), θg = 30◦ in (b), and θg = 40◦ in (c), where the left column of figure is
for the beampatterns obtained just by a single array, and the right column is for the beampatterns
of upward (|B(θ)|) and downward (|A(θ)|) propagating waves extracted from the beamforming
outputs of two single arrays. The dotted lines represent the scattered grazing angles predicted by the
Bragg condition.
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Figure 4. Beamforming output for three different incident grazing angles, θg = 20◦ in (a), θg = 30◦ in
(b), and θg = 40◦ in (c). The left column of figure is for frequency f = 22 kHz (d < λ/2), whereas the
right column is for f = 27 kHz (d > λ/2). The dotted lines represent the scattered grazing angles
predicted by the Bragg condition.

3.4. Theoretical Interpretation

In order to well understand the experimental observation of forward scattering from
sand ripples, by using the method developed by Yu and Peng [42], we calculate scattering
amplitudes at different scattered grazing angles θsm for a plane wave incident on a periodic
surface of sand bottom under three different incident grazing angles θg. In calculations,
sound speed in sand is chosen to be 1800 m/s, and the other parameters are the same as
the experiment except for the surface amplitude h. Since similar scattering features are ob-
served in experiments for three frequencies, the scattering amplitudes are calculated only at
frequency f = 24.57 kHz. Figure 5 illustrates scattering amplitudes for four different surface
amplitudes h of sand ripples. For the small incident grazing angle, for example, θg = 20◦,
the 0-th scattering amplitude (scattering in the specular direction) is large, whereas, for
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θg = 40◦, there is a reduction of the 0-th scattering amplitude, which is confirmed by the ex-
perimental measurement. It is shown in Figure 5a,b that the scattering amplitude decreases
rapidly with the scattered grazing angle θsm for θg = 20◦ and θg = 30◦ when the surface
amplitude is small. However, the diffuseness of the scattering amplitude is increased
with the surface amplitude as illustrated in Figure 5c,d, i.e., high order Bragg scattering
becomes strong, resulting in the distribution of scattering amplitude different from that in
Figure 5a,b. By comparing the experimental measurement with the theoretical calculation,
it is found that our experiment result is consistent with the theoretical calculation.

f=24.57kHz

Figure 5. Dependence of the scattering amplitude on the scattered grazing angle θsm at three dif-
ferent incident grazing angles (θg = 20◦; 30◦; 40◦ ) for frequency f = 24.57 kHz. (a) h = 0.01 m;
(b) h = 0.02 m; (c) h = 0.03 m; (d) h = 0.05 m.
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4. Conclusions

A water tank experiment has been carried out to investigate forward scattering from
very rough sand ripples, and the height of sand ripples is on the order of wavelength. It
is confirmed that high order Bragg scattering can be measured, and the measured Bragg
angles are consistent with the theoretical predictions. It is also interesting to observe that
the high order Bragg scattering amplitude does not decrease rapidly with the scattering
order, and this phenomenon is different from sound scattering from a rough surface of
small amplitude. To sum up, our result demonstrates that the distribution of forward
scattering amplitudes has obvious dependence on the ripple height, and the diffuseness of
the scattering amplitude is increased with the ripple height. This characteristic should be
considered in the modeling of the bistatic scattering from the rough seafloors.
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