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Abstract: The inversion method based on the reflection loss-grazing angle curve is an effective tool
to obtain local underwater acoustic parameters. Because geoacoustic parameters vary in sensitivity
to grazing angle, it is difficult to get accurate results in geoacoustic parameter inversion based on
small-grazing-angle data in shallow water. In addition, the normal-mode model commonly used in
geoacoustic parameter inversion fails to meet the needs of accurate local sound field simulation as
the influence of the secant integral is ignored. To solve these problems, an acoustic data acquisition
scheme was rationally designed based on a sparker source, a fixed vertical array, and ship drifting with
the swell, which could balance the trade-off among signal transmission efficiency and signal stability,
and the actual local acoustic data at low-to-mid frequencies were acquired at wide grazing angles in
the South Yellow Sea area. Furthermore, the bottom reflection coefficients (bottom reflection losses)
corresponding to different grazing angles were calculated based on the wavenumber integration
method. The local seafloor sediment parameters were then estimated using the genetic algorithm
and the bottom reflection loss curve with wide grazing angles, obtaining more accurate local acoustic
information. The seafloor acoustic velocity inverted is ¢, = 1659 m/s and the sound attenuation is
ap = 0.656 dB/A in the South Yellow Sea. Relevant experimental results indicate that the method
described in this study is feasible for local inversion of geoacoustic parameters for seafloor sediments.
Compared with conventional large-scale inversion methods, in areas where there are significant
changes in the seabed sediment level, this method can obtain more accurate local acoustic features
within small-scale areas.

Keywords: geoacoustic inversion; bottom reflection loss; wavenumber integration method; South
Yellow Sea

1. Introduction

With the continuous development of maritime engineering, submarine resource ex-
ploration, coastal defense infrastructure, and other marine programs, the geoacoustic
parameters of seafloor sediments, as an important part of seafloor characterization, have
gradually become the main research object of marine acoustic exploration [1-4]. In terms of
acquisition methods for seafloor geoacoustic parameters, the telemetry of seafloor parame-
ters based on acoustic signals (i.e., geoacoustic parameter inversion) has the advantages of
low cost, usability, and wide detection range compared with direct measurement methods
such as sampling and drilling [5-8], making geoacoustic parameter inversion a popular
subject of current research in the field of seafloor exploration.

Geoacoustic parameters [9-11] are important in describing the inherent characteris-
tics of the seafloor sediments, but they differ obviously with sediment type. In areas in
which seafloor sediments change dramatically in the horizontal direction, it is difficult
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for the conventional long-distance inversion method to represent accurately the seafloor
geoacoustic parameters. This objective has to be achieved by using a local geoacoustic
inversion method [12,13], in which the method based on reflection coefficients and loss is
an effective tool to obtain local seafloor parameters in shallow water. Holland et al. [10]
used a time—frequency hybrid algorithm to enable the inversion of the speed, density, and
attenuation coefficient of the seafloor, and then they used the Bayesian inversion approach
to enable the inversion of density and sound velocity gradients with the frequency band of
300-1600 Hz [14]. Spofford [15] proposed a method to estimate sound speed gradient and
attenuation using bottom-loss versus grazing-angle data, which addressed the problem of
the inability to separate gradient and attenuation for inversion in thick sediments areas.
Yang et al. [16] proposed a high-resolution inversion method using sub-bottom reflection,
but the horizontal range between the acoustic source and the receiving array was kept con-
stant in the field experimental data of the study and the corresponding grazing angle range
was too narrow to meet the inversion requirement. Chapman [17] provided a method of
Bayesian inference for estimation of geoacoustic model parameters based on ocean bottom
reflection coefficient data. In the inversion by using the reflection coefficient-loss method,
the larger the range of the grazing angle, the more advantageous it is for the inversion of
different parameters, as geoacoustic parameters differ in sensitivity to incident grazing
angles within 0-90°. However, in existing studies, it is difficult to acquire high-quality
data at wide grazing angles, as the ratio of the vertical scale to the horizontal scale in
shallow-water environments is too small.

At the same time, exact acoustic field simulation is an important foundation for realiz-
ing local geoacoustic parameter inversion. Currently, the geoacoustic inversion algorithms
are mostly implemented based on normal-mode models [18]. Rubano [19] proposed a four-
layer fluid normal-mode acoustic propagation model, describing accurately the acoustic
propagation characteristics in shallow water over a low-velocity bottom. Based on the
normal-mode model, Zhou et al. [20,21] enabled the inversion of the P-wave velocity and
attenuation by changing the model parameters to make the model calculation results con-
sistent with the actual data. Based on the same model, Becker et al. [22] proposed a P-wave
velocity inversion method in the horizontal wavenumber domain. Potty et al. [23] dis-
cussed the influences of changes in the spatial distribution and depth profile of sediments
on the dispersion characteristics of acoustic waves and then used the relationship among
arriving times in different normal modes to invert the P-wave velocity. In a shallow-sea
environment, Guo et al. [24] used a warping transform to perform effective normal-mode
separation between the signals generated by two broadband explosion sound sources at
different distances propagating in the waveguide, and inverted the bottom sound velocity
and attenuation based on modal dispersion arrival time difference and propagation loss.
Although the normal-mode method is widely applied in long distance geoacoustic inver-
sion, the contribution of the secant integral is ignored in the calculation of the conventional
normal-mode model. However, the normal mode corresponding to the secant integral has
a non-negligible influence on the near field; therefore, the normal-mode model fails to meet
the needs of exact local acoustic field simulation and local geoacoustic parameters have to
be inverted by using other acoustic field computing methods, such as the wavenumber in-
tegration method employed in this study. Compared with the normal-mode algorithm, the
wavenumber integration method uses a direct numerical method to calculate the integral,
which can effectively eliminate the problem of modal loss, enabling a more accurate acous-
tic field calculation in the near field. Therefore, proactively studying geoacoustic inversion
techniques related to the wavenumber integration method is conducive to acquisition of
near-field seafloor sediment parameters.

At present, in the fields of underwater acoustic communication, seafloor sediment
structure detection, seafloor buried target detection, and anti-submarine sonar application,
most of the operating frequencies are in the low-to-mid frequency bands (<10 kHz). Con-
sequently, it is necessary to study seafloor geoacoustic parameter inversion methods at
low-to-mid frequencies, which is vital to the acquisition of geoacoustic parameters in a
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specific area and the implementation of relevant research and applications such as accurate
forecasting of ocean acoustic fields, detection of seafloor targets, ensuring marine envi-
ronmental safety, and exploration of ocean engineering [25]. To enable acoustic property
detection for seafloor sediment, the acoustic signal carrying characteristic information of the
sediments has to be obtained. The sound sources and receivers are essential devices for the
acoustic signal data acquisition in offshore experiments. In seafloor geoacoustic parameter
inversion experiments, many types of sound sources are used, among which explosive
sound sources and air guns are often used at present [26-28]. Explosive sound sources are
most extensively applied, but they have a huge impact on the ambient surroundings and do
not meet the requirements of environmental protection. Compared with explosive sound
sources, air guns are highly advantageous because of their low frequency, high power, and
long lifetime [29,30], yet they are costly and have large launch intervals leading to low
efficiency of launch repetition rate. In addition, transducer sound sources are common
in geoacoustic experiments [31]. With their wide bandwidth and ability to accurately
control the frequency of the signal, transducers are very advantageous for research on the
relationships between acoustic parameters and frequency, but the sound source levels are
often low, making it difficult to meet the need of actual data acquisition.

Owing to functional limitations of acoustic equipment and the need of a source level, it
is difficult to acquire high-quality experimental data during conventional local low-to-mid
frequency geoacoustic experiments. Sparkers are a kind of typical nonexplosive source
used for seismic surveying; they are safe and environmentally friendly and have rela-
tively less impact on the surrounding environment [32,33]. They emit acoustic waves in
the low-to-mid frequency range, which can meet the needs of geoacoustic experiments.
Having small volumes and high energy, they are suitable for offshore operations. From
the perspective of the above characteristics, sparkers have huge potential in local geoa-
coustic inversion experiments. Using a sparker as a signal transmitting device can enable
continuous acquisition of local low-to-mid frequency acoustic signals.

The composition of the receiving array will also affect the accuracy of the inversion
results. Generally, a vertical receiving array (composed of multiple hydrophones) is often
used in underwater acoustic detection because of its high spatial resolution, especially in
ocean acoustic tomography and in research on geoacoustic parameters [34,35]. Qiu [36]
found that, for the same array length, an inclined array is comparable to a vertical array and
better than a horizontal array in the inversion of parameters such as sound source distance,
depth, and seawater depth. There is a significantly smaller relative error for the vertical
array than the other two arrays in inversion of sedimentary layer parameters. In addition,
reasonable deployment of shooting and receiving devices in actual offshore operations, for
instance, choosing a vertical array moored to the seafloor to reduce sea surface noise [37,38],
is also an important assurance for acquisition of high signal-to-noise ratio acoustic signal
and improvement of inversion accuracy.

To acquire local seafloor geoacoustic parameters, the current status of and advances in
research on geoacoustic inversion were considered, forward modeling of bottom reflection
loss versus grazing angle based on the wavenumber integration method was studied, and
geoacoustic parameters based on wide-grazing-angle reflection loss were inverted by using
the genetic algorithm. Based on a sparker source and a fixed vertical array, a data acquisition
method for actual local offshore acoustic detection was designed and studied. The local
bottom reflection data in a wide-grazing-angle range in the South Yellow Sea were acquired,
and an effective signal was extracted by using a filtering method based on the wavelet
transform. The bottom reflection signal was recognized by an eigenray extraction method
based on ray tracing. Finally, the data were used to invert the geoacoustic parameters of
the oceanic sediment based on the bottom reflection loss curve and the parameters were
verified by using a posteriori probability distribution. This study was performed to help
provide a feasible data acquisition and processing scheme for the inversion of local seafloor
geoacoustic parameters.



Remote Sens. 2023, 15, 3237

40f19

2. Numerical Calculation of Shallow Water Local Acoustic Field Based on the
Wavenumber Integration Method

2.1. Solution of Depth-Separated Wave Equation Based on the Wavenumber Integration Method

It is the wavenumber integration method that can involve contribution of the branch
cut integral to the total field, which means accurate calculation of each mode is possible,
providing a precise description of the near field and helping to carry out local inversion
studies of the geoacoustic parameters.

The total field solution is expressed as a spectral integration of solution to the depth-
separated wave equation. The normal-mode approach and wavenumber integration tech-
nique employ different approaches to estimate the integral. Instead of applying the residue
theorem to simplify the integral expression, it is the direct numerical quadrature that the
wavenumber integration approach employs. The principle of the wave number integration
method will be briefly discussed below.

The wavenumber integration method is suitable for horizontally layered or range-
independent environments, as illustrated in Figure 1. The interfaces between layers are flat
and parallel, with layer properties being solely depth-dependent.

[ Layer 1 : Upper halfspace
> r

Interface 1 —
Layer 2
Interface 2 ==
1
Layer m
Interfacem  —
Layer m +1
Interface N-1 —
l Layer N : Lower halfspace
7 :

z

Figure 1. Horizontally stratified environment.

A cylindrical coordinate system (7, ¢, z) is established. Without considering submarine
stratification, for water layer with sound source, the Helmholtz equation satisfied by field is

V2 + B0 (r,2) = fulerw) ) W

27r’

for sedimentary layer without source, the field is required to fulfill the homogeneous
Helmholtz equation,
[V2+ K ()] (r,2) =0, 2)

where f;(z, w) is the source function, k,(z) is the medium wavenumber for layer n, sub-
script 0 stands for water layer, and 1 for sedimentary layer.
Using the zeroth-order Bessel function, the forward Hankel transform [39] is performed
on Equations (1) and (2), with the depth-separated wave equation derived as follows
d? >

s~ 1B Rk, 2) = £, ®

The solution is given by the sum of a particular solution §,, (k, z) to Equation (3) and
arbitrary linear combination of the two independent solution, denoted by ¢, (k;, z) and
¥,, (ky,z), to Equation (2).

Therefore, the complete solution to describe the depth-dependent field can be ex-
pressed as follows:

¥n(kr,2) = Pu(kr, 2) + AL (k)5 ki, 2) + Ay (ke )y (kr,2), 4
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where A} (kr) and A,, (k;) represent arbitrary coefficients determined by the boundary
conditions at the layered interface. Calculating the undetermined coefficients for the entire
global system of equations, the set of coefficients to be determined can be used to determine
the integral expression for the sound field in each layer exactly. Then, the total sound
field at the angular frequency w can be obtained at any distance r via the inverse Hankel
transform [39].

It can be seen that the core of the shallow-water acoustic field calculation based on
wavenumber integration method can be divided into two main components: Green’s
function with depth obtained at discrete horizontal wavenumbers for selected receiver
depths and sound field as a function of distance and depth found by numerically evaluating
the expression for sound field integration. In the realization, the direct global matrix
method is used to solve the linear equations with undetermined coefficients, and the fast
field method used to calculate the acoustic field integral expression [40].

2.2. Calculation of Bottom Reflection Loss in Shallow Water

The wavenumber integration method is based on splitting the overall wave field into
plane waves in the case of propagation in a planar geometry. The grazing angle  and the
horizontal wavenumber satisfy the following relationship:

ky = k;, cos9, @)

where k;; is medium wavenumber. It is evident that the grazing angle is a real angle only
when k, < ky,.

In the direct global matrix approach, an infinite half-space is used instead of the layer
above the interface, then the field of acoustic source will be a plane wave incident at an
angle 0 with an amplitude A~ (k;) = A~ (k, cos ) on the interface. Solving the system of
equations for this new stratification problem by the approach mentioned above calculating
the depth separated wave equation, it will directly yield the complex amplitude of the
reflected plane wave, denoted by A™ (k,) = AT (k, cos 6), and the reflection coefficient can
be simply expressed as
A7 (kncos9)
At (kycosf)’

Notedly, the above is the reflection coefficient for true plane waves.

In geoacoustic inversion, a reflection coefficient is usually transformed into a bot-
tom reflection loss curve by using the relationship between the reflection coefficient and
reflection loss:

R(6) (6)

RL(6) = —201log 19R(6) @)

3. Data Acquisition for a Marine Geoacoustic Experiment

Although the reflection characteristics indicate the inherent properties of the seafloor,
there are obvious differences in the seabed between different sea areas and types of sedi-
ments. Therefore, in response to different actual requirements, it is necessary to systemat-
ically study the reflection characteristics of the seafloor in a specific sea area. Taking the
clayey sandy seafloor sediment area of the South Yellow Sea, for example, we elaborate
upon the data acquisition for a seafloor reflection signal measurement experiment.

3.1. Experiment Description

The study area was selected in the sea area roughly within the central South Yellow
Sea shelf ~210 km to the southeast of Qingdao, China. The experimental data were acquired
at station S1 (Figure 2), where the sediment type is clayey sand, the water depths are
~40-50 m, and the seafloor is relatively flat, deepening slightly in the NW-SE direction.
Before measurement of the seafloor reflection data, the seafloor sediment samples were
obtained at the survey station and the sound velocity profile of seawater as well.
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Figure 2. Map of the area around the survey station. S1 is the location of the survey station.

From the perspective of the seawater acoustic velocity profile obtained from the experi-
ment shown in Figure 3, the sound velocities were very uniform (within 1502-1503 m/s).

0 T T T T
| —— sound velocity | |

(]
T

Depth(m)
w w [\S] N - —_
[9,] o [9,] o (9, o

40f 1

45 - - : -
1500 1501 1502 1503 1504 1505

Velocity (m/s)

Figure 3. Sound velocity profile (the blue line) at the survey station.

3.2. Acoustic Data Acquisition in the Study Area
3.2.1. Experimental Scheme

In the operation area, the water depth at the workstation was ~45 m. A 17.1m-long
vertical receiving array was laid into the water. The array consisted of 96 elements, set
18 cm apart. The survey ship, Xiangyanghong 81, carried a sound source to complete the
horizontal movement and the source was sunk at a depth of 30 m. The experimental devices
were configured as shown in Figure 4.
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Figure 4. Configuration schematic of the marine experimental devices.

To obtain seafloor reflection data, the sparker emitted the acoustic signal. According
to the geometric relationship between the source and receivers shown in Figure 5, the
horizontal-1 distance between the source and the vertical receiving array is r, the height
of the sound source relative to the seafloor is kg, and the height of a certain element in
the vertical linear array relative to the seafloor is /1. Single-channel experimental data
were processed; that is, for a set of fixed values of 7, Iy, and h, the seabed reflection loss
at the corresponding graze angle § was calculated. According to the configuration of the
experimental devices shown in Figure 5, when both /iy and /1; were constant, the survey
ship carrying the sound source was moved to vary the distance r between the source and
the vertical receiving array such that the sound source emitted acoustic signals at different
horizontal positions, which were then received by the vertical receiving array to enable
calculation of the bottom reflection losses within a given range of grazing angle. Signals
emitted and received at multiple horizontal distances yield a wider range of grazing angle
to meet the inversion requirement.

Sea Surface

Source Receiving

array

Cy ha h1

Sea Bottom

Figure 5. Schematic of the geometric relationship between the source and receivers.

3.2.2. Experimental Procedure
In this experiment, movement of the survey ship was driven by the swells.

1. After the ship sailed to the target experimental station, the data acquisition devices
such as the sparker and receivers were connected, and the self-contained inclinometer
and the bathythermograph were mounted onto the vertical linear array. After com-
missioning of the devices, the vertical linear array was put into the water, and the
sound velocity profiler (CTD48M, Sea-Sun-Tech, Trappenkamp, Germany) was used
to measure the acoustic velocity profile data in the sea area.
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2. At the stern, the sparker source was sunk via frame A to a depth of 30 m. When the
ship traveled to the vicinity of the vertical linear array, the main engine was turned
off to reduce the noise of the vessel. While the ship was drifting, the sound source
continuously emitted sharp pulse signals in intervals of 3 s for a duration of 20 min.

3. The data acquisition was done after step (2) was repeated three times. The sparker
source was reclaimed, the survey ship engine was turned on, and the ship returned
to the vertical array, and the acoustic releaser released the vertical array and the
acquisition device. These were then salvaged after they floated to the water surface.

4.  The experimental data were exported and backed up.

4. Geoacoustic Parameter Inversion Based on Bottom Reflection Loss within the
Wide-Grazing-Angle Range
4.1. Curves of Bottom Reflection Loss versus Grazing Angle for Different Seafloor Parameters

Figure 6 shows the graph of bottom reflection loss versus grazing angle for different
seafloor acoustic velocities under the assumption of a liquid half-space hypersonic seafloor
model. The simulation model parameters were as listed below: seawater sound veloc-
ity = 1500 m/s; seawater density = 1.0 g/ cm?; seafloor sound velocities = 1600, 1800, and
2000 m/s; seafloor density = 2.0 g/cm3; and computing frequency = 2000 Hz.

10
—1600 m/s
——1800 m/s
m 8F| 2000 m/s
3
K4
w
(%]
o
- 6 L
=
.0
L
(9]
9 4t
A
[}
o
2 L
o 1
0 30

Angle (degrees)
Figure 6. Curves of bottom reflection loss versus grazing angle for different seafloor acoustic velocities.

Figure 7 shows the graph of bottom reflection loss versus grazing angle for different
seafloor acoustic attenuation values based on the liquid half-space seafloor model. The sim-
ulation parameters of the model were as listed below: seawater sound velocity = 1500 m/s;
seawater density = 1.0 g/cm3; seafloor sound velocity = 1800 m/s; seafloor sound at-
tenuation values = 0, 0.1, and 0.2 dB/); seafloor density = 2.0 g/cm?; and computing
frequency = 1000 Hz.

It can be observed from the two figures above that the reflection loss within a wide
grazing angle range can effectively distinguish different geoacoustic parameters, enabling
inversion of multiple geoacoustic parameters.

4.2. Simulation Experiment Based on the Theoretical Model

Figure 8 shows a theoretical model of a Pekeris waveguide with a seafloor interface.
In the numerical example, the seawater layer and the sediment layer are assumed to be
uniform and isotropic. The source frequency was 50 Hz. The seawater acoustic velocity
and density were 1500 m/s and 1000 kg/m?, respectively. The seafloor acoustic velocity
and density were 2000 m/s and 1600 kg/m?, respectively. The seafloor acoustic attenuation
was 0.4 dB/A.
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Figure 7. Curves of bottom reflection loss versus grazing angle for different seafloor acoustic attenua-
tion values.

sea surface

¢, =1500m/s

p, =1000kg/m’
sea bottom ¢, =2000mVs

p, =1600 kg/m’

a =0.4 dB/A

Figure 8. Schematic of the marine environment used for inversion.

According to the above environmental information, substituting the parameters into
the wavenumber integration model yielded the bottom reflection coefficient curve shown
in Figure 9.

1 T T T

—— reflection coefficient

0.6

Reflection Coefficient

0.2 1

0 . . . .
0 18 36 54 72 90

Angle (degrees)

Figure 9. Theoretical reflection coefficient curve (the blue line) for the marine environment.
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The inversion process of sediment geoacoustic parameters based on bottom reflec-
tion loss is given here according to the computing steps of the genetic algorithm [41,42].
In this modeling example, the parameters to be inverted were acoustic velocity and the
attenuation of seafloor sediments. In the experiment, the range of acoustic velocity was to
be 1450-3500 m /s, with the number of individuals in this range to be 1001. The acoustic
attenuation was determined to range from 0.1 to 0.6 and the number of individuals in
this range was 1001. Each model parameter to be inverted was represented as a 20-bit
chromosome string based on the character set {0,1}. The values (i.e., individual pheno-
types) of the original acoustic velocity and attenuation were encoded into a series of binary
character strings (i.e., individual genotypes). The binary-to-decimal character conversion
enabled the conversion of an individual genotype into an individual phenotype. Substitut-
ing different individual phenotypes into the forward model yielded a number of bottom
reflection coefficients R(6) within a wide-grazing-angle range, which were then converted
into reflection losses according to RL(#) = —20log;,(R()). Because it is very difficult
to obtain the reflection loss at the minimum angle and that at the maximum angle in the
actual operation at sea, the data in the range of 10-60° were taken as an example for the
inversion calculation, as shown in Figure 10.

1 0 T T T T
I ——theoretical reflection loss |

Reflection Loss/dB

_/

et D 1 1

10 20 30 40 50 60
Angle (degrees)

Figure 10. Theoretical reflection loss curve (the dashed line) for the marine environment.

It is evident from Figure 10 that the reflection losses at small angles differed from those
at large angles by several orders of magnitude. To reduce the dynamic range, a further
logarithm operation is required, i.e., Amp(6) = —201log;,(RL(8)), to obtain the reflection
loss curve after the dynamic range adjustment.

The sum of squared errors of Amp,, (0) calculated from the theoretical model data
and Amp, () of the inversion model data calculated by substituting different individual
phenotypes in the population into the forward model served as the objective function.
According to the implementation of the genetic algorithm [41], in this inversion, the
population size was set to 64, the selection ratio was 0.8, with a crossover probability of 0.5
and a mutation probability of 0.05. For the sake of computing the probability distribution,
the number of replicate population runs was set to 50 and the maximum number of
inversion iterations for each population was set to 2000.

As shown in Figure 11, after 2000 iterations, the bottom reflection loss—grazing angle
curve obtained by inversion (the red asterisks in the figure) and that obtained by theoretical
calculation (the green solid line in the figure) are basically consistent. At this time, the
corresponding P-wave velocity of the seafloor sediment was 2000.016 m/s and the sound
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attenuation was 0.4 dB/A, in agreement with the maximum probability density of the a
posteriori probability distribution (as shown in Figure 12).

theoretical model
inversion result

15

- 20l0g;4(RL(4))

-15

T

-25 ' : . s
10 20 30 40 50 60

Angle (degrees)

Figure 11. Comparison between the inversion results (red asterisks) and the theoretical modeling
results (green solid line).
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P-wave attenuation (db/A)

Figure 12. Schematics of the posteriori probability distributions of inverted acoustic P-wave velocity
and sound attenuation.

4.3. Actual Data Inversion

In this section, the detailed data preprocessing process is described and a local geoacoustic
parameter optimization algorithm based on the bottom reflection loss within a wide-grazing-
angle range is used to enable the inversion of the bottom sediment parameters.
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4.3.1. Data Preprocessing

The data receiving device used in this marine experiment was a 96-channel self-
contained collector, in which every 24 channels of data were continuously recorded on a
data card. Therefore, there were four data cards: Cardl, Card2, Card3, and Card4. The data
have to be preprocessed to distinguish the bottom reflection signals from different shots.
Figure 13 shows some of the valid received acoustic signals in channel 1 on Card1.

15+
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o
(
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» ; K
r’ .\ 'I MNWWN‘M M ﬂrj 1.‘ ‘(q.wa s n NAA A Ao
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. x10

Time (s)

Figure 13. Some of the valid signals in channel 1 on Card1.

4.3.2. Extraction of Acoustic Signals Based on the Wavelet Transform

The processing of raw data shown in Figure 13 is taken as an example. It is clear that
obvious signal noise was present, most of which was high-frequency noise. Therefore,
the wavelet transform was considered to filter the high-frequency signal. Based on the
wden function in MATLAB software, the “sym8” wavelet was used to decompose the signal.
On layer 5 of the decomposition, the heuristic “heursure” threshold selection method was
used to low-pass filter and denoise. The denoising results are shown in Figure 14. From
the filtered spectrum, it is evident that the high-frequency noise was eliminated and the
acoustic signal was well preserved. The frequency band of the effective signal is about 100
to 2000 Hz, which is in the low-to-mid frequency range.
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Figure 14. Comparison among the results of filtering based on the wavelet transform: (a) original
signal; (b) low-pass-filtered signal based on the wavelet transform; (c) spectrum of the original signal;
(d) spectrum of the low-pass-filtered signal based on the wavelet transform.

4.3.3. Inversion Process

To invert geoacoustic parameters based on the reflection loss from the seafloor within
wide grazing angles, it is necessary to extract the direct wave and bottom reflection signal
from the signal filtered by the wavelet transform in the previous section. By taking a
hydrophone at a receiving point at a depth of 30 m and a horizontal distance of 100 m, for
example, the sound ray trace and response times calculated using the ray model [43] are
presented in Figures 15 and 16, respectively. Evidently, depending on the travel time of
arriving at the receiving point, it is possible to distinguish direct waves, seafloor reflection
waves, and sea surface reflection waves in the signal, thereby enabling the pickup of direct
waves and seafloor reflection waves.

0 ! . . Eigenray ‘

5+ 4

10| sea surface reflection wave 1
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35
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Figure 15. Calculating eigenrays based on the ray model (horizontal distance = 100 m; depth of the
receiving point = 30 m).

For each shot signal received, the propagation distance was calculated from the depth
of the sound source, depth of the receiving point, and travel time. The grazing angle of
the seabed reflected wave was obtained according to Figure 5, and the intensity of the
bottom reflected signal and the direct signal, denoted by P,.r and Py;,, were determined in
turn. The direct wave is used as the incident wave and the reflected wave is represented by
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the actual reflected signal. Performing correction to offset expansion losses, the reflection
coefficient was then calculated using

P,.cd
R(0) = 32,
dir%dir

®)

where d,,r and d;, represent the path lengths of the reflected wave and the direct wave,
respectively.

Sd=30m Rd=30m Rr=100m
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direct wave  sea bottom reflection wave
0.01 / sea surface reflection wave
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©
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Figure 16. Calculating response times of eigenray signals based on the ray model (horizontal
distance = 100 m; depth of the receiving point = 30 m).

After a series of data-processing operations, the seafloor reflection coefficients at
grazing angles of 9° to 61° were obtained, as shown in Figure 17. The reflection coefficient
data were further converted into the variables of the objective function of inversion (i.e.,
reflection losses) by using RL(6) = —201og;,(R(#)), as shown in Figure 18.
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Figure 17. Actual reflection coefficients.



Remote Sens. 2023, 15, 3237

15 0f 19

12

—— reflection loss

10

Reflection Loss/dB
D

0 10 20 30 40 50 60 70
Angle (degrees)

Figure 18. Actual reflection losses.

It is assumed that the inversion model is a horizontal seafloor because of the flat
seafloor in the study area. The known marine environmental parameters in the inversion
were set up based on information such as the sound velocity profile of the seawater and
the density measured after sediment sampling. The main frequency of the sound source
was ~600 Hz. The acoustic velocity in the seawater was defined by the sound velocity
profile. The density of the seawater was 1000 kg/m? and the density of seafloor sediments
was 1900 kg/m?3. The parameters to be inverted were the acoustic P-wave velocity ¢, and
acoustic attenuation & of the seafloor sediments. Based on existing experience and data,
the range of acoustic velocity to be inverted was set to 1400-2000 m/s and the number of
individuals in this range was 1001; the range of acoustic attenuation to be inverted was set
to 0.01-1.0 and the number of individuals in this range was 1001.

Based on the implementation of the genetic algorithm mentioned above, the pop-
ulation size was set to 64 in the inversion, the selection ratio was 0.8, with a crossover
probability of 0.8 and a mutation probability of 0.05, and the maximum number of inversion
iterations was 2000. For the sake of computing the probability distribution, the number
of replicate population runs was equal to 50. Inversion based on the above parameters
yielded the reflection loss curve shown in Figure 19, where the blue one represents the
inverted reflection loss while the green one represents the actual reflection loss.
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Figure 19. Inverted reflection loss curve and actual reflection loss curve.
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In this inversion, the optimal seafloor acoustic velocity was ¢, = 1659 m/s and the
sound attenuation was &, = 0.656 dB/A. To assess the reliability of the inversion process,
a posteriori probability distribution calculation on the inversion results was conducted
as shown in Figure 20. It can be seen that the peak regions of the posteriori probability
distribution were consistent with the inversion results.
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Figure 20. Posterior probability distributions of inversion parameters.

5. Discussion

From the two curves of bottom reflection loss obtained in Section 4.1, it can be seen
that, when the grazing angle range covered by the extracted bottom reflection loss is large,
different geoacoustic parameters can be effectively distinguished to enable the inversion of
the seafloor geoacoustic parameters. Therefore, in actual data acquisition in this study, the
sound sources were placed at different distances and a vertical linear array was used for
signal reception. The main purpose was to make the seafloor reflected signal cover a wider
grazing-angle range to enhance the accuracy of the inversion.

By means of the numerical model test example, we give the process of inversion of
acoustic parameters of submarine sediments based on seafloor reflection loss. The results
indicate that the inversion of the bottom acoustic P-wave velocity and acoustic attenuation
can be achieved by using the wavenumber integration method for the forward simulation
of the bottom reflection loss under wide-grazing-angle conditions and iterative calculation
with a genetic algorithm.

At the end, we carried out an actual marine local geoacoustic parameters inversion
experiment. The experimental results reveal the following: (1) The experimental scheme
enables effective acquisition of bottom reflection signals within a wide-grazing-angle range
and the range of grazing angle for actual valid data was 9-61°. (2) With the seafloor
acoustic velocity and sound attenuation as parameters to be inverted, the inversion based
on the wavenumber integration method and genetic algorithm yielded the following
sediment parameters for the clayey sandy area of the South Yellow Sea: acoustic velocity
¢p = 1659 m/s and sound attenuation &, = 0.656 dB/A. Furthermore, the reliability of the
inversion results was verified through posterior probability distribution. We compared
the locally inverted results based on reflection losses with the measurements conducted by
other scholars in the same sea area [44,45]. The results obtained in this study are consistent
with previous studies and more specific.



Remote Sens. 2023, 15, 3237

17 of 19

References

6. Conclusions

The geoacoustic inversion method is currently an important object of research in
detection of seafloor sediment characteristics. To address the accuracy problem existing in
acoustic field simulation of local geoacoustic inversion, a method of calculating the bottom
reflection loss within a wide-grazing-angle range based on the wavenumber integration
method was studied. At the same time, by using the genetic algorithm, the seafloor
reflection-signal-based local geoacoustic parameters were inverted. Furthermore, a local
acoustic detection data acquisition method based on a sparker source and a fixed vertical
array was investigated. The above methods were then used to acquire the local acoustic
data within a wide-grazing-angle range in the South Yellow Sea and invert the seafloor
geoacoustic parameters.

The method proposed in this study presents three primary advantages over existing
geoacoustic inversion techniques. (1) During the data collection process, the vessel’s
engine remains off, allowing for data to be gathered passively via drifting. This approach
minimizes the interference of vessel noise in experimental results. Furthermore, it facilitates
the acquisition of the seafloor’s reflection loss over a broad range of grazing angles, thereby
providing adequate raw data for geoacoustic inversion. (2) Our research employs the
wavenumber integration method for sound field modeling. This approach delivers a more
accurate computation of local sound propagation and establishes a more precise sound field
model compared to the normal-mode method. (3) The utilization of the genetic algorithm
for inversion is well-suited to optimizing multi-parameter non-linear problems, leading to
higher computational efficiency and accuracy in geoacoustic inversion.

This study introduces a novel, accurate, and efficient approach to geoacoustic inversion.
The proposed method is particularly well-suited for addressing geoacoustic inversion
challenges within localized areas of shallow seas. Both the modeling experiment results
and actual data-processing results demonstrate the feasibility of estimating geoacoustic
parameters of seafloor sediments using the wide-grazing-angle bottom reflection loss curve.
In addition, related actual inversion results for clayey sandy sediment in the South Yellow
Sea show that the seafloor acoustic velocity was c, = 1659 m/s and the sound attenuation
was &, = 0.656 dB/A. The inversion results closely align with prior inversion results
derived from empirical formulas applied in the same region. Furthermore, the peak regions
of the posteriori probability distribution were also consistent with the inversion results.
These two aspects prove the effectiveness of the geoacoustic inversion method proposed in
this study.
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