éﬁ WX AE (BRAFEWR) E51% B/
§k Journal of Hunan University (Natural Sciences) 2024 %5H
£
ESRNY
o . . . | o Vol. 51 No. 5
ﬁﬁ Available online at http://jonuns.com/index.php/journal/index May 2024

Open Access Article @ https://doi.org/10.55463/issn.1674-2974.51.5.12

Seabed Sediment Classification through Multispectral Backscatter Mosaic MBES and
Angular Response Analysis
Khomsin*?*, Mukhtasor®, Suntoyo®, Danar Guruh Pratomo®

! Ocean Engineering Department, ITS Surabaya, 60111, Indonesia
2 Geomatics Engineering Department, ITS Surabaya, 60111, Indonesia

* Corresponding author: khomsin@geodesy.its.ac.id

Received: February 21, 2024 / Revised: March 26, 2024 / Accepted: April 28, 2024 / Published: May 30, 2024

Abstract: Classification of seabed sediments plays a significant role in managing coastal and marine areas.
This study aims to classify seafloor sediments in shallow waters using a multispectral backscatter mosaic multibeam
echo sounder (MBES) and angular response analysis (ARA), which is validated using in situ sediment data. This
research was conducted in the coastal area of Gresik City, East Java, Indonesia, with a depth variation of 3.5-24.5
m. The data utilized consist of multifrequency MBES data collected on January 4, 2023, at frequencies of 400, 300,
and 200 kHz. The backscatter data from each frequency is processed to become a backscatter mosaic and merged
into a multispectral backscatter. Furthermore, the data were processed using the angular response analysis method to
classify the seafloor sediments in the survey area. The classification results were tested using in situ sediment data
from a van Veen grab sampler. Sample sediment results were classified based on grain size analysis using the
sieving method to determine the sediment type. The results showed that the backscatter mosaic of each frequency
and the backscatter multispectral mosaic did not differ visually. However, regarding the backscatter values, there is
a difference of about +1 dB between frequencies. The foreshore area (western part) and the area farthest from the
foreshore (eastern part) show the hard layers identified by the light backscatter mosaic. The ARA classification
results revealed six sediment classes in the survey area, which is different from the four types of sediment found in
situ. Sediment classification using ARA demonstrated an accuracy rate of 51% for real sediment samples, with a
kappa coefficient of 0.3, indicating a fair level of categorization. This implies that half of the expectation point rises
to the real test point.

Keywords: seabed sediment, classification, backscatter, mosaic, multispectral backscatter, angular response
analysis, overall accuracy, kappa coefficient.
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1. Introduction

Coastal areas are transitional between terrestrial and
marine ecosystems that are affected by changes in land
and sea. Coastal regions are the most populous and
busiest in major cities worldwide. Therefore, disaster
mitigation is essential for reducing disaster risk in
coastal areas. This involves implementing structural
and physical measures, both natural and artificial, and
non-structural approaches. Coastal mapping is the first
step in learning, managing, protecting, and conserving
biodiversity. One of the essential pieces of information
needed during coastal mapping, in addition to sea
depth, is the mapping of seabed sediments [1]. Seabed
sediments can be mapped by mechanical, optical,
electromagnetic, and acoustic methods. The mechanical
method involves the use of a grab sampler and core,
while the optical method utilizes a camera and video.
The electromagnetic method relies on satellite remote
sensing, and the acoustic method employs the single-
beam echo sounder (SBES), side-scan sonar (SSS),
sub-bottom profiler (SBP), and multi-beam echo
sounder (MBES) [2, 3].

MBES is the most widely used acoustic method for
mapping bathymetry and seafloor sediment surveys.
The advantages of MBES over other acoustics, such as
SBES, SSS, and SBP, include high resolution, swath
coverage, and wide depth range. There are currently
three main functions of MBES: bathymetry,
backscatter, and water column [4]. For sediment
mapping, MBES generates three types of data:
backscatter mosaic, backscatter angular response, and
bathymetry [5]. A Dbackscatter mosaic is a
georeferenced image produced by a MBES that
displays the acoustic intensity scattered off the seafloor
[6]. It can be wused to categorize habitats and
comprehend  prospective  environmental changes
because different seafloor types typically exhibit
varying intensities [7, 8]. Backscatter angular response

[9] quantifies the acoustic intensity scattered from the
seabed upon the impact of an acoustic signal from a
MBES. The intensity of the scattered acoustic signals
varies depending on the angle of the incident signal
[10]. The backscatter angular response shows this
variation, making it useful for studying seabed
sediment. Bathymetry measures the depth of a body of
water, such as an ocean, sea, lake, or river. This is
different from topography, which measures the shape
of the land or ground surface. Bathymetry is important
in marine science [11] because it helps researchers
track changes in ocean depth and observe how different
currents and patterns interact in different parts of the
ocean.

Seafloor sediment classification techniques have
been developed in the last two decades by exploiting
the MBES backscatter feature. The monochromatic
backscatter mosaic gray level (high and low intensity)
has been extensively used as a feature in many
classification techniques [11, 12]. Angular range
analysis is a classification technique for signal-based
backscatter that has been developed to automatically
predict seabed sediment characterization using acoustic
inversion [13]. According to [14], the backscatter
mosaic and angular response should be combined to
obtain the former's satisfactory spatial resolution and
the latter's predictive power. Farihah et al. [15] applied
backscatter and angular response analysis to detect,
classify, and estimate the bottom watershed. Fahrulian
et al. [16] analyzed seabed types using angular range
analysis (ARA) based on backscatter values. In
addition, [17] used ARA to classify seafloor sediments
in deep seas using MBES backscatter data. The
classification performed by these researchers was
unsupervised classification that had no control over the
sediment data in situ. In general, it is performed in deep
seas; thus, it is difficult to retrieve data in situ. In
addition, the backscatter data from the MBES are
currently single frequency, encompassing both low and
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high frequencies.

Most MBESs operate at a single frequency
(monochromatic) analogous to a single waveform in an
optical satellite system. This would limit the
resolvability of terrestrial land cover features compared
to collecting data across a broad spectrum of spectral
bands. Therefore, the acquired backscatter is still
monochromatic. Wider operating bandwidths have
been made possible by advancements in MBES
transducer technology, with some systems on the
market being able to span several hundred kHz to
provide better range resolution for bathymetric data
collection [18]. MBES multispectral backscatter data
are needed to meet the demand related to improving the
accuracy of seafloor sediment classification for habitat
and geological mapping purposes, as is the case with
remote sensing satellites. For this reason, the latest
MBES technology is proposed, which can collect data
at several frequencies at one time and at different
times. Using MBES multispectral backscatter will
likely improve the classification of seafloor sediments
[19, 20].

Accordingly, this study aims to classify seabed
sediments in shallow waters using multispectral MBES
data. The classification method utilized was
supervision classification, with seabed sediment in situ
serving as the ground-truth information necessary for
interpreting the imagery and identifying substrates. The
methods used were mosaic multispectral backscatter
analysis and angular response analysis. Therefore, the
accuracy of sediment classification results will be
determined by comparing the use of monospectral and
multispectral data through angular response analysis.

2. Materials and Methods

2.1. Research Area

Fig. 1 shows a map where a multifrequency MBES
survey was carried out in the shallow coastal water.
The location is the PT. Gresik Jasa Tama (PT. GJT)
port in Gresik Regency, East Java Province, Indonesia.
The PT. GJT port serves as a hub for loading and
unloading wooden ships. The MBES bathymetric
survey was conducted on Wednesday, January 4, 2023,
with a survey area of approximately 41 ha. The survey
area depth ranged from approximately -3-m to -25-m
LWS. The landforms in the survey region were
straightforward, with a conventional harbor and coast.
The location chosen for this research object is
particularly important because it represents shallow
coastal water. The seafloor is covered by various
landforms and sediments, including clay, silt, sand, and
gravel. Seabed sediments greatly benefit the study of
acoustic sediment characterization in this area.
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Fig. 1 Research survey area at PT. Gresik Jasa Tama, Gresik
Regency, East Java, Indonesia (The authors)

2.2. Multispectral Backscatter MBES Acquisition

Acquisition of backscatter multispectral data used a
multifrequency R2Sonic 2020 MBES. The MBES
transducer was mounted on the side of the ship for the
setting survey. R2Sonic 2020 is a MBES that operates
on a ping-by-ping basis, allowing the collection of data
across multiple frequencies in a single survey. This
survey uses five frequency modes: 200, 250, 300, 350,
and 400 kHz. The data acquisition system is set
automatically, including the transmission power, gain,
and pulse length. An inertial motion unit (IMU) sensor
measures the ship's movement, i.e., pitch, roll, and
yaw. The heading and horizontal positioning are
determined by GNSS differentials directly linked to the
CORS station. A sound velocity profiler (SVP) is also
included in the survey to measure the velocity of sound
waves in the water layer at the start, middle, and end of
the survey. SVP data are used to correct the speed of
sound waves emitted by the MBES. In addition, tidal
observations were also carried out around the location
to correct the benchmark to the chart datum, the lowest
water surface (LWS). The specifications of the
R2Sonic 2020 MBES are listed in Table 1.

Table 1 The R2Sonic 2020 MBES specifications used during data
acquisition [21]

Frequency 200-450 kHz; optional 700 kHz

Beam width 1°x 1° at 700 kHz (optional); 1.8° x 1.8° at

(Qix and Q) 450 kHz; 4° x 4° at 200 kHz

Sounding Equiangular and equidistant modes, including

pattern single, double, and quad, are part of the ultra-
high-density (UHD) technology.

Pulse type Shape CW

Selectable The user can select a range of 10° to 130° in

swath sector real time.

Number of Up to 1024 soundings per ping

soundings

Nominal pulse 15 pus—1 ms

length 1,

Once all MBES systems are installed correctly, the
next step is calibrating the MBES holder using a patch
test due to misalignment of the sonar head in the
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presence of motion sensors and gyros. Fig. 2 [22]
displays the orientation of the R2Sonic MBES head,
which is essential for converting the measured slant
ranges into depths and specifying each determined
depth position. Any error in the sonar head can cause
significant errors in the conversion from the slant range
to depth.

Yaw s about Z axis

< Axis

= Pitch is about X Axis

o

Fig. 2 The R2Sonic 2020 MBES series axes of rotation [22]

A patch test [22] is a calibration procedure used to
measure the angular misalignment between the MBES
transducer and the ship attitude, i.e., pitch, roll, and
yaw. The pitch test was conducted on a steep slope or a
seafloor object, while the roll test was performed on a
flat seafloor area. The survey was conducted in a single
lane, moving back and forth at a consistent speed.
Following the pitch and roll tests, the yaw test was
carried out in two parallel lines with the same direction
along those lines. These lines were positioned either
over a slope or the side of a seafloor feature. The value
of the patch test, SVP data, and tidal data were entered
into each survey data line to correct the data. The raw
data must be separated to obtain data for each
frequency and then edited to remove noise. Each set of
frequency data was processed to create bathymetry,
monospectral, and multispectral backscatter mosaics.
Seabed sediment characterization was conducted
through the use of ARA, which is controlled by in situ
sediment data to ensure accuracy in the calculations.

2.3. Seabed Sediment Samples in Situ

Prior knowledge of the seafloor is required to obtain
representative seabed sediment samples in a research
area. First, bathymetric maps, tidal current knowledge,
and other data can provide direction. This preliminary
survey can aid in choosing sampling areas before a
sampling plan is created. The sediment data were
collected from 84 sample locations distributed
uniformly throughout the study region (Fig. 3). For
biological, hydrological, and environmental
investigations in deep water and strong currents,
sampling with van Veen's grab is suitable for obtaining
bulk samples of a variety of materials, from soft and
fine-grained to sandy materials [23]. The sample point
position was measured by GNSS RTK with an
accuracy of less than 10 cm. The sediment samples
underwent sieve analysis to determine the percentage
composition of gravel, sand, clay, and silt.

I 2448 m

. 3.06 m

150 75 0 150 Meters

Fig. 3 Seabed sediment sample distribution in the survey area
(black dots) (The authors)

3. Results and Discussion

3.1. Digital Bathymetric Model (DBM)

The ship's attitude was corrected using raw data
from the R2Sonic 2020 MBES bathymetry by
computing the test patch values, namely pitch, roll, and
yaw, for each rotation against the x-axis, y-axis, and z-
axis, respectively. Then, the data were cleaned from
noise caused by reflections from non-seabed objects,
such as fish, seaweed, wrecks, and other features.
Depth data is corrected to vertical datum, namely the
LWS with tidal observation data. To create a digital
bathymetric model with a 1-m resolution, the depth
data is gridded using kriging, as shown in Fig. 4.

Fig. 4 Digital bathymetric area survey model: 400 kHz (upper), 300
kHz (middle), and 200 kHz (lower) (The authors)

Fig. 4 shows the appearance of the seabed in the
survey area at each frequency; 400 kHz, 300 kHz, and
200 kHz were almost the same. The depth in the survey
area ranged from -3.5-m LWS to -24.5-m LWS. The
western side of the port pool along the coast is shallow,
measuring less than -8-m LWS (red). Furthermore, the
area in the middle (yellow-green) has a depth between -
8-m LWS and -17-m LWS, which is the entrance
channel to the port pool. Light blue-dark blue in the
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eastern part is the Surabaya West Shipping Channel
(APBS), which has a depth of less than -17-m LWS.
On the border between the port pool and the channel
leading to the pool, there is a cliff with a depth of -7-m
to -12-m LWS (red-yellow). The southern part of the
survey area is a valley (channel) with a depth range of -
14-m to -20-m LWS.

3.2. Sediment Grain Size Analysis

Seventy-four seabed sediment sample points (Fig.
3) were tested in the laboratory using the sieve analysis
method. Sieve analysis [24] is used to examine and
measure the size of particles in material samples. It
typically involves screening a sample through a series
of sieves, each of which has a mesh of different size to
allow particles of different sizes to pass through. The
distribution of particles across various size ranges can
be quantified and compared, aiding in the assessment
of sample quality. Fig. 5 shows an example of the
results obtained using the sieve analysis, with the
percentages of gravel (0.0%), sand (12.21%), and mud
(fines: silt 78.11% and clay 9.69%).

SAND FINES
comsE |MEDIUM | FINE SILT CLAY

GRAVEL

0,00% 1221% 78,11% 9,69%
| |
| |

Percent Passing (%)

Fig. 5 Grain-size distribution curve (The authors)

Furthermore, the results of the sieve analysis
revealed the sediment size percentage composition of
each sample, as illustrated in Fig. 5. The classification
of the samples was done using a ternary diagram, as
depicted in Fig. 6 [25]. The sediment classification at
the sample point was sandy silt. The same method was
used to classify the other sediment samples.

100

Clayey
sand

clay

LI | L B
0 20 40 60 80 100
Clay (<4 pm)

Fig. 6 Ternary diagram showing sediment classification according

to granular texture [25]

Out of the 74 sediment sample points within the
survey area, four sediment classes were identified
based on ternary diagrams: clayey sand, sandy silt, silt,
and silty sand. Furthermore, the data for the sediment
type points (X, y, z), where z is the sediment type, were
collected to analyze sediment distribution through
interpolation techniques. Fig. 7 illustrates the
distribution of seafloor sediments in the survey region
using linear interpolation.

N LEGEND
- Clayey Sand

- Sandy Silt

100 50 1] 100 Meters |:| siky Sand

Fig. 7 Seabed sediment classification using in situ sediment samples
(The authors)

3.3. Monospectral and Multispectral Backscatter
Mosaics

A backscatter mosaic [26] is a digital representation
of the seafloor generated from raw signal amplitude
data gathered by a multibeam sonar. This visualization
is created through software that eliminates disruptive
elements like time-varying gain and applies radiometric
corrections to produce an image of the seafloor at a
resolution of 1.0 m. The mosaic can then be used for
further analysis. Fig. 8 shows bathymetric and
backscatter mosaic data at frequencies of 400, 300, and
200 kHz. The backscatter results showed that data
density is essential for multispectral backscatter
analysis and that the data differ from those gathered in
a single line.
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(d)
Fig. 8 (a) Bathymetry and monospectral backscatter data collected
using MBESs at (b) 200, (c) 300, and (d) 400 kHz (The authors)

Fig. 8(b), (c), and (d) show the backscatter mosaics
at frequencies of 400, 300, and 200 kHz, respectively.
Generally, the study area’s seafloor surface has almost
the same intensity for all three frequencies. The light
color indicates a higher intensity of -25 dB, and the
black indicates an intensity of less than -25 dB. The
variation in intensity is attributed to the depth of the
area being surveyed. Shallower depths result in higher
intensity readings. The survey conducted in the western
part of the area exhibited a greater intensity than the
readings taken in the middle. In addition, the difference
in intensity can also be due to the type of sediment
present at the bottom. The density of the seafloor
material affects the reflectiveness of the sound waves
used in backscatter analysis by MBESs. When the
material is denser, such as gravel, sand, or shell, it will
produce a stronger signal on the sounder. However,
when dealing with materials of lower density, such as
mud, clay, and silt, sound waves will penetrate partially
into the small grain-sized particles. This leads to a
decrease in signal strength.

Furthermore, the backscatter mosaics in Fig. 8 are
integrated to form a multispectral backscatter image.
Multispectral backscatter [27] is the utilization of
multiple frequencies or wavelengths during data
collection. This research uses multiple frequencies with
a MBES system to collect bathymetry and backscatter
data. These data can be utilized to analyze seafloor
composition, including hardness, sediment
characteristics, and grain size, to differentiate between
sediment types. Backscatter mosaics for each frequency
in Fig. 8(b), (c), and (d) are overlayed on each other to
create multispectral imagery. A multispectral image is
captured by a sensor that detects light across various
spectrums or frequencies.

Multispectral images are valuable tools for
conducting coastal surveys as they offer higher
resolutions due to their shorter wavelengths. This
enables researchers to detect even the most minor
features of the seabed. Multispectral images offer a
wealth of information beyond what can be captured by

regular monospectral images, which are limited to
capturing light within a single spectrum. Fig. 9 displays
a false-color composite featuring various bands (red,
green, and blue combinations) for multispectral
backscatter mosaics, including RGB234, RGB243,
RGB324, RGB342, RGB423, and RGB432, where 4, 3,
and 2 correspond to frequencies of 400, 300, and 200
kHz, respectively.

G) (b)

(@)

(€ ®
Fig. 9 Multispectral backscatter mosaics: (a) RGB234, (b) RGB243,
(c) RGB324, (d) RGB342, (e) RGB423, and (f) RGB432 (The
authors)

A false-color composite image is a modified image
in which colors have been altered to enhance the
identification of various features. This technique is
commonly utilized in studies to distinguish between
different types of seafloor sediment. For instance, this
research utilized false-color composite images to
differentiate between hard and soft sediments. The
false-color image utilizes three distinct spectral bands,
or frequencies, and adjusts their intensities to create a
color palette. This makes it easier for researchers to
quickly recognize features in images. The three bands
refer to three different frequencies that were used to
improve our understanding of seafloor geological
characteristics and benthic habitats.

The researchers aimed to distinguish between
various types of seafloor substrate and enhance their
habitat mapping by integrating these frequencies. For
example, when all three frequency bands had equal
intensity, the resulting image appeared white, which
typically indicates hard seafloor. In contrast, the image
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appears black when all three bands are continuously
low; this typically occurs in flat places with thick, soft
silt layers. Other hues, such as purple, can be produced
by variations in the relative intensities of the frequency
bands, and this may occasionally reveal information
about the types of seafloor substrate.

Fig. 10 shows the backscatter intensities from west
to east (W-E) and from north to south (N-S). The 200-
kHz frequency has a higher intensity than the others
because at the same time, depth, and location, the
greater the frequency, the greater the attenuation. The
relationship between attenuation and frequency is a
phenomenon in which a signal's strength decreases as
its frequency increases. Simply put, it is the weakening
of a signal with an increase in frequency; the amount of
attenuation due to scattering increases roughly
following a frequency-squared relationship. As the
sound wave frequency increases, the attenuation also
increases significantly. The scattering attenuation o as
a function of frequency is [28]:

a; = Ag X 20log e X f? (1)
where o is the attenuation scattering factor, and the
units of frequency are Hz.
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Fig. 10 Comparison of the variations in backscatter strength among
the multispectral mosaics within the survey location. Backscatter
intensities from the three multispectral mosaics are compared along
the transect, as indicated in (a) RGB234, (b) from west to east, and
(c) from north to south (The authors)

3.4. Seabed Sediment Classification by Angular
Response Analysis

Angular range analysis (ARA) is a technique that
can be used to calculate the whole angular response
curve (ARC) throughout each half of the MBES swath
to evaluate substrate attributes [13]. To gain a deeper
understanding of the seafloor composition in the
region, [26] highlighted the use of ARA as a method
for measuring and analyzing sound backscattering from
the seafloor. Information is gathered from various
angles, and the variance in backscattering with the
angle aids in classifying and describing the seafloor.
Six types of sediment are shown in the image based on
the angular response curve and angular response
analysis of backscatter mosaics at frequencies of 400,
300, and 200 kHz: silty sand, clayey sand, sandy silt,
clayey silt, sandy clay, and silty clay. The number of
ARA classification classes in Fig. 11 differs from the
number of in situ sediment data classification classes in

Fig. 7.
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Fig. 11 Seabed classification by the ARA method: (a) 200, (b) 300,
and (c) 400 kHz (The authors)

In Fig. 11, this classification of sediments by ARA
for each frequency results in a similar seabed sediment
distribution. The yellow to the east and west of the
survey area indicates the sand class (medium sand—fine
sand-silty sand). It aligns with the white backscatter
mosaic shown in Fig. 8 and the multispectral
backscatter mosaic shown in Fig. 9, indicating the
area's highest backscatter value. In the middle of the
survey area, silt sediments are dominant (coarse silt-
sandy silt-medium silt). A small portion of the area
consists of silty clay and clay, as indicated by brown.

The seabed sediment classification using the ARA
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method was then tested using 74 sediment sample
points spread evenly in the survey area, as shown
in Fig. 7. The confusion matrix test [29] can be used to
calculate the overall accuracy and kappa coefficient.
The classification accuracy measure is a metric that
evaluates the accuracy of a classification model. It is
calculated by comparing the predictions from the
model with the actual classes of the data. High
classification accuracy means that the model can
accurately predict the data classes. The kappa value is a
measure of the accuracy of a predictive model. It varies
from 0 to 1, where O indicates that the model is
completely inaccurate and 1 indicates perfect accuracy.
A total of 74 sites in the survey region were used to
classify the seabed sediment using the ARA method,
which was regulated by the type of sediment. The
results show an overall accuracy of 51% and a kappa
coefficient of 0.37 for all frequencies. This means that
only half of the prediction point is equal to the actual
sample point. According to [30], the kappa coefficient
of 0.37 belongs to the fair category.

4. Conclusion

For frequencies of 400, 300, and 200 kHz, the
backscatter strength in the survey area varied from -36
to -18 dB. In this case, although a frequency of 200
kHz has a backscatter strength that is +1 dB higher than
that of 300 kHz, a frequency of 300 kHz has a
backscatter strength that is =1 dB higher than that of
400 kHz, the multispectral backscatter mosaic RGB
band configuration in this instance displays the same
texture pattern.

The classification of seafloor sediments in coastal
areas with a depth of less than 25 m using
multifrequency MBES data showed that classification
using the angular response analysis (ARA) method
resulted in six classes. In general, the distribution of
sediments in the form of sand is located to the east and
west. The silt class dominates in the middle, and a
small part of the area shows the clay class. Each of the
frequencies shows a similar classification. Seabed
sediment classification using ARA in the survey area
with 74 sediment sample points showed an overall
accuracy of 51% and kappa coefficient of 0.37.

The results of this study demonstrate the accuracy
of the classification of seabed sediments in shallow
waters (less than 25 m) using the ARA method, namely
the fair category. Enhancing the precision of seabed
sediment classification in shallow waters can be
achieved by incorporating additional data, such as
bathymetry, in addition to backscatter data. These data
can then be processed using other methods such as
neural networks.
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