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Abstract: Acoustic seafloor measurements with multibeam echosounders (MBESs) are currently
often used for submarine habitat mapping, but the MBESs are usually not acoustically calibrated
for backscattering strength (BBS) and cannot be used to infer absolute seafloor angular dependence.
We present a study outlining the calibration and showing absolute backscattering strength values
measured at a frequency of 150 kHz at around 10-20 m water depth. After recording bathymetry, the
co-registered backscattering strength was corrected for true incidence and footprint reverberation
area on a rough and tilted seafloor. Finally, absolute backscattering strength angular response curves
(ARCs) for several seafloor types were constructed after applying sonar backscattering strength
calibration and specific water column absorption for 150 kHz correction. Thus, we inferred specific
150 kHz angular backscattering responses that can discriminate among very fine sand, sandy gravel,
and gravelly sand, as well as between bare boulders and boulders partially overgrown by red algae,
which was validated by video ground-truthing. In addition, we provide backscatter mosaics using our
algorithm (BBS-Coder) to correct the angle varying gain (AVG). The results of the work are compared
and discussed with the published results of BBS measurements in the 100-400 kHz frequency range.
The presented results are valuable in extending the very sparse angular response curves gathered so
far and could contribute to a better understanding of the dependence of backscattering on the type of
bottom habitat and improve their acoustic classification.

Keywords: multibeam echosounder; bottom backscattering strength angular response; backscat-
ter correction

1. Introduction

Ocean shelves and shallow waters are exposed to increasing anthropogenic pressure
and economic exploitation. Marine areas offer potential for raw material exploitation and
offshore energy production sites that require infrastructure such as pipelines and cables on
the seabed. Shallow areas are also intensively exploited by fishing using bottom trawls.
Human activities such as intensive fishing and polluting the oceans with sewage may have
a destructive effect on the benthic flora and fauna and cause secondary harm through,
e.g., reef and habitat destruction. Mapping and monitoring the individual habitats and
identifying potential harm or even destruction imply a need for reliable remote sensing
of the seafloor. Satellites have become commonly used devices for mapping land areas,
whereas, for investigating the marine environment, acoustic measurements are more
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suitable because, among other reasons, they are not limited by the depth of the euphotic
layer. Hydroacoustic swath devices are very efficient tools for underwater spatial remote
sensing, enabling large-scale high-resolution mapping and detection of objects in the water
column and on the seafloor, thus supporting environmental monitoring of benthic areas.
There are well-established methodologies for acoustic-based mapping with confirmed
reliability (e.g., [1-3]). High-frequency MBES recordings have been suggested and proven
to be a valuable tool for this type of research [4-6]. In recent years (2017-2020), the
ECOMAP project has been exploring the use of swath devices and shallow marine seismic
and LIDAR measurements to study the seabed environment (e.g., [7-9]).

The main task of industrial MBES measurements is bathymetry, but systems have
improved with regard to backscattering strength measurements of both the water column
and the seafloor [10]. Especially in shallow water less than 20 m in water depth, ship-based
MBES offers great potential for recording sidescan-like snippets [11]. The intensity of
backscattered signals depends on many parameters, such as the geoacoustic properties of
the seabed, but it is also controlled by the sonar-target geometry, including the individual
beam incidence angles and varying bottom reverberation areas (Figure 1) modulated by
the local slope of the seabed.

echosounder

echosounder

incidence

bottom

(a) (b)

Figure 1. MBES receiving beam pattern with indicated angle (/) between axes of individual beams and normal angle to
reverberation area: (a) at flat bottom and (b) at rough bottom.

The slope of the seabed has an effect on the BBS [12], due not only to modifications of
the reflection angle but also to differences in footprint area. A flat bottom assumption can
cause misinterpretation of acoustic signals in the description and classification of bottom
habitats, especially when an offset of a few degrees appears unnoted [7]. The impact of
slope on signals recorded by multibeam echosounders is even more pronounced in very
shallow environments and those with significant topographic variations (Figure 1b).

We can divide parameters that influence registered echo signal into three groups: (i)
device-based parameters (e.g., frequency, transducer sensitivity, directivity patterns), (ii)
environmental parameters, i.e., acoustic absorption of water during two-way travel (e.g.,
salinity, temperature), and (iii) seafloor parameters modulating backscattering strength,
i.e., physical interaction processes between signal and scattering objects (e.g., roughness
of seabed, sediment porosity). To use both absolute backscattering strength and incident-
specific echo shape bottom characteristics (ARC), we must know how the parameters in
the first two groups modulate the acoustic signals.

MBES measurement with corrected backscattering strength is generally sparse, al-
though affordable [13]. Some companies (e.g., Kongsberg, NORBIT) provide calibration
files based on tank measurements and, thus, offer the ability to record absolute backscat-
tering strength values on the fly. In this work, we also outline how we performed the
calibration, which was one goal of the EU-funded project BONUS ECOMAP, where we
used a calibrated NORBIT STX prototype sonar.
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Acoustic measurements of the seafloor with various incidence and corrected backscat-
tering strength are extremely rare [13-18]. In this study, we intended to deliver a set of
specific records of this kind, the first ones gathered in the Baltic Sea so far. In addition, we
discuss how such measurements can improve acoustic seafloor classification and compare
absolute backscattering strength and ARCs to the few reports published so far.

The recorded echoes of acoustic signals scattered on the seabed (backscatter) together
with bathymetry are often used to classify benthic habitats [8,19-21]. The backscatter
parameter is not the real BBS value, but the relative signal intensity recorded by the
receiver, which is modified so that the relative intensity values correspond to one angle
of incidence of the acoustic beam on the bottom. A popular and commercially used tool
for preparing such backscatter mosaics is Geocoder, presented by Fonseca and Calder [22].
Geocoder uses the data recorded by MBESs, performs radiometric and geometric correction,
and interpolates the intensity values into the final backscatter mosaic.

1.1. Models, Classification, and Calibration

The purpose of using corrected backscattering intensity is to provide an absolute
value of the bottom backscattering strength of the seafloor. This requires the use of sonar,
whose response on the seafloor is accurately known with regard to the sensitivity during
transmission and reception of the signal and taking into account the frequency and angle of
incidence. Moreover, this requires applying accurate compensations for transmission losses
related to medium and beam geometry and footprint extent to recorded BBS values [16,23].

In most applications for MBES data collection and processing, it is possible to apply
environmental parameters measured by, e.g., CTD. This procedure adjusts backscatter
data to compensate refraction and attenuation of acoustic signals while traveling in the
water. For the calculations presented in this paper, we used an absorption coefficient, which
is the result of absorption calculations from a formula given by Francois and Garrison
using averaged environmental parameters [24]. The last step to correct intensity signals for
propagation and attenuation losses is to refer their value to the beam footprint area on the
bottom. Most of the time, a flat bottom assumption is used to calculate this value [23,25].

A compendium of good practices for backscatter collection and processing prepared
by the BSWG GeoHab group is the first document of its kind focusing on the quality of
MBES acoustic intensity data [23]. Whereas IHO hydrographic standards [26] adequately
described MBES bathymetry measurements, standards related to MBES backscatter mea-
surements are rarely standardized in the literature. Ideally, backscatter should be based
on full calibration of the sonar sensitivity in transmission and reception, giving access to
absolute backscatter strength levels [16,23].

The methods of benthic habitat classification can be divided into two groups: em-
pirical approaches [27] and approaches based on physical modeling of the seabed with
various geoacoustic parameters [28]. In the case of MBES, the empirical approach uses
the registered backscattered intensity from areas with ground-truth samples and, option-
ally, bathymetry to assign segmented seabed data to habitat types, creating classified
polygons [8,19-21]. The physical model-based approach predicts backscattering strength
by modeling the acoustic propagation given the respective geoacoustic properties of the
seabed, compares measured values with modeled values, and, on this basis, differentiates
classes. This approach depends on the model used to describe backscattering from the
seabed and the quality of MBES data. The popular APL model was developed for frequen-
cies from 10 to 100 kHz [29]. Backscattering models are not well recognized for frequencies
above 100 kHz [15,30]. Modern MBESs for shallow water are usually operated at higher
frequencies (typically 150-400 kHz). In the authors’ opinion, difficulties in understanding
the phenomenon of backscattering on the seabed are largely due to there being only a
small quantity of published calibrated hydroacoustic measurements [15]. A more advanced
solution is to prepare a catalog of backscatter parameters for different seabed types at
different frequencies and environmental parameters, such as bottom roughness, volume
reverberation (including the presence of gas bubbles in the sediment), and grain size, as
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well as the difference in acoustic impedance between sea water and bottom materials [31].
Measuring the absolute values of angular dependence of the BBS is also necessary to assess
the variability of the characteristics of benthic habitats in space and time. Measuring the
absolute BBS values may support the development of unsupervised classification methods
for previously identified benthic habitats, such as angular range analysis presented by
Fonseca et al. [32].

MBES backscatter was the most important parameter for classification of benthic
habitats in several works [8,19-21]. This highlights the importance of MBES backscatter
and the need to measure it as accurately as possible. There is a need to better recognize
and investigate the characteristics of backscatter in order to be able to use it for research in
the most efficient way [23]. A few studies were conducted recently on calibrating MBESs
in reference areas [13,33-35]. The most common calibration methods are listed as follows:

1.  MBES cross-calibration by comparing field data recorded by calibrated SBES, which
is based on comparing data recorded in the same place by an acoustically calibrated
SBES and an uncalibrated MBES [36]. The SBES transmitter is tilted at different angles
to test the angular dependence of the recorded backscatter signal. Correction of MBES
recordings is performed on the basis of the measured difference between SBES and
MBES measurements. An example is calibration of a Kongsberg EM 2040 MBES using
a reference Simrad EK60 in areas located in the Bay of Brest, France [16].

2. Calibration with sound sources of known characteristics. This method uses sources
with known levels. The aim of the method is to determine receiver and transmitter sen-
sitivities with a defined measurement angle and signal frequency [16,37]. This method
has been applied to sonar (Mesotech SM2000/SM20 [38], Kongsberg EM3002 [39],
Reson SeaBat T50 [13], Reson SeaBat 7125 [40]). This approach is possible at only a
few specialized laboratories worldwide. Foote et al. [41] suggested applying this cali-
bration method to MBES. However, the method contains many difficulties, including
the large number of receiving beams, often several hundred.

For the measurements provided in this paper, we utilized the second calibration
approach with hydrophones and sound sources of known characteristics. We used a
NORBIT iWBMSh (model STX) MBES calibrated in the manufacturer’s laboratory in
Trondheim, Norway. In this paper, we present the angular dependencies of absolute
values of BBS for specific habitats of the southern Baltic Sea obtained with the acoustically
calibrated MBES.

1.2. Goals

Acoustic measurements of the seafloor with various incidence angles and absolute BBS
are extremely rare [13,16]. In this study, we provide a set of specific records of this kind, the
first ones gathered in the Baltic Sea so far. In addition, we discuss how such measurements
can improve acoustic seafloor classification and compare absolute backscattering strength
and ARCs to the few cases published so far [13-17]. The main objectives of the work are to
develop and discuss (i) the angular dependence of absolute BBS value measurement results
for several benthic habitats in the Baltic Sea using transmitted signals of 150 kHz, and (ii)
the BBS-Coder applied during the work to achieve an easy-to-interpret backscatter mosaic.

2. Materials and Methods
2.1. Calibration of Multibeam Echosounder

NORBIT’s laboratory tank was used to perform all calibration procedures. They were
conducted in order to evaluate the actual detailed MBES characteristics, knowledge of
which is necessary to measure physical quantities of the seafloor, such as backscatter-
ing strength.

Bottom backscattering strength BBS is defined as

BBS = 10log,, o, (1)
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where o is the bottom backscattering coefficient [23,30,42]. It denotes the ratio of insonified
wave energy backscattered by the seabed with respect to a unit bottom surface.

Bottom backscattering strength is dependent on the frequency of the scattered wave
and its angle of incidence to the bottom. It is strongly associated with the physical properties
of various types of bottom habitats. BBS depends on many seabed parameters, including
density, sound velocity, surface roughness of the seabed surface, and heterogeneity of
sediment volume. For most echosounders, the attenuation is so high that the input from
volume scattering of the sediment can be described as a function of the reverberation
area [23]. Therefore, when considering seafloor backscatter, an interface cross-section is
often used, and, when considering the volume scattering, the cross-section for scatterers
within the sediment is omitted [43].

With the given measured target strength TS, BBS can be calculated as

BBS =TS — BAC, 2
and the bottom area correction BAC is equal to
BAC =10 log;,(A), ©)]

where A is the reverberation area insonified by an echosounder.
We can refer to the following classical sonar equation [43]:

EL=SL—2TL+TS, @)

where EL denotes the received echo signal level, SL (source level) is the emitted signal level,
TL is the one-way transmission loss describing the signal attenuation due to spreading and
absorption in the water column, and TS is target strength describing the backscattering
introduced by an investigated object. It should be pointed out that, in an underwater
acoustic system, EL is not measured directly, but rather as the level of voltage in the
receiving module circuit after energy is transformed from acoustic to electric form. When
a set of separate MBES beams is used, instead of EL, we apply the term of beam level
BL, which is the received voltage signal level for a particular beam. Moreover, the MBES
operation cannot be described by a single value of SL, as it contains specialized signal
processing, such as beamforming and matched filtering, each characterized by its own gain,
and the directivity properties of particular beams must also be taken into account.

To show all factors that influence TS and BBS measured by the multibeam echosounder,
by introducing the device gain DG instead of SL and using the relationship between TS and
BBS (Equation (2)), the sonar equation for a given MBES receive beam can be written as

BBS = BL — DG + 2TL — BAC, (5)

where the device gain DG is the superposition of several factors describing the MBES
operation, in both its transmitting and receiving segments, i.e.,

DG = OCR + VGA(t) + PG(Rxset) + SLo(Txset) + Dirgry (6, ¢) + Dirry (6, 9).  (6)

OCR is the open circuit response of the receiving array itself, which is defined as
the ratio of the RMS voltage produced by the received plane wave to the RMS pressure
p of this wave at the transducer face; VGA is the gain of the time-dependent variable
gain amplifier applied in the sonar in order to compensate the spherical spreading of the
acoustic wave in the water column; PG is the processing gain related to the analog-to-
digital conversion, beamformer, and applied matched filter specific to a given transmitted
pulse length and shape; SL is the source level characterizing the transmission array Tx.¢;
Dirry (6, ¢) and Dirgy (6, ¢) are the directivity patterns of the transmission and receiving
arrays, respectively, as functions of an azimuth angle 6 and elevation angle ¢.
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The transmission loss TL is expressed as
2TL = 40log;,(R) +2A,R /1000, (7)

where Ay, is the absorption coefficient (dB/km), and R is the range from the device to the
bottom (m) and can be derived from the two-way travel time as measured by a sonar.
Lastly, the bottom area correction BAC is defined as in Equation (3), where A is the bottom
reverberation area corresponding to a given beam. It can be shown that A for long and
short pulse regimes [23] can be expressed as

A = min[ct/2/sin(0), Orx 3ap R/cos(0)]-¢rx 348 R, 8)

where Orx 348, ¢Tx 345 are 3 dB beam widths of the receiving and transmitting beams,
respectively, T is the inverse of the signal bandwidth, and 0 is the incident angle. Footprint
A is related to the actual inclination of the bottom; hence, it is corrected when the complete
bathymetry is known.

In Equation (5), the DG term depends only on the MBES characteristics. TL and BAC
depend on environmental features such as the absorption coefficient and seabed inclination;
however, as shown in Equation (8), reverberation area A is also influenced by the device
characteristics. The aim of the calibration is to measure, in different conditions, all of
the terms described above related to MBES characteristics that influence the measured
BBS values.

The calibration was performed in the NORBIT laboratory tank, with a size of
10 m x 6 m x 5 m. NORBIT also provided all calibration equipment. The standard
calibration method utilizing external hydrophones, as well as sound sources of known
characteristics, was used.

Figure 2 shows the transmitter path calibration setup. According to given Tx settings,
the sounding pulse waveform is generated in the sonar transmitter segment and projected
into the water column in the laboratory tank toward the hydrophones. The hydrophone
pointed at (8, ¢) with respect to the center of the projector array registers the source level
for this direction.

Sonar
transmitter

I

Hydrophone
S SL(6, )

Transmitted Iignal

Figure 2. Transmitter path calibration scheme.

Figure 3 shows the receiver path calibration setup. The independent sound source
pointed at (6, ¢) and situated at a given distance generates an acoustic wave of known char-
acteristics p(0, ¢). After being received by the echosounder receiver array and transformed
into the electric domain, then into digital form, the appropriate signal processing is done in
the sonar receiver segment, including VGA, beamforming, and matched filter processing,
resulting in beam data.
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Figure 3. Receiver path calibration scheme.

The quantities and characteristics measured during the calibration included the following:

Source level (SLy) of the transmitting sector Tx;
Two-dimensional directivity patterns Dirry and Dirg, for the set of transmitting and
receiving transducers;

e  Receiver sensitivity, including the antenna component OCR and the gains related to
signal processing, VGA and PG;

e  Actual characteristics of transmitted signals, i.e., pulse duration and shape.

The measurements were conducted in a wide range of transmitter settings and con-
ditions, including power, frequency, pulse duration, and pulse type (continuous wave or
chirp) with different bandwidths.

It should be noted that not all quantities mentioned in the above equations can be
measured separately, but the complete results of measurements allowed us to evaluate and
appropriately compensate for the joint influence of the sonar component characteristics on
the obtained BBS values.

The calibration results described above were written in XML files, which were used
by the NORBIT software to generate corrected records. The files contain all corrections of
the system, such as multifrequency beam patterns, gains, and frequency responses for all
parts of the system in the entire operating frequency range from 150 to 700 kHz. These
data, along with the applied models of particular terms in the sonar equation, allow us
to compensate for sonar characteristics and to base the bottom classification or habitat
mapping on measurements of physical quantities such as backscattering strength.

2.2. Research Area and Data Collection

The measurements with the NORBIT MBES were conducted in the Rowy seafloor
area, located approximately 1.5 km off the southern coast of the Baltic Sea (Figure 4).
This area is characterized by post-glacial sedimentation and local current transport. The
seafloor deepens from the coast toward the northwest with a gentle slope [8]. The study
area in the central part is built by glacial till covered by boulders and pebbles. In the
southern and northwestern parts of the area, a cover of fine-grained sands occurs on the
bottom surface (Figure 5). The research area ranges between 4 and 20 m water depth and
is morphologically diverse. Numerous pebbles and boulders are covered with Mytilus
trossulus bivalves [8,44]. In the study area, there are red algae, such as Bangiophyceae,
including Furcellaria lumbricalis and Polysiphonia fucoides. The northwestern and southern
parts of the area are relatively flat and covered with very fine sands [8] (Figure 5).
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Figure 4. Location of Rowy area, southern part of Baltic Sea.
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Figure 5. Bathymetry of research area with samples of sediments: S, sand; SG-GS, sandy gravel or
gravelly sand; B, boulders; R, red algae on boulders; VFS, very fine sand.

A test version of the NORBIT MBES was used during the measurements. The NORBIT
iWBMSh STX is a compact, high-resolution, tightly integrated, broadband multibeam
sonar with a curved array. Its small form factor, low power draw, and tight integration
allow installation on any survey platform. The MBES was equipped with an integrated
Applanix OceanMaster inertial navigation system (INS) with two Trimble antennas for
the global navigation satellite system (GNSS) pole mounted on a frame attached to the
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side of the boat. Two GPS antennas were mounted on the roof of the boat cabin. We
used real-time kinematic/global positioning system (RTK-GPS) corrections from the ASG-
EUPOS NAWGEQO service, with an accuracy of 3 cm horizontally and 5 cm vertically [45].
A Valeport sound velocity profiler was used to provide accurate profiles of the sound speed
in the water column. The NORBIT iWBMSh is dedicated for use in shallow-water research
between 0.2 and 160 m depth. It can collect 512 beams at frequencies ranging between 150
and 700 kHz. We used a swath coverage of 150-160° to maintain the density of our bottom
detections. The maximum ping rate was 20 Hz. The measurements were made at a vessel
speed of 3 m/s, and data were recorded in Qinsy software and NORBIT’s GUI software.
To maintain homogeneous data density, the equiangle mode was used, i.e., a beamforming
mode with a constant distance in angles between consecutive beams. We applied a pulse
length of 200 ps for 150 kHz. At a frequency of 150 kHz, the receiving beam width is
2.4° x 2.4°, and, at the maximum available frequency of 700 kHz, it is 0.5° x 0.5°. A full
patch test was conducted, and offsets were applied in order to achieve accurate positioning.
Only acoustically calibrated iWBMSh STX MBES data were used to prepare the resulting
ARCs in order to obtain absolute backscattering strength values.

In the studied area, 57 samples of bottom sediments were collected [9], and benthic
habitats were separated into five classes [46,47]: S, sand; SG-GS, sandy gravel or gravelly
sand; B, boulders; R, red algae on boulders; VFES, very fine sand (Figure 5). The area
was divided into six classes using object-based image analysis (OBIA) classification [8],
presented in Figure 6. We also considered samples on artificial structures (wrecks), but
since they were not representative in the later part of data analysis and statistics calculation,
this class was omitted. Grab samples were collected from aboard the University of Gdansk
research vessels Oceanograf and Zelint.

17°2'0"E 17°2'30"E 17°3'0"E 17°3'30"E

‘ Habitat classes

B s
“ B sc_cs
=
— | I R
[]vrs

54°41'0"N

54°40'45"N
1

0 01 02km

| \
17°2'0'E 17°2'30"E 17°3'0"E

Figure 6. Habitat map from Janowski et al. [8] (object-based, combined k-nearest neighbor + random
forest methods of supervised classification).

2.3. Postprocessing of Backscatter Data

Data were recorded in a shallow water area, and we applied environmental parameters
10 °C, 7 PSU, depth 0, and pH 8.

The data were replayed in the NORBIT GUI software applying the correction described
in Section 2.1. The replayed BBS was corrected for acoustic absorption in the water body,
where a constant absorption value of 15 dB/km for 150 kHz was calculated after Francois
and Garrison’s equation [24].
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Bathymetry was processed in Qimera software with standard corrections, including
ray path correction, cleaning and spike removal, and application of roll, pitch, and yaw
offsets from calibration. Information about the position of each sounding for all pings
was exported from Qimera as a txt file with a location in the UTM WGS 84 33N projected
coordinate system. We developed our own software combining s7k (MBES data format) and
txt files to access corrected BBS and position information (Figure 7). Then, we implemented
a correction to compensate for the effect of a sloping seabed and true incidence on BBS
in order to know the angular relationships of absolute BBS values for different types of
seabed. First, we removed the correction used in the NORBIT GUI based on the flat bottom
assumption correction from the calculated surface area A of the reverberation. Then, we
adjusted the resulting values by our calculated BAC values (Equation (3)), where we
considered the slope of the seafloor and the depth and distance from the transducer at each
measurement point when calculating the reverberation area. These values were averaged
and are presented in the results section as angular response curves of BBS values. In the
next step, we ran our AVG correction, BBS-Coder, to remove the angular response as an
intrinsic property of the seabed for the sake of generating a backscatter map that is easy
to interpret and suitable for image-based classification. The correction algorithms were
written in the D programming language [48].

MBES

measurements

labsolute BBS BBS-Coder

Norbit GUI

registration

(new format with 7058 record) .s7k

|

QINSY

registration

db

QIMERA

data filtering and
footprint localization
computing,

)

Axt/ .csv

time indexing
s7k

txt
preprocessing

dem to slope &

processing
ping by ping)

+ footprint calculation
land correction
bottom slope effect)

- errors filtering (inc.
langle>90, range in
near zone, ... )

>
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Figure 7. Data processing workflow from MBES raw data toward absolute BBS and fully georeferenced mosaic including

corrections for intensity values corresponding to angle of incidence on the bottom (BBS-Coder).

2.3.1. Reverberation area and Bottom Slope Correction

The BBS value depends on the surface area A of the reverberation (Equations (2) and (3)).
Significant changes in the BBS value are introduced by considering the actual distance of
the acoustic transducer from the point measured at the bottom (R (range) in Equation (8)).
The reverberation area on a flat bottom can be calculated from the angle of the receiving
beam of the multibeam echosounder, the distance from the transducer to the bottom, and the
angle of incidence. However, on a hummocky seabed, the true reverberation area can only be
calculated in postprocessing after a 2D bathymetric model has been generated. In fact, the
surface of the seabed is hardly ever perfectly flat, thus requiring calculation of the true angle
of incidence. As a result, the individual beam reverberation area is not only controlled by the
beam angle but also by the slope of the seabed. In order to calculate the reverberation area, it
is necessary to consider the actual angle of incidence on the corrugated bottom and the angle
of inclination of the bottom in relation to the transducer’s center beam of the sonar [49-51].
It is, therefore, necessary to use roll/pitch vessel movement correction to obtain a more
precise calculation.

In our study, the roll/pitch vessel movement was applied in Qimera to set the ship’s
location and orientation and to calculate the resulting positions of all soundings on the
seabed. Seafloor slope was calculated using a bathymetric map with a resolution of 0.5 m,
with most of the area, A, being less than 0.5 m?. After the bathymetry was calculated,
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the received beam orientation of the survey was back-calculated again to obtain the true
incidence of each beam on the tilted seafloor. For all recorded data and all angles of
incidence, the reverberation area A was calculated, and further BBS was calculated using
Equation (2). Consideration of the bottom slope gently changed the BBS values.

2.3.2. BBS-Coder: AVG Correction, and Backscatter Map Preparation

The backscattering strength recorded by the MBES depends on the angle of incidence
of the acoustic pulse to the bottom. High BBS values near 0° incidence angles are primarily
related to Lambert’s law describing characteristics of the backscattered sound, which
depends on the cosine of the angle of incidence [31,42].

To implement BBS-Coder, we used the averaged values of the measured BBS in a
sliding window with averaging of neighboring pings. All BBS measurements in the studied
area were brought down to values corresponding to the backscattering for an angle of
40° in order to generate a uniform backscatter map. We selected 40° as the center of
the far angular range defined by Fonseca and Mayer [52]. There is no standard for the
choice of reference angle [12], but backscattering from 40° is less angle-variant and more
distinct for discriminating between various benthic habitats; therefore, this is often the
angle of reference. Fonseca et al. [32] used 20-30° and Lamarche et al. [27] chose 45° as the
discriminant value.

The applied BBS-Coder procedure was based on the division of recorded MBES data
into subsets, with each subset containing a sequence of 50 pings, and each ping having
512 beams. It was assumed that the bottom backscattering properties were constant within
each subset. From all recorded data in a given subset, we calculated the average BBS values
for the angle of incidence, as shown in Figure 8a. Each registered beam was assigned to an
appropriate half-degree interval of the angle of incidence (having a center value of 0°, 0.5°,
1°,1.5°,2°,2.5°, etc.).

meang) BBS(lin) corAVGi) (correction coeficient)
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Figure 8. Calculated BBS_lin in linear scale values for different incidence angles in 50 ping subsets: (a) average values of
linear BBS; (b) correction coefficients (corAVG).

The correction coefficients, corAVG(i), were then calculated for each angle of incidence

as follows:
mean40

corAVG(l-) = —, 9)
mean(i)
where corAVGy; is the value of correction for i incidence angle, i = 0°, 0.5°,1°, 1.5°, 2°, 2.5°,
. 90°, mean40 is the average value of 10°(BBS/10) for an angle of incidence of 40°, and
meany; is the average value of 10°(BBS/10) for angle of incidence i.

Averaging and multiplication were performed for linear values.
An example of the correction coefficients calculated for one of the 50 ping packages is
shown in Figure 8b. In the right part of Figure 8, we can see large changes in values; this is
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due to zero correction values for angles that were not present in the analyzed packet of
50 pings, as seen in Figure 8a. Then, each BBS value in the dataset (50 pings x 512 beams)
was multiplied by the corAVG value appropriate for the angle of incidence of a given beam.

BBS:

BS40;) = 1010g19(10(~10") corAVG), (10)

where BS40y;) is the value after correction for j number of beams in the data package, j =1,
2,3,... 25,600 (50 pings x 512 beams). In fact, the maximum value of j is slightly lower
because some of the measuring points were removed during the cleaning process.

Backscatter maps presented in the results section were generated from the calculated
BS40 values. A single 0.5 x 0.5 m grid element often contains several calculated BS540
values. In such a situation, the values in a single grid element are averaged in order to
prepare a map of the studied area.

3. Results
3.1. Angular Response Curves of BBS Values for Specific Habitat of the Baltic Sea

We calculated the angular response curves of absolute BBS for the specific habitat of
the Baltic Sea occurring in the studied area: S, sand; SG-GS, sandy gravel or gravelly sand;
B, boulders; R, red algae on boulders; VES, very fine sand. Figure 9a shows the dependence
of BBS on the angle of incidence, for which the values are averaged for the measurements
made in the areas where homogeneous habitats occur, according to the separations from
the map of habitats according to Janowski et al. [8] (Figure 6) for 150 kHz. Figure 9b shows
the angular response curves of BBS values. The values are averaged for measurements
made within a 3 m radius of the sampling points for 150 kHz.
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Figure 9. Dependence of BBS for 150 kHz on incidence angle for different classes (S, sand; VFS, very fine sand; SG-GS,
sandy gravel or gravelly sand; R, red algae on boulders; B, boulders): (a) averaging over habitat classification shown in
Figure 6 and (b) from ground-truth samples.

Table 1 presents the acoustic characteristics of habitat types occurring in the research area.
The dependence of BBS values on the angle of incidence was determined for two situations:

e  Black line: angular response curves of BBS with values averaged for measurements
made within 3 m radius of the sampling points for registration using 150 kHz sig-
nal frequency;

e  Dashed black line: angular response curves of BBS with values averaged for measure-
ments made in areas where homogeneous habitats occur, according to the separations
from the map of habitats according to Janowski et al. [8] (Figure 6) for registration
using 150 kHz signal frequency.
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Table 1. Angular response curves of BBS: black line, 150 kHz, data from samples; dashed black line,

150 kHz, data from object-based image classification.
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Table 1. Cont.

BBS (dB) fre
Class ID 150 kHz Seabed Image/Composition
200E0E IS el
-5
R
30t
Large dense patches of red algae
35, d0 20 30 40 %0 80 70 &0 with a high concentration of
Incidence angle [] Muytilus trossulus on boulder
substratum

Figure 9 and Table 1 present the angular response curves of absolute BBS. Close to
an angle of 80°, there were large fluctuations in the values, because, in the extreme part of
the swath, fewer measuring points were recorded in equiangle mode, many points from
the outer beams were rejected in the cleaning process, and the values from the individual
registered measuring points varied considerably. Figure 9a,b do not perfectly show the BBS
relationships for the given benthic habitats. Figure 9a presents BBS values averaged within
the habitat classes, whose boundaries were determined in a semi-automatic classification
process; hence, they are not perfectly defined despite having high classification accuracy.
Figure 9b presents BBS values averaged within 3 m radius circles around the ground-truth
data, which is a theoretical assumption, because there can also be other habitats present in
these bulffers.

3.2. Backscatter Maps: BBS-Coder Result

Figure 10 shows backscatter value maps prepared in this study for registration using
150 kHz signal frequency. Figure 10A presents backscatter mosaic grids with relative
backscatter values without angular (AVG) and bottom slope (BAC) correction. The near 0°
incidence angle showed the strongest signals and also the fastest drop-off. Figure 10B was
created with the manufacturer’s MBES calibration (NORBIT) and bottom slope correction
(correction of reverberation area, which is improved by bottom slope and calculated range)
but without our AVG correction. Figure 10C was created with the manufacturer’s calibra-
tion (NORBIT), bottom slope correction, and the BBS-Coder AVG correction developed
in this study and described in Section 2.3.2. The near 0° incidence angle represented the
strongest signal fluctuations.
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Figure 10. Backscatter mosaic grids of research area for 150 kHz signal frequency: (A) with relative
backscatter values, without any corrections; (B) with absolute BBS values and bottom slope correction
developed in this study; (C) with AVG correction developed in this study applied to absolute BBS
values containing bottom slope correction.

4. Discussion

Calibrating the MBES makes it possible to obtain absolute values of BBS, which is
an essential feature for specific geoacoustic settings on the seabed and benthic habitats
and very helpful in distinguishing them. Only a few studies with absolute BBS have
been reported due to technical difficulties associated with MBES calibration and post-
measurement data correction; moreover, MBES studies with resulting ARCs are extremely
sparse [13,16].

Any physically correct calibration method improves data quality and provides valu-
able information. The technology now developed for working with MBES makes it possible
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to fully calibrate the instrument, and the validity and usefulness of the absolute BBS values
make it necessary to always use calibrated echosounders.

Several papers have already been written showing absolute BBS values recorded by
MBES for bottom habitats. Eleftherakis et al. [16] performed a calibration of the backscatter
strength values recorded by MBES with reference to data recorded in the same place by an
acoustically calibrated single-beam echosounder (SBES). They presented the dependence
of backscatter strength on the angle of incidence in three research areas with different
types of sediment at 200 and 333 kHz. Wendelboe [13] presented average values of seabed
backscattering strength obtained in the frequency range from 190 to 400 kHz, for grazing
angles from 20° to 90°. This study showed that seabed backscattering strength ranged from
—8.5to —19 dB for 400 kHz and from —13.5 to —23 dB for 200 kHz. Weber and Ward [15]
took measurements with a calibrated SBES at 170 and 250 kHz in an area with sand,
gravel, and bedrock seafloor. Williams et al. [14] measured backscattering at frequencies of
20-150 kHz with grazing angles of 20-30°, and, in subsequent work [17], they measured
backscattering at frequencies of 200-500 kHz with grazing angles of 32° and 42°. They
recorded increasing values with increased frequency. Stanic et al. [18] performed acoustic
bottom backscattering measurements east of Jacksonville, Florida, and recorded data from
sidescan sonar. Measurements were made in a coarse shelly area with frequencies of
20-180 kHz and grazing angles of 5-30°. It was found that backscattering strength values
slightly decreased with increasing frequency.

To compare our results on BBS measurements with those recently reported by other
researchers, we summarized the basic information on the particular works in Figure 11.
In general, the results obtained in this work on the dependence of BBS on the angle
of incidence are in line with those achieved by other authors who performed MBES
measurements [16,32], as well as the theoretical predictions.
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Figure 11. Summary of BBS obtained by different studies, including frequency and incident angles.
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It is difficult to compare data recorded by different authors because there are few
papers and the benthic habitats studied vary; however, the BBS values we obtained for sand
are similar to those obtained at 60-70° incidence angle and 150 kHz by Williams et al. [14]
and to those using the APL model at 100 kHz [29]. The values presented for S (—12 to
—31 dB) and VFS (—12.5 to —27 dB) are similar to those of Eleftherakis et al. [16] in the
Camaret area with sand (—11 to —29 dB at 200 kHz); the values for SG-GS (—10.5 to —18 dB)
are similar to data in the Carré Renard area [16] with silty—gravelly sand (—7 to —17 dB at
200 kHz); the values for R (—12 to —20 dB) and B (—11.5 to —18 dB) are similar to data in
the Aulne area [16] with mud (—12 to —18 dB at 200 kHz).

The BBS for S and VFS has similar values and angular relationships (Figure 12) to
seabed backscattering strength values presented by Wendelboe [13] obtained at a frequency
of 190 kHz for medium—fine sand. For the entire angular range, the BBS for SG-GS, R,
and B reaches higher values than for S and VFS. Habitats S and VFS have a characteristic
shape typical of the ARC curve of fine-grained sediments in the APL model (Figure 12).
In contrast, the SG-GS, R, and B habitats have a characteristic shape typical of the ARC
curve of acoustically hard sediment such as rock in the APL model at 100 kHz (Figure 12).
Habitats SG-GS, R, and B achieve similar BBS values to sandy gravel and cobble in the
APL model at 100 kHz. For incidence angles from 25° to 65°, the ARC curve showed a
significant decrease in value greater than the APL model at 100 kHz, and this may be
related to the higher frequency of the tested signal, 150 kHz.

0 T T T T T
APL-model at 100 kHz

-5

rough rock
rock
5 "] cobble
% = sandy gravel
om
coarse sand
medium sand
———VFS
35 |[——SG-GS ' very fine sand
R
40+ |—B |
Wendelboe
-45 - : . L ! 1 L
0 10 20 30 40 50 60 70 80

Incidence angle [°]

Figure 12. Dependence of BBS at 150 kHz on incidence angle for sand (S), very fine sand (VFS),
sandy gravel or gravelly sand (SG-GS), red algae on boulders (R), and boulders (B) and seabed
backscattering strength values estimated from Wendelboe [13] obtained at a frequency of 190 kHz for
medium fine sand. Dashed lines: BBS for different sediment type with APL model at 100 kHz [29].

In the summary of BBS values obtained by researchers, it is difficult to see a trend of
increasing value with increasing frequency. However, such a trend was indicated in some
studies that considered different frequencies [14,17]. Williams et al. [14,17] suggested that,
at high frequencies, scattering from large fragments of shells is dominated by a different
scattering mechanism than surface or volume scattering. Weber and Ward [15] recorded
a weak increase in backscattering strength with increased frequency for moderately well-
sorted medium sand and a slight decrease in all other locations. In many places, higher
backscattering strength values were recorded for 170 kHz than for 250 kHz (as shown in
Figures 6 and 7 in [15]). Weber and Ward [8] speculated that the maximum backscattering
strength existed at a frequency lower than what they tested (below 170 kHz), and that
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backscattering strength may be connected with some characteristic length scale via which
diffuse scattering reaches a maximum for this type of sediment [15].

Roughness is a matter of the wavelength of the acoustic pulse and the size of bottom
irregularity. For one and the same seafloor, in the case of high frequencies, the bottom may
appear rough, while, for low frequencies, the bottom acoustically behaves like a smooth
seafloor, all determined by the Rayleigh parameter [53].

We suggest that the higher BBS values for higher frequencies are associated with
strong scattering of higher-frequency signals on an rough seafloor surface [53].

In the ARC curves presented here, the sand habitat (S) showed that an increase in
BBS value around 30° incidence is not in line with the APL model curve. This may be
due to the presence of sand ripple marks in the study area, similar to Lurton et al. [54].
Although BBS values were corrected for the slope of the seabed, irregularities less than 1 m
can still be significant. Seabed slope was calculated using a bathymetric map with 0.5 m
resolution; however, from an acoustic and snippet backscattering perspective, modulation
of the backscattering strength through microroughness becomes likely. In addition, local
grain size changes were noted in the study area where ripple marks occurred on ridges
with fine-grained sand and in valleys with coarse-grained sand, which we believe affected
the recorded BBS values.

The differences in Figures 9 and 10 between the angular relationships of BBS values
obtained from (a) averaging of habitat classifications and (b) ground-truth samples are
more visible for habitat types VFS and S than for SG-GS, B, and R. This may mean that
the latter three bottom types are more specific, and that the areas they include are more
homogeneous. Habitat types VFS and S are more general and may include areas with
different characteristics (different sediment/habitat types could have been assigned to
them, both in the course of classification and in the 3 m areas around the cores).

For flatter bottom types (VES, S) there is a large drop in BBS with increased deviation
of the direction of the wave from the vertical, and, for cases with more irregular struc-
ture/shape (SG-GS, B, R), this drop is smaller. This is due to the low rate of diffusion
scattering on the bottom surface, which usually dominates at large incidence angles.

Fonseca et al. [32] provided information on backscatter strength for 95-98 kHz fre-
quency. According to the division of bands introduced by Fonseca et al. [32], the near range
includes incident angles from 0° to 25°, the far range includes incident angles from 25° to
55°, and the outer range includes incident angles from 55° to 85°. In our data, we noted
the occurrence of three similar zones from 0° to 25° with a weak slope of the curve, from
25° to 65° with a significant slope, and from 65° to 80° with a weak slope. However, high
variability of habitats within the half-swath remains a problem for the method described
by Fonseca et al. A possible future workaround could be to use automatic segmentation
methods to determine the boundaries of individual habitats.

Unadjusted backscatter values have been successfully used for many purposes, in-
cluding habitat classification [8,19-21]. For more advanced environmental analyses, such
as studies of diurnal and seasonal variability of the seabed itself and seagrass scattering
variation over time, it might be necessary to work with absolute BBS, because a few dB
can determine the variability, as has been demonstrated [55]. Furthermore, the use of
absolute BBS is necessary to compare results from different areas recorded at different
times. Although the habitats are apparently similar, there are significant differences in their
BBS. Sand in the Mediterranean Sea may have different BBS values than sand in the Baltic
Sea because they have different physical properties. Habitats with similar physical prop-
erties (e.g., number and size of air bubbles in sediment, density) will have similar values.
BBS is an intrinsic property of the seafloor and the prevailing habitat (not the multibeam
echosounder); thus, it might be better to look for specific habitat-related features that can
facilitate habitat recognition. Habitats and their BBS are very different from each other, and
substantial research is necessary to know the scattering values of each habitat.

For automatic classification, e.g., object-based (OBIA) or texture (GLCM) analyses,
backscatter maps reduced to a single incident angle are needed. There are few techniques



Remote Sens. 2021, 13,4771

19 of 22

for this correction. The methods used range from simple Lambert correction to complex
models such as Geocoder. Due to the strong near-nadir errors in the mosaics prepared with
the help of Geocoder, we developed our own correction method. It removes the influence
of the incidence angle and brings the backscattering strength to an incidence angle of our
choice (in this case, 40°).

Other useful backscatter mosaics with smoothed backscatter outcomes without angu-
lar dependency can be created using Geocoder [22]. The near 0° incidence angle represents
a stronger signal standard deviation. Median filtering of BSS near the 0° incidence angle
might be a good solution. Geocoder assigns quality flags to backscatter samples. Data
samples closer to and further from the nadir have low values, while samples in the middle
range have higher values and a greater influence on the final backscatter mosaic [22]. When
our MBES data were recorded with a large overlap, all values found in the raster grid were
averaged to generate the mosaic. The BBS-Coder presented here is less complex than the
current Geocoder in FMGT QPS software; it is simple and effective, and it will be freely
available on the ECOMAP project website (https://www.bonus-ecomap.eu/, accessed on
1 January 2021). The AVG correction scheme presented in this paper assumes the use of a
radiometric and geometric correction tool (in this case, QPS Qimera software).

5. Conclusions

The continuous development of measurement technology provides new opportunities
for seabed identification and mapping, as exemplified by the real BBS values presented
here gathered with a modern GNSS-guided MBES. The absolute BBS should be used to
describe habitats precisely, by a physically defined parameter. In the future, this may affect
the way acoustic measurements are conducted by reducing the number of samples required
to classify benthic habitats and making it easier to compare the scattering of acoustic signals
on the bottom in different seasons.

This paper presented the angular dependence of BBS measurement results for several
benthic habitats in the Baltic Sea at 150 kHz. The methods of correction used to measure
the absolute value of the angular dependence of BBS included laboratory tank calibration,
seabed slope correction, and the AVG correction developed in the work, and examples
of the obtained mosaics as a result of the applied corrections (BBS-Coder) were shown.
The BBS values obtained were —12 to —31 dB for sand (S), —12.5 to —27 dB for very fine
sand (VFS), —10.5 to —18 dB for sandy gravel or gravelly sand (SG-GS), —12 to —20 dB
for red algae on boulders (R), and —11.5 to —18 dB boulders (B). The AVG correction
method presented is a simple and effective tool for preparing a backscatter mosaic useful
for seafloor habitat classification.

For the entire angular range, the BBS values obtained for SG-GS, R, and B were higher
than those for S and VFS. Habitats S and VFS had characteristic shapes typical of the ARC
curve of fine-grained sediment in the APL model (Figure 12).

Examples of measurements presented by different studies suggest high variability of
BBS. This may be related to variation within a single habitat, which, in different basins, may
have different physical characteristics that vary with time of day and season. It is necessary
to find the limits of BBS for specific habitats in specific basins according to numerous
empirical studies.

Visual assessment of backscatter mosaic grids created using our methods shows their
usefulness for further application, such as sustainable management of seabed resources,
exploration of the sea bottom, benthic habitat mapping, and geological mapping of the
seabed. The results presented were obtained using the NORBIT echosounder and software,
which will be made available on the website associated with the ECOMAP project.

Corrected BBS values are very useful for the characterization of benthic habitats based
on acoustic dependence characteristics. Their differentiation based on acoustic signatures
may help to classify seabed properties only by specific acoustic responses. It may help to in-
crease the importance of noninvasive underwater acoustic research, reducing the number of
sediment ground-truth samples and expanding the classification of known benthic habitats
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for newly explored areas. However, it should be underlined that this kind of quantitative
characterization of the seafloor substrate requires corrected BBS values [23,27]. Advances
in calibrated multibeam echosounders are still in the development phase; however, thanks
to recent advances by manufacturers, several MBES models calibrated in a test tank are
now available. This provides an opportunity for habitat mapping and monitoring using
the absolute response of the seafloor to backscattering, as well as its changes over time. We
recommend measuring BBS using an acoustically calibrated echosounder and using such
data to classify benthic habitats.

Author Contributions: Conceptualization, K.T., ].T., P.P, J.Z., AK. and ].5.v.D.; data curation, K.T,,
J.T., PP, L], AK and M.R,; formal analysis, K.T. and ].T.; investigation, K.T., ].T.,, PP, L]., ].Z., AK,,
MR, Z.L. and J.S.v.D.; methodology, K.T., ].T.,, PP, J.Z., AK. and ].S.v.D.; project administration, J.T.
and ]J.S.v.D,; software, K.T., PP. and ].Z.; supervision, J.T. and J.S.v.D.; validation, K.T., ].T. and P.P;
visualization, K.T., L.]., PP. and M.R,; writing—original draft, K.T., ].T., PP, LJ.,, AK,M.R.and Z.L,;
writing—review and editing, J.T., Z.L. and ].5.v.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research resulted from the BONUS ECOMAP project, supported by BONUS (Art 185),
funded jointly by the EU and the Federal Ministry of Education and Research of Germany (BMBF),
the National Center for Research and Development of Poland (NCBR; grant number BONUS-
BB/ECOMAP/07/2017), and the Innovation Fund Denmark (Innovationsfonden).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: https://www.bonus-ecomap.eu/. Available on 1 January 2022.

Acknowledgments: We would like to thank the rv Oceanograf and Zelint crews for their help with
the marine surveys.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Parnum, I.; Siwabessy, PJ.W.; Gavrilov, A.N. Identification of Seafloor Habitats in Coastal Shelf Waters Using a Multibeam
Echosounder. In Proceedings of the ACOUSTICS 2004, Gold Coast, Australia, 3-5 November 2004; pp. 181-186.

2. Madricardo, F; Foglini, F; Kruss, A.; Bellafiore, D.; Trincardi, F. The high resolution mapping of the Venice Lagoon tidal network.
Gen. Assem. Conf. Abstr. 2017, 19, 19505.

3. Guinan, J.; McKeon, C.; O’keeffe, E.; Monteys, X.; Sacchetti, F.; Coughlan, M.; Aonghusa, C.N. Infomar data supports offshore
energy development and marine spatial planning in the irish offshore via the emodnet geology portal. Q. J. Eng. Geol. Hydrogeol.
2020, 54, 33. [CrossRef]

4. Blondel, P; Gémez Sichi, O. Textural analyses of multibeam sonar imagery from Stanton Banks, Northern Ireland continental
shelf. Appl. Acoust. 2009, 70, 1288-1297. [CrossRef]

5. Marsh, L; Brown, C. Neural network classification of multibeam backscatter and bathymetry data from Stanton Bank (Area IV).
Appl. Acoust. 2009, 70, 1269-1276. [CrossRef]

6. Prampolini, M.; Blondel, P,; Foglini, F.; Madricardo, F. Habitat mapping of the Maltese continental shelf using acoustic textures
and bathymetric analyses. Estuar. Coast. Shelf Sci. 2018, 207, 483-498. [CrossRef]

7. Schneider von Deimling, J.; Held, P; Feldens, P.; Wilken, D. Effects of using inclined parametric echosounding on sub-bottom
acoustic imaging and advances in buried object detection. Geo-Mar. Lett. 2016, 36, 113-119. [CrossRef]

8. Janowski, L.; Trzcinska, K.; Tegowski, J.; Kruss, A.; Rucinska-Zjadacz, M.; Pocwiardowski, P. Nearshore benthic habitat mapping
based on multi-frequency, multibeam echosounder data using a combined object-based approach: A case study from the Rowy
Site in the Southern Baltic Sea. Remote Sens. 2018, 10, 1983. [CrossRef]

9.  Trzcinska, K.; Janowski, L.; Nowak, J.; Rucinska-Zjadacz, M.; Kruss, A.; Schneider von Deimling, J.; Pocwiardowski, P.; Tegowski,
J. Spectral features of dual-frequency multibeam echosounder data for benthic habitat mapping. Mar. Geol. 2020, 427, 106239.
[CrossRef]

10. Lamarche, G.; Lurton, X. Recommendations for improved and coherent acquisition and processing of backscatter data from
seafloor-mapping sonars. Mar. Geophys. Res. 2018, 39, 5-22. [CrossRef]

11.  Kunde, T.; Held, P.; Sternberg, H.; Schneider von Deimling, ]. Ammunition detection using high frequency multibeam snippet
backscatter information. Mar. Pollut. Bull. 2018, 133, 481-490. [CrossRef] [PubMed]

12.  Schimel, A.C.G.; Beaudoin, J.; Parnum, I.M.; Le Bas, T.; Schmidt, V.; Keith, G.; Ierodiaconou, D. Multibeam sonar backscatter data

processing. Mar. Geophys. Res. 2018, 39, 121-137. [CrossRef]


https://www.bonus-ecomap.eu/
http://doi.org/10.1144/qjegh2020-033
http://doi.org/10.1016/j.apacoust.2008.07.015
http://doi.org/10.1016/j.apacoust.2008.07.012
http://doi.org/10.1016/j.ecss.2017.06.002
http://doi.org/10.1007/s00367-015-0433-3
http://doi.org/10.3390/rs10121983
http://doi.org/10.1016/j.margeo.2020.106239
http://doi.org/10.1007/s11001-017-9315-6
http://doi.org/10.1016/j.marpolbul.2018.05.063
http://www.ncbi.nlm.nih.gov/pubmed/30041341
http://doi.org/10.1007/s11001-018-9341-z

Remote Sens. 2021, 13,4771 21 of 22

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

Wendelboe, G. Backscattering from a sandy seabed measured by a calibrated multibeam echosounder in the 190-400 kHz
frequency range. Mar. Geophys. Res. 2018, 39, 105-120. [CrossRef]

Williams, K.L.; Jackson, D.R.; Thorsos, E.I; Tang, D.; Briggs, K.B. Acoustic backscattering experiments in a well characterized
sand sediment: Data/model comparisons using sediment fluid and Biot models. IEEE ]. Ocean. Eng. 2002, 27, 376-387. [CrossRef]
Weber, T.C.; Ward, L.G. Observations of backscatter from sand and gravel seafloors between 170 and 250 kHz. |. Acoust. Soc. Am.
2015, 138, 2169-2180. [CrossRef] [PubMed]

Eleftherakis, D.; Berger, L.; Le Bouffant, N.; Pacault, A.; Augustin, ].M.; Lurton, X. Backscatter calibration of high-frequency
multibeam echosounder using a reference single-beam system, on natural seafloor. Mar. Geophys. Res. 2018, 39, 55-73. [CrossRef]
Williams, K.L.; Jackson, D.R.; Tang, D.; Briggs, K.B.; Thorsos, E.I. Acoustic Backscattering From a Sand and a Sand/Mud
Environment: Experiments and Data/Model Comparisons. IEEE |. Ocean. Eng. 2009, 34, 388-398. [CrossRef]

Stanic, S.; Briggs, K.B.; Fleischer, P.; Sawyer, W.B.; Ray, R.I. High-frequency acoustic backscattering from a coarse shell ocean
bottom. J. Acoust. Soc. Am. 1989, 85, 125-136. [CrossRef]

Gaida, T.C.; Mohammadloo, T.H.; Snellen, M.; Simons, D.G. Mapping the seabed and shallow subsurface with multi-frequency
multibeam echosounders. Remote Sens. 2020, 12, 52. [CrossRef]

Buscombe, D.; Grams, PE.; Kaplinski, M.A. Characterizing riverbed sediment using high-frequency acoustics: Scattering
signatures of Colorado River bed sediment in Marble and Grand Canyons. ]. Geophys. Res. Earth Surf. 2014, 119, 2692-2710.
[CrossRef]

Preston, J. Automated acoustic seabed classification of multibeam images of Stanton Banks. Appl. Acoust. 2009, 70, 1277-1287.
[CrossRef]

Fonseca, L.; Calder, B. Geocoder: An Efficient Backscatter Map Constructor. In Proceedings of the U.S. Hydro 2005 Conference,
San Diego, CA, USA, 22 September 2005; p. 9.

Lurton, X.; Lamarche, G. (Eds.) Backscatter Measurements by Seafloor-Mapping Sonars. Guidelines and Recommendations; GeoHab
Backscatter Working Group: 2015. Available online: https://geohab.org/wp-content/uploads/2018/09/BWSG-REPORT-MAY?2
015.pdf (accessed on 24 November 2021).

Francois, R.E.; Garrison, G.R. Sound absorption based on ocean measurements. J. Acoust. Soc. Am. 1982, 72, 1879-1890. [CrossRef]
Lurtone, X. An Introduction to Underwater Acoustics, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2010.

IHO Standards for Hydrographic Surveys. Monaco. 2008. Available online: https://iho.int/uploads/user/pubs/standards/s-44
/S-44_5E.pdf (accessed on 24 November 2021).

Lamarche, G.; Lurton, X.; Verdier, A.L.; Augustin, ].M. Quantitative characterisation of seafloor substrate and bedforms using
advanced processing of multibeam backscatter—Application to Cook Strait, New Zealand. Cont. Shelf Res. 2011, 31, 93-109.
[CrossRef]

Van Walree, P.A.; Ainslie, M.A.; Simons, D.G. Mean grain size mapping with single-beam echo sounders. J. Acoust. Soc. Am. 2006,
120, 2555-2566. [CrossRef]

APL-UW. High-Frequency Ocean Environmental Acoustics Models Handbook; Defense Technical Information Center: Seattle, WA,
USA, 1994; APL-UW TR 9407.

Jackson, D.R.; Richardson, M.D. High-Frequency Seafloor Acoustics; Springer: Berlin/Heidelberg, Germany, 2007.

Diaz, ].V.M. Analysis of Multibeam Sonar Data for the Characterization of Seafloor Habitats. Master’s Thesis, The University of
New Brunswick, Fredericton, NB, Canada, 1999.

Fonseca, L.; Brown, C.; Calder, B.; Mayer, L.; Rzhanov, Y. Angular range analysis of acoustic themes from Stanton Banks Ireland: A
link between visual interpretation and multibeam echosounder angular signatures. Appl. Acoust. 2009, 70, 1298-1304. [CrossRef]
Eleftherakis, D.; Snellen, M.; Amiri-Simkooei, A.; Simons, D.G.; Siemes, K. Observations regarding coarse sediment classification
based on multi-beam echo-sounder’s backscatter strength and depth residuals in Dutch rivers. J. Acoust. Soc. Am. 2014, 135,
3305-3315. [CrossRef] [PubMed]

Weber, T.C.; Rice, G.; Smith, M. Toward a standard line for use in multibeam echo sounder calibration. Mar. Geophys. Res. 2018,
39, 75-87. [CrossRef]

Roche, M.; Degrendele, K.; Vrignaud, C.; Loyer, S.; Le Bas, T.; Augustin, ].M.; Lurton, X. Control of the repeatability of high
frequency multibeam echosounder backscatter by using natural reference areas. Mar. Geophys. Res. 2018, 39, 89-104. [CrossRef]
Ladroit, Y.; Lamarche, G.; Pallentin, A. Seafloor multibeam backscatter calibration experiment: Comparing 45°-tilted 38-kHz
split-beam echosounder and 30-kHz multibeam data. Mar. Geophys. Res. 2018, 39, 41-53. [CrossRef]

Mutschler, M.; Maillard, E.; Pocwiardowski, P. Combination of bathymetry and calibrated imagery in multibeam echosounder.
In Underwater Acoustic Measurements: Technologies and Results, Proceedings of the 3rd International Conference & Exhibition on
Underwater Acoustic Measurements: Technologies and Results, Nafplion, Greece, 21-26 June 2009; Papadakis, ].S., Bjerng, L., Eds.;
pp. 883-890. Available online: https://www.uaconferences.org/docs/Past_Proceedings/UAM2009_Proceedings.pdf (accessed
on 24 November 2021).

Perrot, Y.; Brehmer, P,; Roudaut, G.; Gerstoft, P,; Josse, E.; Perrot, Y.; Brehmer, P.; Roudaut, G.; Josse, E.; Plouzané, F.-; et al. Efficient
multibeam sonar calibration and performance evaluation. Int. J. Innov. Res. Sci. Eng. Technol. 2014, 3, 808-820.

Lanzoni, J.C.; Weber, T.C. High-resolution calibration of a multibeam echo sounder. In Proceedings of the OCEANS 2010
MTS/IEEE SEATTLE, Seattle, WA, USA, 20-23 September 2010; pp. 1-7.


http://doi.org/10.1007/s11001-018-9350-y
http://doi.org/10.1109/JOE.2002.1040925
http://doi.org/10.1121/1.4930185
http://www.ncbi.nlm.nih.gov/pubmed/26520300
http://doi.org/10.1007/s11001-018-9348-5
http://doi.org/10.1109/JOE.2009.2018335
http://doi.org/10.1121/1.397720
http://doi.org/10.3390/rs12010052
http://doi.org/10.1002/2014JF003191
http://doi.org/10.1016/j.apacoust.2008.07.011
https://geohab.org/wp-content/uploads/2018/09/BWSG-REPORT-MAY2015.pdf
https://geohab.org/wp-content/uploads/2018/09/BWSG-REPORT-MAY2015.pdf
http://doi.org/10.1121/1.388673
https://iho.int/uploads/user/pubs/standards/s-44/S-44_5E.pdf
https://iho.int/uploads/user/pubs/standards/s-44/S-44_5E.pdf
http://doi.org/10.1016/j.csr.2010.06.001
http://doi.org/10.1121/1.2345907
http://doi.org/10.1016/j.apacoust.2008.09.008
http://doi.org/10.1121/1.4875236
http://www.ncbi.nlm.nih.gov/pubmed/24907794
http://doi.org/10.1007/s11001-017-9334-3
http://doi.org/10.1007/s11001-018-9343-x
http://doi.org/10.1007/s11001-017-9340-5
https://www.uaconferences.org/docs/Past_Proceedings/UAM2009_Proceedings.pdf

Remote Sens. 2021, 13, 4771 22 of 22

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

Wendelboe, G.; Dahl, H.; Maillard, E.; Bjorno, L. Towards a fully calibrated multibeam echosounder. Proc. Meet. Acoust. 2012,
17,070025.

Foote, K.G.; Chu, D.; Hammar, T.R.; Baldwin, K.C.; Mayer, L.A.; Hufnagle, L.C.; Jech, ].M. Protocols for calibrating multibeam
sonar. J. Acoust. Soc. Am. 2005, 117, 2013-2027. [CrossRef] [PubMed]

Urick, R.]J. Principles of Underwater Sounds for Engineers; McGraw-Hill: New York, NY, USA, 1967.

Kloser, R.; Reid, D.G. NO. 286 Acoustic Seabed Classification of Marine Physical and Biological Landscapes. Anderson, J.T., Ed.;
2007. Available online: https:/ /www.ices.dk/sites/pub/Publication%20Reports/Forms/DispForm.aspx?ID=35841 (accessed on
24 November 2021).

Kendzierska, H. Stilo-Ustka. In Atlas of Polish Marine Area Bottom Habitats; Gic-Grusza, G., Kryla-Straszewska, L., Urbanski, J.,
Warzocha, J., Weslawski, ]. M., Eds.; Broker-Innowacji: Gdynia, Poland, 2009; pp. 158-165.

ASG Eupos. Available online: http://www.asgeupos.pl/index.php?wpg_type=serv&sub=nawgeo_rtn (accessed on
15 September 2021).

Folk, R.L.; Ward, W.C. Brazos River bar [Texas]; A study in the significance of grain size parameters. J. Sediment. Petrol. 1957, 27,
3-26. [CrossRef]

Wentworth, C.K. A Scale of Grade and Class Terms for Clastic Sediments. J. Geol. 1922, 30, 377-392. [CrossRef]

Github. Available online: https://github.com/dlang (accessed on 7 November 2021).

Simons, D.G.; Snellen, M. A Bayesian approach to seafloor classification using multi-beam echo-sounder backscatter data. Appl.
Acoust. 2009, 70, 1258-1268. [CrossRef]

Malik, M.; Lurton, X.; Mayer, L. A framework to quantify uncertainties of seafloor backscatter from swath mapping echosounders.
Mar. Geophys. Res. 2018, 39, 151-168. [CrossRef]

Malik, M. Sources and impacts of bottom slope uncertainty on estimation of seafloor backscatter from swath sonars. Geosciences
2019, 9, 183. [CrossRef]

Fonseca, L.; Mayer, L. Remote estimation of surficial seafloor properties through the application Angular Range Analysis to
multibeam sonar data. Mar. Geophys. Res. 2007, 28, 119-126. [CrossRef]

Ogilvy, J. Theory of Wave Scattering from Random Rough Surfaces; Adam Higler: Bristol, UK, 1991.

Lurton, X.; Eleftherakis, D.; Augustin, ].M. Analysis of seafloor backscatter strength dependence on the survey azimuth using
multibeam echosounder data. Mar. Geophys. Res. 2018, 39, 183-203. [CrossRef]

Feldens, P.; Schulze, I.; Papenmeier, S.; Schénke, M.; Schneider von Deimling, J. Improved interpretation of marine sedimentary
environments using multi-frequency multibeam backscatter data. Geosciences 2018, 8, 214. [CrossRef]


http://doi.org/10.1121/1.1869073
http://www.ncbi.nlm.nih.gov/pubmed/15898644
https://www.ices.dk/sites/pub/Publication%20Reports/Forms/DispForm.aspx?ID=35841
http://www.asgeupos.pl/index.php?wpg_type=serv&sub=nawgeo_rtn
http://doi.org/10.1306/74D70646-2B21-11D7-8648000102C1865D
http://doi.org/10.1086/622910
https://github.com/dlang
http://doi.org/10.1016/j.apacoust.2008.07.013
http://doi.org/10.1007/s11001-018-9346-7
http://doi.org/10.3390/geosciences9040183
http://doi.org/10.1007/s11001-007-9019-4
http://doi.org/10.1007/s11001-017-9318-3
http://doi.org/10.3390/geosciences8060214

	Introduction 
	Models, Classification, and Calibration 
	Goals 

	Materials and Methods 
	Calibration of Multibeam Echosounder 
	Research Area and Data Collection 
	Postprocessing of Backscatter Data 
	Reverberation area and Bottom Slope Correction 
	BBS-Coder: AVG Correction, and Backscatter Map Preparation 


	Results 
	Angular Response Curves of BBS Values for Specific Habitat of the Baltic Sea 
	Backscatter Maps: BBS-Coder Result 

	Discussion 
	Conclusions 
	References

