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Abstract

Modern challenges in the increasing exploitation of aquatic ecosystems require efficient, reliable, and noninvasive technologies to
acquire biomass information on a large scale. For the past 40 years, hydroacoustics has been an essential tool to analyse fish populations
and their relationship with the environment. Currently, split-beam echo sounders are standard tools used to reliably and accurately
record data in oceans, estuaries, and lakes. To maximize the coverage volume and to increase target detection, and therefore data
quality, the use of multi-beam echo sounders is a real asset. We propose here an innovative method for target strength (TS) calculation
based on the signal from a reversible Mills cross multi-beam sonar, SeapiX (Exail), which also includes the analytical capability of a
split-beam echo sounder. This innovative approach provides new original information when using a multi-beam sonar. The case study
in Lake Bourget was based on a comparison of the simultaneous recordings of SeapiX and EK80 (SIMRAD) to prove the validity of this

multi split-beam processing, as well as to estimate the in situ TS of fish.

Keywords: multi-beam; target strength; split-beam

Introduction

The global transition to renewable energy sources in response
to climate change has spurred the development of large-scale
projects involving the installation of massive energy structures
that affect both marine and lake ecosystems. This trend neces-
sitates a comprehensive analysis of fish resources and ecosys-
tems to address the challenges posed by the deployment of en-
ergy generators using wind, waves, or tidal energy in marine
areas and the increasing use of thermal energy, wind turbines,
and photovoltaic panels in large lakes and reservoirs (Fink et
al. 2014).

For the past decades, echo sounders have played key roles in
observing, quantifying, and analysing fish populations (Sim-
monds and MacLennan 2008). The instruments most com-
monly used to conduct abundance estimation assessments are
still split-beam echo sounders (SBES), which are operated
from conventional vessels. The increasing stress on marine
ecosystems due to human impacts, such as industrial fish-
ing, the deployment of renewable energy on large scales, and
climate change, has increased the demand for more efficient
methods for monitoring the status of impacts on ecosystems
components and function. To enhance the acoustic sampling
volume and expand the observations of fish behaviors, such
as avoidance, the use of a multibeam echo sounder (MBES)
in routine surveys should be considered. The MBES data pro-
vide an additional spatial dimension of fish distribution in the
water column, i.e. whether the fish are scattered or aggregated

in the shoals. Topological analysis, such as that described by
Petitgas and Levenez (1996), can be performed in three dimen-
sions, considering the topological characteristics of schools as
potential markers of fish species (Scalabrin et al. 1996, Proud
et al. 2020).

MBESs have been employed to conduct water column anal-
yses, and they enable backscattering measurements, single
echo detection (SED), and volumetric imaging of fish schools
(Colbo et al. 2014). Initial pioneering efforts were directed
toward qualitatively visualizing the water column using stan-
dard hydrographic MBES (Gerlotto et al. 1999). Innovations
in displaying MBES data for fishery research then progres-
sively capitalized on advancing 3D graphical display technol-
ogy (Mayer et al. 2002), and these innovative 3D visualiza-
tion tools have significantly transformed the approach used to
comprehend water column data. Acoustic calibration methods
were subsequently refined for application in MBESs, facilitat-
ing the quantitative assessment of water column data (Foote
2006). However, despite this advancement, the technique has
not been applied on an industrial scale to date, neither within
the scientific community nor among MBES manufacturers.

The main aim of this study was to evaluate the compati-
bility of SeapiX MBES calibrated data with historical echo-
sounding datasets, ensuring a seamless integration with exist-
ing research methodologies. In this respect, we have evaluated
the performance of the SeapiX MBES (Exail, la Ciotat France)
in assessing target strength (TS), a crucial metric used to
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Figure 1. Beamformed signal matrix decomposition. (a) represents the acoustic swath acquired in one ping (which is a transmission and reception
sequence). A target is represented as the 3D PSF of the imaging system (SeapiX). This 3D PSF can be decomposed in two dimensions: (b) the
longitudinal beamformed signal and (c) the transverse beamformed signal (the envelope of the signal is displayed in dB). (d) and (e) are a representation

of the split-beam phase (or interferometric phase).

determine the size and density of fish populations and for
monitoring individual behavior. We also compared the effi-
ciency of the SeapiX MBES with that of conventional SBES
by conducting a measurement campaign on a well-known fish
population (Coregonus lavaretus) in Lake Bourget in 2019
(Mouget et al. 2019a, Rautureau et al. 2022). Our study find-
ings contribute to ensuring continuity and comparability of
long-term ecological monitoring efforts, thereby facilitating
the integration of novel technologies into established research
frameworks.

Materials and methods

Hardware description

To avoid a common confusion between the terms “beam”
and “transducer,” we will refer to the MBES transmit/receive
elements as the transducer array throughout this document.

The transducer is the active element that converts electrical
signal into an ultrasound wave. The beam is the result of
coherent interferences between the ultrasound waves gener-
ated by the array of transducers, therefore pointing toward
a specific direction. SeapiX MBES (Mosca et al. 2016) con-
sists of two uniform linear transducer arrays with 64 elements
each, arranged in a Mills cross. SeapiX MBES is symmet-
ric, transmission/reception reversible, and electronically steer-
able. It provides transverse (i.e. across-track) or longitudinal
(along-track) acoustic swaths of 120° by 1.6°, tiltable by 45°,
giving the ability to see cross sections of the water column
(Fig. 1). The transmission pulsers and digitalization electron-
ics are embedded in the subsea sonar head in the close vicin-
ity of the transducers in order to keep the electronic noise
level as low as possible. The connection between the sonar
head and the processing computer is simply made by a sub-
sea cable carrying power supply, ethernet for data stream
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Figure 2. SeapiX transducers and beam patterns. Transmitted beam with the longitudinal transducer array (a), received beams from all parts (b),
theoretical spatial distribution of sound level in the water column for SeapiX (solid line) and EK80 (dashed line) (c). Longitudinal (d) and transverse (e)

beam profile comparison for SeapiX (solid line) and EK80 (dashed line).

communication, and a coax for signal synchronization. Figure
1 shows the SeapiX transverse swath mainly used in this study.
Considering an ideal imaginary point target, the impulse re-
sponse of the SeapiX imaging system can be called a point
spread function (PSF), which is represented in Fig. 1 in three
dimensions. The two cross sections of the PSF in Fig. 1a are
decomposed as the amplitude shown in Fig. 1b and ¢ and the
interferometric phase (or split-beam phase) shown in Fig. 1d
and e. Figure 2a and b depicts the transmission/reception se-
quence illustrating the contribution of each transducer array
segment during the transmission (longitudinal transducer ar-
ray being on Fig. 2a) and the reception of the backscattered
signal (all of the transducer array segments being on Fig. 2b).
To illustrate the differences in beam dimensions, the transmis-
sion beam profiles for the SeapiX MBES and EK80 have been
overlaid in Fig. 2, specifically in parts c—e. The sound level of
both systems at the surface of each transducer was assumed
to be equivalent. The main beam cross section 2¢ shows the
difference between the EK80 120 kHz (dashed red lines) and

SeapiX 150 kHz (solid black lines) in the aft and fore direc-
tions. In Fig. 2d and e, the transmission beams are displayed
angularly. The most explicit view of the angular difference be-
tween the SBES and the MBES is the wide acoustic beam dis-
played in Fig. 2e.

Physical quantities

Once the acoustic pulse is emitted by the longitudinal trans-
ducer array—one of the two arrays—the raw acoustic signal is
acquired simultaneously by each of all 128 transducers (from
both transducer arrays) at a rate of 3 MHz. Subsequently, each
of the 128 signals undergoes filtering, compensation for time
variable gain (TVG), demodulation, decimation, and down-
sampling to 43 kHz. SeapiX beamforming employs delay and
sum beamforming at a baseband and produces 64-256 beams
in real time from both receiving arrays (i.e. 128-512 simulta-
neous beams). In this study, the number of calculated beams
was set to 64 aiming to minimize the size of the files to process
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and to create a proof of concept for the inter beam compen-
sation as explained in Equation (9). The beamformed signal
matrix S(7,,, t) contains the signal variation over time in one
dimension (¢), and it is a function of the angle in the other di-
mensions, denoted as the beam number (7). This is the prin-
cipal component for computing physical quantities. In prac-
tice, the split-beam phase is determined by the phase difference
between the half-transducer arrays. For example, the signals
from the first 32 transducers were beamformed in 64 direc-
tions. The same operation is performed with the signals from
the other 32 transducers of the same transducer array. The
resulting signal matrix is called the split-beam signal matrix.
After demodulation, the signals from both split-beams are dec-
imated, and each sample is a complex number. The split-beam
matrices are combined to extract the swath echogram modu-
lus and phase.

S(ny, t) is converted to the echo-level (EL) using the fol-
lowing sonar Equation (1):

EL (1. 1) = 10log,, (S(nh, t)z) —G(t)—=RVS—F (1)

where 7, is the beam number, # is the time of the recorded
sample, G(¢) is the TVG [dB], RVS is the receive voltage re-
sponse [dB re 1 V/dBuPa], and F is the chain factor conver-
sion [dB re 1 bits/V]. S(n,, t) is the demodulated and deci-
mated beamformed signal. It is expressed in bits. The signal
S(ny, t) has been amplified by a TVG G(¢). This amplifica-
tion occurs in the analog electronics. To recover numerically
the signal metrological values, G(t) must be removed from
S(ny, t). From the EL, the TS was calculated using Equation
9).

TS (ny,t) = EL (i, t) — SL 4 40log,, (r) + 2ar + C (1)
—20log, o (sinc(yry, (1, ) sinc (Y7 (15, 2)),  (2)

where SL is the transmitted Sound level [dB rel. 1uPa
at 1 m], r is the range [in meters], o is the absorption of
sound expressed in [dB/m], and C is a vector of correction
level values derived from the calibration [in dB]. In prac-
tical terms, the transducer array was not treated as an in-
finitely thin line; an additional correction was introduced to
consider the transducer array finite dimensions. Therefore,
C ~ 50 log10(cos8,;,) accounts for the two-ways mean di-
rectivity of the transducers composing the array. Here, ¥ and
Y denote the split-beam phase signals of the transversal and
longitudinal swaths, respectively. These split-beam phases are
computed based on a combination of half-transducer array
signals achieved through delay-and-sum beamforming of the
transducer subarrays (where each subarray comprises half the
length of the transducer arrays).

To elaborate further, /7 is the phase difference between the
beamformed signal by the starboard side of the transducer
array and the beamformed signal by the port side of the ar-
ray. Simultaneously, | is the difference between the phase of
the beamformed signal by the foreside of the transducer array
and the aft side of the transducer array. Let St (n, ) be the
beamformed signal of the starboard side, and St;(r, ) be
the beamformed signal of the port side. Because these signals
are complex numbers, the real and imaginary parts must be
used as

Y11 (1, t) = atan(I [Sty (1, )], N[ST1 (5, 2)],  (3)

Y12 (1, t) = atan(I [Sta (1, )], N[ST2 (15, 8)],  (4)

Matte et al.

where 0 represents the real component of a complex num-
ber, and J represents the imaginary component. Also, atan re-
turns the arctangent of the input argument ratio over [—% Z]
The transverse split-beam phase becomes

2 21
Vr (. 1) = Yr2 (np, t) — Yy (1, 1) (5)
in the same way as Spibeing the beamformed signal of the
foreside and Sy, the beamformed signal of the aft side.
Vi (. t) = Y2 (mp, 1) — Y (1, 1) . (6)
The ¥ being the longitudinal split-beam phase.
In the case of fully developed speckle from a fish school

or aggregation backscattering, the volume backscattering
strength SV is given by Equations (7) and (8).

SV (ny,t) = EL (n,, t) — SL 4 40log,, () + 2ar

—10log,oV (1, 1) + C (12,) (7)
with
V (mp, t) = 0_345 (m) ¢_3a87" <%t) , (8)

where 6_345(n,,) is the beamwidth at —3 dB of the nth received
beam, ¢_3,5 is the beamwidth at —3 db of the nth transmitted
beam. Both are expressed in radians. ¢ is the speed of sound
[m/s]. The signal matrices S, EL, TS, and SV are explicitly de-
noted as S(ny, t), EL(n, t), TS(ny, t), and SV(ny, t) to ex-
press the pixel value of the final image. The indices 7, and ¢,
respectively, stand for “beam number” and “sampling time in
seconds.” In the literature, SV is often written as depending on
20 log10 7 (Simmonds and MacLennan 2008). We deliberately
chose here to express it in a very similar manner when com-
pared to the TS expression with a dependency of 40 log10 »
because the SV is homogeneous to a TS normalized by the res-
olution cell V (n,, t), which contains the required #*. How-
ever, the SV equation does not need to account for the inter-
beam compensation because the energy is integrated over the
entire received beam.

Pixel-based TS calculation

TS calculation was not only performed on single targets, but
over the whole split-beam matrices. To achieve this, beam-
formed data was conceptualized as an image—a representa-
tion of acoustic intensity mapped with respect to time sam-
ples arriving from specific directions. Each time sample cor-
responds to a range (r =c.5) and the direction is defined
by the beamformed angle. The pixel-based TS calculation
yields Equations (1) and (9), where r = ¢.5:

TS (5, ) = 20log, (S (1. £)) — G (t) — RVS — F — SL + PG

4 2oact
+40log,, <%>+ O;C +C(m)

—20logyo(sinc (Y1 (1, t)) .sinc (Y. (np,2))  (9)

with PG the processing gain brought on by pulse compression
in a case where chirp modulated signal would be transmit-
ted. If a tone burst is selected, PG would be 0. The impact
of the dispersion brought on by the employment of multiple
transducers—each with unique efficiencies, or subject to po-
sitional errors—is confined to the secondary lobes. Interest-
ingly, the main lobe retains its original structure and remains
unaffected, even with eventual transducer loss. Based on this
observation, we can take advantage of the analytical expres-
sion provided in the equation to model the behavior of the
transmission/reception lobes effectively.
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Case study: lake bourget fish TS measurement

To demonstrate the practical feasibility of this calibration
in in situ operations, we conducted a case study on a fish
population on the Lake Bourget and compared the results
to simultaneously acquired EK80 hydroacoustic data. Similar
comparative methods were previously employed successfully
(Rautureau et al. 2022).

On a yearly basis, the survey aims at monitoring white fish
(Coregonus lavaretus) using a split-beam echo sounder EK80
(120 kHz, SIMRAD) (Bourinet et al. 2023). Fish size usually
ranges from 10 to 50 cm. Methods and protocols for such sur-
veys have been already explored and yielded reliable results
(Mouget et al. 2019a). In this 2019 experiment, hydroacous-
tics data were simultaneously acquired with SeapiX (150 kHz,
Exail) multi-beam echo sounder on board the Antares, a ship
from the fleet of INRAE. Both echo sounders were mounted
on the same side of the ship (the port side), the EK80 trans-
ducer being 0.5 m forward of the SeapiX transducer array.
Both were mounted on a metal flange. Pulse length for EK80
and SeapiX was set to 256 us. The pulse type was tone burst.
The ping rate was set to 100 ms on SeapiX allowing a con-
stant ping rate of 10 pings/s. The EK80 used the auto ping
rate parameter to adjust the best rate according to the depth
bottom, close to the SeapiX one. Surveys were performed in
accordance with standard protocols (Drastik et al. 2017) at
night between 6:20 p.m. and 0.40 a.m. in order to observe the
fish population widely scattered in the water column. There
was a mean speed of 2.5 knots. Hydroacoustic data from the
MBES and SBES devices were processed using Echoview 11®.
Prior to the survey, calibration was performed on a Tungsten
carbide (WC) with a 6% cobalt binder standard sphere of
21 mm in diameter during the day. The WC sphere was sus-
pended at 18 m in a thin monofilament line, by 60 m depth.
The knots were tightened using the procedure described by
Demer et al. (2015). For the EKS80, calibrations were per-
formed according to the standard protocol described by Foote
et al. (1987) and the manufacturer’s manual. Environmen-
tal parameters were checked during lake survey monitoring
(Rimet et al. 2020) and did not change during the acoustic
survey (temperature = 19.5°C, salinity = 0 psu, pH = 8). The
weather was very calm during the survey and calibration pro-
cedures, with variable wind being very weak and no waves.

Signal processing using Echoview

This section details a simplified signal processing workflow
utilizing Echoview, with variations between echo sounders
highlighted at each step. This process is visually represented
in Fig. 3.

Denoising

Denoising involves primarily removing background noise. For
the EK80, we initially estimated the background noise level
and then subtracted it from the data set. The algorithm em-
ployed (De Robertis and Higginbottom 2007) is widely used
for echo sounder background noise removal. In the case of
multi-beams, the strategy involves measuring static elements
(background noise) and removing them when the target levels
significantly surpass the noise level. The denoising processes
are implemented in Echoview’s toolbox.

Interference removal

An interference is an outlier in the output data. To remove
the outliers, we applied a 3 x 3 median filter (i.e. a low-pass
filter). The outliers can be partly considered as impulse noise;
algorithms to process them have been put forward by Ryan et
al. (20135). These methods are also implemented in Echoview’s
dataflow as operators.

Target detection

A target represents the amalgamation of all the detections of
the same fish. Target detection consists essentially of a fish
tracking algorithm. In practical terms, following denoising
and interference removal steps, the image underwent binariza-
tion. The threshold for binarization was set manually, typi-
cally owning to a priori information of the TS of the target.
The binarized image was then applied as a mask for the orig-
inal data.

The masked output was then input into the target detection
algorithm from Echoview. This preprocessing was performed
on both EK80 and SeapiX datasets before applying the target
detection operation.

EK8O0 target detection operation

Beam compensation of the EK80 was performed in Echoview
with the single target detection operator. This operator ag-
gregates single targets from the split-beam data operator that
applies compensation based on split-beam angle data.

SeapiX target detection operation

The Echoview® multibeam target detection operator was
used. That process was performed on both transverse and lon-
gitudinal swaths, hence the two parallel processes described
in Fig. 3. Where these process lines merged in Fig. 3, the sym-
bol ® was used as the intersection operator. This operator re-
turned all the single targets that existed in both transverse and
longitudinal swaths within the acoustic transmitted beam of
1.6°. Finally, a threshold on the intensity variation was applied
to finalize the detection.

For both EK80 and SeapiX, the TS threshold was set to
—60 dB for SED according to monitoring surveys in the lakes
(Drastik et al. 2017). This threshold allowed fish length detec-
tion >0.02 m using Love’s equation (Richard and Love 1971),
which is commonly used in freshwater surveys (Emmrich et al.
2012, Morrissey-McCaffrey et al. 2018, Tessier et al. 2019).
The targets of interest corresponding to the white fish (Core-
gonus lavaretus) were located between 18 and 60 m depth. All
the data analysed in the following sections corresponds to this
layer.

Comparing results

A precise method to assess the similarity of TS distributions
involves utilizing the Bhattacharyya distance: Let P; and P,
be the probability density functions (estimated as histograms)
of the in situ TS measured from the SeapiX and EK80, respec-
tively. The Bhattacharyya distance is a statistical measure used
to quantify the similarity of the two probability distributions.
For discrete probability mass functions P; and P, on the same
domain x, the Bhattacharyya distance Dy is defined as follows
(Bhattacharyya 1946):

Dy (Py, P) = —In (Z VPi (x) Py (x)) : (10)
X
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Figure 3. Simplified Echoview workflow for EK80 and SeapiX data. For both ecl

ho sounders, the workflow is similar, being: (a) extract TS, (b) denoising,

(c) interference removal, and (d) target detection. For SeapiX, this process is done for transversal and longitudinal data in parallel. The intersection of
both detections is then considered as the actual detection. (e1) EK80 echogram and (e2) SeapiX echogram on =+ 21° simultaneously acquired.

where P;(x) and P, (x) are the probabilities of occurrence for
the xth sample. The Bhattacharyya distance ranges from 0 to
infinity, where 0 indicates identical distributions and infinity
indicates completely dissimilar distributions.

Equation 10 can then be used to calculate the difference
between the measured distributions of EK80 and SeapiX.

Results

Qualitative analysis

In this experiment, 7559 individual targets were extracted
from the split-beam EK80, and 17 327 individual targets were
extracted from the SeapiX data for entire swaths. The TS anal-
ysis range was from 18 to 60 m. A total of 86 727 pings were
recorded with the SeapiX and 73 565 pings with the EK80.
This means that the ratio of the detected single echoes to the
total number of pings reaches 10.28% with the EK80 and
19.98% with SeapiX. To take advantage of measured target
spatialization from the MBES data, target distribution was
extracted from several directions. In this manner, 7° beam
width was emulated at directions 0°, 7°,14°, and 21°. To con-

serve a large number of targets for distributions’ plotting, port
and starboard data were deliberately merged, as depicted in
Fig. 4f-h. This choice was made based on the observation that
detections from port and starboard are equally unbiased. This
finding was visible in the quantile-quantile plot (Q-Q plot)
in Fig. 5.

The Q-Q plot in Fig. 5a contains 3080 targets from the
port side and 2709 from the starboard side. Figure 5b contains
2219 targets from the port side and 2311 from the starboard
side, and finally, the Q-Q plot in Fig. Sc contains 1870 targets
from the port side and 1915 from the starboard side. These
three Q-Q plots exhibited a linear pattern around the main
mode of the distribution. In one of the three plots, Fig. 5a, a
diverging pattern of the 7° Q-Q plot occurs in the upper side
of the curve (between —30 and —25 dB), where a few targets
remained and therefore where the data were not statistically
significant. Targets extracted regardless of beam direction ex-
hibited the same modal distribution as in a traditional EK80
survey. A slight shift in the distribution toward a lower TS
might come from fish statistical angular response. Consider-
ing the 0° beam only (non-steered), the TS distributions from
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Figure 4. Superposition of the TS distribution of the 18-60 m fish layer. Various beams were considered, from left to right: (a, e) 0°, (b, f) 7°, (c, g) 14°,
and (d, h) 21°. We observed that regardless of the beam angle considered, the SeapiX measurements fit with those of EK80. In gray, we have
highlighted the difference between distributions as the steering angle increases.
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Figure 5. Q-Q plot for an emulated 7° beam width. (a) steered 7° port and starboard, which is corresponding to Fig. 4f, (b) steered 14° port and
starboard, which is corresponding to Fig. 4g, and (c) steered 21° port and starboard, which is corresponding to Fig. 4h.

EK80 (120 kHz) and SeapiX (150 kHz) were superimposed,
as shown in Fig. 4a. Considering the median, a difference of
0.18 dB between the two measurements (—42.57 dB for EK80
and —42.75 dB for SeapiX) was seen. Considering the mean,
a difference of 0.74 dB (—43.92 dB for EK80 and —43.18 dB
for SeapiX) was seen.

Analytical approach
Observing Fig. 6, we note that below —57 dB, the SeapiX his-
togram does not contain any entry. SeapiX was not configured
to an appropriate sensitivity setting during this survey, which
artificially limited the signal dynamics. We thus compare both
distributions from —57 dB. By using Equation (10), we cal-
culated that the Bhattacharyya distance between Py and P, is
equal to 0.128. It means that the probability distributions be-
hind SeapiX and EK80 measurements are hardly distinguish-
able. This ascertains that TS records from MBES are similar
to TS records from the EK80 SBES.

Pushing further the analysis, the Bhattacharyya distance
was calculated between TS distributions extracted from EK80

10 —
9 — SeapiX |
] — EKS0

Occurence percentage

=1
|

3
—30
2

TS (dB/m?)

Figure 6. Overall superposition of the TS distribution of the 18-60 m fish
layer.

and SeapiX 7° emulated beam width. Table 1 provides a sum-
mary of all the Bhattacharyya distances to compare SeapiX
and EK80.
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Table 1. Bhattacharyya distance SeapiX—EK80.

All beams
(—21° to 21°) 0° +7° +14° +21°
SeapiX-EK80 0.128 0.134 0.129 0.132 0.132
Bhattacharyya
distance

Bhattacharyya distance calculation between SeapiX TS dis-
tribution and EK80 distribution is close to 0.130 regardless of
the steering angle (0°, 7°, 14°, or 21°).

Through the application of Q-Q plots, we demonstrated an
equal distribution of fish on both sides of the MBES system.
To provide more insight into the Bhattacharyya distance, we
also calculate associated Bhattacharyya distance on the same
dataset than the one used to trace Q-Q plots. It appears these
values are slightly lower than 0.1. This suggests that the level
of similarity between the distributions of EK80 and SeapiX
is comparable to the similarity observed within the left-right
fish distributions as detected solely by SeapiX (Fig. 5a).

Discussion

A major limitation of MBES systems is their elevated side-lobe
levels compared to those of SBES systems, and these can in-
troduce ambiguities about the signal origin and diminish the
signal-to-reverberation ratio. However, our study establishes
that the SeapiX MBES, with its Mills cross configuration and
dual-transducer array capabilities for both transmission and
reception, can precisely locate targets within the beam. By ex-
cluding targets outside the primary beam, this approach ef-
fectively mitigates the issues related to high side-lobe levels
in TS measurements. This pivotal functionality also enables
a split-beam feature to be incorporated into the MBES. Em-
ploying signals from both arms of the Mills cross in the recep-
tion phase has also facilitated the development of innovative
tools used in the acoustic characterization of dense fish shoals,
demonstrating its principal merit (Tallon et al. 2020). Never-
theless, in scenarios involving fish schools or aggregations, the
presence of high side lobes could potentially affect the accu-
rate representation of fish school shapes or aggregations.

In the present study, the results illustrated in Fig. 4 show
a comparison of the simulated 7° beams steered at angles of
0°, 7°, 14°, and 21°. There is a notable expansion of the area
between the EK80- and SeapiX-steered distributions with an
increase in the steering angle (gray area). The TS distributions
measured by Seapix MBES expand toward lower TS values
as the steering angle increases. The impact of fish directivity
on echo sounder measurements has already been extensively
studied. In a study by Cutter and Demer (2007), the Kirchoff
Ray Model showed that the directivity of fish, such as walleye
pollock, is close to omnidirectional in the plane perpendic-
ular to the head-tail axis, as shown in Fig. 1b. The TS shift
toward lower values could be linked to the variability of fish
directivity in the “head-to-tail” direction; however, further in-
vestigations are required to validate this hypothesis.

The remaining slight differences between the two methods
originate from other error sources that are common in fishery
acoustic surveys and are major sources of uncertainty in echo-
integration measurements. Some of these differences are due
to statistical uncertainties and a slight offset in the origin of the
measurement. Although pulse length and frequency affect the
resolution, previous studies conducted in similar ecosystems

Matte et al.

have shown that there are no significant differences in pulse
length and frequency for these kinds of targets (Godlewska et
al. 2011, Guillard et al. 2014). A previous study on TS detec-
tion using the frequencies more commonly employed in fresh-
water (i.e. 38-200 kHz) showed no differences in scattered
fish TS distribution, even if the SBES frequencies were very dif-
ferent (Mouget et al. 2019b). Furthermore, some differences
are due to the EK80 and SeapiX beams viewing different wa-
ter volumes and, hence, different fish. In the current study, the
combined effect of these two features, the broad spatial cov-
erage, and the accurate TS measurements facilitated the iden-
tification of a greater number of targets than an SBES within
the same survey. This investigation concentrated on the water
stratum situated between 18 and 60 m to specifically study
white fish (Coregonus lavaretus), thereby inherently omitting
the MBES’s near field (0-11 m) and any layers below 60 m.
Therefore, the long-range capabilities of SeapiX cannot be
conclusively determined from this study alone. Predictive per-
formance models suggest that SeapiX MBES can detect objects
with a TS of —15 dB at a distance of 350 m under optimal con-
ditions (sea state 0, with no additional noise from the vessel).
Nevertheless, future research in deeper waters is essential to
accurately evaluate the metrological performance of conduct-
ing TS assessments at such depths.

Conclusions

A quantitative analysis of TS measurements based on the dis-
tribution of fish measurements determined using MBES and
SBES distributions (SeapiX MBES and EK80 split-beam, re-
spectively) was conducted in situ on scattered fish in Lake
Bourget, and the methods were found to produce similar re-
sults. The means and medians of the resulting distributions
underscored the strong similarity between the two datasets,
and the Bhattacharyya distance measurements showed that
the distributions can be deemed inseparable (and thus identi-
cal). The compatibility of MBES data with information gath-
ered through a conventional SBES demonstrates its utility for
conducting a comparative analysis with historical data. The
innovative solution proposed for MBES for the analysis of
the major metrics of acoustic data will allow new insights
into fish populations due to the inherent advantages of MBES.
This compatibility allows for a seamless comparison between
long-standing hydroacoustic methodologies and contempo-
rary MBES data.
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