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A method is proposed to estimate and correct athwart-beam distortion of multibeam sonars to advance sonar-based abundance estimation.
We illustrate its application using data from a Simrad SN90 multibeam sonar aboard a tropical tuna purse-seiner, targeting mixed fish aggrega-
tions around drifting Fish Aggregating Devices (dFADs) in the Atlantic Ocean. To calculate the distortion in the horizontal swath, athwart-beam
measurements were compared with the more accurate simultaneous along-beam measurements. For the vertical swath correction, we used as
reference a vertically oriented single, split beam echosounder simultaneously monitoring the same aggregations. Along-to-athwart ratios of ∼0.6
and ∼0.3 were estimated for the horizontal and vertical swaths, respectively, at ranges involved during purse-seine operations in this fleet (from
∼225 to ∼325 m). Additionally, equations were developed to analytically describe the athwart distortion due to overlap between contiguous
beams. Once corrected for distortion, typical school morphology measures were provided for tuna aggregations around dFADs.
Keywords: dFAD, purse-seiner, tropical tuna.

Introduction

Purse-seiners targeting tropical tuna extensively use drifting
Fish Aggregating Devices (dFADs; Castro et al., 2002) to ag-
gregate and catch tuna. The skippers of these fishing vessels
use sophisticated acoustic sensors, including echosounders
and multibeam sonars, to detect and monitor fish aggrega-
tions (Moreno et al., 2019). Long-range multibeam sonars are
typically used to search for fish schools, whereas medium- to
short-range models aid in the purse-seine maneuver and help
making rough estimates of fish abundance found both in free-
swimming schools and associated with dFADs (Gerlotto et al.,
2004; Korneliussen et al., 2009).

Achieving accurate quantitative sonar-based estimations of
fish aggregation volume and abundance could be helpful in
both commercial and scientific scopes. In commercial fish-
eries, quantitative sonar measurements might increase the ef-
ficacy of fishing operations, and help to discriminate between
the detected fish species before the net is set, hence reducing
fish mortality by release of unwanted catches (or “slipping”;
Marçalo et al., 2019) and allowing for more selective fish-
ing (Moreno et al., 2019). In scientific research, quantitative
multibeam sonars could provide avoidance measurements of
close-to-surface species, improve target strength (TS) measure-
ments using the comparison method (Misund and Beltestad,
1996), and achieve enhanced fishery-independent stock abun-
dance estimations (Uranga et al., 2019) based on sonar map-
ping (Hewitt et al., 1976).

Traditionally, sonars have been analogue acoustic equip-
ment that had to be analysed by applying image analysis on
screen captures (Misund, 1993; Uranga et al., 2017). However,
the last generations of multibeam sonars record digital data
(e.g. Trygonis et al., 2009), adhere to standard acoustic data

formats (Macaulay and Peña, 2018), and can be calibrated
(Vatnehol et al., 2015). In addition, one of their main advan-
tages is their potential to provide three-dimensional size mea-
surements of the targets they detect, thanks to the combined
information from multiple beams.

However, it is still difficult to take advantage of the vast
amount of acoustic data provided by multibeam sonars to
obtain quantitative abundance estimates. Until recently, there
was a general lack of information regarding the acoustic prop-
erties (i.e. target strength and frequency response) of tuna
species surrounding dFADs. This made it difficult to interpret
the collected information beyond the basics, although impor-
tant research efforts have been made to obtain fundamental
information on the acoustic properties of the main tropical
tuna species over the past few years (Boyra et al., 2018, 2019;
Moreno et al., 2019). Moreover, to make this acoustic tool
useful for scientific purposes, other challenges must be ad-
dressed, owing to the nature and characteristics of these types
of acoustic equipment.

Vertically oriented mono-beam echosounders are widely
used to estimate the acoustic abundance of fish species (e.g.
Doray et al., 2021) or other ecosystem organisms (Kor-
neliussen et al., 2016). However, several difficulties arise when
working quantitatively with multibeam sonars compared to
echosounders. The acoustic backscattering energy recorded by
multibeam lateral sonars is expected to be more variable than
that of echosounders for various reasons: (1) being oriented
laterally rather than vertically, the variability of the measured
backscattering is expected to be greater owing to greater vari-
ability of the swimbladder cross-section with the fish yaw an-
gle than with the fish tilt angle (Holmin et al., 2011); (2) the
non-vertical direction of the sonar beams can cause additional
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variability in the obtained backscattering energy due to poten-
tial unknown curvature in the sound paths that might vary the
amount of energy incident to the target (e.g. Medwin and Clay,
1998); and (3) the cross-talk between different beams distort
the measured backscattering values, thus increasing the vari-
ability in the averaged acoustic energy (Vatnehol et al., 2017).

Finally, and here resides the focus of this work, there are
also difficulties in taking advantage of the potential bene-
fits offered by sonars to estimate target dimension measure-
ments using their multiple beams. Along-beam measurements
obtained by sonars are known to be accurate to the order
of tens of centimeters (or even a few centimeters) depending
on the pulse length in narrowband (Simmonds and MacLen-
nan, 2005) or the bandwidth in wideband acoustics (De-
mer et al., 2017); however, athwart-beam measurements are
more imprecise, with uncertainty increasing with the distance
to the transducer due to geometric expansion of the beams
(Misund, 1993; Diner, 2001). Furthermore, in an experiment
conducted through simulation of a multibeam sonar (Vat-
nehol et al., 2017), the athwart-beam measurements largely
exceeded the distortion by geometric expansion described
by Misund’s equations, due to overlap between contiguous
beams. Simulation-based empirical corrections were provided
to remove athwart distortion caused by geometric expansion
of the beams, which were proved accurate only at short ranges.
In another study, Trygonis and Kapelonis (2018) corrected the
size measurements of a Simrad SP90 multibeam sonar based
on a simulation of individual beam patterns, accounting for
the overlap between contiguous beams. However, their ap-
proach requires complex computations to simulate the emit-
ted swath depending on the particular physical characteristics
of the transducer, which might vary for different sonar sys-
tems. Therefore, for the time being, a general approach that
provides a simple distortion correction for different models
of multibeam sonar at different ranges is still missing.

One of the acoustic systems most commonly used by the
industrial tropical tuna purse-seine fleet in recent years is the
Simrad SN90 multibeam sonar (Kongsberg, 2020). The SN90
is a directional multibeam sonar with a medium–high fre-
quency, operating in the frequency band from 70 to 120 kHz,
in both narrow- and wide-band acoustic modes. On purse-
seiners, it is usually installed on the hull, pointing laterally to
the side. The flat transducer of this equipment, unlike those of
omnidirectional sonars, does not need to be extended under
the boat, allowing its use during the entire purse-seine maneu-
ver with low risk of net entanglement. In addition, the SN90
has three split beam inspection beams, which provide addi-
tional scientific echosounder-like functionalities. This allows
obtaining (at least in theory and within the possibilities of the
available bandwidth) school abundance, TS analysis and fre-
quency response of detected targets. That is, it provides simul-
taneous scientific echosounder functionality (i.e. identification
of fish species and size, school density), and multibeam sonar
functionality (i.e. estimation of aggregation size and shape,
school density). However, no scientific study has evaluated the
capabilities and limitations of this sonar equipment.

The objective of this study is to evaluate and improve the
capabilities of multibeam sonars, particularly SN90, to esti-
mate school dimensions. Acoustic data were registered on a
tropical tuna purse-seiner during its regular commercial fish-
ing activity around dFADs in the Atlantic Ocean to analyse
the athwart distortion experienced in both the horizontal and
the vertical swaths. Mixed tuna aggregations around dFADs

Figure 1. Illustration of the experimental setup, showing a schematic of
the purse-seine maneuver as well as the diagram of the beams emitted
by a Simrad SN90 multibeam sonar, distinguishing the horizontal and
vertical swaths.

were used as reference targets for the comparison. Then, fol-
lowing the earlier work by Misund (1993) as a starting point,
as well as the recent developments by Vatnehol et al. (2017),
equations were developed to explain the observed distortion,
accounting for the percentage of overlap between contiguous
beams. After correcting for distortion, the typical morphology
of tuna aggregations around dFADs in this area were studied.

Material and methods

General description of the methodology

In purse-seining maneuvers, multibeam sonars are the main
acoustic tools used by fishers to locate the targets and achieve
a successful catch. During the encircling maneuver, the purse-
seiner surrounds the aggregation building a cylindrical cage
by releasing a rectangular net with floats on the top line and
weights on the bottom (Figure 1). When the encirclement is
complete, the bottom of the cylinder is closed, forming a bas-
ket to enclose the aggregation. Meanwhile, a smaller auxil-
iary boat is used to hold the dFAD during the aggregation
encirclement. The vessel tightens the siege until the purse is
sufficiently small to extract the fish from the boat using large
brailers or suction pumps.

Two types of acoustic sensors were used in this study: the
SN90 sonar of the tuna vessel itself, which monitored the ag-
gregation laterally, and an EK80 scientific echosounder in-
stalled on the auxiliary boat, which monitored the aggrega-
tion vertically while it was surrounded by the net. The SN90
transmits two swaths simultaneously, one vertically oriented
and the other horizontally oriented but sloped downwards
(Figure 1). With these swaths, the SN90 provided concurrent
measurements of the horizontal and vertical extents of aggre-
gations. In order to measure the athwart-beam distortion, the
mixed tuna aggregations found around the dFADs were used
as reference targets. A basic assumption made for this analysis
was that the size measurements made along the beam are gen-
erally free of distortion, and hence, were considered accurate.
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Correction of beam overlap-induced athwart distortion 199

Figure 2. Top view of the purse-seine maneuver around a school of tuna
to illustrate the method used to measure athwart distortion in the
horizontal swath. The vessel is shown emitting a sonar swath at three
successive positions during purse-seine deployment. At each instant, the
sonar provides measurements of the diameter of the school in two
directions: along beam (L) and athwart beam (W).

Two variants of the method were applied, one for each sonar
swath.

In the case of the sloped-horizontal swath, taking advan-
tage of the radial symmetry characteristic of the purse-seining
maneuver, in which the sonar laterally monitors the aggrega-
tion from all directions while surrounding it in a circular tra-
jectory, it was assumed that the along-beam (L) and athwart-
beam (W ) measurements from each fishing operation should
be on average equal. Thus, we compared the average sloped-
horizontal diameter measurements obtained along-beam and
athwart-beam in each set (Figure 2). If the measurements were
on average of the same size, it would mean that both measure-
ments would be correct. However, if the athwart-beam mea-
surements were larger than the along-beam ones (as expected),
the latter would be considered the correct ones and would be
used to correct the former.

To measure the athwart-beam distortion in the vertical
swath of the sonar, the same technique could not be applied,
because, in this swath, the along-beam and athwart-beam ex-
tents of the school are different measurements (horizontal di-
ameter and height, respectively). Therefore, we resorted to an-
other method, consisting in comparing the aggregation height
measurements obtained with the sonar (Wv) and the vertical
echosounder installed on the auxiliary vessel (Le; Figure 3).
Since the latter measurements are obtained along the beam,
it was assumed that they were also correct and were used to
adjust the height of the shoal measured by the vertical sonar
swath.

Equipment

The data were collected during a commercial fishery campaign
aboard the Curaçao-flagged tuna freezer vessel F/V Pacific
Star, a 107-m-long purse-seiner with 4164 GT (2400 tonnes

Figure 3. Geometric representation of the morphometric measurements
performed by both acoustic sensors, the echosounder (marked with
subindex “e”) and the vertical (marked with subindex “v”) and
sloped-horizontal (marked with subindex “sh”) swaths of the sonar, as
well as the projected “true” school dimensions. (a) Vertical sonar swath
vs. echosounder measurements. (b) Sloped-horizontal sonar swath
measurements.

capacity). The survey ran from 27 November 2018 to 1 Jan-
uary 2019, starting and ending in Abidjan (Côte d’Ivoire),
with a duration of 36 days. A total of 66 fishing operations
were performed on the dFADs during the campaign, of which
44 provided simultaneous measurements of SN90 and EK80
(Supplementary Table SI-1). The purse-seine net used for fish-
ing had a perimeter of ∼1600 m and a height of 240 m, hence
comprising a seining diameter of near 500 m, with a minimum
mesh size of 15 cm in the central part. A random sample of
at least 1% of the catch in each set was sized and sorted by
species.

The Simrad SN90 multibeam sonar operated with a sloped-
horizontal swath of 120◦ distributed in 32 beams and a verti-
cal swath of 80◦ with 32 beams (Figure 4). The angular sep-
aration between contiguous beams was 3.75◦ in the sloped-
horizontal swath and 2.5◦ in the vertical. According to the
manufacturer’s specifications, the receiver width of each indi-
vidual beam is 6◦ at 100 kHz on centre axis, widening with
increasing tilt and bearing angles (following the cosine of the
angle) as well as with lower frequency. This would yield a
minimum nominal percentage of overlap of 6◦/3.75◦ = 1.6
(∼60%). The vertical echosounder was a split-beam Simrad
EK80 of 120 kHz, nominal beam width of 7◦ and a pulse du-
ration of 512 μs.
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200 G. Boyra et al.

Figure 4. Screenshots of the LSSS-PROFOS software showing the individual beam composition of the sloped-horizontal (a) and vertical (b) swaths of
SN90 in the configuration used in this study. Examples of fish schools are also included in both swaths, which are surrounded by a white outline by the
software, to indicate that they have been identified as schools.

SN90 sonar recordings were made from the tuna vessel it-
self, with simultaneous EK80 echosounder data recordings
obtained from the auxiliary boat (Figures 1 and 3). Sonar data
processing was performed using the PROFOS module (Pro-
cessing system for Omnidirectional Fisheries Sonar; Peña et
al., 2021) of LSSS software (Large Scale Survey System; Kor-
neliussen et al., 2016). Echosounder data processing was per-
formed using Echoview Software Pty Ltd, 2013, version 5.2.

Data analysis

Temporal evolution of school dimensions
The morphometric parameters of the tuna aggregations were
estimated using the SN90 multibeam sonar of the tuna vessel.
Plots were constructed to visualize the temporal evolution of
the pairs of along-beam and athwart diameters provided by
the sloped-horizontal and vertical sonar swaths. These tem-
poral evolution plots were used to evaluate (1) possible trends
over the duration of the purse-seine maneuver and (2) whether
a larger apparent size is appreciated in the athwart measure-
ments, which would indicate distortion.

Correction of along beam dimensions
In both echosounders and multibeam sonars, the dimensions
measured along the beam require subtraction of the length of
the emitted pulse to provide unbiased measurements of the
distance to the target

R = c (�t − τ )
2

, (1)

where c is the speed of sound (in m s−1), �t is the time elapsed
from the emission of the acoustic pulse to its reception, and τ is
the pulse duration (both in seconds). To measure the extent of

a target along the beam, we applied the following equation:

L = Rmax − Rmin, (2)

where Rmax and Rmin are maximum and minimum target
ranges, respectively. In the case of the sonar, the along-beam
extents of the aggregation measured were then used to esti-
mate its horizontal diameter �. To estimate the horizontal
school diameter measured by the vertical sonar swath, �v,
we projected Lv onto the horizontal plane (Figure 3a and
Table 1). The sonar transducer was installed inclined at an
angle α with the horizontal plane to avoid reverberations
from waves at the sea surface. In addition, the beam target-
ing the centre of the aggregation was further tilted at an ad-
ditional angle βv, which we estimated from the sonar vertical
echogram, as follows:

βv = arcsin
(

Tv

Rv

)
, (3)

where Tv and Rv are the distances from the centre of the ag-
gregation to the top of the echogram and the sonar transducer,
respectively (Figure 3).

To account for α and βv in the estimation of the horizontal
diameter, we assumed that the aggregations were ellipsoidal
and oriented in parallel to the sea surface (Figure 3). There-
fore, we applied the following transformation to convert the
measured tilted diameter (Lv) into the horizontal diameter of
the ellipse (�v):

�v = Lv√
[cos (α + βv)]2 +

[
sin(α+βv )

εv

]2
. (4)

Here, εv represents the mean elongation (i.e. the mean length-
to-height ratio) of the near-ellipsoidal aggregations inscribed
on the vertical swath plane, through the fishing operations,
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Correction of beam overlap-induced athwart distortion 201

Table 1. Dimensional measurements of the targets as read in each sensor’s coordinate system and as projected to a common external one.

Measurement Symbol
Coordinate

system Echosounder

Sloped-
horizontal sonar

swath
Vertical sonar

swath

Range R Sensor Re Rsh Rv

Along-beam size L Sensor Le Lsh Lv

Athwart-beam size W Sensor - Wsh Wv

Depth D Common De Dsh Dv

Height H Common He Hsh Hv

Diameter � Common �e �shL
, �shW

�vL , �vW

calculated as follows:

εv = �v

Le
, (5)

where Le is the height of the aggregation, measured using the
vertical echosounder.

A circular bond exists between Equations (4) and (5), be-
cause obtaining the horizontal diameter of the aggregation
(�v) from the along-beam measurement of the sonar (Lv) re-
quires knowing the elongation of the aggregation, which in
turn depends on the horizontal diameter. Both equations were
solved recursively to break the circularity. The procedure was
as follows: we applied an initial value �v = Lv to calculate
the elongation using Equation (5) and then used this to calcu-
late the horizontal diameter with Equation (4). If the obtained
diameter differed from the initial diameter, it was used to ob-
tain a new elongation value using Equation (5), and, with this
elongation, another diameter using Equation (4). This process
was repeated until convergence was achieved, that is, until the
input and output diameters were equal.

The projection of the tilted aggregation extension measured
by the sonar to the horizontal plane was done equivalently
for the sloped-horizontal swath but is omitted here to avoid
repetitions.

Correction of sloped-horizontal athwart distortion
Numerical correction based on the along-to-athwart beam ratio

Statistical comparisons were performed to evaluate the pa-
rameters provided by the acoustic sensors used in the tuna ves-
sel. The pairs of along- and athwart-beam diameters provided
by the sloped-horizontal swath of the sonar were compared to
evaluate whether a greater apparent size was observed in the
athwart measurements, which would indicate distortion. For
each fishing operation (i) diameter measurements were taken
along-beam and athwart-beam for all pings, and the average
along-to-athwart fraction (Fshi

) was calculated as follows:

Fshi
= �shL i

�shW i

, (6)

where �shL i and �shW i are the average along- and athwart-
beam horizontal diameters, respectively per set for all pings.
Next, the average athwart correction fraction across all fishing
operations, Fsh, was computed for the sloped-horizontal swath
as follows:

Fsh =
∑

i Fshi

N
. (7)

Finally, a corrected athwart diameter was obtained for each
ping of each fishing operation by multiplying the uncorrected
diameter by the average along-to-athwart fraction

�shW , corr = Fsh �shW
. (8)

Analytical correction based on the percentage of overlap
As mentioned above, athwart distortion has been reported to
increase with the distance to the target (Vatnehol et al., 2017).
It is, therefore, convenient to correct for distortion as a func-
tion of distance rather than simply statistically as a single over-
all ratio. Thus, once the athwart diameter corrections were
obtained as ratios, they were interpreted analytically and pro-
jected as a function of the basic geometry of the beams of a
multibeam sonar, as we explain below.

To measure the extent of a fish school in the athwart beam
direction, the number of beams in which it appears (Nsh) is
counted and multiplied by the width of a beam at a given dis-
tance (Rsh), as a function of the separation angle between con-
tiguous beams (ϕang) as follows:

�shW
= 2NshRsh tan

(ϕang

2

)
. (9)

To correct for the bias caused by the increasing size of the
beams, Misund (1993) applied a correction consisting of sub-
tracting the width of an entire beam. This is indicated by sub-
tracting 1 from Nsh in the following expression:

�shW, Misund
= 2 (Nsh − 1) Rsh tan

(ϕang

2

)
. (10)

In this work, a variant of that correction was applied, con-
sisting in the subtraction of only half of the individual
beamwidth, so that the width of a target visible in one beam
(Nsh= 1) does not result in a measurement of zero diameter,
but in half of the beam diameter at that distance. The equation
is transformed into the following:

�shW , Misund2 = 2
(

Nsh − 1
2

)
Rsh tan

(ϕang

2

)
. (11)

An additional correction term was added to the athwart di-
mension calculation to account for the distortion introduced
by the percentage of overlap, POsh, between adjacent beams
as follows:

�shW, corr
= 2

(
Nsh − POsh − 1

2

)
Rsh tan

(ϕang

2

)
. (12)

The percentage of overlap is defined as the excess width of the
individual beams (ϕbw) with respect to the angular distance
between adjacent beams (ϕang), measured as a proportion of
ϕang as follows:

POsh = ϕbw − ϕang

ϕang
= ϕbw

ϕang
− 1. (13)

Notice that POsh is positive when ϕbw > ϕang, zero when
ϕbw = ϕang, and can be forced to zero also for ϕbw < ϕang (be-
cause a correction would not be necessary in this case). If
ϕbw = ϕang, the percentage of overlap is zero, and Equation
(12) simplifies into Equation (11).
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Figure 5. Illustration of the mechanism producing overlap-based athwart
distortion in multibeam sonars described by Equations (12) and (14) in the
horizontal swath (equivalent to that described by Equations (19) and (20)
in the vertical swath). We highlight the difference between the angular
distance between adjacent beams, ϕang, and the width of the individual
beams, ϕbw . In (a) there is no overlap between beams, ϕbw

ϕang
= 1, and the

percentage of overlap, POsh, is zero. However, as ϕbw surpasses ϕang,
overlapping between adjacent beams occurs. These are the cases shown
in (b) where ϕbw

ϕang
= 2 and in (c) where ϕbw

ϕang
= 3. In (d), where ϕbw

ϕang
= 5, it is

shown the distortion produced on the athwart dimension of a target as
effect of overlapping. In this idealized case, the first three beams outside
the true edge of the target can detect the aggregation from each side,
thus changing the apparent shape of the target from a circle (solid line) to
a wider ellipse (dashed line).

As an alternative to Equation (12), we can express �shW, corr

as a function of ϕbw
ϕang

instead of the percentage of overlap [by
substituting Equation (13) into Equation (12)] and explicitly
showing the dependence on the uncorrected diameter (�shW

)
yielding

�shW, corr
= �shW

− 2
(

ϕbw

ϕang
+ 1

2

)
Rsh tan

(ϕang

2

)
. (14)

The interpretation of this new term in Equations (12) and (14)
is as follows: in order to correct the athwart size measured by
a multibeam sonar, we subtract from the apparent size seen in
the echogram the contribution of those first peripheral beams
near the edge of the aggregation that, due to beam overlap-
ping, are able to detect it (Figure 5).

To obtain an effective beam width value (ϕbw) for the SN90
horizontal sonar swath, an optimization procedure was con-
ducted, adjusting the following equation obtained by link-

ing Equations (8) and (14) as follows:

Fsh �shW
= �shW

− 2
(

ϕbw

ϕang
+ 1

2

)
Rsh tan

(ϕang

2

)
. (15)

Equation (15) was computed for a sequence of ϕbw values (0◦,
1◦, …, 90◦), and the angle that maximized the agreement be-
tween both sides for all fishing operations was chosen as the
optimum.

Correction of vertical athwart distortion
Numerical correction based on the along-to-athwart beam ratio.

To measure the athwart correction in the vertical swath, we
compared the aggregation height measurements obtained with
the sonar with those from the vertical echosounder installed
on the auxiliary vessel (see Figures 1 and 3).

Echosounder data analysis consisted of several steps to au-
tomatically determine the representative height of each fish ag-
gregation. First, a “school processing,” that is, a segmentation
process to obtain regions delimiting the aggregation (Reid,
2000), was applied to the echograms, using the default param-
eters in Echoview school processing tool plus a −60 dB min-
imm threshold, frequently used in acoustic echointegration-
based fish abundance estimates to distinguish between fish and
plankton (e.g. Doray et al., 2021). Afterwards, these regions
were transformed into bitmaps and used to mask shoals on the
echogram, deleting anything apart from schools. The masked
echograms were then divided into cells of one ping per one
meter height. The 1-m length heights of the cells retained by
the mask were summed, thus cumulatively producing the total
height of the shoal for each ping (Supplementary Figure SI-1).

However, because the auxiliary boat had limited mobility,
sampling exactly the centre of the school was not ensured,
which might have caused the echosounder to underestimate
the height of the aggregation. To prevent underestimation of
heights, rather than directly applying the mean or median as
their most representative central estimator, a percentile was
chosen with a probability obtained by optimization. Thus, the
percentile of the school height for a sequence of probabili-
ties from 1 to 100% was calculated, and linear regressions
were fitted between the school height percentile for the dif-
ferent probabilities and the catch of the fishing operations of
the campaign. The percentile, Re, cor, whose probability maxi-
mized the coefficient of determination of the regressions, was
chosen as the optimum.

On the other hand, to compare the measurements made by
the two different sensors (sonar and echosounder) the installa-
tion depth of both had to be considered as well as the tilt angle
of the sonar transducer, and the orientation of the beams tar-
geting the centre of the aggregation (Figure 3). Thus, because
the absolute depth of the aggregation should be the same in
both sensors, the following equation was used to relate the
measurements of each sensor:

D = zs + Rv sin (α + βv) = ze + Re, cor, (16)

where α = 6◦ is the installation tilt angle of the sonar trans-
ducer on the hull, βv is the inclination angle of the sonar beam
targeting the centre of the aggregation, zs = 6 m is the depth
of the sonar transducer, and ze = 1 m is the depth of the
echosounder. The inclination angle, βv, was obtained from the
vertical sonar measurements using Equation (3).

In addition, given the installation and operative tilt angles
used, at the typical horizontal distance of ∼275 m from the
aggregations, the upper part of the vertical swath was at a
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depth of 35 m, hence missing the upper part of the aggrega-
tions in many cases. In order to avoid measurements of partial
aggregations, in the vertical swath analysis, those purse-seine
operations in which the minimum depth of the aggregation
was above the upper limit of the vertical swath were filtered.
In the remaining cases, the mean distortion correction factor
was calculated as the average along-to-athwart fraction across
the sets as follows:

Fv = Le

Hv
= Le

Wv

√
[cos (α + βv)]2 +

[
sin(α+βv )

εv

]2
, (17)

where εv is obtained from Equation (5). The vertical swath
along-to-athwart fraction, Fv, was then applied as a factor to
correct the vertical swath athwart dimension measurements,
Wv, that is

Wv, corr = Fv Wv. (18)

Analytical correction based on the percentage of overlap

Similar to the horizontal swath, once the numerical correction
was obtained, it was interpreted as a function of the percent-
age of overlap of the vertical swath (POv) defined as a function
of the ratio between the width of an individual vertical beam
and the distance between contiguous vertical beams, θbw

θang
. The

used equations were similar to those of the horizontal case
(see the sloped-horizontal swath section for details):

HvW, corr = Hv − 2
(

θbw

θang
+ 1

2

)
Rv tan

(
θang

2

)
, (19)

or, equivalently

HvW, corr = Hv − 2
(

POv − 1
2

)
Rv tan

(
θang

2

)
. (20)

The widths of the individual beams of the vertical swath were
obtained by optimizing an equation equivalent to Equation
(15) as follows:

Fv Hv = Hv − 2
(

θbw

θang
+ 1

2

)
Rv tan

(
θang

2

)
. (21)

Study of tuna aggregation morphology in dFADs
Once the athwart measurements were corrected, we studied
the school dimensions observed in the different fishing oper-
ations during the campaign. Specifically, the horizontal and
vertical diameters to estimate the typical elongations in both
directions were studied. We also analysed the relationship be-
tween aggregation dimensions as a function of catch.

Results

Temporal evolution of school dimensions

Figure 6 shows the relative positions of the fishing vessel, the
tuna aggregation, and the auxiliary boat during the circling
maneuver thorough the fishing operations. The typical deploy-
ment of the net took ∼5 min (300 s), tracing near circular-
shaped trajectories with diameters of ∼500 m, so that the ag-
gregations were at a typical distance of between 225–325 m
from the tuna vessel during the maneuver. The auxiliary boat
moved slowly inside the purse-seine, trying to stay away from
the net. It usually stood on top of the aggregation, but in a
slightly lopsided manner, so that on some occasions, the verti-

cal sounder sampled the periphery rather than the centre of the
aggregation.

As for the temporal evolution of the parameters measured
by the sonar, the sloped-horizontal diameters showed two im-
portant aspects (Figure 7a): first, the athwart diameter was
consistently larger than the along-beam diameter, thus con-
firming the existence of overestimation in the athwart direc-
tion; second, the temporal evolution showed no tendency of
any of the aggregation diameters to decrease during the set,
suggesting that, at least in the first minutes of the maneu-
ver, and before the closure of the purse-seine, the aggrega-
tion dimensions remained relatively constant and presumably
similar to those that the aggregation had before the arrival
of the tuna vessel. In the measurements made on the verti-
cal sonar swath (Figure 7b), the temporal evolution did not
exhibit a clear tendency to decrease or increase during the
set.

The temporal evolution of the minimum and maximum
aggregation depths measured by the echosounder installed
on the auxiliary boat shows that both these and the vertical
height of the aggregation evolved throughout the set, but did
not show tendencies of increasing or decreasing their verti-
cal extent until the moment of seine closure (Supplementary
Figure SI-2). Aggregation heights ranged between 10 and
20 m. In 12 out of 33 operations, the tuna aggregation was
not entirely visible in the vertical swath of the sonar.

Correction of sonar athwart distortion

Horizontal swath
The difference between along-beam and athwart di-
ameters showed a general distortion when measuring
sizes in the athwart direction that tended to overes-
timate the diameters by ∼80% (Figure 8, Table 2).
The application of the numerical correction (consisting
of multiplying by 0.58) was shown to correct the distortion
providing unbiased measurements.

However, the athwart distortion increased with the distance
to the target (Figure 9a). Thus, the numerical correction was
able to correct the distortion on average, but not to eliminate
the tendency of the distortion to grow with range. The analyt-
ical, overlap-based distortion correction obtained using Equa-
tion (12) did achieve both (Figure 9a).

The use of analytical distortion correction using Equation
(12) yielded a percentage of overlap between beams of 2.5,
that is, given a distance between contiguous beams of 3.75◦,
the effective aperture of the individual beams would be ∼13◦

(Table 2).

Vertical swath
In the quartile optimization performed to summarize the shoal
height measured by the echosounder, the quantile that maxi-
mized the correlation with the catches was found to be 0.5,
which was very close to the mean value. Once the opti-
mal quantile was applied, the difference between the verti-
cal athwart diameter of the sonar and the along-beam di-
ameter of the echosounder showed an overall athwart dis-
tortion that tended to overestimate the diameters by a fac-
tor of 3.5 (Figure 8). The application of the numerical cor-
rection (consisting of multiplying by 0.29) provided unbiased
measurements.

The analytical correction for athwart distortion as a func-
tion of the percentage of overlap using Equation (17) provided
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204 G. Boyra et al.

Figure 6. Top zenithal view of the acoustically monitored purse-seine maneuvers in the campaign. The dots show the position of the tuna vessel, and
the fuzzy circles show the position of the aggregation during the maneuver (the colour indicates the time elapsed in seconds since the start). The small
crosses (red online) show the position of the logistic vessel during the same period (when GPS data were available). The numbers on the top of each
panel indicate the code of the corresponding fishing station. The extent of both axis of the figures is ∼500 m in all panels.

an effective angle of 7◦, which translates to a percentage of
overlap of 1.8 (Table 2). However, in this case, the application
of the analytical approach was not able to correct the increase
of distortion with range (Figure 9b).

Morphology of tuna aggregations in dFADs

The typical diameter of schools in dFADs observed in
this study was between 50 and 100 m approximately
(Figure 10). This diameter increased linearly with catches
(p < 0.001; Table 3), 50 m for catches on the order of 10
tonnes, and 100 m for catches of 90 tonnes. Mean aggrega-
tion heights were ∼18 m. Height also grew linearly with catch
(p = 0.005).

Tuna aggregations in dFADs tended to form elongated
shapes horizontally; schools were four times as wide as they
were tall, and this ratio did not appear to vary with catch
(Figure 10). The average depth was between 45 and 50 m,
and did not vary with catch.

Discussion

This study covers several related tasks with the goal of achiev-
ing and improving fish school size estimation using multibeam
sonars. A methodological approach to measure and correct
athwart distortion for multibeam sonars is described as part
of the process to provide an abundance estimation. In addi-
tion, an equation to analytically explain and correct the ob-
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Correction of beam overlap-induced athwart distortion 205

Figure 7. Mean temporal evolution of the aggregation extent measured
by the horizontal sonar swath (a) and the vertical sonar swath (b) along
and athwart the direction of the emitted beam throughout the
purse-seine maneuvers carried out during the campaign. The straight
lines represent linear regression models to highlight the tendencies. The
dots are printed with certain degree of transparency to avoid overplotting;
therefore, the colour intensity denotes density of measurements. Notice
that, while in the horizontal sonar swath both measures refer to the same
aggregation characteristic (its diameter), in the vertical swath, each
corresponded to a different characteristic: the along-beam measurement
was the aggregation diameter and the athwart-beam, its height.

tained distorted dimension values is presented. The method
is demonstrated on a particular multibeam sonar model, the
Simrad SN90, at typical operative target ranges for tuna fleet
fishing around dFADs.

The correction methodology proposed was different for
each swath of the sonar; for the horizontal athwart mea-
surements, it was performed by comparison of along-beam
measurements of the sonar itself, but the vertical swath re-
quired comparison with data from another concurrent acous-
tic equipment (a vertical echosounder; Figure 3). In an ear-
lier study using multibeam sonars, Vatnehol et al. (2017) at-
tempted distortion correction of another model of multibeam
sonar, the SX90. There are several differences with the pre-
vious work. Apart from the sonar type, in their study, the
analysis was based on model simulations. In addition, they
corrected only for the geometrical spreading of the individual
beams (not overlapping); thus, their result could only succeed
in correcting the distortion at short ranges, when the overlap-
ping effect is not too large, whereas in our case, the analytical
correction accounting for the beam overlap is valid in princi-

ple for any target range, at least in the typical ranges involved
when using multibeam sonars.

In another recent attempt to calibrate distortion (Peña et
al., 2021), large targets with known dimensions were used as
references. The methodology presented here does not require
the availability of a steady, large target of a known size (which
can sometimes be impossible to obtain). Instead, it proposes
the use of fish schools as a reference. However, owing to the
changing nature of these targets, the availability of a relatively
large number of fishing stations is required to be able to make
a statistical comparison. Hence, our method is especially con-
venient when working in fishing vessels in commercial fishing
activity, as we present here. Another difference between the
two studies is that we obtained independent correction values
for each swath, while they only obtained a single correction
value for the horizontal swath.

The obtained numerical correction values are valid for this
particular sonar model and configuration (120◦ horizontal
and 80◦ vertical swath widths with 32 beams each, Figure 4
and Table 2) and typical range of distances to the target in-
volved during purse-seine operations around dFADs, that is,
from ∼225 to ∼325 m, given the perimeter of the net used
(Figure 6). However, due to the way they were calculated, they
cannot be extrapolated to different ranges. The configuration
in the vertical cannot be changed; however the configuration
in the horizontal can be set to higher swath widths (up to
160◦) and different number of beams (16 or 64). A pending
work is to repeat this study using the full range of apertures
and beam numbers available to see changes in the observed
distortions and the percentages of overlap involved are ob-
served.

The developed analytical equations have the benefit of ex-
plaining the high distortion obtained by accounting for the
percentage of overlap of the beams. This is a novel aspect of
this work, as it extends the formulas developed by Misund
(1993) to explain the athwart distortion in terms of the geo-
metric expansion of the beams, adding an independent term
that describes the overlap of the individual beams conforming
each swath (Figure 5). Vatnehol et al. (2017) reported the lim-
itations of Misund’s formula in correcting the observed distor-
tion, and proposed overlap as the cause of the extra amount
of distortion. They pointed out the existence of a range of dis-
tances at which Misund’s formula does not hold and noticed
that this was related to the percentage of overlap as defined in
this paper. However, they did not attempt to provide a correc-
tion for this distortion, limiting their goal to applying the cor-
rection only at short ranges. In our case, we have gone a step
further, proposing an analytical correction for beam overlap
that not only corrects the distortion at both ranges, but also
explains it in geometrical terms that are simple to understand
and calculate.

Trygonis and Kapelonis (2018) also proposed a method to
correct distortion in multibeam sonar measurements for a dif-
ferent sonar model (Simrad SP90) and following a different
approach. They relied on simulations of the directivity pat-
tern of the individual beams of a multibeam sonar, whereas
our work further simplified the consideration of each beam as
its equivalent cone. Thus, the work of Trygonis and Kapelo-
nis is more detailed, considering factors, such as secondary
lobes and sonar extinction with range, that are ignored here. In
return, our work provides a simplified equation for calculat-
ing the distortion correction from a parameter, the percentage
of overlap, which must be measured experimentally. Interest-
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Figure 8. Boxplots showing the difference between along and athwart, with and without correction, on the measurement of the aggregation diameters
for the horizontal swath (a) and heights for the vertical swath (b). In the vertical swath panel, the along-beam measurements are provided by the
echosounder and athwart ones by the sonar. The dots represent outliers.

Table 2. Characteristics of both swaths of the Simrad SN90 sonar as used
in this work, as well as the obtained distortion, effective beam width and
overlap.

Sloped-horizontal swath

Number of beams No 32
Swath beam width (◦) ϕswath 120
Angular inter-beam
separation (◦)

ϕang 120/32 = 3.75

Individual beam width (◦) ϕbw 13
Percentage of overlap POsh 2.5
Along-to-athwart
correction fraction

Fsh 0.58

Vertical swath

Number of beams Nv 32
Swath beam width (◦) θswath 80
Angular inter-beam
separation (◦)

θang 80/32 = 2.5

Individual beam width (◦) θbw 7
Percentage of overlap POv 1.8
Along-to-athwart
correction fraction

Fv 0.29

ingly, despite the methodological differences between the two
studies, the numerical corrections obtained in both cases for
the sloped horizontal swath of each sonar model were of the
same order (∼0.6 in both cases), although it would be neces-
sary to experimentally determine what the SP90 percentage of
overlap is to be able to more rigorously compare both correc-
tions. The percentage of overlap obtained here for the hori-
zontal swath seems reliable, as it was able to correct not only
the mean distortion obtained in the studied purse-seine oper-
ations, but also the tendency to increase the distortion with
target range (Figure 9).

It must be noted, though, the inability of the analytical cor-
rection of the vertical swath to remove the increase in distor-
tion with range, which prevented obtaining a reliable overlap
index for the vertical swath with these data. There are several

possible explanations for this. First, there was considerably
less data to correct in the vertical than in the horizontal swath.
For the vertical correction, there was only one measurement
per set (rather than one per ping, as in the horizontal swath).
Moreover, almost 2/3 of the sets were removed from the anal-
ysis of the vertical sonar swath because they did not cover
the entire aggregation (Supplementary Figure SI-2). Second,
there was higher uncertainty in both measurements of school
height (sonar and echosounder) than in those of the horizon-
tal school diameter. The need to connect the measurements
of two sensors installed on different vessels (Figure 3) might
have affected the calculations due to inaccuracies in the instal-
lation parameters of both sensors. Also, the lack of simultane-
ity between sonar and echosounder measurements due to syn-
chronization issues, and the greater difficulty in targeting the
centre of the aggregation for the auxiliary boat (which had to
sail through the area encircled by the purse-seine) might have
affected the accuracy of the vertical swath correction values.
More experiments are required to obtain a more robust esti-
mate of the percentage of overlap in the vertical swath.

The theoretical equations developed imply the existence of
an effective beam aperture that is different from the angu-
lar separation between contiguous beams, which would cause
overlap (Figure 5). The percentage of overlap estimated with
this method was 2.5 for the horizontal swath, implying an ef-
fective beamwidth of ∼13◦, which is similar to that reported
by Peña et al. (2021) for SX90 and SU90 multibeam sonars.
The value obtained here was larger than the minimum hor-
izontal beamwidth of 6◦ estimated by the manufacturer. It
should be noted, though, that this effective beam width might
not coincide with the theoretical overlap in the sensor specifi-
cations. This is because the definition and the method to calcu-
late this effective beam width differs from the nominal beam
width as it is normally calculated (i.e. as the width at which
the gain of the directivity pattern of each beam falls to half the
intensity of the maximum). Both magnitudes are probably re-
lated, but the magnitude included in Equations (12) and (17)
depends on the difference between the acoustic backscatter-
ing of the target and the echointegration threshold applied,
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Correction of beam overlap-induced athwart distortion 207

Figure 9. Scatterplots of athwart distortion vs. range (i.e. the distance from sonar transducer to the fish aggregation) before and after overall and
overlap-based corrections. The blue line marks the trends by linear regression and, the grey shades, the confidence intervals. Notice that for the
horizontal swath, each point represents a ping, while for the vertical swath each point represents the average across pings of a fishing operation.

whereas the nominal beam width does not. One could argue
that it would be preferable to relate the distortion to an inde-
pendent magnitude rather than one dependent on the echo
strength of the target and the operative threshold applied,
but the authors are afraid that according to their experience,
unfortunately, the distortion, especially in the athwart direc-
tion, seems to be unavoidably dependent on the threshold
and gain of the sonar, as well as the density of the observed
target.

An additional outcome of this work is the corrected mor-
phology of tuna aggregations in dFADs (Figure 10). These
measurements of typical elongation and width of aggrega-
tions, in relation to the catch, could be potentially helpful in
correcting the estimated biomass obtained by acoustic buoys
placed in the dFADs (Lopez et al., 2016; Moreno et al., 2016;
Orue et al., 2019). So far, the abundance estimation pro-
vided by buoy echosounders uses the volume sampled by the
acoustic beam as a proxy for the aggregation volume, be-
cause it lacks the horizontal aggregation parameter to calcu-
late it. However, if a relationship exists between the aggrega-
tion diameter and a known variable (for example, the aggre-

gation height), this dependency could be included in the cal-
culations, potentially improving the estimation of the aggre-
gation volume. The morphometric measurements obtained in
this study are valid for a specific area of the Atlantic Ocean
in a given year and within the catch range of the study (10–
90 tonnes), which might be of anecdotal value yet. How-
ever, we believe that the acquisition of a more comprehensive
set of morphometric measurements would be helpful to im-
prove volume prediction from echosounder buoys. This set
of parameters could include a wider range of school sizes,
from a large number of dFAD casts to yield robust statis-
tics of tuna aggregation characteristics, while also considering
other oceanographic variables (e.g. mixing layer depth, up-
welling index, or oxycline depth) to adjust and improve their
predictions.

Once the athwart distortion is corrected for, SN90 multi-
beam sonars appear to be able to provide unbiased, reliable
school sizes of tuna (and presumably other species). This was
evidenced by the significant (p < 0.01), although relatively
weak (R2 < 0.5), correlations observed between measured
aggregation sizes (i.e. horizontal diameter and height), and
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Figure 10. Scatterplot of the typical (distortion-corrected) morphology of
tuna aggregations against catch observed around dFADs in this study. All
y-axes are in meters except the elongation, which is unitless.

Table 3. Linear relationship model parameters between the catch and
some of the school morphometric parameters obtained acoustically for
the sets analysed.

Response Explanatory Intercept Slope R-squared p-value

Catch Horizontal diameter −4.5 0.4 0.3 0.0006
Catch Height 10.5 1.2 0.2 0.005
Catch Elongation 33.7 −0.7 0.01 0.5
Catch Depth 14.4 0.3 0.02 0.4

catches (Figure 10, Table 3). These results are in agreement
with those obtained by Peña et al. (2021), are in line with other
recent efforts to improve quantitative use of multibeam sonars
(Vatnehol et al., 2017, 2018; Macaulay and Peña, 2018) and
suggest that sonars can be reliable samplers of fish schools,
for estimating their size as a preliminary step to estimate their
abundance.

Conclusions
� The SN90 multibeam sonar dimension measurements

have a higher distortion in athwart-beam than along-
beam direction. Along-beam measurements can be reli-
ably read directly from a sonar display. Athwart mea-
surements must be corrected for a reliable interpretation.

� The along-to-athwart fractions, within the ranges of
distance to shoals that occur during purse-seine ma-
neuvers (between 225 and 325 m) were ∼0.6 and
∼0.3 were for the horizontal and vertical swath,
respectively.

� At longer distances, however, the corrections grow, be-
cause of both geometrical spreading and overlapping.

� An analytical correction equation is proposed to correct
the beam overlap-based Athwart distortion. The correc-
tion is based on determining the percentage of overlap,
a simple parameter proposed to characterize multibeam
sonars.

� A methodology is also proposed to experimentally mea-
sure the percentage of overlap of any type of multi-
beam sonar. This methodology was proved to be more
reliable for sloped-horizontal than for vertical sonar
swaths.

� Once the athwart distortion is corrected for, SN90 multi-
beam sonars appear to be able to provide unbiased,
reliable measurements of tuna (and predictably other
species) school sizes, and could be used to improve the
management of tropical tuna species by defining new in-
dices of abundance independent from the catch, allow-
ing more selective fishing, and a better understanding of
tuna behaviour around dFADs.
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