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Abstract

The calibration of multibeam echosounders for backscatter measurements can be conducted efficiently and accurately using
data from surveys over a reference natural area, implying appropriate measurements of the local absolute values of back-
scatter. Such a shallow area (20-m mean depth) has been defined and qualified in the Bay of Brest (France), and chosen as
areference area for multibeam systems operating at 200 and 300 kHz. The absolute reflectivity over the area was measured
using a calibrated single-beam fishery echosounder (Simrad EK60) tilted at incidence angles varying between 0° and 60°
with a step of 3°. This reference backscatter level is then compared to the average backscatter values obtained by a multibeam
echosounder (here a Kongsberg EM 2040-D) at a close frequency and measured as a function of angle; the difference gives
the angular bias applicable to the multibeam system for recorded level calibration. The method is validated by checking the
single- and multibeam data obtained on other areas with sediment types different from the reference area.
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Introduction

Multibeam echosounders (MBES) are used extensively
for mapping the seabed since they combine measurement
accuracy with operational and economic efficiency. They
are well adapted to seafloor-type classification since they
jointly record depth data (from the two-way travel times of
the signals) and backscatter strength (from the received echo
intensities). Both bathymetry features (e.g. depth residuals,
see Eleftherakis et al. 2012, 2014) and backscatter strength
(e.g. Canepa and Pouliquen 2005; De Moustier 1986; Fon-
seca and Mayer 2007; Hellequin et al. 2003; Hughes Clarke
1994; Lamarche et al. 2011; Simons and Snellen 2009) have
the potential to be linked to the sediment type covering the
seabed. Furthermore, their combination can enhance the dis-
criminatory performance of classification (e.g. Eleftherakis
et al. 2012, 2014). An overview of common bathymetry
and backscatter features used in benthic habitat mapping
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classification can be found in (Diesing et al. 2016). Since
the focus of the work presented here is not on classification
but on sensor calibration, classification applications will be
only briefly contextualized in this first section; an extensive
review of the different classification methods can be found
e.g. in Brown et al. (2011).

Acoustic sediment classification methods can be divided
into empirical (or phenomenological) and model-based (or
physical) approaches. The empirical methods use either sin-
gle (e.g. Amiri-Simkooei et al. 2009) or multiple backscatter
features (e.g. Preston 2009; Buscombe et al. 2014), or else
combinations of backscatter and bathymetry features (e.g.
Eleftherakis et al. 2012, 2014). The outcome is a number
of clusters corresponding to separable seafloor types but
providing no direct objective information on the sediment
nature and characteristics. The connection between classes
and sediment properties (most commonly the mean grain
size) is only possible through collection of a sufficient quan-
tity of ground-truthing information.

On the other hand the model-based (physical)
approaches determine the sediment type by maximising
the match between modelled and measured signal fea-
tures, where sediment types (or indicative parameters of
sediment types) are input to the model. The limitation of
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such methods obviously lies in the relevance of available
models: very often they are based on the APL-UW (1994)
model which was developed for frequencies between 10
and 100 kHz, so that outside this frequency range a model
applicability assumption has to be made (e.g. Snellen et al.
2013). This potentially introduces a hindrance for multi-
spectral backscatter strength (BS) classification since most
contemporary MBES for coastal waters operate at high
frequencies (200400 kHz).

Whatever the approach (empirical or model-based), con-
sistency of the backscatter levels recorded by MBES is the
key point. Indeed the backscatter data should be directly
comparable either for one MBES operated at different times
over several cruises, or for several different MBES (work-
ing at a same frequency). Unfortunately, while accuracy and
repeatability of bathymetric measurements are assessed by
hydrographic standards (IHO 2008), much less attention has
been given to the quality control of MBES backscatter data.
Ideally, this consistency is insured by a full absolute calibra-
tion of the sonar sensitivity in transmission and reception,
giving access to absolute backscatter strength levels.

Recent research has focused on the concept of relative
calibration of MBES on reference areas (e.g. Eleftherakis
et al. 2014; Weber et al. 2017; Roche et al. 2018) for achiev-
ing comparability, and requiring a limited level of calibra-
tion. However a more general approach of classification
(such as creating a library of backscatter angular response
curves for different sediment types at various frequencies)
requires absolute MBES calibration. Today, the increasing
importance of seabed backscatter in seafloor-mapping (Lur-
ton and Lamarche 2015) raises the issue of calibration of
seafloor-survey dedicated sonars used for seafloor backscat-
ter intensity measurement in parallel to bathymetry.

The purpose of calibrating BS measurements is to provide
the absolute value of the target strength for a unit-surface
of the seafloor interface. This implies (1) to operate a sonar
system whose response upon target is accurately known (in
terms of sensitivity in combined transmission and recep-
tion, according to angle and possibly frequency), and (2) to
apply correctly to the received backscattered signals accurate
compensations for transmission losses, directivity patterns
and footprint extent.

The earliest methods proposed in the literature for MBES
calibration of echo level reception (see “Context and calibra-
tion methods” section for details) were logically inspired
from the metrological approach widely used for single-beam
echosounders (SBES). Despite the obvious legitimacy of
such methods, it is more realistic in many cases to choose a
more pragmatic approach, in which the MBES calibration
is performed under operational conditions (i.e. on a natural
seafloor) by comparison with the data recorded by another
reference calibrated sensor. This should make MBES cali-
bration a practically feasible operation for most users, who
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may find the metrological approach out of their reach—or
even materially impossible to conduct in some cases.

In the following, “Context and calibration meth-
ods” section presents and discusses shortly four possible
approaches for MBES backscatter calibration. “Absolute
calibration methodology” section addresses the method-
ology for absolute calibration based on the comparison of
field data recorded on a same seafloor spot by a calibrated
reference SBES and by the MBES to calibrate. The main
part of the paper illustrates this concept by one case study:
calibration of a Kongsberg EM 2040 MBES using a refer-
ence Simrad EK60 on areas located in the Bay of Brest,
France, for which the selection of appropriate survey areas
for the calibration procedure is presented with the criteria
to fulfil for this purpose. “MBES configurations and data
processing techniques” and “SBES configurations, calibra-
tion, and data processing techniques” sections describe the
MBES and SBES actual configurations and the data process-
ing techniques applied for this particular case study. The
results of the cross-calibration methodology applied on the
selected seafloor area are presented and discussed in “Cross-
calibration”; they are completed by comparative measure-
ments on areas with sediment types different than those of
the principal area, hence validating the method. Finally, the
conclusions and perspectives of the work are summarised in
“Discussion and conclusion” section.

Context and calibration methods

The echosounder initial calibration should ideally be car-
ried out by its manufacturer, in the best position to con-
trol and ensure the equipment characteristics and perfor-
mances, including the system’s acquisition and processing
software modules. In-factory calibration operations, checked
during the Factory Acceptance Test (FAT), should ensure
the system conformity with the nominal characteristics of
the model and provide objective deviations from the ideal
response. At-sea calibration operations should be conducted,
during the Sea Acceptance Tests (SAT) of the sonar in its
operational environment. A specific calibration report should
be provided to customers, including both the nominal char-
acteristics of the model and the values actually measured in
FAT or SAT. Built-in self-test (BIST) capabilities should
allow users to verify the calibration quality throughout the
system lifecycle. Some manufacturers (Wendelboe et al.
2010; Gutierrez et al. 2016) have started to address these
various levels but practical achievement is still at present at
an insufficient level.

A second solution, similar to the previous one but pos-
sibly conducted independently from the manufacturer, con-
sists in tank measurements of the echosounder considered
separately as a transmitter and receiver. The main functional
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characteristics to be measured are the source level on the
main axis of the transmitting (Tx) sector, according to the
transmitter settings (power, pulse duration, etc.); directiv-
ity pattern(s) for the various Tx and Rx sectors, possibly
function of frequency; transmitted signal characteristics
(pulse duration and shape, distortion rate); receiver sensi-
tivity (including the Rx antenna and electronics). All these
are obtained using conventional laboratory equipment of
acoustic metrology (reference hydrophone and projector, and
receiving-processing chain), implying a specific measure-
ment environment: a test-tank of a size adapted to the con-
cerned frequencies, with dedicated mechanical devices for
high-precision positioning of transducers. Well-adapted to
high-frequency MBES, this in-tank method has been applied
to e.g. Kongsberg Mesotech SM2000/SM20 (Cochrane et al.
2003; Perrot et al. 2014), Kongsberg EM3002 (Lanzoni and
Weber 2010, 2012), and Kongsberg EM 2040 (Lurton et al.
2013). Considering its heavy constraints in infrastructure
and equipment, such an approach remains today reserved to
a few specialized laboratories.

A third method is based on the use of an artificial refer-
ence target; it is commonly applied to fishery single-beam
echosounders (Simmonds and MacLennan 2005; Demer
et al. 2015). The principle is to measure directly the com-
bined emission—-reception response of the sonar on a point
target (practically a dedicated full-metal sphere) with a
known frequency-dependent target strength (Gaunaurd and
Uberall 1983) and accurately positioned in angle thanks
to an interferometric capability (split-beam) of the echo-
sounder. This calibration method, simple and robust, has
been developed and standardized by the fisheries community
which routinely integrate it in the stock assessment surveys.
It was naturally extended (Ona et al. 2009) to the calibration
of the recent ME 70 and MS-70 MBES structured like a
fan of duplicated tilted Rx—Tx single beams with split-beam
capability. A similar approach was also recommended for
general application to seafloor-mapping MBES (Foote et al.
2005). However, for these systems this calibration method
faces several problems: large number (several hundreds)
and narrowness (typically about 1°) of the Rx beams; dif-
ficulty to obtain far-field radiation conditions; lack of accu-
rate localization of the target; insufficient functionalities
for processing echo signals from in-water targets. Never-
theless this classical method remains a potential candidate
for future MBES systems dedicated to seafloor backscatter
measurements with appropriate characteristics (Lurton and
Lamarche 2015).

None of the three methods presented above finally pro-
vides a practical and widely-acceptable calibration pro-
cedure for MBES systems. In this article we propose a
cross-calibration method: the MBES data, obtained under
operational conditions, are compared to a set of data
obtained locally with a calibrated SBES system. The SBES

transducer is tilted at various incidence angles in order to
obtain a reference angular response of the local seafloor
interface. The estimated difference between data from the
two sounders provides the MBES measurement biases, to
be accounted for in subsequent data processing. The area
used for this cross-calibration plays a very important role.
It does not need be known in advance; however, to facili-
tate the processing operations and the interpretation of the
data, it should present favourable characteristics (see “Selec-
tion, characterization and control of a survey area” section).
This cross-calibration method offers several advantages: it
is straightforward, it calibrates the echosounder as close as
possible to its normal operating conditions, and it can be
conducted at sea together with routine operations of bathym-
etry calibration.

In this article we present the case study of a Kongsberg
EM 2040 dual-head MBES cross-calibrated with a refer-
ence Simrad EK60 SBES. The MBES calibration was per-
formed separately for two frequencies 200 and 300 kHz and
compared to two calibrated SBES systems operating at 200
and 333 kHz; in principle the calibration frequency of the
two systems has to be the same; however the 300/333 kHz
MBES/SBES cross-calibration was conducted for practical
reasons; this frequency-difference impact is discussed in
“Appendix”.

Absolute calibration methodology

The absolute calibration methodology proposed here
includes three phases: (a) selection, characterisation and
control of a survey area; (b) comparative calibration of the
MBES versus SBES data on the selected area; and (c) veri-
fication of the calibration results.

Selection, characterization and control of a survey
area

A natural seafloor area appropriate for MBES cross-calibra-
tion should fulfil a number of criteria, regarding its topog-
raphy and reflectivity characteristics. Its dimensions (depth
and extent) should be compatible with the MBES capabili-
ties and the calibration survey requirements. Its topography
should be flat and horizontal in order to minimize the bottom
slope influence. It should show a homogeneous geological
facies, with a backscatter angular response as regular and
simple as possible.

If the purpose is to settle a permanent reference area, sev-
eral complementary features must be considered. The area
should be easily accessible, little perturbed by traffic and
other activities such as trawling or dredging, and ideally it
should overlap an area used for bathymetry calibration. The
absolute values of backscatter angular response at relevant
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frequencies should be recorded and checked using a cali-
brated sonar system, and controlled regularly on dedicated
surveys. The temporal stability of its characteristics is para-
mount in order to ensure a high predictability of its response.

More discussion about the use of natural reference areas
for MBES backscatter calibration can be found in (Lurton
and Lamarche 2015; Roche et al. 2018; Weber et al. 2017).

MBES calibration on a selected area

The calibration area being selected, MBES calibration
operations can be conducted. In case of a permanent ref-
erence area, the MBES should ideally follow at least one
predetermined line already surveyed during the area char-
acterization campaign. On an opportunistic reference area,
SBES and MBES (see Fig. 1) should log data on the same
line either simultaneously or at least at close moments (to
avoid inter-equipment interference). A significant number
of pings (several hundreds) should be recorded on each line.
The average reflectivity level is calculated for both sounders
as a function of the incidence angle. The MBES results are
then compared to the SBES ones: the difference between the
two datasets defines the MBES response bias, and therefore
the compensation to be applied. The operation is valid only
for one MBES configuration and it must be repeated as many
times as necessary to cover the various possible operational
settings. Since the SBES can log data at only one tilt angle
per track, recording a complete angular response implies to
run the same line an appropriate number of times.

Calibration methodology validation

The compensation values obtained from the cross-calibration
procedure correspond only to the MBES characteristics and
are independent of the seabed type; hence the same exercise
conducted on areas covered with different sediments should

Fig.1 Schematic representation of a SBES-MBES measurement
configuration for cross-calibration purposes. The tilted SBES pro-
vides a reference angular response of the seafloor to be compared
with the one recorded by the MBES
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give the same results. Therefore this is a straightforward
approach to verify the calibration validity, with two con-
straints: several reference or opportunistic calibration areas
have to be available, and the at-sea duration of dedicated
operations is hence increased.

Selection of survey areas

For the present study, a number of areas were pre-selected,
all located close to the harbour of Brest (France). A first
assessment of their characteristics was performed during two
surveys in June and October 2014, using MBES data (EM
2040) to assess both topography and reflectivity regularity.
The isotropy was checked by plotting the backscatter angu-
lar response (AR) of the MBES data for six survey lines at
different azimuths with an angle step of 30°. Grab samples
and videos were taken to assist the MBES data interpreta-
tion. The seven most promising sites were revisited in May
and November 2015, following the same survey method-
ology. All these areas appear in Fig. 2. From the last two
surveys, it was concluded (Lurton et al. 2017) that: (a) some
of the areas are not as homogeneous as expected (Cama-
ret #3, and Douarnenez #4); (b) three areas (Camaret#2,
Douarnenez#2, and Pierres Noires) are not isotropic, due
to the presence of organized small-scale sand ripples; (c)
Pierres Noires is not stable with time and (d) the area best
satisfying all criteria is Carré Renard. The time stability of
this area is discussed by Roche et al. (2018).

The main survey for cross-calibrating MBES data with
EK60 SBES data was conducted in June 2016. Carré Renard
was chosen as the main reference area; the seafloor is silty-
gravelly sand mixed with coarse elements (such as maerl and
shells). Camaret#2 (fine to medium sand) and Aulne#2 (mud
colonized by slipper limpets) were selected as two oppor-
tunistic areas usable for validating the calibration results.

MBES configurations and data processing
techniques

MBES configurations

The EM 2040 MBES (described in e.g. Kongsberg 2011)
considered here is a dual-Rx-head system installed on
coastal R/V Thalia. It can be operated at nominal frequen-
cies 200, 300, and 400 kHz; the results presented here refer
to 200 and 300 kHz. EM 2040 can form three Tx angular
sectors across-track and proposes three main modes of oper-
ation: “Central” (used in this work: only the central Tx sec-
tor is active and covers +60°), “Normal” (three Tx sectors
are formed, widening the total usable aperture) and “Scan-
ning” (of marginal interest). Although used in a majority
of applications, the Normal mode was not applied here due



Marine Geophysical Research (2018) 39:55-73

59
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Carré Renard is the reference
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The other ones (Camaret #3,
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were only considered at an early
stage of the study
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Fig.3 Schematic representation of the Rx directivity pattern envelope
for the dual-head MBES used in this study

to the increase of complexity it raises with its three over-
lapping Tx sectors associated to changing frequencies. For
the methodological demonstration we present here, the use
of Central mode was preferred, with its single frequency
and Tx sector with a supposedly smooth directivity pattern.
All Rx beams are roll- and pitch-stabilized. The CW pulse
length for the central sector can take nominal values of 35,
70, and 150 ps for both 200 and 300 kHz. The beam spacing
in reception can be “Equiangular” or “Equidistant”. For all
the cross-calibration operations described here, the MBES
was set “Central”, “Equiangular”, at a 150-us pulse length,
at both frequencies 200 and 300 kHz.

The dual-receiver structure of the MBES (Kongsberg
2011) causes a number of specific effects on the recorded
backscatter data. Each of the Rx arrays on both sides of the
hull-mounted blister is tilted by about 40° (re. horizontal).
So the directivity pattern envelope of the MBES in reception
(Fig. 3) shows two maxima at +40° (re the ship-bounded

Carré Renard
o

Brest bay
Camaret #3 - ci)“\ume #2

°Camaret #2

)

)

Douarnenez #% Douarnenez bay \

Douarnenez #3
()

(o)
Douarnenez #4

vertical axis), and slightly decreases at 0° (down to about
—2 dB according to the constructor’s measurements of
directivity patterns). Moreover the zero-steering of the Rx
beams happens at +40°, and the effect of beam aperture
widening happens on both sides of this value (see “MBES
data processing” section, Eq. 3).

MBES data processing
Data format

EM 2040 can log the seafloor backscatter strength values in
two different datagram types. The first form “Beam Inten-
sity” gives one single backscatter value per beam and ping,
resulting of a moving average applied over the time series
of amplitude samples and selection of the maximum aver-
age level (Hammerstad 2000). In the second form “Seabed
Image”, the beam amplitude time series represent a con-
tinuous set of signal samples along the bottom with a fixed
slant-range step according to the sampling frequency of the
MBES in its current mode.

The data presented here were processed with the Sonar-
scope® software suite (Augustin 2016), using the BS values
from “Seabed Image” averaged in one BS value per beam.
Note that the mean backscatter level is computed everywhere
in the process as the average of squared signal amplitudes.

Corrections

The processing chain applied to the EM 2040 data con-
sists in replacing the various operations applied inside the
sounder for BS computation (for transmission loss and sig-
nal footprint) by more accurate compensations, mainly by
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accounting for the angle dependence imposed by the local
topography.

Transmission loss The two-way transmission loss is defined
classically (Lurton 2010) as:

TL = 40logR + 2aR (1)

In our processing, the geometrical-divergence part (in
40logR) is not modified; no refraction-caused impact is con-
sidered here, and the uncertainty on the slant range R can be
considered as negligible (Malik et al. 2018). The seawater
absorption loss (two-way loss in 2aR) is compensated by
correcting the value of the absorption coefficient a from the
real-time value used by the MBES to a more accurate one
computed from measured seawater properties (see “Absorp-
tion coefficient impact” section). For instance, the @ mag-
nitude at 300 kHz is about 90 dB/km; the correction to be
applied due to local variations is typically within + 1 dB/km,
so +0.1 dB for a 100-m two-way path. Hence the impact of
this absorption correction remains limited.

Insonified area For a MBES with Mill’s cross designed
arrays, the footprint area extent A is defined alongtrack by
the Tx sector aperture ¢,;; and acrosstrack by the projection
on the seafloor of either the Rx beam aperture ¢, or the sig-
nal length 7, (Lurton 2010). For near-vertical Rx beams, the
across-track beam intersection with the seafloor wy, (Eq. 3)
is smaller than the projected pulse length w, (Eq. 2); hence
the footprint width is limited by the across-track beam aper-
ture ¢,,. The resulting across-track extent is the smallest of
these two values (Eq. 4).

Wo = R |[sind,| <\/ 1 + cT,/(Rsin?6;) — 1> )

wy = R, /cosy [cosf,, 3)

A =R,/ cos f; - min(wo, wy) @
where R is the slant range from the sonar array to the sea-
floor; 6, is the acrosstrack incidence angle on the seafloor,
accounting for the local seafloor slope considered across-
track; f,, and g, are the seafloor slope values at the foot-
print considered respectively alongtrack and acrosstrack.
The angular apertures used here are the values given by
the constructor. The across-track beam aperture ¢, /cosy
results from the aperture change caused by beam steering.
The pointing angle y is defined here (case of a dual-head
EM2040) as the beamforming angle off the Rx array axis
tilted by approximately 40° on each hull side (Fig. 3). More-
over y has to include the compensation of the ship’s motion
when the MBES is used in a roll-compensated mode, which
is normally the case.
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The detailed formulas of the constructor’s model for the
insonified area (Hammerstad 2000) are simpler than the ones
above, and do not account for the local seafloor slopes. Writ-
ten with the same notations as ours, they come as:

wgo = cT,/sinf 3)
wy = R, /cosy (6)
A =R, -min(wg, wy) (N

These simplified formulas (using a generic vertical-ref-
erenced angle 6) are indeed appropriate for the real-time
computations applied in the MBES, since they require no
preliminary knowledge of the actual seafloor topography.

In the processing presented here, the real-time footprint
extent compensation given by Eqs. (5-7) was replaced by
the one computed from Eqs. (2—4), where all the angle val-
ues considered in the computations accounted for (1) the
ship’s motion and (2) the seafloor local topography. The lat-
ter implies that, at each sounding point, the local slope has
to be determined from the previously-computed digital ter-
rain model. In the particular cases presented here, this does
not lead to dramatic impacts in the results, since the ship’s
angular motion remained within + 1°, and the local seabed
slopes nowhere exceeded +2.5°. A constant-SVP assump-
tion was made, which is a valid approximation considering
the local seawater homogeneity observed during the various
operations at sea.

It is also important that a distinction is made between the
seafloor-related incidence angles (for the backscatter angular
dependence) and the angles referenced to the MBES array
(used in the sonar directivity pattern). The former angles
are used in a first processing step, to compute the differ-
ence between EM2040 backscatter data and reference values
determined from the SBES measurements. The latter angles
are considered in a second stage when averaging these differ-
ential data, leading to the determination of the sonar angular
response.

It should also be noted that the effective pulse length con-
sidered in our work differs from the nominal pulse length
given by the constructor at the time of the data acquisition
(using the Kongsberg acquisition software SIS version
4.3.0). We considered an effective value of 0.68 times the
nominal pulse length, computed from previous results (not
published) of in-tank test measurements of an EM 2040 on
a reference sphere target.
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SBES configurations, calibration, and data
processing techniques

SBES configurations

The SBES used in this work is a Simrad EK60 split-beam
echosounder with a built-in calibration functionality. It was
operated at 200 and 333 kHz; impact of the difference of
333 kHz with the nominal 300 kHz of the MBES is dis-
cussed in “Appendix”. At both frequencies the one-way
beam aperture is approximately 7°. The available pulse
lengths for these frequencies are 64, 128, 256, 512 and
1024 ps; the pulse length of 256 ps was selected here.

The EK60 transducers were installed on a vertical pole,
fixed on the starboard side of R/V Thalia (Fig. 1). A swivel-
ling device (Pan & Tilt) was attached at the pole tip and the
two EK60 transducers adapted on it (Fig. 4). The swivelling
device was remotely controlled from the ship, rotating the
transducers both in the horizontal and vertical planes. The
transducers could be steered at any required angle with a 1°
step. For this study, the tilt angle of the EK60 varied between
0° and 60° with a step of 3°. The transducer immersion was
approximately 3.5 m, corresponding to the Thalia draft.

EK60 calibration

The SBES calibration principle (Simmonds and MacLennan
2005; Demer et al. 2015) is to measure directly the sonar’s
combined Tx—Rx response on a controlled point target with
accurately known target strength. A portable sounder may be
deployed in a test tank; however hull-mounted systems are
much more usual, and in this case the carrier vessel must be
at quayside or anchored in calm sea conditions. Basically,
the procedure consists of recording and measuring the signal
backscattered by the target positioned below the transducer
looking downward, at controlled range and angle. The range
is readily determined by the two-way travel time of the sig-
nal; the angle relative to the sounder beam axis is estimated
from the interferometric “split-beam” measurement of the
phase differences between the four quarters of the transducer
plate. The strategy is to move the target at a fixed depth in
the horizontal plane in order to cover the complete beam
aperture—at least its main lobe; this procedure makes it pos-
sible to estimate the directivity lobe pattern. The reference

SBES transducers

Pole tip

Pan & Tilt

Fig.4 The Pan & Tilt system fixed at the tip of the pole, with the two
EK60 transducers attached

targets are full-metal spheres with very accurate dimensions
and alloy composition (tungsten—carbide—cobalt); their sizes
are adapted to various frequency ranges.

The measured target strength (TS), obtained after com-
pensation from the sounder directivity pattern, is compared
to its nominal value; the latter is given by a theoretical model
parameterized by the measurement conditions. The correc-
tion to be applied to the sounder sensitivity is the level bias
obtained from this comparison.

A SBES calibration dataset (see an example in Table 1)
comprises the absolute response level (G,) measured on the
lobe axis; the pulse shape adjustment factor (S,) obtained
from the signal intensity integrated over the actual pulse
duration; the RMS variability of the measured data fitted
to the directivity model; and the one-way 3-dB beamwidth
of the lobe in both athwartship and alongship direction. For
our case study, the SBES calibration took place in Brest
harbour with both systems (200 and 333 kHz) installed on

Table 1 EK60 SBES calibration

) 2016: T=16.5 °C- Fre- Pulse Sphere Gy(dB) S,.,(dB) RMS(dB) Athwartship Alongship
;a_u;: g;rsl% 0 _61;_0 n?/s G quency length diameter beamwidth (°) beamwidth
=342 PSU; = v KHz) () (mm) ©
200 256 38.1 26.67 -0.37 0.25 7.5 74
333 256 22 27.07 -0.38 0.44 7.4 7.5
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R/V Thalia, using respectively 38.1- and 22-mm diameter
spheres. The results are summarized in Table 1.

EK60 data processing

Simrad SBES data are logged in ‘.raw’ files containing
received signal samples (power and electrical phase angles)
and echosounder configuration parameters.

Converting power to volume backscattering strength

The first step converts the raw signal power values to volume
backscattering strength S, (in dB) which is the classical out-
put of fishery echosounders:

2

P,Ac
S, = 101ogP, + 20log R + 2aR — 10log
3272

—2G, - 10log T - 28, — v (8)

where R is the sonar-target range (m); a the absorption coef-
ficient (dB/m); P, and P, the transmitted and received power
(W); c the sound velocity (m/s); T the pulse length (s); 4 the
wavelength (m); y the two-way equivalent aperture (solid
angle in dB re 1 sr); G, the on-axis calibrating gain (dB); S,
the effective pulse length correction factor (dB).

Corrections

A number of corrections have to be applied in the data post-
processing. Some of them are aimed at correcting inaccurate
environmental parameter values used in real-time process-
ing (e.g. absorption coefficient) and others result from instal-
lation limitations (e.g. uncertainty in the real tilt angle of
EK60).

e Roll: the ship’s roll is logged in the EK60 ‘Sample’
datagram, with one roll value per ping. For our system
configuration (EK60 steered to starboard), positive roll

<18
o 17
016
15
14}
13}
12}
17
10
11109 8 7 6 5 4 32101 2 3 456 7 8 9 101
Shift (degrees)

Fig.5 Depth versus estimated angle shift in the tilt angle of EK60.
Mean depth (red curve) and +standard deviation (black curves) of
the calculation for each shift value for (left) North—South and (right)
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values (bridge tilting down on starboard) correspond to
steeper incidence angles.

e Transducer angle shift: the transducer angular position is
controlled by the Pan & Tilt device, which is set accord-
ing to a reference geometric angle (ideally 0° i.e. the
vertical axis). Due to the difficulty of a direct geometric
measurement, an indirect method of angular referencing
was applied, using the SBES field data, and based on the
assumption (checked from the local bathymetry data) of
an average flat horizontal surveyed area. For each tilt
angle of the transducer, ranges to the bottom are esti-
mated from the split-beam interferometric data, using the
time samples selected in the bottom detection procedure
(see “Bottom detection” section). Then these bottom-
range values obtained for all tilt angles are corrected for
roll and tide, and used to search for the angle shift (within
a given range, typically —10° to 10°) minimizing the
dispersion of depth values around the average depth over
the area; the obtained value is taken as the best estimate
of the installation angle bias. See an illustration of the
method and results in Fig. 5. This correction method
makes it possible to compensate for an angular bias in
the transducer mounting, and for a permanent tilt of the
ship e.g. due to side wind; ideally it should be determined
for each survey line.

Finally the actual incidence angle (assuming flat seabed)
is given by the value of the Pan & Tilt setting, corrected from
roll (time dependent) and installation angle shift (stable).

Bottom detection

A critical step in the processing is the bottom detection
since it determines the backscatter samples to be consid-
ered within each beam time series for calculating the BS
value. Here the bottom was detected using one of two clas-
sical methods (Lurton 2010) depending on the incidence
angle:

E 19}
= 18}
§17'
Q16+t
15
14
13
12}
11}
10
11109 8 -7 6 6§ 432101 23 45 6 7 8 9 101
Shift (degrees)

South—North direction. The estimated installation angle shift (corre-
sponding to the pseudo-crossing point, minimizing the depth disper-
sion) is here around 5°
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Fig.6 Original signal for a
near-normal incidence angle:
(top) in-beam angle ® versus
range; (bottom) Sv versus
range; (red dashed lines) bottom
detection range; (red solid lines)
samples finally selected for

backscatter analysis

Sv (dB)

o Maximum amplitude at normal and near-normal inci-
dence First, a restricted range interval is defined around
the probable bottom echo, where the athwartship in-beam
angle @ and Sv versus range are used to calculate the
Center of Gravity (CoG, computed on natural intensity
values) of the Sv data; an example is shown in Fig. 6. In
this particular case, the lower plot in Fig. 6 (® vs. range)
shows no phase-ramp behaviour, justifying the choice of
a CoG-based bottom detection. For BS analysis, we con-
sidered the average of all samples with incidence angle
falling within + 1° from the CoG (with a minimum of
three samples); see Fig. 6 for illustration.

Zero-crossing phase angle at oblique incidence Like in
the previous case, the first step is to find the Sv CoG.
The phase samples falling within +3° from the CoG are
fitted with a second-order polynomial (Fig. 7, top) used
to determine the instant of null phase-difference while
avoiding wrong zero-crossing estimates due to noise fluc-
tuations. The bottom samples used for backscatter are
those falling within + 1° around the zero-crossing (Fig. 7).

Range (m)

From volume to interface backscattering strength

The Sv data must be transformed into interface backscat-
ter strength values by compensating for the insonified area
extent. The resulting BS values are then corrected for the
SBES directivity pattern.

Insonified area At oblique angles, the across-track width w,
of the active footprint is determined by the effective transmit
pulse length T, = T, 105/ 5 (T being the nominal pulse
length) projected on the seafloor (Eq. 9). At near-vertical inci-
dence angles, the across-track beam intersection with the sea-
floor becomes smaller than the projected pulse length; hence
the footprint width is limited (Eq. 10) by the effective two-way
across-track beam aperture @,,,. The resulting across-track
extent is the smallest of these two values (Eq. 11).

cT

(4
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wgo = R|sin(® + 0)| 9

Fig.7 Original signal for [
oblique incidence angle: (top)
in-beam angle @ versus range;
(bottom) Sv versus range; (green
line) fitted 2nd-order polyno-
mial; (red dashed lines) bottom
detection range; (red dots)
samples finally selected for sub-
sequent backscatter analysis
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R

WN = Pan o (10)

A =@, R -min(wy, wy) (1)

The effective- or equivalent- aperture is the width of an
ideal directivity pattern integrating the same amount of
intensity (Lurton 2010); this beam angular effective aperture
can be adjusted proportionally to the current sound velocity
(Bodholt 2002). The effective two-way apertures ¢, and
@ (respectively across-track and along-track) are estimated
here by integrating the squared directivity patterns (meas-
ured by a reference hydrophone) over their main lobe. A
restricted angle sector (% 10°) is sufficient for this purpose,
since for EK60 transducers the two-way sidelobe level is low
(<—50 dB) and negligibly contributes to the angular integra-
tion. The original measurements of beam patterns are pro-
vided by the constructor in the EK60 transducer datasheet,
and have been checked in the Ifremer test-tank (Table 2).

Beam pattern The EK60 beam pattern is approximated, for
both frequencies 200 and 333 kHz, by (Demer et al. 2015):

D(ﬂan ﬂa/) = —6.0206 [x2 +y2 —0.18 x2y2] (12)

withx =2 ﬂm/ Yyrandy =2 ﬁa,/ Ya1» Where §,, and f3,, are
the athwart- and along-ship angle values referenced to the
beam axis, and y,,, and y,;; are the one-way 3-dB aperture
values. Practically the along-track effect is negligible, and
is not considered here. The BS value is finally calculated as:

cT,
5 ) —10logA - D

BS=S,+yw +20logR + 1010g<

13)
Final BS averaging

The purpose of the SBES data processing is to get one BS
value per nominal incidence angle (i.e. transducer tilt value
per survey line). This implies to select for each ping the

signal time samples corresponding to the nominal incidence
angle of the current line. One BS value is calculated for
each ping; the number of samples averaged in this respect
depends on the bottom-detection procedure, as described in
“Bottom detection” section. Then the per-ping BS values
are averaged along the survey line, excluding the pings with
actual incidence angles beyond + 1° from the nominal inci-
dence angle of the line; in this respect it is better to conduct
the survey with a minimum roll motion, to maximize the
number of pings eligible to averaging. This last operation
provides one BS value per nominal incidence angle.

Cross-calibration
Absorption coefficient impact

In the cross-calibration process, it is paramount that consist-
ent absorption values are applied to data from both sonars.
Table 3 shows the theoretical absorption coefficient values
(Francois and Garrison 1982) using salinity and temperature
profiles obtained from field measurements (ship’s thermo-
salinograph and temperature-depth probes) completed by
salinity profiles from an oceanographic database. When nec-
essary the data (both of EM 2040 and EK60) were corrected
in post-processing based on the values of Table 3.

Cross-calibrating MBES and SBES on Carré Renard

A preliminary step is to identify in the reference area the
survey line providing the most reliable results. Data recorded

Table 3 Values of calculated absorption coefficients (in dB/km)

Frequency (kHz) Carré Renard Camaret#2
333 93.4 93.9
300 86.8 87.2
200 66.6 66.9

Table 2 Beam widths estimated for SBES insonified area calculation. The three first columns of beamwidth values are provided by the construc-
tor based on test-tank measurements in fresh water. The last column gives the results of measurements in the Ifremer’s seawater tank

Frequency Direction Measured one-way Two-way 3 dB Effective two-way Effective two-way beamwidth Seawater
(kHz) 3 dB beamwidth beamwidth beamwidth T=16.5°CS =345PSUc = 1510 m/s
Fresh water Fresh water Fresh water
T=20°C T=20°C T=20°C
c=1482 m/s c=1482 m/s c=1482 m/s
200 Along 7.3° 5.2° 5.5° 5.6°
200 Athwart 7.4° 5.3° 5.6° 5.7°
333 Along 7.4° 5.3° 5.6° 5.7°
333 Athwart 7.3° 5.2° 5.5° 5.6°
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Fig.8 Preliminary configuration data (June 2016) for Carré Renard: (left) bathymetry map (tide corrected from the Brest tidal station); (right)

backscatter level

on Carré Renard (June 2016) are shown in Fig. 8. The back-
scatter level image is uniform and the bathymetry is fairly
flat (depth range less than 2 m). The sediment is sand with
silt, gravel, maerl and shells; the interface is colonized by
brittle stars. Added to the reflectivity image uniformity, eve-
rything suggests that the local sediment variability has neg-
ligible effects and that Carré Renard is a satisfactorily flat,
homogeneous, isotropic and stable area usable as a reference
for backscatter calibration (Roche et al. 2018). Considering

the average BS dependence on azimuthal angle, the varia-
tions per incidence angle (see Fig. 3 in Lurton et al. 2017)
were found to be within +0.5 dB and hence considered as
negligible.

For the present study, the NS lines were selected for the
calibration procedure since they provide the best stability
and symmetry in angular backscatter, compared to other
azimuth angles (the detailed comparisons are not shown
here), and presumably cover the most homogenous part of
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Fig.9 Mapping results for one North—South line on Carré Renard: (left) bathymetry (300 kHz); reflectivity at (center) 300 kHz and (right)

200 kHz
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the area. The bathymetry of one typical NS line is presented
in Fig. 9, with backscatter images at 300 and 200 kHz. The
depth range is less than 1 m, while both reflectivity images
are uniform. The survey line length was 425 m, the swath
width 80 m, the survey speed 2.4 m/s, and the number of
pings 349; the roll angles stayed within + 1°.

The second step is to determine the representative AR of
the MBES. All available data recorded on NS survey lines
were averaged separately for 300 kHz (Fig. 10, top) and
200 kHz (Fig. 11, top). The resulting curves are from seven
different lines at 300 kHz and four ones at 200 kHz. The BS
variations between the different lines are less than 0.5 dB;
hence the MBES measurement stability is excellent.

The third step is to determine the reference backscatter
data measured by the SBES. An important parameter to be
determined in post-processing is the transducer tilt angle
bias (see “Corrections” section). The shift values were found
to be 4.87° for NS lines (Fig. 5, top) and 5.06° for SN lines
(Fig. 5, bottom) so an average value of 5.0° was retained.

Carre Renard

Backscatter strength (dB)

-60 -40 -20

EM2040 (300kHz)

= mean curve
-- individual lines

On Carré Renard a total of 42 lines of EK60 (21 per direc-
tion) are available, with SBES tilt angles from 0° to 60° by 3°.
To determine the transition angle between the two bottom-
detection methods (amplitude or phase, see “Bottom detec-
tion” section), the interferometric and amplitude data were
visually compared: at both frequencies (333 and 200 kHz), it
was observed that the phase ramp is stabilized only beyond
20°; this value was taken as the detection-method transition
angle. Since EK60 insonifies either the port or starboard side
of each line, the data are processed separately for each direc-
tion (NS 0°:60°, SN —60°:0°) resulting in one BS value per
incidence angle (see Fig. 10, top at 333 kHz and Fig. 11, top at
200 kHz). Despite its data density (a 3° angle step), this series
of points is not fully adequate for direct comparison with the
EM 2040 data sampled every 1° over [-60° 60°]. As an inter-
mediate step, the EK60 BS results are fitted with the Generic
Seafloor Acoustic Backscatter (GSAB) model (Lamarche et al.
2011) over the complete angular range. In its simplest ver-
sion, this model represents the BS angular dependence as a

EK60 (333kHz)
e real data
= fitted curve

0 20 40 60

Incidence angle (degrees)

Difference (dB)
A N -

A

1
300kHz

EM2040 - EK60

60 40 -20

0 20 40 60

Beam pointing angle (degrees)

Fig. 10 Cross-calibration processing results on Carré Renard at
300 kHz. (Top) BS values (green dots) obtained from EK60 data
(333 kHz) and fitting of the GSAB model (green solid curve); mean
AR curve (solid black line) of EM 2040 (300 kHz) and data from
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individual lines (dashed grey lines) in the same direction. (Bottom)
Difference curve obtained by subtracting EK60 values from EM 2040
values
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Fig. 11 Cross-calibration processing results on Carré Renard at
200 kHz. (Top) BS values (green dots) obtained from EK60 data and
fit of the GSAB model (green solid curve); mean AR curve (solid

Table4 GSAB model (Eq. 14) parameters values after fitting the
model to the EK60 data (see Figs. 10, 11, top) and RMS error

Fre- GSAB parameters values RMSE (dB)
quency s

(kHz) 10logA (dB) B(°) 10logC(dB) D

333 -7.74 10.51 -10.66 149 024

200 —8.58 10.55 —-11.59 1.37 0.17

combination of a Gaussian law at steep angles and Lambert-
like law at grazing angles:

> (14)

2
BS(6) = 10log [A exp <—%> +C CosDH}
See Lamarche et al. (2011) for a detailed interpretation
of the parameters A, B, C, D. The root mean squared errors
(RMSE) of curve fitting for the EK60 values at 333 and

black line) of EM 2040 and data from all lines (dashed grey lines) in
the same direction. (Bottom). Difference curve obtained by subtract-
ing EK60 values from EM 2040 values

200 kHz (Figs. 10, 11, top) are 0.24 and 0.17 dB respec-
tively. The resulting GSAB parameters values are shown
in Table 4.

The final step is to estimate the AR difference between
EM 2040 data and EK60 reference for each frequency: the
results are plotted in Fig. 10, bottom (333 kHz) and Fig. 11,
bottom (200 kHz). These residuals can be used to correct
the complete dataset for this specific EM 2040 configura-
tion. The obtained results show biases roughly ranging —2
to +0.5 dB at 200 kHz, and —4 to — 0.5 dB at 300 kHz. Such
magnitudes are obviously very significant, and emphasize
the interest of applying an intensity-calibration procedure
to this model of MBES.

Calibration checking on Camaret#2 area
A straightforward way to validate the calibration results is

to compare the compensation curves obtained on various
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geological facies: in principle they should be identical.
Unfortunately, no high-density EK60 measurements were
conducted on other areas as thoroughly as on Carré Renard.
Hence a simpler approach was used for the verification: two
areas (Camaret#2 and Aulne#2, see Fig. 2, with sediment
types different from Carré Renard) were surveyed to iden-
tify sub-areas prone to provide potentially useful EK60 data.
The EM 2040 compensation curve (Figs. 10, 11) derived at
Carré Renard was applied to correct the MBES data taken
on Camaret#2 and Aulne#2; these corrected data were com-
pared with the calibrated EK60 measurements logged on
these sites for a limited number of tilt angles. The match of
these two independent results should validate the EM 2040
calibration procedure.

The Camaret#2 area has been regularly surveyed over the
recent years, being located close to a bathymetry reference
area. It consists of sand with grain size ranging from fine
to medium. The depth varies moderately on the area (see
Fig. 12, left). Most importantly, significant changes in back-
scatter level on several patches (Fig. 12, right) reveal either
non-homogeneous seabed nature or the presence of topog-
raphy anomalies. Due to strong tide currents, small-scale
ripples are formed on the seabed, with a significant impact
on backscatter level when surveying at different azimuthal
angles (see Fig. 4 in Lurton et al. 2017); such features are
found on many sandy areas around Brest.

The June 2016 survey aimed to identify a line with mini-
mal BS fluctuations usable for testing the calibration meth-
odology. The most homogeneous lines were found to be
oriented WE. Figure 13 presents the bathymetry and back-
scatter on such a WE line example: the survey line length
was 208 m, the swath width 85 m, the survey speed 1.67 m/s,
the roll angles within + 1°, and the number of pings 248.
This line was surveyed repeatedly for various modes of the
EM 2040. The data analysis was restricted to the flat part

Bathmetry range: 3.5 meters

-19.5
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of the area, within longitudes [—4.6025° —4.6015°]; how-
ever, the presence of reflectivity patches was unavoidable
(Fig. 13). The number of pings per line usable for the analy-
sis was about 100.

For determining the angular backscatter response of the
area, 4 WE lines were averaged at 300 kHz and 2 lines at
200 kHz. SBES data were collected by EK60 at 10 different
tilt angles, covering both sailing directions (WE and EW);
the transducer tilt angle shift was estimated to be 4.01° in
the WE direction and 4.04° in the EW, i.e. approximated at
4.0°. The same bottom-detection transition angle (20°) as on
Carré Renard was used, and one BS value was calculated for
each EK60 tilt angle.

Figure 14 depicts the mean AR logged by EM 2040 at
300 kHz (top) and 200 kHz (bottom). These data were then
corrected at both frequencies by the compensation curves
determined at Carré Renard (Figs. 10, 11, bottom). Finally,
the EM 2040 calibration was validated by comparing these
corrected values (blue line) with the corresponding EK60
measurements (green dots) taken on Camaret#2.

e At 333-300 kHz the average difference is about 1 dB at
all oblique angles (beyond + 10°), with systematically
higher values at 333 kHz. Interestingly this should be
put in perspective with the expected frequency depend-
ence of the BS (see “Appendix”): while at Carré Renard
this dependence was negligible, on Aulne#2 a typical 3-
to 4-dB difference was measured by EK60 at 333 and
200 kHz, corresponding to a 0.6- to 0.8-dB difference
between 333 and 300 kHz; this could explain the 1-dB
bias magnitude observed on Fig. 13, top. The improve-
ment brought in by the EM 2040 calibration (see Fig. 10,
bottom) is very significant.

e At 200 kHz, the difference between the two datasets goes
from about 1 dB at steep angles (within +20°) down to
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Fig. 12 Preliminary configuration data for Camaret#2 area, June 2016: (left) bathymetry, tide corrected from the Brest tidal station; (right) back-

scatter level
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Fig. 13 Data for a West—East line on Camaret#2: (top) bathymetry; (bottom) backscatter at 300 kHz. Note an elongated backscatter patch
(slightly higher BS values) corresponding to a bathymetry feature (very shallow channel)

0.5 dB and less at oblique angles. This is considered as a
satisfactory match. The improvement brought in by the
EM 2040 calibration (Fig. 11, bottom) is clearly more
modest than at 300 kHz.

This verification has given interesting and positive
results, since the test area Camare#2 showed a geological
facies significantly different from Carré Renard, with back-
scatter levels lower by 5 dB (at specular) to 10 dB (at oblique
angles). The consistency of the SBES-MBES difference
demonstrates the validity of the method. The results also
illustrate the importance of the AR frequency dependence in
the interpretation of the results, and emphasize the need for a
wide-band analysis of the backscatter AR. Finally, although
not reported her, the same validation operation conducted on
Aulne#2 area gave similarly satisfying results over a smaller
number of SBES tilt angles.

Discussion and conclusion

This article has presented a practical and realistic approach
to an important but still unresolved issue: the calibration
of MBES for backscatter level absolute measurements.
For this purpose we have cross-calibrated a Kongsberg
EM 2040 with a calibrated Simrad EK60 SBES using field
data recorded on a common natural reference area. The
EM 2040 calibration was conducted for two frequencies
200 and 300 kHz while the EK60 was operated at 200 and
333 kHz. The estimated average BS difference between 300
and 333 kHz was considered negligible (see “Appendix”).

The compensation for signal footprint extent has been
done as accurately as possible using precise estimates of
the effective pulse length and beam width, and angle val-
ues accounting for the sonar motion and the seafloor local
topography.

The method was applied to data from the reference area
Carré Renard close to the harbour of Brest, France. The
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Fig. 14 Calibration valida-

tion on Camaret#2 at (top)

333-300 kHz and (bottom)

200 kHz. (Solid black) original @_ 15l Camaret #2
mean AR of EM 2040; (dashed =

grey) individual lines from b=

EM 2040; (solid blue) new S20-

mean AR from EM 2040 after 5

correction using the compensa- § . . .
tion curve determined at Carré %‘25' e

Renard; (green dots) EK60 X p

values on Camaret#2 30!

A0+
Camaret #2
A5/

=20~

=25}

Backscatter strength (dB)

-60 -40

cross-calibration procedure was performed on an area (Carré
Renard) complying with a number of criteria, the most
important ones being planarity, homogeneity and isotropy
(Lurton et al. 2017; Roche et al. 2018).

On Carré Renard the seafloor angular backscatter was
measured with both EM 2040 and EK60. The SBES data
were fitted with the GSAB model to get a continuous angu-
lar response. The MBES compensation curve (valid for
one working mode of the sounder) was computed as the
difference between the two datasets. The magnitudes for
the compensation were —2 to +0.5 dB (at 200 kHz) and
—4 to — 0.5 dB (at 300 kHz). These are far from negligi-
ble, and a posteriori justify the efforts required for defin-
ing practical calibration procedures and applying them
operationally.

To test the validity of this methodology and the success
of the calibration, we compared the corrected MBES data
(based on the compensation obtained from Carré Renard)
on another site (Camaret#2 with a seafloor angular response
clearly differing from Carré Renard while at comparable
depths) with independent EK60 calibrated measurements.
For most incidence angles and at both operating frequencies,
the differences were found within the range 0.5-1 dB, hence
validating the quality of the EM 2040 calibration procedure.
The best agreement was obtained at 200 kHz. At 300 kHz a
systematic bias was found between the MBES-300 kHz and
the SBES-333 kHz; this was interpreted by the frequency

@ Springer

e EK60 (333kHz)
— EM2040 calibrated

EM2040 (300kHz)

mean curve

-- individual lines

1 1 1 1

-20 0 20 40 60

Beam pointing angle (degrees)

o EK60 (200kHz)
= EM2040 calibrated

EM2040 (200kHz)
mean curve
-- individual lines

1 1 1 | 1
-20 0 20 40 60
Beam pointing angle (degrees)

dependence of backscatter observed on Camaret#2, less
favourable than observed on Carré Renard. For complete-
ness of the verification, such a checking should also be con-
ducted on areas with significantly different water depths,
which was not possible given the constraints of our cruises
in the Bay of Brest. We note that the incident angle accu-
rate determination is hampered by the characteristics of the
mechanical deployment device used to tilt the SBES trans-
ducer, making delicate the determination of a correct vertical
reference—with a bigger impact at steep angles where the
BS variation with angle is faster.

A key point for the validity and the generality of the
method is the application of accurate estimates of the signal
footprint extent on the seafloor. For SBES, the availability
of beam patterns measured by the manufacturer and the rela-
tively simple footprint geometry give a good confidence in
the model approximations used for the reference data pro-
cessing. Comparatively, the system configuration and geom-
etry for MBES using Mill’s cross transducers is significantly
more complicated, and may lead to bias the backscatter esti-
mation, especially around normal incidence where the foot-
print area is a complex combination of beam directivity and
pulse envelope shape. This bias is de facto compensated for
by the calibration method proposed here. However, in the
absence of a fully reliable ensonified area model, this com-
pensation will be accurate only at the depth of the calibration
area and for the same pulse length; otherwise the model



Marine Geophysical Research (2018) 39:55-73

71

inaccuracy will lead to imperfect results of the compensa-
tion. Hence an important objective for the immediate future
is to develop and apply more accurate expressions for the
footprint extent (ideally through analytical developments,
otherwise using numerical simulations), and on the experi-
mental side to acquire and process backscatter data from
SBES and MBES in the same cross-calibration framework
over an increased range of water depths.

A method improvement could be a real-time compensa-
tion of the SBES motion through the Pan & Tilt system; with
such a compensation, the data quality would be less sensitive
to the sonar motion. Another coming improvement is to use
as reference SBES the new wide-band Simrad EK80 (Demer
et al. 2017) which makes it possible to vary the working fre-
quency to exactly match the MBES signals whose frequency
varies with the system’s settings.

Ideally, it would be preferable that MBES field-calibra-
tion routine operations are conducted on reference natural
areas with a fully-controlled backscatter level. Unfortu-
nately, the criteria that such reference areas have to satisfy
are multiple and demanding, and in real environments it is
actually very difficult to identify such a perfect configu-
ration. Moreover, it is often desirable that the calibration
can be operated in a non-prepared environment—similarly
to the opportunistic “patch-test” commonly conducted in
bathymetry. In this respect the MBES cross-calibration with
a SBES shows serious advantages, since it avoids the need
for a perfectly controlled permanent reference area; however
the identification of an opportunistic area suitable for such
comparative measurements must also fulfil several require-
ments. Nevertheless, in our work we demonstrated that even
in areas already known as problematic (such as Camaret#2)
a thorough investigation of their characteristics can assist
in identifying at least one line that can be usable for the
calibration procedure.

The principle of the cross-calibration method presented
above is simple and straightforward. Its practical applica-
tion implies the operation of a calibrated SBES deployed
on a Pan & Tilt system; although cumbersome, this is
practically very feasible. For future cross-calibration of
medium-frequency MBES class (around 100 kHz), the
extension of the method down to a lower frequency range
(using 70 and/or 120 kHz SBES) should raise no particu-
lar feasibility issue. The application to lower frequencies
(down to 30 and 12 kHz) implying bigger and heavier
transducers is expected to be more problematic and may
show one practical limit of the method; however recent
results (Ladroit et al. 2017) obtained at 38 kHz and a 45°
tilt proved the feasibility of the method even in this fre-
quency range.

The approach of MBES field-calibration presented here
could, in the longer term, be practically combined with
the now-classical bathymetric calibration operation and

potentially become a standard procedure for ensuring rou-
tine acquisition of accurate backscatter measurements by
MBES.

Finally, whatever the backscatter calibration method,
the resulting compensation parameters should be ideally
taken into account by the echosounders for directly cor-
recting the measured reflectivity data; or at least should
be made usable in MBES-dedicated software suites for
application in post-processing operations. Unfortunately,
none of these possibilities is fully available today; it is
expected from sonar manufacturers and software develop-
ers that they bring such improvements to their products in
a near future.
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Appendix: BS difference assessment
between 333 and 300 kHz

This section attempts to assess whether the SBES reflectivity
measured at 333 kHz can be used as a reference for the nomi-
nal MBES frequency of 300 kHz. For this purpose, the SBES
data measured on Carré Renard at both 200 and 333 kHz
under the same conditions (Figs. 10, 11) are plotted together
in Appendix Fig. 15 (green curves), after fitting the GSAB
model. Comparison of the levels at the two frequencies shows
a difference less than 1 dB—an average magnitude of 0.6 dB
is retained. For a 1-dB difference, and assuming a logarithmic
dependence of backscatter level with frequency (Weber and
Ward 2015), the magnitude of the BS deviation between 300
and 333 kHz can be estimated as:

BS;3; — BSyy = log (333/300)/log (333/200) ~ 0.21 dB

This discrepancy is not considered to be really penalizing
given the inaccuracies observable elsewhere; therefore it will
be admitted that the backscatter levels measured at Carré
Renard at 300 and 333 kHz are not significantly different, and
hence the cross-calibration between the 300-kHz MBES and
the 333-kHz SBES is acceptably accurate with respect to this
frequency approximation.

Interestingly, the same exercise done with the data from
Aulne#2 (black) and Camaret#2 (red) does not show the same
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trend. While the frequency dependence remains negligible
in the specular lobe, it increases significantly at oblique inci-
dences and reaches 2.5 dB at 60° for Aulne#2, and 4 dB for
Camaret#2. Using the same frequency-dependence model
as above, the 300-333 kHz differential reaches 0.4, 0.6 and
0.8 dB for a 200-333 kHz differential of respectively 2, 3 and
4 dB.
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