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ABSTRACT:
A multispectral and multiangle analysis of seabed backscatter intensity has been conducted using data from a

calibrated single-beam echosounder (SBES) with five frequency channels deployed over four homogeneous areas

with different sediment types in the Bay of Brest (France). The SBES transducers were tilted at incidence angles

from 0� to 70� to record the seafloor backscatter angular response at discrete frequencies ranging from 35 to

450 kHz. The recorded backscatter levels were analyzed for their angular dependence (average backscatter strength

versus frequency and angle) as well as for their sample statistical distribution. The angle and frequency dependence

of the seafloor backscatter obtained using a calibrated SBES can potentially be used to calibrate multibeam systems,

and it can also help in elucidating the physical processes of backscatter controlled by the interaction between the

acoustic wave characteristics and the sediment properties. Backscatter measurements for each area showed a consis-

tent frequency dependence with little variation between the four sediment types.
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I. INTRODUCTION

The acoustic backscatter (BS) angular response (AR),

which depicts the way the mean BS strength changes with

incidence angle when acquired at large scales over homoge-

neous areas of seabed reflectivity, is acknowledged to be an

effective proxy for remote seabed type identification as the

sediment AR is intrinsically linked to geoacoustic and geo-

metric properties of the seafloor sediments (Lamarche et al.,
2011; Lurton and Lamarche, 2015). Nevertheless, the AR is

also dependent on the acoustic frequency; this is caused by

the seabed roughness (scaled by the signal wavelength) and

by the different levels of sediment volume scattering due to

a deeper signal penetration at lower frequencies. Thus, this

frequency dependence can potentially be used for a better

discrimination among sediments. Recently, thanks to tech-

nological advances in wideband sonar echosounders, multi-

frequency measurement of seabed BS has become an

operational option for scientific surveys, and several studies

of remote sediment classification have addressed the poten-

tial of multifrequency analysis of the seafloor BS with these

systems (Brown et al., 2019; Feldens et al., 2018; Gaida

et al., 2018; Clarke, 2015; Janowski et al., 2018) showing

its benefits but also highlighting the complex interaction

between acoustics signals and the seabed response at multi-

ple wavelengths. These studies contribute to a better under-

standing of the relationship between sediment properties

and their acoustic response—a necessary step for the

analysis of the BS strength over a wide range of frequencies.

The multibeam echosounders (MBESs) available today for

coastal and continental-shelf applications fall into two wide

classes: the 170–450 kHz range [e.g., R2Sonic (Austin, TX)

2026, Teledyne RESON (Slangerup, Denmark) Seabat T50,

Norbit (Trondheim, Norway) WBMS, and Kongsberg

Maritime (Kongsberg, Norway) EM2040] and the

45–120 kHz range (e.g., Kongsberg Maritime EM712,

Simrad ME70). Normally, MBESs are narrowband systems

that transmit continuous wave (CW) signal pulses at one sin-

gle center frequency or from a set of adjacent frequencies.

Hence, to cover a frequency range of at least one octave or

more [which is the minimum requirement for a significant

multifrequency analysis (Clarke, 2015)], a combination of at

least two MBES systems transmitting alternatively is

needed. Such a multifrequency MBES survey is actually

impractical, as it requires multiple acquisitions of the same

lines with different systems and possibly different vessels.

Recent technological advances have made MBES systems

able to simultaneously collect BS data at different frequen-

cies (although this is usually obtained by alternating pings at

various frequencies rather than by a strict synchronicity),

e.g., the R2Sonic 2026 (170–450 kHz with optional 90 and

100 kHz), the Norbit WBMS (200–700 kHz), the Teledyne

Seabat T50 (190–420 kHz), and the Kongsberg Maritime

EM2040 (200–700 kHz). Unfortunately, even these recent

MBES systems are still not calibrated for absolute BS

strength measurements, making it difficult to compare data

from different systems and even data from the same MBES

but at different frequencies. On the other hand, the recentlya)Electronic mail: Ridha.Fezzani@ifremer.fr
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released Simrad EK80 single-beam echosounder (SBES)

can be fully calibrated using the classical method of the

frequency-dependent sphere target (Demer et al., 2015).

Additionally, this SBES can cover a wide frequency band

(10–500 kHz) when equipped with several transducers ping-

ing simultaneously (Demer et al., 2017). Hence, it can be

used as a reference sensor for measuring the absolute BS

levels needed for further cross-calibration of MBESs

(Eleftherakis et al., 2018) as a function of both angle and

frequency. To address the need for these cross-calibration

procedures, we present here a multispectral analysis of sea-

bed BS intensity using data from an EK80 SBES equipped

with five transducers and operated over four homogeneous

areas covered with different sediment types in the Bay of

Brest (France). The SBES transducers were tilted at various

incidence angles from 0� to 70� to record seafloor ARs at

different frequencies ranging from 35 to 450 kHz. To pre-

sent a complete methodology, the calibration procedure for

the reference SBES is described and discussed as well as the

survey configuration, the statistics of scattered signals, and

an analysis of the frequency dependence of the BS AR.

II. BACKGROUND AND PREVIOUS WORK

While a large number of papers have been published

about in situ measurement results of seafloor BS, only a few

of them address systematic measurements with simultaneous

variations in frequency and angle. A non-exhaustive but

representative list is given below with brief descriptions;

their main results are synthesized in Table I, with an empha-

sis on the frequency dependence. Note that they are quite

varied with regard to the acquisition conditions and acoustic

systems and may not be directly comparable due to their dis-

persion in angle and frequency ranges as well as their inho-

mogeneity in description and characterization of the seafloor

properties.

The pioneering paper of McKinney and Anderson

(1964) presents a synthesis of BS measurements acquired on

16 shallow-water locations over a wide variety of seafloor

types (from rock to mud), with frequency ranging from 12.5

to 290 kHz and incidence angles mainly from 30� to 85�,
using several tilted transducers with beam apertures of

5�–10� calibrated over a reference sphere and 0.5 ms CW

signals. Despite a strong dispersion in their results, they

observed and synthesized the main BS features recognized

ever since (average BS values increasing from mud to sand,

gravel, and rock; dependence on both grain size and inter-

face roughness; level globally decreasing from steep to graz-

ing angles). With regard to frequency dependence, they

found that average BS strength increased approximately as

f 1:6 for several sand sediments, but they could not find clear

frequency trends, neither in fine sediments nor in rocky

areas. Jackson et al. (1986a) report measurement results

over six shallow-water areas with seafloor types from silt to

gravel. The frequencies ranged from 20 to 85 kHz, generated

by three tilted transducers with quite a large aperture

TABLE I. Summary of results from multifrequency seafloor BS studies.

Sediment type Reference Frequency range (kHz) Incident angle (deg) BS variation (dB/octave)

Rock McKinney and Anderson (1964) 12.5–290 30–85 0

Rock/boulders Cutter and Demer (2014) 18–200 0–20 1.4

Rock/boulders/steep 2.3

Sand/cobble/boulders 0.9

Sand/cobble 1.3 and 2.6

Gravel Weber and Ward (2015) 170–250 45 �2 to �2.4

Fine gravel Jackson et al. (1986a) 20–45 40–80 1.5 (70�)

Sand/gravel/steep Cutter and Demer (2014) 18–200 0–20 3.2

Sand/gravel/flat �0.75

Coarse sand/shells Stanic et al. (1989) 20–180 60–85 �0.75

Sand (averaged) McKinney and Anderson (1964) 12.5–290 30–85 4.8

Sand Williams et al. (2009) 10–150 40–70 3 (70�)

150–500 6 (70�)

Sand ripples Weber and Ward (2015) 170–250 45 �1 to �2.2

Sand waves 0–1

Medium sand Jackson et al. (1986a) 20–48 45–80 2 (70�)

Greenlaw et al. (2004) 265–1850 70–81 5

Medium-fine sand Wendelboe (2018) 180–330 0–70 0.7–1.1

330–400 4.0–4.4

Fine sand Jackson et al. (1986a) 20–48 0–80 1.6 (70�)

Very fine sand 20–80 0.8

Fine sediments McKinney and Anderson (1964) 12.5–290 30–85 0

Silty sand Jackson et al. (1986a) 20–85 0–85 1.4

Sand and mud Williams et al. (2009) 30–150 40–70 0 (60�)

150–500 6 (60�)

Sandy silt Jackson et al. (1986a) 20–85 20–75 �0.2 (70�)
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(around 10� –20� horizontal and 40� vertical) installed on a

towed platform. The angle dependence was obtained mainly

from split-beam measurements and covered up to 0�–85�,
depending on the sites. The frequency analysis conducted at

incidence 70� showed no strong frequency dependence, with

slopes ranging from –0.2 to 2.0 dB/octave. Stanic et al.
(1989) conducted BS measurements from a tower deployed

on an area with coarse sand topped by hashed shells; fre-

quencies ranged from 20 to 180 kHz, generated by a para-

metric source with a 3� beam tilted between 60� and 85�.
The receiver was a discrete hydrophone array; little informa-

tion is given on the calibration of the complete system. The

angle dependence followed Lambert’s law at all frequencies.

Although not really conclusive, a slight negative frequency

dependence of the Lambert offset was observed over the fre-

quency range. The work by Greenlaw et al. (2004) is more

dedicated to higher frequencies (265 kHz to 1.85 MHz). The

data were recorded using a multifrequency echosounder

over a sand seafloor at grazing angles. The results show the

Lambert parameter first increasing with frequency and then

decreasing at 1 MHz and beyond. The paper by Williams

et al. (2009) presents results from two sandy sites with sig-

nificantly different seafloor characteristics and response; the

interpretation was that one area was dominated by the sand

interface roughness and the other one by a significant contri-

bution from soft sediment volume. The frequencies ranged

from 10 to 2000 kHz and from 30 to 500 kHz, respectively,

and the incidence angles ranged from 40� to 70�. At fre-

quencies below 150 kHz, the roughness-dominated BS

increased by 3 dB/octave, while the volume-dominated BS

showed no frequency dependence. At 150–500 kHz, a simi-

lar frequency dependence (around 6 dB/octave) was found

for both sites. Using a vertical split-beam calibrated SBES

with several transducers, Cutter and Demer (2014) studied

the angle and frequency dependence of the BS strength at

discrete frequencies 18-38-70-120-200 kHz for near-nadir

incidence angles (typically up to 20�) over different seafloor

types characterized by frequent mixes of geological features

and significant topography features. In this steep angle sec-

tor, they found a frequency dependence varying between

–0.7 and 3.1 dB/octave according to the local seafloor type.

Weber and Ward (2015) also used a calibrated wideband

SBES covering the band 170–250 kHz, tilted at 45� over six

locations with various coastal sediments; their results show

a weak frequency dependence for all seafloor types, with a

small decrease with increasing frequency except for one

area of medium sand. Finally, Wendelboe (2018) presented

extensive measurements of acoustic BS with frequencies

ranging from 190 to 400 kHz and incidence angles from 0�

to 70� in bins of 5� using an in-tank calibrated multibeam

echosounder; he found an increase in the seafloor scattering

strength with the increasing frequency at all incidence

angles, with a change to a steeper spectral slope occurring

between 300 and 400 kHz.

It is difficult to synthesize and unify these various

results into clear trends; their dispersion illustrates the com-

plexity of the bottom scattering mechanisms, which are still

not well understood, despite several decades of effort since

the very first experimental work on the topic (Urick, 1954).

Moreover, part of these discrepancies may also be due to

challenges in the experimental process, such as problems in

the absolute calibration of the acoustic system and difficul-

ties in recording consistent measurements over wide ranges

of frequencies and angles. Historically, much of this previ-

ous work is mainly concerned with oblique to grazing

angles; recent articles tend to focus on steeper angles, pre-

sumably due to the increasing importance of seabed-

mapping applications using MBESs (Lurton and Lamarche,

2015). Studying the angular dependence of BS has long

been a prevalent topic; all the experimental results concur in

observing a strong angular variation around the vertical, fol-

lowed by a stable intermediate area at oblique angles and a

final decrease at grazing angles. The interpretation of this

angle dependence has been addressed in a variety of

approaches, from the simplest, Lambert’s law, to sophisti-

cated physical models of composite roughness and porous

media (Jackson and Richardson, 2007). In this respect, we

conducted systematic measurements over the 0� –75� sector,

and we used for our data analysis the generic seafloor acous-

tic backscatter (GSAB) model (Lamarche et al., 2011) sim-

ply expressed by a small number of parameters interpretable

as basic physical concepts of interface roughness and

impedance contrast. The frequency dependence has been

relatively less studied in the past and is hence less well

understood. Most previous results tend to show fundamen-

tally a BS increase with increasing frequency. However, the

increase rate depends on the angular sector and on the sea-

floor type; in a minority of cases, a decrease with increasing

frequency has been reported. Still insufficiently understood

but prone to be more widely documented, thanks to the gen-

eralization of multifrequency echosounders, this intricate

frequency dependence can be taken as a potential advantage

for further work in remote seafloor-type classification. To

explore this dimension as usefully as possible and to take

advantage of the current echosounder technology, we pro-

pose here observations at frequencies spanning over one

decade by third-of-octave steps.

III. MATERIALS AND METHODS

A. Experimental site characterization

The experimental data for measuring acoustic BS

strength over multiple frequencies and over a wide range of

angles were recorded during a survey in April 2018 in the

Bay of Brest, France. The four surveyed areas are shown in

Fig. 1. They were selected from previous mapping surveys,

which showed them to be homogeneous and flat. To assist in

the interpretation of the results, grab samples and videos

were taken in each area just after the end of the acoustical

data acquisition. The main results are summarized in Fig. 2.

The Carr�e Renard site comprises a flat area, 19-m deep

and covered with coarse sand and gravel mixed with broken

shells. It is currently used by the French Navy Hydrographic

Service (SHOM) as a bathymetric reference area to assess
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FIG. 1. Location of the four experimental sites in the Bay of Brest.

FIG. 2. Seafloor sediment photos, including Renard [gravelly sand with coarse elements (A)], Rascass [gravelly mud with shells (B)], Aulne [silty sand with

shells (C)], and Elorn [mud (D)]. For each site, a pair of images is shown from videos and grab samples. Each seafloor image encompasses an area of

approximately 1 m2.
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the hydrographic quality of shallow-water sonar systems

(Roche et al., 2018). The main observed biological feature

in this area is the presence of a dense colony of brittle stars.

The average sediment composition is homogeneous over the

entire area, resulting in a homogeneous BS response

(Eleftherakis et al., 2018; Roche et al., 2018). The sediment

cover at the Rascass site is basically composed of gravelly

mud, while the Aulne site is composed of silty sand. Both

Rascass and Aulne are about 23-m deep, and both areas are

covered with broken shells. The Elorn river estuary site is

covered with a muddy sediment, at a mean depth of about

26 m. A sedimentology analysis of the Bay of Brest is pre-

sented in detail in Gregoire et al. (2016).

B. Survey configuration

1. EK80 description and calibration

Five Simrad EK80 wideband transceivers (Demer et al.,
2017) have been used for this experiment, with five Simrad

split-beam transducers, at nominal frequencies of 38, 70,

120, 200, and 333 kHz. They were controlled by an EK80

processing unit with a specially installed version of the

acquisition software (version 1.12), allowing for the genera-

tion and transmission of CW signals as well as frequency-

modulated (FM) signals in a user-specified frequency band

(the standard version of the EK80 software allows only for

the use of CW signals at each transducer nominal fre-

quency). This special software version made it possible to

apply the standard processing of seafloor BS with CW sig-

nals as described in Eleftherakis et al. (2018) while explor-

ing the complete frequency band between 35 and 450 kHz at

regular steps (thirds of octaves). Complex-value data of

each quadrant of the split-beam transducers were stored in

raw format after initial filtering and decimation by the EK80

software (Demer et al., 2017). The five EK80 modules were

first calibrated in the Institut Français de Recherche pour

l’Exploitation de la Mer (IFREMER) tank facility in Brest.

The calibration was then checked at quayside on RV Thalia
(Eleftherakis et al., 2018). The SBES was calibrated accord-

ing to the procedure described in Demer et al. (2015), using

two tungsten-carbide spheres with a 6% cobalt binder, with

respective diameters of 25 and 38.1 mm, following the cali-

bration functionality provided in the EK80 software. Since

the broadband frequency response for a given calibration

sphere contains nulls at specific frequencies, depending on

the sphere diameter, the use of two spheres with different

diameters made it possible to have a flat response of the tar-

get strength all over the explored frequency range. During

in-tank calibration, the EK80 transducers were mounted and

steered using a pan-and-tilt dedicated device. The spheres

were suspended with a thin monofilament line (0.2 mm) at a

fixed position, minimizing interaction with the sphere ech-

oes. The EK80 transducers were then calibrated at each CW

frequency and also in FM mode to check consistency

between calibration results at the various frequencies. The

in-tank calibration curves used in this study are given in

Fig. 3. They cover the frequency range from 29 to 450 kHz

acquired by the five transducers using FM mode as well as

discrete CW frequencies. A residual difference (less than

1 dB) between CW and FM gains is still observed at the

260- and 450-kHz frequencies that are close to operational

bandwidth limits of the ES333-7C transducer. Due to their

respective spectra, CW and FM pulses integrate the trans-

ducer frequency response over different bandwidths; this is

likely to result in the slightly different gain values observed

for CW and FM in these dynamic parts of the transducer

response. We used the standard deviation of the gain value,

calculated for all sphere BS measurements, to estimate the

calibration uncertainty of the EK80. The maximum standard

deviation for the gain value in-tank measurements was

found to be equal to 0.15 dB, with an average value of

0.08 dB across the whole frequency band.

2. Backscatter measurements

To optimize the survey duration, up to three EK80

transducers were simultaneously installed on a vertical pole

fixed on the hull side of the coastal survey ship RV Thalia
(Fig. 4). This arrangement made it possible for the trans-

ducers to ping simultaneously at different frequencies. The

transducers fixed at the pole tip were tilted using a pan-and-

tilt device, remotely controlled from the ship; the trans-

ducers could be steered in the horizontal and vertical planes

at any required angle, with an accuracy on the order of 1�.
The transducer depth was approximately 3.5 m. The pulse

length was set to 256 ls for a sufficient signal-to-noise ratio,

except for the 333-kHz transducer transmitting 1024 ls

pulses. The frequencies and pulse lengths used during the

survey of the four sites are summarized in Table II.

For the Renard and Rascass sites, the BS observations

were collected for frequencies from 35 to 450 kHz, by steps

of one-third of an octave, with some frequencies slightly

adjusted to avoid the target resonances at calibration. This

FIG. 3. Calibration gains for five EK80 transducers and transceivers in CW

and FM modes, measured in tank.
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frequency range (35–450 kHz) covers most frequencies

commonly used for MBES surveys, except for deep-water

areas. To shorten the acquisition time, only two or three

transducers were used to survey the Aulne and Elorn sites.

Two frequencies (90 and 160 kHz) were common to differ-

ent transducers, so they were used as control frequencies for

the transducer calibration and to assess the repeatability of

the survey.

The survey strategy was to run each survey line back

and forth with the transducers steered at a different angle for

each passage. The tilt angles varied from –3� to 70� (from

vertical) by steps of 3� or 5�. For each angle, at least 30

pings were recorded to ensure a robust estimation of the

average BS AR. The EK80 data processing is detailed in

Eleftherakis et al. (2018); the main difference introduced

here is a correction of the SBES aperture to account for the

ratio between the nominal frequency of the transducer and

the actually operated frequency. The final bottom scattering

strength per incident angle is the average, over all the pings,

of the BS values computed for each ping according to

BS¼ Svþ10log10 r2 cTeff

2
w

fn

f

� �2
 !

�10log10S�DF;

(1)

where Sv is the measured volume BS strength (in dB) pro-

vided by the SBES (Demer et al., 2017); r is the sonar-target

range (m); w is the nominal equivalent aperture of the

source/receiver system; Teff is the effective pulse length; fn
and f are the nominal frequency of the transducer and the

current frequency, respectively; S is the insonified area

(m2); and DF is the beam directivity function (dB), depend-

ing on along and athwart angles. The terms S and DF also

depend on the beam width, which in turn depends on the

ratio of the nominal frequency to the current one. Note that

the average is computed using the natural values of BS [not

the dB values as expressed in Eq. (1)].

To extract the BS AR from the data recorded by the

tilted SBES, we first take the mean value of all samples

binned within 61� around the bottom detection instant.

Then we average these values for all pings to get one mean

BS value per nominal incident angle. The last step consists

in fitting the GSAB model (Lamarche et al., 2011) to the

angle-dependent averaged BS. The GSAB model represents

the BS AR as a combination of a Gaussian law for specular

angles and Lambert-like law for grazing angles. The model

is given by

BSðhÞ ¼ 10 log10 A exp ð�h2=2B2Þ þ C cosDðhÞ
� �

; (2)

where

• A quantifies the specular maximum amplitude. In the tan-

gent plane (or facets) classical theory (Brekhovskikh

et al., 1991), it is related to the coherent reflection

FIG. 4. EK80 measurement configuration. (a) The pan-and-tilt system fixed at the tip of the pole with the three EK80 transducers attached. (b) Schematic

representation of a SBES measurement configuration. The tilted SBES provides a reference AR of the seafloor.

TABLE II. Values of frequencies and pulse lengths used during the surveys of the four sites.

Site Transducer model and frequency range (kHz) Survey frequencies (kHz) Pulse length (ls)

Renard ES38-10 (34–45) 35 256

Renard and Rascass ES70-7C (45–90) 45-57-70-90 256

ES120-7C (90–170) 90-113-143-160 256

ES200-7C (160–260) 160-180-200-226-260 256

ES333-7C (280–450) 280-300-360-450 1024

Aulne ES120-7C (90–170) 90-113-143-160 256

ES333-7C (280–450) 280-300-360-450 1024

Elorn ES120-7C (90–170) 90-143-160 256

ES200-7C (160–260) 160-180-226-260 256

ES333-7C (280–450) 280-300-355-450 1024
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coefficient at the water seabed interface and is therefore

high for smooth sediment interfaces (at the acoustic wave-

length’s scale) and for strong water sediment impedance

contrasts.
• B quantifies the angular extent of the specular regime. In

the tangent plane model, B2 is the facet slope variance

and is therefore an interface roughness descriptor.
• C quantifies the average BS level at oblique incidence. It is

similar to the offset of the classical method with Lambert’s

law describing BS at intermediate angles for rough interfaces

and includes the contribution of the volume inhomogeneity

BS. C increases with seafloor roughness and impedance and

heterogeneities present inside the sediment volume.
• D is the BS angular decrement commanding the falloff at

grazing angles. It is high for soft and smooth sediment

interfaces.

We apply a nonlinear least-square optimization algorithm

to estimate the best fit. Figure 5 shows an example of a dataset

averaging and fitting process: after accounting for the athwart

phase and for roll angle of each sample used to estimate the

final BS AR, it is possible to plot a continuous angular histo-

gram of the BS strength, similarly to the results obtained from

MBES measurement [Fig. 5(a)]; the final output shows an esti-

mation of the absolute BS AR for the current frequency and

for the sediment configuration [Fig. 5(b)]. The quality of the

fitting operation is given by the residual magnitude computed

by the optimization algorithm; this was found to be typically

around 0.5 dB for most cases studied here.

IV. RESULTS

A. Angular and frequency dependence of amplitude
statistics

The BS levels, measured at a given insonified area, may

vary significantly, depending on the acoustic frequency, on

the incidence angle of the acoustic wavefront, on the

number of averaged samples, and on the way the samples

are averaged. Thus, before constructing the final BS AR, it

is useful to study these variations by analyzing the statistics

of the BS samples. While Rayleigh’s law provides a good

approximation in many cases (Jackson and Richardson,

2007), several non-Rayleigh distributions have also been

proposed for seafloor BS intensity analysis, such as K-

distribution, Weibull, gamma, log-normal, mixed Rayleigh,

etc. (Amiri-Simkooei et al., 2009; Fonseca et al., 2021;

Jackson and Richardson, 2007; Le Chenadec et al., 2007;

Lyons and Abraham, 1999; Penrose et al., 2008). Note that

in the present study, we do not focus on the best fit of the

BS intensity statistics but on the angular dependence of the

seafloor BS fluctuation statistics. These variations were

addressed in Fonseca et al. (2021). The Weibull probability

density function (PDF) shown below is strictly defined for

positive values of the shape parameter b and the scale

parameter a. This distribution is highly flexible. Depending

on the shape parameter b, it can cover other PDFs, ranging

from the exponential distribution (b¼ 1) to the Rayleigh

distribution (b¼ 2) and up to normal (Gaussian) distribution

(b > 3:5),

f ðx; a; bÞ ¼
b
a

x

a

� �b�1

e�ð
x
aÞ

b

x � 0;

0 x < 0:

8><
>:

Using this Weibull PDF, a systematic analysis has been

applied to the dataset considered here. For each one of the

four areas, the recorded data are processed at the various fre-

quencies, using all the pings available for each case. All

samples within a 1� bin around the angle associated with the

bottom detection time stamp are used to adjust a Weibull

distribution. The adjustment is done using the maximum

likelihood estimation method. Figure 6 depicts the result of

this processing for some frequencies as a plot of the values

FIG. 5. Example of angular BS estimation from EK80 data (Renard at 143 kHz). (a) Normalized histogram of BS for each incident angle with superimposed

mean values. (b) GSAB model fitted to EK80 averaged measurements; the RMS difference between the mean values and the fitted model is here equal to 0.4 dB.
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of the b parameter versus the incidence angle for the four

survey sites. It shows that b remains around 2.0 (characteris-

tic of a Rayleigh distribution) for all angles beyond 20�,
without noticeable difference between the seafloor types. As

the angles go steeper and finally vertical, the adjusted b
coefficient shows a positive trend; at the vertical, b reaches

values between 2.2 and 3.4 with little observable difference

between the four areas. For the Elorn data, the b values

remain very close to 2.0 independently of the incidence

angle, except at the vertical, and for other sites, one observes

a monotonic increase in the b values for decreasing incident

angle, reaching the highest values around 3.0. The behavior

of the Elorn site can be explained based on the local nature

of the seafloor, which is composed of soft mud. The low

acoustic impedance of this soft sediment allows for a signifi-

cant penetration of signals inside the sediment, especially

around the vertical, resulting in a Rayleigh regime caused

by the mixed contributions of multiple embedded scatterers.

Conversely, for other sites, a number of strong scatterers are

present at the water-bottom interface, possibly causing insta-

ble peak values at steep angles and leading to higher b val-

ues. The available number of acoustic samples for the

statistical fitting also plays an important role on the b esti-

mation; too small a number causes a trend toward higher

values of b (Fonseca et al., 2021). This is especially prone

to happen at steep incidences, where a small number of

usable samples are available; this trend is, however, less-

ened for soft sediments, which allow for signal penetration,

such as here in the Elorn area. In this study, to avoid the

consequences of using a small number of samples, a mini-

mum number of only 30 pings were acquired in Aulne and

Rascass and about 90 for Elorn and Renard. Possibly, the

observed increase in b values at steep incidence can be

explained by a conjunction of both the sediment characteris-

tics and the number of available samples used for the statis-

tical analysis.

FIG. 6. Angle dependence of the b parameter from BS data recorded at various frequencies on the four seafloor areas (see main text). The BS values are

binned in 1� bins around the discrete incidence angles (from 0� to 70� by 5� steps) and fitted to a Weibull distribution. The b parameter of the Weibull law is

plotted here as a function of the incidence angle for the four areas.
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B. Frequency dependence measurements

Figure 7 presents the BS AR curves (actually, their

GSAB-fitted version) recorded at all frequencies over the

four test sites. The GSAB model proved to fit very satisfac-

torily to the various datasets, with RMS residual differences

typically 0.5–1 dB. Besides the classical variation with angle

(specular peak spreading until 10�–20�, level plateau at obli-

que angles, and falloff typically beyond 60�), this clearly

confirms the strong dependence of the mean BS level on

both the seafloor substrate and the acoustic frequency. Note

that only the Renard and Rascass sites were measured at the

lowest frequencies (35-46-57 kHz), causing a very signifi-

cant spreading toward the lower BS values. In all cases, the

specular peak near-normal incidence changes in width and

height, according to frequency. These results are in accor-

dance with the physical considerations discussed in Jackson

and Richardson (2007), predicting the specular peak to be

most pronounced for the lowest frequencies. For the Elorn
area, the roll-off with incidence angle associated with a

steep specular peak is also in accordance with the expected

behavior of soft sediments. The shape variation of these

curves will be addressed in Sec. V, including the frequency

dependence of the vertical-to-oblique BS difference and the

mean BS strength at 45�. Finally, values of frequency

dependence coefficients will be extracted and compared

with previous works at similar frequency ranges and inci-

dence angles.

V. DISCUSSION

To illustrate the frequency dependence of the BS AR

for each survey site, the difference between the BS values at

near-normal incidence (BSN; h¼ 0�) and at oblique inci-

dence (BSO; h¼ 45�) is plotted in Fig. 8. For the Renard and

Aulne sites, the BSN � BSO difference (respectively, 6–9 and

4–6 dB) shows no significant trend with the changing fre-

quency except for frequencies below 100 kHz at the Renard
site, where it clearly increases to 10–13 dB. This flat

response can be explained by a rough seafloor material, as

ground truthing showed the ubiquitous presence of shells in

these two areas. On the other hand, the high values of the

specular peak and the high average level suggest a strong

impedance contrast that was also confirmed by video and

ground truthing. For the Elorn muddy area, the BSN � BSO

difference decreases linearly with increasing frequency until

300 kHz and then becomes stable for higher frequencies at a

level of about 12 dB. For the Rascass site, the BSN � BSO

difference decreases with the increasing frequency from

high values (around 15 dB) at lowest frequencies down to

FIG. 7. GSAB model fitted to measured BS values for all frequencies on the four experimental sites. The average root mean square (rms) difference between

the averaged experimental values and the fitted model (see Fig. 5) shows a typical magnitude of 0.5–1 dB.
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values comparable to Aulne above 300 kHz. To summarize,

this BSN � BSO difference could be significantly related to

the sediment type, based on its magnitude and its frequency

dependence; however, the available data are still insufficient

today to interpret these observed variations, especially for

mixed sediments, suggesting that other parameters and

descriptors should be also considered.

Figure 9 summarizes the BS strength at 45� versus the

acquisition frequency for all sites. This average BS45� value

is very similar to the offset parameter of the classical

Lambert’s law applied in similar studies (Williams et al.,
2009) and determined by dividing the BS cross section by

cos2h (where h is the angle of incidence). In the GSAB

model used to fit our experimental results (Lamarche et al.,
2011), the Lambert-like dominant regime at oblique angles

is accounted for by a power-cosine term ( cosDh). This

allows for a better fit of various angular behaviors, hence

avoiding the a priori hypothesis of a squared cosine depen-

dence while introducing one extra parameter (i.e., the power

exponent D). To simplify the analysis, we chose here to use

the BS45� values. We found this mean oblique BS strength

increasing with frequency for all sites. This variation

remains consistent in the analyzed frequency range, except

at frequencies 180 and 260 kHz, which showed deviations of

about 1–3 dB at all sites. This inconsistency is probably

caused by uncertainties in the applied gain for these frequen-

cies, which proved difficult to calibrate, as they are located

in the falloff edges of the frequency response curves of the

200- and 333-kHz transducers (see Fig. 3). The BS45� versus

frequency exhibits different patterns for the four test sites.

The measurements from the Renard site show high values

for all frequencies; the variation with frequency is more pro-

nounced at frequencies below 100 kHz and becomes negligi-

ble for frequencies greater than 300 kHz (around –13 dB).

For the Rascass and Aulne sites, the BS45� values are very

similar (inside their common frequency interval from 90 to

450 kHz) and are lower than the values observed on Renard;

for both areas, the mean oblique BS strength increases con-

tinuously with the increasing frequency. For both Renard
and Rascass sites, the BS45� values increase at a higher rate

in the frequency interval from 45 to 100 kHz. Data from

Elorn show lower BS45� levels (�25 to �21 dB) that

increase regularly with frequency.

The frequency dependence of the BS strength is often

modelled by a frequency power exponent (Cutter and

Demer, 2014; Weber and Ward, 2015; Wendelboe, 2018;

Williams et al., 2009), expressed as

BSðh; f Þ ¼ BSðhÞf Cf ; (3)

where f is the frequency (Hz) and Cf is its power exponent;

we assume here that Cf is prone to vary with the incidence

angle.

The frequency power parameters are estimated in the

logarithmic domain, using the linear least-square method.

Figure 10 presents the estimated frequency dependence of

the mean oblique BS strength BS45� with frequency over the

complete frequency range, a fact that was observed for the

four sediment types studied here. The residual differences

between the observed and predicted BS(f) values (based on

the power exponent adjusted for each of the four areas) do

not exceed 61 dB, with the notable exception of the lowest

frequencies 35 and 45 kHz (also omitting the 280 kHz values

due to the instability observable in the calibration process at

this particular frequency; see Fig. 3). The data within the

Renard site suggest a steeper frequency dependence at fre-

quencies below 90 kHz, possibly a consequence of a physi-

cally different BS regime. These observations are still

unconclusive due to the limitations of the available dataset

presented here, and this trend will have to be verified by

new measurements on other sites in this frequency range.

The lowest frequency power exponent (Cf¼ 0.56) was

FIG. 8. Frequency dependence of BSN � BSO (contrast between BS values

at 0� and 45�).

FIG. 9. Comparison of bottom BS strength measured at h ¼ 45� at the four

sites.
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observed at the Aulne site, and the highest one (Cf¼ 0.87)

was observed at the Rascass site. The data acquired on

Aulne and Elorn suggest very similar increases of the mean

BS strength with increasing frequency, which are consistent

with BS / 10 log10f 0:56 and BS / 10 log10f 0:58, respectively.

The intersection between the best-fit lines at Aulne and

Rascass sites occurs around 270 kHz, illustrating that the

mean oblique BS strength at this frequency is equal for both

sites, although they are covered by different sediment types;

this result illustrates the potential interest of multispectral

seafloor characterization to combat such ambiguities.

The general trends observed for BS45� in the frequency

range from 35 to 450 kHz on the four study sites suggest a

frequency dependence slightly varying with the sediment

type. The exponent values for the various sites (including

coarse sand and gravel, gravelly mud with shells, silty sand

with shells, and mud) show only little variation, from

Cf¼ 0.56 to Cf¼ 0.87. These values are consistent with

most historical data (see Table I), giving an overall fre-

quency dependence of the Lambert’s parameter varying

from Cf¼ 0.0 to Cf¼ 2.0 (0–6 dB/octave). However, this

agreement is of limited significance, since the historical data

correspond to a wide variety of experimental conditions,

systems, and methods. The frequency dependence for our

four experimental sites is presented in Fig. 10 for two other

incidence angles (20� and 70�). The overall trends for all

four sites suggest a general decrease in the frequency depen-

dence slope with increasing incidence angle. For all sites,

regardless of the incidence angle, the BS estimates vary

from 0.6 to 3 dB/octave, which is equivalent to a Cf variation

from 0.2 (Renard at 70�) to 0.98 (Rascass at 20�). The fre-

quency dependence at 20� is similar to that observed at 45�,

FIG. 10. Bottom BS strength versus frequency measured at three incidence angles (45�-20�-70�) at the four sites. Best-fit lines are superimposed on the

data.
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with a small increasing shift (about 0.1) of the frequency

exponent. On the other hand, the frequency exponent

decreases for all sites at 70� when compared to 45�. The

smallest values were obtained for Renard and Aulne sites

with Cf¼ 0.2 and Cf¼ 0.34, respectively. This trend, calcu-

lated for the four visited sites, is consistent with the one

observed for the BSN � BSO difference.

Interestingly, Cutter and Demer (2014) presented data

obtained from seven areas with different sediment types,

including sand, gravel, and rock, at incident angles spanning

2�–20�. Comparably to the results presented here, their data

were acquired with a multifrequency SBES (Simrad EK60)

with nominal frequencies f ¼ 18, 38, 70, 120, and 200 kHz,

showing a fluctuating frequency dependence from –0.7 to

3.1 dB/octave. In the present paper, the estimated frequency

dependence for h ¼ 20� varies from 1.9 to 3 dB/octave for

all frequencies and for all sites. Comparisons between the

two studies are complex, as they were conducted over dif-

ferent sediment types. Nevertheless, in our case, the fre-

quency dependence at h ¼ 20� incidence angle appears to

be more stable, probably due to a better determination of the

incident angles and insonified areas, which are calculated

based on a tilted beam over an accurately known flat seabed,

instead of a vertical beam over changing seafloor slopes

(Cutter and Demer, 2014).

Also, similarly, Weber and Ward (2015) measured the

scattering strength from sand and gravel seafloor at inci-

dence angles near 45�, using a calibrated SBES. They found

a decreasing trend of BS strength values with frequency

over a relatively narrow spectral range (170–250 kHz). This

negative frequency dependence was not observed in the

results presented here, which consistently showed BS values

increasing with frequency. The spectral slopes found by

Wendelboe (2018) for a sandy seafloor are similar to the

ones estimated here at h ¼ 20� and h ¼ 45�; however, a

change to a steeper frequency dependence rate was found

for frequencies above 350 kHz, which is not observed in our

results. Finally, at shallower grazing angles, the values

found here for the frequency dependence coefficient are

very similar to those from historical studies summarized in

Table I.

VI. CONCLUSION

The present study has presented experimental results of

seafloor BS using a calibrated tilted echosounder with a total

frequency bandwidth exceeding three octaves and an angu-

lar extent of 70�. These results illustrate the discriminating

potential of multispectral wide-angle measurements. The

angular dependence at a given frequency can be readily and

accurately fitted by the GSAB model. The frequency expo-

nent values obtained from BS measurements appear to differ

significantly, depending on the seafloor material and the

angle of incidence. The frequency dependence observed at

oblique angle 45� is intermediate between the frequency

dependences observed at steep (h ¼ 20�) and grazing angles

(h ¼ 70�). The results of the multispectral analysis suggest

that the frequencies around and below 100 kHz tend to pro-

vide a better potential for discrimination. In the cases of

Renard and Rascass sites, the BS strength values measured

at low frequencies (from 35 to 90 kHz) show stronger varia-

tions than the values measured at higher frequencies (above

100 kHz); this observation needs further confirmation from

additional measurements on different seafloor areas at low

frequencies. The frequency dependence magnitudes

observed on the four sites studied here are compatible with

those reported in previous work at different incidence

angles. The statistical analysis of BS amplitudes shows a

variation of the distribution shape in the near-nadir angle

sector that depends both on the sediment type and on the

number of BS samples. From an operational point of view,

the use of a tilted calibrated wideband SBES proved to be a

practical solution for recording absolute values of BS

strength at different frequencies and incident angles. The so-

obtained calibrated ARs are expected to be of interest for

remote seabed property characterization (Fezzani and

Berger, 2018; Jackson et al., 1986a; Lamarche et al., 2011),

for geoacoustic model parameter estimation (Fonseca and

Mayer, 2007; Jackson et al., 1986b), and for cross-

calibration of multibeam echosounders (Eleftherakis et al.,
2018).
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