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Acoustic scattering can be used to estimate Suspended Sediment Concentration (SSC) through acoustic
inversion methods. Current SSC quantification methods are mostly unable to observe both spatial and
temporal variations. Here, we assess the possibility to measure both using a Multibeam Echosounder
(MBES). MBES combine a large spatial covering in the water column and the capability to measure ‘on
route’, allowing a better representativity of the measurements. Time-series of raw EM3002-MBES data
at 300 kHz were acquired during a 5-hours field experiment at a fixed location in the Aulne macrotidal
estuary (France) during ebb, ensuring sufficient SSC variations. Concurrently, 4-frequencies Acoustic
Backscattering System (ABS) profiles were acquired in the water column, as well as turbidity profiles, fur-
ther converted into SSC using collected water samples. An original in-situ calibration was performed on
the MBES, using a tungsten sphere of known properties, which allowed corrections to be made to the vol-
ume backscattered levels over the echosounder fan. Using ABS-derived equivalent radii, the MBES
backscattered signal was inverted to retrieve an SSC estimate. Good consistency between MBES time-
series observations and turbidity-derived SSC is observed. This experiment demonstrates the potential
use of MBES for 3-dimensional turbidity observations in coastal areas, which is of great interest for sed-
iment flux quantification.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Suspended Particulate Matter (SPM) is ubiquitous in oceans and
rivers. The study of SPM distribution and transport is essential, for
SPM can impact the environment, from marine habitats and water
quality, to seabed morphology. In the past decades, significant
efforts have been devoted to SPM monitoring in coastal oceans
[1-4] and rivers [5-8]. Indeed, the need to quantify SPMs in the
water column at various temporal and spatial scales in natural
flows has been identified in a large range of industrial (hydroelec-
tric resources management, pelagic resources monitoring, dredg-
ing strategies...) and environmental applications (fluvial and
coastal morphodynamics, prediction and monitoring of extreme
events in oceans and rivers...), which relate to current environ-
mental, social and economic challenges.

>|<Corresponding author at: Laboratoire d'Informatique Signal et Image de la Cote
d’Opale, 50, rue Ferdinand Buisson, 62228, Calais, France.
E-mail address: guillaume.fromant@univ-littoral.fr (G. Fromant).

https://doi.org/10.1016/j.apacoust.2021.108107
0003-682X/© 2021 The Authors. Published by Elsevier Ltd.

Amongst a large number of techniques for measuring SPM [9],
acoustics offers a wide range of possibilities. Active acoustics in
underwater environments has the advantage of being non-
intrusive, and provides measurements along profiles with high
temporal and spatial resolutions depending on the selected fre-
quency. In addition, acoustics has benefited from several recent
advances both on the theoretical and instrumental frameworks
(single and multi-frequency systems) [10-15]. In particular,
backscattering models have been designed to describe the intrinsic
scattering properties of particles of organic or mineral composition
[16]. These models allow to empirically (eg. [17,18]) or theoreti-
cally (eg. [19-22]) estimate the intensity backscattered by a single
particle placed in a pressure field, for any particle size (or size dis-
tribution) and any frequency of the incident pressure field. Given
volume backscattering strength measurements at a given fre-
quency, these models allow acoustic inversions to retrieve the vol-
ume or mass concentration of a wide range of SPM in the water
column, from zooplankton in open oceans and coastal
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environments, to suspended non-cohesive and cohesive sediment
in fluvial, estuarine and coastal environments [17,23-27].

Oceans and rivers are extremely dynamic environments. As
such, the content of SPM in the water column can exhibit large
fluctuations both spatially and temporally, and at different scales
depending on the context (eg. mactrotidal estuaries, open ocean
internal waves). Thus, SPM content often shows 3-Dimentional
variability patterns (eg. [28-32]). Acoustics only deliver a limited
information about the content of the water column, as a function
of the frequency used. In addition, the measurement is acquired
over a finite volume of water. This is the case for Acoustic Backscat-
tering Systems (ABS) [24,33,34], split beam echosounders [35], or
single frequency ADCPs [10-14]: they offer a means to retrieve
consistent estimates of the SPM concentration over single, horizon-
tal or vertical profiles. Although these acoustic systems are already
an improvement for SPM measurements compared to point-wise
and intrusive water sampling methods or optical tools, their spatial
coverage is still limited. Addressing the physical and biological
dynamics of complex areas such as estuaries, near-shore and
coastal areas or large rivers often requires time-consuming field
operations such as the set-up of observation networks (eg.
[28,31,36,37]). In this context, the question of the measurement
of SPM dynamics arises, namely : what phenomenon do we want
to observe and at what scale is it relevant to measure this phe-
nomenon? With this respect, there is a need to expand the SPM
measurements over larger spatial and temporal scales for a more
efficient characterization of the distribution and fluxes of SPM,
and the associated transport processes.

Although Multi-Beam EchoSounders (MBES) are widely-used
among the coastal and fluvial communities [38-40], insonify a
large volume of water and thus potentially yield large spatial data
coverage, very few studies involve their use for SPM quantification
[41-46]. In addition to its primary function of high-resolution sea-
floor mapping, MBES technology provides two-dimensional water-
column images over the MBES swath. As such, in adding an extra
dimension of observation, MBES provide the opportunity to
acquire SPM data in the water column with a better representa-
tiveness than other acoustic systems typically used for SPM mea-
surements (ABS, ADCP). Yet, the interpretation of the MBES
measurements in terms of SPM content is far from being immedi-
ate, as data is highly dependent on the antenna beampatterns in
emission and reception [47,48]. This results in inconsistencies in
the backscattered pressure levels along the MBES fan. Without
adequate corrections, these inconsistencies would lead to erro-
neous values of the Volume Backscattering Strength S,, from which
the mass concentration is derived [16]. The use of MBES as a SPM
monitoring tool thus relies on the accurate calibration of each indi-
vidual beam of the MBES fan, which in practice requires significant
resources (financial, material, human) [46,47]. In addition, because
it is a single-frequency instrument, the acoustic inversion of MBES
data is limited by the prior determination of a mean radius or an
Equivalent Spherical Radius (ESR) and by the choice of a backscat-
tering model appropriately describing the acoustical properties of
the suspension.

In January 2015, time series of raw Kongsberg EM3002 MBES
data at 300 kHz were acquired in the macrotidal estuary of the
Aulne River (France). The Aulne River exhibits a high discharge in
winter, with SPM concentrations reaching moderate levels around
300 mg/L during discharge events. Concurrently, 4-frequency ABS
profiles (Aquascat 1000S-0.5, 1, 2 and 4 MHz), turbidity, salinity
and temperature (KOR-EXO) were collected periodically. All the
instruments were attached to the same downcasting structure.
Concurrent optical measurements identified the fine grain size of
the sediments of the river, their aggregation by flocculation, as well
as the steadiness of the mean effective density averaged over the
size distribution of the observed flocs even though the size distri-
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bution was broad [49]. Under these assumptions, a theoretical esti-
mation of the intrinsic backscattering properties of the suspension
of interest was devised [49]. A key feature of this theoretical model
is to integrate the porosity of the flocs’ inner matrices into the
backscattering model.

The objective of this work is to assess the possibility to measure
absolute spatial and temporal SPM levels in the water column
using an MBES calibrated through an original approach. [46] report
a successful application of this concept, involving the use of a
RESON Seabat 7125 for which each beam was calibrated in a
large-scale basin using a suspension of known properties. Instead,
the present study proposes a semi-empirical calibration procedure
of the MBES deployed from a ship, in calm conditions. The interests
in such a technique are numerous: first, it does not imply the use of
a large basin in which either a homogeneous suspension or jet of
particles of known properties is produced, or individual calibrated
hydrophones are used. Second, its realization is fast (half an hour)
and can be made in situ directly before or after the measurement
campaign. This is of particular interest knowing that this kind of
calibration must be done regularly to avoid potential systems drifts
over time. This field calibration aims at harmonizing the echo
levels of the echosounder so that it can deliver absolute volume
backscattering strength S, over its entire fan. S, are further
inverted using an adequate backscattering model, as well as the
ESR for the whole suspension estimated from acoustic inversion
of independent and simultaneous multi-frequency measurements.

2. Field experiment
2.1. Study site

The experiment was conducted from a small vessel on station
under the bridge of Térénez in the Aulne estuary, north-western
France (Fig. 1a) in January 21st 2015. The Aulne river estuary is a
shallow, macrotidal tributary of the Bay of Brest. Its average dis-
charge is 24 m3/s, with a maximum in February and minimum
in August [50,51], carrying approximately 7000 tons of suspended
sediment into the Bay of Brest [50] each year. The sediment bed in
the estuary is characterized by a combination of sand and silty-
mud, with coarser material located downstream. The main miner-
als in suspension have been identified as philittic clays, composed
of illite, chlorite, kaolinite and micas [50]. The mass concentration
of suspended sediment varies seasonally, with highest values
observed in winter flood (>1 g/L) and lowest in summer
(<30 mg/L). These fine-grained cohesive minerals are subject to
flocculation: in suspension they have mostly been observed as
small aggregates (microflocs) of diameter <100 um, although more
intense flocculation phases can locally induce the formation of lar-
ger aggregates.

2.2. Equipment and survey protocol

The MBES, a Kongsberg EM3002, which operates at a frequency
of 300 kHz, was mounted on a pole, deployed from the port side of
the R/V Albert Lucas. During over 5 h of sampling during ebb tide,
the MBES, recorded >60,000 raw complex backscattered pressure
pings with a ping rate of 4 Hz and a fixed pulse-length of
0.15 ms (Fig. 1b). For this particular MBES, the raw backscattered
signal arriving at each stave of the sonar receiver antenna was
recorded on a SCSI disk. The sample rate was limited to a maxi-
mum of 4 Hz due to limitation on the recording speed of the SCSI
disk. The range sampling rate of the MBES was set to 15 kHz, lead-
ing to 5 cm cell size along the beams (for a corresponding sound
velocity of 1500 m/s).
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In addition, during the whole experiment, acoustical and optical
SPM measurements, as well as physical parameters, were acquired
along water column profiles, at regular time intervals (Fig. 1b). The
instruments, a multifrequency ABS (Aquascat 1000S, [52]) and a
multi-parameters probe (YSI KOR-EXO 1) recording salinity, tem-
perature, pressure and turbidity, were also deployed from the N/O
Albert Lucas. They were all attached horizontally to the same
weighted downcasting structure, ensuring consistency between
the measurements provided by each instrument. 20 casts were car-
ried out at an average downcasting speed of 0.5 m/s. The Aquascat
measures the root-mean-square backscattered voltage V., at 4 fre-
quencies (0.5-1-2-4 MHz) along several cells at each ping. In this
experiment, the length of the cells was set to 5 mm so that a total
of 256 cells were recorded at each ping. The ping rate was set to
8 Hz and ensemble averages over eight pings were computed. The
instrument was placed horizontally on the downcasting frame, so
that each ping recorded by the instrument could be associated to
one particular depth. Such a procedure has been chosen in case of
strong vertical gradient of suspended sediment concentration,
potentially causing attenuation effects. Moreover, under a reason-
able assumption of weak horizontal gradient in terms of suspended
load, proceeding as such permitted further averaging of the acoustic
measurements over one ping profile. In the following sections, we
also make the reasonable assumption that there was no multiple
scattering effects, supposed to appear for SSC higher than 10 g/L
[53] (one order of magnitude higher than the peak value observed
on site). In situ water samples were collected using a heavily
weighted Niskin bottle at the same time intervals and at a constant
depth of 8 m, in order to convert the turbidity data to Suspended
Sediment Concentration (SSC) through a linear relationship
described in [49]. A full description of the instrumentation, set up
and sampling strategy can be found in [49].

3. Acoustic method for the determination of suspended
sediment concentration

3.1. MBES “minimal” calibration

This field, semi-empirical calibration aims at harmonizing the
echo levels of the echosounder so that it can deliver absolute vol-
ume backscattering strength S, over its entire fan. The Kongsberg
EM3002 MBES has two distinct linear antennas, one serving as

Bay/offBiicsSt

Terenez

bridge.
L\_A%
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transmitter, the other as receiver. The transmitted signal is wide
athwart (insonifying the water column over a swath angle up to
130°) and narrow along (3° azimuthal beamwidth). The backscat-
tered signal is received over the entire swath insonified by the
transmitted acoustic pulse on its N elementary stave sensors
[54]. Raw acoustic data are then beamformed in order to obtain
an image of the acoustic backscattered pressure of the water col-
umn. In order to optimize computing time, 81 beams were gener-
ated from —60° to 60° with a constant beamspacing of 1.5°.

The beamforming process involves beam steering, which has
several inconveniencies: introducing differences in echo levels
over the entire fan of the MBES (increase or decrease depending
on the geometry of the antenna), and widening the equivalent
solid angle W as steering angles increase [46,55]. Fig. 2 schemat-
ically illustrates these differences, in the case of an idealized lin-
ear antenna in both emission and reception (for illustration
purposes). These differences prevent the MBES from reading a
harmonized value over its entire fan; for instance, in the case of
a homogeneous suspension, the backscattered level should be
constant over the entire fan of the MBES. In addition, a common
constant bias to each beam exists in practice, relating the linear
relationship between the absolute sound pressure and the
recorded backscattered amplitude at the receiver array. This term
is often referred to as Kt in the literature when addressing the
problem of acoustic inversion of common ABS devices [17]. Inac-
curate estimation of this term prevents the system from record-
ing absolute measurements. Some authors recommend the use
of calibration protocols involving the measurement of the
response of a single target of known target strength [47] or a
homogeneous suspension of known scattering properties [17,46]
over each beam of the MBES in order to correct the levels of
the echoes. These protocols, although theoretically required to
fully calibrate the instruments, are time-consuming and require
substantial facilities. Taking a different stand, this work reports
on a minimal calibration of the MBES, applicable in situ. The pro-
posed protocol first consists in correcting a single beam of the
echosounder. The differences in echo levels and equivalent solid
angle over the entire fan compared to this beam are then esti-
mated theoretically by computing the beam directivity patterns
of the complete antenna. Finally, the echosounder can provide a
homogeneous measure of the absolute Volume Backscattering
Strength S, over its entire measurement fan.

Fig. 1. (a) Aulne estuary location. The Terenez bridge is located at the upstream extremity of the estuary (48°16'07.38" N, 4°15'48, 43" W); (b) Schematics of the sampling
protocol carried out at the Terenez bridge: 1/Downcasting frame vertically sampling the water column in terms of temperature, salinity, turbidity (YSI KOR-EXO) and acoustic
volume backscattering strength (Aquascat 1000S) at regular time intervals, 2/Kongsberg EM3002 Multibeam EchouSounder continuously recording raw acoustic backscatter.

3
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3.2. Constant bias determination

First, the method requires an estimation of the constant bias
common to the whole fan of the MBES. This step relies on insoni-
fying a target (Fig. 3a) of known material properties and Target
Strength (TS) [56], placing it in one MBES beam denoted c at steer-
ing angle 0. (preferentially close to the central beam). In this case,
the target is a 38.1 mm diameter, tungsten carbide sphere, the
mechanical properties of which were found in [55]. A specific
device was designed to position the sphere under the echosounder
(Fig. 3b and c). The sphere was attached to three nylon wires pass-
ing inside eye hooks that were attached along the boat (Fig. 3c),
allowing the sphere to be moved beneath the echosounder by
adjusting the length of the nylon wires. The echosounder was
mounted on a pole and deployed from the port side of the ship.
The sphere was slowly moved back and forth across the beam of
interest, as placing the sphere exactly inside the selected beam
was unpractical. The same acquisition parameters (4 Hz ping rate,
0.15 ms pulse length) and processing method (beamforming) are
applied for calibration and experimental data, so that the calibra-
tion analysis is consistent with the study site dataset. During the
calibration measurements, the beam insonifying the target sphere
was at 0, = 3°. A set of >1200 pings was recorded, containing a total
of four, slow back and forth crossings of the sphere within the
beam of interest. After correcting from spherical spreading and
attenuation loss, the object is tracked on the acoustic data. Then
the TS values observed by the echosounder are averaged. Finally,
the calibration constant is obtained from the difference between
the TS measured by the beam under calibration and the theoretical
TS of the sphere.

The theoretical scattering properties of the tungsten carbide
sphere can be estimated by computing its modal series solution
[22,57]. In the far geometric regime (product of wave number k
and sphere radius a) such as here, the computed TS presents sev-
eral quick variations with ka due to interferences between various
sphere resonance modes. Given the current measurement condi-
tions we hypothesize that these interferences are likely to be
damped (nylon knots and wire running over the target’s surface,
target motion, natural variability of the surrounding medium such
as turbulence. . .). Therefore a high-pass formulation [20] was pre-
ferred over the modal series solution, even though it may result in
a slight bias. Note that the use of the modal series solution should
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however be preferred in standard calibration conditions (i.e. in a
test basin). Here the TS of the sphere was found equal to
—40.8 dB at 300 kHz using a high-pass formulation (against a value
of —38.23 dB using the exact modal series solution).

The advantage of this procedure is that it can be carried out
in situ provided that there is no high current that may cause the
target to drift. For this experiment, an isolated dock in the Brest
harbour proved to be a satisfying location in clear water
conditions.

3.3. Extension of the calibration to the entire fan of the MBES

The calibration can be extended from the calibrated beam c to
the other beams with prior knowledge of the antenna beampat-
terns, allowing to correct for sensitivity changes and equivalent
solid angle variations over the entire fan of the MBES. This step
is critical, as such information relative to the design of the antenna
is subject to industrial secret. For the present study, ¥ and C. val-
ues were kindly provided by Kongsberg Maritime.

Taking account of the previous hypothesis (¥ and C,y variation
along the MBES fan), S, can be written as follows [54]:

Sy = Fag (01, t) + 20log oR + 20R — C(6;) — 10log, (‘P(Ok) %) (1)

C(Ok) = Cabs + Ccal(()k)

Fqg is the raw acoustic backscattered intensity, obtained just
after beamforming. R is the range from the phase centre of the
echosounder, o the attenuation coefficient due to water absorp-
tion, ¢ the sound velocity in water, T the pulse length and C(6y)
and ¥(6,) are the echo level correction and “beamwidth factor”.
C(0x) is decomposed into the sum of the constant bias Cg, corre-
sponding to the echo level correction for the calibrated beam
(Ceat(0r = 0;) = 0) and a “calibration factor” C.(6y), corresponding
to the beam sensitivity of each beam. From the measurement of
Caps for the beam c, the calibration parameters (calibration and
beamwidth factors C.q(0x) and W(0;)) of the other beams are
obtained by modelling the theoretical beampatterns of the antenna
using classical formulas [58]. Modelling the beampatterns requires
knowledge of the exact geometry of the antenna (elementary stave
dimensions and positions), and if possible a measurement of a sole

elementary stave beampattern D*" in both emission and recep-

-10

Directivity pattern (dB) normalized
by central beam sensitivity

i

o0 80 -60 —40 -20

0 20 40 60 80 100

B ()

Fig. 2. Directivity patterns of an idealized linear antenna of 80 equidistant spherical staves shown here at five distinct steering angles, ranging from 6, = —60" (black) up to
0, = 60 (light grey) with 30" increments. All directivity patterns are here normalized with respect to the central beam sensitivity at 6, = 0". The diagrams illustrate the
decrease of the angular resolution at —3dB (beam opening), used here as a proxy for the beam equivalent solid angle ¥(0x), here coupled with a decrease (for an idealized
antenna case) of the beam sensitivity Ccal (6,) with respect to the beam steering. Data provided in this figure only serve as an illustration for the general antenna
beampatterns. The proprietorial Ccal and ¥ values of the EM3002 were kindly provided by Kongberg Maritime. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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‘Wooden blocks

Wooden block

Nylon wire

Tungstene sphere

FRONT VIEW

PORT SIDE VIEW

Fig. 3. (a) 38.1 mm tungsten carbide calibration sphere; (b) Photo of the port side of the ship, showing the three wooden blocks from which the nylons wires bearing the
sphere are positioned; (c) Schematics of the in situ calibration protocol used to calibrate the MBES.

tion. More precisely, considering an antenna of N elementary ele-
ments, let ﬁn refer to the radial distance of the n™ element of
the antenna relatively to the origin (for example taken at the edge
of the linear antenna), and U a unit vector defining the azimuth 0
and site ¢ of any point in space expressed in a spherical coordinate
system, the directivity pattern of the whole antenna can be written
as follows:

1 s elem (j@ﬁnﬁ))
D, ¢) =§ ; W(n)D;, (0, ) x e (2)
Where W(n) is a Hamming window, used here to lower the sec-
ondary lobes levels:
27n

W(n) = 0.54 + 0.46 cos (T) (3)

3.4. Equivalent spherical radii (ESR) estimation using a multifrequency
approach

The multifrequency inversion of ABS data yields a numerical
density expressed in number/m> (hence a mass concentration) dis-
tributed over several input size classes or Equivalent Spherical
Radius [49]. In the present section, we present a mean to estimate
an ESR for the whole suspension (further referred to as SESR for
Suspension Equivalent Spherical Radius) from the multifrequency
inversion outputs, information necessary to reduce the number
of unknowns of the inverse problem to two (SESR and mass con-
centration) and further invert the MBES single-frequency
measurements.

First, ensemble averaged measurements of Aquascat root-
mean-square backscattered voltage Vs were corrected for absorp-
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tion, spherical spreading and system-dependent parameters. Even
at high frequencies (>0.5 MHz), no noticeable sediment attenua-
tion could be observed. So, attenuation was neglected during the
processing of the acoustical data (ABS and MBES). To generate ver-
tical profiles of acoustic backscatter, a mean, measured acoustic
backscattered level was obtained for each ping by averaging over
the 100 sampling cells centred around 0.5 m, with a pulse length
of 6.67 ps. Backscattered profile values were then converted into
volume backscattering coefficients s, (related to the volume
backscattering strength as S, = 10log,4(s,)). Then, the data were
inverted using the Non-Negative Least Square algorithm NNLS
[59], yielding a numerical density or mass concentration estimate
for each input ESR class (16 log-spaced classes ranging from a,, =
30 um to ay = 500 pm) [49]. The central assumption in the NNLS
approach consists in considering that the measured s, at each of
the four different frequencies v is the linear combination of the
individual contributions of the particles present in the sampled
volume.

3 N
4 pona?

So(V) =D Ob(a;, v) « NiM; = (4)
1

With g; the ESR of size class i and N; (M;) is the numerical den-
sity (mass concentration) of particles with an ESR a;, expressed in
number/m> (kg/m>). The N; (hence M; and subsequently the total
mass concentration M) are the solution of the multifrequency
inversion. The backscattering model (agys) used to invert the data
is derived from high-pass Sheng & Hay model [53], built under
the assumption that the suspended material, taking the shape of
small aggregated particles or flocs, possessed backscattering char-
acteristics linked to their averaged inner matrix porosity, supposed
constant during the whole experiment [49]:

2 K(ka)*
oy = & Kitka)
(1 + 8(I<a)2)

4 (5)
2y -1 y-1
Kf_3< HZ 2+

o 1-
Co = <[(Dpw + (1 - (D)ps] |:K_w+ Ks

); )

With @ the porosity of the aggregates,k the wave number, a the
particle radius, p,, and k,, the density and compressibility of the
water, and p, and k, the density and compressibility of the ele-
mentary particles forming the aggregates. p, and cy are respec-
tively the density of the aggregate and Wood’s sound speed. y
and ¢ are the ratios of density and sound velocity between the par-
ticle and the water respectively, and ¢ a constant set to take the
penetrability of the particle in the geometric regime of the model
into account [20]. In this particular study, the optimum porosity
was set to ® = 0.87. Complete details on the model used to invert
the multifrequency data are contained in [49]. This. model has
been seen to successfully predict SSC of small estuarine aggregates
using the NNLS algorithm.

The SESR is further estimated considering Eq. (4) for a unique
size class accounting for the whole suspension, and from which
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the backscattered signal (of particles of a single “weighted” size)
would equal the backscattered signal of the actual suspension
(sum of the acoustical contributions of each particle in size class
i). This approach allows the number of unknowns from i size
classes to be reduced to two (SESR and Total mass concentraiton).
The formulation is given as follows:

Sp(V) = Ops(Ae, V) x N (8)
3M

e = 9

4TA; po ©

Where A, is the SESR, accounting for the whole suspension, and
N, the numerical density of particles of SESR A.. The approach
comes down to “degrading” the information obtained from the
multifrequency inversion through an optimum search of the SESR
A. corresponding to the whole suspension. Naturally, A, lies in-
between the lower (a,,) and upper (ay) bounds chosen for the
input ESR classes. Using Eq. (4), 8 and 9 :

A, = argmin (Z NiOps(a;, V) — NeOps(de, V)) (10)
e 7

Where a, spans through all size classes in the range [anay]. The
N; are the outputs of the multifrequency inversion. N, is linked to
the total mass concentration (Eq. (9)) and computed for each a.
step. Further on, v in Eq. (10) will be set to 300 kHz, the operating
frequency of the MBES.

3.5. Single frequency MBES inversion

MBES S, measurements are inverted using the previously devel-
oped backscattering model and the SESR estimated for the whole
suspension from the ABS measurements (Egs. (8)-(10)).

Data for each beam of the MBES was considered independently,
in order to facilitate processing. Each beam was corrected for
spherical spreading, sound absorption and applying the angle-
dependant calibration coefficients in order to obtain instantaneous
S, measurements.

Following the assumption of incoherent scattering, the s,
obtained for a given beam were averaged along the direction of
the beam and over time in order to reduce the relative standard
error of the backscattered intensities and the subsequent expected
error on the mass concentration [60]: a two-dimensional moving
average with a moving window of 5 cells along-beam (25 cm
length for the central beam, where beam direction matches with
the depth dimension) and 60 cells over time (15 s length) was
used, so that each backscattered intensity value was an average
of 150 samples. Note that no lateral averaging of the backscattered
intensities across individual beams has been performed, since both
the beamforming step and the calibration procedure consider each
beam separately.

A total of 20 ABS profiles were inverted to obtain estimations of
the SESR values over the entire duration of the experiment. The
SESR data were linearly interpolated throughout the experiment:
1/ over time to fit the ping rate of the MBES (4 Hz) and 2/ according
to the beam sampling depths, which vary with the steering angles.
Uniform extrapolation was applied to the last bins of the water col-
umn when those were empty of data by extending the last non-
null bin’s value to reach the bottom depth.

4. Results
4.1. Physical parameters

Fig. 4 shows the evolution of Salinity, Temperature and Mass
concentration profiles during the whole experiment. The time
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Fig. 4. Physical parameters variation during the experiment, time is in UT. From top to bottom, Salinity (PSU), Temperature (°C) and Mass concentration (mg/L) are displayed.
The experiment is marked by vertical discontinuities, and a moderate turbidity event, occurring after mid-tide where the current is the strongest.

lapses between each profile are near to 15 min. The first ten pro-
files, up to 9:00 am (UT), were hard to achieve due to the presence
of a strong current preventing the downcasting structure to reach
the bottom of the river.

The vertical structure is marked by its strong salinity gradient.
Its position in the water column evolves with the tide, nearly
reaching the surface in the end of the experiment. Temperature
variations are quite limited in amplitude, decreasing from 9 °C to
7.5 °C. A small temperature gradient appears in the end of the
experiment, due to the presence of unmixed fresh water coming
from the river after the slack tide. The recorded mass concentra-

tions are characterized by a moderate turbidity event localized in
time and depth between 9:15 am and 10:30 am (200-500 mg/L).

4.2. Equivalent spherical radii estimation

Fig. 5a illustrates the NNLS output mass concentration in mg/L
for each input ESR class and each depth cell for one profile. Follow-
ing Eq. (10), the SESR is found for each depth cell and stacked to
further be used for the MBES single frequency inversion (Fig. 5b).
SESR range from 70 pum to 170 pm and appear to be continuously
increasing throughout the experiment. There appears to be no
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strong vertical stratification of the SESR in the water column. Sus-
pended material are seen to become broader as the tide level
decreases.

4.3. MBES backscattered intensity inversion results

Every 81 beam file of the MBES, containing >60,000 pings, was
inverted following the steps described in section 3.3. The backscat-
tering cross-section s used for the inversion is the same as for the
ABS data. Fig. 6 represents the inverted time series MBES signal for
the central beam along the water column, completed with a com-
parison between two inverted beams at 0° and 30° and the in situ
observations at a fixed depth of 7.75 m. The blanks in the MBES
data (Fig. 6) are the results of sudden system failures (eg. ~ 9:40
AM) that occurred regularly as the SCSI disk stopped recording
the raw data. These time-lapses thus correspond to reboots of
the system. A first visual inspection of Fig. 6a reveals that the esti-
mated mass concentration continuously grows from the beginning
of the experiment (beginning of the ebb, when concentrations
were of the order of 50 mg/L) up to approximately 9:30 am. A
highly scattering layer can also be observed around 10 m, below
which the mass concentration is 1.5 to 2 times larger than above.
With the insight given by Fig. 4a, this layer is suspected to coincide
with the salinity gradient. After 9:20 am, a moderate turbidity
event occurs, with concentrations reaching >600 mg/L. This event
is also characterized by a clear vertical concentration gradient that
can be seen throughout the water column up to approximately
10:30 am. After 10:30 am, the mass concentration decreases down
to 70 mg/L-150 mg/L, still showing a well-marked gradient near
the bed. Note that the strong echo visible between 10:30 am and
11:00 am at 7-8 m comes from a turbidity probe deployed for
the whole duration of the experiment. Unfortunately, the latter
failed during the experiment and no data were recorded.

Fig. 6b presents the concentration time series observed by two
beams of the MBES (0. = 0" and 0. = 30") at the water sampling
depth (z = 7.75 m). The spatial pattern of MBES mass concentration
estimates and its evolution over time are within a good agreement
compared to the actual mass concentration variations determined
from water samples. This agreement, which is consistent for most
of the beams, is very satisfactory given the relatively high variabil-
ity of the mass concentration time series (visible on the raw mass
concentration time series on Fig. 6b). Note that due to the sampling
strategy and the instruments in use, the sampled volumes between
the Aquascat and the MBES differed, both qualitatively (~5 m lag

streamwise) and quantitatively (Aquascat volumes are smaller
than the MBES volumes). However, the suspended sediment hori-
zontal structures were believed to be sufficiently extensive in the
horizontal direction enough so that the assumption that the sus-
pended load was invariant between the two sampling positions
at similar depth could be made.

A tendency to localized under- and overestimations of the mass
concentration is to be noted, probably as an indicator of the sensi-
tivity induced by the SESR determination, and an expression of nat-
ural variability given all the assumptions made for the model
generation [49].

As a matter of verification, a comparison between mass concen-
trations estimated from the ABS and the MBES data (measure-
ments from the central beam, concurrent to the ABS vertical
profiles) is also presented (Fig. 7). The MBES (Fig. 6a) and ABS
(Fig. 7a) time series display a similar trend, spatially and tempo-
rally. Despite the growing dispersion of the results with respect
to mass concentration (note the log-scale of Fig. 7b), a clear corre-
lation exists between the ABS and MBES measurements (R? = 0.66,
Fig. 7b). This level of consistency was expected since the MBES
mass concentrations were computed using the ABS ESR. On the
contrary, natural variability or differences in sampling volumes
are thought here to be responsible for the dispersion of the data
around the 1:1 line (RMS = 60.83 mg.L~!, Fig. 7b).

Fig. 8 shows the inverted mass concentration on six echograms
taken at 6 different instants. A clear contrast can be observed near
the riverbed, where a higher concentration layer sets up a little
before 9:20 am (UT) from the port side of the echosounder
(Fig. 8a), to further completely cover a 2 m height layer above
the bed (Fig. 8b) and suddenly disappear a few minutes later
(Fig. 8c), to be linked with the moderate turbidity event (see
Figs. 4c, 6). It becomes possible to appreciate the slow dynamics
of this more turbid layer by looking at several consecutive inverted
echograms, showing alternating height decrease/increase of this
layer, sometimes revealing 2-Dimensional structures of the con-
centration field (Fig. 8d and f).

On each echogram of Fig. 8, the previously mentioned turbidity
probe (Fig. 6a) can be seen as well at a constant depth of 6 m under
the echosounder, on an across-track distance of approximately
5 m.

Some calibration artefacts seem to be visible on the port side
(positive acrosstrack distances on Fig. 8) of the echosounder (10°
to 30°), where the observed mass concentrations are nearly sys-
tematically 25% to 30% higher at a constant elevation compared
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this article.)

to the starboard side (negative acrosstrack distances on Fig. 8).
However, this does not prevent the echograms from returning
good insight on the deeper layer concentration field dynamics.
Due to the spatial variability of the suspended sediment load
and noise in the MBES data, the raw correlations between the over-
all inverted MBES concentration estimates (over all beams) and the
vertical profiles of in situ optical concentrations remain low. The
MBES estimated mass concentration signal at each beam was thus
low-pass filtered using a moving average with a 10 min window
(Fig. 6b) to extract the low frequency variations (smoothing effect

on the concentration time series) and compared to the mass con-
centrations obtained by the optical data, which were acquired
every 15 min along vertical profiles. The results of such a compar-
ison are shown in Fig. 9. The first 6 m of the MBES near field were
discarded from the correlation, as well as the last meters of the
water column that were not sampled by the optical turbidimeter.
[61] reports the nearfield extends of the EM3002 to approximately
7 m, yet echo strength measurements become quite stable after 5
to 6 m. Fig. 9a shows the coefficient of determination of the com-
parison between inverted mass-concentrations at each beam and
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R? and root-mean-square RMS are given with respect to the y = x line.

the optically derived mass concentration from 6 m to the deepest
depth sampled by the optical turbidimeter. In the ranges [-20°
to +10°] and [+30° to +60°], the correlation appears satisfactory
(R* > 0.6, RMS ~ 50 mg/L), whereas in the ranges [—60° to —30°]
and [+10° to +30°], severe drops of correlations appear (R* < 0.3,
RMS ~ 60 mg/L). Fig. 9b to h represent the actual scatterplot of
MBES estimated mass concentrations (for 7 beams comprised
between —30° and + 30° with 10° increments) vs the optically esti-
mated mass concentrations, revealing the relative good trend for
most of the central beams from —10° to 10°, and satisfactory

t=09:21:15

t=09:23:30

results for the beams between —30° up to 10° and 30° to 60°. For
the negatively steered outer beams, in the range [-60° to —40°],
the observed drop of correlation (R* < 0.2) is due to a systematic
strong underestimation (up to a factor 2) of the mass concentration
after the acoustic inversion. To the contrary, the inverted concen-
trations in the range [+10° to +30°] do present a tendency to sys-
tematically overestimate the mass concentration up to a factor
1.5 (R? < 0.5, see Fig. 8h). The deviations observed in the ranges
[-60° to —40°] and [+10° to +30°] are thought to be the result of
poor calibration accuracy. The same trends (sectorial underestima-
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tion between —60° and —40° and overestimation between + 10°
and + 30°) are also visible in the echograms plotted on Fig. 8.

5. Discussion

In situ acoustic signal from aggregated particles in a macrotidal
estuary was inverted using a combination of calibrated MBES data
acquired continuously with a 300 kHz system and multifrequency
observations with limited spatial coverage. Thanks to the reduction
of the inverse problem addressed in this study to only two
unknowns (SESR + mass concentration), the proposed method
has shown success in estimating the two-dimensional field of
cohesive sediment concentration in the water column, revealing
the 2D spatial patterns of suspended matter under the MBES over
time. The correlation between the mass concentration observed by
both the turbidimeter and the inverted MBES backscatter data is
high (R? > 0.6) over most of the MBES fan, when considering the
low-frequency component of the mass concentration evolution
over time during the studied ebb period, as recorded by the optical
turbidimeter. The method presented here is promising for applica-
tions to the continuous monitoring of suspended particulate mat-
ter using a MBES. Other potential applications would require
additional development to adapt the backscattering model, such
as for coarse sand suspension, which heuristically-based backscat-
tering model is well documented [17], as well as organic particle
(eg. Zooplankton) biovolume estimation.

11

An original calibration has been presented in the present article,
involving the empirical calibration of a single beam of the MBES
using a standard target, followed by a theoretical spreading of
the correction over the entire fan of the echousounder given the
measured directivity patterns of the stave elements in both emis-
sion and reception, and the antenna geometries. This approach
supposes that each stave possesses similar directivity patterns,
which might not be accurate in practice. So, the exact directivity
patterns of the antenna might not exactly correspond to the ones
determined here in a semi-theoretical manner. This is especially
true for the high steering angles, potentially leading to systematic
errors that can reach up to +/-1 dB, and thus bias the final concen-
tration estimate by a factor of up to 2. However, it would be possi-
ble to compensate those effects by empirically tuning for each
beam the previously determined C., values (Eq. (1)), using MBES
backscatter measurements acquired while insonifying a suffi-
ciently homogeneous suspension. Finally, using smaller targets,
with TS in a range where ka < 10, would make the calibration pro-
tocol more robust because in that lower range of ka values, the
ambiguity on the TS value due to interferences of modes of sphere
resonance disappears in the modal series solution. The use of the
TS resulting from the exact modal series solution for the tungsten
carbide calibration sphere indeed resulted in constant overestima-
tion of the final estimate by a factor 1.5 to 2. The calibration pro-
posed here for the MBES remains a minimal calibration, which
still offers the advantage of being straightforward and easy to
reproduce, as well as an opportunity to reduce operational costs.
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In particular, it has proven to be successful in the present study on
wide sectors of the present multibeam fan, [-30° to +10°] and
[+30° to +60°] (R? > 0.6).

The backscattering model used in this case study is considered
to be adequate, even if some misfits exist on the final mass concen-
tration estimated through multifrequency inversion. Discrepancies
are likely due to a misattribution of the NNLS solution in the
selected size classes [49]. Such a misattribution of the solution is
expected to cause deviations in the ESR determination [24], thus
ultimately leading to over or underestimations of the concentra-
tion obtained after the MBES single frequency inversion. This part
of the method is also the most sensitive, as the backscattering
cross-section varies according to a® in the Rayleigh regime. In addi-
tion, the absorption by suspended aggregates was neglected in this
hydro-sedimentary context of the present case study, as its effects
were not noticed on the ABS data [49]. This may be incorrect for
deeper layers (=11 m), which were not systematically sampled
by the instrument.

The resulting uncertainty on the concentration estimate thus
strongly relies on our capability to describe the scattering proper-
ties of the suspension and the robustness of the instrumental cal-
ibration procedure. To date, an uncertainty as low as 50% on the
final estimate of the concentration is seldom reached due to the
numerous assumptions made throughout the processing chain,
more specifically for natural suspensions such as estuarine aggre-
gates [62,63].

The present study underlines how intricate the resolution of the
inverse problem can be in practice. Eq. (4) has as many unknowns
as size classes. This prompts a prior estimation of the size distribu-
tion or at least ESR distribution, to then estimate the mass concen-
tration. Applied to the quantification of suspended sediments, with
typical radii ranging from a few microns to a few hundreds of
microns, the size determination step requires the use of rather high
frequencies ranging from 500 kHz up to 5 MHz. However, the
attenuation of acoustic energy increases rapidly with frequency,
therefore limiting the useful range and spatial coverage of the
instrument. On the contrary, using lower frequencies allows high
spatial coverage and thus good representativeness. In the present
study, the combination of both higher (O(MHz)) and lower fre-
quencies (O(kHz)) is shown to be successful to estimate the SSC
field. Note however that the problem would have become more
complex, if attenuation effects due to viscous friction and/or scat-
tering had manifested, as Eq. (4) would have become implicit.

The ability to obtain mass concentration measurements with an
extended coverage offers numerous possibilities to tackle research
and applied problems where the quantification of suspended sed-
iment fluxes is needed. For instance, combining novel field obser-
vations of accurate suspended sediment concentration over a
wide spatial domain, with typical usual high-resolution bathymet-
ric surveys would enhance our capability to characterize large
structures such as river plumes, or turbidity currents [64]. Spatially
extensive measurements of suspended sediment concentration
would also be helpful for the validation of large-scale 3D hydro-
sedimentary models, which have been rather poorly constrained
due to the difficulties in covering sufficiently wide areas with suf-
ficiently high temporal resolution. In addition, the availability of
the MBES raw backscatter data remains rare due to the non-
disclosure of sonar characteristics by the manufacturers. This issue
is key to disseminate the use of MBES as a continuous SPM moni-
toring tool. Besides scientific applications, spatially extensive SPM
monitoring could be integrated to decision support tools in this
context of hydro-sedimentary dynamics, as an addition to bathy-
metric and seafloor characterization surveys.

Finally, given the strong interest in acoustical methods for con-
tinuous monitoring of suspended matter over wide ranges, contin-
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ued efforts are required to further reduce the uncertainties on
mass concentration estimates. For instance, novel heuristic models
describing the scattering properties of different types of natural
suspensions are sought out. The approach presented here consti-
tutes a step towards this goal.

6. Conclusions

This work is one of the first inversion of raw MBES data for the
purpose of suspended sediment quantification. We confirm the
clear potential of MBES to quantify SPM, provided that a model
describing the scattering properties of the target suspension is
known. Here, in situ acoustic signal backscattered from aggregated
particles in a macrotidal estuary was inverted using a combination
of calibrated MBES data acquired continuously with a 300 kHz sys-
tem and multifrequency observations at 0.5 MHz, 1 MHz, 2 MHz
and 4 MHz with limited spatial coverage. The method described
here starts with the determination of an Equivalent Spherical
Radius of the suspension through multifrequency inversion involv-
ing the use of a suitable backscattering model [49]. The estimated
ESR are then used to recover an absolute estimation of the concen-
tration using the single-frequency signal of the MBES, for which a
semi-empirical calibration is proposed in order to retrieve readings
of the volume backscattering strength over its entire fan. The
inversion results are in good agreement with the in situ mass con-
centration, and give access to the temporal evolution of the 2-
Dimensional field of mass concentration. This study confirms the
interest for the use of active acoustics for SPM monitoring pur-
poses, but also highlights the sensitivity of the acoustic inversion
pipeline, and particularly of the sonar calibration protocol and
the backscattering model definition. We underline as well the need
for continued efforts regarding the characterization of the acoustic
properties of natural suspensions, to improve the currently avail-
able inversion schemes.

The ability of MBES to collect swath measurements in hull-
mounted configuration is key to retrieve large-scale information
about the SPM distribution in the water column. The addition of
another dimension of observation would clearly bring new insight
on SPM monitoring, and would importantly contribute to large-
scale suspended sediment dynamics studies.
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