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Abstract: For health and impact studies of water systems, monitoring underwater environments
is essential, for which multi-frequency single- and multibeam echosounders are commonly used
state-of-the-art technologies. However, the current scarcity of sediment reference datasets of both
bottom backscatter angular response and water column scattering hampers empirical data inter-
pretation. Comprehensive reference data derived from measurements in a controlled environment
should optimize the use of empirical backscatter data. To prepare for such innovative experiments,
we conducted a feasibility experiment in the Delta Flume (Deltares, The Netherlands). Several
configurations of sonar data were recorded of the flume floor and suspended sediment plumes. The
results revealed that flume reverberation was sufficiently low and that the differential settling of
fine-sand plumes in the water column was clearly detected. Following this successful feasibility
test, future comprehensive experiments will feature multi-frequency multi-angle measurements on a
variety of sediment types, additional scatterers and sediment plumes, resulting in reference datasets
for an improved interpretation of underwater backscatter measurements for scientific observation
and sustainable management.

Keywords: multibeam backscatter; flume experiment; underwater habitat mapping; water column;
suspended sediment plumes

1. Introduction

To understand the dynamics and resilience of the world’s water systems, it is vital to
monitor the development of their physical and ecological habitat characteristics. Acoustic
systems have long been in use for measuring water depths and mapping subaqueous
morphology. Moreover, measuring acoustic backscatter (i.e., echo intensities depending
on the target intrinsic capability to return incoming acoustic energy after scattering as a
function of time or range [1]), single-beam (SBESs) and multibeam (MBESs) multi-frequency
and broadband echosounders are the state-of-the-art technique for investigating both

J. Mar. Sci. Eng. 2024, 12, 609. https://doi.org/10.3390/jmse12040609 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12040609
https://doi.org/10.3390/jmse12040609
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-1702-1142
https://orcid.org/0000-0001-9676-9946
https://orcid.org/0000-0002-3555-1115
https://orcid.org/0000-0002-4214-5668
https://doi.org/10.3390/jmse12040609
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12040609?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 609 2 of 14

seabed interface [2–9] and water column [10] characteristics. For example, today’s current
applications of seabed interface characterization are the high-resolution mapping of seabed
sediments for geoscience applications (the study of sedimentary processes and geological
layering), hydrography, habitat characterization and monitoring [9] and ecology. Water
column applications mainly focus on detecting biotic targets of the pelagic ecosystem,
ranging from zooplankton to fishes and marine mammals [11–13] and on monitoring
abiotic targets, such as suspended sediment plumes [14,15] and gas seepage [16], and
fluid expulsion [17] from the seabed. Furthermore, acoustic backscatter can profitably
be applied to investigate submerged archaeological sites [18]. Beyond imaging these
various targets, echosounder data can provide quantitative information on target properties
through quantitative measurements of the backscatter signal, made possible by calibration
procedures [19]. Backscatter calibration is nowadays a routine procedure for SBESs, using a
known reference target, and allows for the evaluation of acoustic system constants, giving
absolute values of volume or surface backscatter strength under certain hypotheses. In
addition, dedicated high-frequency, narrow-beam acoustic backscatter systems (ABSs) are
available for measuring backscatter profiles in the water column; they are calibrated on
targeted controlled sediments for both the acoustic system and sediment constants, giving
access to sediment concentration and grain size. However, calibration is still exploratory
for MBESs [20,21].

Calibrated MBES backscatter (BS) measurements provide absolute amplitudes of
the target strength of seafloor insonified areas, offering the great advantage of spatial
and temporal comparability. However, due to the technical difficulty of ensuring MBES
calibration, a large part of MBES BS data acquired in underwater geosciences are still
derived from uncalibrated systems, making them usable only in relative mode under
restrictive conditions, as, for example, in the framework of BS time series analysis [22,23].
Consequently, the geoscientific interpretation of BS data requires reference data. Most
reference values available today come from either modeling (e.g., theoretical angular
response curves of generic sediment types; [24]) or from at-sea experiments over complex,
natural beds (e.g., sediment heterogeneity, interface roughness, layering, shell content,
vegetation, and sediment disturbance by living organisms [8]), further complicated by the
influence of seasonality [9], survey conditions [5] and the difficulty of adequate validation
by ground-truthing [8]. Moreover, BS levels for coarser sediments were found to be
ambiguous [25]. This combination of complexities makes field results hard to reduce to
canonical configurations. For suspended sediment plumes, calibrated ABS measurements
allow for deriving sediment concentration and grain size in the water column, but the
relation between BS measured by SBES/MBES and sediment plume properties is still largely
unexplored. Therefore, the interpretation of empirical BS measurements of both the bed
and water column would best be served by validation using reference values over a wide
range of sediments, sonar frequencies and beam incident angles, as obtained from well-
controlled experimental works [7,26]. However, only a few ex-situ (in-tank) measurements
of the angular and frequency dependency of BS levels for realistic sedimentary targets
have been conducted [27–31], mainly explained by the practical difficulties involved in
such experiments.

Working at moderate sonar frequencies (as low as tens of kHz) and shallow grazing
angles for measuring several types of bed sediments and in-water plumes raises acoustical
and geometrical constraints for an experimental set-up, requiring a sufficiently large facility
in which natural sediments may be used in sufficient quantities. The Delta Flume (291 m
long, 5 m wide and 9.5 m deep for an actual maximum water depth of 9 m; see Materials
and Methods; [32]) of Deltares, Delft, The Netherlands, is a well-adapted infrastructure
for conducting such large-scale, systematic reference measurements of both floor and
suspended sediment backscatter at various frequencies (the ones typically used by current
echosounders) and beam angles, under controlled conditions in terms of the following:

• Bed sediment type and grain size distribution;
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• Water–sediment interface roughness and physical configuration (ripples; heteroge-
neous scatterers, such as shells, gravel, or seagrass);

• Sediment thickness and layering;
• Sediment plume composition and behavior (particle size distribution, plume shape

dynamics and concentration).

Preliminary theoretical calculations of echosounder “footprints” on the flume floor
(i.e., areas defined by the intersection of the sonar beam with the targeted interface [1])
were conducted for various configurations of altitude and beam tilt angle; this analysis
showed that all the beam widths (7◦ and 16◦ for the SBES, and 5◦ for the MBES) fit the Delta
Flume dimensions well. However, we anticipated that the flume’s relative narrowness
(5 m) could still induce unwanted reverberation levels prone to mask the expected target
echoes; indeed, the risk of sonar measurements in such a confined space is that the echoes
from the flume walls are recorded through the sidelobes of the echosounder beams [33]
and are mixed with the expected signals, contrarily to the ideally desired conditions of
a “free-field” (i.e., where no obstacle can cause unwanted echoes interfering with the
expected measurement). Before designing a large-scale project of in-flume measurements,
we deemed it necessary to evaluate the risks of perturbed backscatter measurements with
currently available echosounders by the acoustical response of the flume itself (mainly
discrete multiple echoes from the walls, floor and in-water obstacles and additive noise,
either electrical or acoustical).

This paper presents the design, outlines of operations and results, and discusses the
findings of this feasibility experiment aimed at (1) testing the flume reverberation for
various geometrical and acoustical configurations (e.g., varying transducer depths, using
different frequencies and beam angles) by conducting acoustic measurements in real size
and under realistic conditions of target properties (floor and plumes) with representative
sonar systems and (2) the processing and quality assessment of these data, in view of the
future comprehensive experiments. Even though this feasibility study was focused on the
fundamental acoustical and methodological aspects, the set-up and scientific results are of
significance to the wider scientific community.

2. Materials and Methods
2.1. Experimental Design

This feasibility study was designed to test reverberation levels within the Delta Flume
(Figure 1(1)), conducting real-size, real-time acoustic measurements for a large number
of configurations of different sonar altitudes, frequencies, and beam angles, with con-
temporary acoustic equipment. The test was realized in a compartment of the flume
(Figure 1(1,2)).

2.2. Acoustic Systems

The Simrad EK80 (Kongsberg Discovery AS, Horten, Norway) is a multi-frequency,
single-beam, split-beam echosounder [34] used as the reference instrument for this experi-
ment. Thanks to its capability of being calibrated for angular intensity measurements [19],
it can provide an absolute level of backscatter strength for point-like, surficial or volume
targets. Its narrow single-beam structure (7◦ beamwidth at −3 dB) provides very low
levels of sidelobes with two-way rejection rates better than −50 dB. Available transducers
supported by the broadband transceiver cover a wide frequency band (34–450 kHz). The
system operated in this project featured three transducers at nominal frequencies of 70, 200
and 333 kHz.

The EM2040c (Kongsberg Discovery AS, Horten, Norway) is a portable, multi-frequency
MBES designed for shallow-water operations [35]. At 300 kHz, the nominal transmission
sector aperture is 1◦ × 150◦, with 1◦-wide beams formed in reception. A Seapath 130
GPS (Kongsberg Discovery AS, Seatex, Trondheim, Norway), with an MRU5 motion
sensor [36], was connected to the EM2040c to include constant position and motion data
in the datagrams. Like most MBESs, the EM2040c cannot be calibrated as conveniently as



J. Mar. Sci. Eng. 2024, 12, 609 4 of 14

an SBES; the most practical way is to cross-calibrate it with calibrated SBES BS levels on a
common target [21].
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(3) The installation plan of the equipment (top view); (a) the measuring trolley spanning the flume 
width and riding over along-flume rails; (b) the mobile bridge. (4) The installation plan of the equip-
ment (longitudinal cross section; same legend as (3)). (5) An overview of the equipment installed in 
the Delta Flume. (6) The height-adjustable pole-end structure supporting the EM2040c transducer, 
the fender and the EK80 transducers mounted below the pan-and-tilt unit. (7) Pouring a 20 g sand 
sample into the PVC tube. (8) The AQUAscat receiver next to its pole. 

2.2. Acoustic Systems 
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Figure 1. The Delta Flume and experimental set-up. (1) An overview of the flume with the location
of the test compartment. (2) The compartment wall in the Delta Flume with a water height of
9 m. (3) The installation plan of the equipment (top view); (a) the measuring trolley spanning the
flume width and riding over along-flume rails; (b) the mobile bridge. (4) The installation plan of
the equipment (longitudinal cross section; same legend as (3)). (5) An overview of the equipment
installed in the Delta Flume. (6) The height-adjustable pole-end structure supporting the EM2040c
transducer, the fender and the EK80 transducers mounted below the pan-and-tilt unit. (7) Pouring a
20 g sand sample into the PVC tube. (8) The AQUAscat receiver next to its pole.

An AQUAscat (Aquatec Group, Basingstoke, UK) acoustic backscatter system [37]
was deployed as a calibrated reference, capable of profiling suspended sediment plumes
through the full water column of 9 m, using three transducers with frequencies of 0.99,
1.85 and 4 MHz; however, only the two lower ones proved to be usable. Due to this very
high frequency range, the purpose was not to compare these acoustic echoes with the
SBES/MBES data recorded at lower frequencies but to provide an independent source of
validation for sediment concentration during the plume experiments.
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2.3. Equipment Installation in the Delta Flume

The sonar equipment was installed on the main mobile measuring trolley (see Figure 1(3–8)).
The dry-end components and ancillary devices were sheltered either on the trolley platform
(EM2040c) or on the flume quay (EK80 and AQUAscat). A smaller mobile bridge hosted
the provisional plume generator and the AQUAscat.

The sonar heads were fixed at the lower tip of a dedicated, vertical and extending pole,
deployed in the across-flume center and off the side of the main trolley platform, allowing
for immersions at varying depths down to 8 m with a water height of 9 m. For the EK80 to
record echoes at various tilt angles, its transducers were fixed on a SS250 pan-and-tilt device
(SIDUS, San Diego, CA, USA) [38], digitally controlled from the flume quay (Figure 1(3)). A
calibration sphere (38.1 mm tungsten carbide with 6% cobalt binding) was located at 5.5 m
depth and 5 m from the MBES. The EM2040c head was fixed with the wide aperture of the
transmit sector oriented along the flume length; no tilt was applied to the transducer array,
since the 256 formed beams provide the necessary angular scanning. The AQUAscat was
installed 1 m south of the across-flume center at a fixed level, 1 m below the water surface
(i.e., 8 m above the floor; Figure 1(4)).

To generate sand plumes in the water column in a controlled and repeatable way, a
PVC tube was installed on the smaller mobile bridge, 1 m north of the AQUAscat and in line
with the EK80 and EM2040c, with the tube outlet just above the water level (Figure 1(5,7)).

2.4. Measurement Operations

The experiment was conducted on 12–15 October 2020. A limited 70 m long compart-
ment of the Delta Flume (Figure 1(1)) was sufficient to record floor echoes at incident angles
as oblique as 75◦ and was physically delimited in this respect (Figure 1(2)). The water
depth in the compartment was 9 m. From an acoustical point of view, the most constraining
feature of the Delta Flume is its width of 5 m between the two walls, prone to generate
strong echoes at very short delays.

For the flume floor measurements, the EK80 was operated at 3, 4, 6 and 8 m above the
floor, with transducers at nominal frequencies of 70 and 200 kHz (respective bandwidths
45–90 kHz and 160–260 kHz) and—for each altitude—at beam tilt angles of 0◦, 30◦, 45◦,
60◦ and 75◦. The EK80 transmitted power was 150 W at 70 kHz and 90 W at 200 kHz (i.e.,
respectively, 220 and 217 dB re 1 µPa at 1 m), using several pulse lengths. At the same
depths, the EM2040c was operated for full-swath coverage at frequencies of 200, 300 and
400 kHz, using several pulse lengths per frequency. Floor echoes were recorded for 1 min
per configuration at five pings per second. No sediment was spread on the flume floor for
this feasibility experiment; hence, the echoes were generated by the concrete floor (with a
thin residual mud layer from an earlier flume operation).

The flume was filled with fresh water; the hydrological parameters proved to be stable
over depth and time (Text S1; Figures S1 and S2).

For the plumes, an industrial 0/2 certified marine sand was dried and pre-sieved
to create well-sorted subsamples of five granulometric fraction ranges: 63–125, 125–180,
180–212, 212–250 and 250–500 µm. The sand plumes were generated by pouring varying
sand samples into the dedicated tube (Figure 1(7); Video S1). A first set of plumes comprised
the same grain size (fine sand; 180–212 µm) and varying total masses of sediment (3, 15,
37, 70 and 300 g per plume), thereby varying sediment concentration. A second series of
plumes comprised a constant sediment mass (20 g) for the four coarsest sand fractions.
Series of simultaneous EK80, EM2040c and AQUAscat recordings were made of the plumes
at 8 m altitude during the full settling time (on average 7 min). The EK80 was operated with
transducers at nominal frequencies of 200 and 333 kHz (160–260 kHz and 260–450 kHz
bandwidths; the transmitted power at 333 kHz was 50 W or 212 dB re 1 µPa at 1 m)
and tilted at 25◦ or 45◦. For the EM2040c, we recorded the first set of plumes at 300 and
400 kHz and the second set at 400 kHz, both with a 25 µs pulse length. Using the mobile
bridge (Figure 1), the distance of the sand tube to the EM2040c array was adjusted to
intercept the sand plumes at oblique incidence angles between 30◦ and 50◦ at 300 kHz and
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between 15◦ and 35◦ at 400 kHz. The AQUAscat, looking near-vertically down onto the
plumes, recorded water column backscatter profiles, using three transducers with acoustic
frequencies of 0.99 MHz, 1.85 MHz and 4 MHz. Using 110 measurement cells of size
80 mm gave a profiling range of 9.16 m extending beyond the range to the flume bottom
for the two lower frequencies. A pulse repetition frequency of 10 Hz was used as this
was the instrument’s highest rate for the given cell size and profile range, and averaging
was performed over groups of eight consecutive profiles before data were recorded by
the instrument.

2.5. Data Analysis

The EK80 raw data were corrected for the echosounder calibration offsets and the
water absorption; the backscatter strength values were then computed according to the
standard methods presented in [19]. The echoes from the flume floor and walls (Figure 2)
were processed and analyzed using interface backscatter modeling [1,21]. For the sediment
plumes (Figure 3), the data were analyzed using the volume backscatter model [1,19].
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Figure 2. Classical presentations of bottom echoes from run with sonar altitude of 8 m above
flume floor. (1,2) EK80 data at 200 kHz with 128 µs pulse length. (1) Nadir, 0◦ angle: (a) averaged
backscatter versus slant range (i.e., average echo amplitude for all pings in time series on x-axis
vs. time in reception on y-axis; at vertical, slant range is equivalent to depth below sonar head);
(b) echogram (BS intensities [dB] in time series [ping number] vs. slant range); and (2) oblique,
45◦-tilted angle: (c) echogram; and (d) averaged backscatter versus slant range. (3–5) EM2040c at
200 kHz with 25 µs pulse length. (3) Single-ping from isolated 0◦ beam: backscatter versus slant
range; (4) polar echogram, i.e., vertical cross-cut of water column and floor BS for one ping; (5) single
ping from isolated 45◦ beam, backscatter versus slant range. On all plots, “Backscatter dB” quantity
is backscattering strength computed in the case of interface reverberation process [21].
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Figure 3. EK80, AQUAscat and EM2040c sand plume backscatter records in the water column.
(1–5) For a sand plume of 300 g with 180–212 µm grain size. (1,2) EK80 data at 45◦-tilt, 200 kHz with
a 128 µs pulse length. (1) Backscatter echogram. (2) Sv (volume backscatter strength) averaged over
the free water range (i.e., oblique range up to 8 m). (3) AQUAscat inverted backscatter shows plume
sediment concentrations in mg/l for the 1.85 MHz transducer. (4–6) EM2040c data at 400 kHz with a
25 µs pulse length. (4) Polar echogram example. (5) Backscatter intensity versus the depth of two
vertical lines shown in (4), at nadir (green) and at a 2 m across distance (purple); the signal generated
by the plume is clearly quantifiable. (6) The echo integration of four 20 g plumes of different grain
size fractions. Considering the echo integration area (EA) shown in (4) and the 1◦ beam width, the
insonified water volume is approximately 1 m3. BS mean values and standard deviations (stds) are
estimated for each ping and plotted versus UTC time.

The EM2040c data were processed using the SonarScope® software suite [39]. For the
echoes from the flume floor and walls (Figure 2), the echograms presented here are gridded
representations of the BS values, from which individual beam angles can be resampled
(Figure 2(3,5)). For the analyses of sediment plumes, a qualitative (i.e., uncalibrated) volume
backscatter strength was used, as calculated according to Equation 9 in [40]. The echo
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integration was processed inside a water volume defined by an angular sector and a slant
range interval in the across-track plane (“EA” area drawn in Figure 3(4)) and the MBES
beamwidth in the along-track direction. The proper selection of this area isolates the plume
BS values from unwanted echoes caused by, e.g., the fender.

The post-processing of the AQUAscat backscatter data followed the implicit iterative
method [41] that made use of a grain size distribution measured with a Malvern and
transducer calibration constants measured in a sediment tower [42]. The raw backscatter
data were corrected for spherical spreading and water absorption using the formulae
of [43,44], and the scattering and attenuation properties of the sand were derived using
the heuristic formula of [45]. A first inversion for sediment concentration was used to
determine the sediment attenuation along each profile, updating the concentration profiles
through 10 iterations until the attenuation-adjusted concentration profiles converged.

3. Results

During this feasibility study, various geometrical and acoustic configurations were
tested for the deployment of sonar systems in the Delta Flume; in all cases, it was found
that for sonar altitudes from 3 to 8 m above the floor, the strong echoes from the flume
floor clearly dominated unwanted echoes from the flume walls, both for SBESs and MBESs.
Suspended sediment plumes of different sediment masses, from 300 g down to 3 g of
sediment in a 9 m water column, were clearly detected in the backscatter measurements
at higher frequencies of 200, 300 and 400 kHz, depending on the plume concentration.
Validation with the separate ABS measurements allowed for a comparison of the water
column SBES and MBES backscatter levels with the water column profiles of the inverted
sediment concentration. Time series revealed the plume dynamics and segregation of grain
sizes during the plume settlement.

3.1. Echoes from Flume Floor and Walls
3.1.1. SBES

From the various altitude/tilt angle/frequency configurations as recorded in EK80
time series, Figure 2(1,2) show exemplary results of measurements at an 8 m echosounder
altitude at 200 kHz. The ‘Backscatter’ quantity plotted here is the interface backscattering
strength [21] that has been extracted from the recorded echo amplitudes corrected under
the hypothesis of interface backscattering. The vertical incidence recordings (0◦, at the
nadir) display strong echoes from the flume floor, mixing a specular reflection phenomenon
with the interface backscattered contribution (leading to a computed BS peak value higher
than 0 dB at 8 m in Figure 2(1)). Considering the geometry of the flume, the first sidelobe
contribution (BS intensities of ca. −100 to −80 dB around 2.5 m depth in Figure 2(1))
corresponds to direct reverberation from the flume wall at 2.5 m and is actually weak,
thanks to sidelobe rejection. The first significant sidelobe (at 30◦ from the vertical) hits
the wall at a distance of approximately 4 m (BS levels of ca. −80 to −60 dB). High BS
intensities (−50 to −40 dB) directly following the main peak are due to the beam width,
giving later returns for the outer area around the central axis of the main lobe, as well as
sidelobe contributions. The double echo (ca. −28 dB at 10 m) is due to the bottom—water
surface—echosounder multipath echo. For the oblique 45◦ tilted beam (Figure 2(2)), echoes
from the flume floor (at an 11.3 m slant range) occur between 10 and 13 m, the spreading
being due to the returns of echoes from the outer parts of the main beam. The increased BS
values (−60 to −40 dB) at 8 to 10 m correspond to the first return of the flume floor (the
vertical echo through sidelobes).

We found that in all the time series, including other configurations not shown here, the
flume bottom echoes strongly emerged from the background noise and flume reverberation
(up to an 80 dB contrast at the vertical and approximately 25 dB contrast at a 60◦ steering
angle). To conclude this SBES data analysis, although the unwanted specular echoes from
the side walls could clearly be geometrically identified on the recordings, they did not
cause significant interference prone to perturb the measurements of flume floor echoes.
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3.1.2. MBES

With the MBES swath length oriented in the along-flume direction (i.e., the polar
echogram of Figure 2(4) corresponds to the vertical plane along the channel axis), it was
possible to record full swath echoes, including shallow-grazing incidences. The flume
floor echo observed at the nadir shows a high intensity level (−12 dB at an 8 m depth in
Figure 2(3,4)), well above any measured noise level. At −4 m and −9 m along the flume
axis, two across-flume grooves can be observed (Figure 2(4)). For the oblique beam (45◦;
Figure 2(5)), a strong specular echo is seen at 8 m, and the flume floor echo is distinct (at an
11.3 m slant range); the weak echo (−62 dB) at a 7 m slant range is caused by the calibration
sphere. The main perturbation in the measurements comes from the well-known “specular
circle” [46], generated by the reflected signal at normal incidence and insufficiently rejected
by the oblique receiving beams; note that this effect is inherent to all MBES systems and
usually does not prevent adequate measurements at oblique incidences. No significant
contribution was observed from the flume walls, meaning that the “along” directivity
rejection of the sidelobes is sufficient.

Although the quality of the oblique incidence backscatter measurements is not as good
as those obtained by the EK80 SBES, the in-flume MBES results are consistent with data
expected under free-field conditions during at-sea or in-river measurements.

3.2. Suspended Sediment Plume Echoes in the Water Column

Suspended sediment plumes entered the insonified areas of the SBES and MBES when
gravitating down to the flume floor (see Figure 3). The ABS located in the proximity of the
sediment tube insonified near-vertically down onto the plumes.

3.2.1. SBES

All the EK80 SBES results show that the plume-backscattered echoes emerge with a
good contrast from the background noise and flume reverberation. In the case of a sand
plume of 300 g with 180–212 µm grain size (Figure 3(1,2)), strong averaged BS intensities of
up to −35 dB were recorded when the plume entered the insonified area of the 45◦ beam,
compared to a water column background BS level of −75 dB (Figure 3(2)). In the time series,
the downward-shifting BS intensities in Figure 3(1) exhibit the gravitating down of the
sediment plume, which disappears from the 45◦ beam insonified area after ca. 2 min; the
upward-moving BS intensities likely represent air bubbles surfacing after being released
from sediment grains or shell fragments. The flume floor echoes are visible at 8 m (weak
vertical echo through sidelobes) and 10–12 m (main lobe). Note that the quality of the
results (i.e., the reverberation level) depends on the frequency considered (better results
at higher frequencies due to the scattering properties of the sand plume) as well as on the
sediment concentration. Even the lowest sediment load (3 g total mass) proved to be well
detected at 300 kHz and above.

3.2.2. ABS

The backscatter from sediment plumes was successfully recorded by AQUAscat for
the two lowest frequencies. The 4 MHz frequency may have been too high for penetrating
the plumes and/or water column, and its results were not considered. Figure 3(3) shows
sediment concentrations up to 10–15 mg/liter for the 1.85 MHz frequency of a 300 g plume
of 180–212 µm sand. Similar concentrations are seen for both the 0.99 and 1.85 MHz
frequencies, which adds confidence that the measurements are well constrained. The
signal-to-noise ratio is visibly poorer near the flume bed, but the sediment plume extent
is consistent between the two transducers, demonstrating that the AQUAscat provides a
useful means of quantifying suspended sediment concentrations over the 8 m range down
to the flume bottom.
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3.2.3. MBES

All generated plumes were detectable on the EM2040c echograms recorded at 300 kHz
and 400 kHz. The 300 g plume with 180–212 µm grain size at 400 kHz is illustrated in
Figure 3(4) and Video S2. Suspended fine-sand grains generate a backscatter level of 10 to
15 dB higher than the −84 dB threshold background level. The plume-related amplitudes
are at the same level as the unwanted echoes from the fender (Figure 3(5), installed for easy
adjustment of the sonar head height), which was identified by its geometric location. The
echo integration of the plume backscatter data reveals that the average backscatter level in
the insonified water volume correlates with the grain size variation for plumes of constant
weight (Figure 3(6)) and with the variation in sediment weight for the same grain size (not
shown here). If only a portion of a plume passes through the insonified water volume, the
EM2040c is still capable of detecting a plume of fine sand with concentrations less than
20 mg/L. For comparison, but without considering grain size, 20 mg/L is the order of
magnitude of the lowest suspended particulate matter concentration (SPMC) recorded
offshore in the Belgian part of the North Sea, while in turbid coastal areas, thte SPMC
exceeds 100 mg/L [47,48]. The dynamic visualization of the plume echograms (Video S2)
reveals horizontal displacements of the plumes, suggesting the presence of weak currents
within the flume.

4. Discussion

The results obtained from this backscatter-in-flume feasibility experiment constitute
a rich and informative dataset and validate the achievability of controlled acoustic mea-
surements in the Delta Flume. In some respects, considering their diversity and their
metrological quality, these results exceed the initial objective of a feasibility check.

4.1. Bed and Plume Detection

The sufficient contrast of backscatter intensities of echoes from both the flume floor
and the suspended sediment plumes with respect to background backscatter levels evince
that backscatter measurements are not masked by reverberation. For both SBESs and
MBESs, the geometrical configurations provide reliable measurements at all considered
incident angles (up to 75◦ for the EK80 and 70◦ for the EM2040c). Herein, the results are of
the highest quality for the SBES (thanks to its excellent sidelobe rejection) and less so for
the MBES, which, however, was revealed to still be satisfactory for both bottom and plume
backscatter measurements. The separate high-frequency backscatter from the AQUAscat
corroborates the reliability of the suspended sediment plume measurements and justify to
link the sonar backscatter intensities with the sediment concentration and grain size.

Although the MBES used here was not previously calibrated, its recorded echoes are
readily compared to calibrated EK80 echoes on the same targets in the same configuration.
This allows for cross-calibration as used for at-sea measurements [21] and hence gives
access to standardized absolute values of the backscatter strength needed for building a
reference database.

4.2. Suspended Sediment Plume Concentration, Grain Size and Dynamics

The sediment plume results illustrate a correlation between the inserted weight (equiv-
alently, the sediment concentration in the plume) and the particle size distribution on the
one hand and the water column backscatter intensities on the other (see Figure 3(6)). In
particular, the results confirm the ability of echosounders to detect very low concentrations
of fine sand: even a plume of only 3 g of fine sand can be distinguished from the water
column background backscatter mean level. Compared to the 300 g plume sediment con-
centrations (AQUAscat 10–15 mg/L; Figure 3(3)) and sediment concentrations in turbid
coastal environments (>100 mg/L), the successful detection of the 3 g plume is promising.

During the gravitating down of the plumes, the echosounder time series reveal changes
in the plume shape. The horizontal widening of the plume is consistent with sediment
plume dynamics due to water resistance during the development of the plumes [49]. The
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observed lengthening of the plume in the vertical direction exhibits the segregation of
grain sizes, where the larger grain size fractions gravitate faster than the smaller grain size
fractions. Although the upward-moving tail of the plume’s BS intensities (in Figure 3(1);
likely caused by the gradual release of air bubbles trapped by sediment grains) could
ideally be avoided in such experiments, these may also represent naturally or anthro-
pogenically induced suspended sediment plumes [50] and may provide information about
plume behavior.

5. Perspectives

For the sustainable use of underwater environments, habitat mapping as well as
monitoring anthropogenic impacts require an improved interpretation of backscatter mea-
surements of natural seabed and water column properties. To answer the need for cali-
brated backscatter reference measurements in a controlled environment, the authors are
designing a large-scale experiment in the Delta Flume that includes analyses of frequency
and incident angle dependency (for both SBESs and MBESs, over large ranges, closely
sampled) for a wide range of sediment types and suspended sediment plumes (see In-
troduction). For bottom backscatter, different configurations of sediment grain size and
sorting, seabed roughness, densities of additional scatterers (clasts, shells, seagrass) and
sub-surface layering will be realized on the flume floor. For the suspended sediment
plumes, a dedicated sediment-pouring device will be developed to obtain given flux values
and plume geometries in a reproducible way. The various plume concentrations and grain
size distributions will be linked to the echosounder backscatter data, using calibrated
high-frequency measurements of the AQUAscat.

Besides the original main goal of feasibility validation, the tangible results presented
here confirm the relevance of the principle of in-flume backscatter measurements of sedi-
mentary seafloor and plumes. The results of this preliminary test act as proof of concept,
and the lessons learned provide a solid basis for the improved design and operations of the
comprehensive future experiments, leading to defined backscatter reference models for the
improved interpretation of underwater habitat mapping.

Building a database of reference angular response curves, parameterized by the sedi-
ment properties and acoustic configurations, jointly with developing heuristic backscatter
strength models, will improve the interpretation capability for both bed interface char-
acteristics and in-water suspended sediment plumes. To further validate and add to the
reference models resulting from the in-flume experiments, such experiments will have to be
completed by field studies in contrasting natural environments, including coastal habitat
mapping for biodiversity, ocean observation for deep-sea geological exploration and the
monitoring of industry-related activities, such as dredging and nourishing in rivers and
shallow seas.

The resulting reference models will impact many backscatter users (industry, govern-
mental agencies, hydrography and ocean sciences) active in geological and ecological sub-
jects, in deep and shallow marine, coastal, fluvial and lacustrine environments worldwide.
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