N

N

Improving hydroacoustic methods for monitoring
suspended-sand flux and grain size in sediment-laden rivers
Jessica Marggraf, Jérome Le Coz, Benoit Camenen, Francois Lauters, Guillaume

Dramais, Gilles Pierrefeu, David J Topping

» To cite this version:

Jessica Marggraf, Jérome Le Coz, Benoit Camenen, Francois Lauters, Guillaume Dramais, et al.. Improving
hydroacoustic methods for monitoring suspended-sand flux and grain size in sediment-laden rivers. Earth
Surface Processes and Landforms, 2025, 50 (1), pp.e6056. {10.1002/esp.6056). <hal-04996866)

HAL Id: hal-04996866
https://hal.inrae.fr/hal-04996866v1

Submitted on 19 Mar 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.inrae.fr/hal-04996866v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Received: 2 July 2024

Revised: 5 November 2024

W) Check for updates

Accepted: 9 December 2024

DOI: 10.1002/esp.6056

RESEARCH ARTICLE

WILEY

Improving hydroacoustic methods for monitoring
suspended-sand flux and grain size in sediment-laden rivers

Jessica Marggraf12® |
Guillaume Dramais®® |

1RiverLy, INRAE, Villeurbanne, France

2University of Minnesota, Minneapolis,
Minnesota, USA

3Service Etudes Eau Environnement, EDF,
Saint Martin Le Vinoux, France

“Centre d'Essais, de Surveillance, d’Analyses et
de Mesures pour I'Exploitation (CESAME),
CNR, Lyon, France

5U.S. Geological Survey, Southwest Biological
Science Center, Grand Canyon Monitoring and
Research Center, Flagstaff, Arizona, USA

Correspondence

Jessica Marggraf, St. Anthony Falls Laboratory,
University of Minnesota, Minneapolis,
Minnesota, USA.

Email: jmarggra@umn.edu

Funding information
INRAE; CNR; EDF

1 | INTRODUCTION

Jéréme Le Coz?
Gilles Pierrefeu® |

| Benoit Camenen? | Francois Lauters® |

David J. Topping”

Abstract

Suspended-sand concentration and grain-size data in rivers provide valuable informa-
tion on the catchment’s dynamics for scientists and river managers. Producing con-
tinuous measurements of suspended-sand concentrations remains a scientific
challenge due to their high spatial and temporal variability. Traditional methods such
as sediment-rating curves may be highly uncertain, and optical turbidity is insensitive
to coarse particles when there are many fine particles. Surrogate hydroacoustic
methods aim to improve sand concentration measurements. These single- or dual-
frequency acoustic methods use acoustic attenuation and/or backscatter to estimate
fine-sediment (i.e., silt and clay) and/or sand concentration and possibly grain size.
New methods have recently been developed and applied in rivers exhibiting a wide
range of sediment conditions in North America but not independently tested
elsewhere by other researchers. In this article, we apply, adapt and evaluate
hydroacoustic methods to continuously estimate suspended-sand concentration and
grain size in an Alpine river with high suspended-sediment concentrations. From the
example of the River Isere at Grenoble Campus, France, we show that the
hydroacoustic methods adapted to local conditions may yield valuable sand concen-
tration estimates consistent with traditional measurements. Compared with prior
knowledge, limited additional information on the grain size can be obtained due to
high uncertainties. Hydroacoustic concentration estimates are more sensitive to real
changes in concentration at the event scale than traditional rating-curve methods
that relate concentration to discharge only. These findings open the perspective for
facilitated sand concentration monitoring at a higher temporal resolution with

decreased field work.

KEYWORDS
concentration, grain size, hydroacoustics, HADCP, suspended sand

Although information on sand fluxes is crucial for scientists and river
managers, their measurement remains a scientific challenge. Sand sus-

Suspended-sand concentration and grain-size data are crucial for
understanding the dynamics of a river and its catchment. In highly
engineered rivers, where the stream flow is regulated by dams and
dikes, sand accumulation is a major issue for river management by
increasing flood risk, decreasing the hydropower plant efficiency and
hindering navigation (Schleiss et al., 2010, 2016; Wisser et al., 2013).

pensions are characterized by considerable spatial and temporal hetero-
geneity throughout the cross-section, complicating concentration and
grain-size measurements. Traditionally, multiple physical samples are
taken at different locations throughout the cross-section to obtain spa-
tially distributed information and to determine cross-sectional averages
(Edwards & Glysson, 1999; Hicks & Gomez, 2016; ISO 4363, 2002).
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Rating-curve or transport-capacity approaches are used to deter-
mine annual suspended-sand fluxes based on frequent physical sam-
plings (Asselman, 2000; Campbell & Bauder, 1940; Darby et al., 2015).
Rating-curve methods relate sediment fluxes with discharge by fitting
an empirical or a transport-capacity-based relation. Frequently applied
empirical power rating curves may be corrected by introducing a criti-
cal discharge, below which no sediment transport is assumed to occur
(Camenen et al., 2014; van Rijn, 1984). These methods are used to
establish sediment-flux budgets, but they may be affected by large
uncertainty (Cohn et al., 1989; Grasso & Jakob, 2003; Topping et al.,
2021; Walling, 1977).

During the last few decades, hydroacoustic methods have been
developed to improve the temporal and spatial resolution of
suspended-sediment-flux measurements. These surrogate methods
based on sonar technology use the attenuation of the acoustic signal
and its backscattered intensity to resolve for sediment concentration
(Thorne & Hurther, 2014) or sediment concentration and grain size
(Topping & Wright, 2016). Initially developed in marine contexts with
relatively low fine-sediment (i.e., silt and clay) concentrations
(Hay, 1983; Moate et al, 2016; Thorne et al, 1993; Thorne &
Hardcastle, 1997), this solid-particle theory is now increasingly used
in cohesive and fluvial environments with bimodal silt-sand suspen-
sions and non-spherical particles (Aleixo et al., 2020; Haught et al.,
2017; Marrugo-Negrete et al, 2023; Venditti et al., 2016; Vergne
et al., 2020). The difference between the suspensions encountered in
marine and fluvial contexts, however, challenges its application in flu-
vial environments (Vergne et al., 2023).

In rivers, the acoustic instruments may be deployed vertically
(e.g., Szupiany et al., 2019; Wood et al., 2019) or horizontally
(e.g., Landers et al., 2016; Moore et al., 2013) using specifically devel-
oped instruments such as acoustic backscatter systems (ABS) or (hori-
zontal) acoustic Doppler current profilers ((HJADCPs) primarily used
for velocity and discharge measurement. Fixed on the river bank, the
HADCPs ensonify a distinct zone of the cross-section and are used to
establish continuous time series of sediment (fine sediment and/or
sand) concentration and possibly grain size in the cross-section
(Haught & Venditti, 2023; Moore et al., 2013; Topping &
Wright, 2016). Shallowness can be an issue both for vertical deploy-
ment due to blanking and for horizontal deployment due to reflections
from the surface and bottom boundaries. Existing methods notably
differ in the number of frequencies used (commonly one or two) and
the performed calibrations. Although based on acoustic theory, most
hydroacoustic methods are semi-empirical, because they rely on
suspended-sediment measurements for calibration. In recent works,
this dependence on in situ samples has been reduced (Moore et al.,
2012; Moore et al., 2013; Topping & Wright, 2016; Vergne et al.,
2020).

One of the most validated methods with datasets at multiple
operational monitoring sites and large sand concentrations is the dual-
frequency method of Topping and Wright (2016). Like other recent
studies (Hanes, 2012; Moore et al., 2013), it utilizes theory to relate
fine-sediment concentration to attenuation and, after correcting for
the backscatter from fine sediment, sand concentration to backscat-
ter. This method estimates the fine-sediment and sand concentrations
and sand grain size in the entire cross-section by using the acoustic
response in the ensonified volume as a proxy. Developed in the fine-

sand-dominated River Colorado and Rio Grande, this method has

been applied to the River Chippewa (Dean et al., 2022), which is domi-
nated by coarser sand grain sizes, but has almost no silt and clay in
suspension. Consequently, the Topping and Wright (2016) method
had only limited testing in fluvial environments with coarser sand
grain sizes and high suspended fine-sediment concentrations. Rep-
roducing and testing the method of Topping and Wright (2016) under
different conditions is needed to obtain valuable information on the
performance of this specific method and allow for conclusions on
the use of acoustic methods for determining river suspensions in
general.

The aim of this article is to evaluate traditional and hydroacoustic
methods to estimate suspended-sand concentration and grain size
continuously on the example of the River Isére, France, at Grenoble
Campus. The advantages of the chosen study site are the bimodal,
highly concentrated suspension with considerable proportion of sand
and the existence of a long-term hydro-sedimentary measurement
station. The dual-frequency acoustic method developed by Topping
and Wright (2016) was applied, adapted and evaluated using acoustic
measurements obtained by 400 kHz and 1 MHz HADCPs and numer-
ous concurrent suspended-sediment measurements performed from
April 2021 to June 2023. The acoustic methods were evaluated by
comparing (1) the acoustic sand concentration and grain-size esti-
mates with concurrent samplings and (2) the modelled and measured
attenuation and backscatter.

2 | DATA

2.1 | Study site: River Isére

The traditional and hydroacoustic methods for sand concentration
estimation are evaluated on the example of the hydro-sedimentary
station of the River Isére at Grenoble Campus (5.768936°,
45.197504°) in the French Alps (Figure 1). The advantages of this
study site are the existence of a long-term hydro-sedimentary station
measuring discharge and total suspended-sediment concentration Ciot
every 30 min (Figure 2; Thollet et al., 2021), as well as a wide range in
sand concentration, and varying ratios between the fine-sediment and
sand concentrations. The total suspended-sediment concentration is
measured using optical turbidity, which is calibrated with frequent
total suspended-sediment concentrations obtained by filtration on
samples taken by an ISCO automatic pumping sampler.

The River Isere, whose bed is composed of gravel and sand, is a
major tributary of the River Rhéne (Table 1). It has a complex alpine
catchment composed of high mountain areas and lowlands (Antoine
et al., 2020; Dumas, 2007; Némery et al., 2013). At the interface of
the mountains and the lowlands, the Grenoble Campus hydro-
sedimentary station is located. The catchment (5720 km?) is strongly
impacted by human activities, for example, dikes and dams for flood
protection and hydraulic energy production (Némery et al., 2013;

Thollet et al., 2021), where regular dam flushes are conducted.

2.2 | Suspended-sediment data

Three different suspended-sediment datasets are available at the

study site at Grenoble Campus: (1) suspended-sediment
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FIGURE 1 The River Isére at the Grenoble Campus study site: (a) location in the River Isére catchment (elevation data: RGE ALTI(R), 2021),
(b) location of the catchment map France, (c) aerial photograph of the river reach with the bridge and cableway sampling cross-sections and
depth-averaged velocities measured using an ADCP for discharge Q = 287 m®/s (data processed using QRevInt software; Lennermark &

Hauet, 2022).
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FIGURE 2 Data collected at the hydro-sedimentary station of Grenoble Campus in the River Isére: (a) Discharge Q and (b) total suspended-
sediment concentration Cy: and dates of concurrent suspended-sediment measurements from 1 April 2021 to 22 June 2023 (Thollet et al.,
2021), (c) empirical sediment-rating curve (Equation 1) calibrated using the sampler suspended-sediment measurements only (obtained using US
P-72, US P-6 and Delft bottle samplers and analysed as described by Marggraf et al., 2024) and (d) averaged cross-sectional sand median grain
size Dsg sand determined using the sampler suspended-sediment measurements only.
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different

(2) suspended-sediment measurements made using a pump PP36 and

isokinetic ~ samplers,

measurements made  using

() calibrated ISCO automatic pump data.

2.2.1 | Sampler: Mean cross-sectional fine-
sediment and sand concentrations

The sampler suspended-sediment measurements consist of 31 mea-
surements performed at the cableway and bridge cross-sections in
the River Isere at Grenoble Campus yielding velocity-weighted mean
cross-sectional fine-sediment and sand concentrations (see
Section S1.1 in the Supporting Information for details). Point samples
were collected at different locations throughout the river cross-
section using specific suspended-sediment samplers, the US P-6 (man-
ufactured by Carnet Technology, USA), US P-72 (manufactured by
Performance Results Plus Inc., USA) and the Delft bottle (man-
ufactured by Royal Eijkelkamp, The Netherlands) (FISP, 1941). At the

TABLE 1 Hydraulic and sedimentary properties of the River Isére
at Grenoble Campus. Measurements of bed slope are performed at

the station Isére-Pont du tram, located 1270 m downstream and vary
between 0.2% and 0.6% during the study period (Thollet et al., 2021).

cableway cross-section, the US P-6 and US P-72 samplers were
deployed and sampled typically five to seven verticals with four or
five points each (Figure 3a). The five verticals closest to the left bank
intersect the volume ensonified by the HADCPs; one sample along
each of those verticals was collected within the ensonified volume. At
the bridge cross-section, the Delft bottle sampler was exposed at five
verticals with four to five sampling points each (Figure 3b). Sand con-
centrations of US P-6 and US P-72 samplers were determined by fil-
tration, sand fluxes obtained by the Delft bottle sampler were
converted to concentrations using velocity measurements.

Mean cross-sectional suspended-sand concentrations for each
measurement were determined following the sand discharge comput-
ing (SDC) method (Marggraf et al., 2024). This method combines point
sand concentrations with simultaneous velocity and discharge mea-
surements obtained using multitransect ADCP measurements using
Teledyne RDI RioGrande, StreamPro and Sontek M9 instruments.
Point sand concentrations are interpolated and extrapolated vertically
using the vertical concentration profile of Camenen and Larson (2008)
and laterally using the depth as a proxy for bed shear stress. As both
sand concentration and flow velocity are interpolated on the same
regular grid covering the entire cross-section, calculations of spatially
distributed sand flux, querying sand concentration in designated areas
and determinations of mean cross-sectional sand concentration are

possible.

Parameters Value
Annual mean discharge (m?/s) 178 Mean cross-sectional sand concentrations determined using the
I disch m - Delft bottle and the corresponding measurement protocol were
| at mean discharge (m ~
T flood peak disch (m/s) 600 corrected by a factor of 2.37 to avoid the observed bias compared
WO-year 1100 ea Ischarge (m™/s,
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B | % ~ 0. . . .
Felepziid 035 (Marggraf, 2024). The mean cross-sectional fine-sediment
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0 . o o . . . .
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P-72 or US P-6 samplers (modified from Marggraf
et al. (2024)).
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TABLE 2 Average, velocity-weighted properties of the sand and
fine-sediment suspensions: median grain size Dso, standard deviation
of the grain-size distribution ¢ and reference sand concentration
(Section 3.4). ‘Measured’ values are the average of the laboratory-
analysed sampler suspended-sediment measurements, and
‘calibrated’ values correspond to the results of the in situ acoustic
calibration of the reference suspension described in Section 3.4.

Parameters Measured Calibrated

Dso. sand 195pum 200 pm (151-264 1 m)
Osand 0.59 ¢ 0.59 ¢

Coand, ref 0.2g/L

D50, fines 14pm lpm

Ofines 237 ¢ 14 ¢

concentration is the arithmetic mean of all point fine-sediment con-
centrations determined using the US P-6 and US P-72 samplers due
to their relative homogeneity throughout the cross-section
(Marggraf, 2024). These sampler suspended-sediment measurements
yield the average suspension properties during the measurement
period from April 2021 to June 2023 (Table 2).

222 | Pump PP36: Mean cross-sectional sand
concentrations

The second dataset contains 16 mean cross-sectional sand concentra-
tions determined using the pump PP36 manufactured by SDEC
France. Sand concentrations were obtained using the sample’s dry
mass and the pumped volume. The vertical integration is based on
exponential laws empirically fitted to the measured point concentra-
tions, while the lateral integration applies a linear regression. Seven of
these measurements were performed simultaneously with previously
described sampler suspended-sediment measurements. During all
measurements, the pump PP36 was installed on the frame of the
Delft bottle. When using both samplers simultaneously, the pump
PP36 was fixed at the same height as the Delft bottle’s nozzle. Due to
resulting temporal overlap, this dataset is not completely independent
from the sampler suspended-sediment measurements although the

samplings themselves are independent.

2.2.3 | ISCO automatic pump: Point concentrations
at the river bank

The third dataset is composed of 403 ISCO automatic pump samples
taken at the hydro-sedimentary station at Grenoble Campus on the left
riverbank during the previously described measurements and additional
periods. All ISCO sand concentration results Csang 1sco determined by
filtration are calibrated to be representative for the cross-section:
Csand, 15cO, corr = 0.36 % Cga'%‘ isco (Marggraf, 2024), following the index-
concentration method (Camenen et al., 2023; Santini et al., 2019). This
correction was determined by relating the sand concentration obtained
by ISCO point samples with mean cross-sectional sand concentrations
obtained by simultaneous suspended-sediment samplings. It may intro-
duce a bias for very low and very high concentrations due to the cali-

bration with a limited number of such extreme concentrations

HEd-WILEY

(Figure 2c). Although this dataset is affected by a higher uncertainty

than that of the two previous ones, its advantage is its relatively high

temporal resolution during flood events or dam flushes.

224 | Grain-size measurements

Grain-size measurements were made using a Malvern Mastersizer 3000
laser-diffraction instrument. Prior to the grain-size analysis, the fine-
sediment and sand fractions were separated by sieving using a 63 p m
sieve. The most appropriate measurement protocol was determined as
described by Laible et al. (2023) and Marggraf (2024), after comparing
the instrument’s results to the traditional sieving method and to three
other laser-diffraction instruments. Ultrasound and a stirrer speed of
2500 RPM were used to destroy aggregates and to measure primary
particles only, however, differences between in situ and ex situ grain
sizes of the fine-sediment fraction are possible (de Lange et al., 2024).

Although laser-diffraction measurements have been shown to
yield grain-size distributions of fine sediment that are much coarser
than other laboratory methods (Beuselinck et al., 1998; Konert &
Vanderberghe, 1997; Kun et al., 2013), all measurements were made
using the laser-diffraction method. Velocity-weighted mean cross-
sectional grain sizes were determined by averaging the available
grain-size measurements for each sampler suspended-sediment mea-
surement following the 1ISO 4363 (2002) approach.

As can be seen in Figure 2d, we observed a decreasing median
sand grain-size from 300 p m for low discharges (Q~ 200 m/s) to
125 m for high discharges (Q ~400 m3/s). It could be explained by
an activation of finer sand sediment sources during high discharges,
for example, bank or flood deposits, leading to finer sand grain sizes.

2.3 | Application of the rating-curve approach

For comparison with the acoustic methods, an empirical power rating
curve using a critical discharge threshold (Camenen et al., 2014; van
Rijn, 1984) is applied to continuously determine the sand flux ®,:

P =0a(Q-Qy)’, (1)

where a and b are equation parameters and Q is the discharge mea-
sured at the hydro-sedimentary station. This rating curve is fitted to
the sand flux through the entire cross-section determined by the sam-
pler suspended-sediment measurements (Figure 2c). The best fit
(R?~0.81) is obtained using the following parameters: critical dis-
charge Q. =50mq/s, a=0.0003 and b=2.3. The observed scatter
may be caused by natural and anthropological influences upstream of
Grenoble, for example, affecting the grain size and the sediment sup-
ply. At high discharges, the ISCO samples underestimate the sand flux
compared with the sampler and pump PP36 measurements, which

may be caused by a bias in the ISCO calibration (Section 2.2.3).

2.4 | Verification of the application conditions

Prior to the application of the method of Topping and Wright (2016),

we verify that the two main application conditions are met at our
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study site in the River Isére at Grenoble Campus. Those require-
ments are (1) the relations of the average sand and fine-sediment
concentrations in the cross-section with those in the ensonified vol-
ume are relatively stable under all occurring conditions
(i.e., variations in these relations are small and random), and (2) the
suspension is relatively homogeneous in the ensonified volume.
While the first requirement has to be met to successfully apply the
method, the second condition allows for more precise sand concen-
tration and grain-size estimates.

First, we verify the relations of the average sand and fine-
sediment concentrations in the cross-section with those in the
ensonified volume. Both relations are strong (R?>0.93), and no
discharge- or concentration-dependent shifts are visible (Figure 4a,b).
Consequently, as this major requirement is met, the method of
Topping and Wright (2016) can be applied to our study site.

Second, the relatively homogeneous distribution of concentration
along the acoustic beam is verified using the concentrations interpo-
lated on a regular grid by the SDC method. Therefore, concentrations
are extracted along the acoustic beam for all sampler suspended-
sediment measurements made at the cableway cross-section. As
expected, fine-sediment concentrations are relatively homogeneously
distributed along the acoustic beams (Figure 4d). In contrast, sand
concentrations vary with a factor of two along the beams, which is
still acceptable (Figure 4c).

(a) y = 0.57x
L4 R?=0.56,n = 18
1.2
1.0
=
s *
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= N~ N _
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2.5 | Acoustic measurements

Two HADCPs, a 400 kHz AWAC and a 1 MHz AquaDopp man-
ufactured by Nortek, were used for the acoustic measurements in the
River Isére at Grenoble Campus following a similar measurement pro-
tocol to that of Topping and Wright (2016) noted in their Table 1.
These instruments were installed in March 2021 at the hydro-
sedimentary station at Grenoble Campus approximately 2 m higher
than the deepest point of the cross-section (Figure 3 and Section 51.2
in the Supporting Information for details) to measure as close to the
bed as possible, however, avoiding reflection from the bed. The two
HADCPs come with monostatic transducers and a temperature sensor
and were connected to the power grid. Acoustic measurements were
made every 10 min, and background noise measurements were made
via passive measurements (Table 3; for more details, see
Marggraf, 2024).

3 | METHODS
3.1 | Data preprocessing

ADCPs typically register the raw acoustic signal amplitude A (counts),
the pressure and the water temperature. Topping and Wright (2016,

2.54
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FIGURE 4 Verification of the application conditions: relations of the mean cross-sectional suspended (a) sand Cq.nq and (b) fine-sediment
Crines cOncentrations with the suspended-sand Cyand, ens and fine-sediment Crines. ens CONcentrations, respectively, averaged in the valid cells along
the beam, and suspended (c) sand and (d) fine-sediment concentrations extracted from the regular grid obtained by the SDC method along the
acoustic beam in the River Isére at Grenoble Campus during the sampler suspended-sediment measurements at the cableway cross-section

(modified from Marggraf, 2024).
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TABLE 3 Measurement protocol used for the 400 kHz AWAC
and 1 MHz AquaDopp HADCP in the River Isére at Grenoble
Campus.

Parameters 400 kHz 1 MHz
Number of cells 50 64

Cell size (m) 0.5 0.4
Blanking distance (m) 0.92 0.18
Profile interval (s) 600 600
Averaging interval (s) 300 300
Ping rate (Hz) 0.75 2
Power level Low-+ Low+
Measurement load (%) 67 58
Radius of the transducer (m) 0.1 0.025
Downing critical distance (m) 8.4 1.3

p. 15 and Appendix 7) consider the measurement in a cell as valid and
include it into the following acoustic analysis if the acoustic amplitude
A is higher than the effective-noise floor Ag. This effective-noise floor
is the sum of the instrument-noise floor determined by passive acous-
tic measurements and the iteratively guessed noise floor offset Aggfset-
The latter is used to remove the part of the acoustic beam where the
amplitude tends to asymptotically approach the instrument-noise
floor in a curved manner.

Using the distance r of the cell centre from the transducer,
Topping and Wright (2016, eq. 24) calculate the fluid-corrected back-
scatter Br in all valid cells as

Br = bsrA + 20 logyo (wr) + 2aut, (2)

where bse (dB/count) is a scale factor, y is the near-field correction
(Downing et al., 1995) set equal to 1 in this study, because no mea-
surements are made in the near field, and a,, (dB/m) is the coefficient
of absorption for acoustic energy in water calculated using the for-
mula of Schulkin and Marsh (1962).

The acoustic attenuation due to sediments asq (dB/m) is defined
using the slope of a least-squares linear regression fitted on all valid
values of the fluid-corrected backscatter Br on the distance from the
transducer r divided by —2 assuming that the suspension is homoge-
neous along the acoustic beam (Section 2.4). The more the suspension
is homogeneous in the ensonified volume, the more the profile will be
linear and the uncertainty in the determination of as.q Will decrease.

Using aseq and the fluid-corrected backscatter B, the relative
backscatter B is defined as in Topping and Wright (2016, eq. 25):

B =2aseqr + Br. (3)

The beam-averaged backscatter B (dB) is the average of the rela-
tive backscatter B in all valid cells.

32 |
(SFCP)

Single-frequency calibration procedure

The SFCP is the first step of the dual-frequency method and
described by Topping and Wright (2016) in their Appendix 7. SFCP is

HEd-WILEY

performed separately for each of the two frequencies used at the

study site. It uses the attenuation and beam-averaged backscatter
measurements and the suspended fine-sediment and sand concentra-
tions to estimate single-frequency sand concentrations averaged
over the entire cross-section (Figure 5). The procedure is based on a
separation of the grain-size fractions, assuming that attenuation is
mostly caused by fine sediments and that backscatter is mostly cau-
sed by sands. To avoid inclusion of conditions where backscatter is
mostly from the fine sediment and not from the sand, samples with
high fine-sediment to sand concentration ratios are not used in
the SFCP.

The acoustic response of a suspension depends on the con-
centration and the grain size, so that a bimodal suspension is
described by four unknowns: the concentrations and median grain
sizes of the fine-sediment and sand fractions, respectively. A
single-frequency approach yields only two parameters (attenuation
and backscatter); thus, it cannot fully describe a bimodal suspen-
sion in terms of concentration and grain size. Therefore, the grain
sizes of the sand and fine-sediment fractions are each fixed using
a reference grain size (see Section 3.4 for details). In the SFCP,
changing grain sizes are not detected as grain size changes but as
concentration changes. This leads to a grain-size bias in the SFCP’s
results, the correction of this bias is the aim of the dual-frequency
RUTS-based approach (Section 3.3; Topping & Wright, 2016,
Appendix 8).

3.21 | Determination of the mean cross-sectional
suspended fine-sediment concentration

The fine-sediment (i.e., silt and clay) concentration averaged
over the entire cross-section is estimated for each frequency i
relating the fine-sediment concentrations Cpnes; to simultaneous
attenuation measurements aseq; (Topping & Wright, 2016, pp. 17-19).
We convert here the notation used by Topping and Wright (2016) to
the more widely used form including the sediment-attenuation
constant:

Cfines,i =7 Osed,is (4)

Cfines,i

where {fnes i ((ABL)/(mmg)) is the sediment-attenuation constant
determined for the fine-sediment reference suspension (see
Section 3.4):

gfines, i— é/s., fines,i T gv. fines, i» (5)

where {; fines.i i the scattering attenuation and , fines i is related to
the viscous attenuation integrated over the entire fine-sediment ref-
erence distribution as introduced by Moore et al. (2013) using the
normalized total scattering cross-section y, (Moate & Thorne, 2012)
and the normalized total viscous cross-section y, (Urick, 1948).

This step is performed for both frequencies, and the average of
the two single-frequency estimates for every time step yields the
acoustically estimated mean cross-sectional suspended fine-sediment
concentration Cines Hapcp- These calibrations can be found in

Section $2.1 in the Supporting Information.
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FIGURE 5 Schematic workflow of the Topping and Wright (2016) dual-frequency method composed of the single-frequency calibration
procedure (SFCP) and the dual-frequency RUTS-based procedure. See text for the definitions of the variables.

3.2.2 | Determination of the single-frequency mean
cross-sectional suspended-sand concentration

The single-frequency sand concentration Cgyng; averaged over the
entire cross-section for each frequency i is defined using the beam-
averaged backscatter B; (Figure 5):

% — 10K1itKzi B,' (6)

where K1 ; and K3; are the intercept and slope of the base-backscatter
calibration (BBC) defined by Topping and Wright (2016, eq. 60):

logio (Csand, sampler) = K2,i Bpasei + Kl,i- (7)

This BBC relation is established using only the suspended-
sediment measurements satisfying two requirements: (1) The ratio S=
Crines/Csand between the fine-sediment and sand concentrations is
small, ideally <2, and (2) the median sand grain-size range is small, ide-
ally 0.25¢ of the reference sand median grain size Dsg sand. ref
(Topping & Wright, 2016, p. 31). The latter is the sand median grain
size that describes best the widest range of possible grain-size varia-
tion at the study site (see Section 3.4 for its definition and estimation).
The beam-averaged backscatter measured during these suspended-
sediment measurements included into the BBC relation is the base
backscatter Byase . This Bpasei is defined as the beam-averaged back-
scatter arising from mostly suspended sand, but in combination with

the relatively small amounts from fine sediment present.
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The first requirement ensures that the BBC relation and its param-
eters describe the acoustic response of the sand suspension only.
Therefore, only cases where the fine-sediment concentration is low
compared with the sand concentration (e.g., S < 2), and thus, the fine-
sediment contribution to the backscatter is negligible, are included.
The second requirement is related to the precision of the final sand
concentration and grain-size estimates, which can be improved by
using a precise sand suspension whose acoustic response can be mod-
elled. These calibrations can be found in Section S2.1 in the
Supporting Information.

The backscatter B’ arising from fine sediments relative to Bpase; is
the correction of the measured backscatter for the backscatter deter-
mined by the BBC relation (Topping & Wright, 2016, eq. 66):

B = gl - Bbasej

:ilogm ( fsed,i >2<D50.sand,ref> (psand‘ref> 1+ Cfines )
K2,i fsand, ref,i DSO, sed Psed Csand, ref

(8)

where Kj; is the empirical slope in the BBC relation (Equation 7) and
fsedi and feand, rer,i are the values of the Thorne and Meral (2008) form
function calculated over the total and reference sand grain-size distri-
bution, respectively (see Topping & Wright, 2016, pp. 34-38 for a
derivation). The grain-size distribution indexed as ‘sed’ includes the
reference sand distribution and the fine-sediment fraction (see
Marggraf, 2024 for details).

3.3 | Dual-frequency RUTS-based procedure

The second major part of the dual-frequency method consists of com-
bining the two single-frequency sand concentration estimates to
establish continuous time series of sand concentration, Cgand HADCP
and median grain size, Dso_sand, HADCP, averaged over the entire cross-
section (Topping & Wright, 2016, Appendix 8). Its principle is the cor-
rection of the backscatter of the higher frequency HADCP for grain-
size effects, utilizing the theory-based higher influence of grain size
on the lower frequency HADCP.

The difference between the two single-frequency sand
concentration estimates is used to determine the sand median
grain size (Section S2.2 in the Supporting Information). If the two
single-frequency concentration estimates are equal, the sand
grain size is equal to the reference sand median grain size
Dso.sand ref (see Section 3.4 for its definition and estimation). If the con-
centration Cgand nigh €stimated by the higher frequency HADCP is
higher than the concentration Csang. 10w, the median grain size of the
suspended sand is finer than the reference sand grain size and vice
versa.

Precisely, the determination of the dual-frequency sand concen-
tration and median grain size requires the two single-frequency con-
centration estimates, the parameters K1; and Kj; of the two BBC
relations and the properties of the reference sand suspension (notably
the reference sand median grain size Dso, sand, rer and geometric stan-
dard deviation Gsang ref)-

These latter properties are used to determine the theoretical
acoustic response of the reference sand suspension, the range-

independent unit target strength UTS,; of the reference sand for the

lower and higher frequency HADCP, respectively (combining egs. 48-
50 in Topping & Wright, 2016):

3
UTSreti = 10logqo <f§and‘ ref,im>
sand’ 0 , sand, re’

0.96\2
+10log1g <2tp_iC7z(kiaU) >

where fsand, ref, is the form factor for the reference sand grain-size distri-

9

bution, pg,,q is the sand density, t,; is the acoustic ping duration, c is
the speed of sound, k; is the wave number, and ar; is the radius of the
transducer of the lower and higher frequency HADCP, respectively. This
unit target strength of the reference sand suspension is compared with
a wide range of sand suspensions possibly occurring in the field. In this
study, these possible sand suspensions are described by median grain
sizes ranging from 74 to 1500p m and the same geometric standard
deviation as the reference sand suspension. Their unit target strength
UTS is calculated similar to the UTS,; but using the form factor and
grain-size distribution corresponding to each possible sand suspension.
The relative unit target strength RUTS compares the acoustic
response of all possible sand suspensions relative to that of the refer-

ence sand suspension (Topping & Wright, 2016, eq. 51):

RUTS = UTS — UTS ¢y (10)

The results of the SFCP are then combined with the RUTS rela-
tions to determine the logarithm of the mean cross-sectional sand

concentration Csang, Hapce (Topping & Wright, 2016, Appendix 8):
10810 (Csand, HADCP) = K1 pigh + K2,high (Beff, high — RUTShigh ) (12)
where Kq pigh and Kz pigh are the Ky and K, obtained by the BBC rela-

tion of the higher frequency HADCP and Be hign is the effective back-
scatter measured by the higher frequency HADCP:

(10810 (Csand, high) — K1.high)
K2 high

Beft, high = . (12)

The value of the ‘experimental’ higher frequency RUTS, RUTShgh,
is determined using the RUTS relations (Figure 5). To do so, the input
into the RUTS-procedure, the ‘experimental’ lower frequency RUTS
RUTSow is determined:

RUTS|OW = B:l,Iow - BZ,|DW7 (13)
where By jo is defined as

(log10 (Csand, low) — K1jow
K2 jow

B1.,Iow = ’ (14)

and By o is

10810 (Csand, high) — K1.low
K2,Iow ’

Bajow = (15)

On the lower frequency RUTS-grain size relation, the

corresponding grain size is the dual-frequency acoustic sand grain-size
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estimate Dso,_sand. HaDCP- I the next step, this procedure is inverted
using the higher frequency RUTS relation. The above-determined grain
size is used to determine the RUTS value on the higher frequency rela-
tion. This corresponds to the ‘experimental’ higher frequency
RUTShigh required in Equation (11) to determine the dual-frequency

sand concentration.

3.4 | Estimation of the reference suspensions
Reference fine-sediment and sand distributions are required in the
dual-frequency RUTS-based approach to correct the grain-size bias in
single-frequency concentration estimates (Topping & Wright, 2016,
pp. 27, 43). Those reference suspensions are used to determine the
relative unit target strength RUTS (Equation 10) and the sampler mea-
surements for the BBC equation (Equation 7). They are constant and
specific of a study site and describe the suspension in terms of con-
centration, median grain size and geometric standard deviation of the
grain-size distribution. They refer to cross-sectional averages, as
throughout the entire method, thereby averaging out spatial
gradients.

Determining them as precisely as possible is essential to obtain
reliable sand concentration and median grain-size estimates. There-

fore, many suspended-sediment measurements under different

5
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hydro-sedimentary conditions are necessary. All acoustically esti-
mated fine-sediment and sand suspensions are compared with the
reference suspensions (Section S2.2 in the Supporting Information).
The reference median grain size characterizes best the average
median grain size over the widest possible observed range in sand and
fine-sediment concentrations, respectively. The reference sand con-
centration m is the concentration corresponding to the deter-
mined median reference grain size.

The reference fine-sediment distribution, described by the
median grain size, Dsg fines, ref, and its geometric standard deviation,
Ofines, ref, 1S determined iteratively in two steps by comparing models
and calculations based on measurements to obtain the best possible
fit for the two frequencies. The reference sand grain size, Dsg sand, ref,
is determined based on the physical samples only (i.e., without an
acoustic-theory component) as described above on the selection of
the measurements for the BBC relation.

The first step to determine the fine-sediment reference
suspension utilizes the theoretical relations between the fine-
sediment concentration and the attenuation at each frequency. By
testing different values of the median grain size and geometric stan-
dard deviation, the slope of the theoretical equation (4) is forced to

agree as best as possible with the empirical slopes at both frequencies

of the least-squares linear regressions on the measurements
(Figure 6a,b).
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FIGURE 6 Determination and verification of the fine-sediment reference suspension: (a,b) linear regression of the fine-sediment
concentration Cyines With the attenuation and the sediment-attenuation a.eq ; constant for the (a) 400 kHz and (b) 1 MHz HADCP. (c) Modelled
(lines) and calculated (symbols) values of the sediment-attenuation constant ayit ; over the occurring fine sediment and sand median grain size
Dso and (d) modelled (lines) and calculated (symbols) backscatter B; to the ratio S of the fine sediment to sand concentration for the 400 kHz and
1 MHz HADCP, respectively. The modelled values of B’ at the two frequencies in subfigure d) plot on top of each other at the scale of this plot.
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The second step seeks iteratively the best possible agreement
between the calculated and modelled values of the B’ correction
(Equation 8) at both frequencies using the fine-sediment and sand ref-
erence median grain sizes and geometric standard deviations
(Figure 6). In the River Isére, the modelled B’ is near zero at both fre-
guencies over the observed range of S and only becomes important at
a fine to sand concentration ratio S of roughly 50 000. Accounting for
B’ would become much more important with different grain-size

distributions.

3.5 | Application variants

Three application variants were evaluated in this study: (1) the original
method as proposed by Topping and Wright (2016) and described
above, thereafter called TW16; (2) the method TW16-A, a modification
of TW16 (Section 3.5.1); and (3) the method TW16-B, a combination of
the TW16-A and an index-concentration approach (Section 3.5.2).
We developed the two variants TW16-A and TW16-B based on
theoretical considerations and local conditions requiring modifications
of the original method. The differences between the two variants and
the original method are detailed in the following. For all variants, the
analysis for a given acoustic measurement is performed only in the far
field of the transducer, determined using the Downing critical distance
(Downing et al., 1995), and only if at least three valid cells are available

to correctly determine attenuation and backscatter.

3.5.1 | Adapted method TW16-A
The general procedure of the TW16-A method is similar to the
TW16 method, but several modifications concerning the estimation
of the noise floor and the zone of the beam used for analysis
were made.

Many acoustic measurements in the River Isére at Grenoble Cam-
pus show nonlinear fluid-corrected backscatter profiles, contradicting
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the hypothesis of homogeneity along the acoustic beam that should

lead to linear profiles. In some profiles, backscatter intensities increase
with distance or show nonlinear, curved forms (Figure 7). These mea-
surements were mostly made at total sediment concentrations lower
than 0.3 g/L and water stages lower than 2.5 m, which corresponds
approximately to the sand concentration range (Ceang <0.1g/L) with
significant deviations between the acoustic estimates and the concur-
rent measurements (Section $2.3 in the Supporting Information). Most
profiles, including the linear ones, measured by both frequencies show
a maximum in the fluid-corrected backscatter value within the first
metres of the acoustic beam.

To cope with these nonlinear profiles, the zone of the beam
included in analysis is adapted to exclude the nonlinear zones of the
fluid-corrected backscatter profile. This avoids calculating the slope
on a nonlinear profile leading to possibly considerable bias in the
acoustic-attenuation estimates.

Instead of applying the user-selected effective-noise floor Ag as
in the TW16 method, the TW16-A method uses a two-step
approach to determine the cells included into the analysis (see
Section S$1.2 in the Supporting Information for details). First, a 5m
buffer zone in front of the intersection of the beam and the water
surface is applied to exclude possible effects of spurious echoes
from the free surface (Nortek, 2018). Second, all cells, where the
signal-to-noise ratio SNR is smaller than 1.5 are excluded from the
analysis. The last valid cell along the beam was determined as the
closest cell to the transducer determined by either the SNR approach
or the buffer zone.

Finally, Topping and Wright (2016) typically collect cross-
sectional suspended-sediment measurements within less than 30 min
using depth-integrating samplers. They use the time-average of the
acoustic measurements made within a 1-h window centred on
the temporal midpoint of the suspended-sediment measurement in
their acoustic calibrations. In contrast, suspended-sediment measure-
ments made using point samplers in this study take up to 4 or 5 h.
Therefore, we include all acoustic measurements made during our lon-

ger sampling time in the calibrations.

110

100

70

(b)
8 \ 60
S 9
'8
@ go 50
S
3 \
w70 40
(%)
3‘" 60
Y100 75
8o (d)
3 Sl 70
= 95
FIGURE 7 Examples of fluid- @ ~— T
corrected backscatter profiles measured E /\’\’—\'\’\_\_\_V\/ 65
using the (a,c) 400 kHz and (b,d) 1 MHz 8 90
HADCPs, showing (a,b) (almost) linear < 601 /
profiles and (c,d) nonlinear profiles at 3
different concentrations (Cyot < 0.3 g/L) L 850 5 10 15 20 75 550 5 10 15 20 75

during the study period in the River Isere
at Grenoble Campus.

Distance r from transducer (m)

85U8017 SUOWWOD 3ATea.D 8|qedl|dde sy Aq pausenob aJe saonfe VO 8N JO Sa|nJ 10} ArIqIT8UlUQ AB|IA UO (SUOTHPUOD-PUR-SWBH W00 AS IMAReIq 1 Ul |UO//:SANY) SUORIPUOD pue SWid | 81 88S *[5Z0z/c0/6T] Uo AriqiTauliuO AB1IM ‘Sired-0sdiq - Jeu| Aq 9509°dse/200T OT/I0P/Lu00" A8 |im Aeiq iUl uo//Sdny Woly pepeojumod ‘T ‘SZ0Z ‘LE86960T



MARGGRAF ET AL.

298| WiLEY-IE33

1

3.5.2 | Modified method TW16-B

The second modified method TW16-B combines the sediment-
index-concentration method (Camenen et al., 2023; Santini et al.,
2019) and the TW16-A method. In contrast to the TW16 method that
relates the acoustic measurements in the ensonified zone to the
velocity-weighted concentrations in  the entire cross-section
(Section 2.2), the TW16-B method introduces an intermediate step
following the index-concentration method. First, the acoustic vari-
ables are related to the concentrations in the ensonified zone. Then,
the concentrations in the ensonified zone are related to the mean
cross-sectional concentrations using the relations displayed in
Figure 4ab (Section 2.4). Only the suspended-sediment measure-
ments at the cableway cross-section close to the ensonified zone

were included in the analysis.

3.6 | Calibration and evaluation of the three
application variants

The calibration of attenuation to the fine-sediment concentration is
performed using 422 suspended-sediment measurements made using
the US P-6 and US P-72 samplers and the ISCO automatic pump sam-
ples covering a fine-sediment concentration range from 0.003 to
4.537 g/L.

The BBC calibration relating the beam-averaged backscatter to
the concentration of mostly sand (plus minimal amounts of fine sedi-
ment) is performed using all sampler suspended-sediment measure-
ments for the TW16 and TW16-A method, whereas only the sampler
suspended-sediment measurements in the cableway cross-section
collected close to the ensonified zone are used for the TW16-B
method. For this study, the conditions preferred by Topping and
Wright (2016, p. 31) for the suspended-sediment measurements to be
included in the BBC relation are extended due to a lack of data (see
Section S2.1 in the Supporting Information for the BBC relations
established for this study). Suspended-sediment measurements were
used if the ratios S were smaller than three (instead of S<2), and the
sand median grain sizes were within a range of 0.4¢ (instead of
0.25 ¢) centred on the reference sand median grain size (cf. Table 2).

The sand concentration and median grain-size estimates of the
three application variants are evaluated in comparison with the con-
current samplings encompassing both the entire cross-section. Based
on the uncertainty in acoustic sand concentration and median grain-
size predictions (Szupiany et al, 2019; Topping & Wright, 2016),
acoustic estimates are considered as acceptably accurate within an

error of a factor of two compared with concurrent physical samples.

3.7 | Comparison of acoustic models and
measurements

3.7.1 | Relative unit target strength RUTS

The modelled relative unit target strength RUTS (Equation 10) is com-
pared with the calculated relative unit target strength RUTSg,c; to

evaluate the performance of the model. The RUTS,c i is calculated for

each of the two frequencies and every sampler suspended-sediment

measurement using the beam-averaged backscatter B;, the logarithm
of the sand concentration in mg/L and the parameters of the BBC

relation:

RUTScaic i = Bi — (108(Coand) — K1) /K2, (16)

3.7.2 | Attenuation and backscatter

To improve the understanding of the acoustic response and explain
possible divergences, the modelled and measured attenuation and
backscatter are compared following the approaches of Haught et al.
(2017) and Vergne et al. (2023). The values of relative backscatter,
Binodel, @and attenuation, ased. model, are modelled using the suspension
properties as in Table 2. They are only calculated for measurements
including fine-sediment concentration, that is, the sampler suspended-
sediment measurements and corrected ISCO automatic pump
samples.

For total suspended-sediment samples, the modelled attenuation
Ased, model 1S composed of the attenuation arising from fine sediments
sed, fines, model aNd sand-sized sediments aseq sand, model (detailed compu-
tation in Section $2.4 in the Supporting Information).

For the modelling of the relative backscatter Boqe, Vergne et al.
(2023) use the theoretical determination of the volume backscattering
coefficient s, (Medwin & Clay, 1998) using the instrument calibration
constant k; (Betteridge et al., 2008) (detailed computation in
Section 52.4 in the Supporting Information). The value of k; was not
available for the HADCPs deployed in our study. Consequently, the
backscatter cannot be modelled easily and the values of k;
(kt, 00 ktz = 3.7 x 10° and ki 1mmz = 1.8 x 10%) are guessed to obtain a

good agreement between modelled and measured values.

4 | RESULTS

4.1 | Dual-frequency RUTS-based suspended-sand
concentration and grain-size estimates

The agreement between acoustic dual-frequency sand concentration
estimates and concurrent measurements varies depending on the
application variant and varies within an error of a factor of 2 to 5
(Figure 8). As expected, the acoustic estimates agree better with sam-
pler suspended-sediment data (used for calibration) than with pump
PP36 data (used for validation). Most significant underestimations by
all three methods occur for low, and therefore unimportant,
concentrations.

The sand concentration estimates by the TW16 method are
mostly lower than concurrent measurements, and strongly scattered,
underestimating high concentrations. A possible reason may be an
underestimation of attenuation and backscatter due to the nonlinear
fluid-corrected backscatter profiles. The TW16-A method estimates
most sand concentrations within an error of a factor of 2 compared
with the concurrent samplings. The acoustic estimates are slightly
lower than the sand concentrations obtained using the pump PP36
sampler. The TW16-A tends to underestimate low concentrations and
overestimate high concentrations compared with concurrent sam-

plings. The TW16-B method vyields similar sand concentration
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FIGURE 8 Acoustic dual-frequency sand concentration (a,b,d,e,g,h) and sand median grain-size (c,f,i) estimates compared with concurrent
suspended-sand measurements of the (a,c,d,f,g,i) calibration data and (b,e,h) validation data consisting of pump PP36 sand concentration
measurements and ISCO automatic pump samples during the study period from April 2021 to June 2023 in the River Isére at Grenoble Campus.
Acoustic estimates are determined using the (a-c) TW16 method, (d-f) TW16-A method and (g-i) the TW16-B method. The error bars on the
sand concentration calibration data (a,d,g) correspond to the uncertainty on the suspended-sand concentration determined by the SDC method

(Marggraf et al., 2024).

estimates to the TW16-A method, but its estimates are more
scattered. The acoustic estimates are systematically lower than the
concurrent pump PP36 measurements.

These observed divergences cannot be explained only by the
measurement uncertainty in suspended-sand measurements, which
was determined following the SDC method (Marggraf et al., 2024), but
would be rather caused by the acoustic methods themselves, and is
consistent with literature (Szupiany et al, 2019; Topping &
Wright, 2016).

Ranging within an error of factor of 2 from the line of perfect
agreement compared with the median grain-size measurements, the
sand median grain-size estimates of the three acoustic methods differ
little. Although the acoustic methods estimate the grain size with a
higher precision than the sand concentration, they only provide lim-
ited additional knowledge compared with the results obtained by
physical sampling. For a measured grain size of 200 p m, the acoustic

estimates range between 100 and 400p m. This corresponds to an

error of a factor of 2 and to the entire measured grain-size range on
the calibration dataset.

Finally, among the three application variants, the TW16-A
method yields the sand concentration estimates most consistent with
concurrent measurements, but like the other acoustic methods, it

yields only limited additional knowledge on the grain size.

4.2 | Single-frequency suspended-sand
concentration estimates

Similar observations as for the dual-frequency TW16-A method can
be made for the TW16-A single-frequency sand concentration esti-
mates. Their results are consistent within an error of a factor of 2 with
concurrent measurements, but slightly underestimate the sand con-
centrations compared with concurrent samplings (Figure 9). The esti-
mates obtained using the TW16-A 400 kHz method are more

85US917 SUOWLWIOD 9AIea1D 3|qealdde sy Aq peussnob afe sajote YO 9sN Jo Sa|nJ Joj Ariq 1T 8UIIUO A3]IM UO (SUONIPUOD-PUR-SLLBWOD A8 | IM"ARe1g 1 U1 UO//:SANY) SUONIPUOD pue SWid | 8y 88S *[5202/c0/6T] Uo Ariqi7aulluo Ao|iM ‘stred-osdiq - eiu| Ag 9509'dsa/200T 0T/I0p/Wod" A8 1M Akelq iUl juo//:Sdny woi) pepeojumod ‘T ‘G20z ‘LE86960T



MARGGRAF €T AL.

100

FIGURE 9 Acoustic single-

(b)

10-1{

csand,400kHz (g/l)

frequency sand concentration
estimates compared with concurrent
suspended-sand measurements of the
(a,c) sampler suspended-sediment
measurements used for the
calibration and (b,d) pump PP36 sand
concentration measurements and
ISCO automatic pump samples used
for validation during the study period
from April 2021 to June 2023 in the
River Isére at Grenoble Campus.
Acoustic estimates are determined
using the TW16-A method. The error

100

bars on the sampler suspended-
sediment measurements (a,c)

1071

csand, 1MHz (g/l)

<
e

correspond to the uncertainty on the
suspended-sand concentration
determined by the SDC method
(Marggraf et al., 2024).

101 10°
csamal, meas (g/l)

¢ Sampler ° ISCO e
= Pump —— Perfect agreement

dispersed than the estimates of the TW16-A 1 MHz method. Larger
discrepancies between the acoustic and ISCO pump results may be
related to the uncertainty in the cross-sectional calibration of the lat-
ter, as discussed above. Consequently, higher acoustic concentration
estimates are likely more reliable. The single-frequency estimates of
the TW16 and TW16-B method are included in Section S3.1 in the

Supporting Information.

43 | Comparison of different methods estimating
the suspended-sand fluxes at Grenoble Campus

The six different methods, the empirical rating curve and five acoustic
methods, that is, the three dual-frequency methods (TW16, TW16-A
and TW16-B) and two single-frequency methods (TW16-A 400 kHz
and TW16-A 1 MHz), estimate total transported sand masses during
the study period from April 2021 to June 2023 ranging from 1.35 to
2.59 Mt (Table 4). Over the entire study period, the TW16-A method,
the most reliable tested acoustic method and the well-fitted rating
curve yield similar total sand masses. Grain-size changes caused by
varying sand supply and captured by the dual-frequency acoustic
methods apparently average out over multiple years.

These results indicate that the site is located far enough from the
sand sources and human river and sand management activities to

result in long-term equilibrium processes, for example, by stocking

10°

Csand, meas (g/l)

Error of a factor of 2
Error of a factor of 5

TABLE 4 Total suspended-sand fluxes during the study period
from April 2021 to June 2023 in the River Isére at Grenoble Campus
determined using the described methods.

Relative difference

Method Total sand mass (Mt) from rating curve (%)
TW16 2.6 24

TW16-A 22 5

TW16-B 1.7 -19

TW16-A 400 kHz 1.5 —-29

TW16-A 1 MHz 1.3 -38

Rating curve 2.1 -

sands in the riverbed or on sand banks. Consequently, the rating-
curve method can vyield valuable results over longer time periods,
which would not be possible at a site strongly influenced by dam
operations for example. The TW16-A method, however, likely pro-
duces more accurate estimates of sand fluxes during the shorter time-
scales of individual floods, because it reacts to the changes in sand
supply and grain size.

Because all deployed methods are uncertain, the true total sand
flux is unknown. Therefore, only relative comparisons can be made,
and the most accurate method cannot be identified. Compared with

the traditional rating-curve estimates, the relative differences range
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from —38% to 24%, which is less than a factor of two and thus
acceptable. Consequently, these long-term results vary less among
the tested methods than the short-term estimates of each method
compared with the results of concurrent samplings, where errors of a
factor of 2 to 5 are observed.

Analysing the cumulative sand fluxes during the study
period shows distinct sensitivities of the tested methods to
hydro-sedimentary conditions, particularly at the event scale
(Figure 10).

The differences in the total sand masses originate mostly from
the spring flood period in 2021. During this period, measured and
acoustically estimated sand median grain sizes are finer than the ref-
erence sand median grain size, and sand concentrations are higher
than the reference sand concentration (see Section S3.2 in the
Supporting Information for details; Section 3.4 outlines that refer-
ence concentrations and grain sizes are constant for a given study
site). All three dual-frequency methods estimate high sand fluxes,
whereas the two TW16-A single-frequency methods estimate lower
sand fluxes, because they do not consider that the sand was finer
than the reference sand. This highlights the biases inherent in the

single-frequency methods caused by grain-size changes and the

mwl LEY 15 of 23

effect of the grain-size correction included in the dual-frequency
methods.

The rating-curve method calculates sand transport during low-
discharge periods in summer and autumn, whereas the acoustic
methods measure hardly any transport. During the snow melt period
in spring 2021, the rating-curve method calculates lower sand trans-
port than what the TW16-A method measures, while it estimates
higher fluxes in spring 2023 than what the TW16-A method mea-
sures. The reason for these discrepancies with opposing signs
between the methods is that the sand was finer during the snow melt
flood in 2021 than it was in 2023.

Acoustically derived concentrations and grain sizes during a
period with high discharges of up to 550 m®/s in May 2021 illustrate
well the general observations (Figure 11). First, the fine-sediment con-
centrations estimated by the TW16-A method correspond well with
the concurrent samplings. Second, the acoustically derived sand con-
centrations are more variable and differ more from samplings than
fine-sediment concentrations. This variability likely indicates both
measurement uncertainty and natural fluctuations in time and space
in sand concentration, which may account for several orders of magni-

tude. Although the sand concentration estimated by the single- and
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FIGURE 10 Hydro-sedimentary records during the study period from April 2021 to June 2023 in the River Isére at Grenoble Campus:
(a) discharge and (b) cumulative sand mass determined using an empirical power rating curve (Equation 1) and five acoustic methods: the TW16,
TW16-A and TW16-B method and the two single-frequency parts within the TW16-A method.
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FIGURE 11 Hydro-sedimentary records during a snow melt in May 2021 in the River Isére at Grenoble Campus: (a) discharge and
suspended fine-sediment concentration estimated by the TW16-A method and measured by suspended-sediment measurements and ISCO
automatic pump samples, (b) suspended-sand concentration estimated by the single- and dual-frequency TW16-A methods and sampler
suspended-sediment measurements and calibrated ISCO samples and (c) median sand grain size estimated by the TW16-A method and measured

by suspended-sediment measurements.

dual-frequency TW16-A methods strongly fluctuate, the dual-
frequency and 1 MHz TW16-A methods estimates are consistent with
concurrent samplings. Third, small variations in the sand median grain
size are detected by the TW16-A acoustic method. The systematic
decrease in grain size during the rising limb of the flood corresponds
to that observed in the sampler suspended-sediment measurements
(Figure 2d). Because the acoustic dual-frequency method estimates
grain-size changes, it can detect at least relative changes in sand

median grain size at the event scale.

44 | Comparison of acoustic models and
measurements

441 | Relative unit target strength RUTS
Considerable scatter in the calculated RUTS values occurs for the two
frequencies (Figure 12). The slightly higher scatter in the calculated
RUTS from the 400 kHz HADCP results from the higher scatter about
the 400 kHz BBC relation. Moreover, a difference between the acous-
tic models and measurements can be observed which may be caused
by a changing relation between the suspended-sediment conditions in
the ensonified zone and in the entire cross-section. It may also par-
tially explain the high uncertainties in the sand concentration and

grain-size estimations.

442 | Attenuation and backscatter

For the two frequencies and the US P-6 and US P-72 sampler
suspended-sediment measurements and calibrated ISCO pump sam-
ples, the modelled and measured attenuation agree acceptably within
a factor of 2 (Figure 13a,b). The measurements using the 400 kHz
HADCP overestimated the attenuation compared with the model,
whereas the 1 MHz measurements slightly underestimated the mod-
elled attenuations. Considerable scatter for attenuations less than ~
0.1dB/m, may indicate a lower measurement limit at attenuations of
0.1dB/m. These results are consistent with previous studies indicating
high discrepancies for low attenuations and decreasing discrepancies
with increasing concentration (Haught et al., 2017; Topping &
Wright, 2016; Vergne et al., 2023). The visible, strong correlations
may be explained by the good performance of the used acoustic-
attenuation models under the conditions present at the study site and
the homogeneity of the suspended fine sediments in the cross-
section.

In contrast to the attenuation, modelled and measured backscat-
ter intensities are significantly scattered for the 400 kHz HADCP but
agree better for the 1 MHz HADCP (Figure 13c,d). Theoretically,
increasing sand concentrations should cause increasing backscatter.
Such a trend is clearly visible for the 1 MHz HADCP but not for the
400 kHz HADCP. Similar behaviour is shown by the BBC calibrations

relating sand concentration to backscatter (Section S2.1 in the
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Supporting Information). Interestingly, the highest sand concentra-

tions do not cause the highest backscatter values at the two frequen-
cies, but the highest backscatter values correspond to moderate sand
concentrations. As already stated for the RUTS comparisons, the scat-
ter and this final observation both likely arise from variation in how
the sediment conditions in the ensonified zone relate to those in the
entire cross-section.

5 | DISCUSSION

51 | Technical and methodological issues in the
applied variants

5.1.1 | Nonlinear fluid-corrected backscatter
profiles

Many fluid-corrected backscatter profiles observed in the River Isére
at Grenoble Campus increase within the first few metres in the far
field or in the distant part of the acoustic beam (Figure 7, see
Section 52.3 in the Supporting Information for details). This occurs
even after adjusting the zone of the beam used for the analysis for
the adapted TW16-A and TW16-B methods (Section S2.3 in the
Supporting Information). They do diverge from the expected linear
form, required for the determination of the acoustic attenuation.
Therefore, it is crucial to pay attention to this issue and adapt the
zone of the beam used for analysis, if required, and tested in methods
TW16-A and TW16-B.

A possible explanation is that the sediment is not quite homoge-
neously distributed along the beam (Section $2.4 in the Supporting
Information). Another possibility is related to the signal-to-noise ratio,
which has been found to influence the signal at signal-to-noise ratios
smaller than 10 (Gostiaux & van Haren, 2010). Because almost all our
measurements have signal-to-noise ratios smaller than 10, this may
explain the nonlinear behaviour in the distant zone of the beam
(Haught et al., 2017), but not necessarily in the central part.

Different approaches to cope with nonlinear profiles exist: cutting
or correcting nonlinear profiles or profile parts. The two approaches
applied in this study are cutting the beam based on specific criteria,
either the effective-noise floor, the signal-to-noise ratio or the buffer
zone. In contrast, Haught et al. (2017) corrected the initial acoustic
signal strength profile by applying a correction proposed by Gostiaux
and van Haren (2010). Their approach may be interesting to extend
the measurement range under high sediment concentrations when
the noise floor is quickly reached. Comparing the Haught et al. (2017)
method to the other two approaches using our dataset may improve

the correction of nonlinear profiles.

512 |
noise floor

Data processing when approaching the

For horizontal ADCPs, the determination of the valid cells along the
beam is important, because beam-averaged values are computed and
no cell-by-cell analysis is performed as done for vertical deployments.
In this study, two different approaches defining the last valid cells

were applied: (1) The effective-noise-floor approach for the TW16

method (Topping & Wright, 2016, p. 15 and Appendix 7) and (2) the
signal-to-noise ratio approach for the TW16-A and TW16-B methods.
In our results, the differences between the two approaches are
smaller for the 1 MHz than for the 400 kHz HADCP, for which they
depend slightly on the suspended-sediment concentration.

Two reasons question the use of the effective-noise-floor
approach as used by Topping and Wright (2016). First, the iterative
determination of the most appropriate noise-floor offset for each
HADCP is time consuming and user dependent. Second, this method
is not able to exclude the nonlinear parts in the distant zone of the
400 kHz fluid-corrected backscatter profiles. In our measurements,
the 400 kHz HADCP rarely reaches the noise floor, so that the guess
of the noise-floor offset is difficult to impossible.

The signal-to-noise ratio approach applies an objective threshold
to separate valid from non-valid data (Vergne et al, 2020). This

method is simple, objective and quick.

5.1.3 | Grain-size limit of the RUTS-based approach
The dual-frequency approach can only be applied in the Rayleigh
regime (x = kas < 1), because in the geometric regime (x > 1), the acous-
tic response, that is, the form factor, does not depend on the grain
size anymore (Hay, 1991; Thorne & Meral, 2008). For the frequencies
used in this study, x=1 corresponds to 1194 and 477 1 m for the
400kHz and the 1MHz HADCPs, respectively. Though sand-sized
flocs are rare in rivers with low organic content particles like the River
Isére, the limit between the Rayleigh and geometric regimes in the
presence of flocs is reached earlier, because their target strength is
higher than the target strength of their primary particles (Fromant
et al.,, 2017; Sahin et al., 2017; Thorne et al., 2014; Vincent &
MacDonald, 2015).

Approaching the Rayleigh-geometric regime limit, the RUTS cur-
ves flatten, which leads to large grain-size variations for small differ-
ences in experimental RUTS. Consequently, the actual grain size
usable for reliable acoustic estimates is much lower than the grain
size associated with the regime limit. To avoid this grain-size zone,
Dean et al. (2022) recommend to set the upper grain-size limit at the
coarsest measured sand grain size. However, this excludes the possi-
bility of coarser grain sizes than those sampled, for example, during
specific events or distinct hydro-sedimentary conditions. Fixing such a
limit requires stable long-term hydro-sedimentary conditions at the
study site and their detailed knowledge and thus a high number of

suspended-sediment samplings.

5.2 | Divergences between the acoustic models
and measurements

We observe considerable divergences between acoustic models and
measurements of attenuation, backscatter and relative unit target
strength RUTS (Figures 12 and 13). Earlier studies found considerable
scatter in attenuation for low concentrations less than 0.1 (Haught
et al,, 2017) and 1g/L (Vergne et al., 2023) and better agreement for
higher concentrations, as observed for similar frequencies at Grenoble
Campus. Frequencies smaller than 0.5MHz measure attenuations

smaller than the modelled results, whereas less differences were
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observed using the 1 MHz HADCPs in this study and by Vergne et al.
(2023).

Much higher differences occur between the modelled and mea-
sured backscatter in this study and in Vergne et al. (2023). We found
higher scatter using the 400 kHz HADCP than using the 1 MHz
HADCP, in contrast to Vergne et al. (2023) who observed significant
dispersion at 1 MHz. However, the k; values in this study are guessed
to obtain optimal agreement, whereas Vergne et al. (2023) have reli-
able manufacturer information on k;. Based on theory, the backscatter
intensity  should increase  with  concentration, but the
backscatter intensities measured using frequencies lower than
500kHz are affected by large scatter (in this study and Vergne et al.,
2023).

The observed divergences between the modelled and measured
values may arise from several reasons: (1) the presence of ignored
scatterers (not sediment), (2) deviation of the backscatter distribution
from the Rayleigh distribution and (3) measurement uncertainties
(Vergne et al., 2023).

First, at low concentrations, the influence of clusters of small air
bubbles (Shen & Lemmin, 1997) or microstructures (Lavery
et al., 2003, 2013; Seim et al., 1995) due to turbulence may become
significant due to a lack of particles serving as scatterers (Vergne
et al., 2023). As discussed above, flocculation may increase the target
strength leading to a quicker transition to the Rayleigh-geometric
regime limit (Fromant et al., 2017; MacDonald et al., 2013; Rouhnia
et al., 2014; Sahin et al, 2017; Thorne et al., 2014; Vincent &
MacDonald, 2015). This effect is supposed to be greater at lower fre-
quencies (Vergne et al., 2023), which may contribute to the diver-
gences between modelled and measured backscatter using the
400 kHz HADCP.

In situ measurements of air bubbles and flocs are essential—but
very difficult to obtain—to confirm or discard these assumptions, par-
ticularly, if they were available for every suspended-sediment mea-
surement. This may help to correct the acoustic measurements for the
observed effects. However, more research is needed to understand
the formation of air bubbles and flocs; to evaluate the percentage,
structure and density; and to be able to predict their concentration
based on hydro-sedimentary conditions, such as flow and wind veloci-
ties, particle size or organic matter content.

Second, the deviation of the backscatter distributions from the
Rayleigh distributions is considered as another important reason for
the observed divergences between acoustic models and measure-
ments (Vergne et al., 2023). It is caused by a very small number of par-
ticles of a specific type (Stanton & Clay, 1986; Tuthill et al., 1988) and
particularly affects lower frequencies due to their higher sensitivity to
large particles, air bubbles and flocs. In this study, large cell sizes were
used to decrease this effect (Chu & Stanton, 2010), and the sand con-
centration was rarely very small compared with the fine-sediment
concentration (i.e., large ratios S). Therefore, this deviation from Ray-
leigh statistics may be relatively small.

Third, several measurement uncertainty sources may affect the
modelling of the acoustic response, for example, the actual grain-size
measurements (Haught et al., 2017; Laible et al., 2023; Vergne et al.,
2023), the grain-size integration throughout the cross-section
(Marggraf, 2024) and the determination of sand concentration follow-
ing the SDC method (Marggraf et al., 2024). In addition, further uncer-

tainty may be introduced by the comparison of different areas: The

HEd-WILEY

measurements were performed along the beam, whereas the mod-

elled values were determined using cross-sectional averages. Due to
the spatial heterogeneity of the sand concentration and grain size, its
impact may not be negligible. However, this variation along the acous-
tic beam may cause the nonlinear fluid-corrected backscatter profiles.

Divergences between the modelled and measured RUTS may also
relate to the calculation of the form factor for fine sediments. The
application of commonly used acoustic models may yield major errors,
because these models were largely developed for spherical, solid
particles, which differ from the actual properties of clay and silt parti-
cles (Vergne et al., 2023). Even though the percentage of suspended
clays in the suspension in the River Isére at Grenoble Campus is small,
the present silt-sized particles are flat and oblate particles with a
mica-like structure. These particles may hardly be represented by
spherical, solid particles as in acoustic theories used to calculate the

form factor.

5.3 | Implications and benefits of this work

A major benefit of this study is the improved explanation and descrip-
tion of the dual-frequency method of Topping and Wright (2016). This
clarification of their workflow facilitates the reproducibility of their
method. Moreover, the application and adaptation to the River Isére
is one of the only studies, where an existing acoustic method has been
applied and validated by another research group, enhancing the confi-
dence in this method and its reproducibility. This validation shows the
successful estimation of sand (Section 4) and fine-sediment concen-
tration (Section $3.4 in the Supporting Information) and sand median
grain size with an error of a factor of 2 under different conditions,
coarser sand particles and changing S ratios, at the study site of Gre-
noble Campus.

Another benefit is the enhancement of the Grenoble Campus
experimental station by continuous acoustic measurements and the
creation of a large open-access dataset composed of acoustic and
suspended-sediment sampling data. This hydroacoustic measurement
station, initially launched for research purposes, is now continued for
the operational monitoring of suspended-sand concentration as the
first French hydroacoustic sand-suspension monitoring station.
The hourly data acquisition, easy data retrieval and quick acoustic
analysis may also allow real-time monitoring of suspended-sand con-
centration and grain size, for example, under hydro-sedimentary con-
ditions of specific interest, such as floods or dam flushes.

To transpose the dual-frequency approach to another study site,
suspended-sediment measurements under all hydro-sedimentary con-
ditions occurring at the study site are required. These samplings may
be performed using faster sampling methods that yield mean cross-
sectional information such as depth-integrating or pump PP36 sam-
pling to decrease the operational time and costs. In addition to these
cross-sectional samplings, one-point samplings on the riverbank may
be added. Once calibrated, they offer valuable information on fine-
sediment concentrations, as well as sand concentrations when cross-
sectional measurements are not possible. Although these samplings
represent a non-negligible effort, they are essential for the correct
application of this semi-empirical method, for example, to estimate
reliable reference suspensions and the BBC relations. Even though the

grain-size estimation yields limited additional knowledge, using two
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frequencies is necessary to obtain reliable sand concentration esti-

mates, due to the correction of the grain-size bias.

6 | CONCLUSIONS

The dual-frequency acoustic method of Topping and Wright (2016)
was applied to the River Isere at Grenoble Campus for a study period
of 27 months using 400 kHz and 1 MHz HADCPs. Its application
required some adaptations to improve the estimations due to local
conditions and measured nonlinear profiles. The first adaptation pre-
sents the use of the Downing critical distance to apply the method in
the acoustic far field only. The second adaptation introduces the use
of a buffer zone around the intersection of the acoustic beam with
the free surface to avoid spurious echoes. Finally, the iterative and
user-dependent estimation of the effective-noise floor was replaced
by the quick and objective signal-to-noise ratio approach.

The adapted dual-frequency methods provide acceptably accu-
rate sand concentration estimates at a higher sensitivity to local sus-
pension properties, particularly at the event scale, than a well-fitted
empirical rating curve with critical discharge. The dual-frequency
results are more accurate than the single-frequency results because
they do provide a grain-size correction, whereas single-frequency
approaches hardly work in rivers with larger ranges in sand grain size.
Concentration and grain-size estimates are affected by less than
100% uncertainty. Compared with sand concentration, acoustic grain-
size predictions are more difficult due to the low sand grain-size
range. At the event scale, however, the method is sensitive enough to
provide additional insights into sand grain-size changes and dynamics.

Considerable differences between modelled and measured rela-
tive unit target strength, attenuation and backscatter question the use
of the solid-particle theory for cohesive fluvial particles, where further
scatterers such as air bubbles and flocs may contribute to the acoustic
response.

Finally, this work shows the ability of acoustic methods to esti-
mate and predict suspended-sand concentrations continuously and
with uncertainty levels compatible with operational purposes. Moni-
toring sand grain size proved difficult in the River Isére, even with
dual-frequency methods. To overcome this issue, further research
may focus on the use of more frequencies and the development of
acoustic theories for particles differing from spherical solid particles,
such as oblate or flat (clay) particles or flocs.

NOMENCLATURE

Roman symbols

as particle radius (m)

a equation coefficient in the sediment-rating curve (-)
ar radius of the transducer (m)

A acoustic amplitude (counts)

A effective-noise floor (dB)

AN instrument-noise floor (counts)

Aotfset noise-floor offset (counts)

b equation coefficient in the sediment-rating curve (-)
bse scalefactor (dB/m)

B backscatter (dB)

B’ backscatter arising from fine sediments (dB)

B beam-averaged backscatter (dB)

Bbase

Bet, high

Br
Bmodel

B1.,Iow

B2.Iow

(of

Cﬁ nes

Cﬁnes‘ HADCP

Cines, 1sco

Csand

Csand, 1scO

Csand, ISCO, corr

Csand. meas

Csand, ref

Csand, sampler

Ctot
Dso, fines

DSO, sand

Ds0, sand, HADCP

DSO, sand, ref
D50, sed
foo

fsand‘ ref

fsed

ke

K1 jow
K1 high
K2jow

K2 high

beam-averaged backscatter used to establish the
BBC relation (dB)

effective backscatter of the higher frequency
HADCP (dB)

fluid-corrected backscatter (dB)

modelled backscatter (dB)

first effective backscatter of the lower frequency
HADCP (dB)

second effective backscatter of the lower frequency
HADCP (dB)

speed of sound (m/s)

mean cross-sectional suspended fine-sediment con-
centration (g/L)

mean cross-sectional suspended fine-sediment con-
centration estimated by the acoustic method (g/L)
suspended fine-sediment concentration measured
using an ISCO sampler (g/L)

mean cross-sectional suspended-sand concentration
(g/L)

suspended-sand concentration measured using an
ISCO sampler (g/L)

calibrated suspended-sand concentration measured
using an ISCO sampler based on the index concen-
tration method (g/L)

mean cross-sectional suspended-sand concentration
determined by concurrent measurements (g/L)

mean cross-sectional reference suspended-sand
concentration (g/L)

mean cross-sectional suspended-sand concentration
obtained by sampler suspended-sediment measure-
ments (g/L)

suspended-sediment concentration obtained by tur-
bidity measurements (g/L)

mean cross-sectional median fine-sediment grain
size

mean cross-sectional median sand grain size

mean cross-sectional median sand grain size esti-
mated by the acoustic method

mean cross-sectional median grain size of the refer-
ence sand grain-size distribution

mean cross-sectional median sediment grain size
form factor (-)

value of the Thorne and Meral (2008) form function
over the reference sand grain-size distribution (-)
value of the Thorne and Meral (2008) form function
over the total grain-size distribution (-)

acoustic wave number (m™1)

instrument calibration constant

slope of the aseq—Crines relation

coefficient of the lower frequency HADCP BBC
relation

coefficient of the higher frequency HADCP BBC
relation

coefficient of the lower frequency HADCP BBC
relation

coefficient of the higher frequency HADCP BBC
relation
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Q multiple-transect average liquid discharge (m®/s) DATA AVAILABILITY STATEMENT
Qo critical discharge used in empirical sediment rating Suspended-sediment measurements and ISCO automatic pump sam-
curve (m3/s) pler data are available at https://doi.org/10.57745/YTCYSX and
uTsS unit target strength (dB) described by Marggraf (2024), acoustic data are available at https://
UTS e unit target strength of the reference sand distribu- doi.org/10.57745/KRY5DX, discharge and turbidity data are available
tion (dB) at a public online database called ‘Base de Données des Observatoires
r distance from the transducer (m) en Hydrologie (BDOHY) (Thollet et al., 2021) on https://dx.doi.org/10.
ro reference distance of 1 m from the transducer (m) 17180/0OBS.ARC-ISERE. The Python codes required for data analysis,
RUTS relative unit target strength (dB) acoustic signal inversion and visualization are available on https://
RUTSgand, ref theoretical RUTS for the reference sand distribution github.com/JessicaMarggraf/Acoustic-sand-flux-analysis.
(dB)
Sy backscattering cross-section of a unit reverberating ORCID
volume (1/m°) Jessica Marggraf © https://orcid.org/0000-0002-9372-5494

S ratio of the mean cross-sectional suspended fine-
sediment concentration to the suspended-sand con-
centration Cfines/Csand (-)

SNR signal-to-noise ratio (-)

ty acoustic ping duration (s)

Greek symbols

Osed acoustic attenuation related to the sediments (m™?)
Qsed, model modelled acoustic attenuation related to the sedi-
ments (m~?)

Qsed. model. fines ~ Modelled acoustic attenuation related to the fine sed-
iments (m~1Y)

Qsed. model,sand ~ Modelled acoustic attenuation related to the sands

(m™Y)

Qunit sediment-attenuation constant (m1)

aw coefficient of absorption of acoustic energy in water
(dB/m)

Psand density of the sand suspension (kg/m?)

Psand, ref density of the reference sand suspension (kg/m°)

Poed density of the suspended-sediment (kg/m°)

Cfines geometric standard deviation of the log-normal fine-
sediment grain-size distribution (®)

Osand geometric standard deviation of the log-normal sand
grain-size distribution (®)

Gsand, ref geometric standard deviation of the log-normal
grain-size distribution of the reference sand distribu-
tion (®)

D suspended-sand flux determined using the rating
curve (kg/s)

Dgand suspended-sand flux (kg/s)

W downing near-field correction (-)

¢ sediment-attenuation constant ((dB L)/(m g))
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