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ABSTRACT: Quantifying sediment flux within rivers is a challenge for many disciplines due, mainly, to difficulties inherent to tra-
ditional sediment sampling methods. These methods are operationally complex, high cost, and high risk. Additionally, the resulting
data provide a low spatial and temporal resolution estimate of the total sediment flux, which has impeded advances in the under-
standing of the hydro-geomorphic characteristics of rivers. Acoustic technologies have been recognized as a leading tool for increas-
ing the resolution of sediment data by relating their echo intensity level measurements to suspended sediment. Further effort is
required to robustly test and develop these techniques across a wide range of conditions found in natural river systems. This article
aims to evaluate the application of acoustic inversion techniques using commercially available, down-looking acoustic Doppler cur-
rent profilers (ADCPs) in quantifying suspended sediment in a large sand bed river with varying bi-modal particle size distributions,
wash load and suspended-sand ratios, and water stages. To achieve this objective, suspended sediment was physically sampled
along the Paraná River, Argentina, under various hydro-sedimentological regimes. Two ADCPs emitting different sound frequencies
were used to simultaneously profile echo intensity level within the water column. Using the sonar equation, calibrations were deter-
mined between suspended-sand concentrations and acoustic backscatter to solve the inverse problem. The study also analyzed the
roles played by each term of the sonar equation, such as ADCP frequency, power supply, instrument constants, and particle size
distributions typically found in sand bed rivers, on sediment attenuation and backscatter. Calibrations were successfully developed
between corrected backscatter and suspended-sand concentrations for all sites and ADCP frequencies, resulting in mean suspended-
sand concentration estimates within about 40% of the mean sampled concentrations. Noise values, calculated using the sonar equa-
tion and sediment sample characteristics, were fairly constant across evaluations, suggesting that they could be applied to other sand
bed rivers. © 2018 John Wiley & Sons, Ltd.
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Introduction

Traditional methods often used to estimate suspended-sediment
transport rates require the deployment of appropriate sediment
samplers (Davis, 2005) and, if sampling from a boat, holding
the boat stationary for water column sediment sampling (Gray
et al., 2008). Thewater flow variable for calculating sediment flux
often is determined through stationary or moving-boat acoustic
Doppler current profiler (ADCP) measurements (Turnipseed and
Sauer, 2010; Mueller et al., 2014). These discrete sediment sam-
pling and flowmeasurement methods, traditionally used together

to estimate sediment flux, have been widely evaluated and ac-
cepted; however, the total cost associated with field measure-
ments can be substantial or even prohibitive (Gray et al., 2008),
especially in rivers that cannot be waded. Moreover, safety con-
siderations during floods or periods of heavy navigational traffic
sometimes prevent collecting samples.

Additionally, and maybe the most important factor for the
geomorphological and sediment research community, the low
space–time resolution achieved by these methods hinders the
understanding of the interaction of flow and sediment transport
and resulting morphodynamics on river systems.
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During the last two decades, a variety of surrogate technolo-
gies based on optical, laser, and acoustic principles has been
proposed to address these technological, economic, and safety
issue shortcomings (Gray and Gartner, 2010). Though success-
ful application of surrogate technologies to quantify sediment
transport rely on the collection of suspended-sediment samples
to develop calibrations (Gray and Gartner, 2010), these calibra-
tions can be applied when it is not feasible to collect samples,
ultimately reducing the cost and risk of obtaining sediment
data. Acoustic technologies, based on commercial ADCPs,
have been recognized as potential tools for the quantification
of sediment transport in natural streams using their echo inten-
sity levels as a measure of acoustic backscattering strength. The
use of ADCPs present some important advantages in compari-
son with the other technologies such as the possibility to simul-
taneously measure flow and backscatter strength, with high
spatial and temporal resolution, while moving the ADCP across
the river.
Research has focused (using down-, side- or up-looking

ADCP deployment) on the relation of suspended sediment
and corrected backscatter (Thorne et al., 1993, 1998; Reichel
and Nachtnebel, 1994; Holdaway et al., 1999; Thorne and
Hanes, 2002; Gartner, 2004; Wall et al., 2006; Topping et al.,
2007; Deines, 1999; Szupiany et al., 2009; Hanes, 2012; Guer-
rero et al., 2013, 2016; Latosinski et al., 2014; Thorne and
Hurther, 2014; Landers et al., 2016; Manaster et al., 2016;
Venditti et al., 2016; Topping and Wright, 2016; Mullison,
2017; Hackney et al., 2018), acoustic attenuation and scatter-
ing properties (Thorne and Meral, 2008; Wright, et al., 2010;
Sassi et al., 2012; Moate and Thorne, 2013; Moore et al.,
2013; Agrawal and Hanes, 2015; Hanes, 2016; Topping and
Wright, 2016; Haught et al., 2017), and acoustic scattering by
suspended flocculating sediments (Thorne and Hurther, 2014;
Vincent and McDonald, 2015; Thomas et al., 2017).
Despite this progress, further effort and evaluation are re-

quired, especially over a range of natural conditions and in
sand bed rivers characterized by sediment transport mixtures
that include both suspended river bed sand and finer (wash
load) fractions of silt and clays. At most river sites, fine wash-
load fractions of sediment are homogeneously distributed
across a river cross-section, but sand-sized fractions of sedi-
ment can greatly vary with depth and width. Moreover, both
wash load and sand fractions may vary by site and hydrologic
condition, altering the characteristics of sound propagation into
sediment-water mixture and resulting measurements of echo
intensity level (acoustic backscatter) and attenuation (Wright
et al., 2010; Agrawal and Hanes, 2015; Hanes, 2016). The im-
portance of acoustic backscatter and attenuation of suspended
sediment has received a fair amount of attention during the past
few years; nonetheless, many theoretical formulations and sim-
plifications remain invalid or untested in field environments
when sediment characteristics substantially vary within an
acoustic measurement volume, which hinders the develop-
ment of a more general methodology to be applied by using
down-looking ADCPs.
The objective of this article is to investigate the behavior of

sound propagation produced by ADCPs in a large river with bi-
modal particle size distribution (PSD), which is typical of sedi-
ment characteristics of many rivers throughout the world.
Field surveys were conducted in conditions with different ratios
between suspended wash-load (clay–silt) concentration (Ms1)
and sand concentration (Ms2), at various sites and water stages.
For each study condition, each term of the sonar equation is an-
alyzed with focus on: (i) the noise level variation, (ii) effect of
PSDs andMs1/Ms2 ratios on sound attenuation and backscatter-
ing strengths, (iii) influence of ADCP powering source and, (iv)
ADCP-emitted sound frequency. Finally, scope, limitations

and recommendations of the applied methodology are
discussed to propose good practices for similar applications in
sand bed rivers.

Study Area and Methodology

Two zones were surveyed multiple times on the Paraná River,
Argentina (Figure 1). The first study area (Zone A), located close
to Santa Fe City, Argentina (31°39017.04″S, 60°35033.87″W) is
on the Colastiné River, which is a secondary channel of the
Paraná River middle reach (see Figure 1b). The second
surveyed area (Zone B) is at the main channel of the Paraná
River on a reach upstream from Zone A, slightly downstream
of the confluence with the Paraguay River (27°22023.41″S,
58°4307.18″W) (see Figure 1a). Fieldwork was conducted under
two hydrologic conditions at Zone A, on March 17, 2014 and
September 20, 2014 (referred in text as surveys Aa and Ab, re-
spectively) and on February 25, 2015 at Zone B. The discharges
in the Colastiné River at the time of the surveys were 1485m3 s-1

and 1983m3 s-1 for Aa and Ab, respectively, with the first survey
corresponding to a mean annual flow level and the second sur-
vey at a bankfull stage. For Zone B, the discharge was 16
659m3 s-1 during the experimental campaign, corresponding
to a low level (mean annual flow of 19 537m3 s-1).

In the upper reach (Zone B) downstream of the
Paraná–Paraguay confluence, a substantial amount of silt, clay
and very fine sand inflow from the Bermejo–Paraguay Rivers is
expected from January to April with a typical total concentra-
tion range of 1000 to 2000mg l-1 (Drago and Amsler, 1988;
Lane et al., 2008). Upstream of the confluence, the Paraná
River usually transports very low suspended-sediment concen-
trations (i.e. less than 30mg l-1), as observed in different colors
upstream and downstream of the confluence (Figure 1a). At its
middle reach (Zone A), silt- and clay-size sediment are
homogenously distributed without substantial variation within
the water column and cross-section (Drago and Amsler, 1988,
1998; Lane et al., 2008). For this study, sediment particle sizes
larger than or equal to 62.5μm were considered to be the sand
(coarse) fraction; smaller particles were considered to be the
wash load (fine clay–silt) fraction.

At the study zones, the bed is composed almost completely
of sand (> 90%) with small amounts of silt and clay (< 4%)
(Drago and Amsler, 1998). Drago and Amsler (1998) reported
the presence of coarse and medium sand (mean particle size
of 412mm) within the range 28–63% in bed material samples
at Zone B, whereas these percentages decrease markedly to
11% and 51% and mean particle size reduces to 320mm in
bed material samples in Zone A.

In contrast with available bed material PSD information, the
characteristics of suspended sediments have not been well de-
scribed by previous studies. Recently, Latosinski et al. (2014)
observed, at Zone A, mean particle with sizes of 105μm and
7μm for the suspended-sand and clay–silt fractions,
respectively.

Fieldwork consisted of simultaneous water column profiling
using two Rio Grande ADCPs from Teledyne RD Instruments
that operated at 1200 kHz and 600 kHz frequencies. These pro-
vided vertical profiles of flow velocity and water column echo
intensity. In parallel, isokinetic suspended-sediment samples
were taken by means of a US P-61 point sampler (Edwards
and Glysson, 1999; Davis, 2005) using an US Geological Sur-
vey (USGS) E-reel. These measurements were performed from
an anchored boat during optimal weather conditions, which
limited the overall motion (heave, yaw and pitch) and any lat-
eral drifting on the anchor to less than 2m during the sampling
periods. The sampler’s hydraulic efficiency was tested at the
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beginning of each survey, eventually setting the period for
opening and closing of the nozzle to produce isokinetic sam-
pling. During the first survey Aa (Colastiné River), both ADCPs
were used, whereas only the 1200 kHz instrument was de-
ployed in survey Ab and Zone B.
The same fully charged battery was used to power both

ADCPs in survey Aa. A brand new fully charged battery and a
generator with a power inverter were used in survey Ab and
Zone B, respectively.
A differential global positioning system (DGPS) with real-

time kinematic (RTK) correction was used to continuously and
accurately record the boat and instrument position and
velocity.
In the first survey (Aa), five verticals (namely Aa1, Aa2, Aa3,

Aa4 and Aa5) were investigated across the river channel. The
Equal Discharge Increment (EDI) method (Edwards and
Glysson, 1999) was used to determine the locations of the
sampling verticals, using ADCP cross-section measurements
processed in software developed by the USGS (http://
hydroacoustics.usgs.gov/movingboat/EDI1.shtml). To increase
the amount of data for evaluation, additional verticals Aa6
and Aa7 were located between Aa3–Aa4 and Aa4–Aa5,
respectively.
The second survey Ab, consisted of three verticals (Ab1, Ab2

and Ab3) located at different positions along the study reach,
which gave different hydraulic and sediment transport
conditions.
In Zone B, four verticals (B1, B2, B3 and B4, see Figure 1a)

across the river channel measured different conditions of
suspended material from the Paraná and Paraguay Rivers,
according to the sediment distribution downstream of the

confluence. Verticals B2 and B3 were at the right side of the
channel where the highest concentrations were expected be-
cause of the Paraguay River inflow; B1 was located in the
mixing region of the confluence and B4 was at the true left side
of the channel, outside of the turbidity plume produced by the
Paraguay River inflow.

Five samples per vertical, corresponding to 0.2, 0.4, 0.6, 0.8
and 0.9 of the water depth (h), were collected in survey Aa and
Zone B while three depths were sampled at survey Ab (0.2, 0.6
and 0.8 h). ADCPs concurrently profiled flow velocity and wa-
ter column echo intensity.

Wet sieving, water evaporation, sediment drying, and
weighing were performed for each sample to segregate wash
load and sand fractions of sediment concentrations in the sam-
pled volume. These techniques provided wash-load concentra-
tion (Ms1) and suspended-sand concentration (Ms2) values,
respectively, and were used later for particle size analysis.

For Zone A, the wash-load material was analyzed by using
the particle sizing Malvern Mastersizer 2000. Three repetitions
were averaged for each sample. ImageJ code processing
(Rasband and Ferreira, 2012) and a scanning electron micro-
scope (SEM) were applied to analyze the sand fractions accord-
ing to methods in Kumar et al. (2010). The Horiba LA-910
Particle Size Analyzer measured the mean particle sizes of both
sand and wash-load fractions of samples from Zone B. Volu-
metric particle distribution obtained from both methods was
transformed to number particle distribution following Moore
et al. (2013). The number particle distribution was used for all
analyses. Note that samples from verticals Aa6, Aa7, Ab1,
Ab2 and Ab3 were not fully processed for all particle size pa-
rameters; the concentration values from these samples were

Figure 1. Study zones. (a) Zone B: Upper Paraná reach downstream of the Paraná–Paraguay confluence. (b) Zone A: Middle Paraná reach and its
secondary reach Colastiné River. Note in Zone B the sampled verticals (B1–B4) are located downstream of the Paraná–Paraguay confluence.
[Colour figure can be viewed at wileyonlinelibrary.com]
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used to validate the acoustic methodology assuming the mean
particle sizes from survey Aa.

ADCP and Suspended Sediment: A Review of
Theoretical Considerations

+B: Acoustic formulation for suspended-sediment
particles

The propagation of an emitted signal with power intensity I0 (EL
in dB with an arbitrary reference intensity Iref) into a water sed-
iment mixture is usually modeled accounting for the volume
backscatter strength (Sv), sound losses and spherical spreading,
which may be referred to as volume backscatter correction (Sc
in dB) eventually giving the received power intensity I (referred
to as RL in dB with the same arbitrary reference intensity Iref as
for EL). Under ideal conditions, the received intensity is propor-
tional to the emitted level and the corrected backscatter
strength (i.e. Sv – Sc in dB). Therefore, a simple equality may
be written in dB scale as given in Equations (1) and (2).

ELþ Sv–Sc ¼ RL (1)

10 log10
I0
Iref

� �
þ Sv � Sc ¼ 10 log10

I
Iref

� �
(2)

The presence of a cloud of suspended particles rather than a
single particle implies the use of the Sv, which is simply defined
as the sum of the backscattering cross-sections of suspended
particles in a unit volume. In addition, the average properties
of the scattering particles may be considered for practical issues
as expressed in Equation (3) (Thevenot and Kraus, 1993):

Sv ¼ 10 log10nbσs (3)

where the mean expected values are denoted between brackets
〈〉, therefore, in Equation (3), 〈σs〉 is the average backscattering
cross-section (in m2), while, nb is the number of scatterers per
unit volume (in m-3).
In any case, the scattering cross-section is related to the

physical cross-section of an individual particle by means of
the scattering function. This relation for a sphere in the omnidi-
rectional scatter regime may be written as follows (Clay and
Medwin, 1977):

σs ¼ a2�f 2� �
=4 (4)

where f refers to the form factor and a to particle radius.
For a given particle radius, the form factor depends on the

applied sound frequency; for changing particle radius, its vari-
ation is described with the wavenumber-particle radius product
x (where x = kax = kas and k is the wavenumber).
When referring to a cloud of irregularly shaped particles,

such as in the case of suspended sediment in natural rivers,
the formulation presented by Thorne and Meral (2008) may
be applied to estimate f as: f = 1.25× 2 and f = 1.1 for Rayleigh
(x < 1) and geometric (x >> 1) scattering regimes, respectively.
Note that at Rayleigh regime, the wavelength of the sound is
much greater than the particle circumference and scattering is
considered to be independent of the shape of the scatterer
(Thorne and Meral, 2008).
Considering the total mass of suspended sediments per unit

volume,Ms, equals to the sum of nb equivalent spheres charac-
terized with the average radius 〈a〉 and density ρs,

Ms ¼ 4
3
πρsnba

3; (5)

where the angular brackets denote the operation.

g ¼ ∫
∞

0
g að Þn að Þdag ¼ ∫∞0 g að Þn að Þda (6)

where n(a) represents the size distribution of particles in sus-
pension and g(a) represents any function of the particle size
(Sassi et al., 2012).

Relation between volume backscatter strength and
suspended-sediment mass in the unit volume follows:

Sv ¼ 10 log10
3Msσs
4πρsa3

(7)

Combining Equations (4), (5) and (7), the volume backscatter
strength, Sv, may be conveniently written as:

Sv ¼ 10 log10 Ks1Ms1 þ Ks2Ms2ð Þ (8)

where Ksi is a function of time t and the ranging distance along
the central axis of the beam, R,

Ksi t ;Rð Þ ¼ 3ai2f i
2

16πρsai3
(9)

To account for bimodal distribution of the particle size,
subscripts 1 and 2 represent wash load and suspended-sand
sediment fractions, respectively.

Given the model of backscatter (Equations (8) and (9)), the
level of echo intensity recorded by an ADCP in counts may
be applied to characterize the scattering particles in terms of
concentration and particle size (i.e. inverse problem solution)
or to calibrate the instrument parameters that affect the mea-
sured levels by using reference values of concentration and
particle size from samples (i.e. the direct problem approach),
as observed in this study.

The volume backscatter correction, Sc, is expressed by
means of: (i) the absorption coefficient due to water viscosity,
αW, that may be expressed in dB m�1 following Schulkin and
Marsh (1962), among others, (ii) the absorption coefficient, αS,
due to sediment scattering out of the acoustic beam (i.e. scatter-
ing attenuation, αSS) and the friction between sediment parti-
cles and water (i.e. viscous attenuation, αSV), that is computed
in dB m�1 considering formulation by Urick (1983) and Thorne
and Hanes (2002), and (iii) beam spreading and near-field zone
correction by means of the coefficient ψ as suggested by
Downing et al. (1995).

Following the same criteria as for Sv, αS may be subdivided
into contributions from wash load and suspended-sand sedi-
ment fractions. Therefore, the total backscatter correction Sc is
expressed by:

Sc ¼ 2 αw þ αsv1 þ αsv2 þ αss1 þ αss2ð ÞR
þ 10 log10 T tR

2ψ2
� �

(10)

where Tt Ttis the water temperature.
A variety of expressions equivalent to Equations (1) and (2)

can be found in the literature depending on the use of dB or ex-
ponential forms with their reference values, applied coefficients
to summarize instrumental and scattering properties, and on
operational simplifications. Given that the ADCP gives an indi-
cator of the received intensity level in a logarithmic scale,
ADCP users may prefer a dB expression, such as Equation (2)

R. N. SZUPIANY ET AL.

© 2018 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, (2019)



with RL proportional to the ADCP recording in counts. For this
reason, the sound attenuation in Equation (10) is expressed in
dB m�1, rather than using the natural exponential function by
Thorne and Hanes (2002).

Overall acoustic reverberation measured with an
ADCP

Avariety of sources might produce underwater sound reverber-
ation (e.g. scatter from air bubbles, flocculating matter, particu-
late organic matter) rather than silt, clay and sand particles. In
fact, a basic concept is that the echo intensity level (E) may
be divided into desired and undesired portions of the received
signal (commonly referred to as noise or background masking
level). A variety of masking effects may distort the information
contained in the received signal regarding suspended sediment
or a specific particle size. Indeed, the ADCP recording in
counts, E, represents both portions of the received signal as re-
ported in Equation (11) (Deines, 1999) and Equation (12)
(Gostiaux and van Haren, 2010; Mullison, 2017):

RL ¼ kc E–E rð Þ (11)

RL ¼ 10 log10 10kc E�Erð Þ=10 � 1
� �

(12)

where Er is the unknown reverberation as produced by instru-
mental and environmental noises that are uncorrelated with
suspended-sediment particles, and Equation (12) is valid for
signal-to-noise ratio in dB larger than 10 whereas Equation (11)
applies for a lower ratio (Gostiaux and van Haren, 2010;
Mullison, 2017). A reasonable assumption is to consider the
unknown reverberation Er with a negligible variation and not
prevailing over the sediment backscatter. Under this assump-
tion, the measured variability of the intensity level remains cor-
related with the corrected backscatter strength, Sv – Sc, and a
decent calibration may be achieved between the corrected
backscatter as assessed from field samples and the measured
intensity level.
The kc coefficient is a known conversion factor between

counts and dB, which is available on request from the manu-
facturer or can be easily assessed with the hydrophone test de-
scribed in Teledyne RD Instruments (1999). For the present
study, and for the used ADCPs, kc presented values of 0.4126,
0.4027, 0.4, 0.4028 and 0.3909, 0.4094, 0.4061, 0.412 for
beam 1 to 4 and 600 kHz and 1200 kHz, respectively.
Since the undesired portion of the received signal is un-

known for many applications in a natural riverine environment,
the entire signal should be modeled by considering all the pos-
sible sources of underwater sound reverberation. Therefore, a
general expression in dB is reported in Equation (13), which
combines the received signal at the transducer (i.e.
Equation (12)) and the corrected backscatter (Equation (1)):

ELþ Sv � Sc ¼ 10 log10 10kc E�Erð Þ=10 � 1
� �

(13)

This equation may be applied for the calibration of Er to match
the corrected backscattering strength on the basis of observed
sediment content. In addition, as suggested by Gostiaux and
van Haren (2010) and Mullison (2017), the right-hand term of
Equation (13) collapses to kc(E – Er) when the signal-to-noise ra-
tio is higher than 10, that is for kc(E – Ebn) > 10. This simplifica-
tion yields a linear relationship between the corrected
backscatter and the received echo intensity.

Whatever the approach used (Equation (13) or its lineariza-
tion for signal-to-noise ratio higher than 10), an important
assumption is that the masking level is independent of space
and time, which seems reasonable for a spot survey within a
limited reach of a river. The same assumption is required in
case of repeated surveys with different hydrologic conditions
and for long-term monitoring. Therefore, practical applications
may require repeated calibrations even when using the same
devices, which are characterized by unchanged instrumental
parameters (i.e. kc and EL in Equation (13)). Given that an
ADCP user may be interested in characterizing the devices,
the calibration of the unknown reverberation (i.e. Er) is
herein maintained apart from the assessment of instrumental
parameters.

Implication of transmitted power and acoustic pulse
length

Following Deines (1999) and Mullison (2017), among others,
the emitted level, EL in dB, can be expressed by means of the
transmitted power, PT, the pulse length, L, and the parameter
C, which defines the transducer’s geometry and efficiency. Ac-
counting for this detailed description of the ADCP features and
the presented formulations for the corrected backscatter, the
suspended-sediment concentration is herein expressed in dB
(Equation (14)) by rearranging and substituting Equations (8),
(9), (10) and (12) into Equation (13).

10 log10 Ks1Ms1 þ Ks2Ms2ð Þ ¼ 10 log10 10kc E�Erð Þ=10 � 1
� �

þ 2 αw þ αsð ÞR þ 10 log10
T tR

2ψ2

LPT

� �
þ C

(14)

From Equation (14) it is emphasized that any variation in the
transmitted power, which changes with the efficiency of the
powering source of the used device, can significantly affect
the acoustic balance. To determine the effect of varying power
sources on transmitted power and Equation (14), ADCPs were
powered by different sources including old (survey Aa) and
new (survey Ab) batteries and an alternating current inverter
(survey B).

The transmitted power should be computed for each study
case by applying Equations (15) and (16) for 1200 and
600 kHz frequencies, respectively, using the raw data from
Teledyne RD Instruments ADCPs, that include the actual values
of the transmitted current, TC, and transmitted voltage, TV
(Scott Idle, Teledyne RD Instruments, personal communication).

PT1200 ¼ 0:011451TCð Þ� 0:253765TVð Þ (15)

PT600 ¼ 0:011451TCð Þ� 0:380667TVð Þ (16)

The length of the emitted acoustic pulse, L, is also recorded in
the ADCP binary file. According to the frequency and the cell
size used, for the present work, L was equal to 0.35m and
0.71m for 1200 kHz and 600 kHz, respectively.

The additional instrumental constant, C, is typically equal to
�129.1 dB and �139.3 dB for 1200 kHz and 600 kHz, respec-
tively. The same constant can be assessed under Deines (1999)
and Mullison (2017).
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Calibration procedure and considerations

The unknown reverberation, which is not related to suspended-
sediment particles, Er, was assessed with Equation (14) by enter-
ing the instrument parameter values, the echo intensity level
from ADCPs and the corrected backscatter at each sampled
point. PSD and sediment concentration values of wash load
and suspended-sand fractions at each zone and sampled point
also were entered. Note that in cases of prevailing backscatter
from sand (i.e. Ks2 >> Ks1), Equation (14) further simplifies to
Equation (17), which also assumes kc(E – Ebn) > 10.

log10 Ks2�Ms2 Rð Þ½ � ¼ 0:1 ST Rð Þ½ � þ KT (17)

where KT includes the parameters C, PT, L, and Er presented in
Equation (14) and ST is the corrected signal (Equation (18)),

ST ¼ kcE þ 2 αw þ αsð ÞR þ 10 log10 T tR
2ψ2

� �
(18)

When the range-dependent suspended-sediment concentration
of the sand fraction, Ms2, is producing the major backscatter
strength, the slope coefficient of the linear regression in Equa-
tion (17) should be equal to 0.1. This simple equation can be
used in the first instance to elucidate the fraction of particle size
that produces the higher backscatter strength when complex bi-
or multi-modal PSD, variation of particle size along the water
column occur or different wash load/sand concentration ratios
are present. In that way, the acoustic response could be evalu-
ated to eventually apply Equation (14).
Note that when the sound absorption due to sand particles is

substantial, both sides of Equation (14) depend on sand con-
tent, which implies an iterative method to assess the actual
concentration of sand, Ms2 (Thorne and Hanes, 2002).
The acoustic frequency greatly influences the measured

echo intensities. The frequency-dependent sensitivities of back-
scatter and sound attenuation due to suspended-sediment par-
ticles play a relevant role in Equation (14) and in the rest of
the derived forms. In fact, the form factor, f, and the sound ab-
sorption coefficient due to suspended sediment, αS, depend on
the wavenumber-particle radius product x and, therefore,
acoustic frequency.

Results

Suspended-sediment characteristics from samples

Values of d50 (i.e. the size for which 50% of the material is finer
in the number distribution) and corresponding geometric devi-
ation of suspended sand and wash load fractions are presented
in Table I for Zones A and B at each of the measured verticals.
The wash-load concentration, Ms1, is composed of 32% clay

and 68% silt at Zone A and 30% clay and 70% silt at Zone B.
The PSDs of these fine fractions are homogeneous across the
channel and among the verticals and are classified as very
poorly sorted (2 < σ < 4) by Blott and Pye (2001).

In Zone A, measured suspended sand was very fine and fine
sand. The percentage of fine sand at 0.2h is approximately
50% of the total sand volume sampled and increases to 60%
in samples collected close to the riverbed. The corresponding
mean diameter shows small variations both across the river
channel and along the water depth in Zone A (see Table I). As
expected, the PSD of sand is narrower than the one observed
for wash load. Sand is moderately/poorly sorted (1.0 < σ <
1.6) for samples from Zone A. Note that both fractions’ PSDs
follow normal distributions.

The profiles of suspended-sediment concentration at investi-
gated verticals and for both macro classes (i.e. Ms2 and Ms1

contents of particles larger and smaller than 62μm, respec-
tively) reflect a noticeable vertical gradient for sand concentra-
tion (Figure 2). On the contrary, wash-load concentration was
observed with an almost homogenous concentration along
the water column (Figure 2), although the concentration of this
class noticeably changed among different dates in Zone A
(mean values of 420mg l-1 and 74mg l-1 for surveys Aa and
Ab, respectively) and for different locations across the river
channel in Zone B (mean values of 61mg l-1, 1381mg l-1 and
7mg l-1 at verticals B1, B2–B3 and B4, respectively).

The suspended-sand concentration, Ms2, changed from
�100% to 150% of the corresponding depth-integrated value
when moving from sampling levels close to the water surface
to the riverbed, respectively. Minor deviations were observed
at the B4 vertical, where the lowest depth-averaged Ms2 (<
10mg l-1) was sampled. The wash-load fraction appeared ho-
mogeneously distributed in the water columns at Zones A and
B (verticals B2 and B3). In this case, the deviations along the
vertical were limited to ±6% of the depth-integrated value, ex-
cept for vertical B1 where wash-load concentration increased
significantly close to the bottom. This may indicate a density
current produced by heavily laden inflow of the Paraguay River
into the almost clear water of the upper Paraná River. Wash-
load concentration, Ms1, was very low in vertical B4, and the
corresponding distribution along the water depth was insignifi-
cant in respect to the sampling and laboratory analysis
accuracy.

Corrected backscatter and suspended-sediment
concentration

A simplified approach was considered when analyzing the in-
fluence of PSD on calibrations between corrected backscatter
and suspended-sediment concentration. The full suspended-
sediment PSD from samples was reduced to two macro classes

Table I. Number distribution particle sizes in micrometers corresponding to the content of the two macro classes considered: clay–silt (Ms1) and
sand (Ms2) near surface (0.2 h) and bottom (0.9 h)

Zone A Sample (μm) Aa1 (0.2 h) Aa1 (0.9 h) Aa2 (0.2 h) Aa2 (0.9 h) Aa3 (0.2 h) Aa3 (0.9 h) Aa4 (0.2 h) Aa4 (0.9 h) Aa5 (0.2 h) Aa5 (0.9 h)

Ms1
d50 7 7 7 7 6 7 7 7 7 8
σ 2.9 2.9 2.9 2.9 2.6 2.8 2.8 2.8 2.8 2.9

Ms2
d50 85 86 87 93 80 83 85 86 87 83
σ 1.3 1.4 1.3 1.3 1.5 1.3 1.4 1.4 1.4 1.4

Zone B Sample (μm) B1 (0.9 h) B2 (0.2 h) B2 (0.9 h) B3 (0.2 h) B3 (0.9 h) Ma
s1

Ms2
d50 106 104 105 104 109 4
σ 1.9 1.9 1.9 1.9 1.9 3

aMean of depth averaged values from verticals B2 and B3.
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separated by 62μm size, which represented the suspended
sand from the riverbed and clay–silt forming the wash load
from the upstream basin. The attenuation coefficients and
backscatter were modeled based on median values for the
d50 corresponding to sand and wash-load fractions, as mea-
sured at survey Aa and Zone B (Table I). Note that the particle
sizes at Zone A (surveyed on March 17, 2014, survey Aa) were
assumed constant with the same values for survey Ab (surveyed
on September 20, 2014) because particle size analyses were
not performed for the latter measurement.
The calibrations between sand concentration (Ms2) and the

corresponding corrected signal (Equation (17)) for both ADCP
frequencies in the studied sites are presented in Figure 3. For
surveys Aa and Ab (Figure 3a), similar linear fits were obtained
for both frequencies. The R2 values were equal to 0.87 and
0.93 for 600 and 1200 kHz in survey Aa, respectively, and
0.94 in the Ab survey (1200 kHz), with corresponding slope co-
efficients of 0.1 and 0.11 in survey Aa (600 and 1200 kHz, re-
spectively) and 0.09 in survey Ab. These slope coefficients
are very close to the theoretical value of 0.1 as reported in
Equation (17), which indicates the sand fraction dominates
the backscatter measurement. As will be explained in more de-
tail in the next sections, backscatter from the wash-load fraction
is negligible compared to backscatter from the sand fraction;
therefore, no direct correlation was found between wash-load
sediment and corrected backscatter. However, wash-load con-
centration values from samples were used to correct the corre-
sponding acoustic signal, by assessing the contribution of this
macro class to the acoustic sediment attenuation coefficient,
αS, as described in Latosinski et al. (2014).
A similar result was observed for Zone B, where the slope co-

efficient was equal to 1.1 and R2 0.92. High deviations from the
calibrations were found for the first three points in vertical B1
(i.e. for 0.2, 0.4, 0.6h). These deviations reflect the poor mixing
of heavily laden flow from the Paraguay River into the main
channel of the Paraná River, which commonly results in in-
creasing gradients of the mixture density towards the riverbed
(Lane et al., 2008; Ramón et al., 2014; Trevethan et al.,

2015). In addition, deviations from the calibrations were found
for point sample locations with low concentrations of

Figure 2. Concentration profiles of suspended sand (Ms2) and clay–silt (Ms1) for the measured verticals at the two investigated zones.

Figure 3. Relation between corrected signal ST and suspended-sand
concentration Ms2 at Zones A (a) and B (b).
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suspended sand (as in some points of verticals B1 and B4 in
Figure 3b). These deviations reflect a lower echo intensity level
response due to lower sand concentrations and the influence of
other possible processes of scattering (e.g. flocs and organic
matter scattering). It is worth mentioning that for a low concen-
tration of sand, the corresponding echo intensity level, E, is
likely to approach the noise level Er; therefore, the assumed
simplification presented by Deines (1999) may not be applied.
Different behaviors among the frequencies used are ob-

served in the area near the ADCP transducers (points measured
at 0.2h). Note that the near-surface values (i.e. 0.2 h) from
600 kHz ADCP noticeably deviate from the fitted regression
(Figure 3a), while this behavior is not observed for 1200 kHz
ADCP. For each vertical measured in survey Aa, the first sam-
pled points are located between 1m and 1.43m from the water
surface, close to the critical limit distance at which the beam
can be considered to have fully formed (Mullison, 2017). Ac-
cording to Deines (1999) the use of the backscatter equation
should be limited to beyond (π/4) × Rayleigh distance for the
given instrument, which is equal to 1.37m and 1.34m for
600 kHz and 1200 kHz Rio Grande ADCPs, respectively.
Henceforth, near-surface values (0.2 h) for the 600 kHz ADCP
were not considered in the following analysis.
It is important to highlight the same slope coefficients but dif-

ferent intercept values of the corresponding calibration (KT in
Equation (17)) for the different survey and same ADCP fre-
quency (see 1200 kHz ADCP dataset for surveys Aa and Ab in
Figure 3a). This behavior can be explained by the different
power sources used at each survey zone. As previously men-
tioned, the same battery was used for both ADCPs in survey
Aa. In this case, the transmitted current (TC) and transmitted
voltage (TV) were 21.5 counts and 41.5 counts, respectively.
A new battery was used in survey Ab, resulting in TC and TV
values equal to 60 and 111.5 counts, respectively. In Zone B,
alternating current was used, and TC and TV values were 62
and 113.5 counts, respectively. No significant changes (±1
count) were observed for TC and TV during the approximately
eight hours at each survey.
As expected, data obtained using the same power source but

different frequency ADCPs resulted in different relationships,
which reflect not only the variation in acoustic frequency re-
sponse to suspended sediment but also the effect of different in-
strument parameters (C and L), noise level (Er) and sediment
and fluid attenuation correction, as presented in the following
sections.

Noise level calibration

The noise level both from equipment and environment, Er, was
calibrated by applying sediment concentration and particle
size from samples at each point and corresponding ADCP at
survey Aa, eventually assessing Er with Equation (14). In the fol-
lowing sections, this full acoustic equation and noise level ob-
tained in survey Aa is evaluated at survey Ab and Zone B. Note
that Er was evaluated using approaches in Deines (1999) (Equa-
tion (11)) and Mullison (2017) (Equation (12)) to eventually elu-
cidate the deviation between these two approaches for the
different signal-to-noise ratio presented at each zone. In addi-
tion, the full number PSD was considered to assess the acoustic
parameters in Equations (9) and (10). This elucidates the devia-
tion in the resulting Er when considering only the median diam-
eters (d50) of each macro classes and full PSD.
In Table II, mean noise values (Er ) are presented for each

acoustic frequency using dataset obtained at survey Aa. It is
worth noting that Er did not appear to be range- and time-

dependent, presenting random deviation values for the differ-
ent locations and depths across the channel section. These Er

values averaged 16.8 and 19.5 dB for 1200 kHz and 600 kHz
frequencies, respectively, considering a median particle size.
Computations of Er considering the PSD at each point deviate
�0.6% and �5% from the computations using d50 values for
the 1200 kHz and 600 kHz ADCPs, respectively. Note that less
than 0.1% deviations were observed among calibrated values
of Er under Deines and Mullison formulations, i.e. the term
kc(E – Er) is larger than 10 for either used frequency and for all
measured points.

On average, the difference in Er considering PSD at each
point sampled is 0.1 dB and 1.1 dB for the frequencies of
1200 kHz and 600 kHz, respectively. These differences are pro-
duced by changes in sediment attenuation coefficient 〈αs〉 and
the backscatter coefficients 〈Ksi〉 when full PSD is considered
(see Equations (9) and (10)). On average, 〈αs〉 increases 25%
and 55% for 1200 kHz and 600 kHz, respectively, when full
PSD is considered compared with median particle size. For
〈Ksi〉, the increment is 94% and 7% in the case of wash-load
and sand fractions, respectively, for both frequencies. How-
ever, the impact of these changes in Er is negligible for the
1200 kHz ADCP, on the order of the standard deviation value
for 600 kHz (see Table II). In the following section, the role that
these terms and its variation play in Equation (14) is discussed.

Validation between measured and estimated sand
concentration for all survey zones

Sampled and acoustically inferred concentrations of suspended
sand (Ms2) are compared for each survey zone in Figure 4,
using each ADCP frequency and the mean values as reported
in Table II, i.e. Er d50 and Er PSD . Using Er values as calibrated
in Zone A, the acoustic assessment ofMs2 was validated in ver-
ticals Aa6, Aa7 and survey Ab (Figures 4a and 4b, points in
color) and Zone B (Figure 4c). For Ab zone, a d50 value corre-
sponding to that measured at survey Aa was used.

Two major aspects may be argued. The first aspect refers to
the dispersion of the data when an average value of Er is as-
sumed. Table III shows the average deviations of Ms2 with the
corresponding maximum and minimum values computed. In
survey Aa, average and maximum deviations are less than 2%
and ±50%, respectively, for the 1200 kHz ADCP; these values
roughly double for the 600 kHz ADCP. Secondly, a reasonable
validation (maximum average deviation of 41%, see Table III) is
obtained for verticals Aa6 and Aa7, survey Ab and Zone B by
applying the calibration developed at survey Aa. However,
concentrations were overestimated at all points for survey Ab
(mean value of 30% with a maximum of 76% difference from

Table II. Values of noise level (Er) obtained for each frequency at
survey Aa

1200 kHz 600 kHz

ErPSD
a Erd50

b ErPSD
a Erd50

b

Er 16.7 16.8 20.6 19.5
Standard deviation 1.2 1.1 1.27 1.18
Maximum 19.4 19.2 22.3 22.4
Mininum 14.4 14.9 17.6 17.5
RD (%)c — -0.6 — �5

aConsidering full particle size distribution (PSD) in Equations (9) and
(10).
bConsidering d50 value (i.e. the size for which 50% of the material is
finer in the number distribution) for each macro class.
cRelative difference (RD) = [(Erd50 – ErPSD)/ErPSD] × 100.
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measured, see Figure 4a). Note that in survey Ab, the assumed
d50 was actually measured in survey Aa. In fact, given the

higher water stage at survey Ab, larger diameters of particles
in suspension would be expected, indicating the importance
of having the actual size of suspended sand for an accurate in-
version of Equation (14).

Impact of sand and wash-load sediment fractions
on sound attenuation

Attenuation coefficients varied over the conditions analyzed
(Figure 5), depending on the zone and verticals characterized
by different particle sizes, sand and wash-load concentrations,
temperature and frequencies employed. In Figure 5, αS was
computed using a d50 value of each macro class. Note that this
coefficient increases when full PSD is considered according to
the analysis previously presented in this article. The variation
in the attenuation coefficient related to the wash-load fraction
(αs1), mimicked concentration changes among the investigated
zones and verticals. Maximum attenuation values (80–90% of
the total attenuation) in B2 and B3 verticals corresponded to
mean Ms1 of 1381mg l-1, whereas the attenuation decreased
to 23% and 5% of the total at B1 and B4 verticals where
wash-load concentrations were 61 and 7mg l-1, respectively.
At survey Aa, the attenuation from wash-load sediments repre-
sented 53% of the total attenuation that was due to a homoge-
neous wash-load concentration of about 420mg l-1. This
attenuation decreased to 10–20% of the total for survey Ab be-
cause of the lower observed wash load (Ms1 equal to 74mg l-1

on average). Due to homogeneous distributionMs1 in the water
column at all study verticals, no substantial changes in attenua-
tion were observed in the water column, between 0.2 and 0.9 h.

For all the analyzed cases, the sand fraction αs2 showed a
negligible attenuation, with values lower than 1%, although
Ms2 varied from approximately 0 (vertical B4) to 340mg l-1 (ver-
ticals B2–B3). Due to the increase in suspended sand with
depth, the αs2(0.9h)/αs2(0.2h) ratio was equal to two for all verti-
cals, except verticals B3 and B4 (verticals with the highest sed-
iment concentration gradient) where these ratios increase to
three and four, respectively.

For the 600 kHz ADCP (survey Aa), αs1 was a larger portion
of the total attenuation than for the 1200 kHz ADCP, which
mostly reflected a decrease in water attenuation αW rather than
an increase of αs1. In fact, αW was about 0.25 dBm�1 on aver-
age for the 1200 kHz ADCP and decreased to 0.062 dBm�1

for the 600 kHz (survey Aa) while αs1 changed from 0.3 to
0.2 dBm�1 for each frequency, respectively.

Different attenuation terms affected the corrected backscat-
tering strength, ST in Equations (14) and (17). Each term contrib-
uting to the corrected backscattering strength is reported in
Figure 6 for the analyzed zones, in percent of the total ST.

The attenuation produced by sand fraction (2αs2R) was
0.03% and 0.05% of ST on average along the water column
for 1200 and 600 kHz, respectively. The attenuation produced
by the wash-load fraction (2αs1R) for 1200 kHz was 3%,
0.6%, 8% and 0.3% of ST in surveys Aa, Ab, B2–B3 and

Figure 4. Comparison of Ms2 measured versus computed using Equa-
tion (14): (a) 1200 kHz acoustic Doppler current profile (ADCP), sur-
veys Aa and Ab; (b) 600 kHz, survey Aa; (c) 1200 kHz ADCP, Zone B.
Note that in Table II Er was obtained only in survey Aa and was used
for verticals Aa6, Aa7, survey Ab and Zone B. [Colour figure can be
viewed at wileyonlinelibrary.com]

Table III. Relative suspended-sediment concentration (Ms2) difference (%) for each case, acoustic Doppler current profiler (ADCP) frequency and
study zone

Aa 1200 kHz Aa 600 kHz Aa6–Aa7 1200 kHz Aa6–Aa7 600 kHz Ab 1200 kHz B 1200 kHz

Er PSD Er d50 Er PSD Er d50 Er PSD Er d50 Er PSD Er d50 Er d50 Er d50

Average 1.8 1.8 4.7 3.8 41 41 8 24 30.8 �3.1
Maximum 46.7 42.6 83.9 57.2 106 106 76 105 76.2 73.3
Minimum �29.9 �28.0 �40.5 �28.4 �10 �9 �84 �53 3.6 �70.8
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B1–B4, respectively, reflecting the corresponding concentra-
tion changes among zones. The wash-load fraction represented
1.7% of ST for the 600 kHz ADCP in survey Aa, on average.
Note that the major contribution to the corrected backscatter-
ing strength corresponded to beam spreading, which was about
12% for both frequencies.
Disregarding corrections produced by attenuation from the

wash-load (2αs1R) and sand (2αs2R) fractions resulted in under-
estimations ofMs2 equal to 12% and 0.5%, respectively, in sur-
vey Ab, underestimations of Ms2 equal to 37% and 0.3%,
respectively, in survey Aa, which were reduced to 27% and
0.9% when using the 600 kHz ADCP. The underestimations
of Ms2 for Zone B were �80% in verticals B2–B3, �6% in ver-
tical B1 and �0.3% in vertical B4, when the wash-load fraction
attenuation was disregarded. These underestimations in Zone B
were reduced to less than 1% by disregarding sand fraction
attenuation.

Backscattering strengths analysis

Following Hanes (2012) and Agrawal and Hanes (2015), the ra-
tio between the sand and wash-load fractions’ backscattering
strength (Equation (19)) was evaluated:

σs2
σs1

¼ f 22 Ms= ρsað Þ½ �2
f 21 Ms= ρsað Þ½ �1

(19)

These assessments considered d50 particle size presented in
Table I for each zone. For all the study zones and verticals,
the sand backscattering strength (σs2) was much higher than
corresponding values of the wash-load fraction (σs1)σs1
(Figure 7). The backscattering ratio changed between surveys,
from 9 to 15 in survey Aa and from 24 to 36 in survey Ab as

Figure 5. Percentage of depth averaged attenuation due to clear water, αW, clay–silt and sand macro classes, i.e. αs1 and αs2 corresponding to Ms1

andMs2 concentration, respectively. Different zones (A and B) and hydrological conditions (Aa and Ab) were analyzed by means of the 1200 kHz (a)
and 600 kHz (b) acoustic Doppler current profilers (ADCPs). [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Percentages of depth averaged values of the terms forming the corrected backscatter ST (see Equation (19)) for different zones and
1200 kHz (a) and 600 kHz (b) acoustic Doppler current profilers (ADCPs).

Figure 7. Backscattering strengths ratio of sand over clay–silt fractions for each vertical and zone investigated. [Colour figure can be viewed at
wileyonlinelibrary.com]
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averaged along verticals, the latter values reflecting lower
concentrations of wash-load fraction.
The same behavior was observed with both ADCP

frequencies; however, the scattering intensity produced by the
1200 kHz ADCP is four times higher than 600 kHz as a
consequence of the higher value wavenumber introduced in
the form factor.
In Zone B, the backscattering ratio was higher than in surveys

Aa and Ab because of higher concentrations of sand. In
verticals B2 and B3, the ratio increased with depth because of
higher observed sand concentration gradients along the vertical
(similar to the 600 kHz behavior in survey Aa). In vertical B4,
small wash-load concentration yielded high backscattering
ratios although lower backscattering strength from sand.
Despite the changes in the backscattering ratio presented in

Figure 7, a good correlation is found between the sand-related
corrected backscatter and sand concentration (Equation (17),
Figures 3 and 4), which bore out a negligible effect of
wash-load backscattering strength on measured echoes.

Discussion

According to the characteristics of the suspended sediment pre-
sented in the Paraná River system and used ADCP frequencies,
the echo intensity level is governed by the sand fraction, and
the wash-load fraction contributes negligible echo intensity
level for all the wide ranges of concentrations measured at dif-
ferent zones and water stages in this study. These observations
can be explained by the behavior of the form factor (f) in rela-
tion to sediment particle size and both ADCP frequencies (see
Thorne and Hanes, 2002). The proposed acoustic method for
estimating suspended-sand concentration resulted in mean de-
viations within about 40% from sampled concentrations for all
survey locations and less than 10% for survey locations Aa with
both ADCPs, survey Aa6–Aa7 with the 600 kHz ADCP, and
Zone B with the 1200 kHz ADCP.
The obtained Er values suggest that for typical PSD and con-

centration presented in sand bed rivers like the Paraná and
Colastiné Rivers, the term kc(E – Er) is broadly greater than 10
and therefore, the different formulations presented by Deines
(1999), Gostiaux and van Haren (2010) and Mullison (2017)
provided similar results. However, caution should be taken in
deep streams with low sediment concentration that may result
in low propagation of the acoustic signal with depth and low
backscattering returns.
In addition, the simplification of the full PSD into the corre-

sponding mean diameter of both fractions leads to deviations
in the calibrated Er. However, the observed deviations were
lower than 0.1 and 1.1 dB for the 1200 kHz and 600 kHz
ADCPs, respectively.
The assessed values of Er were expected to account for the

instrument noise (Eri), the environmental noise (Ere), and the un-
certainty in each term presented in Equation (14). Therefore, Ere
could be produced by any interference such as a radio modem,
echo sounder, ship noise or another acoustic instrument
operating at a similar frequency as the used ADCPs. To assess
instrument and environmental noise, noise evaluations are rec-
ommended for each study site and measurement condition to
eliminate interference that could affect the Er value.
The value Eri is the measured echo intensity level measured

by the ADCP in the absence of any transmitted signal. It may
be obtained from an intensity level at the end of each ensemble
or, for the ADCPs used in this study, issuing a special command
(PT3) to the ADCP when it is under water. Note that for the used
ADCPs, the Eri value reported using these techniques was 46
counts (19 dB) for both frequencies, which were 2.2 dB higher

and 0.5 dB lower than the computed Er value obtained using
Equation (14) (Table II) for 1200 kHz and 600 kHz, respectively.
Note that these values are smaller than uncertainty (3 dB) of C
parameter presented in Equation (14) (Deines, 1999). Addi-
tional studies are required to explain this difference, including
an accuracy evaluation of each term in Equation (14) and other
possible sources of uncertainty (e.g. the role of organic particles
in backscatter, flocs, or other suspended particles or accuracy
of the particle size information using the described analytical
methods).

In general, the attenuation produced by the wash-load frac-
tion had a role in the estimation of sand concentration for the
investigated range of hydro-sedimentological conditions.
Disregarding the attenuation produced by the wash-load frac-
tion would have resulted in underestimation of the sand con-
centration by as much as 80% in the evaluated conditions,
depending on the wash-load concentrations. On the contrary,
the attenuation of the acoustic signal due to sand appeared
negligible; ignoring the sand attenuation would have resulted
in an underestimation of the sand concentration by less than
1% in the evaluated conditions.

The change in power supplied to the ADCPs was found to
substantially change the TC and TV (see Figure 3 and different
values of TC and TV in surveys Aa and Ab–B). Note that if TC
and TV values using a new battery or generator with a power
inverter (such as were used in survey Ab and Zone B) were used
in Equation (14) at survey Aa (where battery power was poor),
the value of Er would have been underestimated by 68%,
underestimating sand concentration by 87% (as a mean value)
at this zone. Therefore, the actual TC and TV values should be
known (reported in the raw ADCP data file) and should be used
in calculations to account for TC and TV changes due to vary-
ing power.

Several factors may result in poor calibrations between
suspended-sand concentration and the corrected backscatter-
ing strength (see dispersion presented in Figures 3 and 4) or
may invalidate or cause deviations from an existing calibration.
The first factor refers to how field measurements are made.
Given the ADCP beams’ divergence, difficulties in maintaining
a stationary position for the boat, and any difference in sedi-
ment sampling location relative to the ADCP deployment loca-
tion, an exact coincidence between the ADCP-measured and
physically sampled water volume is rarely achieved. The sec-
ond factor refers to simplifications in modeling sound propaga-
tion through water. Processes in addition to the backscatter
response from the sand fraction and attenuation from the
wash-load fraction may have an effect on the acoustic signal,
such as water density and sediment stratification due to conflu-
ence mixing, temperature stratification, sediment flocculation,
and presence of particle organic matter. However, reasonable
calibrations (Figure 3) and constant values of Er (Table II) were
still found by simplifying some elements of the computations,
particularly by reducing the full sediment PSD to two macro
classes separated by the 62-μm size.

The simplifications required a site-dependent calibration to
determine the noise level, Er, assessed by fitting the corrected
backscatter to sampled concentration of suspended sand. For
the case of the Paraná River system, this calibration gave a con-
stant Er value close to the instrument noise irrespective of river
zone and hydrologic condition, which corroborates the reli-
ability of the operated simplifications. However, future valida-
tion at different rivers with varying sediment conditions is
recommended, especially where grain size varies spatially
(across the cross-section and with depth) and with hydrological
condition.

Although ranges in observed particle sizes were fairly wide
(Table I), similar regression lines and constant Er value were
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obtained using a mean particle size for each fraction when
acoustically inferred and sampled sand concentrations were re-
lated through Equations (17) and (14), respectively, therefore,
the sound propagation was reasonably modeled by the varia-
tion of backscattering strength and viscous attenuation related
to sand and wash-load concentration changes, respectively.
Note that these results provide an important simplification

when applying this methodology to other rivers as although
median particle size across the section is necessary to know,
it does not require the precise knowledge of the full PSD of
the suspended material. However, more research is needed at
sand bed river sites with even greater variation of PSD with
depth in the water column than was measured in this study.
To finish, this article demonstrates that an acoustic methodol-

ogy, using commercially-available ADCPs, enables the simulta-
neous investigation of flow velocity and sand concentration
with a spatial (nearly complete cross-section) and temporal res-
olution impossible to achieve with traditional methods. These
results are relevant for various research disciplines and water
resources management agencies trying to weigh sediment sam-
pling efforts and associated costs in medium and large rivers. In
particular, the methods described in this article would be useful
for rapidly quantifying suspended-sand distribution along a
river channel to understand the dynamic interaction of flow
and sediment transport. This knowledge could then support
prediction of river channel morphodynamics (see for example
Szupiany et al. [2012] and Hackney et al. [2018]), sedimenta-
tion and scour patterns near in-channel structures, reservoir
infilling and sustainability, suitability of aquatic habitat, and
transport of sediment-associated pollutants.
Note that many sand bed rivers throughout the world have

similar sediment characteristics as those presented in the
studied river (Paraná) (i.e. bi-modal suspended sediment [fine
fraction transported as wash load and coarse fraction from the
bed], see Latrubesse et al., 2005; Fielding, 2007; Latrubesse,
2015). The proposed acoustic calibration methodology pro-
vides a complete procedure to be applied in other rivers that
have substantial variations in suspended sand throughout the
cross-section and with depth. In contrast with the sand fraction,
the wash-load fraction is typically homogeneously distributed
across the section and relatively easy to sample to obtain an
estimate of total suspended-sediment concentration when
combined with the acoustic calibration methodology for esti-
mating suspended sand.

Conclusions

This study demonstrates that commercially available, down-
looking ADCPs of commonly-used frequencies (1200 kHz
and 600 kHz), can be used to infer information regarding
suspended-sand concentrations in sand bed river systems. The
use of commercially available ADCPs to estimate suspended-
sand concentrations is particularly compelling compared to
other indirect methods for measuring sediment because of the
ability to leverage existing uses of the equipment for flow
velocity and discharge measurements, and by extension, ability
to compute sediment fluxes or loads. The calibration method
described in this article can provide quantitative information
about suspended sand with a resolution nearly impossible to
achieve by traditional sampling methods alone. In this sense,
the relevant theory and detailed field measurements described
in this article were successfully integrated to provide a powerful
demonstration of the ADCP’s capability for measuring
suspended sediment studies in many sand bed rivers through-
out the world.

The behavior and impact of the different terms of the sonar
equation under a typical bi-modal particle size distribution
found in sand bed rivers were evaluated. The associated meth-
odology requires knowledge of sediment characteristics such
as d50 particle size of both wash load and sand macro classes
of suspended sediment and clay–silt concentration to estimate
total suspended-sediment concentrations. Although the de-
scribed approach could be applied in a large range of rivers
characterized by sand beds with varying concentrations of fine
sediment forming the wash load, it requires a case-study valida-
tion of the simplifications of the acoustic equations, which in
this case were achieved by means of the noise term, Er,
calibration.

Differences between measured and estimated sediment con-
centration using the describedmethodology for the datasets col-
lected in the Parana and Colastine River system averaged
around ±40% for all study zones. Given that the suspended-
sediment characteristics of the rivers described in this study
are similar to many other sand bed rivers, especially large river
systems throughout the world (Latrubesse, 2015), the present
analysis advances efforts to develop a general acoustic method-
ology that can provide more accurate and higher spatial and
temporal resolution data for fluvial suspended-sediment studies.
Though traditional sampling techniques would still be required
to develop and periodically validate calibrations, the methodol-
ogy could ideally be used to obtain an estimate of suspended-
sediment concentration and load at any time, particularly when
sampling is not safe or practical. Application of the methodol-
ogy is therefore expected to result in a fundamental shift in sed-
iment assessment studies, providing cost effective, accurate,
and high-resolution sediment data that are essential for under-
standing the dynamics of sand bed river systems.
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