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ABSTRACT
A method of using two acoustic Doppler current profilers operating at different frequencies and employed at the same measuring vertical to sample a
profile of suspended sediment concentration has been previously applied in the Parana River (Argentina) but has not been validated by direct sediment
samples. The present work fills this gap by reporting new field data and comparing them with acoustically inferred sediment concentrations. The
agreement between directly measured sediment concentrations and grain sizes with corresponding estimates from an employed backscatter model
was found to be good (squared correlation coefficients are 0.9 and 0.8, and mean deviations are 14 and 6%, respectively). The interrelations between
flow velocity and suspended sediment concentration at fixed locations and in a moving mode along a river cross-section have been also investigated.
Observed events of bed sediment re-suspension were found to be highly correlated with fluctuations of the vertical flow velocity, with a 100–150s
quasi-periodicity. The size of re-suspension plumes was increasing from the channel thalweg to the low-submerged bar areas.

Keywords: ADCP; backscatter; bed sediments; field studies; multi-frequency; Parana River; suspended sediments

1 Introduction

Standard suspended sediment measuring procedures for large
channels require multi-point or depth-integrating sampling at
multiple locations across the channel. These methods are usually
time-consuming, expensive, labour-intensive, and typically have
limited spatial and time resolutions. Therefore, the possibility
of indirectly quantifying suspended sediments by non-intrusive
instruments using ultrasound echoes has been widely investi-
gated since the beginning of the 1980s (Hay 1983, Hay and
Sheng 1992, Holdaway et al. 1999, Creed et al. 2001, Thorne
and Hanes 2002, Filizola and Guyot 2004, Hoitink and Hoekstra
2005, Kostaschuk et al. 2005, Guerrero et al. 2011).

The most promising method is based on the principle of a
frequency-dependent variation in the backscatter of particles
and applies when the product of the acoustic wave number

and grain radius is less than one. This approach, known as
the multi-frequency method, was first tested by Hay and Sheng
(1992). Thorne and Hanes (2002) demonstrated the ability of a
multi-frequency acoustic backscatter (ABS) instrument to mea-
sure both sediment concentrations and grain size profiles near
sea-beds, typically down to 1 m above the bed. Thorne and Hanes
(2002) also presented results from laboratory experiments that
allowed to quantify the form function (characterizing scatter-
ing properties of a particle) and the normalized total scattering
cross-section of irregularly shaped particles.

In the river environment, experiments to measure sediment
concentrations together with grain size profiles using a moving
vessel equipped with 1200- and 600-kHz acoustic Doppler cur-
rent profilers (ADCPs) were performed in the Po River (Italy)
by Guerrero and Lamberti (2008) and in the Parana River
(Argentina) by Guerrero et al. (2011). In particular, Guerrero
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and Lamberti (2008) demonstrated that it is possible to assess
both the concentration and grain size maps using two ADCPs
deployed at the same measuring vertical and operating in a
multi-frequency regime. The resulting maps were applied in
a hydro-morphodynamic model validation in Guerrero et al.
(2013). Single- and multi-frequency ADCP methods are
compared in Guerrero et al. (2011). The former is widely
accepted as a reliable method to characterize the distribution
of suspended sediment concentration, although this method
neglects the effect of grain size on the scatter. The multi-
frequency technique is a more advanced method that provides
both the concentration distribution of suspended sediments and
the grain size profiles by incorporating the effect of grain size on
the scattering process. In Guerrero et al. (2012), multi-frequency
method was validated in laboratory by acoustically profiling
the same water column with beams of two different frequen-
cies (600 and 1200 kHz ADCPs) under controlled conditions for
suspended sediment concentrations and grain sizes.

Despite the advances made in recent studies, the multi-
frequency method using ADCP has not yet been verified in
a large river using directly measured grain sizes and concen-
trations from water samples. In this study, the multi-frequency
technique based on two ADCPs operating at 600 and 1200 kHz,
which are deployed at the same location to measure profiles of
the suspended sediment concentrations and grain sizes, is tested
against sampled concentrations and grain size distributions in
the Parana River. Furthermore, measurements at separate loca-
tions and at a cross-section of the Parana River provide examples
demonstrating the improved capabilities of standard ADCPs for
investigating river processes.

This paper is based on a field survey performed at the Parana
River bifurcation near Rosario City, Argentina. The experimental
site and procedures are described first. Measurements included
simultaneous ADCP profiling and water sampling at four fixed
locations (two within the main channel and two within a sec-
ondary reach), and a moving ADCP profiling across the river
channel upstream of the bifurcation. Next, the multi-frequency
ABS method is briefly summarized, focusing on the calibration

of the ADCP echo intensities using concentrations and grain
sizes from the water samples. The results are then presented in
relation to (1) sediment characterization from the samples; (2)
validation of the dual-ADCP method against sediment samples
and flow/sediment profiles at fixed locations; and (3) comprehen-
sive investigation of the concentrations, grain sizes and velocity
fields along a river cross-section, as an illustration of the method’s
application and its effectiveness in enhancing ADCP capabilities.
Finally, the method’s limitations are discussed in the context of
the results and existing technologies. The method’s advantages
in studies of sediment transport mechanisms are also highlighted.

2 Study Site and Methods

2.1 Study site and field measurements

The Parana River is one of the largest rivers in the world
(Latrubesse 2008), with a drainage basin of 2.3 × 106 km2 cross-
ing the borders of Brazil, Bolivia, Paraguay and Argentina.
Downstream of the confluence of the Parana River and
the Paraguay River (Fig. 1), the mean annual discharge is
19,500 m3 s−1 and the water surface slope is of the order of 10−5.
The channel bed is composed mostly of fine- and medium-sized
sand (Drago and Amsler 1998). The channel planform pattern
can be classified as anabranching with a meandering thalweg
(Latrubesse 2008). A succession of wider and narrower sections
is typical, with mean channel widths and depths ranging from
600 to 2500 m and from 5 to 16 m, respectively. The study site
is located in the lower part of the Parana River near the city
of Rosario (Fig. 1) and represents a large expansion–bifurcation
unit. The site was surveyed on 16 and 17 November 2010 when
the total flow discharge was 14,320 m3 s−1.

Bed and suspended sediment samples were obtained at four
fixed measuring verticals (P1, P2, P3 and P4 in Fig. 1) posi-
tioned across the river cross-section upstream of the bifurcation.
Two Teledyne-RDI (San Diego, CA, USA) ADCPs operating at
frequencies of 600 and 1200 kHz were simultaneously used for

Figure 1 (a and b) Study site of the Parana River; (c) measurement cross-section and fixed locations P1, P2, P3 and P4
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profiling water columns. At each measuring vertical, 2–3 sus-
pended sediment samples were collected with a depth-integrating
isokinetic sampler to reduce the effect of temporal fluctuations
in the resulting sediment concentrations (Garcia 2008). Also,
one bed sample was collected at each location. The concurrent
echo intensities for the two applied frequencies were then cali-
brated against the backscatters predicted for the depth-integrated
suspended sediment samples, and the corresponding differences
between backscatters at the two frequencies were used to vali-
date the ADCPs’ methods for grain sizes assessment. The same
ADCPs were used to quantify the temporal variability of the flow
velocity, suspended sediment concentration and grain size at the
locations P1, P2, P3 and P4 as well as the distributions of these
parameters along the river cross-section (Fig. 1) obtained in a
moving mode repeated four times. The horizontal positions were
provided with an accuracy of ±0.02 m at the update frequency
of approximately 1 Hz by surveying in real-time kinematic mode
with the differential global position system. The ADCPs were
operated following the standard principles and restrictions of
Doppler profilers, which can be found in Gordon (1996), Muste
et al. (2004a, 2004b), Oberg et al. (2005), Szupiany et al.
(2007b), and Guerrero and Lamberti (2011).

The suspended sediment samples were analysed involving
the following steps: (1) sand separation from finer sediments,
i.e. silt and clay, by means of wet sieving; (2) computation of the
sediment concentrations and (3) assessment of the grain size dis-
tribution of the suspended sand particles with a scanning electron
microscope.

2.2 Acoustic methodology

The multi-frequency method for profiling concentration and size
of sand was reported by Hay and Sheng (1992), and therefore
here only the basic information relevant to this study is given. The
method is found on the basic principles of the active-sonar that is
a sound source that produces a sound level (namely, SL) and also
acts as a receiver. When the radiated sound reaches a target (e.g.
sediment particles) and travels back towards the source, its level
will be reduced by the transmission losses (2TL for back and for)
and enhanced on reflection or scattering by the target strength (TS
that is the backscattering power). Therefore, the received echo
level (RL) measured by the sonar can be expressed by the basic
equality (Eq. 1) between the logarithmic levels of sound:

RL = SL − 2TL + TS (1)

that is the active-sonar equation (Urick 1997, Medwin and Clay
1998). This equality is particularly relevant when using an ADCP
because each of its transducer is an active-sonar that records
the received echo in a logarithmic scale. Therefore, the TS may
be assessed on the basis of Eq. (1). However, the active-sonar
equation was recast in the working form reported in Eq. (2) that
was adopted in the design of the Teledyne-RDI ADCPs (Denies
1999). Given the instrument parameters and record, Eq. (2)

Table 1 Symbol correspondence between the active-sonar equation
(Eq. 1) and its working form (Eq. 2) for the ADCP

Equation (1) Equation (2)

TS Sv (backscattering power)
RL C + Kc(E − Er) (calibrated intensity of the

effective-echo level)
2TL 10 log10(T + 273.16)R2 + 2αR (sound spreading

and absorption)
SL L + P (transmitted pulse length and power)

yields the backscattering power (i.e. TS) for unit volume in
decibel scale (dB).

Sv = C + 10 log10(T + 273.16)R2 − L − P

+ 2αR + Kc(E − Er) (2)

The meaning of symbols and quantities in Eq. (2) can be retrieved
from Eq. (1) as it is described in Table 1. In more detail, the
coefficient C (in dB) is calibrated to relate the measured echo
intensity E to the modelled backscattering power Sv from sus-
pended sediment. The parameters T and R are the transducer
temperature in ◦C and the acoustic beam range in metres, respec-
tively (from ADCP raw data). The parameters L and P are 10
times the common logarithm of the transmitted pulse length
(in m) and the transmitted power (in W), respectively (also from
ADCP raw data). The coefficient α (in dB/m) accounts for sound
absorption and is modelled following Medwin and Clay’s (1998)
formulation for water viscosity attenuation.

The sound losses due to the presence of suspended sediment
are the sum of two terms: (1) viscous dissipation due to the rela-
tive motion between sediment particles and water; and (2) sound
scattering by particles. Various formulations can be found in
the literature to assess these losses; among others, Hanes (2012)
reported a comparison between the two terms as a function of sed-
iment size and applied frequency, showing a negative correlation
between scattering and viscous dissipations. Sound losses due to
viscous stresses are dominant for silt and clay, whereas scatter-
ing losses prevail in the sand range. In both cases, sound losses
increase with its frequency. In the Parana River case study, the
formulations by Urick (1948) and Thorne and Hanes (2002) for
viscous and scattering dissipations, respectively, were applied,
yielding low values compared with the corresponding backscat-
tering power. The total attenuation due to the suspended sediment
was mostly related to the fine-sediments (i.e. diameter 5–10 μm
and concentration of 90 μg/l) and at its maximum was only a
few percent of the assessed scattering power. The sound losses
due to scattering were on the order of 10−3 of the viscous dis-
sipation and were negligible in the investigated section of the
Parana River (Guerrero et al. 2011).

The conversion factor Kc for the echo intensity (into dB) in
Eq. (2) was obtained by means of a laboratory test using an
hydrophone (RD Instruments 1999). The parameter E is the
ADCP-measured echo intensity in counts and Er is the echo
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intensity corresponding to the ambient noise level which is typ-
ically obtained from the ADCP-measured echo intensity at the
largest distance from transducers.

The mass of suspended sediments per unit volume, i.e. the
concentration M , is related to the backscattering power as
(Thorne and Hanes 2002)

M = s
σ

ρs
4
3
πa3 (3)

where a is the particle radius (particles are assumed to be spheri-
cal), ρs is the particle density and the ratio s/σ gives the number
of particles for unit volume. s is the backscattering power related
to Sv as

s = 4π10Sv/10 (4)

σ is the backscattering power for an average single particle within
the measurement volume (namely, scattering size). The scatter-
ing size was related to the physical size by the form factor f
according to Thorne and Hanes (2002)

σ = 2
3

a2f 2 (5)

where the form factor is a function of ka, which is the acoustical
wave number–particle radius product. The form factor function
of ka is reported in Thorne and Hansen (2002), among others.
The concentration expressions for the two frequencies (Eq. 3)
yield the relationship to solve for grain size (Eq. 6):

s1

σ1
= s2

σ2
(6)

where the subscripts refer to the applied frequencies.
Equation (6), which is not dependent on concentration, gives the
current mean grain size of an ensonified volume by the two fre-
quencies. By substituting σ with its expression (Eq. 5), Eq. (6) is
recast to determine the grain size from the backscattering power
ratio at two frequencies

(
f1
f2

)2

= s1

s2
(7)

or from their difference in dB

10 log10

(
f1
f2

)2

= Sv1 − Sv2 (8)

The form factors square ratio (in the left-hand side of Eqs. 7
and 8) is a function of the sediment grain size and the applied
frequencies through the ka product as reported in Hay and Sheng
(1992). An advantage of this method is its ability to estimate the
mean grain size in the ensonified volume.

The ADCP-measured echo intensity was related to the
backscattering power that, in turn, was modelled on the basis of
the sampled concentrations and grain sizes. For this purpose, the

working form of the sonar equation was recast in the following
form (Eq. 9):

Sv − Sc = C + Kc(E − Er) (9)

This form better shows the calibration parameters: C and Kc,
which are the intercept and slope coefficients, respectively, for
the applied linear fitting. In Eq. (9), Sc (namely, the backscatter-
ing power correction) includes all of the known terms of Eq. (2);
(E − Er) is the measured effective echo intensity which also
accounts for echo intensity corresponding to the ambient noise
level; and Sv is the backscattering power determined by Eq. (10),
which is derived from the assumed scattering model for sand
(Eqs. 3–5)

Sv = 10 log10
Mf 2

8π2ρsa
(10)

where M and a are the concentration and the particle radius
(derived from the samples), respectively.

The interpretation of the backscattering power from sus-
pended sediment and how to extract sediment features (i.e.
concentration and size) from a backscatter signal are referred to in
the literature as forward and inverse problems, respectively. The
performed calibration implied a forward problem, i.e. given the
sediment features from samples, the backscattering power was
predicted (by Eq. 10) and was then related (by Eq. 9) to the echo
intensity measured during sampling. The calibrated method was
then applied to the entire record obtained from both ADCPs, thus
extracting the variation in the suspended sediment features from
the backscatter signal estimated at some river locations, which
is of major interest for hydraulic-sediment studies. Therefore,
given the measured echo intensity, the inverse problem consisted
of assessing the backscattering power using Eq. (9) for applica-
tion in Eqs. (10) and (8), which yielded the actual concentration
and grain size, respectively, at each measurement cell.

Regarding the inverse problem, the sediment grain size can be
derived from the difference between backscattering powers at dif-
ferent frequencies within a limited range of ka; in fact, for ka � 1
and ka � 1, there is no size information in Eq. (8) (Thorne and
Hansen 2002). In addition, a ka value near 1 may lead to multiple
grain size values (Thorne and Hardcastle 1997), and the backscat-
ter signal below the instrument and ambient noise levels further
reduces the method applicability for low ka values.

3 Results

3.1 Sediment samples

Observed distributions of sand from the river-bed and water
columns were averaged over three samples in P1, P2 and P3 and
two in P4 (Fig. 2), the complete data set is reported in Table 2. It
is worth noting that bed and suspended sand sizes are not evenly
distributed along the river cross-section. This was observed in
the median grain size sampled. The median grain sizes D50 from
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Figure 2 Average distributions of grain size of bed and suspended sand
in P1, P2, P3 and P4 over the acoustically measured range

the river-bed were 170, 280, 210 and 340 μm in P1, P2, P3 and
P4, respectively (maximum value in P4 and minimum in P1),
whereas for the suspended sand, D50 were 91, 94, 111 and 92 μm
(maximum in P3 and minimum in P1) in the same positions.
This misalignment gave evidence on a different variation along
the cross-section for bed and suspended sand which was also
discussed in more detail by Szupiany et al. (2012).

The amount of particulate organic matter is negligible in the
main channel of the Parana River, with concentrations lower than
0.1 mg/l which does not appreciably affect the backscattering
power (Szupiany et al. 2009). The effects by silt and clay on sound
propagation were also neglected, fine sediment was within the
range of 5–10 μm and almost homogenously distributed across
the channel width (mean values are 86, 81, 88 and 93 mg/l in P1,
P2, P3 and P4, respectively). Additionally, fine sediment does
not flocculate in the Parana River’s channel because of high flow
velocities (Mangini et al. 2003).

3.2 Validation of the dual-ADCP method at fixed vertical
sections

The depth ranges (Fig. 3) for the application of the acous-
tic method were critically investigated to account for (1) the

Figure 3 Time-averaged profiles of flow velocity (at fixed locations
P1, P2, P3 and P4) measured by the two ADCPs with the indication in
percent of their deviation from each other within the depth range for the
acoustic method application

backscattering power in the near field is strongly affected by
instrumental noise and (2) close to the river-bed, the side lobes
interference, the hard boundary reflection and the horizontal sep-
aration resulting from the diverging beams combine to produce
measured echo intensities that are no longer related to the scatter-
ing from suspended sediment. In addition, the velocity profiles
measured by the two ADCPs were compared to verify the homo-
geneity of the water volume to which the acoustic calibration
was applied.

Velocity profiles (measured from the two ADCPs) were aver-
aged (Fig. 3) over water sampling intervals. A noticeable gradient
in the averaged profiles near the river-bed confirms that the
backscatter values in this region are likely uncorrelated to sus-
pended sediment but are affected by the near boundary (e.g.
bed-load scatter). In addition, in several cases, the echo levels
were not available in the deepest bins, which occurred due to
the acoustic beams ensonified different depths close to the river-
bed because of the local morphology (e.g. bar and bed slope).
At these conditions, beam spreading and divergence may lead
to side lobe interference (Gordon 1996) and measurements of
different sediment fluxes by the two ADCPs. These occurrences

Table 2 Data from suspended sand samples and the ADCPs record in P2, P3 and P4

Samples 1200-kHz ADCP 600-kHz ADCP Comparison domain for ADCP echo intensities

Position and M D50 D84 D16 Sv − Sc E − Er Sv − Sc E − Er
sample # (mg/l) (μm) (μm) (μm) (dB) (count) (dB) (count) Average time (min) Range (m)

P21 15.7 96 123 68 −84.3 125.9 −90.7 149.5 6 1.5–5.0
P22 20.0 89 122 67 −84.3 126.1 −90.5 149.9 5
P23 15.7 97 135 72 −84.2 126.2 −90.7 149.5 4
P31 29.3 120 162 85 −83.3 128.6 −89.0 153.3 3 1.5–5.1
P32 29.2 122 148 84 −82.7 129.9 −88.4 154.7 3
P33 32.4 90 115 73 −82.7 130.0 −88.6 154.2 3
P41 16.1 88 122 72 −92.7 104.9 −97.7 133.4 4 1.5–11.5
P42 16.7 98 146 76 −92.2 106.2 −97.2 134.6 3
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strongly affect the method applicability, as is the case for the P1
position. The time averaged profiles in P1 deviated more than
5% from each other within the candidate depth range (percent
deviation in Fig. 3), providing evidence of a lack of horizontal
homogeneity of the flow field within the whole control volume
of the two ADCPs. This lack of horizontal homogeneity is likely
a result of the river channel shape. Position P1 was therefore dis-
carded in the following analyses because the ensonified volumes
(corresponding to sampling column) cannot be assumed to be
equal for the two frequencies. No significant deviations arose
within the depth ranges of sampling in P2, P3 and P4 positions,
as seen from the corresponding velocity profiles and percent
deviations in Fig. 3. The P2 position was near the centre of the
streamflow for the secondary channel, and the other two posi-
tions were in the streamflow of the main channel (see Figs. 1
and 8 for the locations on the river map and within the surveyed
cross-section, respectively).

Depth-averages of ADCPs profiles were time-averaged over
the water sampling intervals (e.g. boxes in Fig. 4a–c), equal
to approximately 200 s, to compare with the depth-integrated
samples. This averaging time yielded time-averaged echo inten-
sities and velocities pretty close to the corresponding long-term
averages (Szupiany et al. 2007a) as can be inferred from the
variability in the averaging time, t, of the normalized mean devi-
ations (NMs) (Fig. 4b–d). The NM is defined as the ratio of the
actual cumulative mean minus the entire time series mean over
the entire time series mean (Guerrero and Lamberti 2011), as
described by Eq. (11) for echo intensity

NM = Et
0 − E

E
(11)

Figure 4 (a) Time series of depth-averaged intensities of effective
echoes at P2; (b) NMs of depth-averaged intensities of effective echoes
at P2; (c) time series of depth-averaged flow velocities at P2 and (d)
NMs of depth-averaged flow velocities at P2

A qualitative correlation was observed between the NMs of the
depth-averaged velocity and the NMs of the echo intensities that
may reflect the flow velocity-suspended load reciprocal influ-
ence. Thus, the depth-averaged echo intensities from the ADCPs
were time-averaged over the sampling times, and the result-
ing values were applied in Eq. (9) to match the backscattering
power values estimated by means of Eq. (10) on the basis of
sampled concentrations and grain sizes in P2, P3 and P4 (i.e.
forward problem). The ADCPs and samples data are summarized
in Table 2. At the end, a total of eight ADCP record-sample pairs
were available: three in P2, three in P3 and two in P4.

Using the 1200- and 600-kHz ADCPs, laboratory tests per-
formed by Guerrero et al. (2012) were successful in sizing the
particle diameters in the range of 100–600 μm, which roughly
correspond to an acoustical wave number–particle radius prod-
uct, ka, within the range of 0.20–1.00. In those tests, the size range
was also limited by the noise level of air bubbles introduced in the
laboratory facility, which covered, to some degree, the scattering
power of the finer sediment. Given this evidence, sizes finer than
80 μm were discarded from the sampling results to estimate the
backscattering power. Therefore, the median radii of sediment
fractions coarser than 80 μm (from the suspended sediment sam-
ples) were applied in Eq. (10), which roughly corresponded to
the D80 of each sample. Consequently, in Eq. (10), the observed
concentrations (M in Table 2) were systematically reduced by
20%. In other words, in the Parana case study, using the echo
intensities from the 1200- and 600-kHz ADCPs, the acoustically
investigated range of suspended sediment had a lower bound of
80 μm (see the measured range in Fig. 2).

The parameters Kc and C (for the 1200- and 600-kHz ADCPs)
were inferred from the calibration (least squares algorithm) of
Eq. (9) over the experimental data (Fig. 5), where Sv was mod-
elled by Eq. (10) and E was from the ADCP echo intensity
profiles. Squared correlations between the acoustically inferred
and the reduced concentrations from the samples resulted in val-
ues of 0.6 and 0.9 for the samples set and mean values at fixed
positions, respectively. The corresponding squared correlation
for grain sizes were 0.5 and 0.8, respectively. The terms used

Figure 5 Calibrated linear relations between effective echo intensity
(measured E − Er) and corrected scattering power (modelled Sv − Sc)
with corresponding coefficients (C and Kc) for 600- and 1200-kHz
ADCPs
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Table 3 Theoretical (second column) and field evaluated (third column) ratios of scattering powers from two acoustic frequencies (1200 and 600 Hz)
and corresponding results in terms of sediment concentrations and grain sizes

Position Acoustically inferred concentration (mg/l) Acoustically inferred grain size (μm)
and and corresponding absolute and corresponding absolute
sample # deviation in % from samples deviation in % from samples

(
f1200

f600

)2 s1200

s600

P21 14.1 13.9 19 47% 18 27% 127 3% 126 1%
P22 14.1 13.6 20 21% 136 11%
P23 13.7 14.3 15 15% 114 16%
P31 12.8 13.1 13 47% 23 10% 154 5% 152 7%
P32 13.3 12.8 19 23% 162 9%
P33 14.3 13.6 37 36% 139 21%
P41 14.1 14.1 16 16% 13 4% 120 2% 121 10%
P42 13.3 14.1 11 23% 121 17%

in Eq. (7), the resulting grain sizes and concentrations for each
sample, and the average values at sampling positions are reported
in Table 3. The corresponding absolute deviations from the sam-
ples (reduced values, i.e. D80 and 0.8M ) are listed in the same
table. The mean deviations were approximately 29 and 11% for
the concentration and grain size, respectively, and approximately
half of those values are from the average values at the sampling
positions.

The calibrated method was then applied to the entire ADCPs
record, thus characterizing the time and depth variation in the
suspended sediment (i.e. inverse problem) at the three fixed loca-
tions. In this case, the applied averaging to ADCPs record defined
the resulting time resolution. The 1200- and 600-kHz water pings
were spaced 0.09 and 0.20 s apart, respectively (i.e. the time
between pings was equal to 0.09 and 0.20 s), and were grouped in
0.5 and 0.6 s ensembles during deployment, i.e. 5 and 3 pings for
each ensemble. The individual velocity and echo intensity pro-
files were grouped and averaged on a 3-s time basis, reducing the
eventual time misalignment between the ensembles (measured
profiles) from the two instruments. In addition, aiming to further
reduce the resulting variability, following the calculation of the
concentration and grain size, boxcar averaging was performed
along a 15-s spaced grid, including five resulting profiles in each
mesh. A linear interpolation with a fixed step of 0.2 m was also
applied to evenly distribute the bins along the vertical profiling,

Figure 6 Profile time series of sediment concentration, grain size
and corresponding velocity magnitude and vertical velocity (upward
positive values) at fixed positions (P2, P3 and P4)

thus compensating for the misalignments between the measure-
ment bins of the two acoustic frequencies; in this case, they were
0.25 and 0.5 m for the 1200- and 600-kHz ADCPs, respectively.

The resulting time series present vertically aligned contours
(Fig. 6) in the three fixed positions (P2, P3 and P4), which are pos-
sibly related to periodic events of sediment re-suspension from
the river-bed towards the water surface. These typical patterns
were correlated among different variables (i.e. concentration,
grain size, velocity magnitude and vertical velocity) and pre-
sented the clearest periodicity at approximately 100–150 s, albeit
lower variations were also observed at higher frequencies (with
40–60 s as the time period). In addition, a similar periodicity
was observed for the depth-averaged velocity and echo inten-
sity at all the fixed positions (Fig. 4). Positive correlations were
observed between the concentration and velocity magnitude and
between the grain size and vertical velocity, whereas the sed-
iment concentration and grain size were negatively correlated.
In other words, on average, low concentrations of coarse sedi-
ment corresponded to upward fluxes, whereas finer sediment was
observed in the zone with higher velocity magnitude (P4). In the
low-water-depth profiles (P2 and P3), the vertically aligned pat-
terns were particularly evident. These results provide evidence
on two different mechanisms for coarse and fine sediments: (1)
the coarse sediment entrainment from the bed into the stream flow
occurs by means of vertical advection in secondary currents (at
low depths: P2 and P3); and (2) the transport of fine sediment
in the core of the main streamflow (P4) is characterized by high
velocities.

3.3 River cross-section survey

To show the effectiveness of the calibrated method in enhancing
ADCP capabilities for fluvial process investigations, the river
cross-section in Fig. 1 was surveyed with the instrument typi-
cal deployment used for streamflow discharge measurement and
velocity field mapping (Szupiany et al. 2007a, Guerrero and
Lamberti 2011). The two calibrated ADCPs were moved along
the river cross-section as the echo intensity and velocity profiles
were continuously measured.
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Figure 7 (a) Data grid for profiles averaging and (b) proxy indexes of
success in individual bins of the two-ADCP method

Analogous to the previously described analysis for the fixed
positions, the moving-ADCPs profiles were averaged to achieve
reliable time and vertical alignments between the two instru-
ments. Individual ensembles (measured profiles) were averaged
together on a 3-s time interval. Following the inverse problem
solution, 15-s boxcar averaging was performed on the resulting
profiles, the same as in the case of the analysis at fixed positions.
Although, the method application to individual bins was lim-
ited by (1) side lobes interference close to the river-bed; (2) the
diverging beams configuration and (3) the ka range; boxcar aver-
aging led to concentration and grain size estimates for the entire
section. Given the fixed interval for averaging, lower boat veloci-
ties resulted in a finer mesh for the post-processing grid (Fig. 7a).
The final resolution along the cross-section was approximately
30 m on average, 20 m at the minimum and twice that at the
maximum, which is sufficient for the investigated 2.3-km wide
cross-section. A linear interpolation with a 0.2-m step was also
applied to distribute the bins evenly along the vertical axis.

Deviations between the averaged profiles of the flow veloc-
ity magnitude from the two ADCPs, referenced to a bottom
track option (Gordon 1996), were randomly distributed along
the cross-section, and the mean and maximum values were 5
and 10%, respectively, providing evidence on the successful
alignment of the acoustic beams and supporting the assumption
of layer homogeneity within the two ADCP measurement vol-
umes. Success and fault in applying the dual-ADCP method at
an individual bin are mapped in Fig. 7b. Method faults were due
to the following factors: (1) ADCP profiling limitations (e.g.
the unmeasured regions near the instruments and river-bed);
(2) different ensonified volumes for the two ADCPs (i.e. the
lack of horizontal homogeneity in the investigated water vol-
ume) and (3) values of ka being too low which was particularly
frequent at the streamflow core (profiles between 1 and 75 in
Fig. 7b).

As expected, a good agreement was observed between the
variation of the variables along the cross-section derived from
the moving- and fixed-deployment (Figs. 8 and 9). A high-
concentration pattern can be observed beginning from the

Figure 8 (a) Concentration values from the acoustic method corre-
sponding to the samples’ average and to individual samples over transect
distance and (b) acoustically inferred map of concentration along the
investigated cross-section, transect distance from the right bank

Figure 9 (a) Sediment size values from the acoustic method corre-
sponding to the samples’ average and to individual samples over transect
distance and (b) acoustically inferred map of sediment size along the
investigated cross-section, transect distance from the right bank

Figure 10 (a) Velocity magnitude map from 1200-kHz ADCP and
(b) vertical velocity map from 1200-kHz ADCP, upward positive values,
transect distance from right bank

river-bed (Fig. 8) where coarse sediments were also observed
(Fig. 9), which provided evidence on sediment entrainment into
the streamflow from the bed. In more detail, sand plumes, char-
acterized by the highest concentrations (within the range of
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10–20 mg/l) found in the cross-section, were observed at the
main channel side (transect distances between 300–1200 m from
the right bank in Fig. 8). These vertical plumes were correlated
with vertical velocity variations that were particularly evident
from a transect distance between 300 and 600 m (Fig. 10b) and
corresponded to the vertically aligned patterns in the velocity
magnitude field (Fig. 10a). The corresponding grain sizes (Fig. 9)
decreased, passing from 150–200 μm in low-depth areas to
approximately 100 μm for plumes near the stream flow channel
(high water depth). Low concentrations (3–10 mg/l) of fine sedi-
ment (90–100 μm) were observed in the streamflow core (Figs. 8
and 9): within 0–400 m and 12–8 m for the transect distance and
water depth, respectively.

4 Discussion

The dual-ADCP method requires that an almost homogenous vol-
ume be simultaneously ensonified by different frequency beams.
Additionally, the profiled water columns were simultaneously
sampled for method validation purposes. Taking into account
the existing ADCPs and the difficulties of field operations on a
large, navigable way, such as the Parana River, the time-spatial
alignment task was not trivial for the following reasons: (1) the
different time and profile resolutions of the ADCPs and water
sampler; (2) the diverging beam configuration of the ADCPs and
the use of two instruments, which further increased the ensonified
volume and thus, the extent of the layer homogeneity assump-
tion and (3) the different time and profile resolutions of the 1200-
and 600-kHz ADCPs, which in this study, corresponded to ping
intervals of 0.09–0.20 s, respectively. The first constraint forced
the validation to be conducted on depth- and time-averaged val-
ues. However, the second and third constraints also play relevant
roles, particularly where the velocity field presents noticeable
gradients in the horizontal plane, as was the case of position P1.

When using two ADCPs working at different frequencies for
combined concentration–grain size mapping, the typical assump-
tion of layer homogeneity (Gordon 1996) in the horizontal plane
is extended to the volumes bordered by both instrument beams
and to the corresponding field of suspended sediment. The differ-
ence in the backscattering power at the two frequencies is related
to the grain size–wave number product (Eq. 8) of an homoge-
nous suspension and should not be influenced by the ensonifying
of different water volumes. In a large river such as the Parana,
the main gradients of the velocity and concentration fields take
place over distances that are an order of magnitude larger than
the typical measurements of the ensonified volume (fixed by
the diverging beams and ADCP profiling resolution). This pecu-
liarity of the Parana River yields the satisfactory calibration of
the method over depth-time averaged samples. Nevertheless,
the recordings at fixed positions showed noticeable variations
with relatively short time periods (Figs. 4 and 6). These varia-
tions contained detailed patterns. Furthermore, beam divergence
increases along the emission direction, which decreases the

method reliability near the river-bed. Additionally, side lobe
interference, which is also related to the beam angle (i.e. diverg-
ing beam), plays an important role near the bed. For these reasons,
working with two adjacent, vertical beams of different frequen-
cies may considerably improve the presented method. Indeed,
three diverging beams are needed for velocity vector assess-
ments, whereas the additional vertical beams could provide the
layer homogeneity check and the complementary frequencies.
In these regards, producing beam direction by means of phased
array technology (Urick 1997), i.e. beam steering, may also be
considered, so that the beam directions could be dynamically
changed by introducing the appropriate phase delays depend-
ing on the ping purpose (velocity or concentration–grain size
investigations).

Also the signal modulation operated by the ADCP reduces
the method accuracy. In fact, this modulation is fixed in rela-
tion to the Doppler signal processing for flow velocity profiling
(Gordon 1996). Given a flow velocity and its measurement
accuracy, the modulated signal length increases with decreas-
ing carrying frequency (i.e. acoustic frequency), which nor-
mally leads to larger bins and a greater distance to the first
bin for lower-frequency ADCPs. In other words, with the
objective of accurately assessing the backscattering power, the
cell sizes for different frequencies could be made the same,
which would also reduce the difference between first cell
distances.

Another relevant limitation of the method is related to the
frequency-dependent sensitivity of the acoustic transducer to
suspended particles, which sets the acoustically inferred range
of grain size. Indeed, the grain size is not unequivocally corre-
lated to the backscattering power when the wave number–particle
radius product, ka, is greater than 1. A ka value greater than 1
is beyond the Rayleigh scatter (Medwin and Clay 1998), and
this sets the largest particle. On the other end of the spec-
trum, extremely fine sediment with a ka value less than 1 does
not present scattering size ambiguities; however, the scattering
power may be too low to be detected above the background noise
threshold. This was assumed for sediment fractions finer than
80 μm in this study. Faults in Fig. 7b in individual bins mostly
corresponded to the fine-sediment areas in Fig. 9. This correlation
provides information regarding the results for a ka value that is
too low for detection by 600 kHz. A higher frequency would help
to fully investigate fine sediment within the observed streamflow
core (0–400 m and 12–8 m as the transect distance and water
depth, respectively, in Figs. 7–10). The assumed range for ka
was 0.14–0.90, which corresponded to a detectable and mea-
surable grain size range of 80–500 μm (the measured range in
Fig. 2) for the applied frequencies. Given the same low threshold
for ka, a 2000-kHz frequency may extend the range to 40 μm. In
addition to this frequency-dependent limitation, the sound losses
increase with frequency (Urick 1997), which would also affect
the method capability of sizing finer sediment, particularly for
long ranges and with high concentrations (Guerrero and Ruther
2013).
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Regarding the performed calibration between the modelled
backscattering power and averaged echo intensity, 60 and 95%
confidence levels corresponded to bounds of 10–15 and 40–50%,
respectively, of the actual predicted backscattering power (Sv −
Sc lines in Fig. 5) for the 1200- and 600-kHz ADCPs. Although
more samples would be required to lower these uncertainties,
in the case study, the slope coefficients (Kc) also corresponded
to instrument conversion factors that were obtained in the lab-
oratory, following the RD Instrument’s technical note (1999).
This observation confirmed the reliability of the applied model
(Eq. 10) to predict the actual backscattering power by using
depth-time averaged sampling in the Parana River. In fact, as
demonstrated in Guerrero et al. (2012), instrument conversion
factors can be applied for suspended sediment sizing. Calibration
uncertainty is thus reduced to the intercept coefficient (C) uncer-
tainty (reflecting the field variability of the background noise,
Er), which yields reduced bounds equal to 5–10 and 15–25%
of the actual prediction for the 60 and 95% confidence levels,
respectively.

A sediment sampler capable of collecting samples at speci-
fied depths may improve the calibration performance. The laser
diffraction principle is applied (Sequoia Scientific 2010) to actual
field measurements of concentration and grain size, achieving a
time resolution similar to that of ADCP profiling. These tech-
niques provide several data sets to match the ADCP record but
may introduce bias because of the inaccurate depth alignment of
point sampler measurements along the echo intensity profile and
because of time misalignment between ADCPs measurements
and concurrent measurement. The extent of these deviations
should be considered with regards to observed vertical gradients
and time variations (Guerrero and Ruther 2013).

Notwithstanding the aforementioned limitations, which
explain the reported deviations in Table 3 and the method
faults in Fig. 7b, the use of two ADCPs working at different
frequencies demonstrates a high potential for river process inves-
tigations because of its capability to simultaneously map flow
velocity, concentration and grain size distributions with good
resolution. The method accounts for scattering power variation
due to changes in the mean particle size in the ensonified vol-
ume. The observed variation of sediment concentration and size
yielded the 20 and 30% variations, respectively, of the mod-
elled scattering power over its average value. Using only one
frequency, the grain size variation would lead to a lower accuracy
of the method, which in this case, can be recast as a simpli-
fied relation between measured echo intensity and concentration.
When applying single- or multi-frequency methods, the acous-
tic models applicability should be analysed in relation to the
expected sediment concentration and grain size. Although the
single-frequency method may be accurate enough for concentra-
tion assessments of well-sorted sediment, the multi-frequency
method can be calibrated over a range of grain sizes. A changing
size of the investigated sediment would imply different calibra-
tion coefficients to maintain the same accuracy by means of a
single frequency. Furthermore, the limitations of the method

depend on acoustic frequency in similar way as for single- and
multi-frequency applications, which, by using 1200- and 600-
kHz frequencies as in this Parana case study, led to a lower
threshold of 80 μm for suspended sediment sizing.

The measurements collected at the Parana River cross-section
provided evidence on two different mechanisms: (1) for coarse
sediment, the entrapment from the bed into the stream flow by
means of vertical advection in secondary currents (maximum
concentration and grain size from 300 to 1200 m in Figs. 8 and 9,
respectively) and (2) the observed transport of fine sediment
within the core of the main streamflow (progressively from 0
to 300 m in Figs. 8 and 9). These results are in good agree-
ment with the observed inertial effect in expansion–difluence
units at the Parana River used to explain the loss of correlation
between the flow velocity and sediment transport, as described
by Szupiany et al. (2012). The observed variability at fixed posi-
tions provided detailed evidence on this sediment dynamics. The
vertical velocity direction appeared to be correlated with a re-
suspension-plume structure (concentration and grain size maps
in Fig. 6) at low depths (P2 and P3 positions), whereas at the
high-depth position, P4, the concentration and the flow velocity
magnitude patterns appeared to be correlated.

These detailed results are not available from previous stud-
ies using the single-frequency method, and clarify the results
of the first application on the Parana River of the dual ADCPs
method, presented in Guerrero et al. (2011). The validation with
depth-integrated samples yielded a reliable grain size distribu-
tion within the measurable range, whereas Guerrero et al. (2011)
presented tentative distributions on the basis of known concentra-
tion values from a single-frequency application and an assumed
univocal value of sediment mean grain size.

5 Conclusions

Our sampling effort on the Parana River validated the method
for grain size assessment using two ADCPs working at differ-
ent frequencies (600 and 1200 kHz) on the same water column.
Good agreement was observed between the vertically integrated
samples and the ADCPs-inferred results averaged over the depth
and sampling time; the resulting squared correlation coefficients
ranged from 0.5 to 0.9, and the obtained deviations from the sam-
ples were within 30 and 6% for the entire sample set and for the
corresponding averages at fixed positions, respectively.

The flow velocity field, the concentration and grain size of the
suspended sediments were extensively investigated in fixed posi-
tions and along the river cross-section, providing information on
re-suspension-plume events from the river-bed. The coarse sedi-
ment (150–200 μm) of the measurable range was observed with
maximum concentrations near the bed and in vertically stretched
patterns. The time series at the fixed positions were characterized
with re-suspension events correlated with the oscillations of flow
velocity in the vertical direction. Plume and flow velocity varia-
tions showed 100–150 s periodicities and increasing magnitude
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when passing from the channel thalweg to near low-depth areas of
the bar. Suspended sediments with a grain size of approximately
100 μm were observed in full suspension within the streamflow
core at the thalweg location.

Misalignment of acoustic beams and limited sensitivity to
suspended particles restricted the applicability of the proposed
method. Notwithstanding, the use of two ADCPs working at
different frequencies showed a high potential for investigating
large river processes because of the capability to simultaneously
map flow velocity, concentration and grain size distributions with
good resolution.
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Notation

a = particle radius (m)
α = sound absorption coefficient in dB/m
C = calibration coefficient in dB
E = ADCP-measured echo intensity (counts)
Er = echo intensity corresponding to the ambient noise

level (counts)
f = particle form factor
k = acoustic wave number
Kc = conversion–calibration factor between the

instrumental counts and dB
L = 10 times the common logarithmic of the transmitted

pulse length (m)
M = sediment concentration (kg m−3)

P = 10 times the common logarithmic of the transmitted
power (W)

R = acoustic beam range (m)
RL = received echo level (dB)
ρs = particle density (kg m−3)

s = backscattering power for unit volume (m2 m−3)

Sc = backscattering power correction (dB)
SL = source level (dB)

Sv = backscattering power for unit volume (dB)
σ = scattering size (m2)
T = transducer temperature (◦C)
t = averaging time
TL = transmission loss (dB)
TS = target strength (dB)
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