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a b s t r a c t

A complete understanding of alluvial-bed dynamics is desirable for evaluating a variety of issues related
to water resources.

Sediment fluxes were investigated in a bifurcation of the large Parana River near Rosario, Argentina.
The backscatter estimations from the Doppler profilers provided the suspended load of the sediment
forming the riverbed. An echo-sounder was applied to track the dunes yielding the bed-load estimation.

Aiming to show the usefulness of the recorded data, a 2-D numerical code was applied to the 10-km
long and 2-km wide Rosario reach. The morphodynamic module was un-coupled from the hydrodynam-
ics assessment, which enabled the long-term prediction of the river morphology accounting for the
hydrological yearly variation with a quasi-steady approach.

Numerical experiments were performed to test the sensitivity of the hydrodynamic model to the
computational time-step and mesh size, to test the un-coupling scheme performance regarding the
full-dynamic modelling, to test the accuracy of the sediment transport formulae based on the field
evidence and, finally, to provide guidance to properly fix the model parameters.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The transport of the sediment forming the riverbed has been
widely studied to understand the alluvial bed dynamics and its
reciprocal feedback with the hydrodynamics. The sediment trans-
port is commonly classified based on the following dominant
mechanisms: the bed-load is referred to as the transport occurring
near the riverbed in which the stream flow sweeps the bed
particles over the underlying sand bedforms or the gravel bed
and the suspended load in which the particles are transported fully
suspended in the water column. The suspended-load, containing
the finer particles, often represents the majority of the transported
sediments reaching the sea; therefore, the measurement technolo-
gies have primarily focused on the flux of the suspended materials
[1–7]. However, the morphology of large rivers is also influenced
by sand fluxes close to the bottom.
Detailed and frequent measurements of the sediment transport
in a river stream-flow are desirable for the evaluation of many
issues related to river hydro-morphodynamics, such as the effects
of climate change on the river morphology and the riverine habitat,
the safety of the civil engineering structures (e.g., bridges and
embankments), and the maintenance of the navigation channels
and hydropower intakes. River sediment transport and deposi-
tion–erosion patterns are primarily responsible for determining
the channel morphology of large rivers [8,9]. The sediment that
feeds the delta at the river outlet serves to build coastal landforms
and maintain the shoreline [10–13].

The Parana River represents an important waterway for the
South America region of the La Plata Basin, which joins parts of
Argentina, Bolivia, Brazil, Paraguay and Uruguay. Therefore, the
dynamics of the water and sediment along this watercourse has
been studied by various authors, with the principal aim of clarify-
ing the interrelationships among the climate, hydrology, riverine
hydraulics and morphology, which affect the water resources and
fluvial structures, such as bridges, ports and levees [14,15].

Over the last years, field techniques and analytical or numer-
ical models have been applied to study these interactions along
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Notation

a reference level for the sediment concentration
assessment over the riverbed

C Chézy parameter (m1/2/s)
C0 specific skin friction parameter
Cb river bars celerity
cr morphodynamic model compression rate
d sediment diameter (m)
D normalised particle diameter
f correction factor for suspended-load concentration
g gravitational acceleration (m/s2)
h average dune height (m)
h water depth (m)
H water level (m)
hd-ts hydrodynamic time-step (s)
hev horizontal eddy viscosity (m2/s)
k total-load calibration coefficient
kb bed-load calibration coefficient
kl suspended-load calibration coefficient
L dune wave length
Lb river bars wave length
md-ts morphodynamic time-step (s)
md-st morphodynamics to the sediment transport time scales

ratio
p – q mass flux variables in the grid s–n directions

P sand porosity
Qref flow discharge (m3/s)
Rn radius of curvature, direction n
Rs radius of curvature, direction s
RHS Reynolds stresses
s–n computational grid directions
s relative density of the sediment to the water
sf morphodynamic model scale factor
S total sediment transport rate
Sb bed-load
Sl suspended-load
Ss sediment transport flux, direction s
Sn sediment transport flux, direction n
T oscillation period of local flow velocity
u local flow velocity (m/s)
u0� effective friction velocity over the grains
vm migration velocity (m/day)
z bed level
#0 shields parameters
Du oscillation amplitude of local flow velocity
#c critical shields parameter
s shear stress
s00 bedforms drag
s0 skin friction
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the sandy rivers [2,16,17]. New methodologies [18–20] have
overcome the traditional limited measurement devices used in
the past; consequently, the data taken by these new methods
may assist the numerical models simulation for a better under-
standing of the riverbed dynamics. Innovative instrumentations
employed in river surveys include Acoustic Doppler Current Pro-
filers (ADCPs), which could be used to characterise the sec-
ondary flows and the vertically averaged velocity patterns
[22,22], to evaluate the shear stress by fitting the logarithmic
velocity profiles [16,23] and to study the suspended-load
[2,7,24]. Concerning the sand-beds, acoustic technologies have
also been applied to track the bedforms, eventually estimating
the bed-load. This approach for dune tracking consists of
applying a single or multi-beam echo-sounder in repeated sur-
veys to measure the dune geometries and their translation
lengths [26–30].

In the present study, acoustic techniques were applied to esti-
mate the sediment fluxes in the Parana River near Rosario,
Argentina, discerning among the sediment grain sizes and the
dominant transport mechanisms (i.e., suspended and bed-load).
The used devices (i.e., the ADCPs and a single-beam echo-soun-
der) were easily deployed compared with traditional samplers
and provided detailed data for the monitoring and forecasting
of the sediment fluxes and the resulting morphology. Aiming to
show the usefulness and applicability of these data, the river
channel morphodynamics was simulated with an existing two
dimensional (2-D) numerical model (Mike21C by the Danish
Hydraulic Institute-DHI [32]), assuming the shallow water
approximation.

In more detail, the single- and multi-frequency backscatter
techniques were applied to characterise the suspended-load of
the sand forming the riverbed, whereas the bed-load was estimat-
ed by tracking the dunes with a single-beam echo-sounder in the
same field campaign.

The 2-D hydro-morphodynamic model simulated the water–
sediment flow and the bed level interaction by applying an un-cou-
pled and quasi-steady approach. In the computations, the yearly
discharge variations in the river were considered, and the mor-
phology of the channels was accurately represented.

A wide sensitivity analysis was performed regarding the effect
of the time steps, the computational grid and the adopted
transport formulae on the resulting morphology. The acoustic sur-
veys provided the reference data, in previously unrated detail, for
the calibration of the sediment transport formulae implemented
in the numerical model (i.e., the total-load formula has been given
by Engelund and Hansen [33] and the suspended- and bed-load
formulae by van Rijn [34,34]).

This accurate modelling will foster an efficient management of
the river to meet the objectives, such as the navigation channel
maintenance.

The paper is organised as follows. The next section presents
the materials and methods, with a particular focus on the study
site, the applied measurement techniques and the mathematical
model. This section also briefly introduces the performed numer-
ical simulations, focusing on the available historical data, i.e., the
stage-discharge relationship, the water level records and the
river morphology maps, which were used as the boundary con-
ditions and for the model set up. Section 3 reports the achieved
results in terms of the estimated sediment fluxes in the field, the
numerical model parameters from the sensitivity analyses and
the morphology calibration. Aiming to provide a general guid-
ance for the numerical modelling of large river morphodynamics,
the outcomes of these analyses are then discussed in Section 4,
highlighting the following: (i) the dependence of the model
parameters on the observed morphological features, (ii) the use-
fulness and limits of the estimation of the sediment fluxes using
acoustic backscatter. The concluding remarks are reported in the
final sections.

This study extended our investigation regarding the
Parana River: the interconnections among the applied methods,
and the previous and current results and objectives are outlined
in Fig. 1.



Fig. 1. Structure of the presented study.
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2. Materials and methods

2.1. Study site

The Parana River has a watershed that covers approximately
2.6 � 106 km2 and is one of the largest rivers in the world [36],
with a total length of approximately 4900 km, and outflows into
the Atlantic Ocean near the city of Buenos Aires (Fig. 2(a)). The
Middle and Lower reaches flow from north to south through
Argentina for approximately 1000 km (Fig. 2(b)) and have a mean
annual discharge of approximately 12,000–15,000 m3/s, a water
surface slope on the order of 10�5 and a total sediment transport
of approximately 130–135 � 106 t/year [8,36]. A significant portion
of this transport (approximately 80%) is considered as wash-load
coming from the Bermejo River, a tributary of the Paraguay River
flowing from the Andes. The remaining portion, composed of sand
(Fig. 2(c)), shapes the bed of the river and is classified as suspended
load and bed load. The planform pattern of the Parana River
channels is classified as anabranching with braided/meandering
thalweg [36–37].
Fig. 2. The Argentina’s map with the Parana River (a); the Middle and Lower Parana River
the distance of the navigation way from Buenos Aires in Fig. 2b; the studied reach (d) o
The present investigation of the sediment fluxes was conducted
in the large expansion-bifurcation unit, which is located in the
lower reach of the watercourse near Rosario, 420 km from the
delta (Fig. 2(d)). This unit was in the upstream portion of the
numerical domain that spanned a 10-km long reach, including
the bifurcation, the sand bar obstructing the meandering channel,
and the large island between the two channels.

2.2. Field measurements

The site was surveyed on November 16 and 17, 2010 when the
total flow discharge Qref was equal to 14,320 m3/s. The bed and the
suspended sediment samples were obtained at four fixed measur-
ing verticals (s1, s2, s3 and s4 in Fig. 2(d)) positioned across the
2.3-km-wide, 14-m-mean-depth river cross section upstream of
the bifurcation where the following acoustic measurements were
also performed: (i) the ADCPs profiling to evaluate the suspend-
ed-load of the sand across the section, and (ii) the single-beam
echo-sounder longitudinal profiling to estimate the displacement
of the bedforms from the dune tracking.
(b); sediment distributions of samples from the riverbed (c), located with respect to
f the Lower Parana River near Rosario.
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The application of the acoustic backscatter by deploying the
ADCPs in the riverine environment to infer the profile concentra-
tions have been applied by various authors [2–7]. Among others,
Guerrero et al. [2] have first compared the single to the multi-
frequency ADCPs method in the large Parana River, showing that
the latter also provides grain size profiles. In the other studies
regarding the Parana River, Guerrero et al. [4] have provided the
calibration of the multi-frequency method using the sand contents
of the samples, and Latosinski et al. [7] have calibrated the
single-frequency method.

However, regardless of the applied approach, the recorded echo
from the ADCP is corrected for a variety of reasons (e.g., beam
spreading and sound attenuation); therefore, it is correlated to
the backscatter from the suspended sand with different limits
related to the accounted grain size and the concentration that,
finally, depends on the used frequencies. The evaluations of the
sediment concentration and the grain size (the latter is possible
only using the multi-frequency) using the measured backscatter
is referred to as the inverse problem, whereas the direct problem
consists of modelling the backscatter by applying the known sedi-
ment features that yield the calibration of the ADCPs. The inverse
and the direct problems were successfully solved at the bifurcation
cross section (Fig. 2(d)) by applying the 1200-kHz-frequency [7]
and the 600–1200 kHz pair of frequencies [4]. In the present study,
the findings of these previous applications were further analysed
to compare the sediment fluxes of the different sand fractions,
finally achieving the numerical model calibration.

The dune tracking was performed by applying an echo-soun-
der in repeated surveys to measure the dune geometries and
their translation lengths along the thalweg of the two channels
over approximately 24 h. The longitudinal sections (Long. 1 and
Long. 2 in Fig. 2(d)) in the main channel and the meandering
channel were 650 and 500 m long, respectively. These profiles
crossed seven dunes along the right channel and fifteen dunes
along the other channel, therefore showing different dune wave
lengths.

The dune tracking method [39] was applied to each of the
observed dunes to estimate the sediment transport rate in
m2/day, as follows:

gsf ¼ 0:66 � ð1� PÞ � h � vm ð1Þ

where 0.66 is a shape factor, P is the sand porosity, vm is the esti-

mated migration velocity in m/day, and h is the average dune
height, observed over two consecutive profiles of the same dune.

2.3. The mathematical modelling

Open source and proprietary codes are available to simulate the
morphodynamics of watercourses with fixed and movable beds.
Generally, large rivers have a width-to-depth ratio ranging from
10 to 100. Therefore, the shallow water approximation could be
applied in these cases leading to a depth-integrated or 2-D model.
The commercial 2-D code, Mike21C, developed by the DHI [32]
presents certain advantages to simulate the morphodynamics of
large rivers. The space and time resolutions may be adapted to a
variety of cases, eventually un-coupling the hydrodynamic from
the morphological-time-step, leading to reasonable computational
times, even in cases of large computational domains, such as in the
Parana River case study.

Mike21C includes the two-dimensional Navier–Stokes
equations for the liquid phase, which are the conservation of
momentum in two directions (Eqs. (2) and (3), respectively) and
the continuity of mass (Eq. (4)). These equations are solved on a
curvilinear grid with the s–n directions and the Rs � Rn radii of
curvatures using an implicit finite difference scheme [32,39,40].
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The mass flux variables (p � q) in the s–n directions, the water
depth h and the level H are defined over a space staggered compu-
tational grid. The hydrodynamic model neglects the lateral
exchange of the momentum due to water friction and the gradients
of the vertical velocity, i.e., the pressure distribution is considered
to be hydrostatic. Given these limitations, the numerical code is
suited to represent small gradients in water surface entailing small
Froude numbers and small ratios of water depth to curvature
radius. The Reynolds stresses are described in the right hand side
(RHS) terms of Eqs. (2) and (3), including the horizontal turbulence
viscosity (i.e., horizontal eddy viscosity). This macro-turbulence
parameter was calibrated over the range of 2–10 m2/s to maintain
a stable computation over the entire domain of the case study. The
Chézy parameter, C, is typically calibrated to simulate the bed
roughness effect on the velocity field.

Aiming to investigate the reciprocal feedbacks between the
river channel morphology and the sediment fluxes, a detailed
numerical modelling of the Rosario reach was conducted using
Mike21C. An un-coupled approach was applied that enabled a reli-
able simulation of the long-term changes in the observed river
morphology.

The morphodynamics model combines the hydrodynamic with
the sediment transport calculations; the flow field is continuously
updated according to the morphology changes of the bed. The un-
coupled approach entails the solution of the hydrodynamics prior
to the continuity equation for the sediment (Eq. (5)).
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A space centred, time forwarded, explicit, difference scheme is
applied to solve Eq. (5), where z and Ss � Sn are the bed level and
the sediment transport fluxes in the s–n directions, respectively.
The solution of this latter equation gives the new bed morphology,
and then the hydrodynamic model proceeds with the next time
step.

A relevant advantage of the un-coupled approach is the use of
different time steps for the liquid and sediment phases. The
long-term simulation of the morphodynamics of large rivers
would be extremely demanding in terms of computational
resources when using fully dynamic models. In this case, the
governing equations for the two phases are coupled into one
set of differential equations, which are concurrently solved by
applying an individual time step. This time step is limited to ful-
fil the most demanding Courant criteria, which is for the liquid
phase. The water and bed level waves are characterised by cele-
rities with different orders of magnitude; generally, the hydrody-
namics is computed using the time steps of a few seconds,
whereas the morphological changes occur over long periods
(from days to years).

The un-coupled approach uses different time steps and solution
strategies tailored over appropriate temporal scales of the simulat-
ed processes. In this case study, the hydrodynamics was solved
adopting an implicit finite difference scheme with a Courant num-
ber of approximately four, whereas the transient solution of the
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riverbed was computed with an explicit scheme, which was
characterised by a small Courant number. Therefore, a scale factor
(sf) defined as the ratio between the morphodynamic and hydrody-
namic-time-step (md-ts and hd-ts, respectively) was introduced.

Two different approaches are available in the applied code to
un-couple the morphodynamic and hydrodynamic modules
(md-m and hd-m, respectively) that fix the value for sf. One method
consists of alternatively marching the two modules with different
time steps but maintaining the same frequency, i.e., the one-to-one
time step approach. This approach compresses the hydrodynamic
events with a rate (cr) equal to md-ts over hd-ts, which, in this case,
corresponds to sf. The other available method is to activate md-m
with a lower frequency with respect to hd-m, that is, one over
md-ts (i.e., the low-frequency approach), which, in this case, is the
inverse ratio of sf. These two methods may be combined or indi-
vidually applied; however, quasi-steadiness in hydrodynamics is
required. Consequently, the boundary conditions should slowly
vary over time because the morphological-hydrodynamic recipro-
cal adaptations could occur before the following hydrological con-
dition forces a new morphology configuration. Therefore, a
sensitivity analysis (described in Section 3.2) was conducted on
the effect of the adopted sf in the morphology results.

Regarding the performed long-term simulations, the calibration
of the adopted sediment transport formulae noticeably influenced
the resulting morphology. Therefore, numerical experiments
(described in Section 3.3) were conducted to investigate the relia-
bility of the sediment transport formulae combined with different
representations of the bed composition. In more detail, the model
proposed by Engelund and Hansen [33] is a total-load formula,
which was adopted to represent the bed composition with an
individual grain size of 250 lm, which is the D50 of the sediment
forming the riverbed in the simulated reach. Alternatively, the
van Rijn formulae for the suspended- and bed-load assessments
[33,34] respectively were assumed in combination with a graded
model that included the two most frequent classes observed in
the riverbed (i.e., 125 and 250 lm).

The Engelund and Hansen model was implemented in the code
as reported in Eq. (6), where S is the total sediment transport rate,
C and #0 are the Chézy and Shields parameters [42], respectively, s
is the relative density of the sediment to the water, g is the
gravitational acceleration, d is the sediment diameter, and k is a
calibration coefficient.

S ¼ k � 0:05
C2

g
#0

5
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs� 1Þ � gd3

q
ð6Þ

The Shields parameter # (Eq. (7)) is defined as the ratio between
the shear stress, s, over the riverbed and the relative weight of the
sediment grains forming the riverbed in which the former (Eq. (8))
is estimated with the local flow velocity, u, and the Chézy para-
meter C.

# ¼ s
qg � ðs� 1Þ � d ð7Þ

s ¼ qg
u2

C2 ð8Þ

The shear stress is typically divided into bedforms drag s00 and
skin friction s0. The shear stress due to skin friction produces sedi-
ment transport, whereas s00 gives rise to bedforms, i.e., dunes in the
large Parana River. In the code, the estimation of the skin friction
using Eq. (9) combines with the Engelund–Hansen formula (Eq.
(6)) to provide the total-load assessment.

#0 ¼ 0:06þ 0:4 � #2 ð9Þ
The dependence of #0 on the Chézy parameter, through Eq. (7),

eventually yielded a sediment transport overestimation. Indeed,
the Chézy parameter was fixed based on the expected alluvial
roughness and the consequent bedform drag to achieve a proper
hydrodynamic calibration rather than an accurate sediment trans-
port assessment. However, the calibration coefficient k in Eq. (6)
was applied to correct the transport rate estimation.

The van Rijn model for the bed-, Sb, and suspended-load, Sl,
assessments was implemented in the code with Eqs. (10) and
(11), respectively, where u0� is the effective friction velocity over
the grains estimated in Eqs. (12) and (13), and #c is the critical
Shields parameter, depending on the normalised particle diameter
D (Eq. (14)).
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The level, a, in Eq. (11) is assumed to be equal to the maximum
between 1% of water depth, h, and two times the assumed grain
size of the sediment forming the riverbed, d. This level is the refer-
ence level for the sediment concentration assessment over the riv-
erbed (i.e., the square brackets term). In the same equation, f is a
correction factor accounting for the actual distribution of the sus-
pended sediment concentration over the depth. This correction
factor is evaluated based on the Rouse suspension parameter
[43]. An advantage of the van Rijn model implementation is that
the effective friction velocity does not depend on the Chézy para-
meter, C, but on a specific skin friction parameter, C0, which repre-
sents the actual roughness due to the grain size (Eq. (13)).
However, the coefficients kb � kl may be defined to calibrate Eqs.
(10) and (11).

The van Rijn model enabled the representation of the individual
contributions of the sediment fractions to different sediment
mechanisms. In this case, the graded model option was activated,
and the riverbed composition was described. With this option,
the transport formulae were individually evaluated for each of
the represented sediment classes and were reduced based on the
corresponding percentages in the riverbed composition.
2.4. The case study implementation

The computational grid was tailored over the observed morpho-
logical features and changes. The curvilinear grid was made by
adapting its borders to the actual planimetric configuration of
the main channel and the meandering channel on the left side next
to the large alluvial plain (Fig. 3). Finally, the computational mesh
was fixed to the average size of 100 � 50 m2 with a higher resolu-
tion (40 � 20 m2) where the maximum stream flows were expect-
ed, i.e., in the channels rather than over the islands (with
approximately 200 m grid spacing), for a total of approximately
11,000 nodes. Grid smoothing was applied to provide uniform grid
weights, especially among the channels (15% variation), while,
simultaneously, the deviation from the orthogonal grid was
maintained within fifteen degrees.



Fig. 3. The computational grid for the 2-D numerical simulations (a) and the island
shorelines during the period 2000–2009 (b), derived by the analysis of satellite
images [44].
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Aiming to account for the dunes roughness, which is the prima-
ry contributor to producing the shear stress close to the riverbed,
Eq. (15) was adopted for the Chézy parameter, as follows:

C � ffiffiffi
g
p ¼ 36 � h

1
6 ð15Þ

where h is the local water depth. This formulation was calibrated by
Guerrero and Lamberti [24] to accurately simulate the flow field
with the wetted region limited to the active channels, such as for
the majority of the time from 2004 to 2009.

The bathymetries and river shoreline surveys of 2004–2009
provided evidence of a progressive avulsion of the meandering
reach (Fig. 3(b)) that resulted in an overall deepening of the right
channel by approximately 1 m and the widening of the central
island towards the alluvial plain by approximately 100 m.

This field evidence yielded a rough estimation of the celerity of
the developing bars to be within the orders of 10�1 to 10�3 m/day
during the wet months. Given these low rates of changes, the md-m
was successfully uncoupled from hd-m, finally adopting 3 h and
20 s as the md-ts and hd-ts, respectively. In agreement with this
approach, the quasi-steady boundary conditions were applied to
simulate the yearly hydrology variation. This approach represents
the slow changes in the river channel morphology, which is par-
ticularly suited to the physics of the case study but does not direct-
ly simulate the dune formation and propagation, because they are
characterised by a higher celerity. These small scale processes were
indirectly accounted for using the roughness parameter (Eq. (15))
and the sediment transport formulae.

Therefore, eighty-seven steady hydrological conditions were
sequentially imposed at the model boundaries; they spanned the
entire simulated period (2004–2009) and lasted approximately
20–25 days each, representing the actual variation of the flow dis-
charge with sufficient detail (Fig. 4). Moreover, a period of 20 days
is two orders of magnitude longer than the md-ts, which was suf-
ficient to accurately simulate a morphological steady solution
within each sub-period. Additional days were simulated merging
the steady sub-periods, eventually representing the yearly varia-
tions in the simulated series (Fig. 4(a)). The rate of these variations
was 103 m3/day.

Concerning this quasi-steady approach, the performed sensi-
tivity analysis provided reasonable deviations from the mor-
phology resulting from a fully dynamic simulation (i.e., md-ts
equal to hd-ts) as described in Section 3.2.
The flow discharges and water levels, imposed as the model
boundary conditions, were derived from the daily records of the
water levels in Chapeton, where an accurate discharge-level rela-
tionship is maintained, and in Rosario at the computation domain
downstream-end. Chapeton is located close to the Santa Fe-Parana
crossing, 160 km upstream from Rosario (Fig. 2(b)). This distance
introduced a lag of a few days between the actual and the imposed
discharge in the upstream boundary that was neglected when
applying the quasi-steady approach. During the analysed period,
the daily discharges in Chapeton and the water levels in Rosario
varied over the ranges of 11,000–27,000 m3/s and 4.4–8.7 m,
respectively.

A constant sediment transport rate equal to zero was imposed
at the upstream boundary to roughly represent the erosion process
observed over the last decades in the main channel [45].

The single grain size and the graded model options were alter-
natively applied. In the first case, the Engelund and Hansen model
was used, and the bed material was represented by a 250 lm grain
size. In the other case, the two most frequent classes observed in
the riverbed (i.e., 125 and 250 lm) were used with the same per-
centage (i.e., 50%) to describe the bed composition. The graded
model was coupled with the van Rijn formulae for the bed and
the suspended-load; the coarse fraction was attributed to the
bed-load mechanism, whereas the suspended-load accounted for
both of the classes. Very fine sand, silt and clay were not represent-
ed in this study because these sediment fractions were not
observed with significant amounts in the bed samples (Fig. 2(c)).
3. Results

3.1. Evidence from the field measurements

The sand fractions from a recent collection of samples of the riv-
erbed resulted in a nearly homogeneously distributed along the
Middle and Lower Parana reaches, ranging over 100–1000 lm,
with a median diameter of approximately 300 lm; the variation
of the average distribution was characterised by D84 and D16 grain
sizes of 400–190 lm, respectively (Fig. 2(c)). The bed samples col-
lected on November 16 and 17, 2010 within the modelled area
resulted in a median grain size D50 equal to 250 lm, with the
average distribution characterised by D84–D16 values equal to
400–130 lm and spanning the range of 100–400 lm. Significantly
more medium-fine sand was present in the sampled water col-
umns during the same campaign with the total flow discharge Qref.
The analysis on these samples resulted in values of D84, D50 and D16

equal to 134, 100 and 75 lm, respectively.
The backscatter measured by a 1200 kHz ADCP provided the

estimation of the sediment concentration over the range of 40–
300 lm that assumed the backscatter from the particles within
this range to be equivalent to the backscatter from the correspond-
ing D50 value (i.e., 100 lm). A more accurate modelling of the sand
backscatter [4] was used in the double-frequency method by
applying the echoes at the 600–1200 kHz frequencies from the
same water column. In this case, the inverse problem was solved,
yielding the concentrations of the fractions coarser than 80–
90 lm. These different assumptions were reflected in the evaluat-
ed sand fluxes. The resulting transport rate of the suspended sand
in the cross section (Fig. 2(d)) was approximately 268 kg/s using
the 1200 kHz single-frequency and decreased to approximately
74 kg/s when combining the actual grain sizes with the corre-
sponding concentrations (using the 600–1200 kHz frequency pair).

The evaluated values of the suspended-load were 1.2–1.5 times
larger when considering the extrapolations of the investigated con-
centration and the velocity fields to the unmeasured areas from the
ADCPs, i.e., near the bottom and the water surface, which yielded



Fig. 4. Flow discharge time series at the upstream boundary of the numerical model: daily and quasi-steady values (a); comparison between the two series in terms of flow
discharge values (b) and corresponding distributions (c).
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406 and 89 kg/s (corresponding to the average concentration of 28
and 6 mg/l) for the single and double-frequency estimations,
respectively.

The two frequencies method also provided evidence on the dis-
tribution of the investigated concentration field among the differ-
ent grain size classes in the surveyed cross section. The coarse
fractions were particularly evident among the shallow part of the
cross section close to the sand bar obstructing the meandering
channel (positions S1 and S2 in Fig. 2(d)). Fine sand (125 lm)
and low concentrations were observed in the stream flow core (po-
sitions S3 and S4 in Fig. 2(d)) within 12–8 m of the water depth.
Regarding the sediment mass distribution in the observed grain
sizes, the sand over the range of 80–200 lm represented 75% of
the total mass, and the remainder was over the range of
200–300 lm; the D84, D50 and D16 values were equal to 213,148
and 101 lm, respectively.

The dune tracking along the two channels (Long. 1 and 2 in
Fig. 2(d)) gave an average rate of the forms displacement of
2.8 m/day and a variability of 0.7 m/day as the standard deviation
(Fig. 5). The observed rates of the dunes displacement did not show
a clear correlation with the observed dune heights (Fig. 5(c)),
whereas the dune height and the length appeared relatively well
correlated with the water depth. These morphological parameters
were 1.5 m and 130 m for the 15-m-deep main stream, and 0.7 and
43 m in the 5-m-deep secondary channel. Longitudinal transects
were performed along the thalweg of the two channels that may
have the highest dunes across the river section, whereas the aver-
aged values along the section were roughly estimated from the
undulation observed in the profile along the same cross section
surveyed with the ADCPs. This analysis gave an averaged dune
height and width that changed from 1.1 to 0.3 m and from 126
to 78 m, respectively, passing from the main stream to the sec-
ondary channel. The bed-load was finally evaluated by applying
in Eq. (1) the average rate of the dune displacement from the
two performed longitudinal transects and the estimated dune
heights along the cross section profile. The resulting values further
multiplied the corresponding widths, which gave the cumulative
estimations of the bed-load as 21.7 kg/s and 1.6 kg/s for the main
and secondary channels, respectively.

3.2. Sensitivity analysis of the numerical model parameters

Numerical tests are typically performed to validate the mod-
elling tools [46], which entail sensitivity analyses of the model
parameters most affecting the final result (e.g., the computational
mesh size and the irregularity, time step length, and interpolation
functions of the variables). Although Mike21C by DHI is a well-
tested code and its validation is not the goal of this study, the
numerical investigation of the long-term variation of the large
river morphology requires a series of simplifications that were
carefully tested regarding the Parana study.

An initial series of numerical experiments concerned the hd-m
module; the stability of the resulting velocity and water level fields
was investigated against the choice of computation mesh size,
horizontal turbulence viscosity (i.e., horizontal eddy viscosity,
hev) and hd-ts length. Two averaged longitudinal sizes of the com-
putational mesh were tested, 100 and 50 m along with three time
steps of 20, 15 and 10 s, and three values for hev (2, 5 and 10 m2/s).
The entire period of 2004–2009 was simulated.

Less than 1% of change in the resulting velocity fields was
observed by varying the time step. The local instabilities in the
velocity field were produced in the case of a smaller hev and large
flow discharges that eventually crashed the computations. There-
fore, a hev value of 10 m2/s was finally fixed to avoid the local
spikes corresponding to the computational grid irregularities. The
refinement of the computational mesh, on average, gave less than
1% of change in the resulting velocity field and even a smaller
change was observed in the water levels.

Regarding the optimum combination of hev and the mesh size,
the horizontal scale of the river-flow macro-eddies was considered.



Fig. 5. Dune profiles (a) from the field survey performed in the main channel (Long. 1) and in the meandering channel (Long. 2); a detail from the profiling in two consecutive
days (b). The dune migration velocities over the corresponding heights (c).
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This turbulence oscillation is primarily related to the dune wave
length [47]. The dune wave lengths of approximately 50 and
100 m were observed in the main and the meandering channels,
respectively (Fig. 5). Moreover, oscillations with a period and wave
length of approximately 100 s and 100 m, respectively, were
reported for the velocity-concentration field in the Rosario reach
of the Parana River [4]. These periodicities were observed with
velocity oscillations on the order of 10�1 m/s, which was
approximately 10% of the velocity magnitude. Given these values,
hev was estimated at approximately 50–100 times (i.e., the wave
length of the observed periodicities) the order of magnitude of
the observed velocity oscillations, and resulted equal to 5–10 m2/s.

The ratio between the average mesh size of 100 m and the scale
of horizontal plane eddies was close to unity in which the latter
was estimated with the average velocity magnitude (i.e., 1.2 m/s)
times the time scale of the observed periodicity (i.e., 100 s). This
macro-turbulence scale also corresponded to the average dune
length in the main channel.

Although the short scale diffusion was not directly represented,
the eddy viscosity in the vertical alignment, i.e., along the water
depth, was accounted for in the calibrations of the hd-m using
the Chézy parameter.

A second computational testing focused on the md-m module,
un-coupled from the hd-m to simulate two days with steady
hydrological conditions corresponding to a discharge of
17,000 m3/s. This discharge was one of the most frequent values
larger than the average over the period from 2004 to 2009, which
accumulated most of sediment load.

Both of the un-coupling approaches were tested (i.e., one-to-one
and low-frequency) by comparing the resulting morphology from a
fully dynamic simulation to the corresponding results from seven
different combinations of cr, the md-m marching frequency and
sf, as reported in Table 1. The required computational times for
the simulations may be compared in the same table in terms of
clock ticks (i.e., cycles) for a single processor CPU. The hd-ts was
fixed to 20 s, whereas the un-coupling parameters yielded md-ts
values ranging from one minute to six hours. The average longitu-
dinal size of the computational mesh was 100 m.

The final deviations (i.e., biases) from the fully dynamic result
were evaluated in terms of the differences in the bed levels averaged
among the computational domain. These deviations ranged from 2%
to 19%, primarily depending on cr, as summarised in Table 1.
The sf and consequent md-ts were fixed by the md-m frequency
and the applied compression rate, cr, to hydrodynamics events.
This rate characterises the one-to-one approach for the md-m un-
coupling and appeared extremely effective in biasing the final mor-
phology and simultaneously reducing the computational effort.
However, when sf was increased by using a low frequency but
maintaining a small compression rate of the hydrodynamic events,
reasonable deviations were observed. Considering a more detailed
analysis of the simulation results (Fig. 6), a large deviation was pro-
gressively introduced in the evaluated morphology for cr and sf
equal to 15 (simulation md-01), which biased 19% of the final mor-
phological change. In contrast, the bias due to the md-m un-cou-
pling appeared to slowly reach 2% for the simulation of md-02,
which was characterised by the same sf and md-ts as for md-01
(15 and 5 min, respectively); however, in this case, no compression
was applied to the hydrodynamic events. The md-02 reduced the
computational time to approximately half of the time used for
the fully dynamic simulation, whereas the md-01 required only
one tenth.

These differences clarified the advantage and the required com-
putational resources when using the low-frequency rather than the
one-to-one approach for the md-m un-coupling in the Parana case
study. Nearly the same development as for the average bias of
md-02 was observed for md-03 and md-04, but in the latter case,
a significantly larger md-ts (1 h rather than 1 min) was used, which
does not entail a significant computational time savings. The low-
frequency approach does not reduce the hd-m computations pro-
portionally to the sf, but the hydrodynamics is simulated with a
marching time step equal to hd-ts, eventually reaching a steady
configuration over the frozen morphology.

Progressing to an even larger md-ts (1–3 h for simulations md-
05 to md-07), short period oscillations were observed due to the
low frequency computation of the actual morphology. However,
in the case in which cr is equal to 1 (md-05 and md-06), these
oscillations appeared to decrease in amplitude while converging
to a final deviation of a few percent at the end of the simulation.

An additional md-m run was performed with the same bound-
ary conditions and the un-coupling parameters as for md-02 but
using the finer computational mesh with an average longitudinal
size of 50 m. Compared with the results obtained by the coarser
computational grid, no relevant modifications (i.e., within 2%) were
observed in the final morphology. The finer grid simulation



Table 1
Un-coupling parameters of the morphodynamic model md-m, the corresponding deviations from the fully dynamic model and the required computational time.

Simulation cr md-m frequency sf md-ts Final dev. (%) Single processor 109 clock ticks

Fully dynamic 1 1 1 2000 n.a. 177.5
md-01 15 1 15 50 19 17.7
md-02 1 1/15 15 50 2 69.8
md-03 3 1 3 10 3 66.6
md-04 1 1/180 180 600 3 60.5
md-05 1 1/540 540 1800 3 62.9
md-06 3 1/180 540 1800 8 20.6
md-07 1 1/1080 1080 3600 5 57.8

Fig. 6. The deviations from the fully dynamic results for different un-coupling
parameters as reported in Table 1, versus the morphological change dynamically
simulated and normalised over its final value.

Fig. 7. The simulated sediment fluxes and corresponding data from the field; the
total and suspended-load (a) were assessed with the Engelund–Hansen and van
Rijn models, respectively, whereas the bed-load was estimated by using the van
Rijn model (b).
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resulted in a higher resolution of the bed representation that was
not significant for the river bars and channels in the Rosario case
study.

The goal of a third sensitivity analysis was to verify the morpho-
logical deviations due to the md-m un-coupling in the long-term.
To this end, 30 days were dynamically simulated to be compared
to the low-frequency un-coupled simulations of the same period
with 1, 3 and 6 h md-ts. A relevant hydrological change was
imposed at the boundaries to simulate the most demanding condi-
tion for the computation over the period from 2004–2009. The dis-
charge was increased by 1000 m3/s per day starting from
17,000 m3/s up to 24,000 m3/s and was then maintained at this
high level for the remaining 23 days, which simulated the
beginning of 2007 (Fig. 4(a)). The bias introduced in the evaluated
morphologies by the un-coupling approach appeared nearly
completely dissipated in approximately 10 days of the simulated
period, i.e., in 3 days of the steady high discharge. The final
deviation and the required computational time were proportional
to the applied md-ts and its inverse ratio, respectively. Although
no relevant differences were observed in the simulations charac-
terised by an md-ts of 1 and 3 h, the final deviation of the evaluated
morphology was within 1% for the latter case, which was a good
compromise between the accuracy and the required computational
resources.

3.3. Sensitivity analysis of the sediment transport formulae

The most relevant uncertainty in morphodynamics modelling
concerns the accuracy of the applied sediment transport formulae.
Especially in long-term simulations, even a small inaccuracy in the
representation of the sediment fluxes may accumulate significant
biases in the final morphology, whereas the accurate prediction
of the bed level change is required for river management to meet
the objectives, such as fluvial navigation and environmental sus-
tainable hydro-powering.

Two widely accepted sediment transport models suited to
sandy rivers were tested based on the field evidence regarding
the sediment-loads (the ADCPs and dune-tracking surveys) and
the morphology changes that occurred in the simulated period
from 2004 to 2009. The Engelund and Hansen total-load formula
was applied with a single fraction of 250 lm, which is the median
diameter of the sediment forming the riverbed in the Rosario
reach. This formula gave a reasonable prediction of the actual
total-load (including the fractions larger than 40 lm) as investigat-
ed in the literature [13,23]. A more detailed approach was also
tested, using the van Rijn model that separates the bed-load from
the suspended-load. In this case, the sediment forming the
riverbed was represented with the two most frequent grain sizes,
which were 125 and 250 lm. The bed-load contribution was
attributed to the coarse fraction, whereas the suspended-load for-
mula was applied to both of the grain sizes, enabling the graded
model option.

In the preliminary tests, both of the sediment transport models
were applied to grain sizes of 125–250 lm, with various discharges
to cover the range observed in the period from 2004 to 2009, and
the calibration coefficients (k in Eq. (6) and kb and kl in Eqs. (10)
and (11)) were assumed equal to unity. The resulting sediment
transport rates are reported in Fig. 7(a) for the total and the
suspended-load formulae by Engelund–Hansen and van Rijn,
respectively, and in Fig. 7(b) for the bed-load formula by van Rijn.

The same figures also reported evidence from the field cam-
paigns corresponding to the Qref and regarding the suspended-load
evaluation using the single and double-frequency approaches and
the bed-load estimation using dune tracking.
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Regarding the suspended-load, the single-frequency assess-
ment agreed with the values from the Engelund–Hansen and van
Rijn models, applied with 250 lm. This agreement explained the
successful application of the Engelund and Hansen formula to esti-
mate the total-load of the sediment spanning the entire sand range
in the Parana River [13,23].

The van Rijn model was in relatively good agreement with the
bed-load value from the dune tracking method.

The implementation of the Engelund and Hansen formula tend-
ed to overestimate the finer class load, which may depend on the
simplified model applied to estimate the skin friction (Eq. (9)). In
this case, the same Chézy parameter is applied in Eq. (9) to esti-
mate the Shields parameter # for the skin friction evaluation. The
Chézy parameter was calibrated to account for the drag of the
observed dunes; therefore, its combination with the Engelund
and Hansen formula was inappropriate.

The long-term simulations, beginning in 2004, were performed
with the un-coupled quasi-steady approach to evaluate the result-
ing bathymetry in 2009. This bathymetry was compared to the
observed morphological changes in terms of the average erosions
and depositions in the main and meandering channels (Figs. 8
and 9), and finally, the calibration coefficient in Eqs. (6), (10), and
(11) were fixed. The reference dataset was derived from two
bathymetric surveys performed in 2004 and 2009; the bed levels
Fig. 8. Computed erosions and depositions in the main and meandering channels
with various calibration coefficients in the sediment transport formulae (k in Eq. (6)
and kb and kl in Eqs. (10) and (11)) and for flow discharge Qref: comparison with
corresponding references from the field.
were interpolated and subtracted over the computational grid
(Fig. 9(c)); finally, the average erosion and deposition were
evaluated for the two channels.

The relationship between the computed erosions and deposi-
tions and the simulated sediment transport rate related to the Qref

and various values of k showed the influence of these calibration
coefficients on the final morphology (Fig. 8).

The total-loads from the field campaign are reported in Fig. 8,
with the y-axis corresponding to the reference erosions and depo-
sitions in the main and meandering channels. These total loads
accounted for the dune tracking estimation for the bed-load and
for the suspended-load assessment from the single- or double-fre-
quency method.

The simulated erosions and depositions appeared overestimated,
regardless of the applied transport formula, when considering the
total-load of approximately 430 kg/s, which also corresponded to
the suspended-load estimated by the single-frequency method. In
contrast, the simulated averaged depositions and erosions were com-
parable to the observed values of approximately 1 m when the trans-
port formulas were calibrated based on the estimated suspended-
load of approximately 110 kg/s, as derived from the double-frequen-
cy method. The latter value was sensitive to the suspended sediments
from the riverbed (i.e., with a grain size larger than 80–90 lm) that
was represented in the numerical model. Given the objective of
simulating the bed sediment morphodynamics, the sediment trans-
port formulae were calibrated based on the double-frequency estima-
tion to meet the observed erosions and depositions.

The best calibration was achieved with a k value of 0.15 in Eq. (6)
for the single fraction (i.e., 250 lm) using the Engelund and Hansen
formula. The van Rijn formulae were applied with the graded mod-
el. In this case, kb in Eq. (10) was fixed to 1.4 and 0.0 for 250 lm and
125 lm, respectively, which accurately simulated the observed
bed-load by applying the coarse fraction only. The calibration para-
meter kl in Eq. (11) was set as 0.1 and 0.2 for 250 and 125 lm,
respectively, accounting for the represented bed composition (i.e.,
50–50% for 250–125 lm) and corresponding to a calibration para-
meter kl of 0.15 as the average between the two classes.

Both of the applied sediment transport models provided
relatively similar results when properly calibrated, but the deposi-
tions were more significantly overestimated in the meandering
channel by the Engelund and Hansen formula (Fig. 8). This analysis
fixed the best option to the van Rijn formulae coupled with the
graded model.

3.4. Long-term morphology

The resulting bathymetry from the graded model and the van
Rijn formulae better represented the progressive avulsion of the
secondary channel observed passing from the 2004 to the 2009
morphology (Fig. 9). The river bars developing in the meandering
channel were relatively well simulated, as follows: (i) the
upstream bifurcation progressively recasting into a main-straight
channel, (ii) the island protruding in the downstream portion of
the meandering channel, which qualitatively agrees with the
observed shoreline modifications (Fig. 3(b)).

The performed long-term simulations were less accurate in rep-
resenting the development of the river bars in the main straight
channel. In this case, the location of the bars close to the upstream
and downstream junctions agreed with the observed morpho-
logical changes, but the simulated morphology showed larger
depositions than those observed (Fig. 8). In addition, the bar
between those junctions was simulated to develop on the left side
of the main channel, whereas a developing alternate bars pattern
was observed (Fig. 9(c)) passing from 2004 to 2009. However,
the model captured the overall erosion tendency of the main
channel.



Fig. 9. The observed morphology in 2004 (a) as implemented in Mike21C, the 2009 morphology as resulting from the graded model simulation (b), and the observed erosion
and deposition patterns from 2004 and 2009 bathymetries (c).
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4. Discussion

The performed sensitivity analyses on the md-m un-coupling
parameters and the sediment transport formulae enabled reliable
simulations of the long-term morphodynamics of the Rosario reach
with a quasi-steady approach. The morphological changes in this
reach were preliminarily estimated with the river bar celerity on
the order of 10�1 to 10�3 m per day, indicating that the morpho-
logical evolution was significantly slower than the hydrological
yearly variations. Given this un-correlation between the morpho-
and hydro-dynamic events, a 2-D model was applied with an un-
coupled quasi-steady approach.

The shallow water approximation has been extensively
applied in many numerical packages, such as in Mike21C. This
simplification is particularly relevant to simulate large river mor-
phodynamics at a scale of river bars and channel width, such as
in the Parana River case study, in which the resolution of the
computational grid was fixed based on the morphological scale
rather than used to represent the hydrodynamic field variation
along the water depth. This 100 m long morphological scale
was 1–2 orders of magnitude larger than the turbulence scale
in the vertical alignment, which is typically related to the water
depth by applying the mixing length concept [48]. The average
grid spacing of approximately 100 m properly represented the
development of certain kilometres wide bars and channels and
was fixed based on the observed dune wave length and the
related macro-turbulence oscillations. In accordance with this
approach, short scale processes, such as dune formation and
propagation, were not directly represented, but their effects
were accounted for with the calibrated horizontal eddy viscosity
and the Chézy parameter.

Furthermore, the performed sensitivity analysis on the un-cou-
pling parameters fixed the md-ts to 104 s, which is three orders of
magnitude higher than the required hd-ts of 20 s to maintain a
stable hydrodynamic computation with the Courant number close
to four.

The ratio between the md-ts and the hd-ts gave an un-coupling
rate of 103 for the performed simulations, which may be related to
the water velocity over the bed-level celerity on the represented
scale. This ratio reflected the morphological time scale length with
respect to the time scale of the sediment transport into the flow
(i.e., the morphodynamics to the sediment transport time scales
ratio, the md-st ratio). In the analysed case study, the bed-level cel-
erity was generally estimated on the order of 10�1 m/day as a max-
imum, which yielded 105 as the md-st ratio for the water velocity
of approximately 1 m/s.

Moreover, the un-coupling rate was limited by the representa-
tion of the hydrological yearly variation. A quasi-steady approach
was applied to simulate this variation with steady sub-periods of
20–25 days.



Table 2
Relationships between the model parameters and the observed flow and morphological features as order of magnitudes.

Dunes wave
length L (102 m)

Bars celerity Cb

(10�1 m/day)
Bars wave
length Lb (km)

Flow velocity
u (m/s)

Flow vel. oscillation
Du (10�1 m/s)

Fl. vel. osc.
period T (102 s)

Grid spacing 100 m L 10�1 Lb

Horizontal eddy scale 100 m L T � u T � u
Horizontal eddy viscosity, hev 10 m2/s L � Du T � u � Du L � Du T � u � Du
Morphodynamics to the sediment transport

time scales ratio, md-st 105
u=Cb u=Cb
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The low celerity of the morphological changes corresponded to
the meagre rate of the sediment transport. However, the reliable
modelling of the river morphodynamics over the period of 2004–
2009 required an accurate estimation of the sediment fluxes; the
long-term simulations accumulate relevant modifications of the
riverbed. Thus, repeated surveys of the sediment transport rate
should be applied to calibrate the morphodynamics models. There-
fore, a first attempt was conducted in the Rosario reach in which
the suspended-load was estimated from the echoes recording by
the ADCPs, whereas dune tracking using the single-beam echo
sonar provided a general estimation of the bed-load during the
same campaign.

Particularly, referring to the suspended-load, the advantage of
using the double-frequency method was to distinguish the grain
size classes that better characterised the riverbed sediment
(Fig. 2(c)), sorted from the entire range of the suspended sand. This
process was particularly relevant to calibrate the transport formu-
lae for the suspended-load in the applied morphodynamic model,
which was aimed at representing the fluxes of the sediment form-
ing the riverbed.

The higher sediment transport rate estimated with the single-
frequency method compared with the double-frequency estima-
tion may be ascribed to the overestimation of the evaluated
backscatter. The backscatter from the fine fractions (i.e., 40–
100 lm) was assumed to be equivalent to 100 lm backscatter,
which appears to be oversimplified when considering the notice-
able drop in the backscatter sensitivity for particles finer than
100 lm and using a 1200 kHz frequency [2]. Related to this limita-
tion, the double-frequency method coupled the grain size classes
with the corresponding concentrations in the backscatter evalua-
tion and limited the measured range to the grain size fraction coar-
ser than 80–90 lm.

In addition, the resulting migration velocity from the dune
tracking method was applied to calibrate the van Rijn model for
the bed-load. The application of this transport model also enabled
separate evaluation for the bed and suspended-load, which gave a
more accurate modelling.

The formula by Engelund and Hansen was successfully used by
applying a single fraction corresponding to 250 lm to represent
the sediment forming the riverbed (spanning the range of 100–
300 lm), estimating relatively well the total-load of the fractions
over the range of 40–300 lm. In addition to this inconsistency
between the considered ranges of the grain size, the implementa-
tion of the Engelund and Hansen model in Mike21C entails a rele-
vant oversimplification regarding the skin friction. The same Chézy
parameter is used to estimate the dunes drag and the skin friction,
which, for the case study, eventually yielded a significant overesti-
mation of the finer fraction (125 lm) load and made the graded
model option inappropriate.
5. Conclusions

The sand fluxes were investigated at a 2-km-wide bifurcation of
the Lower Parana River near Rosario, Argentina, using acoustic
technologies. Using the particles scattering at the two well-spaced
frequencies of 600–1200 kHz ADCPs, the suspended-load was esti-
mated discerning among the grain size classes from 80 to 300 lm.
These grain sizes corresponded relatively well with the sediment
fractions observed in the riverbed. Simultaneously, dune-tracking
was applied using a single-beam echo-sounder to investigate the
bed-load.

The estimations of the sediment fluxes from the field were
applied to calibrate a 2-D numerical model. This calibration pro-
vided a reliable simulation of the observed erosions and deposi-
tions in the river channels. Furthermore, the bed-load estimation
enabled the representation of the coarse fractions transported
close to the bottom. In this case, the van Rijn model was applied
to separate the bed from the suspended-load and provided consis-
tent results with the observed morphological changes.

Although most of the transported sediment (i.e., clay, silt and
very fine sand) was not observed in a significant amount in the riv-
erbed, the entrainment of the coarse fractions in the full suspen-
sion from the bottom was a relevant mechanism to modify the
riverbed morphology. Therefore, aiming to simulate these morpho-
logical changes, the 2-D numerical model was applied with an un-
coupled quasi-steady approach that simulated the fluxes of these
fractions. A sensitivity analysis was performed on the un-coupling
parameters, which fixed the average mesh size and the morphody-
namic module time step.

The grid longitudinal spacing of 100 m corresponded to the
wave length of the observed oscillations in the horizontal plane.
These oscillations referred to the dunes and the related macro-
turbulence (i.e., the horizontal eddies scale), whereas the md-ts
value of 3 h accounted for the estimated celerity of the river bars
and the represented hydrological yearly variability. The relationships
between these model parameters and the observed flow and mor-
phological features are reported in Table 2 that may be considered
for further applications regarding large rivers morphodynamics.

Given these results, further research efforts will be undertaken
to accurately and widely investigate the fluxes of the sediment
forming the riverbed for a better understanding of the river
channel morphodynamics.
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