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ABSTRACT

The dynamics of sandy rivers is a complex phenomenon linking the interactions between dunes, flow and sediment transport. Despite an existing
large amount of research, few comparative studies exist for rivers with major hydro-sedimentological differences. This work uses detailed dune
measurements from the Parana and Tercero rivers, Argentina. Significant differences were found in the representative roughness height scale, dune
steepness, lee angles, velocity profiles and flow recirculation. It is found that whereas the hydraulic resistance for the Tercero River scales with the
size of large dunes, the Parana River needs to develop an intermediate roughness scale (the small superimposed dunes) to accommodate the required
balance between gravity and friction. Suspended bed sediment increase is inversely related to the dune steepness and lee side angles as advanced
by previous findings. The suspension number seems to be a paramount metric that helps explain differences regarding dune geometry within a wide
range of flow conditions.
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1 Introduction

Bedforms are known to interact with the stream to modify the
flow resistance, bed morphology and sediment transport in nat-
ural erodible channels. In sand-bedded rivers, flow resistance is
usually partitioned between grain and form resistance. However,
the physical processes implied in these interactions remain to be
fully elucidated (Best, 2005; Bradley & Venditti, 2017; Cisneros
et al., 2020).

The research literature on lab-based studies (Bradley & Ven-
ditti, 2019; Kwoll et al., 2016; McLean, Wolfe, & Nelson, 1999;
Nelson, McLean, & Wolfe, 1993; Van Rijn, 1993; Yalin & Kara-
han, 1979; among many others), along with field measurements
(Amsler & Prendes, 2000; Kostaschuk et al., 2009; Parsons
etal., 2005; Shugar et al., 2010; Smith & McLean, 1977; Trento,
Amsler, & Pujol, 1990), and numerical modelling (Lefebvre,
2019; Lefebvre & Winter, 2016; Schmeeckle et al., 1999; Tjerry
& Fredsee, 2005) have made a significant contribution to the
subject. Most early research focuses on certain similarities in
flow characteristics at river and laboratory scales. The salient
dunes features obtained from these studies were: flow separation
downstream of the dune crest, an abrupt lee face with an angle
close to the repose of sands and flow reattachment on the stoss
side of the downstream dune (Best, 2005; Holmes & Garcia,
2008).

The review by Best (2005) remarked that the classical model
of flow over dunes was not in line with the results of observa-
tions, basically of dunes in low-gradient rivers. However, many
researchers recognized that bedforms in large sand-bedded
rivers and coastal environments are characterized with slip face
slopes lower than the angle-of-repose, the so-called low-angle
bedforms (Best, 2005; Lefebvre, 2019). Over such bedforms,
no permanent flow separation is observed (Best, 2005). Indeed,
bedforms studied in laboratory flumes generally develop steeper
slip faces than bedforms found in natural channels (Nagshband,
Ribberink, & Hulscher, 2014). Recent investigations that devi-
ated from the classical scheme showed that natural dunes with
low lee-angles and different shapes have various implications
for the flow and shear stress mechanics (Cisneros et al., 2020;
Lefebvre & Winter, 2016; Lefebvre, Paarlberg, & Winter, 2016).

Over the last 15 years, investigations based on modern
technologies of field measurements have contributed to sig-
nificant advances to the classical model criticized by Best
(2005), through the observation of flow over natural dunes.
Parsons et al. (2005) studied the influence of bedform three-
dimensionality on the 3D flow structure at an upper reach
of the Parana River main channel. They found that the flow
separation zone is closely associated with the lee-side angle,
extended over an extremely narrow area of the channel bed,
and concluded that the flow structure of a three-dimensional
bed is related to smaller levels of large-scale turbulence than
its two-dimensional counterpart. Thus, suspended bed sediment
may be lower and sediment transport over the dune field may
be reduced. Kostaschuk et al. (2009) found, upstream of the
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confluence of the Paraguay-Parana Rivers, that suspended bed
sediment concentrations are higher over the crest of a dune in
comparison to its trough. These authors reported that nearly
17% of the suspended sediments were being deposited over the
lee face of the dune, and argue that deposition governed its
steepness and contributed to the dune displacement. However,
bed load was not part of their analysis. Other studies, also in
the Parana River, have reported strong and negative correlations
between streamwise velocity and the vertical velocity over a
dune crest (Shugar et al., 2010). On the other hand, the observed
positive correlation between vertical velocity/suspended bed
sediment concentration and the reverse for streamwise veloc-
ity/suspended bed sediment concentration were associated with
the sediment supply from the bed to the layers of adjacent flow
(Shugar et al., 2010).

An important issue related to flow over dunes is the sepa-
ration zone downstream of alluvial dunes, which has been long
recognized as one of the main sources of energy losses and resis-
tance to flow in alluvial streams, the so-called “form” resistance
(e.g. Kennedy, 1975). Later on, based on measurements con-
ducted in laboratories and natural dunes, the effective existence
of flow separation and recirculation behind crests of natural
dunes and their influence on flow resistance as the key fac-
tor was questioned (c.f. Amsler & Schreider, 1992; Kostachuk,
2000; Lefebvre, 2019; Ogink, 1989; Parsons et al., 2005). The
intermittency of flow separation along lee sides of low-angle
dunes would reduce the importance of form drag (compared
to steeper dunes) on the overall flow resistance in large rivers,
where low-angle dunes are commonly observed (Amsler &
Schreider, 1992; Amsler & Prendes, 2000; Bradley & Venditti,
2017; Cisneros et al., 2020; Nagshband et al., 2014; Ogink,
1989). Indeed, the existence of a brink-point in the lee side of
the natural dunes with maximum lee angles < 10° verifies it
occurrences at the lower depths of the lee-side without perma-
nent flow separation (Cisneros et al., 2020). For lee-side angles
greater than ~ 15-20°, the presence and size of flow separation
are determined by the height of the brink-point rather than by
the dune height (Lefebvre, 2019) and by the orientation of the
slipface (the portion of the lee side with angles > 15°) com-
pared to the mean flow. Regarding the intermediate maximum
angles (~ 10-18°), flow separation could be intermittent (Cis-
neros et al., 2020). In an effort to discriminate large (generally
with lower lee angles) from small (generally with larger lee
angles) dunes, Bradley and Venditti (2017) found a break in the
scaling relation that occurs at a water depth of 2.5 m that allows
determination of the dominant process that controls the dune
dimensions.

At least two important questions related to bed roughness
height and the resistance to flow arise: (i) is there any relation
between the hydraulic resistance with the lee-side angles and
the dominant sediment transport modes? and (ii) is it possible
to discriminate the differences implied in (i) through a simple
scale parameter based on the mean flow structure and bed sed-
iment texture? While these questions are partially addressed by
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different authors, detailed field investigations comparing dune
dynamics in rivers with quite different characteristics remain to
be done.

Bradley and Venditti (2017) offered a compilation of flow
and dune dimension data to evaluate the scaling relations of
dunes. Here, the proposed scaling is based on the classical
wall-similarity approach. This paper deals with the question of
whether similarity profiles of dunes and flow occur on sandy
bed rivers by presenting detailed measurements of dune geom-
etry, flow structure, and sediment transport (suspended as well
as bed load) along with dune profiles in two rivers with substan-
tially different discharges and bed sediment textures, the Parana
and Tercero rivers in Argentina.

The Parana River is a medium sand bed river with a nearly
uniform (well-sorted) bed sediment distribution, with an aver-
age diameter of around 350 um. The Tercero River is a very
coarse sand bed river with a poorly-sorted distribution according
to conventional classifications, with average sizes of the order of
1.95 mm.

The purpose of this study is twofold. Firstly, it aims at
partially answering the two questions stated above by identi-
fying the relevant scaling parameters for dunes in a large and a
small river. Secondly, it seeks to establish the disparities in the
length scales that characterize the hydraulic resistance in both
rivers.

The following sections show that despite both rivers hav-
ing bedform shape similarity there is a significant difference
in the characteristic height for the hydraulic resistance and the
predominant mode of sediment transport between them. Both
rivers obey Keulegan’s resistance law within the bounds of the
normal flow approximation, which assumes a perfect balance
between friction and gravity (Keulegan, 1938). Nevertheless,
it is found that whereas the hydraulic resistance for the Ter-
cero River scales with the dune sizes, the Parana River needs
to develop an intermediate roughness scale to accommodate the
required balance between gravity and friction. This in-between
length scale fits the size of small dunes found superimposed on
the large dunes of the Parand River. Finally, it is corroborated
that the suspension number is an adequate parameter to account
for the variations of the lee-side angles of dunes.

2 Field sites and methodology

2.1 Field sites

Bedforms were analysed in a large river (Parana River,
Argentina) and a small river (Tercero River, also known as Cta-
lamochita River, Argentina). Four river reaches were surveyed,
the first one is located in the Tercero River and the other three
are located in the main channel of the Parana River (Fig. 1). The
main geometric, hydraulic, and sedimentologic features from
both rivers are summarized in Table 1. From data in Table 1,
large differences emerge not only in water discharges, mean
depths or sediment transport, but also in the bed sediment size
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as mentioned previously. Indeed, the Tercero River has medium
bottom particle sizes and Reynolds particle numbers, nearly
6 and 13 times larger than the Parana River’s, respectively
(Tables 2 and 3).

Tercero River measurements were performed at Villa Maria
city, 120km downstream from Almafuerte city where the
Piedras Moras Dam regulates the discharges, from Alberdi
bridge (32°25'19”'S, 63°14'23”"W; Fig. 1a) during four measure-
ment campaigns in 2016 (Table 2). Longitudinal bathymetric
records, flow velocity, discharge and bed-particle velocity were
recorded using a YSI/SonTek 3000 kHz ADCP (S5) linked to
a DGPS using the VTG reference technique (horizontal posi-
tion accuracy less than 1 m at approximately 2 Hz). This section
is located at a straight reach with expected quasi-2D bed-
forms and the measurements were taken under quite steady flow
conditions.

Measurements in the Parana River were performed at three
reaches (Table 2): Lavalle (29°0'60'S, 59°12'5”W, Fig. 1b),
Aguas Corrientes (31°41'21”'S, 60°28'3”W, Fig. 1c) and Bajada
Grande (31°4413"'S, 60°39'43”W, Fig. 1d). A 1200 kHz Tele-
dyne RDI Rio Grande ADCP was connected to a DGPS with
RTK corrections (position accuracy of +0.03m at approxi-
mately 1Hz). Depths were obtained by means of a 200 Hz
Raytheon single-beam echo-sounder (SBES) linked to the RTK-
DGPS. All the equipment was deployed on a survey boat. These
reaches were selected according to the different morphological
features of the multi-thread pattern of the Parana River, such
as straight reaches (Lavalle), narrowing sections (Aguas Cor-
rientes), and along a bifurcated branch of upstream multiple
bifurcations (Bajada Grande). All measurements were surveyed
along the thalweg of the main channel.

The hydrographs of daily levels during 2011 and 2012 at
two gauge stations (Empedrado, near Lavalle, and Parana Port,
2 km downstream Aguas Corrientes), are shown in Fig. 2. The
dates of field surveys in the Parana River are also included in
the figure. As it is typical in large and very large streams the
variations of levels are normally very gradual. Thus, lag effects
producing changes in dune dimensions were not expected. Nev-
ertheless, Amsler and Garcia (1997; see also Garcia, 2008,
figure 2-46) recorded a certain lag in the accommodation of
large dune dimensions after a moderate flood in the Parana
River. Given this evidence, the dune steepness recorded at
Lavalle (Fig. 2) might be expected to be smaller than those cor-
responding to mean water stages. Tercero River does not have an
automatic gauging station in the study zone; thus, water stages
were roughly inferred from measured water discharge at field-
works (Table 2). However, owing to the fact that the Tercero
River discharge at the field site is regulated by the upstream
Piedras Moras Dam, and to the lack of significant discharge
contribution between the dam and Villa Maria city, each mea-
surement was performed after one or two weeks of constant
discharge in arrangement with the dam-management staff. Tak-
ing into account the turnover time (Myrow et al. 2018) of a
couple of hours for the Tercero River, obtained from mean
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Figure 1 Location of river reaches surveyed in the study: (a) Tercero River near Villa Maria city (Cérdoba); and Parand River in (b) Lavalle
(Corrientes), (c) Aguas Corrientes (Entre Rios) and (d) Bajada Grande (Entre Rios)

Table 1 Main average parameters of Tercero and Parana Rivers

Sediment transport (ton year~!)

River O (m3s 1 B (m) H(@m) U(ms!) S Dso (mm)  og Gy Gy Gys
Tercero 27 30-42 1 0.9 0.56 x 1079 1.95 1.96 ok ok ok
Parana 19,500 600-2,500 10 1.2 ~10703 0.35 152 942 x 107 22 x 10 2.32 x 107

Variables in the table: B width; / depth; Q discharge; u flow velocity; S surface slope; Dso median grain size of bed sediment; o, geometric standard
deviation; G,,, Gy, and G, annual sediment transport of washload, suspended bed-sediment, and bedload, Gy, respectively.

*«General slopes values of the alluvial plain (without data of water surface slopes, from Riccardi et al., 2013). However, water surface slope measured
170 km downstream the study site with an RTK-DGPS by Herrero et al. (2018) was 0.18 x 1073,

sk Without systematic data.

bedform features, one and two weeks of constant discharge is River were performed along two longitudinal profiles 1.5km
a reasonable time. long over a sequence of dunes, from downstream to upstream.
Each track was surveyed at the beginning and end of each day
(~7 h interval time) to capture an appreciable dune displace-
ment. The successive records of a selected dune were used
Moving and fixed boat ADCP measurements were used in both to estimate the bedload rate by means of the dune tracking
rivers at each fieldwork. Dynamic measurements in the Parana method (Simons, Richardson, & Nordin, 1965), and to record

2.2 Methodology
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Table 2 Bedform, flow and sediment features along the study dunes in the Tercero and Parana Rivers. Values of 4 and « were spatially averaged

along dunes on the thalweg

Site and date Oom*s")y Fr  ag(m) Hy(m) Hy/l; B (degrees) «  Dso(mm) og h(m) Hy/h B(m) u(m s
TR 16 Mar 2016 114 0.29 45 040 0.09 25-12 0.64 1.95 196 25 0.16 39 1.45
TR 8 Apr 2016 66 0.31 6.1 0.48 0.08 36-16 0.47 1.95 196 1.5 0.32 33 1.21
TR 5 Sep 2016 25 0.21 1.9 020 0.10 22-13 0.54 1.95 196 1.1 0.18 32 0.70
TR 7 Nov 2016 19 0.28 22 024 0.11 3829 0.75 1.95 196 1.1 0.22 32 0.92
Lavalle 2 Jun 2011 17100 0.11 1853 1.93 0.01 14-3 0.78 0.31 .52 8.7 0.22 2250 1.04
AC 26 Apr 2012 12500 0.10 1343  2.86 0.02 15-5 0.58 0.34 148 182 0.16 1200 1.36
BG 26 Jul 2012 8900 0.12 1387 1.78 0.01 62 0.68 0.39 1.55 94 0.19 1100 1.17

Variables in the table: A4 length; H; height; Hy/A4 steepness; S lee-side angle; Hy/h relative height; o form factor which accounts for deviations of
bed-form shape from an idealized triangle
Note: TR: Tercero River, AC: Aguas Corrientes, BG: Bajada Grande
iMaximum and average values for the lee-side angle (Fig. 5)
iiMeasurements performed at the principal branch of the main channel. The Parana River divides into several branches immediately upstream of the
Bajada Grande site measurement. Total discharge at BG 26 Jul 2012: 16,000 m® s~
The steepness of superimposed dunes observed in the Parana River were 0.04, 0.07 and 0.04 for Lavalle 2 Jun 2011, AC 26 Apr 2012 and BG 26 Jul

2012, respectively.

Table 3 Mean flow and sediment parameters from spatially-averaged velocity profiles along dunes in the Parana and Tercero rivers

Site and date uy (ms~h) ks (m) 2 70 (Pa) Ty Rep ws (ms™1) Tacs ks/Hy
TR 16 Mar 2016 0.117 0.16 0.95 13.59 0.43 346 0.195 1.30 0.40
TR 8 Apr 2016 0.127 0.34 0.99 16.18 0.51 346 0.195 1.30 0.71
TR 5 Sep 2016 0.059 0.09 0.91 3.49 0.11 346 0.195 1.30 0.45
TR 7 Nov 2016 0.084 0.14 0.94 7.00 0.22 346 0.195 1.30 0.58
Lavalle 2 Jun 2011 0.067 0.16 0.97 4.51 0.90 22 0.046 0.40 0.07
AC 26 Apr 2012 0.079 0.18 0.98 6.25 1.14 25 0.050 0.48 0.07
BG 26 Jul 2012 0.082 0.32 0.98 6.80 1.08 31 0.058 0.52 0.18
74 ~
=) ‘ ‘ =
S «— ordinary high flow -8 .S
= 8
% 61 =
% -
= 2
s
e 5 ;‘3
3 S
e ~
k=i ) <
g 4y ordinary g
g high flow —F 5 &
3] A &
34 7
% o~ -4 i
= )
°>) LW Y o E
2 W A vomiy fl 8
51 W ¥ e wiT\Y e 2
= 0] Vi V =
A A
0 ' } } } } ' } 1
1 Jan 2011 11 Apr 20\\2() Jul 20“28 Qct 20“5 Teb 20\2‘5 May 20\%3 Aug 20\2‘ Dec 2012
Date
B Lavalle2 Jun2011 € AC26Apr2012 A BG26Jul2012 — Empedrado gauge station
0=17,100m*s" 0=12,500m’ s’ 0=16,000m*s"’ ----- Parana Port gauge station

Figure 2 Hydrographs at two gauge stations (Empedrado and Parana Port) in the Parand River during 2011 and 2012. Dates of measurements at the
three surveyed reaches (Table 2) are also included
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Figure 3 Schematics of ADCP beam alignments and corresponding footprints on the Parana (a) and Tercero (b) dunes. Height and length scales of
dunes are different in order to gain a better visualization. Footprints and dune length scales are nearly equal in order to obtain a representative size of
the ensonified area due to beam spreading on the dune. (Adapted from Latosinski et al., 2017)

the flow configuration along it with a great detail. Estimations
of the water surface slopes could also be obtained due to the
high accuracy of the DGPS-RTK altitude data. In the Tercero
River, dynamic measurements were performed along repeated
longitudinal bathymetric profiles before and after the static mea-
surements of ADCP to identify the surveyed dunes and define
their geometric characteristics and dune celerity.

The ADCP static measurements were conducted over the
selected dunes for each field site by anchoring the boat. Mea-
surements involved time series of flow-velocity vertical profiles,
echo intensity level, and bed-particle velocities over all selected
dunes of both rivers. Moreover, due to the faster dune displace-
ment observed in the Tercero River, the static measurements
captured the passage of the whole study dune. The time inter-
vals used in the static records were 2-3 h for the Tercero River
and 15min for the Parana River. Along the studied dunes in
the Parana River, static measurements were performed at the
crest, stoss-side and trough of each selected dune. The veloc-
ity of the particles moving within the bedload layer, vz, was
recorded during the static measurements at the crest, stoss and
trough of each dune by means of the Bottom Track ADCP func-
tion (BT) according to the methodology presented by Latosinski
et al. (2017). Figure 3 outlines the alignments of the four acous-
tic beams as projected from the ADCP and the corresponding
footprint over the riverbed (dunes). It is worth noticing that the
acoustic footprint defines the associated averaging area based on
the beam divergence (¢ = 20° or 25°, depending on the ADCP
manufacturer, i.e. TRDI 1200 kHz or Sontek S5 ADCP, respec-
tively) and flow depth. The vz data in the Tercero River were
obtained by selecting only those parts of the whole record over
the dunes corresponding to the crest, stoss and trough sides. Due
to the divergence of the ADCP beams close to the bed, data

of only one beam were considered in this case, i.e. beam 1 in
Fig. 3b: the beam with a downstream horizontal component in a
Janus or downward looking configuration (Simpson, 2001; Son-
tek, 2013). Conversely, averages of the four beams’ data were
used in the Parand River (Fig. 3) since it was assumed that diver-
gence did not influence the results due to the large dune sizes
(Latosinski et al., 2017).

The static measurements over different dune zones of the
Parana River were also useful to achieve suspended bed-
sediment concentration (SSC) values from the acoustic records.
The acoustic returns were processed following the ADCP-based
acoustic inversion approach described in detail in Szupiany et al.
(2019) using the ASET Matlab-toolbox (Dominguez Ruben
et al., 2020).

3 Results

3.1 Bedform geometry, mean flow, and sediment
characteristics

Dune geometric features, sediment features, and flow parame-
ters are shown in Table 2 to identify similarities and differences
between these two alluvial rivers.

The Froude number (F;) is low for both streams, though
higher in the Tercero River, 0.20-0.30 against 0.10-0.12 in the
Parana River. The relative dune heights, H,/h, ranged from
[0.16, 0.32] in the Tercero River to [0.16, 0.22] in the Parana
River. These H,/h values are in the same range as those reported
by Bradley and Venditti (2017) for dunes in sand bed rivers with
low F; (<0.32), and they are lower than values from labora-
tory experiments (Bradley & Venditti, 2019). Nagshband et al.
(2014, table 1, fig. 1) reported similar findings, and Cisneros
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et al. (2020) studied natural dunes with an even lower ratio, i.e.
Hy/h < 0.1, than commonly assumed for large alluvial rivers.

Dimensionless dune profiles in both rivers were achieved by
plotting the relative dune height (z/H,) versus the dimensionless
or relative distance in upstream direction from the end of lee side
to the dune trough (Fig. 4b and Table 2). All surveyed dunes
collapse into a similar profile under the scaling of dune height
and wavelength (Fig. 4b), within the bounds of the experimen-
tal errors. It seems that although the values of the form factor,
«, for the shape of the dunes for the Tercero River (average
value, @ = 0.6) resemble those of the Parana River (average
a = 0.68), they are closer to triangular-shaped dunes. Indeed,
the triangular shape of the Tercero River dunes can be observed
in Fig. 4b.

The steepness (Hy/A;) values of the dunes in Tercero River
have the same order of the ripple steepness (~0.1; Van Rijn,
1993) and are four to ten times larger than the steepness val-
ues of large dunes in the Parana River, according to Table 2.
Moreover, in the Parana River, small superimposed dunes along
the stoss side of large dunes were well defined by the longitu-
dinal SBES records. These superimposed dunes present a mean
length of 4.7, 5.4 and 8 m and a mean height of 0.19, 0.40 and
0.30m for Lavalle 2 Jun 2011, AC 26 Apr 2012 and BG 26
Jul 2012, respectively. Further details of superimposed dunes
in the Parand River can be found in Latosinski et al. (2017).
These dimensions perfectly fall into the range of values reported
by Amsler and Schreider (1992) at another reach of the Parana
River. The steepness of small superimposed dunes is between

0.04 and 0.07 (Table 2), i.e. around two and seven times higher
than the steepness of large dunes. In the Tercero River, super-
imposed dunes were not observed after visual inspection of the
dune field. Note that the fluctuations observed in bed elevation
in Fig. 4b resulted from Doppler noise rather than from real
variations.

The lee-side angle, B8, was obtained by calculating the slope
of the bed tangential lines over each longitudinal profile. This
allows obtaining the variation of the dune angle on its leeward
side (Fig. 5). Regarding the upper zone of the lee side of the
large dunes in the Parana River, values were very low (8 < 5°,
Fig. 5a), in the order of those reported by Amsler and Schreider
(1992) for this type of dunes. The maximum angle occurs in the
10-30% lower portion of the lee side of Parana dunes (Fig. 5a)
reaching up to 14°, 15° and 5° for Lavalle, Aguas Corrientes,
and Bajada Grande, respectively. Meanwhile, in the Tercero
River, B approaches the angle of repose (~ 30°) practically over
the entire lee side (Fig. 5b). Nonetheless, mean S values are
presented, calculated as simple (and triangularly shaped) dune
lee-sides joining the highest point at the crest with the deepest
point at the trough (Table 2).

3.2 Flow pattern characterization

3.2.1 Static measurements

Figure 4a represents, on top of the dimensionless dune profiles,
the vertical distribution of the time-averaged flow velocity, .,
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normalized with the maximum value within each profile, i, .
The period for time-averaged values corresponded to the static
measurement time intervals.

For each position on the dune, the overlapping of the veloc-
ity profiles from different dunes show some similarity for the
same river (Fig. 4a). The largest discrepancies are observed
in the trough areas. The flow velocity is of boundary layer
type throughout the depth of the Parana River, and more uni-
form in the water column of the Tercero River, particularly
on the crest. It can be argued that the vorticity generated by
the boundary resistance is spread across the water layer of the
Parana River. Meanwhile, it is likely that the vorticity gener-
ated on the crest of each Tercero River dune is confined to
a thin boundary layer. These differentiated forms of vortic-
ity diffusion can trigger different mechanisms of bed sediment
transport.

In the Parana River, the velocity profiles fit fairly well to
the so-called “law of the wall” for turbulent boundary layers,
in agreement with Trento et al. (1990). Moreover, these authors
verified that the boundary layer on the dune crests reached 80—
100% of the total flow depth. This fact can be explained by the
gentle stoss side slopes of the dunes along the large wavelengths
in the Parana River (see A, values as reference in Table 2),
which allow completion of the turbulent mixing. Conversely,
the higher steepness values and shorter dune wavelengths in

the Tercero River would prevent complete development of the
boundary layer.

The velocity profiles obtained with the ADCP from static
measurements were used to estimate the total bed shear veloc-
ity, u, (Table 4), applying the law of the wall (Holmes & Garcia,
2008; Kostaschuk, Villard, & Best, 2004; Szupiany et al., 2007)
in the manner suggested by Clauser (1956) and Blettler et al.
(2012), i.e. values of u, determined from linear regressions of
the form:

u, = alog(z) + b )

where u, is the time-averaged streamwise velocity at height z
from the bed; a is the regression slope coefficient, a = 5.6u,;
and b is the regression intercept coefficient which involves
roughness height, b = u,(8.15 — 5.6 log k).

The regression slopes for the velocity profiles in the dune
troughs present high-velocity gradient and, therefore, higher
shear stress values. However, the flow dynamics in the trough
zone did not meet the conditions from which the semi-
logarithmic expressions were derived (strong variations in the
pressure gradient) and, therefore, were not considered in the
analysis.

Semi-logarithmic regression of velocity profiles was typi-
cally observed at least in the lower 20—-50% of total depth for

Table 4 Shear velocity i, (m s~!) and the corresponding 2 values at crest and stoss sides of dunes obtained by fitting Eq. (1) to the static
time-averaged velocity profiles recorded in the Parana and Tercero rivers

Crest Stoss Average

Site and date Uy r? (xi/Aa) Uy r? (xi/l4) Usstoss/Uscrest Usstoss/Uscrest
TR 16 Mar 2016 0.064 0.96 0.60 0.112 0.99 0.43 1.75 2.92

TR 8 Apr 2016 0.039 0.94 0.70 0.176 0.99 0.46 4.51

TR 5 Sep 2016 0.040 0.76 0.79 0.090 0.96 0.52 2.25

TR 11 Nov 2016 0.019 0.97 0.73 0.060 0.99 0.42 3.16

Lavalle 2 Jun 2011 0.063 0.99 0.65 0.059 0.98 0.39 0.94 0.95

AC 26 Apr 2012 0.106 0.99 0.55 0.098 0.99 0.45 0.92

BG 26 Jul 2012 0.073 0.98 0.69 0.073 0.98 0.49 1.00
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both river crests and stoss. The relative position over the dune,
xi/Aq (with x; = 0 being the position at the end of the lee-side)
is shown in Table 4. The range from 20 to 50% of total depth
used to fit velocity data may be somewhat arbitrary; however,
deviations from semi-logarithmic regression were observed for
the velocity profile data outside of that 20—-50% range (princi-
pally at Tercero River), an issue extensively discussed in the
literature (Kostaschuk et al., 2004; Trento et al., 1990; among
others). Moreover, this range is successfully applied by Holmes
and Garcia (2008) to obtain local values of shear velocity of
flow over dunes in the Missouri River.

Table 4 shows that in the Tercero River the shear veloci-
ties are, on average, three times higher on the stoss side than
on the dune crests, while they show slow variations along the
Parana River dunes. Note that the effect of acoustic beam diver-
gence and the small dune lengths in the Tercero River could
account for such a difference. Therefore, mean velocity profiles
and shear velocities were calculated over each dune, following
the procedure detailed in the next section.

3.2.2  Longitudinal average velocities over the dune,
computation of roughness and flow resistance

Figure 6 depicts the spatially-averaged velocity (u,) profiles
over each selected dune obtained from the dynamic measure-
ments in the Parana River and the static continuous measure-
ments in the Tercero River. Averages were carried out along
lines at the same relative depth (dividing the water column into
nine cells) from an initial boundary. The verification of a nearly
constant specific discharge, g, using the static measurements is
achieved on the crest, stoss side and trough of all dunes. The
differences in g along the dune profiles in the Tercero River,
although they could be considered important, were generally
lower than 20%. In this case, as seen from static measurements
for flow velocity on dune crests, measurement errors due to the
effect of acoustic beams divergence and the small dune lengths
could be responsible for the discrepancies.

Role of dunes in flow resistance 9

The spatial averaging of velocity profiles in the Parana River
displays slightly better fits (Fig. 6). Main differences appear
with the point data near the bottom, due to the larger scatter in
the Tercero River. The greater relative length of the separation
region (length of separation region/dune length) of dunes in the
Tercero River, together with effects of beam divergence near the
bed, could account for the observed deviation.

The fairly good fit of velocity profiles shown in Fig. 6 allows
computation of the mean shear velocity (u,) and the equivalent
roughness height (k) by means of Eq. (1) (Table 3). Mean bed
shear stress (7¢), the Shields parameter (z,), and the Reynolds
particle number (Rgp) at the dunes can also be obtained by using
the following equations:

0 = puL (2)
2
u*
pr— 3
Ty sgDso ( )
Rep = v/sgDsoDso /v 4)

where s = (py/p) — 1 is the submerged specific gravity of sed-
iment, p; and p are sediment and water density, respectively, g
is the gravitational constant, v is the kinematic viscosity, and
u and & are the spatial averages of flow velocity and depth,
respectively, at the selected dune (Table 2).

Table 3 shows the mean values of flow and sediment parame-
ters along the dunes, deduced from the spatially-averaged veloc-
ity profiles, and the critical value of Shields parameter to convey
sediments in suspension, T,., following the Shields—Parker
criteria (Garcia, 2008).

According to the results in Table 3, the roughness values,
kg, are comparable to the dune height in the Tercero River
and the mean height of the small superimposed dunes in the
Parana, i.e. between 0.20 and 0.40 m (Latosinski et al., 2017),
as was anticipated by Amsler and Schreider (1992). The differ-
ence strengthens the hypothesis that the resistance in large rivers
(like the Parand) is governed by the small dunes superimposed

1.8
o u. = 0.65log(z) + 1.47
6 =095
' Efuz=0.7llog(z) +[1.37
=5 12=0.99
14— a@gg)——— — —,.”u‘f 0.44l0g(z) + 0.98
o A =098
I = 0.46log(z) + 0.90
% =0.98 O TR 16 Mar 2016
g 0 3log(z) + 0.89 & TR 8 Apr 2016
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Qe U= 0.4410g(2) + 0.85 W Lavalle 2 Jun 2011
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u, = 0.60/og(z) + 1.11
;o A BG 26 Jul 2012
04 P=0094 | || || | b
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Figure 6 Velocity profiles spatially averaged on the studied dunes
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to the larger ones as it was first proposed by Ogink (1989). Since
the wavelength of the large dunes is many times larger than the
mean flow depth, their effect on the mean flow conditions at the
scale of the smaller dunes can be expected to be negligible. This
topic is further discussed below in connection with bed sediment
transport.

The normal flow approximation provides a quick insight into
the role bedforms or sediment particles may play in the char-
acteristic roughness height and the mode of sediment transport
that occurs in the stream. The streamwise momentum balance
equation, under the assumption of a very wide channel where
the roughness of the banks is negligible, takes the form:

0 = —ghS + Cru? (5)

which yields the well-known relation F2=u?/ gh=S/Cp,ie.
the Froude number based on the normal flow quantities that
result when friction and gravity are in perfect balance (while an
increase in S tends to accelerate the flow, an increase in Cr has
the opposite effect) (Vionnet, Tassi, & Martin-Vide, 2004). Here
S is the friction slope, and C the bed resistance coefficient.

The second term of the Eq. (5) links the bed shear stress
with the squared of the mean flow velocity, 1y = pCru?, that
defines the bulk shear velocity for a very wide channel, where
the hydraulic radius can be approximated by the mean flow
depth:

Usp = +/ghS (6)

which is equivalent to the root square of Eq. (2) and yields:

u 1
— =—=C 7
Uxp \/CF ‘ ()

where Cy is the dimensionless Chezy resistance coefficient, and
together with Cr, is a function of the relative bed roughness
C;l/ l=Cy = f (h/kg), where the equivalent roughness height
can be estimated as:

o — niDso, l<m<3
= £ (Ag), van Rijn(1993)

Above, kg, denotes a roughness height usually proportional to a
characteristic sediment size in case of a flat bed, or a dimension
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proportional to the dune height, A,, in presence of bedforms
(Van Rijn, 1993). This is because if dunes are present, the form
drag prevails over the grain roughness or skin friction. The easi-
est way to determine the required amount of hydraulic resistance
to keep the balance between a given friction slope and flow dis-
charge is through a fixed-point iteration or a direct computation
(Vionnet et al., 2004). Tables 1 and 2 summarize the used values
of S and unit discharge g (¢ = hu), respectively:

N\ 13

. 1 . 2c(l)

D — S — AR <q—SF , i=0,1,2,...
] g

2
@)
[lln“h‘

K kb
®)
The hydraulic resistance computations using Eq. (8) are pre-
sented in Table 5, based on the hydraulic and dune character-
istics in Table 2. Moreover, Fig. 7 depicts the Keulegan (1938)
relation for the Tercero and Parana rivers as computed by Eq.
(8), together with Gilbert’s field and flume data (Gilbert &
Murphy, 1914) that includes flat bed and bedforms (Brownlie,
1981; Wong & Parker, 2006). This simple analysis confirms
that boundary resistance for the Parana River depends on the
smaller superimposed dunes height, //ky, = h/Ayy, which is in
agreement with Amsler and Schreider (1992). For the Tercero
River, the relative roughness factor 4/k, fits with the observed
dunes size, i/ A, (Table 5). The box plots of Fig. 8 show, under
the bounds of the normal flow approximation and experimen-
tal errors, that the estimated theoretical range of values is well
within the observed range of field data. There is little offset with
respect to the mean values of S/Cr between the two box plots
to expose the max, mean, and min of the experimental and the
theoretical values. This is to be expected since the ratio S/Cr is
equivalent to the square of the Froude number (Eq. 5).

The discrepancies between some values of k& listed in
Tables 3 and 5 have several sources. Table 3 contains values
obtained after two averaging processes in a row, over the turbu-
lence and along the dune length, ignoring possible effects due to
the three dimensionality of the flow. Table 5 exhibits the aver-
age values along several dunes, assuming a constant friction
slope among other simplifications. Despite these discrepancies,
which are most likely caused by the approximations made by
different methods, the boundary resistance values obtained with
both methods are highly consistent. This result supports the fact
that the equivalent roughness height is comparable to the dune

Table 5 Hydraulic resistance and roughness parameters for the normal flow computations

S/Cr ksp () h/ksp Ag = Hy (m) Agq (m) Crl2, C. Rep Tuh
TR 16 Mar 2016 0.086 0.55 4.5 0.40 - 9.77 346 0.699
TR 8 Apr 2016 0.099 0.25 6.0 0.48 - 10.5 346 0.420
TR 5 Sep 2016 0.045 0.71 1.6 0.20 - 7.1 346 0.308
TR 7 Nov 2016 0.078 0.29 38 0.24 - 9.3 346 0.308
Lavalle 2 Jun 2011 0.013 0.16 53 1.93 0.19 15.9 22 0.851
AC 26 Apr 2012 0.010 0.63 28.8 2.86 0.40 14.4 25 1.622
BG 26 Jul 2012 0.015 0.11 89.5 1.78 0.30 17.2 31 0.731
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amplitude for the Tercero River and to the amplitude of the
smaller superimposed dunes for the Parana River.

Finally, Gioia and Bombardelli (2002) rederived the
Manning-Strickler’s empirical formula (Eq. 9) from a power-
law asymptotic behaviour of a channel flow of incomplete
similarity in the relative roughness, whose fit to Keulegan’s
resistance law was demonstrated by Wong and Parker (2006).
It reads:

1/6
Cy = 8.10(%) 9)

sb

This relation is also included in Fig. 7, where the collapse
between the Parand and Tercero Rivers data with the field and
lab data, collected by Brownlie, and used by Wong and Parker
(2006), is found to be remarkably good.

Figure 7 shows that both rivers obey the same resistance law,
either Keulegan (a wall-similarity law) or Manning—Strickler
(a power-law asymptotic of incomplete similarity). However,
when looking at the theoretical hydraulic resistance height of
each river, and the value observed in the field (Fig. 8), it is seen
that while the dunes of the Tercero River represent an effective
roughness height, the Parana River must develop an intermedi-
ate roughness scale, whose height is in tune with the heights
of the small superimposed dunes. This is necessary to main-
tain the balance of forces between gravity and friction. Figure 7
represents a constitutive law, while Eq. (5) represents the true
competition between forces, and to maintain it, the Parana River
must develop an intermediate roughness scale. Both resistance
laws are well-grounded in turbulence theory through different
techniques, one based on wall-similarity techniques and the
other in a power-law asymptotic of incomplete similarity. The fit
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between both analytic curves and the experimental data (Gilbert
& Murphy, 1914) is remarkable.

3.3 Bed-sediment transport along dune profiles

Table 6 provides the magnitude values of bed-particle veloc-
ity, vg, measured with the help of the ADCP technology along
the dune profiles. Their magnitudes were comparable at both
rivers, showing similar tendencies, i.e. increasing from troughs
to crests (Latosinski et al., 2017). However, bedload rates, g,
(computed with the dune tracking procedure and quartz spe-
cific weight, y;), are somewhat higher for the Tercero River, at
least regarding those two cases having higher flow discharge
and shear velocity (i.e. the first two values for Site and date in
Tables 2 and 6).

The fifth column of Table 6 presents the dune displace-
ment velocity (u,) obtained from the comparisons of dynamic
measurements applying the dune tracking method. As can be
seen, u, is considerably higher for the Tercero than the Parana
River; however, the dune dimensions in the Tercero River are
considerably smaller, finally yielding similar g, values.

The direction of vz values is coincident with the mean
flow direction in both the troughs and crests of the Parana
River dunes (Latosinski et al., 2017). This observation provides
indirect evidence of the absence of recirculating flow at their
troughs. Unfortunately, the directions for v measurements in
the Tercero River were extremely noisy with wide variations,
mostly at troughs. These variations could be ascribed, among
other reasons, to the 3D structure of the recirculating flow at the
troughs.

3.4  Suspended bed-sediment transport

The amount of suspended sediment differs significantly in both
rivers. The Tercero River transports sediment predominantly
as bedload, while the Parana River conveys a large amount of
sediment as washload (clay and silt) in suspension, as well as
bed-material (fine and coarse sand) both in suspension and as
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bedload. The absence of suspended bed particles in the Tercero
River has to do with the larger grain sizes found in its bed,
in comparison with the medium-sized sands found along the
Parana River bed. Figure 9 shows that the sediment particles of
the Tercero River are transported as bedload since the stream-
flow velocity exceeds the well-established threshold t, > 7.
(Shields—Parker criteria, where t,. is the critical value of motion
for the Shields parameter; Garcia, 2008) albeit being lower than
the second threshold value of u, /w, & 1 for the material to be
transported in suspension. The results, extracted from Tables 3
and 5, coincide with both the normal flow approximation and the
local-transient flow computation. As regards the Parana River,
the Shields parameter exceeds the predictive second threshold
since the suspension number u, /w; > 1 for all the observed val-
ues. Here, w; is the settling velocity corresponding to the median
diameter, D5, of bed particles distribution, following van Rijn
(1984).

The profiles of suspended bed sediment concentration over a
dune in the Parana River were obtained by processing the ADCP
acoustic signal from static measurements, applying the method-
ology described in Szupiany et al. (2019) and Dominguez
Ruben et al. (2020). The vertical distribution of suspended
bed-sediment concentrations follows the typical Rouse shaped
profile for bed-sediment particles conveyed in suspension. The
concentration profiles can be converted to suspended bed-
sediment transport profiles at crests, stoss sides and troughs
of the surveyed dunes to obtain the suspended bed sediment
loads (gss). Such loads (g) at crests, stoss sides, and troughs
of the surveyed dunes in the Parana River as well as the ratio
between gy, at crest (ggscres) and bed load transport rate (gy;) are
presented in Table 6. The gy esr Values are in the same range
of values reported by Kostaschuk et al. (2009) at one dune in
the Parand River using similar surrogate technology. Addition-
ally, the ratio gscresi/gsp 18 about 10, which is the same order of
magnitude previously reported by other authors (Alarcon et al.,
2003; Amsler et al., 1999; Amsler & Prendes, 2000).

The pioneer investigations by Fredsee (1981, 1982) showed
both theoretical and experimentally that the increase/decrease

Table 6 Bed-particle velocity, vp, from static measurement over dunes, dune displacement velocity (u4), bedload rate (g ) for all measured dunes
and suspended bed-sediment transport rate (gss) and ggscress /2sp ratio for the Parana River dunes

Site and date

gss (kgm~1s71)

vg crest (ms~) v stoss (ms™) v trough (ms™) wug(mday™!) gp(kgm™ s™!) Crest Stoss Trough ggserest /Zsb

TR 16 Mar 2016 0.170 0.162 0.050
TR 8 Apr 2016 0.426 0.123 0.060
TR 5 Sep 2016 0.045 0.009 0.009
TR 7 Nov 2016 0.047 - 0.040
Lavalle 2 Jun 2011 0.045x% 0.027x% 0.006x%
AC 26 Apr 2012 0.124x% 0.099x 0.050x%
BG 26 Jul 2012 0.052% 0.036x 0.009x

103.7 0.44 - - - -
77.8 0.33 - - - -
25.9 0.06 - - - -
34.6 0.11 - - - -

2.8 0.09 035 034 041 2.98
3.9 0.11 027 027 024 2.48
2.6 0.06 0.67 0.65 0.65 8.63

Notes: () Data from Latosinski et al. (2017).

Stoss value of vp in TR 7 Nov 2016 was discarded because of high instrument noise.
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Figure 10 Relation between dune steepness (H;/A7) and mean lee side angle (8) with the suspension number (u,/wy) for the surveyed dunes in the
Tercero and Parana Rivers. Dune steepness from Guy et al. (1966) flume data for bed-sediment grain sizes of 0.19, 0.23 and 0.93 mm with different
degrees of suspended bed-sediment transport, were also included. Dotted line: fit function for H;/A; vs u./ws. Encircled points: steepness of small

superimposed dunes in the Parana River (see Table 2)

in dune steepness depends on the suspended bed-sediment
load/bedload transport ratio. If this ratio increases, steepness
decreases and vice versa. Later on, and based on the Fred-
soe’s approach, Amsler et al. (1999) explained the steepness
variations of large dunes during floods in the Parand River.
Figure 10 summarizes the effects of increasing suspended bed
loads (measured with the suspension number), on the morphol-
ogy of the surveyed dunes in both rivers (steepness and lee-side
angle). Data from Guy, Simons, and Richardson (1966) labora-
tory experiments are also included in Fig. 10. Note that despite
the scatter due to the experimental error, the point data follow
a diameter and steepness that decreases as the suspension num-
ber increases accompanied by the decrease in the mean lee-side
angle.

4 Discussion

The comparison of the dune morphology at different scales,
flow structure, and prevailing sediment transport modes was car-
ried out with data obtained in two alluvial rivers. Although the
Parana River dunes exhibited superimposed small dunes, rea-
sonable dimensionless and similar profiles were achieved using
the dune dimensions in both cases (Fig. 4b). The relative heights
and form factor of dunes were in the same range for both rivers,
as well as the Fr number, which is higher by a factor of three for
the Tercero River. As expected, both rivers are in the subcritical
flow regime (Chow, 1959). Steepness values were significantly
smaller for the Parana River, ~0.01-0.02, than for the Ter-
cero River, ~0.1. Another disparity was the maximum and
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average value of the lee-side angles of dunes, < 15° and 5°, for
the Parana River against <38° and 29° for the Tercero River,
respectively.

Fairly good semi-logarithmic fits to velocity measurements
enabled application of the “law of the wall” to obtain reliable
values of bed shear velocities and stress in the Parana River
which increase, as expected, from the stoss side to the crest of
dunes (Table 4 and Fig. 4a). It is likely that most of the vorticity
is generated in the lee-side of the superimposed small dunes, and
given the considerable extension of the large dunes, the bound-
ary layer increases up to the surface (Fig. 4; Trento et al., 1990).
In contrast, in the Tercero River, the boundary layer is limited
to a small near-bed region showing velocity distributions that
resembles potential flow profiles. The differences between shear
velocity values on the stoss and the crest (ratios whose values
goes from 1.8 to 4.5, Table 4) suggest that fitting parameters
could not be representative of each zone of the dune. Beam
divergence is a key factor when averaging data bouncing from
very different zones of the Tercero River dunes. Moreover, the
ADCEP limitations to measure velocities in the 11-30% range of
depth closest to the bed calls for the use of other methods to scan
the Tercero River dunes (e.g. ADV/Flowtracker) for a detailed
distribution of shear stresses along bedforms. When the veloc-
ity profiles are spatially averaged along the dunes (Table 3 and
Fig. 6), notable improvements are obtained in the fitting param-
eters. Therefore, with these averages, good estimates of the bulk
flow structure can be obtained in specific regions of the alluvial
channel.

The main differences between both rivers could be attributed
to the relative “smoothness” %/k, factor. One order of magni-
tude separates the depth/roughness ratio of both rivers (Table 3
and Fig. 8). This could be explained in the Tercero River by
the steepness and the lee-side angle S, which is >>11-20° (Cis-
neros et al., 2020; Lefebvre, 2019; Lefebvre & Winter, 2016).
The form drag of the large dunes in the Parana River is negli-
gible due to their shape, as first advanced by Ogink (1989) who
performed careful laboratory experiments with dunes geometri-
cally similar to bedforms measured in the Rhine River. These
findings were later confirmed by Amsler and Schreider (1992)
and Amsler and Prendes (2000) in the Parana River. There-
fore, the flow in the Parana River seems less affected by the
presence of large dunes, thus requiring a boundary resistance
that scales with the roughness height of the superimposed small
dunes, which are steeper (Table 2). It is possible to have a first
quantitative idea of the extra roughness due to superimposition
by using the results of the numerical experiments conducted
by Lefebvre et al. (2016) based on flow and dune data simi-
lar to those measured at reaches of the upper Parana and lower
Rhine Rivers. They excluded the influence of superimposition
and used a constant grain roughness of 3 mm. Their results of
kgp for lee angle dunes between 7.5° and 20° varied from 4.4 mm
(7.5°) to 23 mm (20°), i.e. in the order of the grain roughness.
When these values are compared to those obtained herein in
the Parana River (0.16-0.32m; Table 3) with slip lee angles
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between 6° and 15° (Fig. 5a), the influence of superimposition
of dunes with comparable heights becomes relevant, accounting
for the extra resistance (form resistance), necessary to balance
the compelling forces.

The evidence that points to the absence of flow recirculation
downstream of the crests of the large Parana dunes arises from
combining the angles of the lee side (Fig. 5a) with the velocity
profiles averaged over time (Fig. 4a), and with the velocity of the
bed particles at their troughs (Table 6). The most recent research
works confirm that flow separation is likely to occur at the brink
point, where the slope changes from being gentle to being steep
at the lee-side (Cisneros et al., 2020; Lefebvre, 2019). Con-
versely, lee-side angles close to the angle of repose of sands
for the Tercero River dunes (Fig. 5b) suggest flow separation
downstream their crest. The directions of bed-particle velocity
obtained from BT measurements support the above statement,
although with limitations due to high noise levels of the Tercero
River data.

The computed shear velocity values are similar for both
rivers, although slightly higher for Tercero River. However, no
bed-sediment suspension occurs in the Tercero River (Fig. 9)
as a consequence of the higher mean grain size present at the
bed and a low level of turbulence (Fig. 4a). In the Parana River,
the boundary resistance generates enough turbulence intensity
(Fig. 4a) to keep bed sediment in suspension (Fig. 9). The
decrease in dune steepness and lee-side angles with the relative
predominance of suspended bed-sediment transport (Fig. 10)
are in line with the pioneer results of Fredsee (1982) and the
findings of Bradley and Venditti (2017) and Bradley (2018
and references therein). Fredsee (1981, 1982) firstly showed
how increments of gy with respect to bed load, g, as bed
sediment sizes become smaller, lead to dunes with decreasing
steepness, growing lengths and, finally, to the plane bed con-
dition. Later on, several authors confirmed this role of gy on
dunes through models and experiments of increasing complex-
ities, though the internal mechanisms of the phenomenon are
still a matter of debate (cf. Bradley, 2018; Bradley & Venditti,
2017; Nagshband et al., 2014). These facts would explain the
absence of large dunes for high transport stages at a reach of
the Parana River (Amsler & Garcia, 1997; Amsler et al., 1999)
and the lowest lee-side angle and steepness of the BG 7/26/12
dune (Table 2). By plotting the H,;/A and lee-angle values of
all-natural dunes studied herein against the suspension number
(Fig. 10), a collapse along a single relation shows the effect
of relative bed-suspended loads on both geometric variables of
dunes. When the flume data of Guy et al. (1966) are included in
Fig. 10 to fill in the intermediate zone with H; = 0.02-0.07, a
fairly good relation is obtained. The results depicted in Fig. 10
confirm the trend exhibited by the descending branch of a clus-
ter of field data plotted by Bradley and Venditti (2017). The
steepness values of superimposed dunes in the Parana River
are included in the figure, and excluded from the relation. Their
values (Table 2) differ more than 100% with respect to the val-
ues of large dunes (0.05 against 0.02 on average), suggesting
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that suspension loads would only be important for large dunes
(Amsler & Garcia, 1997; Amsler & Schreider, 1992; Amsler &
Prendes, 2000). Similar differences between steepness of both
types of dunes are found in Julien (1992) and Ogink (1989).
This allows appraisal of the above-mentioned effect on steep-
ness on a quantitative basis. Then it is possible to argue that
predominant suspended bed sediment loads could be a key fac-
tor governing the morphology of large dunes in low-gradient
rivers in at least two geometric features: (i) the origin of the low
lee-side angles; and (ii) the lower dune steepness as suspended
bed sediment increases (e.g. Amsler et al., 1999; Bradley, 2018;
Bradley & Venditti, 2017; Fredsee, 1982; Kostaschuk et al.,
2009; Kwoll et al., 2016; Schreider & Amsler, 1992; Tjerry &
Fredsee, 2005).

Finally, the different measurement sites of the Parana River
were selected by looking for a minimum impact of 3D effects
of the channel morphology. However, it is well known that as
the channel width increases so does the possibility of three-
dimensional effects. Thus, the incidence of this factor would be
inevitable in a wide channel such as the Parana River, and could
have affected the measurements. For instance, the different rates
found in the suspended bed-sediment transport at each site in the
Parana River could be due, in part, to the presence of 3D dunes
in one site and 2D in another site. For the former, the transport
rate could be lower, according to Parsons et al. (2005), and the
flow separation zone should also be lower. This 3D effect was
not assessed in the field measurements. However, for the pur-
poses of this research, the 3D morphology does not affect the
general results: looking at Fig. 10, the 3D effect could modify
the position of the corresponding Parand River values, in the
context of high suspended sediments with very low steepness,
with very low steepness approximately ten times smaller than
Tercero River steepness.

5 Concluding remarks

In this work, several flow and bed sediment transport configura-
tions over natural dunes of very different geometry (i.e. heights,
lengths, lee-side angles) have been studied and compared based
on data measured with high resolution, spatially as well as tem-
porally, by using modern equipment (ADCP, GPS, DGPS-RTK
and SBES). Measurements were performed at two sand bed
rivers: the Parana River (one of the largest in the world) and
the Tercero River, a small tributary from the central region of
Argentina.

It was possible to obtain similar velocity distributions on dif-
ferent positions along a similar dimensionless dune profile using
proper scaling. The dune troughs exhibit major discrepancies.
The flow velocity profile has the aspect of a fully developed
boundary layer in the Parana River, while it shows a potential
flow type for the Tercero River, particularly on the crest. While
the vorticity generated by form resistance is spread through-
out the water depth of the Parana River, it is confined to a thin
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boundary layer for the Tercero River. Main differences between
both rivers are:

(a) particle number (larger in the Tercero River);

(b) dune steepness (higher in the Tercero River if compared
to the large and even the small superimposed dunes in
the Parana River);

(c) lee-side angles of dunes (very low lee angles which
would prevent permanent flow separation in the Parana
River compared to the lee angles of dunes in the Tercero
River);

(d) the superimposition of dunes in the Parana River (small
dunes on large dunes; absent in the Tercero River);

(e) the “smoothness” factor, //ks; (while the roughness
height scales with the dune size for the Tercero River,
in the case of the Parana River it scales with the super-
imposed small dunes); and

() the bed sediment transport mode (only bed load in the
Tercero River and prevailing suspended loads in the
Parana River).

The differences stated above have at least two implications.
While both are known by river researchers, few investigations
have focused on detailed measurements along natural dunes, and
particularly, along natural dunes in one of the largest rivers of
the world.

(1) The bulk of the form drag in the Parana River would
be carried by the small superimposed dunes since flow
separation on the lee side of large dunes would be mean-
ingless, eventually intermittent and likely affected 3D
effects of dunes. This “smoothness” factor would explain
its lower flow resistance with respect to the Tercero
River. Somehow, the Parana River develops an inter-
mediate roughness scale between the grain size and the
height of the large dunes to maintain the balance between
the compelling mechanisms of gravity and friction, as
reflected by Eq. (5). The field data of both rivers not
only obey Keulegan’s resistance law but also represent
different hydraulic resistance scales.

(i) The increase of bed suspended loads, g, is closely asso-
ciated with lower dune steepness and lee side angles of
large dunes. Thus, suspension would be the link between
the geometry of large dunes and their lesser role in the
resistance to flow in the Parana River.

The suspension number (or Bagnold’s number), u, /w;, used
by many authors (e.g. Bradley, 2018), is an adequate parameter
to account for the amount of suspended load and as such would
be related to variations of dune steepness and lee-side angles.
Indeed, the values of H,;/A; of dunes and large dunes measured
in the Tercero and Parana Rivers, respectively, together with
steepness values of laboratory dunes, collapse along a single
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relation when plotted against u, /w, (Fig. 10). The lee angle g
follows a similar tendency.

It can be concluded that the suspension number is a key
metric which helps to explain the differences in the geometry
of alluvial dunes within a wide range of flow conditions. To
determine the interactions of suspended particles near the bot-
tom with the low lee-side angles of large dunes in big rivers,
further investigations should be conducted combining mathe-
matical modelling with field measurements like those presented
herein. Note, also, that if dune superimposition is present as in
very large rivers (Cisneros et al., 2020), the steepness of the
smaller superimposed dunes (two to seven times greater than
the steepness of the large dunes) does not fit the relation in
Fig. 10, thus suggesting that the geometry of these dunes is
driven mainly by mechanisms other than those related to par-
ticle suspension. Moreover, the superimposition of dunes at the
bottom of many large rivers remains an open field of research.
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Notation
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regression intercept coefficient of semi-logarithmic
velocity profiles (m s™!)

= mean cross-section width (m)

standard friction coefficient (—)

dimensionless Chezy resistance coefficient (—)
mean grain size of bed material (m)

Froude number (—)

unit bedload rate (kg s~! m~!)

total bedload transport at the cross-section

(kgs™")

= gravitational constant (m s~2)

suspended bed-sediment transport rate per unit width
(kgs~! m1)

unit suspended bed-sediment transport estimated
from static measurements over the dune crest
(kg s~' m~1)

total suspended bed-sediment transport at the cross-
section (kg s™!)

total washload at the cross-section (kg s~')

mean water depth (m)

dune height (m)

equivalent total roughness height (m)

roughness height from normal flow approach (m)
flow discharge (m? s™!)

unit flow discharge (m? s™)

time averaged unit flow discharge (m? s™!)
Reynolds particle number (—)

hydraulic gradient (assumed as general water surface
gradient) (—)

submerged specific gravity of sediment (—)

mean flow velocity (m s™!)

dune celerity (m d~")

spatially averaged velocity (over a dune) at level z
(ms™")

mean flow velocity (temporal averaged) at level z
(ms™)

shear velocity (m s™!)

bulk shear velocity (m s™')

shear velocity from static velocity profile (temporal
averaging) (m s~!)

bed-particle velocity (m s~!)

settling velocity (m s™')

level, height from the bed (m)

dune form factor (—)

lee-side angle of the dune (°)

quartz specific weight, (kg m™>)

dune length (m)

von Kérman constant ( —)

ADCEP transducer pointing angle from the vertical (°)
water density, kg m—3

bed sediment density, kg m~3

kinematic viscosity of water (m? s~)

geometric deviation of grain size distribution ( —)

= total shear stress acting at the bed (Pa)
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Ty = Shields number, or dimensionless shear stress (—)

Tye = threshold Shields number for initiation of motion
(-)

Tyes = threshold Shields number for suspension (—)
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