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ABSTRACT: In many river ystems worldwide, mtiple scales of bedforms are observed to coe

where trains of secondary bedforms are superimposdarger primary dunes. To date, this secondary
scale remains poorly studied. This study aims taratterize secondary bedforms based on a large
bathymetric dataset from the Dutch river Waal. $ebg a field campaign has been completed based

on which the dynamics and interaction of two scalesinvestigated.

scale is then considered to be the active
bedform scale, which is in equilibrium with
1 INTRODUCTION the decreased discharge (Martin &
In fluvial environments, dunes are a key Jerolmack, 2013). The primary dunes at that
element in various flow processes onstage of the discharge wave have become
multiple scales. They induce flow separationinactive, and are slowly cannibalized. Two
at the bed, control hydraulic roughness, andscales of bedforms have also been observed
affect local sediment transport dynamics. nder steady flow conditions however
With this, dunes exert a strong control on the(Zomer et al., 2021). In steady flow, it is
navigability of a river, and on the stability of gy yected that the secondary scale develops in
'nerStm?tu(;e' h b the toni fthe boundary layer that establishes over the
uvial gunes have been he topic o rimary dune (Ashley, 1990). Previous work

extensive research in the past decades. Thi furth h that q bedf
research has almost exclusively been focuse as urther shown that secondary bediorms
are not limited to the primary dune stoss, but

on one scale of larger, formative dunes. In k ,
many fluvial systems worldwide, the Can persist over the full length of the primary

presence of a secondary scale of bedformé§une (Galeazzi et al., 2018; Zomer et al.,
has been reported (Carling et al, 2000;2021). Secondary bedforms can have steep
Cisneros et al., 2020; Galeazzi et al., 2018jee side angles and are thus likely to cause
Harbor, 1998; Parsons et al., 2005; Wilbers &flow separation and affect local flow and
Ten Brinke, 2003, Baranya et al., 2023), sediment transport dynamics (Zomer et al.,
which remain comparatively poorly studied 2021) and also affect primary dune
to date. Trains of small, secondary dunes camjevelopment (Reesink and Bridge, 2007).
be superimposed on larger, primary dunesBoth field and laboratory studies have
which is why they may interact. indicated that secondary bedforms migrate
In many studies, secondary dunes Orcomparatively fast, and the bedload sediment
bedforms were merely considered to be anyansport associated with the small scale
artefact of the larger scale dunes, which isequals or even exceeds transport associated

then referred to as a cc_)mpound dune. Recenjith primary dune migration (Zomer et al.,
work has shed more light on the secondary>p21; venditti et al., 2005).

dune scale. Two different processes have Many questions remain unanswered.

been observed and described that lead to th@/hereas the primary dune scale has been
superimposition of secondary bedforms.stydied extensively, a comprehensive
Firstly, secondary bedforms have beencharacterization of secondary dunes has
observed to emerge during the falling limb of remained elusive to date. Previous work has
a flood wave. The newly emerged, secondanpeen [imited to field studies at small spatial
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and temporal scales, or flume studies. It is The characterization of the secondary
unknown how the two scales interact andbedforms was based on a biweekly
affect each other's development on a largebathymetric dataset, acquired through
scale. Finally, it is unclear what the impact of multibeam echo sounding (MBES). These
the presence of a secondary scale is on thdata were provided by the Dutch Ministry of

total sediment transport dynamics, and howinfrastructure and Environment
dune tracking should be applied in systems(Rijkswaterstaat) for the Waal river. The data
where two scales actively migrate. were interpolated on a 0.1 x 1.0 m grid and

This study has two main aims. Firstly, we subsequently processed following the
aim to characterize secondary bedformsmethod of Zomer et al., (2022). With this
based on a large bathymetric dataset that hasiethod, the bathymetric data is separated
been acquired in the Dutch river Waal, theinto a signal representing secondary
main branch of the Rhine river. Secondly, abedforms and a signal representing the
dedicated field campaign has been completedinderlying bathymetry, including primary
in the river Waal, near Tiel, based on whichdunes. The first step of this procedure is to
we study the dynamics of dunes at two scalesgecompose the initial bathymetric signal
their interaction, and the impact on sedimentbased on a LOESS (locally estimated scatter
transport and consequences for duneplot smoothing) algorithm (Greenslate et al.,
tracking. 1997; Schlax and Chelton, 1992). Steep
primary dune slopes are preserved by
implementing breaks in the previously fitted
2 METHODS LOESS curve. The steep lee slopes are
2.1 Secondary bedform characterization:subsequently fitted with a sigmoid function
separation of bathymetric data representingFigure 1). Following the separation of
two bedforms scales. scales, secondary and primary bedforms are
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Figure 1. Adopted from Zomer et al. (2022). Schémnaverview of the tool developed by Zomer et al.
(2022). a) A bed elevation profile with the initiafitted LOESS curve. The vertical orange linedigate
the locations of breaks at steep primary lee sldpeshe exact location of the break is updatedhe)steep
primary lee slope is approximated with a sigmoidction; d) the bed elevation profile with the ialti
LOESS curve (green) and the final fit (oran
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identified based on zero-crossing (Zomer etubiquitous throughout the Waal river, both at
al., 2022; Van der Mark and Blom, 2007). a small and large discharge. This indicates
. . that the secondary scale is an important
2.2 Field campaign element in the river system and it is vital to
To further study the interaction between consider their impact on sediment transport
dune scales and the effect of secondarylynamics, river bed development and
bedforms on sediment transport dynamicshydraulic roughness. o
and the applicability of dune tracking, a field ~Secondary, the characteristics of both
campaign was set up. This campaignPrimary and _ secondary dunes were
included 10 measurement days distributegdetermined. Figure 3 shows the median
over a range of discharges, betweenvaluesj (averaged per tlmgstep over a reach of
November 2021 and March 2022. Per day, £N€ kllomet.er). and the interquartile range.
reach of approximately 400 m was scanned tO_The resul_ts |nc!|cate that secondary bedforms
enable characterization of primary dunes. Inincrease in height and length, and lee slopes
addition to that, repeated bed elevation scan§€come steeper with increasing discharge.
took place over a cross-sectional transect, in e lee side slopes develop up to around 20
order to track dynamics of secondary degrees. It is therefore likely that _secondary
bedforms over the full width of the river. bedforms —cause flow separation. The
Also, repeated scans were taken over thredariability m_dune size is large and has been
longitudinal transects. The aim of this was toShown previously to inversely correlate to
enable tracking of the dynamics of secondaryPfimary dune size (Zomer et al., 2021).
bedforms over primary dunes. The field Primary dunes increase in height and lee
campaign  further included  velocity slope steepness, but their lengths decrease

river bed samples. findings by Lokin et al., (2022).

In some cases, secondary bedforms persist
over the whole length of the primary dune
3 RESULTS where in other cases secondary bedforms

A first question to be answered was disintegrate at the primary lee slope. As this
whether secondary bedforms were restrictedikely impacts the total sediment transport
to specific hydraulic conditions and river dynamics and applicability of dune tracking,
sections. To answer this, we determined whawe further studied this. The primary dune
fraction of the river bed was covered by dataset was separated into primary dunes
secondary bedforms (Figure 2). Figure 2onto which secondary bedforms persist over
indicates that secondary bedforms arethe full length of the primary dune, and a set
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Figure 2. The fraction of the river bed coveredsegondary bedforms. The river divided in sectiomseld on
kilometers along the river axis and 5 sectionsritiated over the width of the river.
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of primary dunes where secondary bedforms

did not persist.
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Figure 3. The properties of primary (right paneds)d secondary (left panels) dunes over time. The iddicate
median values for all dunes identified in one kigoen, per timestep. The transparent, colored aiadiate the

interquartile range.
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Figure 4. The characteristics of primary dunes owdich secondary bedforms persist (orange) and aigch
secondary bedforms do not persist (green). Theaaegt properties of secondary bedforms on thesesdaree

shown in panels e-g.
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Figure 5. Top panel: Bed elevation of a longituditransect. Middle panel: The secondary morpholofthe
transect. Bottom panel: A bed elevation profileniréhe longitudinal transect (grey). For each secamyd
bedform an associated transport is determined &@hecombination of bed elevation scans (6 timestefugal).

A LOESS curve is fitted through the individual gatats (orange, intermittent line).

sediments going into suspension at the dune

These two primary dune groups werecrest. In cases where secondary bedforms
compared with each other. Figure 4 indicatespersist over the full length of the primary
that primary dunes over which secondarydune, however, it is unclear what the
bedforms persist are lower in height and havanteraction between the two dune scales is.
less steep lee side slopes. The secondariyreliminary results (figure 5) indicate that

bedforms on these primary dunes are slightlysediment transport associated with secondary

larger. bedform migration increases over the
primary dune stoss, towards the crest. This is
4 ONGOING WORK AND OUTLOOK expected to cause net erosion of the dune

stoss. The sediment transport associated with
The field campaign was designed tosecondary bedform migration decreases
further study the dynamics of the two dunealong the primary dune lee, indicating net
scales, which is not possible based on theleposition. This might indicate the
biweekly dataset, and to specifically study mechanisms by which the primary dune
the relationship with sediment transport andmigrates.
the interaction between dune scales. Bedload
sediment transport by both primary a}nd ACKNOWLEDGEMENT
secondary dunes were separately determined.
For both scales, sediment transport increase$his study is part of the research program
with increasing discharge. In the studied areaRivers2Morrow, which is funded by the
the transport rates are similar in magnitude. Dutch Ministry of Infrastructure and Water
In the case that the secondary bedformdVanagement and its executive organization
disintegrate at the primary dune lee, weRikswaterstaat. We thank Rijkswaterstaat-

expect that the secondary bedforms are th&!V for providing the data used in this study.
agency by which the primary dune migrates.

Sediments transported by secondary

bedforms then fully contribute to the

migration of the primary dune, excluding

343



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France

Venditti, J. G., Church, M., & Bennett, S. J. (205

6 REFERENCES

Ashley, G. M. (1990). Classification of large-scale
subaqueous bedforms; a new look at an old
problem. Journal of Sedimentary Research, 60(1),
160-172. https://doi.org/10.2110/jsr.60.160

Baranya, S., Fleit, G., Muste, M., Tsubaki, R.,&sa,

J. (2023). Bedload estimation in large sand-bed
rivers using Acoustic Mapping Velocimetry
(AMV). Geomorphology, 424, 108562.

Morphodynamics of small-scale superimposed
sand waves over migrating dune bedforms. Water
Resources Research, 41(10), W10423.
https://doi.org/10.1029/2004WR003461Greenslat

eetal, 1997

Wilbers, A., & Ten Brinke, W. (2003). The response

of subaqueous dunes to floods in sand and gravel
bed reaches of the Dutch Rhine. Sedimentology,
50(6), 1013-1034. https://doi.org/10.1046/j.1365-

3091.2003.00585.x

Carling, P., Golz, E., Orr, H., & Radecki-Pawlik, A zomer, J., Nagshband, S., Vermeulen, B., and Hoitin

(2000). The morphodynamics of fluvial sand dunes
in the river rhine, near Mainz, Germany. i.
sedimentology and morphology. Sedimentology,
47(1), 227-252. https://doi.org/10.1046/j.1365-
3091.2000.00291.

Cisneros, J., Best, J., Van Dijk, T., de AlmeidaPR
Amsler, M., & Boldt, J. (2020). Dunes in the
worlds big rivers are characterized by low-angle
lee-side slopes and a complex shape. Nature
Geoscience, 13(2), 156-162.
https://doi.org/10.1038/s41561-019-0511-7

Galeazzi, C. P., Almeida, R. P., Mazoca, C. E.tBes
J. L., Freitas, B. T., lanniruberto, M., et al. {3).
The significance of superimposed dunes in the
Amazon River: Implications for how large rivers
are identified in the rock record. Sedimentology,
65(7), 2388-2403.
https://doi.org/10.1111/sed.12471

Harbor, D. J. (1998). Dynamics of bedforms in the
lower Mississippi River. Journal of Sedimentary
Research, 68(5), 750-762. https://doi.
0rg/10.2110/jsr.68.750

Lokin, L. R., Warmink, J. J., Bomers, A., & Hulsche
S. J. M. H. (2022). River dune dynamics during
low flows. Geophysical research letters, 49(8),
€2021GL097127.

Martin, R. L., & Jerolmack, D. J. (2013). Origin of
hysteresis in bed form response to unsteady flows.
Water Resources Research, 49(3), 1314-1333.

Parsons, D. R., Best, J. L., Orfeo, O., Hardy, R. J
Kostaschuk, R., & Lane, S. N. (2005). Morphology
and flow fields of three-dimensional dunes, Rio
Parana, Argentina: Results from simultaneous
multibeam echo sounding and acoustic doppler
current profiing. Journal of Geophysical
Research, 110(F4), F04S03.
https://doi.org/10.1029/2004JF000231

Reesink, A., & Bridge, J. (2007). Influence of
superimposed bedforms and flow unsteadiness on
formation of cross strata in dunes and unit bars.
Sedimentary Geology, 202(1-2), 281-296.
https://doi.org/10.1016/j.sedge0.2009.09.014

Schlax, M. G., & Chelton, D. B. (1992). Frequency
domain diagnostics for linear smoothers. Journal
of the American Statistical Association, 87(420),
1070-1081.

Van der Mark, C., & Blom, A. (2007). A new and
widely applicable tool for determining the
geometric properties of bedforms. Water
Engineering and Management, 1568-4652.

344

A. (2021). Rapidly migrating secondary bedforms
can persist on the lee of slowly migrating primary
river dunes, J. Geophys. Res.-Earth Surf., 126,
€2020JF005918,
https://doi.org/10.1029/2020JF005918

Zomer, J. Y., Nagshband, S., & Hoitink, A. J. (2p22

A tool for determining multiscale bedform
characteristics from bed elevation data. Earth
Surface Dynamics, 10(5), 865-874,
https://doi.org/10.5194/esurf-10-865-2022.



