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ABSTRACT: Bedforms (dunes and ripples) constitute a form roughness, i.e. hydraulic flow re-
sistance, which has a large-scale effect on hydrodynamics and sediment transport of coastal envi-
ronments. This hydraulic effect of bedforms needs to be parameterized in coastal-scale process-
based models, since individual numerical grid cell sizes of typically 20 to 200 meters do not allow a
proper discretization of bedform elements. State-of-the-art empirical bedform roughness predictors
(Van Rijn 1984, 2007) are tested in numerical model simulations of both a simplified flume experi-
ment and on the estuarine domain scale. A sensitivity analysis shows the performance of the bed-
form roughness predictors at variable water depths, flow velocities and mean grain-sizes. Predicted
dune heights and lengths in a model of the Weser estuary are compared to dune dimensions ob-
served by high-resolution multibeam measurements.

1. INTRODUCTION

Bedforms, such asripples, megaripples or

: Fredsge (1982). Additional turbulence gen-
large dunes, cause a local hydraulic flow

erated in case of flow separation behind the

resistance which has a large-scale effect on
hydrodynamics and sediment dynamics of
rivers, estuaries and coastal seas. The re-
sistance to the flow induced by bedforms,
i.e. hydraulic bedform roughness, is associ-
ated with the flow expansion on their lee
side resulting in kinetic energy loss, as ex-
emplified for river dunes by Engelund and

bedform crest and recirculation on the
downstream side greatly enhances this effect
(e.g. Vanoni and Hwang, 1967). The expan-
sion loss and the rate of velocity decrease
downstream of the bedform crest can be
related to the lee slope angle (Best and
Kostaschuk, 2002; Motamedi et al., 2013;
Paarlberg et a., 2007; Lefebvre and Winter,
2016).
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Figure 1. Bathymetry of the model domain and position of measurements (a) from the open sea boundary (blue
line) to Rechtenfleth (RFL_6) and (b) from Rechtenfleth to the tidal barrier at Hemelingen, Bremen (WHM_13).
Note the different spatia scales selected to improve the presentation of the outer and inner part of the estuary.

Energy loss above bedforms must be tak-
en into account in numerical hydro- and
morphodynamic model simulations in the
form of bed friction coefficients that are
associated with grain and form roughness.
Particularly the applicability and perfor-
mance of form roughness predictors has
received little attention in large-scale model
applications. Although computer power in-
creases gradually, numerical coastal domain
models are typically still restricted in hori-
zontal and vertical grid resolutions to
properly represent all topographical and
morphological features;, common grid cell
sizes of process-based models are between
20 and 200 meters. This implies the parame-
terisation of the effect of bedform roughness
elements that are of the length of a model
grid cell or less. Thus bedforms are usually
considered as of ‘sub-grid-scale’ (Sandbach
et a., 2012). It should be noted that even at
high spatial resolution and adequate 3-
dimensional discretization of bedforms, their
resistance to the flow may not be taken into
account; flow separation and turbulence

generation over bedforms requires simula
tions with a fully non-hydrostatic model
configuration (Lefebvre et a., 2014, 2016).

Although common in fluvial studies,
there are very few numerical model studies
in coastal settings that apply bedform
roughness predictors and deal with the effect
of bedform roughness on the hydro- and
morpho-dynamics. Van Rijn's bedform
roughness predictor (2007), and particularly
the dune roughness predictor, have primarily
been developed for riverine conditions. The
scheme has already been applied in a few
large-scale coastal area models and appears
to be robust (Davies and Robins, 2017
Herrling et al., 2017; Villaret et al., 2011;
Wang et al., 2016).

Hydraulic bedform roughness predictors
commonly are based on the ratio of height
and length (i.e. steepness) of a bedform (e.g.
Julien and Klaassen, 1995; Karim, 1999; van
Rijn, 1984; Yalin, 1964) and thus require
field data or a prediction of bedform geome-
tries. Yet the predictor of van Rijn (2007)
directly expresses the bedform roughness
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height depending on current velocity, sur-
face sediment grain-size and water depth.
Thus, in tidal environments, variations of
current speed and water depth may result in
variations of bedform roughness over atidal
cycle.

This study explores the parameterisation
of bedform hydraulic roughness in a simple
flume experiment (sensitivity study) and a
model of the Weser estuary, Germany, using
the Delft3D (Deltares, 2014) modelling sys-
tem. Well-established bedform roughness
predictors of van Rijn (1984, 2007) are
evaluated and predicted bedform dimensions
are compared to observations from high-
resolution multi-beam bathymetry.

0.02 T T

overall bedform roughness. The overall bed-
form roughness predicted by VRO7 is known
as a combination of the roughness from rip-
ples, megaripples and dunes and may vary
gpatially in its composition and magnitude.
In this study only the bedform roughness of
dunes (VRO7) is considered and is compared
to the dune roughness predicted by VR84.
For a detailed description of the formulae
used in these predictors and the implementa-
tion into the modelling system, it is referred
to the original publications (van Rijn 1984,
2007) and the manual of the model system
Delft3D (Deltares, 2014).

Numerical flume experiment
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Figure 2. Bedform (dune) roughness height z, predicted by VR84 and VRO7 for simulations with (a) variable
water depths, (b) variable current vel ocities and (c) variable mean grain-sizes in anumerical flume experiment.

METHODS

Bedform roughness prediction

Predictors of bedform dimension (van
Rijn, 1984) and bedform roughness (van
Rijn 1984, 2007) were tested. While the
predictor after van Rijn 2007 (VRO7) direct-
ly estimates the bedform roughness height
Zp, van Rijn 1984 (VR84) determines bed-
form dimensions (height and length) in an
intermediate step before calculating the

Sensitivity tests were conducted in a sim-
ple numerical flume experiment with unidi-
rectional flow to study the predicted bed-
form roughness (VR84 and VRO07) as a re-
sponse to variable water depths (11 to 15
m), current velocities (0.5 to 1.5 m/s) and
mean grain-sizes (100 to 500 um). These
conditions are within typical ranges of the
parameters found in the Lower Weser estu-
ary. For each model run, only one parameter
has been altered at a time; the reference
condition is a water depth of 13 m, a flow
velocity of 1 m/s and mean grain-size of 300
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pm. The model domain has a width of 100
m and length of 5000 m, the simulations are
performed in  depth-averaged  (two-
dimensional horizontal, 2DH) and three-
dimensional (3D) configurations applying
velocity forcing at the upstream open
boundary and a stationary water level at the
downstream boundary. Bedform roughness
heights are extracted at 1000 m downstream
of the upstream end after a hydrodynamic
spin-up of 12 hours.

3

model of the Weser estuary forced by real-
time tidal flow and upstream discharge
(Herrling et dl., 2017).

Predicted bedform dimensions of VR84
and VRO7 were compared to dune observa-
tions in the Lower Weser estuary. Predicted
dune heights and lengths were determined
from VR84. For VRO7 a backward calcula-
tion based on Van Rijn (1984) determined
bedform dimensions.
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Figure 3. Predicted (at max. ebb flow, VR07, VR84) and observed (a) dune heights and (b) dune lengthsalong a
section of 5 km downstream of Rechtenfleth in the Lower Weser estuary in Sept. 2012; (¢) Predicted Nikuradse

dune roughness.

As expected both formulae predict larger
roughness with increasing water depth
and/or grain-size with an order of magnitude
range (Fig. 2). The case of variable current
magnitudes shows that under Weser estua
rine conditions the critical conditions occur,
where bedform roughness has a maximum.
It is noted that the application of VRO7 re-
aults in significantly higher dune roughness
values compared to VR84.

Evaluation of bedform roughness prediction
in the estuarine domain model

The performance and effect of uncali-
brated bedform predictors a estuarine scale
is shown with a numerical morphodynamic

High-resolution multi-beam bathymetric
data surveyed by local authorities (WSA
Bremerhaven) in September 2012 resolve a
bedform field at a section of 5 km down-
stream of Rechtenfleth in the Lower Weser
(RFL_6, Fig. 1). Dune heights and lengths
were determined by filtering and zero-
upcrossing (Krémer et al., abstract MARID
2019).

PRELIMINARY RESULTS

Predicted dune height and length from
the uncalibrated model simulations are com-
pared to measured bedform dimensions. In
September 2012, measured dune heights of
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the observed dune field are between 0.6 and
2.8 m with overall mean heights of 1.6 m.
Mean dune lengths are 53 m with absolute
lengths varying between 18 and 120 m.

Predictions of dune heights are consistent
along the section with mean values of 0.83
and 1.23 m for VR84 and VRO7, respective-
ly; thus underestimating observations. Pre-
dicted dune lengths are very similar for both
formulae and vary between 100 and 120 m.
These values in turn are at the upper limit of
observed values. From a physical under-
standing, results imply a possible underesti-
mation of bedform roughness, as the under-
estimated heights and over-estimated lengths
would result in lower steepness of the mod-
elled dunes compared to the measured ones.

Nikuradse dune roughness heights are5.

predicted to be significantly larger for VRO7
compared to VR84.

Although maximal current magnitudes
are simulated to be similar for ebb and
flood, dune height and roughness are pre-
dicted to be larger during flood than ebb,
particularly for VRO7 (not shown here). It is
noted that upstream discharges about 105
me/s are low in September 2012 in relation
to long-time mean discharges of 323 md/s.
Maximal ebb currents occur a late ebb
when water levels are lower compared to
maximal flood currents at late flood.

. SUMMARY AND OUTLOOK

Dynamic dune roughness prediction has a
significant effect on simulated hydro-
dynamics. In this study two empirical bed-
form roughness predictors, developed by
Van Rijn (1984, 2007), primarily for river-
ine, unidirectional flow conditions, have
been tested and evaluated.

Applied for tidal flow conditions, dune
heights predicted by VRO7 and VR84 un-
derestimate observed mean dune heights by
23% and 48%, respectively. Predicted mean
dune lengths are overestimated by both for-
mulae by approximately 50% with respect to

measurements. A smaller dune stegpness is
thus predicted compared to observations.

For a section of 5 km in the Lower We-
ser, predicted dune roughness and dimen-
sions are consistent; however on the entire
estuarine scale predictions vary spatially. An
upcoming evaluation of predicted dune di-
mensions in relation to measurements of
dune fields along the Outer and Lower We-
ser estuary will reveal the spatial perfor-
mance of bedform roughness predictors.
Variations of roughness height on annual
time scales with seasonal and event-driven
discharges will be evaluated against estima-
tions of dune dimensions analysed from
monthly bathymetric surveys.
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