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Abstract: Predicting the evolution of mound formations in the nearshore, both
natural (e.g. bars) and man-made (e.g. nourishments) requires an understanding of
mixed wave-current flow on sediment transport. MODEX (Morphological Diffusivity
EXperiment) used a wave-current-sediment flume to capture detailed spatial and
temporal observations of sand mound evolution in shallow water. Imposed flow
included waves-alone, currents-alone, and combined wave-currents. MODEX provides
a test bed for understanding the impact of currents on waves around submerged
bedforms and the feedback with morphology. Here, a wave-resolving model SWASH is
used to simulate flow patterns around the mound as it diffuses, showing the impact of
wave-current interaction on both mound evolution and scouring observed around the
mound. Further, simulations initialized with a diffused mound show the feedback
between 3D bed deformation and wave-current flow structures. The results provide a
framework for understanding and implementing intra-wave sediment transport in wave-
resolving models. Extensions of the results to field conditions with mixed wave-current
energy will be explored.

Introduction

The accurate characterization of nearshore sediment transport around a mound is
critical to predict the fate of foreshore nourishments, which can inform better
management practices for sandy coastlines. To date, the evolution of submerged
nearshore mounds (or bars) has been investigated on a variety of scales, with field
studies observing the behaviour of bathymetric perturbations in a range of
conditions (Gallagher et al., 1998; Ruessink et al., 2000; Ruggiero et al., 2009,
among others) and laboratory studies investigating the detailed physical processes
underlying the movement of sand in wave and current conditions (Drake et al.,
1992; Grant & Madsen, 1982; Yuan & Madsen, 2014, among others). Both
approaches have advanced our ability to design nourishments (field) and calculate
sediment transport under waves and currents (laboratory) yet each has limitations.
Large-scale field studies require intensive observations to capture and untangle the
complex interplay of forcing and response of a submerged mound. Small-scale



laboratory studies investigating boundary layer effects give insight into the shear
stress generated by specific wave and current conditions but are difficult to scale up
to the field.

Field studies focused on observing full-scale nourishments tend to capture the
general behavior (accrete, erode, move shoreward or not) shown to have reasonable
agreement with water depth and wave height [Hands et al., 1997; Boers, 2005] and
can broadly inform the choice of future nourishment locations. An experiment at
Duck, NC which monitored the inverse problem of a mound, the evolution of holes
dug into the surf zone, linked morphological evolution to gravity-driven slope
effects [Moulton et al., 2014] and calculated a diffusion parameter for downslope
transport to be used in wave-averaged models such as Delft3D and XBeach [Lesser
et al., 2004; Harter and Figlus, 2017]. Further, the parametrization of down-slope
sediment transport was found critical to model the morphodynamics of sandbars in
the surfzone [Dubarbier et al., 2017].

In an attempt to link this general behavior to sediment dynamics, laboratory studies
investigating the evolution of artificial mounds in wave flumes have been conducted
in a narrow range of hydrodynamic wave conditions, the results of which show
reasonable agreement with wave-averaging numerical models [Stansby et al., 2009;
Smith et al., 2017; Ruol et al., 2018]. To expand the hydrodynamic range and better
characterize the diffusive behavior of a submerged nearshore mound, MODEX
(Morphological Diffusivity EXperiment) was conducted in Summer 2018 to monitor
in detail the evolution of a single mound under a variety of wave, current, and
combined forcing conditions.

The seven-week flume experiment was designed to capture the diffusion of a
Gaussian mound with fine spatial and temporal resolution, monitoring how waves
and currents transform over the mound as well as the 3D evolution of the mound
over time. In this paper, we explain the method for collecting temporally dense
bathymetry data of the mound evolution, and use this data to force a wave-resolving
model SWASH (Simulating WAves till SHore) to capture the hydrodynamic
transformation as the mound evolves. The choice of this model allows for
simulations of the detailed feedback between mound shape and hydrodynamic
conditions such as wave refraction and vertical velocity structure under individual
waves, which in turn inform predictions of how this mound and similar ones in the
field will evolve over time.



This paper introduces preliminary validation and results from model-data
simulations. Accompanying papers in this proceedings (see de Schipper et al., 2019
and Lee et al., 2019) give more detail into the complete MODEX experiment and
associated hydrodynamic observations.

Methods
Experiment Setup

MODEX took place in a 6x12m flume in the Total Environment Simulator in Hull,
UK. The experiment (Figure 1) began with a 1.5m diameter, 20cm high sandy
mound placed in the middle of a bed of sand 10cm deep. The flume was filled with
40cm of water and a sequence of waves and currents, either alone or combined,
were run over the mound until the mound height was approximately half its original.

(A) SIDE VIEW
g M Flow Direction
= (I Water
E 40cm
3 20cm
s r—
Sand (Dso=215um) 1.5m 10cm
(x,2) = (0,0)
(B) PLANE VIEW 12m
2 ~,
5 Flow Direction // \\\
= { \
= i le—> 6m
2 -_> \ ,'
2 5 1.5m ’
4
\\\~~ -—’,r

(xy) =(0,0)

Figure 1: (a) side view and (b) top view of experimental design, where (a) 10cm of sand covers the bed
of the flume with 40cm of water above and (b) a 1.5m diameter mound 20cm high is placed in the center
of the flume equidistant from the wave maker (to the right in (a) and (b)).



Nine hydrodynamic conditions were tested over identical sandy mounds, including
three with waves alone, two with currents alone, and four with mixed wave and
current conditions (Table 1). The morphodynamic evolution of the mound was
tracked using an innovative system of Marine Electronics ripple profiling scanners
(RPS), capable of capturing the 3D bathymetric evolution of the mound (Figure 2).
Two RPS were mounted above the mound on a moving gantry. During flow, the
RPS were raised above the water level to minimize disturbance to the waves and
currents. The flow was stopped every 5-15 minutes for the two RPS to be lowered
into the water. Each instrument had a meter diameter footprint owing to the shallow
water depth (Figure 2), so the gantry was moved along the length of the flume to
allow for the full mound footprint to be captured. Once a set of RPS scans
completed, the RPS were raised out of the water and the flow was run again for
another 5-15 minutes.

Table 1: List of test runs and associated hydrodynamic conditions, including flow rate (Q), wave height
(H), wave period (T), and run time for the flow between RPS scanning intervals.

Test#  Feature Q (Vs) H (m) T (s) Run Int # of
Observed (min) runs

1 Waves only, low 0 0.098 1.0 15 10

2 Wave only, medium 0 0.12 1.2 10 9

3 Wave only, high 0 0.12 13 5 9

4 Currents only, high 900 0.00 0.0 5 6

5 Currents only, low 700 0.00 0.0 5 8

6 Combined, low energy 400 0.055 0.8 5-30 10

7 Combined, equal energy 500 0.12 1.2 5 9

8 Combined, current>wave 580 0.098 1.0 5 10
energy

9 Combined, wave>current 420 0.12 1.3 5 9
energy




12m

2

|
& RPS Footprint ]

00
NS

IMound ¢&———>
1 1.5m

—
]
—
A
v

~
yoeag
wo

WaveMaker
Ff-_\-l

[A] 3 ‘r/ N\ | IIIL
=

/! I—M

e e

Figure 2: (a) Image of the two ripple profiling scanners used to track bed level through a series of scans
with (b) 1m footprints. This resulted in six scans (three per instrument) over the mound achieved by
moving a gantry (two parallel lines in (b) top image) along the flume in 50cm increments.

The timing of the scans depended on the strength of the flow conditions. Low
energy flow required 15 minutes of waves and currents between scans to see
changes in mound morphology. High energy flow evolved rapidly, so scans were
done every 5 minutes. This resulted in roughly nine sets of RPS scans for each test,
with each set consisting of six individual RPS footprints.

The bed level from the footprints was determined from the highest return value in
the RPS backscatter data [Wengrove et al., 2018]. Post-processing consisted of
stitching the six individual footprints into one complete image of the mound. Each
RPS was rotated slightly off the long axis of the flume. This was corrected and the
footprints overlaid to form a snapshot of the mound (Figure 3). Since the water
level was shallow, the highest return value did not always correspond to the bed, so
the final scans had to be cleaned for outliers. The result from one test was a
complete set of scans showing mound diffusion at regular intervals (Figure 4).
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Figure 3: Image of the mound from the start of Test 1 stitched together using six RPS scans.
Color scale is depth in meters for visual aid of mound height.
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Figure 4: Sequence of RPS scans taken over the course of Test 2 (Table 1) from the initial bathymetry

(top left) following the black arrows every 10 minutes to the final bathymetry (bottom right). Colored
contours represent depth in centimeters.



SWASH Model Setup

The bathymetry scans were used to initialize the wave-resolving SWASH model to
test the feedback between morphology and flow structure around the mound.
SWASH is a hydrodynamic model which solves the nonlinear shallow water
equations with non-hydrostatic pressure, and includes a k — € turbulence model
[Zijlema et al., 2011]. The model can simulate individual wave crests as well as
currents in the water column. As such, it is a reasonable choice for the dynamics of
the combination of forcings used in MODEX.

The MODEX SWASH model is initialized with the mound bathymetry in the flume
(Figure 5) scanned by the RPS. At one end of the model domain is a wave maker
(and current generator), at the other end is a sponge layer (for waves) or outflow
(currents). The along-flow sides of the flume are periodic to prevent non-physical
wave reflection in the domain. The model is run with default settings outside of the
bathymetry and boundary conditions. The grid resolution is 3cm in the horizontal
and results are shown here for a model with one vertical layer.
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Figure 5: Model domain, including the bathymetry used to initialize the SWASH model. The mound is

outlined in black and located in the center of the model (as it was in the center of the flume). The mound

shape (colored contours) is adapted from RPS scans. This image shows the mound at the beginning of a
test run.



Model bathymetry are constructed from RPS scans taken over the course of a test
(Figure 4) to track how the flow conditions change in response to the mound shape.
Three types of conditions are simulated: wave-only, current-only, and wave-current
combined. For waves alone, the boundary conditions are a wave maker which
imposes linear sinusoidal waves uniformly on one side of the domain (light blue bar
in Figure 5) with a prescribed wave period and height (directed in the long axis of
the flume) and a sponge layer extending the domain back 6m (green bar, not to
scale, in Figure 5). For currents alone, the boundary conditions are discharge on the
wave maker side of the flume (light blue bar in Figure 5) and a radiation boundary
condition on the outflow side (light green bar in Figure 5). The water depth is set by
the imposed bathymetry.

Wave-current combined tests require some finesse with the boundary conditions. At
present, SWASH does not allow two boundary conditions to be simultaneously
imposed on one side of the domain. To feed the model both waves and currents, we
constructed time series of velocity based on observed wave-current conditions in the
flume before the mound (Figure 6, orange line). These observed conditions capture
wave-current interaction effects such as elongating and shortening of waves owing
to a following current. The opposite boundary condition was set to a discharge equal
to a moving average of velocity taken (window length 10s) from the input
conditions.
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Figure 6: Along-flume velocity measured before the flow encountered the mound for (blue line) waves
alone, Test 2, (red line) currents alone, Test 5, and (orange line) wave-currents combined, Test 8. Note
that the discharge in Test 5 (red line) is higher than Test 8 (orange line).



Preliminary Results
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Figure 7: Observed (black) vs. modelled (red) along-flume flow velocity for instruments located (a,d,g)
before the mound (blue dot in the inset mound map), (b,e,h) above the mound (green dot), and (c.f,i)
behind the mound. Simulations of (a,b,c) waves alone and (d,e,f) currents alone agree well with observed
results. Simulations of (g,h,i) wave-current interaction have reasonable agreement, though the model does
not fully capture the wave transformation (i) behind the mound in terms of adjustments to wave period
and skewness.

SWASH reproduces wave and current conditions in the flume (Figure 7, compare
black and red lines) with velocities in the range observed during experimental runs
(Figure 6, Figure 7 black lines). Further, the spatial density of model output
(Figure 8) shows flow reacting to the presence of the mound both through wave
refraction (Figure 8a,c¢) and flow contraction (Figure 8b,d). These effects diminish
as the mound diffuses (compare Figure 8a,c to 8b,d). For the wave-current tests
(Figure 8e,f) flow conditions again appear more uniform as the mound diffuses,
with stronger refraction and skewness behind the mound seen in the initial
bathymetry (Figure 8e) as compared to the final bathymetry (Figure 8f).

Observed




Med Wave Test (Exp 2) Low Current Test (Exp 5) Wave-Current Test (Exp 8)

‘15 i‘.‘_i_I_H_I_lI [
b |

Initial Bathymetry

(s/w3) Aypojap awnj4-8uojy

Q

-15 1

o

Final Bathymetry

<— WaveMaker Beach — <—WaveMaker Beach —  <—WaveMaker Beach —

Figure 8: Along-flume velocity (colored contours) output from SWASH for (a,b) wave conditions from
Test 2 (see Table 1), (c,d) current conditions from Test 5 (see Table 1) and (e,f) wave-current conditions
from Test 8 (see Table 1) both (a,c,e) during the first test run and (b,d,f) during the final run of the
experiment. The model shows how flow conditions around the mound change as the mound diffuses. In
the wave-alone case (a,b) show less refraction owing to mound diffusion, while in the current-alone case
(b,d,) the velocity field becomes more uniform as the mound diffuses. For the wave-current case (e,f,)
wave refraction and skewness are evident as wave troughs deepen behind the mound. Black contour lines
indicate mound bathymetry (contour ever 10cm) and location.

These model simulations will be used to determine the feedback between mound
bathymetry and wave-current effects, tracking how the hydrodynamics respond to
mound diffusion and, as a result, how drivers of sediment transport change over a
test run. Model runs will cover a range of wave-current conditions to determine how
the balance of these forcings influences mound diffusion.

Concluding Remarks

Detailed 3D scans of a sandy mound subject to wave and current forcing show
mound diffusion at fine temporal resolution. These scans are used in a wave-
resolving model to explore the feedback between waves, currents, combined
conditions, and the mound shape as it evolves. Initial model results show how flow
structure becomes more uniform as the mound evolves, with more complex initial
structure (wave refraction and skewness) apparent in combined wave-current cases.
Model results will be extended to three-dimensions and used to show how varying
ratios of wave-current energy force mound evolution, determining thresholds at
which each begin to dominate the eventual mound smoothing and planform shape.
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