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Abstract

We present a depth-resolving model that is capable of resolving the vertical flow and suspended sediment
structures in the surf and in the swash zones. The model uses the RANS equations to simulate
hydrodynamics, and includes sediment transport using an advection diffusion approach. The model is first
validated hydrodynamically using measured surface elevations. The results from the model show a strong
vertical dependence in the suspended sediment flux, and that at certain cross-shore locations the wave-
averaged sediment transport moves onshore where the average flow velocity is offshore-directed. These
physical processes are important to consider when designing more practical, long-term depth-averaged
models for simulating coastal morphodynamics.
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1. INTRODUCTION

The swash zone defines the cross-shore region where waves run up and down the beach. This region is
characterized by strong flows, high amounts of turbulence, large sediment fluxes and rapid morphological
changes. These characteristics make it an important region for understanding the development of the beach in
general. Even though it is easily accessible, the dynamic nature makes it difficult to study experimentally. For
this reason, numerical models are developed to increase our understanding of the relevant processes, and
ultimately better predict the shoreline evolution.

At present, most numerical models capable of modelling morphodynamics in the swash zone are based on
a depth-averaged approach. These models can reproduce the depth-averaged hydrodynamics but have
difficulty modelling sediment transport and morphodynamics. This has been attributed to different modelling
aspects, from the use of wave-averaged transport formulations to missing processes such as turbulence and
vertical structures in the suspended sediment concentration (Mancini et al., 2021; Ruffini et al., 2020). Depth-
resolving models are not hampered by these assumptions, and allow inclusion of detailed formulations for
turbulence. Therefore, these models are potentially a great tool to investigate the importance of these vertical
processes.

In this paper we give a brief presentation of how depth-resolving models give insights into how suspended
sediment is transported in the water column. Specifically, we will look at wave-averaged velocities and
sediment fluxes over multiple modelled wave groups. First, we briefly introduce the model background and
setup, and describe the experimental case we compare with. Then we validate the model using measured and
modelled surface elevations, after which we show the modelled wave-averaged flow velocities and sediment
fluxes. Finally, we briefly discuss and summarize the results and present an outlook for future research.

2. METHODOLOGY
In this study we will use a model developed in the OpenFOAM® environment, based on the model by

Jacobsen et al., (2014). To validate the model, we will compare modelled output with the experiments by van
der Zanden et al., (2019). In this section, both the model setup and the dataset used are described.

2.1 Model Description
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For simulating hydrodynamics, the model uses the 2DV Reynolds Averaged Navier-Stokes (RANS)
equations, coupled with a Volume of Fluid (VoF) approach to account for air and water in the model domain.
Specifically, we use the isoAdvector approach (Roenby et al., 2016). Furthermore, a k — w equation as
proposed by Wilcox (2008) is used, including the limiter suggested by Larsen & Fuhrman (2018). For wave-
generation, the waves2Foam package (Jacobsen et al., 2012) is used together with the OceanWaves3D
package (Engsig-Karup et al., 2009; Paulsen et al., 2014) to generate the waves. The boundary conditions at
the bed are set to model a rough boundary with a roughness height K,, = 2.5D,. For velocity we set a no-slip
condition at the bed boundary and for k and w the boundary conditions we use the approach by Fuhrman et
al. (2010). The boundary layer in the bottom cell is accounted for using the generalized wall-function approach
as described by Larsen et al. (2017).

Sediment transport is modelled using separate transport formulations for bedload and suspended load. In
short, the bedload transport is calculated at the bed interface using the bed-shear stress and local bed slope
(Engelund et al., 1976; Roulund et al., 2005). Suspended load is calculated using an advection-diffusion
approach, with a reference concentration set at 2.5D., above the bed, according to the formula by Engelund
and Fredsge (1976). In the present study, the bed is kept static. More details on the implementation can be
found in the original model paper (Jacobsen et al., 2014).

The model consists of just over 1 million cells, which mostly are 2x2 cm? in size. Close to the bed the cells
are smaller, decreasing to a thickness of 0.5 mm in the vertical direction. The solver was run in parallel on 24
processors.

2.2 Data Description

The data used in this study was gathered in the CIEM facility in Barcelona (van der Zanden et al., 2019).
The flume is 100 m long, 4.5 m deep and 3 m wide. The flume was filled until it was 2.5 m deep at the paddle
location. At the other side of the flume, a beach with an initial slope of 1:15 was built using medium sand
(Dso = 0.25 mm). Because the experiment consisted of many subsequent wave runs, the initial bed used in
this study had already deformed from its initial 1:15 profile, on which breaker bars and a concave swash
profile had formed. More information about the profile evolution can be found in Eichentopf et al., (2019). We
use the measurements of bichromatic waves with the group frequency T, = 14.8 s, and wave components
f1 = 2Ty, /7 and f, == 2Tg,./9, which both had wave amplitudes of H; = H, = 0.32 m. This leads to a total
wave signal that forms two alternating wave groups which repeat every 27,,. seconds.

The experiments featured various measuring equipment. In this study we use some of the wave gauges to
compare measurements of the surface elevation with the model. For this comparison, we use the Root Mean
Square Error (RMSE) to quantify the difference, both in a non-normalized sense and normalized by the range
(i.e. the maximum minus the minimum) of the signal. Furthermore, we define the cross-shore coordinate x,
defined as the distance shoreward of the wave paddle, and the y coordinate as the vertical distance above the
initial still water line, or the bed where the initial bed would be exposed.

3. RESULTS
3.1 Validation

The model is first validated for hydrodynamics. This is done by comparing measurements of the surface
elevation of the flume measurements and the model. We used two locations; one in the surf-zone before the
wave breaks (x = 57.82 m) and one in the swash-zone (x = 77.55 m). The comparison can be seen in Figure
1. The RMSE for the surface elevations are 0.06 m, 0.02 m for the surf and swash location, respectively. This
amounts to roughly 8% and 11% of the range of the measured surface elevations. One source of this
deviation is that the model actively absorbs reflected waves, whereas no wave absorption was present at the
experimental campaign. Furthermore, the transformation of the paddle signal to a velocity signal used in
OcenWaves3D also introduces errors. We consider the surface elevations to be modelled with reasonable
accuracy. For instance, the two alternating wave-groups are clearly visible both in the experimental and
modelled results.
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Figure 1. Comparison of measured and modelled surface elevations at two different locations in the flume.
3.2 Wave-averaged Sediment Flux

Figure 2 shows the time-averaged cross-shore velocity and the time-averaged cross-shore sediment
advection over six wave-group periods (from t = 135 s to t = 223.8 s). The averaged velocities show a clear
undertow pattern, where the average velocity is onshore-directed at higher elevations, and offshore-directed
at lower elevations. The strongest average velocities occur just landward wave-breaking, around x = 66 m to x
=73 m.
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Figure 2. a) Time-averaged velocities and b) sediment fluxes in the cross-shore direction. The green lines
show the cross-shore locations of the subsequent panels c-e. These panels show vertical profiles of the cross-
shore sediment transport at three different locations. The dashed lines in panels (c)-(e) indicate the bed levels.
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Looking at cross-shore sediment transport, we see some different phenomena. Firstly, from around x = 62
m to x = 73 m, we see a similar pattern as with the averaged velocities. Here at higher elevations suspended
sediment is transported onshore and at lower elevations it is transported offshore. The onshore sediment
transport happens due to waves picking up sediment higher up in the water column, and transporting this
onshore as the wave breaks. Further onshore in the swash zone, from around x = 70 m, an additional onshore
transport of sediment close to the bed can be observed (see panel (d)). This happens as the flow and
turbulence associated with a collapsed wave interacts with the bed, resulting in large sediment pickup and
advection at this location. Even further onshore, at around x = 75 m, strong offshore sediment fluxes are
observed (see panel (e)). This transport happens during the backwash, and happens in the region where
strong sheet flow was observed (van der Zanden et al., 2019).

At around x = 75 m, we see the importance of wave-swash interactions, where in this case sediment is
briefly picked up by the collision of an incoming wave and the backwash. Figure 3 shows in more detail what
happens during such a collision. Here, large offshore transport in this region is associated with high levels of
turbulence. The net effect of these collisions in the simulations leads to offshore-directed sediment transport.

Lastly, just above the breaker bar between x = 61 m and x = 64 m, a region of strong onshore directed
sediment transport is observed (see panel (c)). This onshore transport happens as a shoaling wave travelling
over the bar quickly accelerates the flow shoreward, transporting sediment shoreward. During the backwash,
the stronger returning currents appear higher in the water column and therefore do not transport much
sediment offshore.
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Figure 3. Snapshot of cross-shore velocity, instantaneous suspended sediment concentration and
instantaneous turbulent kinetic energy.
4. DISCUSSION AND CONCLUSION

There are some important differences between the model and the measurements that can influence the

results. For instance, the present study has only been conducted using a model that does not dynamically
move the bed. This is an important process, as measurements have shown that the bed can move several
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centimeters within seconds in strong swash currents (van der Zanden et al., 2015). Even though this particular
case was chosen for its relatively small morphodynamic change over the full measurement duration, the
impact of intraswash morphodynamics on the modelled sediment fluxes should still be investigated.

Furthermore, the model actively damps the reflected waves, whereas no active wave absorption was
applied during the experiments. These two effects mean that slight differences in hydrodynamical forcing on
the beach are expected. However, the validation shows that these effects are relatively unimportant and that
the general motion of the swash is accounted for.

The results presented here show a glimpse of what depth-resolving models can offer as a tool for detailed
investigation into sediment fluxes in the surf and swash zones. The presented model shows some interesting
phenomena that are important for the total flux of sediment transport, but that are not easily captured by
depth-averaged models. In the future, we aim to investigate the importance of these processes for net
sediment transport and suggest how such processes can be accounted for in depth-averaged models.
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