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Abstract

In this study, the motion of both buoyant and non-buoyant microplastics in the
nearshore zone of a single-barred beach system is investigated. Understanding the
pathways and fate of microplastics in this region is crucial, as the nearshore zone is
considered to be a hotspot that accumulates microplastics. The motion of microplas-
tic particles is determined by incoming waves, currents, dispersive processes related to
turbulence, and the settling velocity of the particles. To investigate the fate of float-
ing and sinking microplastics— specifically, whether they beach, get trapped in the
nearshore zone, or escape towards the open ocean— a 3D wave-averaged Lagrangian
Particle Tracking Model (LPTM) is developed and employed. It was found that
majority of floating microplastics released offshore eventually beach. The remaining
particles stay trapped in rip circulation cells. In contrast, sinking particles released
offshore tend to escape towards the open ocean. Those that manage to enter the surf
zone, reside therein with only a small fraction of particles beaching. When sinking
particles are released close to the shoreline, a small percentage of them is able to
escape towards the surf zone and further into the open ocean. In the shoaling zone,
the linear component of the Stokes drift velocity moves floating particles towards the
surf zone, where they get trapped in the rip circulation. Close to the shoreline, com-
ponents of the Stokes drift velocity cause microplastics to beach. Sinking particles
are addtionally subject to the undertow that moves them offshore, which results in
less beaching. The relative importance of processes that drive particle motion de-
pends on the environmental conditions, such as the wave height, wave period, wave
angle of incidence, but also the bathymetry and buoyancy of microplastics them-
selves. Results of this study are ultimately useful to improve parametrizations of
beaching in models that simulate microplastics on the scale of shelf seas and oceans.
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system, Lagrangian particle tracking

1. Introduction

1.1. Overview and Motivation

Plastic pollution of seas and oceans is a worldwide issue that has a growing
negative impact on the environment. In particular, microplastic particles with di-
ameters smaller than 5mm, are likely the most abundant and harmful group of
plastics present in the world oceans (Law and Thompson, 2014). Microplastics have
been reported to be widely pervasive in marine habitats, including beaches and wet-
lands (Hidalgo-Ruz et al., 2012), and the deep sea (Van Cauwenberghe et al., 2013;
Woodall et al., 2014). They are found both at the surface of the water and within the
water column (Cdzar et al., 2014). The main sources of microplastics in the marine
environment are rivers, fragmentation of larger plastic items, and loss of cargo and
fishing gear (Law and Thompson, 2014).

Understanding the pathways and fate of microplastics is crucial to maximise the
efficiency of plastic waste management and attaining clean oceans (McElwee et al.,
2012). For that purpose, numerical models have been developed and employed (e.g.
Declerck et al., 2019; Critchell and Lambrechts, 2016; Reniers et al., 2009). Numeri-
cal Experiments are often carried out using the Lagrangian particle-tracking frame-
work, which uses the velocity output of Eulerian hydrodynamic models to advect
microplastics (Bigdeli et al., 2022). When such models are to be used to determine
accumulation zones of microplastics along beaches, a spatial resolution of 50m or
less is needed, because the hydrodynamic processes in the coastal zone act on such
scales (Critchell and Lambrechts, 2016). However, most of the studies investigating
plastic motion focus on much larger scales and use grid sizes of several kilometres
(e.g. Lebreton et al., 2012). Consequently, in such coarse-resolution models, beaching
processes are parametrised (e.g. Kaandorp et al., 2020). These parametrisations are
highly simplified and do not account for environmental conditions such as the wave
height or wave incidence angle, or coast-specific processes that may influence the
motion of microplastics. This issue partially arises from a significant knowledge gap
concerning the physical processes determining the fate and transport of microplastics
in coastal areas (Zhang, 2017). These processes have been identified and described
(e.g. van Sebille et al., 2020; Moulton et al., 2023), however quantitative informa-
tion about the relative importance of these processes is scarce. Some insights on
the motion of buoyant, floating microplastics have been obtained from the analysis
of surface drifters that were released in the coastal zone (e.g. Reniers et al., 2009;



Schonhofer and Dudkowska, 2021). However, these studies do not provide informa-
tion about the fate of non-buoyant microplastics, which undergo vertical movement,
owing to the complex vertical structure of waves and currents in the nearshore zone.
This paper will focus on the fate of buoyant and non-buoyant microplastics in the
nearshore zone of coastal seas, and in particular, the sandy beach systems.

1.2. The nearshore zone of sandy beaches

Surf zone Shoaling zone
Roller

—

Incoming waves

Q
S/ ‘j
Rip current
( circulation
Turbulence

& M’bé -

Stokes transport A,f é&z
w‘er‘tow

Sand bar

Figure 1: Physical processes occurring in the nearshore zone of a coastal sea, specifically in a single-
bar beach system.

The nearshore zone (Fig. 1) covers the area of the sea and sea bottom adjacent
to the shoreline and is bounded by the inner shelf on the seaward side. This zone
extends between the low tide line and a boundary defined as the water depth where
the largest storm waves are not able to significantly affect the bottom nor transport
sediments. Typically, this occurs at depths > 0.5 times larger than the wavelength.
The nearshore zone is usually 0.5 — 2.5km wide (Davidson-Arnott and Greenwood,
2003) and 10 — 20m deep at the offshore boundary (Swift, 1984). The nearshore
zone consists of two subzones, namely the shoaling zone where gradual wave transfor-
mation occurs; and highly dynamic surf zone where waves break (Davidson-Arnott
and Greenwood, 2003).



Sandy beaches comprise around 20% of the world’s nearshore zones (Masselink
and Kroon, 2009). The most common morphological feature of such environments
are submerged sandbars (Davis Jr and Fitzgerald, 2009) with widths of around
100 m, and heights (i.e. crest-to-trough distance) of up to 4 m. The bars can be both
alongshore uniform or have a three-dimensional nature (Davis, 1985).

The dynamical behaviour in the sandy beach systems is influenced by drivers
that act on a wide range of temporal and spatial scales and which interact with each
other. The three-dimensional water motion in the coastal zone is mainly driven by
waves, tides and wind (Lentz and Fewings, 2012). Here, the focus is on hydrody-
namic drivers related to the waves approaching the coast with periods in the order
of O(10s), and heights of O(1m).
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Figure 2: (a) Path of a fluid particle in a propagating wave. The net displacement during one wave
period is known as the Stokes drift velocity. (b) Roller forming on the crest of a breaking wave.
Additional displacement of microplastics in the roller is in the direction of wave propagation.

Waves generated offshore enter the nearshore zone, where they experience shal-
lower water. As a result, their wavelength decreases (shoaling), their direction of
propagation changes, such that the wave crests eventually move parallel to the depth
contours (refraction), and their steepness (height-to-depth ratio) increases, until they
break and consequently, lose most of their energy (Holthuijsen, 2007).

As waves transition to a fully broken state, a rotating mass of water on the crest
of a breaking wave in a form of a so-called roller appears (Fig. 2a; Van Dorn, 1978).
Moreover, wave-breaking generates turbulence that causes mixing of the water col-
umn (Burchard et al., 2008). The increase in wave steepness causes a time-averaged
imbalance between the onshore and offshore transport of water, which leads to a
net onshore mass transport, known as the Stokes transport (Fig. 2b). This onshore
mass transport by breaking waves is compensated by the offshore-directed return
flow called the undertow, which occurs at depth below the water surface. It is
driven by local differences between radiation stress and the set-up pressure gradi-
ent (Svendsen, 1984). Furthermore, breaking of the waves in the nearshore zone
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induces velocity fields that interact with complex bottom topography. This coupling
mechanism gives rise to the formation of longshore and rip currents, with velocities
reaching 0.5 — 1m/s (The Open University, 1999; Davidson-Arnott, 2011). Long-
shore currents develop when waves approach the coast at an angle with respect to
shore-normal, and are directed alongshore. These currents are generated when wave
momentum decreases due to breaking. This change in the momentum transfer leads
to the emergence of a force with an alongshore component, balanced by the bottom
friction (Longuet-Higgins and Stewart, 1964). When waves encounter an undu-
lating three-dimensional bar, local sea level variations arise due to irregular wave
breaking. Intense wave breaking occurs above the crest of the bar, while over the
channels, breaking is weaker. Consequently, this results in a relatively large water
level setup behind the crest and a lower setup behind the trough. The difference
in setup gives rise to alongshore feeder currents, which then converge into a narrow
offshore-directed rip current flowing in the rip channels. Finally, the rip current dis-
sipates at the seaward side of the bar. The feeder currents can be altered by the
longshore current arising from the obliquely incoming waves, resulting in asymmetric
rip circulation cells (Davidson-Arnott, 2011).

1.3. Microplastics in the nearshore zone of sandy beaches

Microplastics in the nearshore zone of sandy beaches move due to various physical
drivers (Fig. 1), many of them being different from those that act in the open ocean
(Moulton et al., 2023). The primary hydrodynamic process relevant for microplastic
motion is the linear component of the Stokes drift velocity, which arises from spatial
variations in the velocity field experienced by microplastic particles (Stokes, 1847;
Longuet-Higgins, 1969). The result is a net displacement of microplastic particles
in the direction of wave propagation, which in the nearshore zone is onshore. Ad-
ditional displacements of microplastics are due to the roller-induced currents, which
at the surface enhance the onshore movement related to the linear component of the
Stokes drift velocity, while at depths, they are in the opposite direction (Svend-
sen, 2005). This is compensated by the offshore-directed undertow that may move
sinking particles below the surface of the water towards the open ocean. Motion of
microplastics is further altered by the currents that form the rip circulation cells,
where microplastics can get trapped, or they can be transported along the shoreline
by the longshore currents. Furthermore, wave breaking causes increased turbulence,
leading to particle dispersion and resuspension from the bottom (Deigaard, 1993).
Moreover, depending on particle density and consequently its sinking velocity, trans-
port of microplastics within the water column may serve as a major pathway for
non-buoyant microplastics (Zhang, 2017), in which case the vertical structure of the



currents induced by the aforementioned processes will be of importance.

1.4. Objectives of the study

The general aim of this study is to improve the understanding of the behaviour of
microplastics in the nearshore zone of uninterrupted sandy beach systems. The spe-
cific objectives are: (1) to determine the fate of microplastics entering the nearshore
zone from the open ocean or through coastal sources, i.e. how many of the released
microplastics beach, what are the associated beaching time scales and alongshore
distribution of beached particles. Moreover, how many particles escape towards the
open ocean, or get trapped in rip current circulation, (2) to quantify the relative
importance of hydrodynamic processes driving the motion of floating and sinking
microplastics, and (3) to investigate the sensitivity of the particle motion to environ-
mental conditions, such as the incoming wave height, wave period, and wave angle
of incidence.

To study the behaviour of microplastics at the surface of the water, but also
within the water column, an idealised process-based 3D wave-averaged Lagrangian
Particle Tracking Model (LPTM) is developed. This model allows for decomposi-
tion of individual hydrodynamic processes to quantify their relative importance for
particle motion. Moreover, the sensitivity to input environmental conditions (wave
height, wave period or wave incidence angle) can be investigated.

The description of the model and of the experimental setup is provided in Section
2. The results are presented in Section 3, followed by their discussion in Section 4.
The conclusions are given in Section 5.



2. Materials and Methods

2.1. Lagrangian Particle Tracking Model
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Figure 3: Model domain used for computations (adapted from Garnier et al. (2006)). The rect-
angular domain has sizes L, and L, in the cross-shore (z-axis) and longshore (y-axis) directions,
respectively. The z-axis is directed vertically upwards with its origin z = 0 being the still water
level. Depth D is the difference between the mean sea surface z; and bed level z,. Waves propagate
in the direction of the wave vector k with the incidence angle 6 with respect to the negative z-axis.
A 3D position of a particle is represented by vector X.

The 3D Lagrangian Particle Tracking Model (LPTM) computes particle trajecto-
ries at the surface of the water and within the water column. The focus of this study
is on the motion of microplastics, but in principle LPTM can be applied to a wide
range of particles, such as nutrients, plankton, etc. LPTM requires the Eulerian
flow fields and wave information as input to derive the corresponding Lagrangian
flow fields resulting from different hydrodynamic features that drive the motion of
microplastics (described in Section 1.3).

The nearshore zone hydrodynamics, morphodynamics and particle motion are
considered in a rectangular domain (Fig. 3) within the Cartesian coordinate system
(O, x, y, z) with the origin O situated at a boundary separating the swash zone and
the surf zone. This arbitrary line is herein referred to as the shoreline. The z-axis
represents the seaward direction. The y-axis is along-shore directed. The domain
is restricted by x = 0 at the shoreline, x = L, at the offshore boundary, and by



boundaries y = 0, and y = L, on the sides. The z-axis is directed vertically upwards
with its origin z = 0 being the still water level.

Particle paths are determined by incoming waves, net currents, and dispersive
processes related to turbulence, mostly induced by wave breaking. These paths are
written as X(Xy,t), where X = (X,Y,Z) is a 3D position vector, Xy the initial
position at t = 0, and t is time.

In this study, the position vector X(Xy,?) is considered on a time scale much
longer than the peak period of incoming waves. Therefore, the displacements dX
are due to the wave-averaged Lagrangian velocity Uy (Xy,t) that particles experi-
ence during their motion, as well as due to their settling, and Brownian motion
(turbulence).
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Figure 4: Example vertical profiles of the cross-shore velocity components. The profiles are com-
puted for (a) rip and longshore currents u,p ;sc, (b) linear components of the Stokes drift velocity
Us 1in, roller-induced currents upoer, and (d) the undertow uripisc. Negative values represent
onshore-directed currents.

Within this study, the net displacements of particles are governed by the equation
comprising of the deterministic advection part and diffusive stochastic part:

dX = (U;+ U, —wse,)dt + o - dW . (1)

In this expression, U, is the Stokes drift velocity, U, the mean current, w, is the
settling velocity of a particle and e, a unit vector in the vertical direction. The last



term on the right-hand side represents displacements resulting from the turbulence-
induced Brownian motion. Here, the 3 x 3 tensor ¢ is such that %0‘ - 0 (the tilde
denotes a transpose) is the dispersion tensor. Furthermore, W(¢) are the Wiener
processes (also known as time-integrated white noise processes), with zero mean
and unit variance. The exact expressions of the terms in Eq. 1 are given in the
following sections. More information on the origin of the expression for dX can be
found in Gardiner (1985) and Heemink (1990). In the latter sections, the sum of the
components of U, and U, is referred to as the total Lagrangian velocity U, to which
a corresponding total Eulerian velocity is assigned, such that u:(x = X) = U(X).

In the nearshore zone, the Stokes drift velocity due to wave motion consists of
two parts:

Us = Us,lin + Uroller . (2)

The first part is related to linear waves, while the second part emerges from non-
linearities. The net displacement of a fluid particle during one wave period follows
from linear wave theory (e.g. Svendsen, 2005), and by applying the Stokes formula
(Stokes, 1847; Longuet-Higgins, 1969), the result in the deep water limit is

Us i — wkH? . cosh (2k(Z — zb))f{ .

8 sinh?(kD)

(3)

In this expression, H,,s is the root-mean-square wave height, D is the total mean
depth, and w = \/gktanh(kD) is the wave frequency. Furthermore, k is the unit
vector of the wave vector k, and k- its magnitude. Thus, Uy ;, is in the direction of
wave propagation and in the coastal zone, this is usually onshore.

All variables on the right-hand side of Eq. 3 are obtained from the output of a
morphodynamical model- Morfo55 (Garnier et al., 2006, 2008). This model solves
depth-averaged shallow-water equations with sediment transport and bed updating.
For given incident waves at the offshore boundary of the model domain, it calculates
the wave variables w, k, H,,,s, and wave angle . Moreover, it computes the depth-
averaged currents, mean sea surface z; and bed level z;,, from which the total mean
depth D = 2z, — z, is obtained. More information about Morfo55 is given in the
Appendix A.

The contribution that adds to the Stokes drift velocity and is due to the wave
roller (roller-induced current) reads

1 YD\ 1
U olter = Z <Cf<Z) - E’Ymc) exp (—HT> k. (4)



Here, c¢ is the phase speed, 7,, = % is the wave breaker index, with H, being
the critical wave height for which the waves break. It is assumed that v, = 0.62.
Expression 4 originates from the fact that, when microplastics are in the roller of a
breaking wave, the amplitude of wave-induced velocity is different than that of linear
waves %ymc. This results in modified displacements of particles, which adds to the
linear Stokes drift velocity in the upper part of the water column, but which opposes
the Stokes drift closer to the bed (Svendsen, 2005). It is assumed that at a fixed
point rollers are present during a quarter of a wave period, which explains the factor

1. Following Van Dorn (1978), the vertical distribution of wave-induced velocity in

the roller reads
1(7) = ( b ) | 5)
c3—§

where ¢; = 0.154, ¢ = 0.106, c3 = 1.125, and & = szb. The last term in Eq. 4
represents the probability that a roller occurs, i.e.,

P(H = )= [ p(tan, (©
Hy
The explicit expression for this probability, as appears in Eq. 4 is obtained by as-
2
suming p(H) = exp <—HH2—Z’) to be the Rayleigh distribution for wave heights H.

The mean current driving the particle motion results from two contributions:

Uc = Um’p,lsc + Uundertow . (7)

The first contribution represents the wave-driven currents. The vertical structure of
U,ipisc is assumed to be logarithmic, i.e.

Urip,lsc =< Urip,lsc > f2(Z> ) (8)
where
In <M>
h(Z) = —<—
In <Z—DO> -1

in which the depth-averaged < f2(Z) >= 1. The depth-averaged currents < U, ;5. >
are computed as

(9)

M
< Um’p,lsc >= Um55 — p_D sin 0ey . (10)

In this expression, U,,s5 is the velocity calculated by Morfo55, e, is the unit vector in
the longshore direction, M = % is the wave-induced mass transport velocity, where
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e with acceleration due to gravity g =
9.81ms™2, and water density p = 1024 kgm 3. The reason that the mass transport
velocity due to waves is subtracted from U5 is that the current itself is needed.
Note that there is no correction for wave-induced mass transport, as that is taken
care of by the undertow, which is discussed hereafter.

The second contribution in Eq. 7, U,pdertow, describes the return flow perpen-
dicular to the shoreline, compensating for the depth-mean onshore transport due to
waves. Following Rattanapitikon and Shibayama (2000), the vertical distribution of
the undertow is formulated as

€ 1 Z — 2 Z — z
U rtow — | — 5 1 1 x Um . (11
undert <P) [(2 ha )+a<n( hy >+ >}e+< > - (1)

Here, the wave-induced, depth-averaged Stokes return flow in the cross-shore direc-
M

tion < U,, >= oD COS fe,, with unit vector in the cross-shore direction e,. The
above expression contains € (computed with Morfo55), which is the dissipation of
wave energy due to breaking and bottom friction, hy = D — H% is the level of the
wave troughs, and the calibration coefficient o = 0.21.
An example of vertical profiles of the currents described above is given in Fig. 4.
The unresolved processes, such as the explicit effect of turbulence due to wave
breaking, are accounted for by introducing stochastic terms in the Lagrangian model.

It is assumed that

the energy density of waves E = %ng 2

W=

1 Ag 0 0
50‘ L0 = 0 Axg 0 , (12)
0 0 A,
in which )
3
AH =1 + thrms (%) ; (13)
and )
€ 3
Av =1+ va (_) (14)
p

are the horizontal (Battjes, 1975) and vertical (Reniers et al., 2004) dispersion coef-
ficients, respectively. In these expressions, vy = 0.001 m?/s is a numerical parameter

and f, =1 and f, = 0.01 are the calibration factors for the horizontal and vertical
1

components of the stochastic process, respectively. The expression <ﬁ>§ defines a

measure of turbulence. Therefore
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(24)2 0 0
o= 0  (24)z 0 (15)
0 0 (24,)2

determines the effectiveness of turbulence on particle motion.

2.2. Handling of microplastics at the boundaries

Once the microplastics reach the shoreline (X < 4m), they are identified as
"beached”, thus inactive and are removed from further computations. When mi-
croplastics cross the lateral boundaries of the rectangular domain (Y < 0orY > L),
they are temporarily marked as ”escaped”. However, a periodic boundary is applied,
and thus, the microplastics are reintroduced in the model domain on the opposite
lateral boundary. Microplastics that cross the offshore boundary (X > L,) escape to
the open sea and are removed from further computations. To prevent microplastics
from leaving the model domain through the surface and the bottom, a closed bound-
ary condition is applied, i.e. microplastics that cross the surface or the bottom are
set to remain at these boundaries (Z > 2z, = Z =z,and Z < —z, = Z = —z,).
Microplastics that are deposited on the bottom, can be resuspended if the upward-
directed vertical turbulence is strong enough to exceed the settling velocity of the
microplastics.

2.8. Numerical methods

Each velocity component described in Section 2.1 is evaluated in an Eulerian
frame of reference on a rectangular grid, which is composed of grid cells, that are
defined by Az and Ay (cross-shore and longshore grid cell lengths, respectively). To
obtain the Lagrangian velocity of a particle at each time step, an interpolation of the
Eulerian velocities to the time-varying particle position X is needed. The necessary
velocity interpolations are performed using a linear scheme. The deterministic ad-
vection part of LPTM is then solved numerically using the Runge-Kutta integrator
of the first order (e.g. Fujimura et al., 2014; Beron-Vera et al., 2008).

The increment of a stochastic contribution is added at each time-step such that
dW; becomes AW,; = O-ijGi\/E. Here, G; is a value taken from the Gaussian
distribution of random numbers with mean = 0 and standard deviation = 1, and
At is the time-step of the Lagrangian model. The /At is used to ensure that the
variance < AW;AW; >= o,;At increases with At as assumed for the random walk
processes (Mannela, 2002).

12



2.4. Setup of the Fxperiments

As a prototype sandy beach system, the single-barred beach of Duck (North
Carolina, the US) is used to investigate the motion of microplastics. For this, the
numerical morphodynamic model Morfo55 is run from an initial condition that only
has a single alongshore uniform bar (Fig. 5) based on the equation of Yu and Slinn
(2003)

0= a0 (1= 2o (27) e v apenw -5 (7). 9
2yl ) = —Qyp ay 61 an a 2 T 9 €XP <, s

where . = 80m is the bar location, a; = 1.5m is the bar amplitude, ay = 0.25m
is the water depth at the swash/surf zone boundary, and a; = 2.97m. g; = 0.075
and o = 0.0064 are the beach slopes on the shore and offshore sides of the bar,
respectively.

0 50 100 150 200 250

Figure 5: Initial alongshore uniform bottom profile at Duck, North Carolina

The rectangular model domain extends to L, = 250 m in the cross-shore direction
and L, = 400m in the longshore direction, with a spatial resolution (Ax and Ay)
of 2m in both directions. Morfo55 model is run on a rectangular domain until a
fully saturated three-dimensional bottom topography is obtained. Details on how
that is done are in Garnier et al. (2008). The result bottom level, depth, wave
characteristics, and velocity fields, are used to construct the Lagrangian velocity
fields.

Next, the particle tracking model is run on the same domain. The time step
At used for the computations of the microplastics trajectories equals 3s, and the
duration of each simulation is 3 hours. To initiate the simulations, 100 microplastic
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particles are released at the surface of the water (Zy = z,), at the offshore bound-
ary (Xo = 240m) of the model domain evenly spaced in the longshore direction,
with spacing between each particle set to 4m. Additionally, Experiments with mi-
croplastics released 14 m away from the shoreline are performed. To obtain robust
and reliable results, accounting for the inherent randomness of the stochastic compo-
nent of the model, 10 realisations of particle motion are performed from each initial
position.

This is, first, above all, to study the statistics related to the motion of microplas-
tics: how many of them beach, get trapped, or escape towards the open ocean; how
long does it take for them to beach, and what is the distribution of beached mi-
croplastics over the shoreline. In the default case (Table 1), the input wave height is
set to 1 m, the wave angle of incidence to 0°, and the wave period to 7.5s. Two sets
of experiments are conducted to investigate the behaviour of both floating (Exper-
iments de fault_la, default_1b) and sinking microplastics (Experiments de fault_2a,
de fault_2b), with sinking velocity w, set to 0m/s and 5-107* m /s, respectively. When
considering floating microplastics it is assumed that they cannot sink from the surface
and thus, they only experience surface currents. For these simulations, the output
of Morfo55 remains unchanged and only the settling velocity and/or release location
of the microplastics differs. For each configuration, the relative contributions of the
hydrodynamic processes are assessed of all components that contribute to the total
Lagrangian velocity as is experienced by the particles.

To investigate the effect of environmental conditions on particle motion, a series
of experiments for various input wave conditions is performed, as specified in Table
1. These also concern new simulations with Morfo55. In particular, the effect of
varying incoming wave height (Experiments H1.2_1, H1.2 2a, H1.2_2b), wave period
(Experiments T6_1, T6_2a, T6_2b), and wave incidence angle (Experiments A5_1,
Ab_2a, A5_2b) is studied. For Experiments involving obliquely incoming waves, the
model domain is extended to 800 m.

2.5. Analysis of model results

Various indicators are computed to describe the motion of microplastics. Tra-
jectories of microplastics, provide insights into the overall motion patterns of the
analysed particles. The raw output of LPTM containing information on the loca-
tion of every particle at each time step is further analysed to address the specific
objectives of the study. Firstly, the fate of microplastics is analysed based on their
position at the end of each simulation. As described in Section 2.2, there are three
possible fates of particles: "beached”, ”"escaped”, and "trapped”. These outcomes
are expressed as a percentage of the total number of the released particles. Further-
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Table 1: Input wave conditions and parameter values used for different experiments.

Hopms|m] T[s] 0[°] ws[m/s| Release location Experiment name

offshore default_la
1 75 0 0 shoreline default_1b
5. 10-4 offshore default_2a
shoreline default_2b
0 offshore H1.2.1
1.2 7.5 0 5. 10-4 offshore H1.2 2a
shoreline H1.2_2b
0 offshore T6_1
1 6 0 5. 10~ offshore T6 2a
shoreline T6_2b
0 offshore Ab1
1 75 5 5. 10 offshore A5 2a
shoreline A5.2b

more, the time scales involved in the motion of microplastics are investigated. In
particular, percentages of released microplastics arriving at the shoreline as a func-
tion of time are computed. Moreover, mean t,,.., and standard deviation ¢4, of the
time it takes for particles to beach are calculated. To identify the accumulation zones
of microplastics on the beach, the probability distribution of the alongshore position
of the beached particles is computed.

The total velocity experienced by the particle reads Uy, and consists of four
components U,, where a = s, lin/roller /rip,lsc/undertow. The latter relate to the
linear component of the Stokes drift velocity, additional drift due to wave rollers,
rip and longshore currents, and the undertow (only for experiments involving sink-
ing particles). To each of these total Lagrangian velocities, a corresponding total
Eulerian velocity u,(x) is assigned, such that u,(x = X) = U,(X). The velocity

1

P
ative importance of hydrodynamic processes, velocity fields of U jin, Wrotiers Wrip,isc,

Wyndertow, Weurp together with their root-mean-square rms value are generated

n3
rms = M (17)
n

scale associated with turbulence is expressed as W5 = <5> * To quantify the rel-

Here, n is the number of grid cells and w; is the velocity value in a grid cell. The rel-
ative importance of hydrodynamic processes is expressed as a fraction rms,/rms.,,,,
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, where rms,,,, is the root-mean-square velocity of the total Eulerian current uy,,
and rms, is the root-mean-square velocity of W jin/Wrotier /Wrip.ise/ Qundertow/ Uturb-
These fractions are also computed for different regions within the nearshore zone.
In particular, for the shoaling zone rmsspoqiing (¢ > 130m), the bar region rmsp,,
(30m < x < 100m), and the shoreline region rmsgporerine (< 20m).

3. Results

As described in Section 2.1, motion of microplastics is determined by incoming
waves, net currents, and dispersive processes related to turbulence. These charac-
teristics are based on wave and current fields, but also the bathymetry. These fields
are derived from Morfo55, which is run until a fully saturated state is reached. The
resulting bathymetry represents an undulating bar pattern comprising of alternating
crests and rip channels. For information about the spatial distribution of wave height
H,,.s, wave vector k, wave angle of incidence #, and dissipation of wave energy e
needed for further computations in default_1, H1.2_1, T6_1, and A5_1 Experiments,
see Appendix B.

3.1. Fate of microplastics

Snapshots of the motion of floating microplastics that are released at the offshore
boundary of the model domain (Experiment default_1a) are shown in Fig. 6a-d.
Microplastics firstly move onshore in the shoaling zone (z > 130m) and ultimately
enter the surf zone (Fig. 6a). Here, they move over the undulating bar, where they are
initially advected onshore over the crests (Fig. 6b). Subsequently, they get trapped
in rip circulation cells (Fig. 6¢-d). Eventually, 23% of released microplastics reside
in the surf zone by locally circulating, while the remaining 77% beach. The beached
microplastics tend to accumulate behind the rip channels (Fig. 6e). On average,
microplastics reach the shoreline within 42 min (54 = 22 min) after release (Fig. 6f).

In Experiment de fault_1b, all floating microplastics released close to the shoreline
beach shortly after the beginning of the simulation, so no further analysis is needed.

Fig. Ta shows the projection of trajectories of sinking microplastics onto the
horizontal plane (Experiment default_2a). In this case, 42% of sinking microplastics
enter the surf zone, while 58% escape towards the open ocean. Those that reach
the surf zone, behave similarly to the floating particles in Experiment default_la:
they move over the crests and then they are transported near the bottom in the rip
channels. Eventually, only 6% of sinking microplastics beach, while 36% circulate in
the rip current cells. Notably, the accumulation of beached microplastics behind the
rip channels is more pronounced than in Experiment de fault_la as seen in Fig. 7c.
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Figure 6: (a)-(d) Snapshots of the example trajectories (white lines) of floating microplastics for
Experiment default_-la at times (a) t = 15min, (b) ¢ = 25min, (¢) ¢ = 40min, (d) ¢ = 180 min.
Colours represent the bed level z,. Note that, for plotting purposes, motion of 100 out of 1000
particles released at the offshore boundary is shown. Green and black markers indicate the initial
position and particle position at time ¢, respectively. (e) Probability distribution of the alongshore
position of the beached microplastics. (f) Percentage of released microplastics arriving at the
shoreline as a function of time.

From Fig. Te it appears, that microplastics reach the shoreline considerably slower
than in the de fault_1a Experiment. In this case, the average arrival time is 122 min
(tsta = 34 min).

When sinking microplastics are released close to the shoreline (Experiment de fault_2b),
Fig. 7b,c,e reveals that most of them (87%) beach within a mean time of 7min
(tsta = 17min). These particles tend to beach behind the rip channels. Interestingly,
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Figure 7: (a)-(b) Snapshots of the example trajectories (white lines) of sinking (settling velocity=>5-
10~*m/s) microplastics for Experiments (a) default-2a and (b) default_2b. The top view of the
motion of 100 out of 1000 particles released at the offshore boundary plotted over the bed level z,
(colours) is shown. Green and black markers indicate the initial position and final particle position,
respectively. (¢)-(d) As in Fig 6e, but for Experiments (c) default_ 2a and (d) default_2b. (e) As
in Fig 6f, but for for Experiments de fault_2a (blue line), and de fault_2b (orange line).

13% of microplastics are able to escape from the shoreline. These microplastics get
trapped in rip circulation cells (10%), or escape to open sea (3%).

3.2. Relative importance of hydrodynamic processes for microplastics motion

The spatial variation of currents is shown in Fig. 8a. In the shoaling zone, before
wave breaking (z > 130m), the total Eulerian current u,, is onshore-directed and
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Figure 8: Spatial distribution of the Eulerian current velocities (colours) and their direction (ar-
rows); rms refers to a root-mean-square, with the mean taken over the domain. If a particle is at
a certain position X, it will experience velocity uz:(x = X) and additionally, it will be subject to
stochastic displacements due to turbulence. (a) total velocity field uior (b) Wripisc, (€) Ustin, (d)
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W,oier- (€) Velocity scale of the horizontal turbulence gy, = (5) ’

attains velocities of 0.12m/s. Over the undulating bar, a circulation pattern emerges
with strong offshore-directed currents in the rip channels reaching 0.30 m/s, while
over the crests, onshore-directed currents reach 0.50m/s. Shoreward of the bar,
u,; has a longshore component with maximum velocity of 0.30m/s. Close to the
shoreline, uy,; attains velocities of 0.36 m/s and remains onshore directed.

The total Eulerian currents result from different components, whose spatial pat-
tern is depicted in Fig. 8b-e. Moreover, their relative importance in different regions
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Figure 9: Relative importance of hydrodynamic processes expressed as a fraction rms/rms,,., ,
where rms,,,, is the root-mean-square velocity of the total Eulerian current usy, and rms is the
root-mean-square velocity of Wrip isc, Us,iin, Uroller- Lhe relative importance is shown for three
regions: (a) shoaling zone (z > 130m, (b) bar region (30m < z < 100m), and (c) shoreline region
(x < 20m).

of the considered domain is quantified in Fig. 9. It turns out that the linear compo-
nent of the Stokes drift velocity us i, has the largest rms-value, where rms stands
for the root-mean-square value when taking the average over the domain. In the sand
bar region, the circulation pattern arises primarily from the wave-induced currents
U,ipsc forming a rip circulation. Additionally, over the crests of the bar, the linear
component of the Stokes drift velocity u, ;, increases in magnitude, and wave break-
ing induces rollers leading to additional onshore currents u,.y... In the rip channels,
the combined effect of u, i, and u,qe attenuates the offshore-directed rip currents,
while amplifying the onshore-directed u,;, 5. over the crests. The longshore compo-
nent of the currents observed shoreward of the bar is attributed to the feeder currents
associated with the rip circulation. Close to the shoreline, both components of the
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Figure 10: Vertical structure of the cross-shore components of the net Eulerian currents computed
for the cross-sections through the rip channel (y = 290 m). Panels represent the cross-shore velocity
components of (a) the total Eulerian current w.,, (b) rip and longshore currents u,p sc, (¢) the
undertow Uyndertow, (d) the linear component of the Stokes drift velocity ug ;. Negative values
indicate onshore-directed currents. The roller-induced current U, is negligible and thus, not
plotted here.

Stokes drift velocity (Ui, and Uyper) reach their maximum absolute values due to

intense wave breaking, which makes these processes the dominating contributors in
1

€

this region. The magnitude of the velocity induced by horizontal turbulence (;) :

is most pronounced in the regions where wave breaking occurs, particularly over the
bar and close to the shoreline, behind the rip channels.

Regarding the motion of floating particles, the results of Figures 8 and 9 indicate
that floating microplastics enter the surf zone due to the linear component of the
Stokes drift velocity. In the surf zone, their orbits are affected by the currents
within the rip circulation cells. Since in the bar region, the onshore currents are
stronger than the offshore currents, microplastics that do not get trapped in the
cells, are ultimately washed ashore due to the components of the Stokes drift velocity.
Horizontal turbulence causes dispersion of microplastics, however, these additional
displacements are small compared to the total Lagrangian velocity that a particle
experiences at each time step.

When focusing on sinking microplastics, additional velocity components, in par-
ticular, the settling velocity and the undertow, play a role. Fig. 10 shows the Eulerian
velocity fields in a cross-section through a rip channel (y = 290m). In the shoaling

21



zone (x > 130m), the total Eulerian current uy, is onshore-directed close to the sur-
face of the water with velocities reaching 0.12m/s. At depths of around 2m below
the surface, u;,; becomes offshore-directed with velocities of 0.10m/s. The highest
velocities are reached in the bar region. Here, the strong offshore-directed currents
attain velocities of 0.45m/s. Shoreward of the bar, the current is onshore-directed
at the surface, and offshore close to the bottom.

Both in the shoaling zone, as well as in the region shoreward of the bar, onshore-
directed currents at the surface arise from the linear component of the Stokes drift
velocity. The offshore currents at depths are due to the undertow. Over the bar,
the currents in the rip circulation cells contribute the strongest to the total current
throughout the water column. In the channels between the sand bars, the offshore-
directed rip current has the same direction as the undertow, while over the crests,
they almost cancel each other, such that the total current is mainly due to the linear
component of the Stokes drift velocity. The roller-induced currents emerge in the
regions of wave breaking and are negligible compared to other contributions. Both
horizontal and vertical turbulence are the most intense in the bar region and close
to the shoreline

The implications of these results are that, when sinking microplastics are released
offshore, they are initially transported close to the surface by the linear component of
the Stokes drift velocity. However, at depth, the horizontal turbulence becomes rel-
atively strong. Together with the undertow, this causes particles to escape offshore.
Once microplastics enter the surf zone at depth below the surface, their motion is
influenced by the currents in the rip circulation cells and by the undertow, which
leads to their trapping in the surf zone. Strong undertow and weak components of
the Stokes drift velocity close to the bottom, prevent microplastics from reaching
the shoreline. When sinking microplastics are released close to the shoreline, most of
them beach due to the combined effect of the Stokes drift velocity components. Some
particles are able to escape, in particular those, which are released in the vicinity of
a rip channel, because in that region both undertow and the rip current are directed
seaward. Notably, vertical turbulence is strong compared to the settling velocity of
microplastics, which causes their easy resuspension from the bottom. Therefore, the
particles move within the water column as suspended load and do not reside at the
bottom.

3.3. Sensitivity of particle motion to environmental conditions

Motion of floating microplastics for Experiments H1.2_1, T6_1, and A5_1 is shown
in Fig. 11. When the height of incoming waves has been increased from 1m to 1.2m
with respect to the default setting, 25% of floating microplastics get trapped in the
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Figure 11: (a)-(c) Snapshots of the example trajectories (white lines) of floating microplastics for
Experiments (a) H1.2_1, (b) T6_1, (¢) A5_1. Note that, for plotting purposes, motion of 100 out of
1000 particles released offshore plotted over the bed level z, (colours) is shown. Green and black
markers indicate the initial and final position of microplastics, respectively. (d) Root-mean-square
velocity of different components of the total Eulerian current ;,;. The root-mean-square velocity
TMSq is computed for Upip 1sc (red), Ws in (green), Wroyer (magenta). The mean refers to an average
over the whole domain.

nearshore zone, while 75% beach, which is slightly less than in the default case. The
mean time of 29 min that the particles need to arrive at the shoreline is considerably
shorter (t4q of 18 min). Interestingly, increased wave height results in more beaching
of sinking microplastics released offshore (Experiment H1.2 2a). In that case, 11%
of microplastics arrive at the shoreline within 106 min on average (t5q = 38 min).
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Similarly to the default2b Experiment, most (88%) of the sinking microplastics
released close to the shoreline (Experiment H1.22b) beach.

Compared to the default setting, the period of incoming waves has been reduced
from 7.5 s to 6 s in Experiments T6_1, T6_2a, and T6_2b. It appears that shorter wave
period results in less beaching (64%) of floating microplastics. Similarly to the default
case, these microplastics reach the shoreline within 41 min on average (t54 = 21 min).
The amount of beaching (6%), as well as the involved time scales for Experiment
T6_2a are similar to those of default_2a. However, there are more microplastics
(61%) escaping towards the open ocean. As a consequence, fewer particles enter the
surf zone where they would get trapped in the rip circulation. More microplastics
(13%) released close to the shoreline (Experiment 7'6_2b) are able to escape and get
trapped in the nearshore zone.

When waves approach the shoreline at an angle, an alongshore current emerges
resulting in an oblique bar orientation. As a result, in Experiment A5_1, 77% of
floating particles beach, which is the same as in the de fault_1a Experiment. However,
it takes longer for particles to arrive at the shoreline, with a mean arrival time of
49 min (tgq = 20 min). In the A5 2a Experiment, 56% of released microplastics enter
the surf zone, none of which beach. These particles stay within the surf zone and
are transported alongshore instead. Only 6% of sinking microplastics released close
to the shoreline (Experiment A5_2b) manage to escape towards the surf zone where
they are transported along the shoreline.

When input environmental conditions are changed, the spatial pattern of different
components of the total Eulerian current, as well as the bottom topography are
altered. The root-mean-square velocities for different Experiments are shown in
Fig. 11d. It appears that the increased wave height results in stronger currents
compared to the default case. Moreover, rip channels become narrower while crests
wider. Consequently, the spatial extent of the rip circulation cells is smaller. The rms
velocities of currents in the 7'6_1 Experiment are notably smaller than in default_1.
In this case, rip circulation cells become wider. In the A5_1 Experiment, the strength
of both the linear component of the Stokes drift velocity, as well as the roller-induced
currents are approximately the same as in the default case. However, the value of
TMSyripisc Decomes notably higher, which is related to the formation of an alongshore
current. Moreover, spacing between rip channels increases.

A graphical summary of the sensitivity analysis can be found in Appendix C.
These results indicate that higher wave height affects the motion of microplastics
resulting in a higher proportion of floating microplastics being trapped in the now
stronger rip circulation. The opposite is observed for sinking microplastics. In this
case, particles are not easily trapped in smaller rip circulation cells, which leads to
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more beaching. Moreover, beaching occurs within a shorter time frame. The fate
of microplastics appears to be sensitive to the shorter wave period. Here, wider rip
circulation cells capture more particles resulting in less beaching, however beaching
time scales seem not to be influenced. It appears that the longshore current emerg-
ing when waves approach the shoreline at an angle acts as a barrier that sinking
microplastics are not able to cross.

4. Discussion

The main findings of this study are that, regardless of the environmental con-
ditions, majority of floating microplastics released offshore eventually beach. The
remaining particles stay trapped in rip circulation cells and do not escape towards
the open ocean. This finding is consistent with the results reported in MacMahan
et al. (2010). In contrast, sinking particles released offshore tend to escape towards
the open ocean. Those that manage to enter the surf zone, reside therein with only
a small fraction of particles beaching. When sinking particles are released close to
the shoreline, a small percentage of them is able to escape towards the surf zone and
further into the open ocean. This specifically applies to particles that are initially
at the landward end of a rip channel.

Our results confirm those of Reniers et al. (2009) and Fujimura et al. (2014),
that the linear component of the Stokes drift velocity is crucial for both floating and
sinking microplastics to enter the surf zone. Non-buoyant microplastics that are re-
leased offshore are additionally subject to the undertow that prevents microplastics
from entering the surf zone and reaching the shoreline. Sinking microplastics residing
near the bottom are typically transported over the shoals first and then get trapped
in rip circulation cells. At the surface, the linear component of the Stokes drift ve-
locity dominates the particle motion and facilitates beaching. Consequently, a small
fraction of floating microplastics gets trapped in the rip circulation. Additionally,
the roller-induced Stokes drift velocity, which was not considered in Fujimura et al.
(2014), amplifies onshore currents leading to more beaching of floating microplastics.
Since horizontal turbulence is weak compared to the net currents, microplastics on
average are transported in the direction of the net currents. Strong vertical turbu-
lence relative to the settling velocity of studied microplastics causes them to move
as suspended load.

The motion of microplastics is influenced by wave conditions because they affect
the strength of the relevant currents, wave breaking, as well as the 3D bottom to-
pography and the spatial pattern of currents. As such environmental conditions are
important in explaining the variability in the behaviour of microplastics. Wave pe-
riod appeared to greatly affect the amount of beaching, while wave height impacted
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the timescales involved. Microplastics were found to be transported alongshore when
waves approached the nearshore zone at an angle with respect to the shore-normal,
thereby resulting in microplastics being transported alongshore. Even a very small
0 considered in this study notably influenced the motion of microplastics.

We wish to emphasize that the model used in this study is designed to gain
understanding of the fundamental processes and interactions that are involved in a
poorly understood motion of microplastics in the nearshore zone. In terms of what
Murray (2003) phrases, our model is an exploratory model that can provide insights
into the role of various mechanisms that drive the motion of microplastics. Indeed,
in contrast to more complex numerical models, such as the one used by Reniers et al.
(2009), our model enables decomposition and analysis of individual processes driving
microplastics motion greatly improving the understanding of the involved transport
mechanisms.

Our model considers a limited number of drivers of microplastics in the nearshore
zone and the conclusions apply for the specific settings considered. It would be
interesting in future work to include additional drivers. In particular, windage and
wind-driven currents might be of importance for particles protruding out of the
water (van Sebille et al., 2020). Moreover, results by Kaandorp et al. (2022) reveal
that tides play an important role in beaching of microplastics. The presence of
streaming in the wave boundary layer, which was not taken into account in this
study, results in onshore mass transport (Longuet-Higgins and Stoneley, 1953) and
thus, can affect the motion of sinking microplastics. Furthermore, the model results
are representative for rip-channelled, uninterrupted sandy beaches only. Although
this is a common beach type, the surf zone circulation is affected by the bathymetry
and it is worth investigating other beach types, e.g. multi-barred or tidal inlet
systems.

Furthermore, some assumptions regarding the behaviour of the microplastics
themselves can be revisited. It is expected that biofouling and fragmentation of
plastics, as is considered in e.g. Zhang (2017); Kaandorp et al. (2021) are not im-
portant to include, given the relatively short times (hours to days) that particles
spend in the nearshore zone. Moreover, it is possible that microplastics are buried in
sediment after reaching the bottom (Moreira et al., 2016; Costa et al., 2011), while
in this study the applied boundary condition allows for their resuspension due to
strong vertical turbulence.

A limited number of possible environmental conditions was considered in this
study. Application to a wider range of environmental conditions and inclusion of
other processes will contribute to further insight results. Furthermore, a thorough
analysis of the sensitivity of results to the value of the sinking velocity is considered
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to be an important topic for future research. As reported in various studies (e.g.
Hidalgo-Ruz et al., 2012) microplastics with small sinking velocities are easily resus-
pended and washed ashore, while microplastics with higher sinking velocities remain
on the bottom for longer and thus tend to reside away from the shoreline. Results of
this study are ultimately useful to improve parametrizations of beaching in models
that simulate microplastics on the scale of shelf seas and oceans.

5. Conclusions

As pollution of beaches by microplastics has become a major issue of concern,
it is important to understand the motion and fate of microplastics in the coastal
zone. This study showed that majority of floating microplastics beach, while a no-
table fraction gets trapped in rip circulation cells. When sinking microplastics are
released offshore, they tend to escape towards the open ocean and the remaining
particles reside within the nearshore zone with a low quantity reaching the shore-
line. Interestingly, a notable part of the sinking microplastics released close to the
shoreline is able to escape towards the open ocean. Furthermore, the most impor-
tant hydrodynamic processes driving microplastics motion vary depending on the
region within the nearshore zone and the settling velocity of microplastics. In the
shoaling zone, close to the surface of the water, the linear component of the Stokes
drift velocity moves microplastics towards the surf zone. At depth, undertow causes
sinking microplastics to escape into the open ocean. Rip circulation is the dominant
hydrodynamic process in the bar region causing microplastics to get trapped in the
surf zone. Close to the shoreline, roller-induced currents and the linear component
of the Stokes drift velocity cause microplastics to beach. Additionally, sinking mi-
croplastics are subject to the undertow, which moves them away from the shoreline.
It was found that wave height influences the time scales within which microplastics
beach, while the wave period affects the amount of beaching. When waves approach
the coast under an angle with respect to the shore-normal, an alongshore current
acts as a barrier between the surf zone and the shoreline that sinking microplastics
are not able to cross. This study provides valuable insights into the motion of mi-
croplastics in the nearshore zone of sandy beaches, and as such can contribute to
improving future modelling studies of the nearshore zone and parametrizations used
in large-scale models, as well as the coastal waste management efforts.

Appendix A. Morfo55 model

As explained in the main text, this model developed by Garnier et al. (2006)
is used to generate wave fields, depth-mean currents and bottom topography in the
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nearshore zone for given offshore wave conditions. The output of Morfob5 is used
to compute the currents that advect the particles. Morfo55 is a nonlinear numerical
model, which solves depth-averaged shallow-water equations, equations for height,
period, wavelength and angle of surface waves, coupled to equations that describe
sediment transport and bed updating. The domain considered is identical to that
shown in Fig. 3.

The system consists of four independent variables, namely z, y, z, and ¢ (in-
stantaneous time), where 7 (¢ = 1,2) represents the projection of the vector on the
T;-axis.

The wave transformation is described using wave height H (x,y,t), the wave
vector k(z,y,t) with its modulus k, and the wave frequency w(z,y,t). Here, the
root-mean-square average of the wave height H,,s (z,y,t) is used to describe random
waves based on the Rayleigh Probability Density Function (Longuet-Higgins, 1952).
Interchangeably with H,,,s, the wave energy density F (x,y,t) can be used. The
wave vector, computed using the dispersion relation, is used to derive the wave
numbers kq (z,y,t) = kcosf and ks (z,y,t) = ksinf, and the wave angle 0(z,y,t) =

arctan (—%) defined as the angle between the wave vector and the negative x-axis.

Moreover, the instantaneous surf zone dynamics are described by sea water
level z, (z,y,t), bed level z, (x,y,t), and the components of the flow velocity vector
u; (x,y,t). The mean bed level can also be described using h(z,y,t), the deviation
of the bed from the time- and longshore mean topography zJ(z), representing the
long-term bottom averaged over the longshore direction, such that

h(z,y,t) =z (v,y,t) — 2 (v) . (A.1)

The bed evolution is described based on the depth-averaged sediment concentra-
tion C(x,y,t) = a/D, with D (x,y,t) = z5 — 2, being the total mean depth and a-
the stirring factor.

As the goal is to describe slow, large-scale morphological changes coupled to
net currents, some simplifications are needed. In particular, the above-mentioned
variables are averaged over a wave period 7. This way the fastest phenomena,
namely the wave orbital motion and the turbulent motions are not explicitly solved,
but their effects are parametrised, thus enabling the description of the long-term
morphodynamics.

Furthermore, shallow water theory is applied, based on the fact that the horizon-
tal scales are much larger than the vertical scales. As a result, the depth-averaged
horizontal velocity is defined.

The system of unknowns described above is solved using wave- and depth-averaged
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equations, which represent a fully coupled system, computed as follows:

L (s . - = — A.
5 + o, ((uj +cgj) E) + Sij oz, €, (A.2)
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4 = (Du:) = A4
gt oz, Pu) =0, (A-4)
aU/Z’ 3uz aZs 1 0 / 7 Thi
dal) T - (s. -5 = . A.
ot L Ox; g@xi pD Oz (S” S”) pD (A.5)
0z 0q,
— — A.
ot " ox, (4.6)

Repeated indices in a term mean a summation over all its values, according to the
Einstein’s summation convention. The equations represent Eq.A.2 the wave energy
equation, Eq.A.3 the Snell’s law, Eq.A.4 the water mass conservation, Eq.A.6 the
sediment mass conservation. Here, ¢4 is the group velocity vector, F = %ngfms,
with acceleration due to gravity ¢ = 9.81ms™2, and water density p = 1024 kgm 3.
Furthermore, S” is the wave radiation stress tensor (Longuet-Higgins and Stew-
art, 1964), S” is the turbulent Reynolds stress tensor (Battjes, 1975). Dissipation
rate € results from wave breaking (Thornton and Guza, 1983) and bottom friction
(Horikawa et al., 1988). In the Snell’s law (Eq. A.3), ko and 6y are the wave number
and the wave angle at the seaward boundary. The bed shear stress vector is denoted
by 7, (Mei, 1992). The horizontal sediment flux vector g is based on the total load
formula from Soulsby (1997).

Appendix B. Wave information
Appendix C. Sensitivity analysis
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Figure C.16: (a)-(c) Fate of microplastics (escaped, trapped, beached) depending on input envi-
ronmental conditions. Fate of (a) floating microplastics released offshore, (b) sinking microplastics
released offshore, and (c) sinking microplastics released close to the shoreline is shown. (d)-(e)
Percentage of released microplastics arriving at the shoreline as a function of time for different
experiments. The plots show results for (a) floating microplastics released offshore and (b) sinking
microplastics released offshore in Experiments default_1la and default_2a (blue line), H1.2_1 and
H1.2_2a (orange line), T6_1 and T6_2a (yellow line), and A5_1 and A5_2a (purple line). Note the
different ranege of the vertical axis.



