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The fate and effects of microplastics in the marine environment are an increasingly
important area of research, policy and legislation. To manage and reduce microplastics
in the seas and oceans, and to help understand causes and effects, we need improved
understanding of transport patterns, transit times and accumulation areas. In this
paper, we use a particle tracking model to investigate the differences in dispersal and
accumulation of microplastics with different properties (floating and sinking) in the North
Sea. In these simulations, particles were released with a uniform horizontal distribution,
and also from rivers at rates proportional to the river runoff. The results showed that
floating particles can accumulate temporarily on salinity fronts and in gyres, and are
deposited predominantly on west-facing beaches. Sinking particles moved more slowly
and less far, accumulated in deeper areas associated with fine sediments, and were
deposited more on west- and north-facing beaches. The model was also applied to the
MSC Zoe incident of 1 January 2019, in which 342 containers were lost north of the
Dutch Wadden islands in the southern North Sea, tracking two types of microplastics
with similar properties (~5mm floating HDPE pellets and ~0.6mm sinking PS grains) to
identify release locations and potential accumulation areas. We used field observations
collected by a citizen science initiative (waddenplastic.nl) to constrain the model results.
For these simulations, particles were released along the ship’s trajectory and at locations
on the trajectory where debris was found. The simulations of the MSC Zoe incident
showed that over 90% of floating (~5mm) HDPE pellets beached within 3-7 weeks,
and predominantly on the more eastern Dutch Wadden Islands in agreement with
the field observations, and that most of the sinking (~0.6mm) PS grains were still
at sea after 6 weeks, and a large proportion may have been deposited on German
shores. The work is relevant to Descriptor 10 (Marine Litter) of the EU Marine Strategy
Framework Directive.
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INTRODUCTION

Accumulating plastic pollution is now recognized as a growing
environmental concern in the preservation of marine life
(GESAMP, 2019). This concern stems from the continuously
increasing production of plastic waste, the persistent character
of plastic in the environment, and poor waste management
and littering that allows plastic to find its way into the oceans
(e.g., Bergmann et al, 2019) where it remains for long time
periods. Plastic pollution has long been recognized as a threat and
has therefore been included in the Marine Strategy Framework
directive (MSFD, Descriptor 10: Marine Litter; EUC, 2008, 2017).
Microplastics (smaller than 5 mm) are mentioned as being of
particular concern as they can be ingested by animals and cause
harm. The main aim of MSFD Descriptor 10 is to prevent plastics
from entering the environment, but there are also guidelines for
assessing the status, setting targets, monitoring and reporting
(GESAMP, 2019). Efforts to set threshold values for marine litter
for MSED reporting are on-going (Werner et al., 2020).

Microplastic pollution has gained attention in the last decade
(Galgani et al.,, 2010), as evidence that it is harming marine
biota is mounting (e.g., Chapron et al,, 2018). To manage and
reduce microplastics in the marine environment, understanding
of transport patterns, transit times and accumulation is needed.
A recent review of ocean transport mechanisms is given by Van
Sebille et al. (2020).

A comprehensive report on microplastics in the marine
environment has been compiled by GESAMP (2016). Sources of
(micro-)plastics in the marine environment are many, including
production facilities, land- and sea-based consumers, and waste
management facilities and processes. Plastics can enter the
ocean from shipping, coasts, rivers or the atmosphere. Sources
from shipping include waste disposal, sewage, and accidents.
Shipping accidents can include loss of containers containing
plastic items; a survey covering 2014-2016 estimated the world-
wide annual loss, including catastrophic losses, at 1390 containers
(World Shipping Council, 2017). Microplastics can either be
produced as such (e.g., industrial granulates, or small parts), or
be formed by fragmentation of macroplastics. Potential effects on
the marine environment include changes in growth and feeding
behavior (e.g., Chapron et al.,, 2018). Biota can also influence
the fate of microplastics, e.g., through burial (e.g., Gebhardt and
Forster, 2018) which prevents them temporarily from further
dispersal, biofouling (e.g., Kooi et al., 2017) which changes their
buoyancy, or incorporation in fecal pellets (e.g., Cole et al,
2016) which removes them from the water column and brings
them to the sea bed.

Nevertheless, quantitative data on the amounts of plastics and
in particular microplastics in the marine environment remain
fragmented, and models may provide additional information
(see the review of Canals et al., 2021, and references therein).
This holds in particular for plastics on or in the sea bed, where
observations are much more time consuming and expensive than
at the sea surface. They also found that in particular global ocean
models lack resolution near the sea bed to accurately represent
currents in the boundary layer which are important for dispersal
of sinking plastic particles. Regional sigma coordinate models

fare better in this respect. As with any forward time-stepping
model, good knowledge and representation of initial conditions,
in this case sources of plastics and their release as a function of
time, is of crucial importance for models accurately represent
real-world plastic concentrations. Another important factor to
simulate plastic dispersal is the buoyancy of plastic particles in
sea water which affects their vertical position in the water column.
As plastics have accumulated in the marine environment during
several decades, and plastic sources and releases are typically
not registered, accurate simulations of plastic distributions in
general do not seem achievable. Moreover, during such long
periods of time, changes in buoyancy and fragmentation would
need to be predicted, and current knowledge is insufficient to
include such processes in models (Canals et al., 2021). These
uncertainties hold in particular for microplastics, which are often
the products of fragmentation, and for which observations are
only recently becoming available. Specific accidental releases of
microplastics, however, provide opportunities to collect more
precise source and destination data, allowing models to be used
to help reconstruct the events.

In the night of January 1st 2019, the container vessel MSC
Zoe lost 342 containers in a storm while sailing north of the
Dutch Wadden islands' (Figure 1B for a representation of part
of the ship’s trajectory). More than 11 metric tons of semi-
transparent 0.5-mm PS (polystyrene) granules were lost from a
container that remained hanging over the side of the ship. These
particles are slightly heavier than water, and would typically
sink to the seabed (see Table 1 for characteristics). They may,
however, be (re)suspended by currents and waves. So far, none
of these granules have been found onshore or offshore, possibly
because they resemble sand grains. Also, an unknown quantity
of white HDPE (high density polyethylene) pellets, most likely
also originating from MSC Zoe, washed up on the beaches in very
large numbers, loose but also in bags, typically concentrated along
the high-water mark. A more complete account of the immediate
aftermath of the incident is given by Philippart et al. (2019).

It is unknown where the PS grains and HDPE pellets were lost
exactly. Here, we will use a particle tracking model, coupled to
a hydrodynamics model, in combination with the observations
from citizen science platform (See text footnote 5) to identify
potential release locations for the HDPE pellets. We will also run
scenarios to simulate where the PS grains, which have as yet not
been found, may have ended up.

To put these simulations into perspective, and illustrate some
of the mechanisms influencing the transport of floating and
sinking particles, we have also carried out two hypothetical,
schematic release scenarios for particles with the same
characteristics for the wider North Sea. These runs provide
useful first insights into potential microplastics dispersal patterns
and mechanisms, and potential accumulation areas in the North
Sea. Lagrangian particle tracking models have been applied in the
North Sea many times, to study subjects such as current patterns
(e.g., Backhaus, 1985), radionuclide dispersal (Schonfeld, 1995),
larvae dispersal (e.g., Savina et al., 2010; Tiessen et al., 2014),

Urijkswaterstaat.nl/water/vaarwegenoverzicht/waddenzee/athandeling-
containerramp-met-de-msc-zoe/index.aspx
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FIGURE 1 | Topography of the area of interest. (A) The North Sea. Inset: full domain of the hydrodynamical model. Blue rectangle: Dutch Wadden Sea (B). (B) Dutch
Wadden Sea and approximate route of MSC Zoe (blue line; Table 2). Bathymetry contours in m below mean sea level.
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litter transport (Neumann et al., 2014), and 3D circulation
(Ricker and Stanev, 2020).

MATERIALS AND METHODS

Study Area

The North Sea is a relatively shallow shelf sea with depths
typically less than approximately 150 m (Figure 1).

The tides in the North Sea are semi-diurnal, with dominant
M, tidal amplitudes over 2 m along the UK east coast, near Dover
Strait, and in the German Bight, and amphidromic points near
the Norwegian coast, in the central southern North Sea and in
the southern bight of the North Sea (e.g., Davies et al., 1997).
Maximum surface currents at spring tide are about 1.4 ms~!
in the western and southern parts of the Southern Bight of
the North Sea, reducing to 0.3 ms~! in the central North Sea
(Hydrographical Survey, 2000).

Wind can induce depth-averaged surge currents of up to
1 ms~! in the North Sea (Flather, 1987). The overall residual
circulation pattern in the North Sea is anti-clockwise (e.g., North
Sea Task Force, 1993; Holt et al.,, 2001). The time and depth-
averaged atmospherically induced residual currents are about 1/3

TABLE 1 | Particle characteristics.

Diameter Density Relative density Vertical
difference velocity
[mm] [10% kg m—3] with sea water [ms™1]
(1.03 kg m~3)
HDPE 4-5 0.94-0.971 —0.09 - 0.07 - (0.06) —
pellets (—0.07) - —0.06 0.05%
PS grains 0.65 1.04-1.08" 0.01 — (0.03) — —0.0015 —
0.05 (—0.004) —
—0.006*

TMorét-Ferguson et al. (2010).
*Chubarenko et al. (2016); Figure 5.

of the tidal residuals and directed to the north in the southern
bight, and to the northeast in the southern North Sea (Prandle,
1978). Combined residual current speeds in the Southern Bight
are approximately 0.05 m/s (Prandle, 1978).

Thermal stratification occurs in summer to the northern parts
of the southern North Sea whereas the southern parts remain
well-mixed, and separated by the Frysian Front (Otto et al., 1990).
Under stratified conditions, a subsurface jet induced by density
differences transports water around the north, east and southeast
slopes of the Dogger Bank into the Oyster Grounds (Brown et al.,
1999; Hill et al., 2008). The thermal stratification breaks down in
the autumn, and is absent throughout the winter.

On a more local scale, fresh-water outflow of the river Rhine
forms a plume along the Dutch coast to the North, resulting
in density-driven coastward near-bottom currents and offshore
surface currents of several cms™! (Visser, 1992; Simpson, 1997).
A similar plume is present in the German Bight and associated
with the river Elbe (e.g., Schrum, 1997). UK coastal waters
converge in the East Anglian plume, which is mostly recognizable
by its elevated levels of turbidity, crosses the North Sea to the
northeast to the south of Dogger Bank (see Dyer and Moffat, 1998
for a detailed description).

The North Sea is one of the most heavily trafficked seas in the
world, including cargo ships. An early survey of floating marine
litter in the North Sea found several items per square km (Dixon
and Dixon, 1983). A recent study using survey data from 1995 to
2017 revealed tens to over a hundred of litter items per square km
on the sea floor (Maes et al., 2018). An inventory of harmonized
Europe-wide data on beach litter (Hanke et al., 2019), drawing
data from a number of sources, showed typical abundances of
several hundreds of litter items per survey (typically a stretch
of about 100 m of beach) for beaches boardering the North Sea.
The numbers varied for each individual beach during the 5 years
included in the study. Averaged over these 5 years, the spatial
pattern in abundance of items showed little variation around
the coasts of the North Sea, except for larger numbers in the
Skagerrak area. The spatial distribution of sampled beaches was
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variable, with several tens of km between sampled beaches along
the Continental coast, relatively few sampled beaches along the
UK east coast, and no beaches sampled along the west coast of
Norway. A recent survey of microplastics at the sea surface and in
the sea bed of the southern North Sea (Lorenz et al., 2019) found
concentrations of several tens per m? at the surface, and several
hundreds per kg sediment in the bed, the vast majority smaller
than 100 pm.

The Wadden Sea (Figure 1B) is a UNESCO World Heritage
site and conservation area. Most of the area is protected under
the Natura 2000 Habitats Directive (EUC., 1992). It consists
of substantial tidal flat areas and salt marshes, intersected by
tidal creeks and channels. It includes a string of barrier islands,
stretching from the northern Dutch coast to Germany and
Denmark, which separate this coastal sea from the North Sea.

Field Observations of HDPE Pellets

Field observation were carried out as part of a citizen science
project. Volunteers could participate via a web-based mobile app,
based on the ArcGIS Surveyl123 application, which was hosted
at the website (See text footnote 5). In the webapp, participants
were ask to locate the wrack line at the beach (along the high
tide line), and randomly select a 0.4 x 0.4 m quadrat within this
line. Next, users were asked to enter the observation date, note
whether wrack was present within the quadrat, and record the
number of pellets within the quadrat in categories (0, 1-10, 11-
100, > 100). In addition, the webapp also asked whether other
types of plastic were present within the quadrat, or within a 5 m
radius. Participants were asked to space observations by at least
10 m when taking multiple samples.

Model Description

The model consists of the 3D hydrodynamic model GETM?
(Burchard and Bolding, 2002, of which the development version
maintained by the Leibniz Institute for Baltic Sea Research,
IOW, was used) and an Individual Behavior Model (IBM) for
particle tracking (General Individuals Tracking Model, GITM).
Three-dimensional flow fields were stored every hour by the
hydrodynamic model, and used off-line by the IBM to calculate
particle advection and diffusion.

General Individuals Tracking Model solves the shallow-water,
heat balance and density equations, and was run on a spherical
grid covering the north-west European continental shelf with
approximately 5 km horizontal resolution and with 25 layers
in the vertical (van der Molen et al., 2016). The model was
forced with realistic winds, temperature and humidity data
derived from the European Centre for Medium-Range Weather
Forecasts (ECMWEF) ERA-5 reanalysis (Copernicus Climate
Change Service (C3S), 2017). The open boundaries were forced
with tidal elevations derived from gridded harmonic constituents
based on Topex Poseidon satellite altimetry (Le Provost et al.,
1998). Moreover, the open boundaries were forced with depth-
resolved boundary conditions for temperature and salinity from
the ECMWEF ORAS4 Ocean reanalysis (Balsema et al., 2013)°.

Zhttp://www.getm.eu
3ftp-icdc.cen.uni-hamburg.de/EASYInit/ORA-S4/monthly_1x1

Fresh water was introduced into the model at 132 river mouth
locations based on observations from the National River Flow
Archive* for UK rivers, the Agence de 'eau Loire-Bretagne,
Agence de I'eau Seine-Normandie and IFREMER for French
rivers, the DONAR database for Netherlands rivers, ARGE
Elbe, the Niedersichsisches Landesamt fiir Okologie and the
Bundesanstalt fiir Gewdsserkunde for German rivers, and the
Institute for Marine Research, Bergen, for Norwegian rivers.
The north-west European continental shelf model setup was
used before in combination with GITM to investigate the
dispersal of eggs and larvae of seabass (Beraud et al., 2017),
of epifouling species on offshore structures (van der Molen
et al, 2018a; Tidbury et al, 2020), and of spiny lobster
(Whomersley et al., 2018). For the current work, the setup was
updated to use the modern atmospheric and oceanic boundary
conditions forcings mentioned above, and the bathymetrical
representation of intertidal areas along the coasts of The
Netherlands, Germany and Denmark was improved by reducing
the drying threshold, ensuring drainage at low tide, and masking
grid cells at the approximate location of barrier islands as
land. These updates have not significantly changed the results
of the setup, so readers are referred to earlier papers (van
der Molen et al., 2016: tidal currents and elevations; van
der Molen et al, 2018b: water temperature at stations) for
validation results.

The IBM GITM includes particle advection and diffusion, and
biological development and behavior. The advection-diffusion
elements of GITM were based on a re-coded version of
the lagrangian advection-diffusion method developed by Wolk
(2003). The method uses a semi-analytical advection method,
which provides a sub-gridcell approximation that ensures that
particles follow stream lines exactly, and a random walk method
with advective correction (Visser, 1997) to simulate diffusion
(Hunter et al., 1993), which uses a constant diffusion coefficient
in the horizontal and a variable diffusion coefficient in the vertical
that is based on the vertical turbulent eddy diffusivity obtained
from the turbulence closure model in GETM. The horizontal
diffusion coefficient was set to 0.5 m?s~! here, which results in
jumps of up to 7 m in one 10 s model time step.

General Individuals Tracking Model allows specification of
additional vertical motion of Lagrangian particles that was used
here to simulate microplastics particles with simple floating
or sinking behavior (a fixed vertical velocity) that did not
change in time. Hence, particle size was not accounted for
explicitly. As microplastics are small, particles were assumed
not to be driven directly by wind. Particles near the sea
bed remain in the water column, so represent microplastics
with a negligible erosion shear stress threshold. Particles that
touch the shoreline are assumed to have beached and are
not advected further. Modeled Lagrangian particles have exact
positions, so their trajectories are only influenced by the
resolution of the hydrodynamics model through the extent in
which the hydrodynamics are resolved. Particle characteristics
are given below.

4www.ceh.ac.uk/data/nrfa/index.html
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Modeling Approach

Separate model scenario runs were carried out with focus on the
North Sea, and with focus on the MSC Zoe incident. These are
described separately below.

North Sea Scenarios

The year 2017 was the last year for which complete forcing fields
for the model were available when this study started: for 2018
and 2019, the open boundary forcing for temperature and salinity
from the ORA-S4 repository was not yet available. Hence, we have
used the year 2017 (after several years of spinup) for the North-
Sea wide simulations to have the most realistic representation of
the flow in the wider domain.

Three types of particle tracking runs were carried out to assess
the general dispersal patterns in the wider North Sea: 1) a neutrally
buoyant particle test, ii) an instantaneous release scenario, and iii)
a proportional release scenario from river mouths.

Neutrally Buoyant Particle Test

For illustration purposes, a model experiment was carried out
releasing a single, neutrally buoyant particle at each river mouth
or sluice location and plotting the particle tracks. The results were
compared with the residual circulation.

Instantaneous Release Scenario

To identify potential accumulation areas of marine microplastics,
assuming absence of knowledge about sources, particles were
released on 1 January 2017, distributed uniformly over the part of
the model domain covering the North Sea and the eastern part of
the English Channel (1 particle released in every grid cell, 53524
particles in total).

Proportional Release Scenario From River Mouths

To obtain first estimates of dispersal patterns for particles
from potential terrestrial sources, particles were released
continuously throughout the year 2017 from the river mouths
at rates proportional to the instantaneous river runoff (52306
particles in total).

Particle Characteristics

For both the instantaneous release scenario and the Proportional
release scenario from river mouths, runs were carried out with
two different types of particles: positively buoyant (floating
toward the surface), and negatively buoyant (sinking toward the
bottom). Here, we assume that the properties of the particles
do not change over time to provide insight into the spatial
distributions of the (temporary) accumulation areas of these
types of particles, and use the vertical velocities of the two types
of micro-plastics lost by MSC Zoe as examples, where the vertical
velocities were set to the end points and the mid points of the
potential ranges to assess sensitivity (see Table 1). The standard
settings for HDPE pellets were a vertical particle velocity of
0.06 ms~! and —0.004 ms™! for PS grains. For an overview of
the model runs, see Table 2. In reality, the buoyancy of plastic
particles may change over time: biofouling for instance, will
decrease buoyancy (e.g., Chubarenko et al., 2016). As a result, real
plastic particles in the sea will gradually change their behavior.

In the model, the vertical drift of these particles is counter-acted
by vertical mixing induced by turbulent diffusion, resulting in
vertical distributions near the surface or bottom that depend on
the balance between the local intensity of turbulent mixing and
the particle’s vertical velocity. As the negatively buoyant particles
have less than half the density of marine sediments, and also
a lower settling velocity than the fine sands that constitute the
typical matrix of sediments in the area, we may assume that,
in absence of biological burial processes, these particles do not
enter the sea bed for substantial periods of time. Hence, the
reflective boundary condition of the model at the sea bed may
lead to an over-estimate of transport rates, but presumably not by
orders of magnitude.

MSC Zoe Scenarios

Scenario runs were carried out to investigate the potential
dispersal of the two types of micro-plastics lost by MSC Zoe,
with particles parameterised in the same way as in North
Sea Scenarios.

HDPE Pellets Released on Trajectory

To represent HDPE pellets, 20100 particles were released at 67
positions (300 at each position), every 6 min on the course of
MSC Zoe (using data from Marine Traffic, 2020). Of particles that
beached within a rectangular area coinciding with where pellets
were reported on (See text footnote 5) the release positions were
analyzed to estimate the most likely areas where HDPE pellets
may have been lost.

HDPE Pellets Released at Specific Locations
Subsequently, within these broader areas, specific model
experiments were carried out releasing 10000 particles at four
locations where recovery operations suggested that containers
were lost, leading to the most likely origin of the HDPE pellets.

PS Grains Released on Trajectory

To represent PS grains, 20100 particles were released at 67
positions in the same way as the HDPE pellets. Because of lack of
observations, and because the container that held the PS grains
remained on board and may have lost its cargo anywhere or
gradually, we could not do a similar exercise for the PS grains.
Instead, we subdivided the trajectory of the MSC Zoe into four
sections, and plotted the dispersal of the PS particles from each of
these to get an impression of the fate of these grains if they had
been lost there.

Sensitivity Runs

Most of the above scenario simulations were carried out with the
three vertical velocities (ends of the ranges and mid-points) per
particle type (Table 1). In addition, runs were carried out using a
high value for the horizontal diffusion coefficient. A summary of
the runs is included in Table 2.

Ocean Boundary Conditions

The simulations were run from January to November 2019
to realistically reproduce the hydrodynamic conditions in the
aftermath of the container loss on 1 January 2019. For the
years 2018 (needed for spinup) and 2019, ORAS4 Ocean
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reanalysis results were not available at the start of the study, so
climatological ocean boundary conditions were constructed for
these years based on the ORAS4 data of the 10 year period 2008-
2017. As the ocean boundaries are far away from the incident
location in coastal waters, we expect this to have only a minor
influence on the results. For river runoft also, climatologies were
used to extend beyond the observed data.

RESULTS

North Sea Scenarios

Residual Circulation and Neutrally Buoyant Particles
Test

In general, marine microplastics can be expected to be
transported in the direction of the residual circulation. The
modeled depth-averaged residual circulation, obtained from a
tidal harmonic analysis for the year 1983 (Figure 2) carried out
for model validation before running the hindcast up to the years
used for this study, shows the anti-clockwise circulation pattern
in the North Sea. Single, neutrally buoyant particles released at

river mouths and sluices around the North Sea in the model
followed this pattern unless they beached (Figure 2B).

Instantaneous Release Scenario

Results of the uniform, instantaneous release experiment showed,
for floating particles and after a year, over 99% of particles had
beached (Figure 3A). Particles beached on all North Sea coasts,
but the highest concentrations were on the west-facing coast of
Denmark. Floating particles beached only sporadically on the UK
east coast. For sinking particles (Figure 3B), 45% of particles
were still at sea at the end of the year. This contrast with the
floating particles could be expected, as currents near the sea
bed are generally weaker and the sea-bed topography plays a
role. Sinking particles accumulated in the Oyster Grounds, off
the central UK east coast, and in particular in the Skagerrak.
Sinking particles also beached on all coasts, but were, in contrast
with floating particles, more evenly distributed with higher
concentrations on north-facing coasts and the Norwegian coast
of the Skagerrak. The simulations with vertical particle velocities
at the ends of the ranges resulted in similar distribution patterns
(Figures 3C-F).

TABLE 2 | Overview of model runs.

Release type Release locations Release time Particle type Number of Vertical particle velocity Horizontal diffusion
particles [ms— 1] coefficient [m2s~ 1]
Uniform Uniformly 1 January 2017 HDPE 53524 0.05, 0.5
distributed across
North Sea
0.06,
0.07
PS —0.0015, 0.5
—0.004,
—0.006
Rivers River mouths and 1 January 2017 Neutrally 1 per location 0.0 0.5
sluices buoyant
River mouths and Throughout 2017, HDPE 52306 0.05, 0.5
sluices proportional to
discharge
0.06,
0.07
PS —0.0015, 0.5
—0.004,
—0.006
MSC Zoe Trajectory 1 January 2019, HDPE 20100 0.06 0.5,
coincident with
passage ship
12
PS 20100 —0.0015, 0.5
—0.004,
—0.006
—0.004 12
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Proportional Release Scenario From River Mouths
Results for the proportional riverine release simulation case for
floating particles (Figure 4A) showed, after a year, particles
in elevated concentrations at sea in the Rhine plume, in low
concentrations in a curved band across the North Sea from
the UK to Denmark, and in the Skagerrak and the southern
part of the Norwegian trench. Floating particles could still be
at sea in this experiment as opposed to the uniform release
experiment (Instantaneous Release Scenario), as here particles
were released throughout the year. Particles had beached on
all North Sea coasts, but in highest concentrations along the
Dutch coast, the western Danish coast, and the southern tip
of Norway. Sinking particles (Figure 4B) only rarely ended up
offshore, and for most rivers, beached relatively near their river
mouth of origin, resulting in high local particle concentrations.
Apparently, transport mechanisms to bring coastally released
sinking particles (far) offshore were weak, so this experiment
does not show the offshore accumulations of sinking particles
evident in the uniform release scenario, where particles started
out offshore (Instantaneous Release Scenario). Also for this
model experiment, the simulations with vertical particle velocities
at the ends of the ranges resulted in similar distribution
patterns (Figures 4C-F). In these results, the magnitude of
the concentrations should not be interpreted as a realistic
reflection of reality, as the assumed intensity of particles released
proportionally to river runoff in the model is probably a strong
simplification (other factors, such as population density and
habits are likely to modulate this). Moreover, rivers are not the
only sources of marine microplastics.

MSC Zoe Incident

Field Observations of HDPE Pellets

In total, participants of the “Waddenplastic” citizen science
project collected 440 individual observations between 01-01-2019
and 01-03-2019. Results demonstrate that the highest pellets
densities (particularly the > 100 class, and 11-100 to a lesser
degree) typically occurred at the most eastern Dutch Wadden
Sea Islands (Schiermonnikoog and Rottum), and the mainland
behind them (Figure 5). The majority of these observations
were collected in the first 3 weeks after the incident, but do
extend to the end of February 2019, as indicated by the bar plots
(Figures 5B,D,F,H).

Modeled HDPE Pellets Released on Trajectory

For the experiment with a mid-range vertical particle velocity,
around 50% of the particles representing floating HDPE
pellets beached within 3 weeks in our model simulations
(Figure 6B) under conditions of winds with a significant
northerly component (Figure 6A). Simulations with vertical
particle velocities at the ends of the range gave nearly identical
results, and are not shown here. For the high horizontal
diffusion coefficient of 12 m?s~! around 50% of the particles
representing floating HDPE pellets beached within 10 days,
and more than 90% had beached within 17 days. Particles
representing sinking PS grains remained active for much longer,
with 50% still moving after 6 weeks for the high horizontal
diffusion coefficient of 12 m?s~! that showed the most rapid
decline in the number of active particles (Figure 6C). For the
experiments with a high horizontal diffusion coefficient of 12
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m?s~! the particles with the smallest sinking velocity remained
active the longest.

The reconstruction of the most likely release areas of the
floating HDPE pellets are given in Figure 7 for the mid-
range vertical particle velocity and both horizontal diffusion
coefficients. The magenta rectangle represents the area where
most pellets were found® (Figure 5). The density of modeled
particles in this area is plotted at a time when most particles

waddenplastic.nl

had beached. Also plotted is the density of the same particles
at their release positions on the trajectory of MSC Zoe. Of
some of the particles, the tracks are also plotted to give an
impression of the dispersal pathways. The density of particles on
the trajectory of MSC Zoe can be interpreted as an indication of
the probability of where the HDPE pellets were lost. The tracks
suggest that the pellets first drifted in a south-westerly direction,
then, after a change in wind speed and direction, in a south-
easterly direction, and finally roughly along the coast to the east.
The initial drift was more to the west than the wind direction,
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because of the Coriolis effect and because northerly winds set
up a clock-wise circulation in the North Sea (Furnes, 1980).
The results for the high horizontal diffusion coefficient were
similar, but more smoothed than those for the low coeflicient.
The model results suggest that the highest release probability was
north of Ameland and (western) Schiermonnikoog. Within this
region, locations where cargo was found on the sea bed include
north of the western side of Ameland, north of the inlet between

Ameland and Schiermonnikoog, and north of the eastern end of
Schiermonnikoog (Rijkswaterstaat, pers. comm.).

Modeled HDPE Pellets Released at Specific
Locations

Dedicated release experiments from the four locations in the
vicinity of Ameland and Schiermonnikoog where recovery
operations suggested that containers were lost (Figure 8)
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showed that the position north of the inlet between Ameland
and Schiermonnikoog gives a spatial distribution pattern that
corresponds best with the observations from (See text footnote
5) (Figure 5). The release locations north of the western side of
Ameland result in high densities of particles on Ameland which
were not observed. Moreover, the release location to the north
of the eastern end of Schiermonnikoog results in a low number
of particles beaching on Schiermonnikoog, and none to the west,
also not corresponding with observations. The experiment with
a vertical particle velocity of 0.05 ms™! for the position north
of the inlet between Ameland and Schiermonnikoog (Figure 9E)
resulted in very similar distributions as for the mid-range vertical
particle velocity (Figure 9C). The experiment with the high
horizontal diffusion coefficient of 12 m?s~! resulted in more
spatial spread of the particles, and higher concentrations due to a
higher rate of beaching (Figure 9F).

Modeled PS Grains Released on Trajectory

The tracking results of the particles representing sinking PS
grains (Figure 9) released on the four sections of the trajectory
of the MSC Zoe suggests that the grains remained much more
offshore than the floating HDPE pellets, took much longer to
reach the coast, and were transported much further to the east.
Of all these sections, many particles (for numbers see Table 3)
reached the German coast. Also, from the first three sections,
particles reached Schiermonnikoog, and for all four sections the
area between Ameland and the German border. Hence, within
the Netherlands, and without additional information, this may
be the area with the highest probability to find PS grains released
by MSC Zoe in the field. For all four sections, higher modeled
particle densities were simulated typically on the western ends
of the islands. Along the coast of the main land, the shore south
of Schiermonnikoog received high densities of particles from the
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released per 1 x 1 km rectangle) that arrived in the magenta rectangle is shown. Also shown is the relative density of the same particles (fraction of the total number
of particles released per 1 x 1 km rectangle) at their starting positions along the trajectory of MSC Zoe. In addition, the tracks of a subset of these particles is show.
The gray line is the the coast line. With a vertical velocity of 0.06 ms~" and: (A) a horizontal diffusion coefficient of 0.5 m2s~", (B) a horizontal diffusion coefficient of

12m2s— 1,

releases on all but the easternmost section of the trajectory of
the MSC Zoe. Larger sinking velocities resulted in less transport
to the east as demonstrated for the third part of the trajectory
(Figures 10A-C). High horizontal diffusion also resulted in less
transport to the east (Figure 10D).

DISCUSSION AND CONCLUSION

Microplastic pollution has been incorporated in the EU Marine
Strategy Framework Directive descriptor 10 (Marine Litter), and
has potentially harmful effects on marine biota (e.g., Besseling
et al,, 2018). Hence, to manage and reduce microplastics in the
marine environment we need to identify sources, understand
transport patterns, transit times and accumulation sites. In this
study, we have taken a modeling approach to this, focussing on

the wider North Sea area. We have conducted a simultaneous
release model, and experimentally modeled a proportional
riverine release, both for floating and sinking microplastic
pellets (HDPE and PS, respectively). We subsequently applied
these models to the MSC Zoe incident in January 2019,
where microplastics were released when this vessel lost 342
containers, and linked the model results to actual pellet counts
through a citizen science initiative (See text footnote 5). Our
model simulations showed that floating particles can accumulate
temporarily on salinity fronts and in gyres, and are deposited
predominantly on west-facing beaches. Sinking particles moved
more slowly and less far, accumulated in deeper areas, and were
deposited more on west- and north-facing beaches. The MSC
Zoe model showed that floating HDPE pellets beached mostly
within 3-7 7 weeks on the most eastern Dutch barrier islands,
which was in agreement with citizen science observations. In
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contrast, sinking PS grains stayed at sea substantially longer
( > 6 weeks) and were very likely deposited further east along
German barrier island coastlines. However, no ground-truthing
data was available for PS grains to validate the model. Our model
results indicate pathways of marine microplastics transport that
may help managing the clean-up of microplastics along northern
European beaches, contributing to the EU Marine Strategy
Framework Directive.

The dispersal of floating and sinking particles was substantially
different in all model experiments. In shelf seas, such differences
are caused by a combination of stratification and coriolis-induced
velocity veering (e.g., Shapiro et al., 2004). Floating particles
tended to concentrate in areas that are known for the presence
of salinity fronts, in agreement with observations (Barnes et al.,
2009), whereas concentrations of sinking particles were more
related with large-scale sea-bed topography. These general results

were also found in another modeling study (Ricker and Stanev,
2020). Over time, floating material in the area will beach,
whereas a proportion of sinking material may remain at sea.
The difference in transport paths of floating and sinking particles
indicates that microplastics of mixed behavior (floating first,
sinking later; e.g., because of biofouling or degradation) are
likely to have different dispersal and accumulation characteristics,
which will depend on the timing of the changes in buoyancy. This
change will depend on the initial buoyancy of the microplastics,
and on the rate and nature of the bio-fouling or degradation.
The rate of bio-fouling is likely to depend on the time of year.
In combination with the seasonality of stratification, this is an
interesting topic that could be investigated further. Moreover,
sinking plastics may get temporarily or permanently buried in
the sea bed, and these processes need to be studied further to
understand their importance and enable inclusion in models.
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TABLE 3 | Percentage of particles representing PS grains remaining in the Netherlands, or reaching Germany or Denmark, for releases on four parts of the trajectory of
MSC Zoe (see also Figure 9), and different settings for the vertical partical velocity and horizontal diffusion coefficient.

Part of trajectory Diff. coeff. (m2s~—1) Vert. velocity (ms—1) Netherlands (%) Germany (%) Denmark (%)
1 0.5 ~0.0015 24 75 1
—0.004 38 62 0
~0.006 52 48 0
12 —0.004 77 23 0
2 0.5 —0.0015 6 93 1
~0.004 17 82 1
—0.006 29 71 0
12 —0.004 57 43 0
3 0.5 -0.0015 5 94 1
—0.004 23 77 0
—0.006 32 68 0
12 —0.004 40 60 0
4 0.5 ~0.0015 2 94 5
—0.004 4 95 1
—0.006 4 95 0
12 ~0.004 5 95 0

The physical processes within a Region Of Freshwater many, time-varying and complex, and depending on

Influence (ROFI), such as that of the river Rhine which
plays a significant role along the continental coast, are

wind, tides and river runoff (Simpson, 1997). However,
when fluctuating components are removed, on average an
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estuarine type circulation remains in the cross-shore direction,
with surface currents having an offshore component, and
bottom currents having an onshore component (Heaps,
1972; Simpson, 1997). Over a longer period of time, such
as considered here, this density-driven circulation would
tend to concentrate particles near the salinity front at the
surface (Barnes et al, 2009), and near the coast at the
bottom. Although the model is not expected to represent
all the physical processes in the ROFI in detail because of
the 5 km resolution, sinking particles in the Rhine ROFI
area accumulated near the coast in correspondence with
these mechanisms and floating particles accumulated at
some distance away from the coast. Plots of particle density
of the proportional release experiment with a mid-range
vertical particle velocity of 0.06 ms~! at four time slices in
the year, and overlain with salinity contours (Figure 11)
illustrate that these areas of higher density of floating particles
indeed aligned with salinity features. We have plotted salinity
contours here rather than density contours, because surface
temperature gradients were relatively small, and salinity can
be measured directly and defines the river plumes. A perfect
fit for these is not expected, because of the time-varying
components of the currents. A more rigorous study of these
phenomena, with different assumptions but similar results, is
given by Ricker and Stanev (2020).

The current results suggest the following (temporary)
accumulation areas for the wider North Sea:
For floating particles:

e beaches (for the continental coast in particular west-facing
beaches and the Wadden Sea, for Norway most coasts
bordering the Norwegian Trench)

o the salinity front off the continental coast

e the gyre in the Skagerrak

For sinking particles:

e beaches (similar patterns as for floating particles but in
different proportions)

e deeper areas (in particular the Oyster Grounds and the
Norwegian Trench and Skagerrak)

The offshore accumulation areas of the sinking particles
may be compared qualitatively with the observations of macro-
litter (Maes et al., 2018), who found higher concentrations
in the Oyster grounds area than elsewhere in the North Sea.
Their study did not extend into the Norwegian Trench and
the Skagerrak. Sinking micro-plastics have settling velocities
that are more similar to those of silts and clays than sands.
Hence, they may be expected to accumulate in the more muddy
areas. Indeed, comparison of the spatial distribution pattern
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of sinking particles from the uniform release experiment with
that of fine sediments in the North Sea (e.g., Van der Molen
et al., 2017; Wilson et al., 2018) shows a reasonable level
of correspondence. The data on beach (macro) litter (Hanke
et al., 2019) does not show the details of the distribution of
the beached model particles presented here. It is not clear,
however, to which extent the model results can be compared with
these data, as the data represent a wide range of macroplastics
and other materials rather than specific microplastics, do
not distinguish floating from sinking material, the sampled
beaches were relatively widely inter-spaced. Moreover, the source
locations of this material will have been different (and most

likely included locally deposited litter) from the simulated sources
used in this study.

The details of the density patterns of particles from these
simulations are not expected to be realistic, because of the
schematic nature of these simulations. However, they are
sufficient to demonstrate the different fate of floating and sinking
particles. A more realistic level of detail can only be achieved
with more detailed information on the spatial and temporal
distribution of sources of microplastics. Such information is only
gradually starting to become available. For instance, estimations
of macroplastics emissions in European river catchments show
large differences between catchments (Roex et al, 2019),
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suggesting that this may also hold for microplastics, and
challenging the assumption of proportionality to river runoff
used here. Additional simulations could be considered for other
years to assess potential interannual variability in microplastics
dispersal, for instance by identifying and using contrasting years
in terms of average wind patterns (i.e., residual circulation),
temperature (i.e., stratification) and/or river runoff (i.e., source
distribution). In a model assessment of residual circulation of
the North Sea, Mathis et al. (2015), for instance, found standard
deviations for the strength of annual in- and outflows of around
10% of the mean, so a limited effect on microplastic dispersal
can be expected. Also, starting runs at different times of the
year could be considered, however, comparing such experiments
would have the additional complication that they would cover
different periods of time.

The results of the simulations of the MSC Zoe incident showed
that almost all of the floating HDPE pellets beached to the south
and east of their release position within 3-7 weeks. The position
of the beached pellets was confirmed by citizen science data (see
text footnote 5) that was collected in the field in the 2 months
after the incident. The HDPE pellet deposition did not follow the
main pattern of dispersal evident in the North Sea wide model
experiments, because of the specific wind conditions (northerly
winds) during and in the days following the incident. Under
more average, southwesterly wind conditions, the HDPE pellets
would most likely have been transported much further to the
East and North, and might have beached in large numbers on the
German coast and/or the Danish west coast. Hence, it is advisable
that international agreement is reached on updated guidelines for
vessel routing (e.g., avoid shallow waters during storm) in the area
in the interest of all parties to reduce the risk of similar incidents
in the future. The simulations show that the most likely release
position of the HDPE pellets was to the north of the inlet between
Ameland and Schiermonnikoog (Zoutkamperlaag) if they were
stored in a single container, but for this case the model does not
represent the pellets found west of Schiermonnikoog. If they were
stored in multiple containers, it is possible that pellets were also
lost to the north of Ameland. It is also possible that transport
processes due to waves, which were not represented in the model,
have contributed to the dispersal of the HDPE pellets, and/or that
a significant number of the bags that contained the pellets have
remained intact for some time and these bags were influenced by
an additional ‘sail effect, or, although unlikely, originated from a
different source.

In contrast, the sinking PS grains in the simulations of the
MSC Zoe incident remained at sea for much longer than the
HDPE pellets, because near-bed currents are weaker due to
friction with the seabed, are much less susceptible to winds than
surface currents, and are likely to have a different direction than
the prevailing winds because of Ekman veering. The PS grains
followed the residual circulation pattern to a much larger extent,
and traveled much further to the East. The simulations suggest
that it is likely that most of them reached the coasts of Germany
and some even reached Denmark. The most likely location to
find them in The Netherlands is on the beaches and in the
back-barrier area of the island of Schiermonnikoog. A sampling
program in these areas is therefore recommended.

The sensitivity experiments with different vertical particle
velocities illustrate effects on the dispersal, in particular for
the sinking PS grains. In the marine environment, this could
lead to a level of sorting by the hydrodynamical processes, in
similarity to sediment grains of different sizes. In this study,
the differences between floating and sinking behavior resulted
in larger differences in particle dispersal than the differences in
vertical particle velocity within the expected ranges for HDPE
pellets and PS grains. The horizontal diffusion coefficient affected
the level of spreading of the particles. It also had a strong
influence on the beaching of particles. This is not surprising,
as in this model, in absence of the horizontal diffusion-driven
random walk process, the semi-analytical particle advection
scheme allows particles follow stream lines exactly, and particles
cannot beach. Hence, in the current model, beaching is related
directly the horizontal diffusion coeflicient. In reality, near-
shore wave-driven processes are likely to play a significant
role in beaching of microplastics, and research into their
effects and how these can be implemented in particle tracking
models is desirable.

For reliable simulations of the details of the spatial
distributions, in particular within the Wadden Sea, the current
model is unsuitable, and a high-resolution model is required.
First simulations with such a model, however, did not provide
much additional insight into the dispersal of HDPE pellets, and it
could not be applied to PS grains because the model domain was
limited to the Dutch Wadden Sea area.

This study’s simulations have demonstrated that marine
microplastics in the North Sea transgresses national boundaries.
Hence, reducing the amounts of litter on the seabed and
the beaches requires an international effort to eliminate both
land-based and sea-based sources. Land-based sources can be
dealt with using national legislation and enforcement, although
international agreement is desirable. Sea-based sources can best
be managed by international collaboration and enforcement.
For the North Sea, such international cooperation, agreements
and legislation are pursued by OSPAR® and the EU Marine
Strategy Framework Directive (EUC, 2008, 2017). Within the
context of the EU Marine Strategy Framework Directive, the
MSC Zoe incident illustrates that improved shipping guide lines
to reduce the risk of such incidents should be investigated and
implemented.
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