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Thesis summary

Plastic is one of the most commonly used materials in the world today, with polymers such
as polypropylene and polyethylene used for applications such as packaging, textiles and com-
mercial fishery. However, not all plastic objects are properly disposed of at the end of their
useful lives, and today plastic pollution is ubiquitous throughout the environment and par-
ticularly in the ocean. Here plastic pollution can cause harm in a variety of ways, such as
entangling marine wildlife, leaching chemical compounds into the water and causing economic
damage by deterring tourism at commercial beaches. However, it is difficult to understand
the full scope of these threats, in part because the fate of plastic once it enters the ocean
is poorly understood. Plastic debris has been found everywhere from on coastlines to the
open ocean, and from the ocean surface down to the deep ocean on the seafloor, but it is
not always clear what physical processes contribute to the observed distribution of plastic
objects. Numerical models can provide insight into plastic debris transport by modeling
various transport scenarios, but physical processes such as plastic beaching and resuspension,
vertical transport and fragmentation are not always completely represented or even included at all.

This thesis investigates the transport of plastic debris in the global ocean by means of
Lagrangian particle transport scenarios, where plastic debris is represented by virtual particles.
Using circulation and other oceanographic data from oceanic general circulation model (OGCM)
reanalysis products, particles trajectories are calculated that provide insight into the distribution
and pathways of plastic debris in marine environments. By modifying the model setup in the
various scenarios, the influence of different physical processes on plastic transport is investigated.

Chapter 1 provides a general overview of marine plastic pollution, where this is broadly
split into insights gained from the observational record and from modeling studies. The current
understanding of the relative distribution of plastic debris on a global scale is described, as
well as the current knowledge of how this is influenced by various physical processes. This also
highlights current knowledge gaps such as the role of coastal and vertical transport processes,
which are investigated in later chapters of this thesis.

While the specific model frameworks are described in each subsequent chapter in this thesis,
chapter 2 provides a general overview of Lagrangian ocean modeling and particularly the Parcels
modeling framework. In addition, while all the details of OGCMs and ocean reanalysis products
are beyond the scope of this thesis, a general overview is given of various OGCM features that
are relevant to the work described in the following chapters.

Chapter 3 investigates plastic debris beaching and resuspension on a global scale. The spatial and
temporal resolutions of OGCMs are insufficient to resolve the physical processes that contribute
to debris beaching and resuspension, and stochastic parametrizations are introduced to represent
plastic beaching and resuspension within a large-scale modeling framework. Coastlines and
coastal waters are globally shown to hold at least 77% of all positively buoyant plastic debris,
with the spatial distribution of beached plastic being strongly influenced by the model input



scenario. As such, coastal dynamics are shown to play a more prominent role in global-scale
plastic transport than previously thought.

Chapter 4 describes various parametrizations for modelling the wind-driven vertical turbulent
mixing of buoyant particles within the surface mixed layer. Ocean reanalysis products generally
do not provide turbulence data fields, but turbulent vertical transport is an important driving
process in the full three-dimensional distribution of plastic in the ocean. The modeled vertical
microplastic concentration profiles correspond reasonably well with field observations, and the
parametrizations are numerically stable with an integration timestep At = 30 seconds. This
makes it computationally feasible to apply the paramatrizations in large-scale three-dimensional
modeling frameworks.

Chapter 5 examines the influence of particle size on the three-dimensional transport of
microplastic debris in the Mediterranean Sea. The distribution of plastic in beached, coastal
waters and open waters reservoirs is strongly affected by the particle size, with smaller particles
being more likely to reach open water. Smaller particles are also mixed farther below the ocean
surface up to depths of 3000 m. Fragmentation is shown to be a slow process over timescales
of years to decades, with ocean-based fragmentation likely being negligible compared with
beach-based fragmentation processes. Therefore, while fragmentation was not shown to strongly
influence the particle size distribution over the course of 3 years, over longer timescales it can
play an important in the gradual plastic mass transfer to offshore and subsurface waters.

Finally, chapter 6 provides a general overview and discussion of the main results described in
chapters 3 - 5, and outlines future possible research directions.
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Chapter 1

Introduction

Oceanic pollution has been an ever-present issue since the Industrial Revolution, but plastics are
perhaps the most clearly visible example of how human behavior can affect marine ecosystems.
Plastics are ubiquitous throughout the global ocean, from on coastlines (Browne et al., 2015;
Pieper et al., 2019a) to the open ocean (Law et al., 2010; Van Sebille et al., 2015), to down on
the sea floor (Van Cauwenberghe et al., 2013; Brignac et al., 2019). Research has shown that
plastic pollution can cause harm in various ways. On the individual level, plastic debris can
cause physical harm to marine organisms. Discarded fishing nets can persist for years at or just
below the ocean surface, and result in marine wildlife such as birds, fish and marine mammals
getting entangled in the netting (Gregory, 2009; Votier et al., 2011; Ryan, 2018). Smaller
plastic debris such as microplastic (< 5 mm in size) can also be ingested by marine organisms
(Mascarenhas et al., 2004; Gregory, 2009; Dawson et al., 2018), which can result in supressed
appetite, damage to the gastrointestinal tract and heightened exposure to toxic compounds
leaching from the plastic fragments (Brandao et al., 2011; Bond et al., 2013; Lavers et al., 2014;
Attademo et al., 2015; Puskic et al., 2020). Ingestion also occurs with commercially fished species
such as sea bass and flounder (Bessa et al., 2018), and this can result in microplastic fragments
entering the human food chain (Mercogliano et al., 2020). Plastic debris further causes harm to
ecosystems, as plastic debris can be colonized by marine organisms and increase the likelihood of
a species being transported across large distances and being introduced in new environments
(Barnes, 2002; Audrézet et al., 2021). Finally, plastic pollution can result in economic damage,
as large quantities of plastic debris can deter tourism at commercial beaches (Ballance et al., 2000).

However, it remains difficult to establish exactly how much harm plastic pollution causes in
marine ecosystems as a whole. This would require a more complete understanding of what
exactly happens to a plastic object when it enters a marine environment and what interactions
occur with marine wildlife on a species level. The physical, chemical and biological surroundings
can affect the ultimate fate of a plastic object in the ocean, and it is of vital importance to
understand how marine debris undergoes processes such as beaching, transport by ocean currents
and fragmentation into gradually smaller pieces in order to evaluate the impact it might have on
marine ecosystems.

This thesis investigates the impact various physical processes have on the transport and
fate of plastic debris in the global ocean. First, this chapter will provide an overview of the
necessary background knowledge to set a baseline for the subsequent chapters, by giving an
overview of the insights that field observations provide regarding the distribution and impact of
plastic debris in the ocean (section 1.1). This is followed by the benefits and challenges of using
computational models to simulate plastic transport (section 1.2), before defining the exact scope
of this thesis (section 1.3).
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1.1 The observational record of marine plastics
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Figure 1.1: Reservoirs of plastic in marine environments, where the arrows indicate potential fluxes of plastic
mass between reservoirs. Figure retrieved from Law (2017).

Plastic pollution comes in a wide range of types and sizes. Although polyethylene and polypropy-
lene are generally the most common polymers found at the ocean surface (Cézar et al., 2014;
Enders et al., 2015; Brignac et al., 2019), a wide variety of polymers are reported in the literature
such as polystyrene, PET, and PLA. Meanwhile, the sizes of plastic objects can span multiple
orders of magnitude (Cézar et al., 2014, 2015; Enders et al., 2015), from meters down to micro- or
nanometer scales (Morét-Ferguson et al., 2010; Lebreton et al., 2018; Piccardo et al., 2020). While
sampling plastics in ocean environments comes with a variety of operational and procedural
challenges, observational records are a vital component of understanding the degree of plastic
pollution in the ocean. While the mass balance of marine plastic in the ocean is highly uncertain
and largely incomplete, Figure 1.1 shows the main reservoirs and interactions between them.

Given that plastic is not a naturally occurring material, it has to enter the ocean as a
result of anthropogenic activities. These sources can be split into two broad categories, land-based
and ocean-based sources, where land-based sources are estimated to account for the majority of
the total inputs (Faris & Hart, 1994; Derraik, 2002; Li et al., 2016). Rivers are considered to be
major contributors of land-based plastic inputs (Schmidt et al., 2017; Lebreton et al., 2017;
Meijer et al., 2021), with between 0.8 — 2.7 million tons of plastic estimated to enter the ocean
per year (Meijer et al., 2021). Other contributors of land-based plastic pollution include coastal
recreational activities (Lee et al., 2013), accidental spillages (Redford et al., 1997; Karlsson et al.,
2018) and natural disasters such as hurricanes and tsunamis (Barnes et al., 2009; Lebreton et al.,
2018).
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Figure 1.2: The estimated mass of mismanaged plastic waste generated in 2010 by populations within 50 km of
coastlines. Figure retrieved from Jambeck et al. (2015).

Given the wide range of contributing factors, estimates of the amount of plastic that en-
ters the ocean each year are uncertain. The Jambeck et al. (2015) estimate of 4.8 — 12.7 million
tons entering the ocean globally in 2010 alone is the most commonly cited estimate (Figure 1.2),
but more localized field studies suggest that input estimates following the Jambeck approach
are too high (Tramoy et al., 2019; Van Emmerik et al., 2019). For certain estimates Jambeck
et al. (2015) had to rely on expert judgement rather than observation studies given that direct
measurements were not available. As such, while Jambeck et al. (2015) estimated 15 - 40%
of all Indonesian plastic waste ended up in the ocean, Van Emmerik et al. (2019) found that
in Jakarta this fraction is only around 3%. Lebreton et al. (2017) and Schmidt et al. (2017)
estimate 0.41 — 4 million tons enter the ocean from river sources, but this similarly might be an
overestimate given that these estimates are in part based on the mismanaged plastic waste
estimates from Jambeck et al. (2015). Given the difficulties in quantifying plastic mismanagement
and the transport of mismanagement plastic into marine systems, further refining estimates of
land-based plastic inputs remains an ongoing challenge.

While ocean-based sources are thought to make a smaller contribution to marine plastic
inputs in comparison to land-based sources (Faris & Hart, 1994; Lebreton et al., 2012), discarded
fishing gear alone is estimated to add 640 000 tons of marine debris each year (Good et al., 2010;
Li et al., 2016). In addition, fishing gear in the form of ghost nets can cause considerable harm
to marine wildlife, as sea creatures can get entangled in drifting nets and drown (Gunn et al.,
2010). Ghost nets can also release toxic chemical compounds (Dabrowska et al., 2021). Finally,
plastic can enter the ocean via waste dumping from shipping (Ryan et al., 2019; Eo et al., 2022),
despite MARPOL Annex V prohibiting this practice since 1989 (Henderson, 2001). Given
that ocean-based inputs are widely distributed and the types of fishing materials vary widely
geographically (Richardson et al., 2019), estimates of ocean-based plastic inputs remain highly
unreliable. However, given that 5.7% of all fishing nets and up to 29% of all lines used globally
are lost per year (Richardson et al., 2019), ocean-based plastic inputs are likely a significant
contributor to the total amount of marine plastic. Additional research is required to further
quantify the input from these sources.

Field measurements show that plastic debris, particularly microplastic particles, can be found
almost anywhere in the ocean. The majority of the field measurements have been collected
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Figure 1.3: Standardized microplastic (a) count and (b) mass measurements collected with surface trawls, where
standardization was done relative to the year of study, geographic location and the wind speed. Figure retrieved
from Van Sebille et al. (2015).

at the ocean surface using neuston nets, which are nets dragged behind a vessel that float at
the ocean surface. These nets generally have a mesh size of around 0.33 mm, and therefore
do not effectively sample particles smaller than 0.33 mm. At the same time the small ocean
surface area they sample makes it unlikely they sample particles much larger than 10 mm as
these are less numerous at the ocean surface (Van Sebille et al., 2015). The highest surface
ocean concentrations are typically found in the ocean gyres (Figure 1.3), with concentrations of
over 107 particles per square kilometer (Van Sebille et al., 2015). As shown in Figure 1.4, this
accumulation is the result of the convergence of the the large-scale Ekman transport in the
mid-latitudes (Kubota, 1994; Maximenko et al., 2012; Van Sebille et al., 2015; Onink et al., 2019).
However, microplastic concentrations show a high degree of spatial and temporal variability
(van der Hal et al., 2017; Lebreton et al., 2018; Brach et al., 2018), and regular sampling is
required to get a comprehensive understanding of plastic pollution within a given region.

To date, the majority of the surface microplastic samples have been collected in the North
Atlantic and North Pacific (Van Sebille et al., 2015), although sampling in other basins has
become more frequent in recent years (Li et al., 2020; Patti et al., 2020; da Rocha et al., 2021;
Zhao et al., 2022). In addition, field campaigns are also placing more focus on sampling in
near-shore regions, and show that microplastics concentrations increase with their proximity to
shore (Ruiz-Orejon et al., 2016; Steer et al., 2017). The size of plastic debris also seems to play
an important role in the near-shore distribution of plastic debris, as an global analysis of debris
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types across aquatic environments suggests that plastic debris is less likely to be trapped in
coastal areas as it gets smaller (Morales-Caselles et al., 2021). Coastal dynamics clearly have a
strong influence on the transport and fate of marine plastic (Zhang, 2017), but the observational
record in these regions remains limited.

While the observational record of plastic debris at the ocean surface is limited, it vastly
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Figure 1.4: Schematic indicating the convergence of ocean currents in the subtropical ocean gyres. The high
latitude westerlies and low latitude easterlies lead to Ekman transport in southwards and northwards directions,
converging at the ocean gyres in the mid-latitudes. The schematic shows the large-scale from in the Nothern
hemisphere, where the gyre flows clockwise, while in the Southern Hemisphere the flow is anticlockwise. Figure
retrieved from Van Sebille (2015).

exceeds measurements of subsurface plastic concentrations. It has been theorized that the
subsurface ocean could hold vast amounts of plastic debris (Woodall et al., 2014; Pabortsava &
Lampitt, 2020), with Pabortsava & Lampitt (2020) proposing that the top 200 m of the Atlantic
oceans alone could hold up to 21.1 million tons of microplastic debris. However, due to the
difficulties and cost in collecting sufficient samples, the subsurface distribution and dynamics of
marine plastic remain poorly understood. Vertical transport dynamics play an important role in
the fate of marine plastics, as wind- and wave-driven turbulent mixing can result in the mixing
of buoyant particles below the ocean surface (Kukulka et al., 2012; Kooi et al., 2016). Given that
the ocean currents vary in depth (Webster, 1969), this can have consequences for the large-scale
transport of plastic debris. Plastic has been found globally throughout the water column (Pieper
et al., 2019b; Egger et al., 2020; Zhao et al., 2022) and down on the seafloor (Woodall et al., 2014;
Brignac et al., 2019; Kane et al., 2020), with a conservative global estimate of 8.4 million tons of
microplastic on the seabed (Barrett et al., 2020). However, until more measurements are available
estimates of the subsurface plastic distribution and total amount of plastic debris remain uncertain.

Given the large number of studies reporting plastic concentrations on beaches worldwide
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(Ribic et al., 2010, 2012; Browne et al., 2015; Monteiro et al., 2018), one might expect that
the global distribution and amount of beached plastic is relatively well understood. However,
due to a lack of methodological standardization it is difficult to compare concentrations
reported by different studies, given the variability in sampling techniques, the size range of
considered microplastics, and concentration units (Browne et al., 2015). For example, there
is no standard for the minimum particle size considered within a beach study, but given
that smaller particles are numerically more common, this can strongly influence reported
debris counts per unit area or length (Smith & Turrell, 2021). Meanwhile, concentrations
can be reported as both counts or mass per unit area (Taibi et al., 2021) or unit length of
coastline (Barnes & Milner, 2005), but it is not trivial to convert between these units and
the total plastic load on a coastline when the total coastline or sampled surface area is unreported.

Despite these methodological challenges, some general trends are apparent for beached plastic.
Beached plastic concentrations are generally highest near large population centers (Hardesty
et al., 2017b; Ryan et al., 2018; Olivelli et al., 2020), with local concentrations reaching up to 647
kg km~! on high-usage commercial beaches (Debrot et al., 2013). Beached plastic often originates
from local land-based sources (Hardesty et al., 2017b; Ryan, 2020), although particularly islands
often report high amounts of plastic debris originating from remote ocean-based sources (Lavers
& Bond, 2017; Pieper et al., 2019a). In contrast, particularly isolated coastlines such as in
Antarctica might be completely devoid of beached plastic (Convey et al., 2002). Beached plastic
concentrations are dependent on factors such as local wind conditions and coastal geomorphology
(Pieper et al., 2015; Hardesty et al., 2017b; Brignac et al., 2019), and it is difficult to establish
clear statistical relations between these factors and observed plastic concentrations. As such, to
date it has not been possible to establish a global, standardized beached plastic dataset such as
was done for surface microplastic observations (Browne et al., 2015; Van Sebille et al., 2015), fur-
ther underlining the urgent need for increased standardization of field measurement methodologies.

While field measurements have allowed insight into the general distribution of plastic de-
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Figure 1.5: Biofouling of three plastic sheets immersed in the Bay of Bengal for 6 months, where the biofilm
consists of macrofoulants such as barnacles. Figure adapted from Sudhakar et al. (2007).

bris in the global ocean, it is more difficult to draw conclusions on how processes such as
fragmentation, biofouling and interactions with marine wildlife affect plastic debris. Over time,
plastic debris changes physically and chemically as it remains in marine environments. Exposure
to UV and physical abrasion can cause wear and tear on a plastic object (Barnes et al., 2009),
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which can lead to oxidation and embrittlement of the object’s surface (Corcoran et al., 2009).
This can in turn result in the gradual production of small plastic fragments that break off of the
original parent object (Andrady, 2011). Meanwhile the biofouling of a plastic object (Figure 1.5),
which refers to the settling of fouling organisms on an object, can affect the overall density of an
object, and result in an initially buoyant object gradually sinking over time (Fazey & Ryan,
2016).

There have been a number of experimental studies considering fragmentation and biofouling in
laboratory and ocean settings (O’Brine & Thompson, 2010; Fazey & Ryan, 2016; Song et al.,
2017; Gerritse et al., 2020; Xiong et al., 2022), but it is difficult to extrapolate these findings to
other environmental conditions. For example, Fazey & Ryan (2016) demonstrated that biofouling
can result in the sinking of initially buoyant plastic items after just 17 - 66 days, resulting in
plastic debris being removed from the ocean surface over the course of weeks. However, the
objects within the study were tethered to a pier in a South African harbor, and it is unclear
whether biofouling would be equally fast for e.g. a freely drifting debris item in the open ocean
or at different latitudes. Similarly, Song et al. (2017) and Gerritse et al. (2020) show that under
laboratory conditions fragmentation is generally a relatively slow process over the course of
decades to centuries, but it is challenging to generalize these findings to rates under variable
environmental conditions in the physical world. Analysis of the relative size distribution of
microplastic particles in the ocean can provide insight into the influence of variables such as
the debris shape on plastic degradation (Ter Halle et al., 2016), but without a way to date
microplastic fragments it is generally not possible to strongly constrain fragmentation rates
in marine environments from observations alone. As such, processes such as biofouling and
fragmentation under variable environmental conditions remain poorly understood.

Similar issues arise when considering interactions between plastic debris and marine wildlife. It
has been established that marine wildlife and plastic debris interact in a variety of ways (Barnes
et al., 2009), such as the afore-mentioned biofouling (Fazey & Ryan, 2016; Xiong et al., 2022),
ingestion (Cole et al., 2013; Dawson et al., 2018; Zhu et al., 2019; Weitzel et al., 2021), and
entanglement (Good et al., 2010; Gunn et al., 2010; Jepsen & de Bruyn, 2019; Dabrowska et al.,
2021). Ingestion and entanglement can cause direct harm to marine wildlife, while wildlife rafting
on plastic debris can have consequences for transporting alien species to new marine habitats
(Barnes & Milner, 2005; Goldstein et al., 2014; Therriault et al., 2018). However, while a number
of studies have examined the exposure of marine species to plastic pollution (Schuyler et al.,
2016; Compa et al., 2019; Good et al., 2020), this isn’t equivalent to quantifying the harm
plastic pollution causes, as finding plastic within a creature’s stomach is not an immediate
indication that it caused harm to the creature (Rummel et al., 2016). Laboratory experiments
have shown that microplastic ingestion cause harm to marine wildlife, with environmentally -
relevant concentrations resulting in a long-term impact on zebrafish such as skin/gill inflamation
and decreased repoductive capabilities (Boyle et al., 2020; Guimaraes et al., 2021; Marana et al.,
2022). However, most marine species can not be similarly studied within laboratory settings, and
it is unclear to what extent (if at all) these findings with zebrafish can be applied to other
species.

Finally, the observational record has indicated multiple marine debris sinks. What defines a sink
is dependent on what timescale is being considered. For example, sea ice and beaches could be
considered as plastic sinks, as they stop plastic particles from moving freely throughout the ocean
(Obbard et al., 2014; Pham et al., 2020). However, over time this trapped debris can be released
again, which makes it difficult to make a clear distinction between permanent and transitory
sinks. One example of a permanent sink would be the removal of beached plastic from beaches
through beach cleanups, but although numerous studies report this occurring (Pieper et al.,
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2015; Debrot et al., 2013; Pervez et al., 2020), few make concrete estimates how much plastic is
actually being removed. Other examples of permanent removals are catching fish with ingested
plastics (Rochman et al., 2015), the cleanup of drifting ghost nets (Spirkovski et al., 2019) and
even table salt production from sea water (Yang et al., 2015). However, given that a large
amount of plastic removal goes unreported or has not been studied beyond anecdotal reporting,
it is currently not possible to draw firm conclusions regarding the size of marine plastic sinks.

In conclusion, field measurements have shown that plastic debris, particularly microplas-
tic, is ubiquitous in the ocean, with reports from all over the world and for all types of marine
habitats. Despite this, sampling has generally been too sparse to set up a global marine plastic
mass budget from field observations alone, and particularly the spatial and temporal variability in
plastic concentrations is poorly understood. While more frequent and widespread sampling could
at least partially address these issues, the difficulty and cost in collecting field measurements and
the lack of methodological standardization means that this is unlikely to occur in the near future.

1.2 Modeling marine microplastics

Numerical modeling has been widely used within the plastic research community to gain insight
into the fate of plastic debris once it enters the ocean (Van Sebille et al., 2015; Hardesty et al.,
2017a; Onink et al., 2019; Mountford & Morales Maqueda, 2021; van Duinen et al., 2022).
Compared to solely using field observations, numerical modeling provides a number of distinct
advantages: it makes it possible to test various scenarios to isolate the influence of various
physical processes on plastic transport (Onink et al., 2019; Wichmann et al., 2019; Lobelle
et al., 2021), as well as to extrapolate from the available field measurements to larger scales
(Eriksen et al., 2014; Van Sebille et al., 2015), and long-term scenarios can investigate possible
impacts of plastic pollution over the decades to come (Koelmans et al., 2017; Lebreton et al.,
2019). Numerical models come in a variety of different forms, with Eulerian (Mountford &
Morales Maqueda, 2019, 2021), Lagrangian (Lebreton et al., 2012; Onink et al., 2019), box
model (Koelmans et al., 2017; Kaandorp et al., 2021) and transition matrix (Van Sebille et al.,
2012; Maximenko et al., 2012) models being a subset of the different types of models employed
within the plastic modeling field. Given these advantages, models play an important role in
furthering the understanding of the fate of plastic debris in the ocean (Hardesty et al., 2017a).

However, numerical models come with their own set of challenges. First, models are by definition
simplifications of reality, with the model designer making assumptions about what processes and
timescales are important to include. As such, ideally there should always be verification of model
predictions based on available field measurements, which in the case of plastic research can be
challenging. As described in section 1.1, measurements of plastic concentrations are sparse and it
is not always possible to directly validate model predictions. For example, while in certain circum-
stances it is possible to identify a likely origin of a plastic object (Ryan, 2020; Ryan et al., 2021),
this is generally not the case for most plastic debris. As such, while e.g. bayesian inference analysis
can make very precise predictions regarding the origin of plastic debris at a given time and lo-
cation (van Duinen et al., 2022), field observations are not always able to validate these predictions.

In addition, the majority of numerical models in the microplastic field are process-based,
which requires a good understanding of the significant underlying physical processes. For example,
the large-scale transport of plastic debris in the open ocean is relatively well understood, with
the Ekman currents known to drive the accumulation of plastic in the subtropical gyres while
Stokes drift contributes to the landward transport of debris (Kubota, 1994; Martinez et al.,
2009; Onink et al., 2019). However, a process like biofouling is likely strongly dependent on
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environmental conditions and the type of plastic debris, whereas an experimental study like Fazey
& Ryan (2016) only considered biofouling rates within one particular environmental setting
and with a limited range of debris items. Models can still investigate the influence biofouling
could have on particle dynamics. For example, Kooi et al. (2017) demonstrated biofouling could
result in particles vertically oscillating throughout the water column, while Lobelle et al. (2021)
demonstrated sinking rates of microplastic particles can vary significantly depending on the
particle sizes and algal concentrations. However, given the limited experimental basis these are
generally exploratory studies that don’t seek to provide exact predictions of plastic concentrations.

Finally, models often run scaling issues. Plastic transport in the ocean is governed by processes
that operate on a variety of spatial and temporal scales, ranging from meters to thousands of
kilometers and from seconds to decadal timescales (Van Sebille et al., 2020). Due to computational
constraints it is not possible to consider all scales within a model. For example, a oceanic
general ciculation model (OGCM) such as HYCOM or NEMO will typically have a spatial
resolution on the order of kilometers, and a temporal resolution on the order of hours to days
(Seo et al., 2013; Madec et al., 2017). This implies that any variability in e.g. the ocean currents
on smaller and shorter timescales is not captured within a model, which can influence the
overall transport of particles (Nooteboom et al., 2020). While parametrizations are developed
that approximate the influence of these unresolved process in less computationally-expensive
ways (e.g. Kukulka et al., 2012; Reijnders et al., 2022), the full dynamics are still not being
considered. One approach is to use regional studies that can look at plastic dynamics on smaller
scales (e.g. Kukulka et al., 2016; Critchell & Lambrechts, 2016; Alsina et al., 2020), but this
then raises the challenge of how to generalize local results to larger scales. Finally, the ocean
is a highly chaotic system (Tziperman et al., 1994; Prants, 2014; Cravatte et al., 2021), so
even if all physical, chemical and geological processes were completely resolved, small changes
in the initial model conditions can propagate throughout the entire ocean system (Vialard
et al., 2003; Peng & Xie, 2006; Wakelin et al., 2009). Any ocean model is therefore at best an
approximation of the true physical ocean state. In conclusion, while modeling studies can be
used to investigate plastic debris scenarios that could not be studied with field observations alone,
it is important to keep in mind the limitations when considering the results from numerical models.

One of the most common applications of numerical models has been to simulate the transport of
plastic debris. Microplastic field measurements show elevated concentrations in the subtropical
ocean gyres (Van Sebille, 2015), which is a pattern reproduced by large-scale transport models
(Van Sebille et al., 2012; Maximenko et al., 2012; Lebreton et al., 2012). By individually
considering the Ekman, geostrophic and Stokes drift current components, Lagrangian models
have shown that this convergence is largely due to the Ekman currents (Kubota et al., 2005;
Martinez et al., 2009; Onink et al., 2019). Geostrophic currents can play an important role
in circulation patterns, such as driving eastward advection in the South Atlantic subtropics
(Kubota et al., 2005; Martinez et al., 2009), but generally don’t result in large-scale debris
accumulation (Kubota et al., 2005; Martinez et al., 2009; Onink et al., 2019). Meanwhile, the
wave-driven Stokes drift is found to oppose debris convergence in the subtropical gyres, instead
contributing to the landward transport of floating debris (Onink et al., 2019). On a global scale,
Stokes drift can therefore contribute to trapping debris near coastlines.

Near-shore transport and beaching of plastic debris has proven challenging to study with
large-scale models, as it is affected by processes such as waves-breaking and coastal geomorphology
that are typically not resolved in OGCMs (Van Sebille et al., 2020). Stokes drift likely plays an
important role in near-shore transport (Alsina et al., 2020), but plastic transport dynamics in
the surf zone prior to beaching are strongly dependent on local geomorphological conditions such
as the bed profile and wave conditions (Kerpen et al., 2020). As such, there are no clear relations
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Figure 1.6: Average particle densities for global Lagrangian simulations with transport by (a) Ekman and
geostrophic currents, (b) Ekman currents, (c) geostrophic currents and (d) Stokes drift. All simulations start from
a spatially uniform distribution of particles with particles spaced at 1° intervals over all ocean cells. Figure
retrieved from Onink et al. (2019).

between large-scale oceanographic variables (which could be calculated using an OGCM) and
debris beaching probabilities, and plastic debris has been represented with a variety of approaches
in modeling studies. This includes completely neglecting beaching altogether (Van Sebille et al.,
2012; Onmink et al., 2019; Miladinova et al., 2020), but more commonly beaching is represented
either based on a coastal proximity condition (Lebreton et al., 2019; Guerrini et al., 2021) or by
considering any particle advected onto a land cell to be beached (Lebreton et al., 2012; Critchell
& Lambrechts, 2016). The resuspension of beached particles is also often not considered as a
separate physical process, even as field studies such as Hinata et al. (2017) demonstrate that
beached debris can be resuspended on timescales of days to weeks by processes such as wind,
waves and storms (Pieper et al., 2015; Critchell & Lambrechts, 2016). Overall, numerical models
have provided limited insight into the distribution of beached plastic debris on global scales, and
improved parametrizations are required to represent beaching and resuspension processes within
OGCM-based numerical simulations.

Large-scale modeling has largely focused on the horizontal transport of floating plastic debris,
where this debris remains at the ocean surface over the entire simulation period (Onink et al.,
2019; Van Sebille, 2015; Liubartseva et al., 2018; Kaandorp et al., 2020). Given that debris
can persist at the ocean surface for decades (Lebreton et al., 2018), assuming that plastic
particles remain at the ocean surface can generally be valid for highly buoyant debris and
solely considering surface processes simplifies the model dynamics. In addition, there are more
field measurements available at the ocean surface which can be used to validate model results.
However, by not considering the full three-dimensional transport of plastic debris these models
provide an incomplete picture of the fate of plastic in the ocean, and more attention ought to be
given to understanding vertical transport processes. Mountford & Morales Maqueda (2019)
considered the three-dimensional transport of particles with various buoyancies, and showed that
the subsurface ocean can hold substantial amounts of neutrally and negatively buoyant plastic
debris. The Eulerian model also showed that even positively buoyant plastic debris was mixed
down to 300m below the ocean surface, emphasizing that it is crucial to also consider vertical
transport processes for all particle types. Meanwhile, Kooi et al. (2017) showed that biofouling
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can remove initially buoyant plastic debris from the ocean surface, as the formation of a biofilm
can increase the overall particle density and eventually lead to sinking. However, the model also
predicted that below the euphotic zone the microbes making up the biofilm would die and fall off
of the particle, decreasing the particle density again and over time leading to the particles
oscillating vertically. Building on the Kooi et al. (2017) biofouling model, Fischer et al. (2022)
also showed similar oscillatory behavior under more realistic environmental conditions. These
models have thus provided a new insight into a possible plastic debris transport mechanism that
might not have been readily apparent from the observational record alone.

There have been various approaches to model plastic debris fragmentation, but in general the
lack of sufficient observational data to evaluate model performance remains an issue. Eriksen
et al. (2014) estimated the total number of plastic debris items in the global ocean, and assumed
that the system was close to equilibrium with regards to fragmentation. As such, it was assumed
there was a fixed 1:16 ratio in the number of macroplastic (200 mm) to mesoplastic (50 mm)
particles, and similarly a fixed 1:625 ratio in the number of mesoplastic to large microplastic
particles (2 mm). While this allowed very basic estimates of the number of plastic particles in
the ocean, it does not provide much insight into the physical process of fragmentation. Based on
the statistical analysis of microplastic fragments collected in the North Atlantic, Ter Halle
et al. (2016) concluded that for particles with a mass greater than 1 mg the fragmentation
rate appears constant. However, the lack of lighter particles could either indicates faster
fragmentation processes for small particles, or be the result of other removal processes from the
ocean surface such as vertical turbulent mixing. Inspection of the individual microplastics also
suggested that the particle shape likely affected the fragmentation rate, as cubic-like fragments
showed more even surface degradation than flat fragments. This is likely because cubic-like
fragments more easily roll and change orientation, whereas flatter fragments typically have
a more photodegraded face, which suggests they float with a preferred orientation. However,
without a technique to date the fragments, it was not possible to estimate fragmentation rates.
Kaandorp et al. (2021) developed a statistical fragmentation model where fragmentation leads to
the generation of a cascade of smaller particles within a simple box model. When this model
was tuned with field measurements from the Mediterranean Sea, beach-based fragmentation
was shown to likely be a very slow process with timescales of years to decades (Kaandorp
et al., 2021). While the box model was a simplification of the actual ocean circulation, the
fragmentation model itself is a framework that could be applied in a different model setup to fur-
ther investigate the role plastic transport, beaching and resuspension play in plastic fragmentation.

Numerical models have been essential in trying to establish a global marine plastic bud-
get, although to date a closed budget has not yet been determined. By interpolating between
the measurements available at the ocean surface, an estimated 93 - 236 000 tons of plastic
debris floats at the ocean surface (Van Sebille, 2015), which is significantly less than estimated
plastic inputs. However, this estimate was based on measurements of microplastics, and as
larger items likely contain most of the total plastic mass in the ocean, including these items
within estimates could lead to a higher overall estimate (Lebreton et al., 2018). For example, by
including larger debris items Lebreton et al. (2018) estimated 79 000 tons of plastic debris at the
surface of the North Pacific subtropical gyre, compared with just 4 800 - 21 000 tons when only
considering microplastics (Cézar et al., 2014; Eriksen et al., 2014). In addition, the Van Sebille
et al. (2015) estimate did not include many near-shore microplastic concentrations, and given
that concentrations tend to be higher close to land (Ruiz-Orején et al., 2016), the Van Sebille
(2015) estimate might again be too low.

Overall though, the general conclusion is that a large amount of plastic debris appears to be
‘missing’ and many suggestions have been made where this plastic might be. Multiple studies have
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suggested that subsurface ocean could be a significant reservoir (Egger et al., 2020; Pabortsava
& Lampitt, 2020; Woodall et al., 2014), but due to the lack of sufficient field measurements for
model calibration and validation estimates remain uncertain. As such, to date models have not
been used to extrapolate field measurements collected by e.g. Egger et al. (2020) and Pabortsava
& Lampitt (2020) to estimate the total amount of subsurface plastic mass. Due to the lack of
standardized sampling methodologies (Browne et al., 2015) and the general inability of large-scale
models to resolve plastic beaching, the amount of beached plastic is highly uncertain. Lebreton
et al. (2019) estimates that in 2015 coastlines held 46.7 - 126.4 million tons of macroplastic and
22.3 - 60.4 millions tons of microplastic debris assuming increasing plastic inputs between 1950 -
2015. However, the model tuning was based on matching the mass of floating plastic debris at
the ocean surface estimated by Van Sebille et al. (2015) and not on any direct measurements of
beached plastic concentrations. In addition, Lebreton et al. (2019) does not consider the deep sea
as a plastic debris sink, and as such it is unclear how much of the plastic mass allocated to
coastlines might be in the deep sea. Finally, it has been proposed that sea ice might hold at least
trillions of microplastic particles (Obbard et al., 2014; Peeken et al., 2018), but there has only
been limited modeling work on the interaction between sea ice and plastic debris (Mountford &
Morales Maqueda, 2021). As such, it is currently not possible to estimate the total plastic mass
trapped in sea ice.

In conclusion, while the ocean surface might only hold around 1% of the 4.8 — 12.7 mil-
lions tons of plastic that entered the ocean in 2010 alone (Van Sebille et al., 2015; Jambeck et al.,
2015), observations and models have identified many possible reservoirs that might hold this
missing plastic mass. Conservatively the seabed might hold over 8 millions tons of plastic mass
(Barrett et al., 2020), while the top 5 - 200m of the Atlantic ocean might also hold up 21.1
million tons of microplastic alone. However, all these estimates of inputs and reservoirs are
highly uncertain, and both models and additional field measurements are required to constrain
the global plastic mass budget.

1.3 Thesis scope

To summarise sections 1.1 and 1.2, the large-scale distribution of plastic debris at the surface
in the open ocean are relatively well understood. This is due to a combination of relatively
extensive field sampling and a large number of modeling studies that have studied ocean surface
plastic transport. However, it is less clear how plastic debris is distributed on coastlines and in
coastal waters, nor how plastic is transported below the ocean surface. Given the difficulty in
obtaining sufficient standardized field measurements in these domains, numerical models could
provide useful insights. However, coastal and vertical plastic transport dynamics are currently not
fully understood, which complicates the development of physically complete modeling frameworks.

The goal of this thesis is to better understand the transport of plastic debris in all regions of the
global ocean, including coastal regions and vertical transport dynamics. In addition, this thesis
investigates the physical transformation of plastic debris in the form of fragmentation. These
processes are investigated using Lagrangian models based on the Parcels (Probably A Really
Computationally Efficient Lagrangian Simulator) (Lange & van Sebille, 2017; Delandmeter &
Van Sebille, 2019) framework using ocean circulation data from reanalysis products. The thesis
consists of the following chapters:

e Chapter 2 provides a general overview of Lagrangian particle modeling, and covers the
Parcels framework. In addition, a brief overview is given of the reanalysis data used to run
the Lagrangian simulations.



1.3. THESIS SCOPE 19

e Chapter 3 investigates beaching and resuspension of plastic debris on a global scale. A
novel parametrization of plastic beaching and resuspension within a large-scale ocean
model is presented, followed by an extensive sensitivity analysis of how the distribution of
beached marine plastic is influenced by the beaching and resuspension timescales.

e Chapter 4 presents parametrizations of wind-driven vertical turbulent mixing within the
surface ocean mixed layer. Ocean reanalysis datasets generally do not provide turbulence
data fields, and these parametrizations allow for the calculation of near-surface vertical
turbulent mixing from wind and mixed layer depth data alone.

e Chapter 5 expands upon the beaching/resuspension parametrization from chapter 3 and a
wind mixing parametrization from chapter 4 to investigate the influence particle size
has on the three-dimensional transport of microplastic in the Mediterranean Sea. It also
considers the influence of microplastic fragmentation, by applying the Kaandorp et al.
(2021) fragmentation model within the size-dependent Lagrangian transport framework.

e Finally, chapter 6 is a general discussion of all the presented results, and provides an
outlook for potential future research areas.
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Chapter 2

Methods

2.1 Lagrangian modeling framework

All the work within this thesis utilizes a Lagrangian modeling framework, where plastic particles
are represented by virtual particles. Using reanalysis or other ocean circulation data, the
trajectory of a virtual particle can be calculated with the following equation of motion:

Ft+dt) =Z(t) + /t e o(Z, 7)dr (2.1)

where & = (), ¢, z) is the particle position with longitude A, latitude ¢ and depth z and ¥(Z, t) is
the ocean currents at the particle position (Van Sebille et al., 2018). Assuming that the particle
is passive, in that it only follows the general ocean flow and does not exhibit any other transport
behavior, the full transport of a particle can be calculated from the ocean currents «. However,
depending on the type of particle other processes might be relevant to model the full particle
transport. For example, depending on the particle size, shape, density and orientation (Enders
et al., 2015; DiBenedetto et al., 2018; Clark et al., 2020), a particle can be either positively or
negatively buoyant and exhibit a rise velocity w,. Meanwhile, the ocean current velocity fields
typically originate from the output from oceanic general circulation models (OGCM), which
don’t resolve physical processes on all spatial and temporal scales (Van Sebille et al., 2018). As
such, equation (2.1) often includes a diffusion term to at least partially account for unresolved
sub-grid processes:

t+At . .
F(t+ At) = Z(t) + / O(Z, 7)dr + K(&,t)dW (t) (2.2)

where K is a diffusion tensor and dWW () is a Wiener increment with zero mean and variance dt.
Since the relevant physical processes for calculating the transport of virtual particles are highly
dependent on the particle type, it is vital to have a flexible model framework that easily adapts
to various transport scenarios.

All the Lagrangian model scenarios described in chapters 3, 4 and 5 utilize Parcels (Probably A
Really Computationally Efficient Lagrangian Simulator), which is a set of Python classes and
methods (Lange & van Sebille, 2017; Delandmeter & Van Sebille, 2019) that has been used
to model the Lagrangian transport of a wide array of passive and active particles such as ice
masses (Sutter et al., 2021), sea turtles (Le Gouvello et al., 2020), plastic (Onink et al., 2019)
and fish (Phillips et al., 2018). Parcels is developed to easily allow for the use of customized
Kernels that represent particle transport or transformation processes, and as such Parcels
is highly suited for running the wide range of simulation scenarios described in subsequent
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chapters. While the specific physical processes included in specific scenarios are covered in-
depth in each chapter, this section will provide a general overview of the Parcels model framework.

The basic structure of Parcels is shown in Figure 2.1. All hydrodynamic data fields are

Parcels design overview
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Figure 2.1: Diagram showing the basic structure of Parcels. Figure retrieved from Lange & van Sebille (2017).

contained within Field objects, where the FieldSet object is a collection of all the fields. For
example, the FieldSet could contain Field objects for meridional and zonal ocean currents,
the mixed layer depth, ocean salinity, etc., where this data can originate from OGCM output
products such as HYCOM (Bleck, 2002). The ParticleSet object is the main component of any
Parcels simulation, containing both the FieldSet and the Particle objects that contain all the
particle positions. Depending on the particular scenario, a Particle object can be modified to
store other variables, such as the particle’s age or the sea surface temperature at the particle’s
location.

The final components of a Parcels simulation are the Kernels, which are code snippets that
when executed define the behavior of the particles within the ParticleSet. A number of standard
Kernels are provided as part of Parcels, such as Kernels for 4th order Runge-Kutta particle
advection and various schemes for zonal and meridional diffusion. Parcels also allows the use of
customized Kernels, such as for particle beaching (Chapter 3) or fragmentation (Chapter 5).
Multiple Kernels can be chained together to define the full particle behavior, and these Kernels
are executed every timestep to calculate the full particle transport.

Once all model components have been defined, the method ParticleSet .execute() runs the
simulation, with the full procedure shown in Figure 2.2. For each time interval, the Kernel is
executed for each particle within the ParticleSet. For example, if the Kernel includes particle
advection, the Kernel will calculate the new particle positions for each time interval. The value
of the time interval, generally referred to as the integration timestep At, is dependent on the
specific model setup, as the physical processes included within a simulation impose constraints
on At. For example, for global-scale simulations with solely horizontal transport processes,
At = 10 minutes can be appropriate (Chapter 3), as shorter timesteps do not significantly affect
the model performance and would increase the computational costs. However, for simulations
involving vertical particle transport such long timesteps would not be numerically stable, as
vertical transport processes generally act on much smaller spatial and temporal scales compared
to horizontal transport (Chapter 4). As such, shorter timesteps on the order of At = 30 seconds
are necessary for large-scale simulations involving vertical transport (Chapter 5). While it is
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possible to save the particle positions and other variables for each integration timestep into the
ParticleFile output file, this increases the storage requirements for all the output data. Given
that the particle position data at this high temporal resolution does not necessarily provide
much additional physical insight, it is generally acceptable to store particle variable data for
every 12 - 24 hours depending on the model study (Chapters 3 and 5).

The field data, the number of particles and the Kernels are specific to each model scenario
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Figure 2.2: Diagram showing the execution of the ParticleSet .execute() method for time intervals ¢t = 0,1, 2.
Using data loaded from the FieldSet, the Kernel is executed for each particle, resulting in changes in the particle
positions. Variables such as the particle longitude, latitude and depth are saved within the ParticleFile. Figure
created by Reint Fischer.

and are described in the subsequent chapters. However, a common feature with large-scale
Lagrangian simulations is that ocean currents can advect a particle onto a land cell where it can
get stuck. While this is sometimes employed as a parametrization of plastic beaching (Lebreton
et al., 2012; Liubartseva et al., 2018), it is a numerical issue related to the improper resolution of
boundary currents (Lynch et al., 2014) and not a representation of physical beaching processes.
Given that over 40% of the particles within a simulation can get stuck if this numerical issue is
not accounted for (Sterl et al., 2020), the model scenarios in chapters 3 and 5 include artificial
anti-beaching currents (Onink et al., 2019). When a particle is within 500 m of the nearest
model land cell, a current with a magnitude of 1 m s~! pushes the particle away from land.
While this does not significantly influence the large-scale distribution of plastic particles (Onink
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et al., 2019; Sterl et al., 2020), it prevents particles from getting stuck due to numerical errors
and as such, particles within the model scenarios described in chapters 3 and 5 only beach
according to the specified beaching parametrizations.

2.2 Ocean reanalysis datasets

All Lagrangian model scenarios included within this thesis utilize offline data, in that the ocean
current data has been computed prior to running the Lagrangian simulation. Given the high
computational cost in running a large-scale high resolution OGCM, this saves computational
resources for running the Lagrangian component of the model. This does assume that the plastic
debris represented by the virtual Lagrangian particle does not influence the modeled ocean flow,
but even the largest debris items such as fishing nets, that can be over a 100 m in length, are
significantly smaller than the spatial scales resolved within OGCMs (Napper & Thompson, 2020;
Bleck, 2002).

The model scenarios within this thesis use reanalysis data to run the Lagrangian simula-
tions, where an ocean reanalysis is ”a physically consistent set of optimally merged simulation
model states and historical observational data, using data assimilation” (Baatz et al., 2021). In
other words, an ocean reanalysis product uses a numerical model such as an OGCM to compute
variables such as meridional/zonal currents, temperature and salinity, where observational
records are continuously integrated into the model via data assimilation so that the reanalysis
matches observational records as closely as possible. A reanalysis can thus provide crucial
insight into the past states of the global climate, and be used as input for other models (e.g. an
atmospheric reanalysis such as the ERA5 reanalysis (Hersbach et al., 2020) can be used as
forcing of an ocean reanalysis). Ocean reanalyses have generally focused on the retrospective
analysis of physical properties such as current velocities, but state-of-the-art reanalyses can also
include processes such as sea ice dynamics and biogeochemistry (Baatz et al., 2021).

The work in this thesis utilizes two ocean reanalysis datasets. The global-scale beaching
scenarios described in chapter 3 use the GOFS 3.1 HYCOM + NCODA Global 1/12° reanalysis,
which is based on the HYCOM modeling framework (Bleck, 2002) and the NCODA data
assimilation system (Cummings, 2005; Cummings & Smedstad, 2013). The size-dependent
transport and fragmentation scenarios described in chapter 5 use the CMEMS Mediterranean
Sea Physics Reanalysis (CMSPR) (Escudier et al., 2020), which is based on the NEMO version
3.6 (Madec et al., 2017) OGCM. While the details of the underlying model structures and
algorithms for the reanalysis products are beyond the scope of this thesis, there are a number of
common features that are relevant for the work contained within this thesis.

The underlying model grid of HYCOM is a bipolar rectilinear/curvilinear grid, but in both the
HYCOM and CMSPR reanalysis products the data variables are regridded onto Arakawa A-grids
(Arakawa & Lamb, 1977). While Parcels supports Fields with data on any curvilinear grid
(Delandmeter & Van Sebille, 2019), having all data variables on the same numerical grid simplifies
the implementation of various model components. For example, all the Lagrangian model
scenarios described in chapters 3 and 5 require calculating the distance of the virtual particle to
the nearest model land cell. Given that all tracers are on the same model grid, this is relatively
easy to define and compute on an A-grid, but with e.g. staggered Arakawa C-grids there are
multiple approaches that could be taken to define the particle distance to the nearest model land
cell. While the beaching parametrization introduced in chapter 3 can be adapted for scenarios us-
ing C-grid flow field data, exact definitions such as the distance to shore might need to be adapted.
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The HYCOM and CMSPR products have comparable spatial and temporal resolutions, where
the HYCOM reanalysis has a temporal resolution of 3 hours and a spatial resolution of 1/12°
(=~ 10 km at the equator) while the CMSPR data has a temporal resolution of 1 hour and
a spatial resolution of 1/24°. The implementation of ocean physics varies between the two
models, but both reanalysis products produce good reproductions of large-scale circulation
patterns (Chi et al., 2018; Escudier et al., 2021). However, the models are unable to resolve
sub-mesoscale horizontal circulation features. Within a Lagrangian model framework sub-
grid processes are often parametrized by a diffusion term (Van Sebille et al., 2018), where
the choices in horizontal and vertical diffusion coefficients depend on the particular model
scenario (Lacerda et al., 2019; Reijnders et al., 2022; Kukulka et al., 2016). However, this
doesn’t correct for the fact that OGCMs are unable to adequately model coastal dynamics
(Liu & Weisberg, 2011; de Souza et al., 2021), as these can demonstrate variability on a
spatial scale of meters (Van Sebille et al., 2020) while the spatial resolution of an OGCM
is on the order of tens of kilometers. As such, nearshore processes such as particle beaching
and resuspension can not be represented with OGCM data alone. Given that OGCM are
a vital component of most global-scale plastic transport modeling studies, this has resulted
in a limited understanding of the role of plastic debris beaching and resuspension on a global scale.

As demonstrated by Onink et al. (2019), surface wave dynamics play an important role
in the large-scale transport of floating plastic debris. However, both HYCOM and CMSPR do not
resolve wave dynamics, and surface wave reanalysis products are used to model the large-scale
Stokes drift. In the chapter 3 beaching scenarios, Stokes drift data is used from the WaveWatch
IIT (WW3) hindcast product (Tolman, 1997, 2009), which is a global hindcast with a 1/2° spatial
and 3 hour temporal resolution. For the size-dependent transport and fragmentation scenarios
described in chapter 5, the Mediterranean Sea Waves Reanalysis (MSWR) (Korres et al., 2019)
is used, which has a 1/24° spatial and 1 hour temporal resolution. Both the WW3 and MSWR
products have been validated relative to field measurements, and show high correlations in the
direction and magnitude of surface Stokes drift compared with in situ drifter measurements
(Tamura et al., 2012; Rascle & Ardhuin, 2013; Zacharioudaki et al., 2020). However, the relative
coarse resolutions with the WW3 and MSWR datasets implies that nearshore wave processes
such as wave breaking, shoaling and refraction are not resolved. As with earlier modeling studies
like (Onink et al., 2019) and (Lebreton et al., 2018), the wave-driven transport in the various
model scenarios is added to the advection by the large-scale currents. While the interactions
between Stokes drift and the Eulerian mean flow can affect particle transport (Higgins et al.,
2020), it is uncertain how this affects large-scale particle transport.
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Abstract

Global coastlines potentially contain significant amounts of plastic debris, with harmful
implications for marine and coastal ecosystems, fisheries and tourism. However, the global
amount, distribution and origin of plastic debris on beaches and in coastal waters is currently
unknown. Here we analyse beaching and resuspension scenarios using a Lagrangian particle
transport model. Throughout the first 5 years after entering the ocean, the model indicates that
at least 77% of positively buoyant marine plastic debris (PBMPD) released from land-based
sources is either beached or floating in coastal waters, assuming no further plastic removal
from beaches or the ocean surface. The highest concentrations of beached PBMPD are found
in Southeast Asia, caused by high plastic inputs from land and limited offshore transport,
although the absolute concentrations are generally overestimates compared to field measurements.
The modelled distribution on a global scale is only weakly influenced by local variations in
resuspension rates due to coastal geomorphology. Furthermore, there are striking differences
regarding the origin of the beached plastic debris. In some Exclusive Economic Zones (EEZ),
such as the Indonesian Archipelago, plastic originates almost entirely from within the EEZ while
in other EEZs, particularly remote islands, almost all beached plastic debris arrives from remote
sources. Our results highlight coastlines and coastal waters as important reservoirs of marine
plastic debris and limited transport of PBMPD between the coastal zone and the open ocean.
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3.1 Introduction

Marine plastic debris is found in almost all marine habitats, specifically on coastlines worldwide
(Browne et al., 2015). Coastal ecosystems can be particularly sensitive to plastic pollution (Li
et al., 2020), and plastic debris on beaches can reduce the economic value of a beach by up to 97%
(Ballance et al., 2000). Furthermore, while an estimated 1.15-12.7 million tons of plastic enter the
ocean per year (Jambeck et al., 2015; Lebreton et al., 2017; Schmidt et al., 2017), the amount
of positively buoyant marine plastic debris (PBMPD) found floating at the ocean surface is
estimated to be significantly lower (Cézar et al., 2014; Eriksen et al., 2014; van Sebille et al., 2015;
Lebreton et al., 2018). Some of the plastic entering the ocean likely immediately sinks, as 34.5%
of all plastics produced between 1950-2015 were made of neutrally or negatively buoyant polymers
(Geyer et al., 2017; Lebreton et al., 2019), yet a significant amount of PBMPD is still unaccounted
for. A large fraction of this missing PBMPD is potentially distributed on coastlines (Hardesty
et al., 2017a; Schwarz et al., 2019; Lebreton et al., 2019), with local concentrations varying
between 0 - 647 kg km~! (Convey et al., 2002; Debrot et al., 2013). However, given the scarcity of
measurements relative to the length of coastlines, limited insight into local temporal and spatial
fluctuations in beached PBMPD concentrations and the lack of a standardized sampling method-
ology, it is currently not possible to estimate the total amount of beached plastic debris from
field measurements alone, or to describe the global pattern of beached plastic (Browne et al., 2015).

Using a simple box model, Lebreton et al. (2019) suggest that 66.8% of PBMPD released
into the ocean since 1950 is stored on coastlines, however assuming a very high beaching
probability and a resuspension probability below the observed range (Hinata et al., 2017).
More complex global Lagrangian simulations of PBMPD have either not included beaching
at all (Onink et al., 2019; Miladinova et al., 2020) or use simple best guess implementa-
tions without considering resuspension (Lebreton et al., 2012; Critchell et al., 2015; Carlson
et al., 2017). Most of these studies have focused on plastic debris in the open ocean (van
Sebille et al., 2015; Onink et al., 2019), and do not report how global estimates of the amount
and distribution of beached plastic vary with different beaching and resuspension parametrizations.

Here we present a series of idealised beaching experiments, using a Lagrangian particle
tracking model with beaching and resuspension parameterizations. We estimate upper and lower
bounds for the fraction of positively buoyant terrestrial plastic debris in coastal waters, on
beaches and in the open ocean within the first years of release into the marine environment.
Additionally, we describe the global relative distribution of beached plastic debris, and we
analyse the relative amount of plastic with local versus remote origin.

3.2 Methods

3.2.1 Ocean Surface Current Data

For the 2005-2015 global surface currents, we use the HYCOM + NCODA Global 1/12° surface
current reanalysis (Bleck, 2002) and the surface Stokes drift estimates from the WaveWatch III
hindcast dataset (Tolman, 1997, 2009). The HYCOM + NCODA Global 1/12° reanalysis (Bleck,
2002) has a temporal resolution of 3 hours and a equatorial spatial resolution of 1/12° (~9.3 km).
The HYCOM + NCODA Global 1/12° reanalysis does not incorporate Stokes drift, which
has been shown to play an important role in shoreward surface transport (Onink et al., 2019).
Therefore, we add surface Stokes drift estimates from the WaveWatch III hindcast dataset
(Tolman, 1997, 2009), which has a temporal resolution of 3 hours and a spatial resolution of 1/2°.
Comparison of Stokes drift estimates from the WaveWatch III dataset with in situ measurements
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from drifters have shown high correlations (Tamura et al., 2012; Rascle & Ardhuin, 2013), where
root mean square errors have been on orders of centimeters per second (Tamura et al., 2012).
Unless otherwise mentioned, simulations discussed in this paper have been done with surface
currents obtained by the sum of the HYCOM currents and Stokes drift, as has been done in
earlier modeling studies (Fraser et al., 2018; Lebreton et al., 2018; Lacerda et al., 2019). Not
including Stokes drift reduces the amount of PBMPD that beaches by 6-7% (Supplementary
Figure 3.A.7) and reduces the trapping of PBMPD near the coast (Supplementary Figure 3.A.8).
Stokes drift is thus an important component of the ocean circulation to consider in global
PBMPD transport and beaching modeling.

PBMPD floating at the surface can be exposed to winds, with the strength of this effect
depending on the size of the object that is exposed to winds above the ocean surface (Van
Den Bremer & Breivik, 2018). However, for the open ocean, the best model performance
for modeling PBMPD is without including a separate windage term (Lebreton et al., 2018).
Furthermore, windage and Stokes drift are shown to be similar on a global scale (Onink et al.,
2019). Given that we include Stokes drift, we therefore do not consider an additional term for
windage.

3.2.2 Lagrangian Transport

We use Parcels (Lange & van Sebille, 2017; Delandmeter & Van Sebille, 2019) to model plastic
as virtual particles which are advected using surface ocean flow field data. A change in the
position & of a particle is calculated according to

2dt Ky,
r

t+At
Z(t+ At) =Z(t) + / v(Z(7),7)dT + R (3.1)
t
where U(Z(t),t) is the surface flow velocity at the particle location Z(¢) at time ¢, R € [-1,1] is a
random process representing subgrid motion with a mean of zero and variance r = 1/3, dt is the
integration timestep, and K} is the horizontal diffusion coefficient. The seed value of the random
number generator does not influence the amount of beached plastic (Supplementary Figure
3.A.7). Equation (3.1) is integrated with a 4th order Runge-Kutta scheme with an integration
timestep of dt = 10 minutes, and particle positions are saved every 24 hours. We take Kj = 10

m? s~ (Lacerda et al., 2019; Liubartseva et al., 2018) to parameterize sub-grid processes.

3.2.3 Plastic emissions into the ocean

We use a terrestrial plastic input estimate based on the low end estimates of Jambeck et al.
(2015), where 15% of mismanaged plastic from the population living within 50km of the
coast enters the ocean. To obtain high-resolution estimates we multiply the country-specific
mismanaged waste estimates with population densities (Center for International Earth Science
Information Network-CIESIN-Columbia University, 2016) for 2010. This results in estimates of
total mismanaged plastic for all cells on the HYCOM grid. Polypropylene, polyethylene and
polystyrene constitute 54% of primary plastic production in 2010 (Geyer et al., 2017), and we
assume that this fraction is indicative of how much mismanaged plastic is initially buoyant. We
acknowledge that this 54% is a rough estimate, as it assumes that mismanaged plastic inputs
have the same composition as global plastic production, whereas it has also been reported
that heavier polymers can float with sufficient trapped air bubbles (Ryan, 2015) and light
polymers have been found submerged (Brignac et al., 2019). This leads to a total buoyant plastic
input of 2.16 x 10° tons in 2010 (71.70% Asia, 4.39% North America, 3.94% South America,
2.16% Europe, 17.36% Africa and 0.45% Oceania). The release of the virtual particles is scaled
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according to the estimate of buoyant plastic entering the ocean, where each particle represents
up to 5.4 tons of buoyant plastic. To save computational resources we neglect sources smaller
than 0.06 tons per year per grid cell, which represent 0.007% of the total input. In each run
particles are released every 31 days during the first year of the simulation starting in 2010
(628,236 particles in total) and advected for 5 years (Supplementary Figure 3.A.6). Starting the
simulation in 2005 barely affects the amount of beached plastic (Supplementary Figure 3.A.7).
We refer to this input scenario as the Jambeck input.

To test the model sensitivity to the plastic input, we calculate one simulation using a low end
estimate of plastic waste entering the ocean from rivers (Lebreton et al., 2017). Again assuming
54% of plastic entering the ocean is initially buoyant, we have an input of 6.21 x 10 tons for
2010 (87.04% Asia, 0.78% North America, 4.58% South America, 0.13% Europe, 7.45% Africa,
0.02% Oceania). Due to the smaller total input, no sources were neglected. We refer to this input
scenario as the Lebreton input.

Particles are released in the shore-adjacent ocean cell nearest to the total mismanaged plastic
cell in question. Since it is unlikely that real plastic always enters the ocean at exactly the same
location, at the first timestep particles are distributed randomly throughout the shore-adjacent
ocean cell prior to the start of advection by the ocean currents.

3.2.4 Beaching Parametrizations
3.2.4.1 Stochastic Beaching & Resuspension

Many processes are hypothesized to influence the amount of beached plastic on coastlines,
such wind direction and speed, coast angle, aspect and morphology, local runoff, the proximity
to urban centers and the degree of human usage of the beach (Debrot et al., 1999; Smith,
2012; Thiel et al., 2013; Browne et al., 2015; Pieper et al., 2015; Hardesty et al., 2017b; Ryan
et al., 2018; Brignac et al., 2019). Many of these factors have some limited predictive power in
statistical models that attempt to explain patterns of beached plastic (Hardesty et al., 2017b;
Ryan et al., 2018). However, it is unclear from these studies whether these factors influence
beaching, resuspension or both. They can also partially cancel each other out as they might work
in opposite directions and in general it is unclear how these factors should be parameterized. We
therefore decided to implement the simplest model possible, where we assume that on a global av-
erage, the main drivers of plastic beaching are the surface currents and the location of plastic input.

To account for the uncertainty of the ocean current data in land-adjacent ocean cells, we
parametrize beaching as a stochastic process in the coastal zone, within which we consider the
currents unreliable. For any given timestep, we calculate the beaching probability pg as:

if d <D =1- —dt/\
- {45 Dot -

ifd>D,pp=0

where d is the distance of particle to the nearest coastal cell, D is a predefined distance to the
shore within which beaching can occur, dt is the integration timestep and Ap is the characteristic
timescale of plastic beaching. Beaching is therefore only possible within a beaching zone set by
D. To account for the fact that global-scale ocean current datasets are inaccurate in ocean cells
adjacent to land (referred to henceforth as coastal cells), we set D such that all coastal cells are
fully contained within the beaching zone, resulting in a beaching zone of 10km.

The probability of beaching is set by the beaching timescale Ap, where Ap is the number of



3.2. METHODS 41

days that a particle must spend within the beaching zone such that there is a 63.2% chance
that the particle has beached. There is no experimental study to base the value of Ag on, nor
how it might vary for different types of plastic debris, so we selected a range of possibilities to
investigate the sensitivity. For the sensitivity analysis we take A\p € [1,2, 5, 10, 26, 35, 100] days.
Given the mean current speed in the coastal cells in the HYCOM dataset, A\g = 1 day is the
time a particle would require to travel 10km in a straight line, representing a lower bound for the
beaching probability. In the Mediterranean, analysis of GPS trajectories of drifter buoys suggests
Ap = 76 days (Kaandorp et al., 2020), and an inverse modeling study suggests Ap = 26 days
for plastic debris (Kaandorp et al., 2020). We consider A = 100 days to represent scenarios
in which particles have very low beaching probabilities. A wooden drifter experiment in the
North Sea found 46.88% of drifters beached within 91 days, traveling geodesic distances between
452-559 km (Stanev et al., 2019). Given that the drifters crossed the North Sea in this time
and therefore spent time outside of the coastal zone, this suggests that A\p is less than 100
days. However, we acknowledge that the values for Ap remain a major source of uncertainty.
Furthermore, unless specifically mentioned we parameterize beaching (and also resuspension)
rates as global constants.

Particle resuspension is also implemented stochastically, where the resuspension probabil-
ity pr of a beached particle is defined as:

pr =1—exp(—dt/AR) (3.3)

where dt is the timestep and Ag is the characteristic timescale of plastic resuspension. Hinata et al.
(2017) has experimentally studied the resuspension timescale of plastic objects with different
sizes and found Ap = 69 — 273 days. For our sensitivity analysis we take A € [69,171,273] days.
When a particle beaches, we save its last floating position, and when a particle resuspends it
continues its trajectory from this position.

3.2.4.2 Coast-dependent resuspension

There have been a number of studies that have tried to explain the pattern of beached plastic
using statistical models that among others factors take geomorphology into account (Hardesty
et al., 2017b; Ryan et al., 2018). However, it is unclear whether plastic beaching, resuspension or
both are affected by geomorphology, and the influence of geomorphology likely differs for different
types of plastic debris (Weideman et al., 2020). We are not aware of any studies investigating
how geomorphology affects beaching probabilities. However, the dependence of resuspension
probabilities on beach types have been studied with regard to the resuspension of oil (Samaras
et al., 2014). Oil resuspension rates for sandy and rocky shores were found to be 24 and 18 hours,
respectively, and while these timescales are much shorter than the resuspension timescales for
plastic (Hinata et al., 2017), we use the ratio of the timescales of different coast types as a
starting point for a sensitivity analysis.

For coastal geomorphology, we use data from Luijendijk et al. (2018) to determine the relative
amount of sandy coastline s of each model cell of the HYCOM grid, where s = 0 indicates a
completely not-sandy coastline while s = 1 indicates a completely sandy coastline (Supplementary
Figure 3.A.5). Note that "not sandy” covers multiple shore geomorphologies, such as rocky
shores, cliffs and shorelines covered by vegetation such as mangrove forests. The resuspension
timescale is determined by:

3:4 Dependence — Arp =69 x (0.75+ 0.25 x s)
R= (3.4)

1:4 Dependence — A = 69 x (0.25 + 0.75 x s)
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where with 3:4 Dependence we use the resuspension timescale coastline dependence for oil
(Samaras et al., 2014), whereas with 1:4 Dependence there a stronger dependence on the coastline
type to check the sensitivity. In both cases we use Agr =1 = 69 days.

There is currently little knowledge about how resuspension timescales vary with the coastline
type and the classification of coastlines as sandy and not-sandy is overly simplistic, as coastlines
such as rocky beaches, cliffs and mangroves are now considered equivalent. However, to our
knowledge there have not been any studies that consider how plastic resuspension might depend
on coastal geomorphology, and therefore we consider these runs as a first exploration of the
potential role of coastal geomorphology on the global beached plastic budget and distribution.

3.2.5 Model concentration units

Model concentrations are computed by binning beached particle masses onto the same grid as
the HYCOM reanalysis data, and then dividing the total beached mass in each cell by the length
of model coastline (sum of cell edges shared with land cells) for that cell. This is because the
beached plastic is not distributed homogeneously over the entire cell, but is instead concentrated
on the shoreline interface between land and water, such as beaches. Since there is no global
dataset of beach area, concentrations are instead reported as the amount of plastic per length
of model coastline (kg km~!), which is commonly used for reporting field measurements (see
Table 3.1). However, due to the coarse resolution of the HYCOM grid, the length of the model
coastline is an approximation of the true coastline length for a given cell.

3.3 Results

3.3.1 Global beached plastic budget

A systematic test of the effect of different beaching and resuspension probabilities on the global
plastic budget is shown in Figure 3.1. In all scenarios, the model reaches an equilibrium between
the beaching and resuspension fluxes after the initial release within less than two years. At
the end of our five years of simulations, between 31-95% of PBMPD is beached depending on
parameter values. High beaching probabilities combined with small resuspension probabilities
lead to a large amount of plastic stored on beaches and vice versa. With the Jambeck input, and
assuming 54% of the input is buoyant, this corresponds to 0.72 — 2.06 x 10° tons of beached
PBMPD originating from plastic debris released in 2010 alone.

Rather than being a function of the absolute values of Ap and Ag, our model shows that
the average beached fraction is dependent on the ratio Agp/Ag (Figure 3.2a). At very low
ratios, i.e. high beaching but low resuspension probabilities, up to 99% of PBMPD is beached
in the 5th year of the simulations. As the ratio increases, the beached fraction decreases to
31%. However, at least 77% of the PBMPD remains within 10 km of the model coastline
in all scenarios(Figure 3.2a) and only a small fraction escapes to the open ocean. Multiple
studies report decreasing concentrations of floating PBMPD with increasing distance from
shore, which is commonly attributed to PBMPD being removed from the ocean surface over
time (Ryan, 2013, 2015; Pedrotti et al., 2016; Ruiz-Orején et al., 2018). However, such trends
could also be partially due to PBMPD remaining trapped nearshore by the surface ocean currents.

While PBMPD can leave and return to the coastal zone, a large portion of PBMPD never travels
far from the coastline (Figure 3.2b). Over 25% of PBMPD mass never travels beyond 50 km
from the nearest coastline even with the lowest beaching probability (Supplementary Table
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Figure 3.1: The global percentage of beached PBMPD, using the Jambeck input. (a) The beached fractions as
a function of the beaching timescale Ap in days. (b) The beached fractions as a function of the resuspension

timescale Ar in days.
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3.A.2). The likelihood for plastic to leave the coastal zone is not uniform worldwide, as PBMPD
that enters the ocean from island sources or from sources close to energetic boundary currents is
more likely to travel further from shore (Figure 3.2c). However, there are long stretches of
coastline where most plastic remains near shore, as the median of the maximum distances from
shore reached by particles released from those coastlines is less than 20km offshore.
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Figure 3.2: (a) The global PBMPD budget of beached, coastal and coastal + beached PBMPD as a percentage
of the total of amount of PBMPD that enters the ocean. The fractions are averages over the fifth year of the
simulation. Coastal PBMPD is defined as non-beached PBMPD floating within 10km from shore. The lines
indicate fits (a x exp(x * k1) + b x exp(z * k2) + ¢) for the beached, coastal and coastal + beached fractions. (b)
The cumulative fraction of PBMPD as a function of the maximum distance from land that particles reach during
their entire trajectory. (¢) The median maximum distance from shore reached by particles over the course of their
entire trajectories, with each point indicating an input location. The median is calculated over all simulations
shown in 2a.

3.3.2 Global beached plastic distribution

Across all simulations, the highest beached PBMPD concentrations are found near regions with
the largest PBMPD sources. These include areas such as Southeast Asia and the Mediterranean
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Sea (Figure 3.3a), and have concentrations up to 10° kg km~!. The lowest concentrations are in
areas with low population densities, such as polar regions, the Chilean coastline and parts of the
Australian coast. No PBMPD reaches the Antarctic mainland in any of our simulations. This is
largely in line with measurements of plastic in Antarctica, which have been very low both on
beaches (Convey et al., 2002) and afloat (Suaria et al., 2020). The lack of PBMPD in Antarctica
is due to a lack of terrestrial input sources and the Antarctic Circumpolar Current blocking
transport of PBMPD to Antarctic coastlines.

The global pattern of beached plastic is fairly robust towards the choice of beaching and
resuspension probabilities (Supplementary Figure 3.A.9) but strongly depends on the plastic
input distribution. With the Lebreton input, the relative global fraction of PBMPD that is
beached over the last year of simulation is 3% higher in comparison to using the Jambeck
input (Supplementary Figure 3.A.7). However, absolute beached PBMPD concentrations are
significantly lower, and a larger fraction of beached PBMPD is concentrated in Southeast
Asia (Figure 3.3b), reflecting higher inputs in this region. Therefore, detailed knowledge of the
distribution and size of marine plastic debris sources are essential for understanding the global
distribution of beached PBMPD.

While the overall distribution of beached plastic is largely shaped by the plastic input scenario,
the ocean currents can play an important local role for beached PBMPD concentrations. For
example, while higher beaching probabilities lead to higher global beached fractions, certain
coastlines exhibit lower beached concentrations, such as Kenya, the Indian west coast and Libya
(Supplementary Figure 3.A.9). More beached PBMPD globally results in less PBMPD afloat,
and therefore reduced transport of PBMPD by the ocean currents to these areas.

3.3.3 Local versus remote origin of beached plastic debris

On a global average, 48.5% of beached PBMPD within all Exclusive Economic Zones (EEZ)
(Institute, 2019) is local, in that it originates from a source within the EEZ. However, the local
fraction of beached PBMPD is highly variable (Figure 3.4). Generally, the local fraction for
island EEZs is relatively low, matching recent reports for individual islands in various oceans
(Lavers & Bond, 2017; Brignac et al., 2019; Pieper et al., 2019; Ryan et al., 2019). This is likely
since their location in the open ocean exposes them to floating PBMPD originating from a
wide range of EEZ’s, while at the same time, PBMPD originating from an island EEZ itself is
less likely to beach locally than on a mainland shore due to the comparatively small coastline
of islands on which beaching can occur. In the field the fraction from local sources is further
reduced due to the contribution of maritime sources (Lavers & Bond, 2017; Ryan et al., 2019;
Brignac et al., 2019), which are not included in this model.

Higher local fractions of beached PBMPD are due to a combination of factors. Large lo-
cal inputs generally lead to a higher local fractions, as a large fraction of PBMPD beaches close
to its initial input. Examples of such EEZ’s include China, Indonesia and Brazil. In addition, the
ocean currents can play a critical role (see also Figure 3.2c). Eastern Africa has relatively low local
beached fractions, partly due to receiving high amounts of PBMPD from Indonesia transported by
the Indian Ocean South Equatorial Current (matching observations by Ryan (2020)). Meanwhile,
coastlines such as the Russian Arctic and Chilean mainland have high local fractions despite
low local inputs, since the prevailing local currents do not carry much PBMPD from other regions.

However, our local beached fraction estimates are only based on PBMPD that enters the ocean
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Figure 3.3: Average beached PBMPD concentrations over the final year of the simulation. (a) The beached
PBMPD concentrations with the Jambeck input. (b) The beached PBMPD concentrations with the Lebreton
input. Both simulations use Ag = 10 days and Ar = 69 days.
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and subsequently beaches. Coastlines can also contain debris that is littered onto the coastline
directly and never enters the ocean, and plastic debris that originates from maritime sources.
Furthermore, ocean surface plastic removal processes such as sinking can further reduce the
non-local fraction, but it is uncertain how large an effect this would have. As such, our estimates
are only approximations of the actual local fraction of beached PBMPD.

Beached Local Plastic (%)

-0

Figure 3.4: The percentage of beached PBMPD that originates from within the EEZ for each EEZ. (a) Global (b)
Europe (c) Central America & the Caribbean. The shown values are averages over all stochastic simulations, and
over all beached plastic over the course of each simulation. Data for EEZs are not shown if beaching didn’t occur
in this EEZ in each considered stochastic simulation. Some EEZs are split where one EEZ consisted of multiple
distinct regions (e.g. the United States EEZ has been split into the US East coast, West coast, Alaska and Hawaii).

3.4 Discussion

A systematic evaluation of our model based on a large number of field observations is currently
impossible due to the lack of a standardized measurement methodology of beached plasti
(Browne et al., 2015), which prevents comparisons of plastic debris concentrations reported
by different studies. Beached plastic concentrations are reported either as counts or masses,
per unit area or unit length of coastline, and considering different debris sizes. Furthermore,
our parameterizations do not account for beach cleanups, which are known to occur at many
study sites (Table 3.1). Additionally our simulations represent idealized scenarios: there is only
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Table 3.1: A comparison of measurements of plastic debris with model simulations. The average, minimum and
maximum model outputs are calculated over all stochastic simulations with the Jambeck input. Studies that don’t
report the occurrence of beach cleanups are indicated by a hyphen. “concentrations as reported in Monteiro et al.
(2018), ®total of marine debris, not solely plastic.

Study Location g:::;nltrmafllt;n Cleanup ?ﬁgdke;lrgian [min max]
Tecland 10 - 3.28 [0.72 8.95]
Faeroe Islands 210 - 6.41 [0.04 30.58]
Barnes & Milner (2005)%° kzci?srzcrfay Canary Ielands éiég _ 39428[0[00856117399]
Falkland Islands 430 - 2.49 [0.68 7.68]
Dominica 1500 - 124.54 [0.00 918.14]
Picper et al. (2015)° Faial, Azores 4610 Regular during summer, g5 50 1) 4 985 74]
none during the study period
Tristan da Cunha 240 - 16.31 [0.00 100.53
Ryan (1987)% Gough Tsland 100 - 9.12 [0[400 96.57) ]
Otley & Ingham (2003)*  Falkland Islands 370 - 2.49 [0.68 7.68]
Candlemas Island 31 None 0.00 [0.00 0.00]
Convey et al. (2002) Saunders Island 50 None 0.00 [0.00 0.00]
Adelaide Island 0 None 0.00 [0.00 0.00]
Northeast US Atlantic Coast 102 - 12.46 [1.96 43.55]
Ribic et al. (2010)® Middle US Atlantic Coast 429 - 106.09 [5.86 397.56]
Southeast US Atlantic Coast 83 - 220.50 [64.85 683.85]
Northern US Pacific Coast 56 Not regularly 56.65 [35.00 116.03]
Ribic et al. (2012)® Southern California Bight 139 Not regularly 160.80 [43.92 623.58]
Hawaii 134 Not regularly 33.24 [4.90 120.65]
Study Location S{ognlii;lffitlon Cleanup l(\l/fgdlfrillfiﬁ)aan [min max]
e o Qs . Dominica 8 - 124.54 [0.00 918.14
Corbin & Singh (1993) g "I cia 3 : 110.18 {000 550.12}
Debrot et al. (2013) Bonaire 647 - 53.26 [0.00 285.57]
Debrot et al. (1999) CuraA§ao 506 Occasionally 43.12 [0.00 362.68]
Clacreboudt (2004) Northern Oman 15 Occur, but frequency not 86.43 [10.08 449.02]
specified
Ali & Shams (2015) Clifton Beach, Karachi, Pakistan 11 Periodically, but frequency —7g g5 167,62 55688.46]
not specified
Hong et al. (2014) South Korea 262 Not regularly 970.65 [263.95 1611.52]
Pervez et al. (2020a) Shilaoren Beach, Qingdao, China 5 Daily 2721.28 [327.44 13124.59]
Pervez et al. (2020b) No. 1 Bathing Beach, Qingdao, China 73 Daily 2721.28 [327.44 13124.59]
Madzena & Lasiak (1997) Transkei Coast, South Africa 47 Not regularly 1383.42 [111.45 5084.47]

Study

Location

Total Plastic
(metric tons)

Cleanup

Model mean [min max]
(metric tons)

Lavers & Bond (2017)

Henderson Island

17.6

Never

0.08 [0.00 0.49]
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one year of input; we don’t consider loss processes such as sinking, ingestion, or burial in sedi-
ment (Van Sebille et al., 2020); maritime sources of PBMPD and beach littering are not considered.

Nevertheless, we compare the modeled relative distribution of beached plastic with stud-
ies that measured beached plastic concentrations with a standardized method over multiple
study sites. The modeled beached PBMPD distribution for South Africa closely resembles
the distribution from field measurements (Ryan et al., 2018), likewise our model captures the
very low concentrations found on the Australian Northwestern coast (Hardesty et al., 2017b).
However, the model appears to over-predict the amount of beached plastic on the Northeastern
Australian coastline, potentially due an overestimated input of plastic from Polynesian islands. In
the United States, the concentration ratio between the Northern Pacific coast and the Southern
California Bight is approximately equal to the ratio reported in Ribic et al. (2012), but the
relative amount of beached plastic in Hawaii is underestimated (Table 3.1). PBMPD from
maritime sources is often an important contributor of beached plastic on remote shores and
islands (Browne et al., 2015; Lavers & Bond, 2017), and the lack of maritime sources in the
input scenarios might partially account for this discrepancy. The overall relative similarity of the
measured and modeled distribution is encouraging and indicates that we may have captured
the dominant drivers of beaching on a continental scale. However, these studies only allow
comparisons of the relative patterns, as the model units (kg km~!) do not match the field
measurement concentrations. Compared to studies that do report concentrations in terms
of mass, the model generally overestimates field concentrations by a factor of 5 - 560 (Table
3.1). This either indicates that substantial losses of beached and floating plastic occur on short
timescales that our model does not account for (such as burial within sediments (Lavers &
Bond, 2017; Martin et al., 2020), sinking (Ryan, 2015; Choy et al., 2019; Egger et al., 2020) and
beach cleanups (Uneputty et al., 1998; Willis et al., 2018)), and/or that the input estimates
are too high. The sites where beached concentrations are underestimated (both in absolute
and relative terms) are all islands, which could be due to neglecting maritime sources in the model.

Our results depend strongly on the representation of the ocean currents, the accuracy of
the plastic input estimate, the beaching/resuspension parameterizations and the relative impor-
tance of processes that are not included. HYCOM has been shown to represent circulation
patterns well in various parts of the world (Metzger et al., 2010; Savage et al., 2015; Wang et al.,
2019). However, HYCOM does not account for Stokes drift, which plays an important role in
shoreward surface transport (Onink et al., 2019). In line with earlier modeling studies (Fraser
et al., 2018; Lebreton et al., 2018; Lacerda et al., 2019), we take the sum of the HYCOM currents
and Stokes drift from the WaveWatch III reanalysis (Tolman, 1997, 2009), and we consider this
the best available representation of global scale circulation. Nevertheless, we acknowledge that
trajectory modeling is more accurate in the open ocean than on the coastal shelf, where we also
miss the effects of tidal currents (Liu & Weisberg, 2011; Liu et al., 2014; Sterl et al., 2020).

With an estimated global beached fraction of 31-95%, we show that the beached amount
of plastic is a lot less constrained than suggested in Lebreton et al. (2019), whose simple 6-box
model predicted that 69% of plastic that has entered the ocean since 1950 is found beached. In
this box model, the authors assumed a 97% annual beaching rate of coastal PBMPD (equivalent
to Ap = 104 days), which is at the upper end of our tested range of plausible Ag values (1 — 100
days), and they tuned their resuspension rate to match the global amount of floating PBMPD,
resulting in a 1% annual resuspension rate of beached plastic (equivalent to Ar = 36,317 days)
that is much slower than what is indicated by field experiments (69-273 days, Hinata et al.
(2017)). In addition, the box model of Lebreton et al. (2019) assumes uniform offshore transport,
while we show that transport varies strongly in different regions (Figure 3.2¢).
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We mostly use the Jambeck input scenario for our model Jambeck et al. (2015). There
have been a number of estimates for plastic inputs into the ocean (Jambeck et al., 2015; Lebreton
et al., 2017; Schmidt et al., 2017; Lebreton & Andrady, 2019), but it is unclear which are most
accurate. Furthermore, all alternative estimates also neglect contributions from maritime sources
and primary microplastics. There are indications that the amount of plastic entering the ocean is
lower than estimated in the Jambeck input (Tramoy et al., 2019; Van Emmerik et al., 2019) and
given how strongly the modeled global distribution of PBMPD is influenced by the input scenario,
it is crucial to get better estimates of plastic debris input sources, both terrestrial and maritime.

The model assumes that there are no PBMPD loss processes, or at least that they don’t
play a significant role during the first 5 years. For example, we assume PBMPD remains at the
ocean surface, but processes such as biofouling can cause the density of PBMPD to increase
until it starts to sink (Fazey & Ryan, 2016). PBMPD can also be removed through ingestion
by wildlife (Van Franeker & Law, 2015). Experiments with tethered PBMPD biofouling show
sinking of cm-sized plastic sheets after 17-66 days underneath a floating dock (Fazey & Ryan,
2016), but it is unclear how this translates to sinking rates for free floating PBMPD for different
sizes, shape and regions. PBMPD has been found at the surface up to 50 years after its estimated
production date (Lebreton et al., 2018), and while this PBMPD might not have floated at the
ocean surface over this entire time period, it does suggest biofouling requires more than 66 days
to sink PBMPD in the open ocean. Given these uncertainties, sinking was not included as
PBMPD removal process in this study. Plastic ingestion has been found to occur with a wide
range of species (Derraik, 2002), but it is unclear how much total plastic has been ingested and
at what rate this occurs. We also assume beached PBMPD remains available for resuspension
indefinitely, but PBMPD can be transported towards the backshore (Pham et al., 2020) or
be buried (Browne et al., 2015). As a consequence, the beached PBMPD budgets are upper
estimates given that PBMPD is unable to exit the cycle of beaching and resuspension in our model.

Finally, we assume globally uniform beaching and resuspension probabilities. Exploratory
tests with shore type dependent resuspension affects the global budget and distribution of
beached plastic only minimally (Supplementary Figures 3.A.10 and 3.A.11), even when applying
substantial differences in resuspension probability. These results indicate that on a global scale,
local variations in resuspension probability driven by factors such as wind direction or coastal
geomorphology play only a minor role. Nevertheless, more research is needed to understand how
both beaching and resuspension are influenced by geomorphology and climatological factors,
particularly on local to regional scales.

3.5 Conclusion

Our results indicate that part of the discrepancy between current plastic input estimates and
estimates of floating plastic debris in the open ocean is due to high amounts of beached and
coastal PBMPD. We have also identified coastlines where PBMPD is much more likely to
reach the open ocean, such as the Eastern United States, Eastern Japan and Indonesia. Here,
cleanups would be particularly effective in intercepting PBMPD before it escapes to the open
ocean. However, more work needs to be done investigating the behavior of PBMPD in coastal
waters, specifically the role of wind, waves, tides, and coastal morphology in PBMPD transport,
beaching and resuspension. This would be strongly aided by standardized beached PBMPD field
measurements, allowing comparisons of PBMPD concentrations at different measurement sites.
Furthermore, future studies ought to consider the influence of maritime sources on beached
PBMPD, as this study only considers terrestrial inputs.
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Figure 3.A.5: The sandy fraction of coastlines used for the coast dependent resuspension. The data is adapted
from Luijendijk et al. (2018).
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Figure 3.A.6: The monthly PBMPD inputs in the first year of the simulations. (a) Jambeck input. (b) Lebreton
input.
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Figure 3.A.7: Sensitivity tests of how the global beached PBMPD fractions vary under various model parameters.
(a) The inclusion of Stokes drift. (b) Different seedings of the random number generator. (c) Using the same input,
but running the simulation for 2005-2010 and 2010-2015. (d) Using the Jambeck and Lebreton input scenarios.
The solid black line indicates the total amount of plastic in the simulation. All simulations except those shown
in (c) start in 2010 and all simulations except those shown in (a) include Stokes drift. All simulations use the
Jambeck input except where specified otherwise.
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Figure 3.A.8: The cumulative fraction of PBMPD as a function of the maximum distance that a particle is
removed from the nearest land cell over the course of its entire trajectory. All simulations start in 2010 using the
Jambeck input, where the solid lines indicate simulations that included Stokes drift while the dashed lines exclude
Stokes drift.
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Figure 3.A.9: Differences in average beached PBMPD concentrations over the final year of the simulation with
varying beaching and resuspension timescales. (a) Ap = 10 days, Ar = 69 days. (b) difference relative to (a) for
Ap = 10 days, Ag = 171 days. (c) difference relative to (a) for Ap = 10 days, Ag = 273 days. (d) difference
relative to (a) for A\p = 5 days, Ar = 69 days. (e) difference relative to (a) for Ap = 26 days, Ag = 69 days. (f)

difference relative to (a) for A\g = 35 days, Ar = 69 days.

Table 3.A.2: The cumulative fractions of the maximum distance from land that PBMPD mass reaches over each
particle trajectory for all stochastic model runs starting in 2010 with the Jambeck input and including Stokes drift.
The columns 50% and 70% show the maximum distances from nearest land for each model past which 50% and
70% of the total PBMPD mass were never further from land. The columns <50 km and <150 km indicate the
fraction of total PBMPD mass that remain these distances from the nearest land throughout the entire simulation.

Model

50% (km) 70% (km) <50 km (%) <150 km (%)

Ap =1, A =69
Ap =2, Ap =69
A =5, Ap =69
Ap =10, Ap =69
Ap =10, A =171
Ap =10, A\p = 273
Ap = 10, A = 365000
Ap = 26, Ap = 69
Ap =26, A\gp =171
A = 26, A\p = 273
Ap =35, Ap =69
A = 100, A\g = 69
Ap =100, Ag =171
Ap = 100, A\gp = 273

160
88

190
273
153
195

47

97

180
273
152
117
18

535
269
199
579
657
512
o987

70.55
64.23
53.05
44.16
56.04
61.78
83.07
34.03
44.14
50.50
31.50
25.33
30.68
34.85

80.31
75.85
67.32
59.16
69.85
74.33
89.23
48.26
59.36
65.21
45.11
37.12
44.52
49.42
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Figure 3.A.10: The global PBMPD budget of beached, coastal and coastal + beached PBMPD as a percentage
of the total of amount of PBMPD that enters the ocean, for global constant resuspension (grey markers) and shore
dependent resuspension (red and blue markers). Ratios Ag/Ar for shore dependent resuspension simulations are
calculated using the global average sandy fraction of coastlines. The lines indicate fits for the beached, coastal and
coastal + beached fractions for constant resuspension alone. Since the beached fractions with shore dependent
resuspension are close to these fit lines, spatially varying resuspension does not seem to have a strong influence
globally on the amount of beached plastic. The fractions are averages over the fifth year of the simulation. Coastal
PBMPD is defined as non-beached PBMPD within 10 km of the nearest land cell.
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Figure 3.A.11: Differences in average beached PBMPD concentrations over the final year of the simulation of
shore dependent resuspension timescales relative to global constant resuspension. (a) Stochastic A\g = 10 days,
Ar = 69 days. (b) Difference relative to (a) for shore dependent resuspension Ag = 10 days, Ar = 69 days, Ratio
= 3:4. (c) Difference relative to (a) for shore dependent resuspension Ag = 10 days, Ag = 69 days, Ratio = 1:4. (d)
Stochastic Ap = 26 days, Ar = 69 days. (e) Difference relative to (d) for shore dependent resuspension A\p = 26
days, Ar = 69 days, Ratio = 3:4. (f) Difference relative to (d) for shore dependent resuspension Ag = 26 days,
Ar = 69 days, Ratio = 1:4. All simulations start in 2010, use the Jambeck input and include Stokes drift.
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Abstract

Turbulent mixing is a vital component of vertical particulate transport, but ocean global
circulation models (OGCMs) generally have low resolution representations of near-surface mixing.
Furthermore, turbulence data is often not provided in OGCM model output. We present 1D
parametrizations of wind-driven turbulent mixing in the ocean surface mixed layer, which are
designed to be easily included in 3D Lagrangian model experiments. Stochastic transport is
computed by Markov-0 or Markov-1 models, and we discuss the advantages/disadvantages of
two vertical profiles for the vertical diffusion coefficient K. All vertical diffusion profiles and
stochastic transport models lead to stable concentration profiles for buoyant particles, which for
particles with rise velocities of 0.03 and 0.003 m s~! agree relatively well with concentration
profiles from field measurements of microplastics when Langmuir-circulation-driven turbulence is
accounted for. Markov-0 models provide good model performance for integration timesteps of
At = 30 seconds, and can be readily applied in studying the behaviour of buoyant particulates in
the ocean. Markov-1 models do not consistently improve model performance relative to Markov-0
models, and require an additional parameter that is poorly constrained.

4.1 Introduction

Lagrangian models are essential tools to examine the transport of particulates in the ocean on a
variety of spatial and temporal scales (Van Sebille et al., 2018), and have been used to study
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the movement of plastic particulates (Onink et al., 2019), oil (Samaras et al., 2014) and fish
larvae (Paris et al., 2013). However, especially in the field of marine plastic modeling, most
large scale modeling studies consider only virtual particles (henceforth referred to as particles)
that float and remain at the ocean surface (Lebreton et al., 2018; Liubartseva et al., 2018;
Onink et al., 2019, 2021), essentially simplifying the three dimensional ocean into a 2D system.
While this does reduce the complexity of models, ultimately vertical transport processes need
to be considered in order to have a complete understanding of oceanic particulate transport
(Wichmann et al., 2019; Van Sebille et al., 2020).

In the case of buoyant particulates (particulates with a density lower than seawater), buoyancy
is expected to return any particulates to the ocean surface. However, instead of all buoyant
particulates accumulating at the ocean surface, both field measurements (Kukulka et al., 2012;
Kooi et al., 2016b) and regional large-eddy simulations (LES) model studies (e.g. Liang et al.,
2012; Yang et al., 2014; Brunner et al., 2015; Taylor, 2018) indicate vertical concentration
profiles throughout the mixed layer (ML). These profiles arise due to the balance between the
particulate buoyancy and turbulent mixing flows, which are largely driven by wind and wave
breaking at the ocean surface (Chamecki et al., 2019). While such profiles are commonly used
to correct surface measurements of particulates such as microplastics (e.g. Law et al., 2014;
Egger et al., 2020), it is difficult to recreate such vertical mixing profiles in the ML outside
of LES models, as vertical turbulent processes generally act on much smaller scales than is
explicitly resolved in ocean global circulation models (OGCMs) (Taylor, 2018). In addition,
while it is possible to represent mixing using the parametrization from Kukulka et al. (2012),
this approach is only valid for depths up to several meters, while the mixed layer depth (MLD)
can be hundreds of meters deep (Chamecki et al., 2019).

In this study we present numerical simulations of buoyant virtual particles in the ML with four
1D wind-driven mixing parametrizations. These mixing parametrizations have been specifically
designed such that the code can be easily adapted to function within large-scale 3D Lagrangian
models running with OGCM data, for cases where the vertical spatial scales might be too coarse
to explicitly represent turbulent processes or where turbulence data might not be provided as
model output. Using these parametrizations we calculate the vertical equilibrium profiles of
buoyant particles within the ML as a function of the particle rise velocities, the 10m wind speed
and the MLD. Buoyant particles are found below the ML (Pieper et al., 2019; Choy et al., 2019;
Egger et al., 2020), but diffusive mixing at such depths is likely not due to wind-driven turbulent
mixing and therefore goes beyond the scope of this study. We test two methods for solving
stochastic differential equations, and consider vertical diffusion coefficient profiles based on the
KPP model (Large et al., 1994) and on Kukulka et al. (2012) extended by Poulain (2020). The
modelled concentration profiles are then compared with measurements of vertical concentration
profiles of microplastics.

4.2 Methods

Turbulence in the ocean occurs over a wide range of spatial and temporal scales, with Kolmogorov
length and timescales of n = (13/€)V/* =3 x 107* m and 7,, = (v/€)'/? = 0.1 s (Landahl &
Christensen, 1998) for turbulent kinetic energy ¢ = 10™* m? s=2 (Gaspar et al., 1990) and
kinematic viscosity of seawater v = 107% m? s~ (Riisgard & Larsen, 2007). The vertical
resolution of OGCMs is typically on the order of meters and is therefore not capable of explicitly
resolving all turbulent processes. Instead, turbulence due to sub-grid scale processes is generally
represented stochastically. In our 1D vertical model, we simulate positively buoyant particles
that are vertically transported due to stochastic turbulence and the particle rise velocity wyise.
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For such particles, the particle trajectory Z(t) can be computed with a stochastic differential
equation (SDE) (Gréwe et al., 2012) as:

Z(t + dt) = Z(t) + (Uh’ise + azKZ)dt + QKZdW (41)
2(0)=0

where K, = K, (Z (t)) is the vertical diffusion coefficient, 0,K, = 0K,/Jz, dW is a Wiener
increment with zero mean and variance dt and we define the vertical axis z as positive upward
with z = 0 at the air-sea interface. The Euler-Maruyama (EM) scheme (Maruyama, 1955) is the
simplest numerical approximation of equation 4.1, where infinitesimal terms dt and dW are
replaced with the finite At and AW. Equation 4.1 can then be rewritten as (Grawe et al., 2012):

W (8) = 0,K, + éx/QKzAW (4.3)
Z(t+ At) = Z(t) + (wrise + W' () At (4.4)

where w’ is the stochastic velocity perturbation due to turbulence. The turbulent transport
has both a deterministic drift term and a stochastic term. This is the most basic form of
representing turbulent particle transport, as turbulent perturbations on the particle position
are assumed to be uncorrelated (Berloff & McWilliams, 2003). The drift term assures that
the well-mixed condition is met, which states that an initially uniform particle distribution
must remain uniform even with inhomogeneous turbulence (Brickman & Smith, 2002; Ross &
Sharples, 2004). This approach, termed a Markov-0 (M-0) or random walk model, assumes
that turbulent fluctuations exhibit no autocorrelation on timescales At, which for global-
scale Lagrangian simulations can range from 30 seconds (Lobelle et al., 2021) to 30 minutes
(Onink et al., 2019). However, measurements from Lagrangian ocean floats show this is an
oversimplification, as coherent oceanic flow structures can induce velocity autocorrelations that
can persist for significantly longer timescales (Denman & Gargett, 1983; Brickman & Smith, 2002).

A higher order approach is the Markov-1 (M-1) model, which assumes a degree of auto-
correlation of particle velocities set by the Lagrangian integral timescale T7,. The turbulent
velocity perturbation is now expressed as a Langevin equation, and with an EM numerical
scheme the particle trajectory Z(t) is computed as (Mofakham & Ahmadi, 2020):

Z(t+ At) = Z(t) + (wrise + w'(t)) At (4.5)

21 — a)o,
AW (4.6)

w'(t+ At) = aw'(t) + 0,005 At +
where o = 1 — At/T}, and 02 = 02(z,t) is the variance of w’, and we assume At < Ty. The
influence of the initial turbulent fluctuations on subsequent fluctuations is set by «, which in
turn depends on the ratio between the integration timestep At and T7,. However, empirical and
theoretical estimates for 77, range from 6-7 seconds (Kukulka & Veron, 2019) to 15-30 minutes
(Denman & Gargett, 1983), and 77, can also be depth dependent (Brickman & Smith, 2002). In
large-eddy simulation (LES) models, 77, = 4e/3Cpe where e is the sub-grid scale turbulent
kinetic energy, Cy is a model constant determining diffusion in the velocity space and € is the
turbulent kinetic energy dissipation rate (Kukulka & Veron, 2019), but e and € are not commonly
available variables in the output of OGCMs. However, it does indicate why model T}, estimates
vary widely, as 17, describes the autocorrelation of the particle velocity from its initial velocity
due to unresolved sub-grid processes, which depends on the model resolution and setup in a given
study. Since there is not a clear indication of the true value of 17, we consider a range of values
a €[0,0.1,0.3,0.5,0.7,0.95], corresponding to Ty, € [1,1.1,1.4,2,3.3,20] x At. As the depth
dependence of T7, is uncertain, we make the simplification that 9,77, = 0, = 0. Since At < T7,
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we use K, = 02 At (Brickman & Smith, 2002), which means that equation 4.6 becomes:

W' (t) = aw!(t) + 0. K, + %\/2(1 T KAW (4.7)

In this form, it is clear that equation 4.7 is equivalent to equation 4.4 when o = 0. This is
because when o = 0, velocity perturbations w’ are assumed to be uncorrelated over timescales
> At, which is equivalent to the M-0 formulation. M-1 stochastic models generally should lead
to improved representation of diffusion in Lagrangian models (Berloff & McWilliams, 2003;
Van Sebille et al., 2018), but it does require insight into turbulence statistics that have not yet
been extensively studied in Lagrangian settings. For that reason, while even higher order Markov
models are theoretically possible (Berloff & McWilliams, 2003), we limit this study to just the
M-0 and M-1 approaches.

All Lagrangian simulations are run using Parcels v2.2.1 (Delandmeter & Sebille, 2019), which has
been used for 1D, 2D and 3D particle oceanographic simulations (Fischer et al., 2021; Onink et al.,
2021; Lobelle et al., 2021). The simulations start with 100,000 particles released at Z(0) =0
and run for 12 hours. The model is one dimensional with horizontal velocities set to zero. The
time-invariant vertical diffusion profiles are calculated with a 0.1 m vertical resolution, where the
K, value at the exact particle location is linearly interpolated from these profiles. The vertical
transport is calculated according to Equations 4.3 and 4.4 for M-0 simulations, and Equations
4.5 and 4.7 for M-1 simulations. We take At = 30 seconds, where the integration timestep is a
compromise between accounting for turbulent transport on short timescales and computational
cost for when the 1D model is integrated into a larger 3D Lagrangian model. We consider high,
medium and low buoyancy particles with rise velocities of wy;se € [0.03,0.003,0.0003] m s7h
which for plastic polyethylene (p = 980 kg m~3) particles corresponds to spherical particles with
diameters of 2.2, 0.4 and 0.1 mm (Enders et al., 2015). However, these particle sizes are rough
indications of approximate particle sizes, as the buoyancy of particle depends on a combination
of the particle size, shape, polymer density and degree of biofouling (Kooi et al., 2016b; Kaiser
et al., 2017; Brignac et al., 2019). Relative to peak stochastic velocity perturbations w’ calculated
from the vertical diffusion coefficients described in Section 4.2.1, the rise velocity of the high
buoyancy particles dominate w’ except for the highest wind speeds, while turbulence dominates
buoyancy for the medium and low buoyancy particles for almost all wind conditions (Table 4.A.2).
The surface wind stress is computed from uyg € [0.85,2.4,4.35,6.65,9.3] m s~'. The model
domain is z € [—100, 0Jm, where we apply a ceiling boundary condition (BC) in which particles
that cross the surface boundary are placed at z = 0. This BC assures that neither buoyancy or
turbulence can transport particles out of the water column. Vertical concentration profiles are
computed by binning the final particle locations into 0.5 m bins, and the concentrations are then
normalized by the total number of particles in the simulation. The variability of the profiles at
each depth level is calculated as the standard deviation over the final hour of each simulation.

4.2.1 Vertical diffusion profiles

Two vertical diffusion coefficient profiles are used, with the first based on Kukulka et al. (2012)
and Poulain (2020). Kukulka et al. (2012) parametrized the near-surface vertical diffusion
coefficient K? due to breaking waves as:

K2 = 15Uk H (4.8)

for z > —1.5H, where k = 0.4 is the von Karman constant, H, is the significant wave height
and Uy, 18 the friction velocity of water. The significant wave height H; is parametrized as
H, = 0.969*163/2712 where g = 9.81 m s72 is the accelation of gravity, B« = ¢p/u., is the

*a?
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Figure 4.1: Vertical diffusion coefficient profiles for SWB and KPP diffusion under varying wind conditions. The
KPP diffusion profile is calculated with zp according to Equation 4.12.

wave age, ¢, being the characteristic phase speed of the surface waves and u., = 7/pq is the
friction velocity of water. The friction velocity of air is based on the air density p, = 1.22 kg
m~3 and the surface wind stress 7 = CDpau%O, where uqg is the 10m wind speed and Cp is
the drag coefficient (Large & Pond, 1981). Similarly, w.., = 7/p, with the seawater density
pw = 1027 kg m~3. Following Kukulka et al. (2012), we assume a fully developed sea-state with
B« = 35. The Kukulka et al. (2012) parametrization is valid only for z ~ —1.5H;, and we extend
the parametrization for greater depths using the eddy viscosity profile v, as found for oscillating

grid turbulence by Poulain (2020):
v if 2 > —vH
Ve = {Vs( H>3/27 a2 B (4.9)

vH)> ?|z] if z < —vHg

where 7 is the near surface eddy viscosity and v = 1.0 is a multiple of Hy that sets the depth
to which ©° is constant. This approach agrees with Kukulka et al. (2012) in predicting constant
mixing for z > —H,, where the eddy viscosity then drops proportional to z—3/2 for greater
depths. Oscillating grid turbulence (OGT) experiments are commonly used to study wave and
wind induced turbulence (Fernando, 1991). As OGT experiments have been shown to reproduce
turbulence decay laws of velocities and dissipation rates observed in the ocean ML (Thompson &
Turner, 1975; Hopfinger & Toly, 1976; Craig & Banner, 1994), this provides some confidence in
the modeling of the decay of near-surface eddy viscosity, although direct validation with field
measurements of eddy viscosity have yet to occur. The diffusion coefficient K, depends on v, as
K, =v,/Sc;, where Sc; is the turbulent Schmidt number, and assuming 9,Sc¢; = 0, combining
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equations 4.8 and 4.9 results in:

| K$ + Kp = 15ukHs + Kp if 2 > —vH,

o {Kf(’yﬂs)3/2\z|_3/2 + Kp = 1.5u*wm73/2H§/2|Z|_3/2 + Kpif z < —yH, (4.10)

where K = 3 x 107° m? s~! is the dianeutral diffusion below the MLD (Waterhouse et al., 2014).
The diffusion is thus constant for z > —vH,, below which K, o |z|~%/2, while the magnitude of
K, increases for higher wind speeds (Fig. 4.1). Poulain (2020) implies v = 1.0 while Kukulka

et al. (2012) estimates v & 1.5, so to test the model sensitivity we consider v € [0.5,1.0,1.5,2.0]

(Figure 4.1). As z — —o0, |2|~%/2 — 0, and therefore we include the bulk dianeutral diffusion

K to account for vertical mixing at depths below the influence of surface wave-driven turbulence.
As both Kukulka et al. (2012) and Poulain et al. (2019) considered turbulence generated by
breaking surface waves, we refer to this diffusion approach as Surface Wave Breaking (SWB)
diffusion.

The second vertical diffusion coefficient profile is a local form of the K-profile parameter-
ization (KPP) (Large et al., 1994; Boufadel et al., 2020), where K is given by:

K, = <m;;‘”~“9>(|z| +ZO)< - M|ZL‘D> +Kp (4.11)

where ¢ = 0.9 is the ”stability function” of the Monin-Obukov boundary layer theory, 6 is a
Langmuir circulation (LC) enhancement factor, and zp is the roughness scale of turbulence. As
such, K 7 rises from a small non-zero value at z = 0 to a maxima at z = 1/3M LD, before dropping
to K, = Kp for z < MLD (Fig. 4.1). In the original KPP formulation K,(z < MLD) =0
since the theory only applies to the surface mixed layer, so we add the same bulk dianeutral
diffusion term Kp as with the SWB profile (equation 4.10). Boufadel et al. (2020) examined a
case where LC-driven turbulence was considered negligible and so 6 = 1.0. However, the presence
of LC can increase turbulent mixing by a factor § = 3 — 4 (McWilliams & Sullivan, 2000) and
has been shown to strongly affect the vertical concentration profiles of buoyant microplastic
particles in LES experiments (Brunner et al., 2015; Kukulka & Brunner, 2015). Therefore, we
examine 0 € [1.0,2.0,3.0,4.0,5.0]. The roughness scale zp, which can represent the surface
roughness due to surface waves, depends on the wind speed and the wave age (Zhao & Li, 2019),
and following Kukulka et al. (2012) we consider a wave age (s = ¢,/u.q = 35 that is equivalent
to B = ¢p/u19 = 1.21. According to Zhao & Li (2019), the roughness scale is given by:

20 = 3.5153 x 107°37%42432, /g (4.12)

For wip = 0.85 — 9.30 m s~!, this means zp = 2.38 x 1076 — 2.86 x 10™* m. To test the
model sensitivity to zp, we also consider an alternative scenario where z5 = 0.1 x Hy; =
1.76 x 1073 — 2.10 x 10~! m, following the same formulation Hy = 0.969_153/21&@ as in Kukulka
et al. (2012). This increases K, for z =~ 0, but does not significantly affect the magnitude K, at
greater depths (Figure 4.A.8). The original KPP theory does not explicitly account for surface
wave breaking, which would lead to larger non-zero K, at z = 0. While we do not claim that
setting zg = 0.1 X Hg means that our KPP profile accounts for surface wave breaking turbulent
mixing, it allows us to investigate the influence higher near-surface mixing would have on the
modelled vertical concentration profiles. The MLD is the maximum depth of the surface ocean
boundary layer formed due to interaction with the atmosphere, and in KPP theory the MLD is
defined as the depth where the bulk Richardson number Rip is first equal to a critical value
Ricrit. In the original formulation Rie.;; = 0.3 (Large et al., 1994), but Rip can be difficult to
compute in the field as this requires data for both vertical density and velocity shear profiles. In
this study we prescribe MLD= 20 m, as this falls within the range of the MLD for field data
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used to evaluate the model (see Section 4.2.2).

4.2.2 Field data

We compiled a dataset of vertical plastic concentration profiles collected within the surface
mixing layer to validate the modelled concentration profiles (Table 4.1), with a total of 90
profiles with 741 data points. Only Kooi et al. (2016b) directly measured the rise velocity of
a subsample of the collected microplastic particulates, and showed that these particles were
positively buoyant. However, the presence of all the other sampled particulates near the open
ocean surface indicates they are unlikely to be negatively buoyant. For all stations the wind
speed was recorded and the MLD was determined from CTD data based on a temperature
threshold (de Boyer Montégut et al., 2004). The majority of samples were collected in the North
Atlantic (Kukulka et al., 2012; Kooi et al., 2016b; Pieper et al., 2019), and in regions with a
relatively shallow MLD. Since wind-driven turbulent mixing isn’t expected to influence the
concentration depth profile below the MLD, we don’t consider any measurements collected
below 73 m. Measurements were collected with surface wind speeds up to 10.7 m s~!, with the
majority of sampled concentrations being collected for ujg = 3.4—7.9 ms~! (535/741 data points).

Almost all measurements were collected with neuston nets, either multi-level nets simultaneously
sampling fixed depth intervals (Kooi et al., 2016b) or using multi-stage nets that consecutively
sample fixed depths or depth ranges (Kukulka et al. (2012); Egger et al. (2020); Amaral-Zettler
(unpublished data)). These nets have mesh-sizes of 0.33 mm, and will generally sample high
and medium (wy;se = 0.03 — 0.003 m s_l) buoyancy particulates, which for non-biofouled
polyethylene would have a diameter greater than the mesh size (2.2 and 0.4 mm). In contrast,
low buoyancy particulates (wyise = 0.0003 m s~!) are typically not sampled in neuston nets
(Kooi et al., 2016b), likely in part due to smaller particulate sizes. Pieper et al. (2019) filtered
samples collected via Niskin bottles with a 0.8um filter and thus was able to filter out smaller
particulates with lower rise velocities.

All measured microplastic concentrations are normalized by total amount of plastic mea-
sured within a vertical profile. In order to compare the average normalized field concentration
with the modelled profiles, we bin the normalized field concentrations into 0.5 m depth bins and
calculate the standard deviation for each depth bin. Comparison of the modelled concentration
profiles with the binned normalized field measurements is done via the root mean square error

(RMSE):

n

1
RMSE =, | — Cti—Cmy 4.13
2 2 (Cri = Con) (113)
where Cy; and Cy,; are the binned normalized field measurement and modelled concentration
within depth bin i. Model evaluation for the low buoyancy particles is not possible with the
available field measurements as low buoyancy particles are typically too small to be sampled
with neuston nets, and the Pieper et al. (2019) dataset alone is too small.

4.3 Results

Starting with all particles at z = 0 for ¢ = 0, M-0 models with both KPP and SWB diffusion
lead to stable vertical concentration profiles (Fig. 4.2), where the equilibrium concentration
profile is already established within 1 - 2 hours (Fig. 4.A.9). For both diffusion profiles, there is
progressively deeper mixing of particles with increasing wind speeds and decreasing buoyancy.
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Table 4.1: Overview of the sources of field measurements of microplastic concentration profiles. The uncertainty
in the mean MLD is the standard deviation.

Measurement Number of Number of Mean MLD [min max]
Source . .
Approach concentration profiles data points (z)
Kooi et al. (2016b) Neuston net 46 506 15.443.6 [10.0, 26.2]
Pieper et al. (2019) Niskin bottles 12 152 17.145.5 [11.0, 28.0]
Kukulka et al. (2012) Neuston net 13 47 24.3+8.9 [11.0, 45.1]
Egger et al. (2020) Neuston net 16 20 55.8419.2 [12.3, 72.8]
Amaral-Zettler (unpublished data) Neuston net 3 16 17.84+4.8 [14.0, 26.0
Total 90 741 17.5+8.8 [10.0, 72.8
(@) U1p=0.2-1.5ms ! (b) u1p=1.5-3.3ms! (€) upp=3.3-5.4ms!
2 o, B E B N i —— SWB, M-0, Wyse = 0.03 m 51
’ ° X —— SWB, M-0, Wyse = 0.003 m s~!
~ > b il | . -== KPP, M-0, Wyise = 0.03 m s~}
£ ) -== KPP, M-0, Wyse = 0.003 m 51
< 10 1 [ B Kooi et al. (2016)
g s Pieper et al. (2020)
o Amaral-Zettler (Unpublished data)

=15 1 ] Kukulka et al. (2012)
Egger et al. (2020)
e Field data average

-20 : : .
(d) u;p=5.4-7.9 ms1! (f) w,=0.0003 ms~1

v~
— I SWB, M-0, ujp = 0.85 ms™!

—— — = - fi i
//:r —— SWB, M-0, uyo = 2.40 m 5!

E -5 —— SWB, M-0,upp = 4.35ms™!
L]

= s —— SWB, M-0, ujp = 6.65 ms!
== L]

= -10 —— SWB, M-0, ujp = 9.30 m s~!

8 o . KPP, M-0, ujp = 0.85 m s1

-15 -== KPP, M-0, ujp = 2.40 ms~!

--= KPP, M-0, ujp = 4.35 ms~?

=20 ,. --- KPP, M-0, ujp = 6.65 ms~!

104 102 10° -—= KPP, M-0, uo = 9.30 ms~!
Normalised Concentrations

Figure 4.2: Vertical concentrations of buoyant particles for KPP and SWB diffusion using M-0 models. Subfigures
(a) - (e) show the vertical concentration profiles for high and medium buoyancy particles with increasing wind
speeds. The KPP profiles are calculated for # = 1.0 and 2o according to Equation 4.12. The grey markers indicate
field measurements, with darker shades indicating more measurements, while the binned field measurement
average and standard deviation are shown by the black markers. Subfigure (f) shows the vertical concentration
profiles for low buoyancy particles under increasing wind conditions. Shading around the profiles indicates the
profile’s standard deviation at each depth level.

While with both SWB and KPP diffusion low buoyancy particles always get mixed below the
surface, for medium and high buoyancy particles there exist minimum wind speeds below which
all particles remain at the surface. These limits are similar for both diffusion types for medium
buoyancy particles (u19 > 2.40 m s~1), but high buoyancy particles only mix below the surface
with SWB diffusion if w19 > 9.30 m s~'. However, once mixing below the ocean surface occurs,
KPP diffusion always leads to deeper mixing of particles than SWB diffusion due to higher
subsurface K, values.

The concentration profiles for medium and low buoyancy particles are largely unaffected
by reducing At below 30 seconds (Fig. 4.A.14). However, for high buoyancy particles with SWB
diffusion the concentration profile more strongly depends on At due to the applied boundary
condition. For At = 30 s, the M-0 model shows all particles remain near the ocean surface, but
shorter At values indicate that deeper mixing of particles already occurs for uyg = 6.65 m s™.
With KPP diffusion, all high buoyancy particles remain at the surface even with At = 1 second,
as K, at z = 0 remains too low to overcome the high rise velocity.

Even though KPP diffusion with § = 1.0 and z following (Zhao & Li, 2019) predicts deeper
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mixing of particles than with SWB diffusion (v = 1.0), both approaches underpredict the mixing
of particles relative to field observations. For KPP diffusion, this can be corrected by accounting
for LC-driven mixing, which leads to deeper mixing of particles for both medium and low
buoyancy particles (Figures 4.3 & 4.A.10). For medium buoyancy particles this generally leads to
better model agreement with lower RMSE values between the modelled and averaged field data
concentration profiles (Figure 4.5). However, for high buoyancy particles LC-driven circulation is
not enough as particles remain at the ocean surface for all wind conditions even for # = 5.0
(Figure 4.A.11), as K, for z ~ 0 is too low to overcome the inherent particle buoyancy. Only
when LC-driven is combined with higher near-surface K, values by setting zp = 0.1 x H, do
we see any below-surface mixing of high buoyancy particles when 6 > 3.0 and uig > 9.30 m
s~!. Increased near-surface K, values have a lesser influence on the concentration profiles of
medium and low density particles, as these particles were already being mixed below the surface
even without larger zy values. For SWB diffusion we obtain deeper mixing of all particles by
increasing v > 1.0 (Figures 4.4, 4.A.12 & 4.A.13), which improves model performance relative
to observations (Figure 4.5). While increasing - does not affect the peak magnitude of the
near-surface K, values, it increases the depth until which K, is constant. This therefore results
in stronger overall mixing (Figure 4.1), which in turn leads to the deeper mixing of the particles.

With both KPP and SWB diffusion, M-1 models show deeper mixing of particles as o — 1
(Fig. 4.6). Relative to the field measurements, M-1 models can at best slightly improve model
performance over M-0 models (Fig. 4.7). However, improved model performance is not shown
across all particle sizes and wind conditions, and there is not a consistent a value leading to the
smallest RMSE values.

4.4 Discussion

The parametrizations presented in this study are intended for use in 3D Lagrangian experiments
using OGCM data, and therefore should yield numerically stable results for the relatively large
integration timesteps used in large-scale Lagrangian vertical transport modeling (Lobelle et al.,
2021). While there are more stable schemes available than the EM scheme used in this study
(Grawe et al., 2012), the EM scheme is computationally the cheapest and yields concentration
profiles that match reasonably well with observations. Both M-0 and M-1 models show largely
convergent concentration profiles for At = 30 seconds, which would make both approaches
feasible with regards to computational cost. However, we would currently recommend using a
M-0 model. M-1 models have the additional tuning parameter « representing the autocorrelation
of turbulent velocity fluctuations, which is poorly constrained in the literature. Using spatially
invariant « values at best slightly improved model performance in comparison with M-0 models,
and constraining « is not possible from these results. M-1 models may improve modeling of
vertical diffusive transport, but more work is required to further constrain the value and vertical
profile of cv. Finally, numerous formulations of the M-1 drift term have been proposed (Brickman
& Smith, 2002; Mofakham & Ahmadi, 2020, e.g.) which can lead to large differences in the
modelled profiles. In this study we used the non-normalized Langevin equation from Mofakham
& Ahmadi (2020), but other formulations could be explored in future work.

While the concentration profiles of medium and low buoyancy particles are unaffected by
decreasing the integration timestep At < 30 seconds, using higher At values underestimates
the depth to which high buoyancy particles are mixed when using SWB diffusion. This is
because for high At values, the upward non-stochastic component of equation 4.6, which
scales with At, dominates the stochastic component, which scales with vAt. With KPP
diffusion the vertical profile for high buoyancy particles appears unaffected by At, but this
is because the near-surface K, values are significantly lower than with SWB diffusion. One
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possibility to correct for this is to apply a different BC, such as a reflective BC. While the
concentration profiles for medium and low buoyancy particles are not strongly affected by such
a reflective BC (Fig. 4.A.15), the reflective BC does show deeper particle mixing with SWB
diffusion. However, for At = 30 seconds the depth of mixing is now overestimated compared to
smaller At values (Fig. 4.A.16), as with At = 30 seconds and w, = 0.03 m s~! the particle
would be reflected up to 0.9 m below the ocean surface solely due to the model numerics. In
addition, earlier studies have shown that reflecting BC can cause spurious increases in particle
concentration near the boundary (Ross & Sharples, 2004; Nordam et al., 2019). Therefore,
changing the BC to a reflective BC would not improve the concentration profiles of high
buoyancy particles. Depending on the model application and setup, the error in the concentra-
tion profile depth (O(1) m for high buoyancy particles) might be acceptable. Otherwise, the
error can be reduced by using a smaller integration timestep where that is computationally feasible.

Considering the KPP and SWB diffusion profiles, the results in this study are inconclu-
sive with regards to which approach performs better relative to field observations. For high
buoyancy particles, SWB diffusion leads to slightly deeper particle mixing, while only if the KPP
diffusion profile accounts for LC-driven turbulence and has higher near-surface K, values can it
similarly show below-surface mixing of high buoyancy particles for w19 > 9.30 m s~!. With
medium and low buoyancy particles the KPP profile leads to much deeper mixing compared
with SWB diffusion where v = 1.0 (Poulain, 2020), especially when accounting for LC-driven
turbulence, and this appears to agree better with field observations. However, for SWB diffusion
the value of 7 is uncertain, as Poulain (2020) and Kukulka et al. (2012) respectively define
v = 1.0 and ~ = 1.5. Higher ~ values leads to approximately equal model performance relative
to field observations as with KPP diffusion. However, the model evaluation is largely based on
field measurements collected in the top 5 m of the water column, and it is below this depth that
we see greater differences in the KPP and SWB vertical concentration profiles. In addition, the
currently available data collected with Neuston nets does not allow for model evaluation for
the low-buoyancy particles in either scenario. As such, more field measurements (including
smaller-sized particles) would be necessary to fully evaluate model performance for all particles
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sizes with the two diffusion profiles.

With regards to necessary data to calculate the diffusion profiles, the SWB approach has the benefit
that it only requires surface wind stress data, while KPP diffusion additionally requires MLD data.
In addition, while our results indicate that accounting for LC-driven turbulent mixing improves
KPP diffusion model performance, determining which 6 value to use is not trivial. McWilliams &
Sullivan (2000) demonstrated that 6 is inversely proportional to the Langmuir number La, which
is defined as La = \/u.,/Us with Ug as the surface Stokes drift. The Langmuir number can
conceivably be calculated using OGCM data, but the details of such an implementation will be left
for future work with 3D Lagrangian models. However, KPP diffusion does have the advantage that
it has been widely used and validated in various model setups (Large et al., 1994; McWilliams &
Sullivan, 2000; Boufadel et al., 2020), while such extensive validation has not yet occured for SWB
diffusion. Finally, the influence of wind forcing on turbulence is generally assumed to be limited
to the surface mixed layer (Chamecki et al., 2019), while with the SWB profile wind-generated
turbulence can extend far below the MLD (Figures 4.1 & 4.4), possibly overestimating turbulent
mixing at such depths. KPP theory does limit wind-driven turbulent mixing to the surface
mixed layer, while either a constant K, value or other K, profiles could be used for sub-MLD
mixing, such as the K, estimates for internal tide mixing as proposed by de Lavergne et al. (2020).

Ideally, KPP theory would be expanded to account for surface wave breaking, which could lead
to higher near-surface K, values as seen with MLD diffusion. While such a theoretical approach
is beyond the scope of this paper, we show that artificially elevating near-surface K, values by
increasing the surface roughness zy has a smaller influence on the overall concentration profile
than LC-driven mixing, as similarly shown by Brunner et al. (2015). Therefore, although we
recommend future work incorporating surface wave breaking into KPP theory, our current KPP
diffusion approach representing LC-driving mixing through 6 does already seem to capture the
majority of turbulent mixing dynamics.

In all cases, the vertical concentration profiles stabilized to vertical equilibrium profiles, similar
to what has been shown for buoyant particles in LES model studies (Liang et al., 2012; Yang
et al., 2014; Brunner et al., 2015; Taylor, 2018). The modelled concentration profiles generally
resembled the profiles from field measurements of microplastic concentrations under different
wind conditions (Kukulka et al., 2012; Kooi et al., 2016b), but the averaged concentration
profiles of the field measurements are quite noisy. Partly, this could be due to inhomogeneity in
the particle buoyancy, as the collected microplastic particulates have varying sizes and rise
velocities (Kooi et al., 2016b; Egger et al., 2020). Additionally, we sorted the field measurements
based on wind conditions, but other underlying oceanographic conditions such as the MLD can
still vary significantly even with similar wind speeds. Unfortunately, we lack additional data of
the oceanographic conditions at the of sampling, which currently prohibits more high-level
comparisons of the field and model concentration profiles. Compared with the field data, the
variance in the modelled concentration profiles is significantly smaller. This is in part also due to
assuming constant environmental conditions over 12 hours for the model simulations, while wind
and other oceanographic conditions can change on much shorter timescales over the ocean surface.
To further improve vertical transport model verification, more measurements would be required,
covering a wider range of oceanographic conditions (such as for wind conditions higher than
u10 = 10.7 m s7!) and with a high spatial sampling resolution also for depths z < —5m. Ideally
these measurements would also sample small, neutrally buoyant particulates, but we acknowledge
this is difficult with the sampling techniques commonly used today. At the same time, we would
encourage conducting more ocean field measurements of near-surface vertical eddy diffusion
coefficient and/or eddy viscosity profiles, as this will allow further validation of the K, profiles
predicted by the KPP and SWB theory with actual ocean near-surface mixing measurements.



4.0. EMPIRICAL LAGRANGIAN PARAMETRIZATION FOR WIND-DRIVEN MIXING OF
78 BUOYANT PARTICLES AT THE OCEAN SURFACE

The parameterizations have been validated for high/medium rise velocities, and at least
for KPP diffusion with 6 > 1.0 the concentration profiles resemble those calculated from field
observations. This provides confidence in the turbulence estimates from the KPP approach, and
as these are independent of the type of particle that might be present, this would suggest the KPP
approach can also be applied to to neutral or negatively buoyant particles. However, as model
verification was only possible for microplastic particulates with rise velocities approximately
between 0.03 - 0.003 m s~!, we would advise additional model verification for other particle
types where the necessary field data is available. In the case of SWB diffusion, turbulent mixing
seems underestimated when further from the ocean surface when v = 1.0, but increasing to
v = 1.5 — 2.0 does correct for this. However, as SWB diffusion has not yet been as extensively
tested and verified as KPP diffusion, we advice more caution and additional validation with field
observations before applying this diffusion approach to other particle types.

4.5 Conclusion

We have developed a number of 1D surface-mixing parametrizations designed to be readily
applied in large-scale oceanic Lagrangian model experiments using OGCM data. Where possible,
we would recommend using the turbulence fields from the OGCM to assure turbulent transport
of the particles is consistent with that of other model tracers. However, if the turbulence fields
are unavailable then particularly parametrizations with KPP diffusion with LC-driven mixing
are shown to produce modelled vertical concentration profiles that match relatively well with
field observations of microplastics. The parametrizations generally perform well for timesteps of
At = 30 seconds, but for high buoyancy particles users need to take care to use sufficiently short
timesteps, especially with SWB diffusion. Verification was only possible for positively buoyant
particles larger than 0.33 mm (which generally have rise velocities < 0.003 m s~!), but the
parametrizations should also be applicable to other particle types. The parametrizations can
therefore be applied to investigate the influence of turbulent mixing on the vertical transport
of (microplastic) particles within a 3D model setup, and ultimately gain a more complete
understanding of the fate of such particles in the ocean.
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4.A Supplementary material

4.A.1 w,/w' ratios for various turbulence scenarios

Table 4.A.2: Ratios w, /w’ between the rise velocity w, and the peak stochastic velocity perturbation w’ for
KPP and SWB diffusion. The peak w’ is the maximum value of Equation 4.3. The peak w’ values for KPP
diffusion are calculated for € [1.0,3.0,5.0] and for 2 following Equation 4.12. The peak w’ values for SWB
diffusion are independent of ~.

Wind Speed (m s~1)

Diffusion Type

w, = 0.03 m s

w, = 0.003 m s~ 1

wy, = 0.0003 m s !

KPP, 6 =1.0 1.818 0.182 0.018
0.85 KPP, 0 =3.0 1.055 0.106 0.011
KPP, § =5.0 0.818 0.082 0.008
SWB 10.512 1.051 0.105
KPP, 6 =1.0 1.087 0.109 0.011
9 40 KPP, 0 =3.0 0.628 0.063 0.006
KPP, 6 =5.0 0.486 0.049 0.005
SWB 4.077 0.408 0.041
KPP, 6 =1.0 0.808 0.081 0.008
435 KPP, 0 =3.0 0.465 0.047 0.005
KPP, 0 =50 0.359 0.036 0.004
SWB 1.753 0.175 0.018
KPP, 6 =1.0 0.654 0.065 0.007
6.65 KPP, 0 =3.0 0.373 0.037 0.004
KPP, 6 =5.0 0.288 0.029 0.003
SWB 0.935 0.094 0.009
KPP, 6 =1.0 0.553 0.055 0.006
9.30 KPP, 0 =30 0.313 0.031 0.003
KPP, 6 =5.0 0.241 0.024 0.002
SWB 0.566 0.057 0.006
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4.A.2 Influence of z; on diffusion profiles
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Figure 4.A.8: Vertical diffusion coefficient profiles for KPP diffusion under varying wind conditions with 6 = 1.0.
The KPP diffusion profile is calculated either with zp according to Equation 4.12 or zo = 0.1 x H,.



4.0. EMPIRICAL LAGRANGIAN PARAMETRIZATION FOR WIND-DRIVEN MIXING OF
82 BUOYANT PARTICLES AT THE OCEAN SURFACE

4.A.3 Time evolution of concentration profiles
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Figure 4.A.9: Vertical concentrations of buoyant particles for KPP diffusion at times ¢t = 0 — 12 hours. The KPP
diffusion profile is calculated with 6 = 1.0, u10 = 6.65 m s~ !, and zo according to Equation 4.12.
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4.A.4 Influence of § for KPP diffusion
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Figure 4.A.10: Vertical concentrations of buoyant particles for KPP diffusion under varying wind conditions
with w, = 0.0003 m s~'. The KPP diffusion profile is calculated either with zy according to Equation 4.12 or
zo = 0.1 X Hs, and for 6 € [1.0,2.0,3.0,4.0,5.0]. The grey markers indicate field measurements, with darker shades
indicating more measurements, while the binned field measurement average and standard deviation are shown by
the black markers. Shading around the profiles indicates the profile’s standard deviation at each depth level.
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Figure 4.A.11: Vertical concentrations of buoyant particles for KPP diffusion under varying wind conditions
with w, = 0.03 m s~ . The KPP diffusion profile is calculated either with z according to Equation 4.12 or
20 = 0.1 x H,, and for 6 € [1.0,2.0,3.0,4.0,5.0]. The grey markers indicate field measurements, with darker shades
indicating more measurements, while the binned field measurement average and standard deviation are shown by
the black markers. Shading around the profiles indicates the profile’s standard deviation at each depth level.

4.A.5 Influence of v for SWB diffusion
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Figure 4.A.12: Vertical concentrations of buoyant particles for SWB diffusion under varying wind conditions with
w, = 0.0003 m s~*. The SWB diffusion profile is calculated with v € [0.5,1.0,1.5,2.0]. The grey markers indicate
field measurements, with darker shades indicating more measurements, while the binned field measurement
average and standard deviation are shown by the black markers. Shading around the profiles indicates the profile’s
standard deviation at each depth level.
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Figure 4.A.13: Vertical concentrations of buoyant particles for KPP diffusion under varying wind conditions with
w, = 0.03 m s~*. The SWB diffusion profile is calculated with v € [0.5,1.0,1.5,2.0]. The grey markers indicate
field measurements, with darker shades indicating more measurements, while the binned field measurement
average and standard deviation are shown by the black markers. Shading around the profiles indicates the profile’s
standard deviation at each depth level.
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4.A.6 Influence of At
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Figure 4.A.14: Vertical concentrations of buoyant particles for (a, ¢, ¢) KPP and (b, d, f) SWB diffusion using
M-0 models with varying values for w.;se and At € [30, 15,10, 5, 1] second(s). All profiles are for uio = 6.65 m s7L.
Shading around the profiles indicates the profile’s standard deviation at each depth level. The KPP profiles are
computed with # = 1.0 and 2o according to Equation 4.12, while the SWB profile is computed with v = 1.0.
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4.A.7 Influence of boundary conditions
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Figure 4.A.15: Vertical concentrations of buoyant particles for (a) KPP and (b) SWB diffusion using M-0
models for reflective and ceiling BC’s. Shading around the profiles indicates the profile’s standard deviation at
each depth level. All profiles are for u10 = 6.65 m s~!. The KPP profiles are computed with § = 1.0 and z
according to Equation 4.12; while the SWB profile is computed with v = 1.0.
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Figure 4.A.16: Vertical concentrations of buoyant particles for (a, ¢, ¢) KPP and (b, d, f) SWB diffusion using
M-0 models with varying values for wr;se and At € [30, 15,10, 5, 1] second(s) with a reflective BC. All profiles
are for u1p = 6.65 m s~ '. Shading around the profiles indicates the profile’s standard deviation at each depth

level. The KPP profiles are computed with 6§ = 1.0 and 2o according to Equation 4.12, while the SWB profile is
computed with v = 1.0.
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Abstract

Microplastic particles move three-dimensionally through the ocean, but modeling studies often do
not consider size-dependent vertical transport processes. In addition, microplastic fragmentation
in ocean environments remains poorly understood, despite fragments making up the majority of
microplastic pollution in terms of number of particles, and despite its potential role in mass
removal. Here we first investigate the role of particle size and density on the large-scale transport
of microplastic in the Mediterranean Sea, and next analyse how fragmentation may affect
transport and mass loss of plastic. For progressively smaller particle sizes, microplastic is shown
to be less likely to be beached and more likely to reach open water. Smaller particles also
generally get mixed deeper, resulting in lower near-surface concentrations of small particles
despite their higher total abundance. Microplastic fragmentation is shown to be dominated by
beach-based fragmentation, with ocean-based fragmentation processes likely having negligible
influence. However, fragmentation remains a slow process acting on decadal timescales and as
such likely does not have a major influence in the large-scale distribution of microplastics and
mass loss over periods of at least 3 years.

5.1 Introduction

Marine plastic pollution has negative ecological and economic impacts, including harming marine
wildlife through ingestion and entanglement (Mascarenhas et al., 2004; Molnar et al., 2008;
Van Franeker & Law, 2015), acting as a vector for harmful chemicals and bacterial pathogens
(Gregory, 2009; Virsek et al., 2017) and reducing tourism at commercial beaches (Ballance et al.,
2000; Beaumont et al., 2019). Plastic is already ubiquitous in marine habitats, with microplastic
(< 5 mm) particles being found everywhere from coastlines to the deep sea (Browne et al., 2015;
Brignac et al., 2019). Yet, the pathways and ultimate fate of plastic once it enters the ocean are
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not fully understood, complicating a full assessment of the associated risk of marine plastic
pollution. A complete understanding of the fate of plastic once it enters the ocean is therefore
necessary and urgent.

Lagrangian models are commonly used to explore various (micro)plastic scenarios and interpolate
between the available measurements (Lebreton et al., 2012; van Sebille et al., 2015; Liubartseva
et al., 2018; Onink et al., 2019, 2021a), since there is an insufficient number of standardized field
measurements to capture the full spatial and temporal variation of microplastic concentrations
on a range of time- and spatial scales (Browne et al., 2015). However, many models assume that
all plastic in the model is buoyant and remains at the ocean surface throughout the entire
simulation. Furthermore, microplastic particles come in a wide array of sizes and densities
but models often assume one generic particle (Lebreton et al., 2012; van Sebille et al., 2015;
Critchell et al., 2015; Carlson et al., 2017; Liubartseva et al., 2018; Onink et al., 2019, 2021a).
While these assumptions reduce model complexity, such models ignore all vertical transport
processes and cannot be used to examine microplastic distributions below the surface. However,
even positively buoyant microplastic particles can be mixed below the ocean surface due to
wave-driven turbulence (Kukulka et al., 2012; Kooi et al., 2016; Onink et al., 2021b) and buoyant
polymers have been found on the seabed up to thousands of meters below the ocean surface
(Bergmann et al., 2017; Woodall et al., 2014; Brignac et al., 2019). Field measurements also
indicate that the debris size affects the likelihood of the object reaching the open ocean, with
smaller particles being more likely to escape coastal regions (Morales-Caselles et al., 2021).
On a global scale, Mountford & Morales Maqueda (2019) showed that the particle buoyancy
can influence the large-scale transport both horizontally and vertically, but did not explicitly
relate these different buoyancies to particle sizes, while also using a relatively coarse spatial
resolution for the flow fields. In addition, plastic transport is further complicated by the various
transformations that microplastic particles undergo, such as changes in particle density due
to biofouling (Fazey & Ryan, 2016; Fischer et al., 2021) and decreasing particle size due to
fragmentation (Song et al., 2017; Gerritse et al., 2020), and the influence of particle shape
anisotropy on flow behavior (DiBenedetto et al., 2018; Clark et al., 2020). The fragmentation
of microplastics into gradually smaller particles has been suggested as a possible mass sink
(Lebreton et al., 2019), and it is important to understand the rate at which this occurs in order to
set up a global microplastic mass balance. Furthermore, while it is assumed that fragmentation
generally occurs more quickly on beaches than in the open ocean due to higher UV exposure,
higher oxygen levels and greater temperature fluctuations (Andrady, 2017), there is limited
experimental work that validates this assumption.

Understanding the influence that particle size has on large-scale transport is crucial, as
it can affect the particle buoyancy and therefore susceptibility to vertical mixing, as well as the
bioavailability of the particles to marine organisms (Wright et al., 2013). Here, we first present a
series of Lagrangian experiments to investigate the influence of microplastic particle size and
density on the large-scale transport. We limit our scope to the Mediterranean Sea, due to the
availability of both field measurements (Cézar et al., 2015; Ruiz-Orején et al., 2018; Merlino
et al., 2020; de Haan et al., 2022) and modeling studies (Kaandorp et al., 2020, 2021; Tsiaras
et al., 2021) to compare our results with. We then include microplastic fragmentation into our
size-dependent transport framework, building upon the work from Kaandorp et al. (2021), to
investigate the relative influence of ocean-based fragmentation. We also estimate the rate of
mass transfer to plastic particles smaller than 0.156 mm (below the commonly used mesh size in
microplastic observations).
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5.2 Methods

5.2.1 Ocean surface current data

For the 2010 - 2013 zonal and meridional currents, temperature, salinity and Mixed Layer Depth
(MLD) data, we use the CMEMS Mediterranean Sea Physics Reanalysis (CMSPR) (Escudier et al.,
2020). This reanalysis product has a temporal resolution of 3 hours, a horizontal spatial resolution
of 1/24° and 141 vertical depth levels. The model code is based on the NEMO version 3.6 (Madec
et al., 2017) oceanic general circulation model (OGCM), and the reanalysis is forced with hourly
ECMWEF ERAS5 atmospheric forcing fields (Hersbach et al., 2020). Compared with observations,
the main characteristics of the Mediterranean circulation is reproduced, while the errors in sea
temperature and salinity relative to observations are small(Escudier et al., 2021). The CM-
SPR MLD correctly represents the climatological MLD (Houpert et al., 2015; Escudier et al., 2021).

Since the CMSPR does not account for wave forcing, we use the Mediterranean Sea Waves
Reanalysis (MSWR) (Korres et al., 2019) for the meridional and zonal surface Stokes drift, and
peak wave period. This reanalysis product has a temporal resolution of 1 hour and a horizontal
spatial resolution of 1/24°. The model code is based on the ECMWF WAM 4.6.2 wave model
(ECMWF, 2017) and is forced with with hourly 10m surface wind fields from the ECMWF
ERAS5 atmospheric reanalysis (Hersbach et al., 2020). Direct validation of the Stokes drift is
difficult, but this is expected to be a function of both the spectral significant wave height and the
spectral wave period (Breivik et al., 2016), which are both simulated reasonable well compared
to observations (Zacharioudaki et al., 2020).

For calculating the wind-driven turbulent mixing within the surface mixed layer, we use
hourly 10m surface wind fields from the ECMWF ERAS5 atmospheric reanalysis (Hersbach et al.,
2020). Using the ERADB reanalysis provides consistency with the forcing used for the CMSPR
and MSWR products, and the ERA5 product has been shown to have the closest match in
near-surface winds with observations compared to other reanalysis products (Ramon et al., 2019).

5.2.2 Lagrangian transport

We use Parcels (Lange & van Sebille, 2017; Delandmeter & Van Sebille, 2019) to model plastic
as virtual particles that are advected by the surface ocean currents. A change in the horizontal
particle position & =(lon, lat) is calculated according to:

2dtK,
T

t+At
Tt + At) = F(t) + / (6(5, ) + U5(Z, 2, r)) dr+ R (5.1)
t

where ¥(Z,t) is the horizontal surface velocity at the particle location Z(t) at time ¢, vg (33’, z, 7')
is the horizontal Stokes drift due to the surface wave field, R € [-1,1] is a random process
representing subgrid motion with mean zero and variance r» = 1/3, dt is the integration timestep
and K} = 10 m? s~! is the horizontal diffusion coefficient (Lacerda et al., 2019; Onink et al.,
2021a). To calculate the horizontal Stokes drift at depth z from the surface Stokes drift, we use
the approximation based on the Phillips spectrum from Breivik et al. (2016). Equation 5.1 is
integrated with a 4th order Runge-Kutta scheme with dt = 30 seconds, and particle position are
saved every 12 hours.

The turbulent vertical particle transport is modelled as a Markov-0 process following Onink et al.



5.0. THE INFLUENCE OF PARTICLE SIZE AND FRAGMENTATION ON LARGE-SCALE
96 MICROPLASTIC TRANSPORT IN THE MEDITERRANEAN SEA

(2021b), where the vertical particle position z(t) is calculated by:

2(t+ At) = 2(t) + (wr + 0.K.(Z, 2, 1)) dt + \/2K.(Z, z, t)dW (5.2)

where w, is the particle rise velocity, K, (f, z, t) is the vertical diffusion coefficient, 0, K, =
0K, /0z, dW is a Wiener increment with zero mean and variance dt, and the vertical axis z is
defined positively upward with z = 0 at the air-sea interface. Since the vertical and horizontal
diffusion fields are not provided within the CMSPR dataset, we use a local form of the K-profile
parametrization (KPP) (Large et al., 1994; Boufadel et al., 2020) for the vertical K, profile:

K&, 2,1) = (W@) (|2] + 20) (1 - MLZ@) (5.3)

where x = 0.4 is the von Karman constant, ., (Z,t) = 7(Z,t)/pw(Z, t) is the frictional velocity
of water for surface wind stress 7(Z,t) and surface sea water density p,(Z,0,t), ¢ = 0.9 is
the stability function in Monin-Obuokov boundary layer theory, 6 is the Langmuir circulation
enhancement factor and zj is the roughness scale of turbulence following (Zhao & Li, 2019) for
a wave age § = 1.21 (Kukulka et al., 2012; Onink et al., 2021b). Langmuir circulation (LC)
turbulent mixing can increase turbulent mixing up to § = 3 — 4 (McWilliams & Sullivan, 2000),
but as calculating 6 is not trivial we assume conservative wind mixing with negligible LC-driven
mixing where 6§ = 1.0. Aside from wind-driven turbulent mixing within the mixed layer, we also
account for tidal mixing throughout the water column based on time-invariant tidal mixing
climatologies (de Lavergne et al., 2020) as in Fischer et al. (2021). The particle rise velocity w,
is dependent on the particle size, and for a spherical particle with diameter d is calculated as:

(1-— %)*S/S*d*g
w’f‘ = Pw( 2 7t) (54)

24/Re(Z,z,t) + 5/y/Re(Z, z,t) +2/5

for the particle density p,, gravitational acceleration g = 9.81 m s72 and Reynolds number
Re(Z, z,t) = ppw, /v(Z, z,t) with the kinematic viscosity of sea water v (Enders et al., 2015).
The kinematic viscosity v(Z, z,t) at the particle position is calculated following the procedure
from (Kooi et al., 2017).

Following (Onink et al., 2021b), the boundary condition at the ocean surface has the particle
depth set at z = 0 if the particle crosses the air-surface interface. At the seabed, we apply a
reflecting boundary condition. Microplastic particles have been found at seafloor worldwide
(Woodall et al., 2014), and there have been a number of studies that have examined particle
settling and entrainment (Carvajalino-Fernandez et al., 2020; Waldschldger & Schiittrumpf,
2019b; Ballent et al., 2013). However, overall microplastic entrainment remains a highly uncertain
process and there is insufficient field and laboratory data to properly parametrize seabed
settling and entrainment. Therefore, seabed processes were not included in the current model setup.

The beaching and resuspension of particles on coastlines is modelled following Onink et al.
(2021a). Concentrations of beached microplastics are influenced by a wide range of processes,
such as wind direction and speeds, coast angle, aspect and morphology, tides, local runoff and
the degree of human usage of the beach (Debrot et al., 1999; Browne et al., 2015; Pieper et al.,
2015; Hardesty et al., 2017; Ryan et al., 2018; Brignac et al., 2019; Kaandorp et al., 2022).
However, such processes typically act on smaller spatial and temporal scales than those resolved
in ocean reanalysis products. To at least partially account for unresolved nearshore processes,
particle beaching is implemented as a stochastic process where the beaching probability pp for a
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particle for timestep dt is:
ifd <D, =1—exp(—dt/A
ifd>D, pp=0

where d is the distance from the particle to the nearest model land cell, D sets the outer limit of
the beaching zone within which beaching is possible and Ap is the beaching timescale in days.
Following Onink et al. (2021a), we set the beaching zone D = 6 km such that all land-adjacent
ocean cells are fully contained within the beaching zone. The probability pr of beached particles
being resuspended for for a time increment dt is:

pr =1 — exp(—dt/Ar(w,)) (5.6)

where the resuspension timescale Ag(w,) is dependent on the particle size. Based on field
experiments with drifters of various sizes, Hinata et al. (2017) found a linear relationship between
the particle rise velocity and the resuspension timescale in days:

Ar(wy) = 260 % w, + 7.1. (5.7)

Following equation 5.4, smaller particles have smaller rise velocities and are therefore more likely
to be resuspended. While Hinata et al. (2017) only considered a single beach in Japan, it is the
only field study that has studied the relation between the particle size and the residence time on
a beach and therefore we apply the relation to the Mediterranean. There is likely also a relation
between the particle size and the beaching probability, but as this has not been sufficiently
studied to date we set Ap to be size-independent. The beaching timescale remains a highly
uncertain parameter, and while the extensive sensitivity study by Onink et al. (2021a) showed
that it is actually the ratio between the beaching resuspension timescale that sets the large-scale
beaching behavior, there was insufficient field data to constrain this ratio to a specific value range.
We set Ap to a uniform value of 26 days, based on the model calibration study in Kaandorp et al.
(2020).

Objects floating at the ocean surface can be exposed to surface winds, but we do not in-
clude a separate windage term in the current model setup. The strength of the effect depends on
the size of the object that is exposed above the ocean surface (Van Den Bremer & Breivik, 2018),
and for the particle sizes within this study that effect is likely negligible.

5.2.3 Fragmentation model
5.2.3.1 Kaandorp box model and ocean fragmentation

The fragmentation model is based on Kaandorp et al. (2021), where plastic particles split
into smaller fragments based on fractal theory (Turcotte, 1986; Charalambous, 2014). For a
spatial dimension Dy = 3, one starts from a cubic parent object with dimensions L in size class
k = 0. Over time this parent object splits into smaller fragments, where fragments in size class
k = n have size L/2". The probability mass function (pmf) giving the mass m in size class k at
fragmentation index f is:

m(k; f,p) = ¢ Lk ) "(1—p)f (5.8)

(k+DT(H)"
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where p is the fraction of the original parent object that has been lost to smaller size classes at
f=1and I is the gamma function. The number of fragments n(k, f,p) in each size class is:

n(k, f,p) = 2% m(k; f,p) (5.9)

While a spatial dimension of Dy = 3 indicates a cubic parent object, Dy = 2 corresponds to
a sheet and a non-integer Dy would indicate a mixture of various particle types. A value of
p = 0.4 was reported to be suitable for pellets made out of polymers such as polyethylene and
polypropylene. The fragmentation rate is highly uncertain, ranging from 1.8 x 1072 f week !
based on data from laboratory experiments (Song et al., 2017), to 2.0 x 10~* f week—1 based on
fitting the fragmentation model to observational data of particle sizes (Kaandorp et al., 2021).
Defining the fragmentation timescale Ay as the time in days such that f =1 (implying 40%
mass loss of the parent object with p = 0.4), this implies Ay = 388 — 35000 days (Song et al.,
2017; Kaandorp et al., 2021).

To study the transport and fragmentation of microplastic in the Mediterranean, Kaandorp et al.
(2021) developed a box model representing microplastic transport between beaches, coastal (j15
km) waters, and open water for various particle size classes. The transition probabilities between
the coastal and open waters are based on Lagrangian simulations using the same CMSPR and
MSWR data products used in this study (Kaandorp et al., 2020), while the particle resuspension
followed equation 5.7. Kaandorp et al. (2021) assumed that fragmentation only occurrs on
beaches, as higher temperatures, UV radiation exposure and oxygen availability are assumed to
lead to faster fragmentation compared to microplastics in (sea)water (Andrady, 2017). For the
full details of the implementation of the box model we refer to Kaandorp et al. (2021). In order
to test the sensitivity of the box model to ocean fragmentation we modify the box model to also
allow for fragmentation in coastal and open waters. We therefore differentiate between the
beach-based fragmentation timescale Ay p and the coastal/open water fragmentation timescale

Af0-

Kaandorp et al. (2021) included a sink term Pgs in the box model, such that the amount of
plastics in the ocean system steady state matched observed plastic quantities. The steady
state concentrations in the beach and coastal/open water reservoirs can then be solved by
matrix inversion, where depending on the fragmentation rate a steady state is reached after
approximately a decade of simulation time.

In our sensitivity analysis of ocean fragmentation, we consider a base scenario where we
solely have beach-based fragmentation particles in 12 size classes (d = 0.002 — 5.000 mm)
with A p € [388,35000] days. We then add coastal/open water fragmentation, where we set
Ar.o € [1,5,10,100,1000,10000] x Af g. We assume a continuous weekly microplastic input of
size class k = 0 for the purpose of the sensitivity analysis. We set Ap = 26 days (Kaandorp et al.,
2020) and Ar according to equation 5.7.

5.2.3.2 Lagrangian model

Over time, the Kaandorp et al. (2021) fragmentation model predicts an exponential rise in the
number of microplastic fragments in the system. While this does not pose numerical challenges
within a box model, this does constrain the duration of any Lagrangian fragmentation simulation.
Given that it is not computationally feasible to represent each microplastic fragment as an
individual virtual particle, we instead have each virtual particle represent a certain microplastic
number/mass within a given size class. Similarly, while fragmentation is continuous and gradual
process, it is not computationally feasible to add new virtual particles after each integration
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timestep. Instead, further discretization is required.

To illustrate our Lagrangian fragmentation implementation, consider a single virtual par-
ticle which represents microplastic particles in the k = 0 size class (d = 5.000 mm). Initially,
this particle will have a number and mass weight of 1. When this particle is released, it will
be transported horizontally and vertically following equations 5.1 and 5.2, and cycle through
beaching and resuspension with probabilities corresponding to equations 5.5 and 5.6. Assuming
that fragmentation only occurs when a particle is beached, we keep a timer that tracks the
cumulative time that the particle has been beached (even if it is resuspended intermittently).
Once this timer indicates that a particle has been beached for 90 days, it fragments and we add
5 new particles corresponding to size classes k = 1 — 5. Based on the fragmentation timescale A,
we can convert the beached time to the equivalent fragmentation index f, which in turns allows
us to calculate the particle number and mass for each of the virtual particles using equations 5.8
and 5.9. For example, if Ay = 90 days, this would imply f = 1.0, and in turn that we would have
n(0, f = 1,p = 0.4) = 0.6. The beached timer then resets for the k& = 0 particle, with all newly
created particles starting as beached at the same location as the parent particle with beached
timers initialized at zero.

The described procedure applies to all particles in our fragmentation scenario (e.g. frag-
mentation of a k = 2 particle can create k = 3 — 5 fragments), where we track these particles for
up to 3 years with A\ € [388,1000, 10000, 35000, 50000] days. We only consider 6 size classes
(d = 0.156 — 5.000 mm) with particle densities p = 920 kg m~3, both due to computational con-
straints and since our fragmentation validation rests almost solely on manta trawl measurements,
which generally have a mesh size of 0.33 mm. Any particle mass transfer to smaller size classes
(d < 0.156 mm) is considered lost from the system.

5.2.4 Lagrangian model input

For both the size-dependent transport and fragmentation simulations, we scale the spatial
distribution of microplastic input according to riverine plastic inputs (Lebreton et al., 2017),
where we always release the particles in the shore-adjacent ocean cells. For each particle size in the
size-dependent transport scenario, we release 85 196 particles at the beginning of the simulation.
We consider 12 size classes (d = 0.002 — 5.000 mm) with particle densities p € [30, 920, 980, 1020]
kg m~3, which correspond to expanded polystyrene (PS), polypropylene (PP), polyethylene (PE)
and approximately neutrally buoyant polymers (Brignac et al., 2019). With the fragmentation
scenarios, we release 2 718 particles per month (97,848 in total), where these are evenly
divided over the six size classes. We base the initial weighing of the particles in each size
class on river microplastic size distributions (Zeri et al., 2021). While the size distribution of
microplastic entering the ocean can vary in space and time (Lebreton et al., 2017; Simon-Sadnchez
et al., 2019; Zeri et al., 2021), we currently lack the necessary field data to represent such in-
put variability, and therefore assume temporal and spatial invariance in the input size distribution.

All simulations in both the size-dependent transport and fragmentation scenarios run for
three years (2010 - 2012). While this is insufficient time the system to reach any equilibrium in
the fragmentation scenarios, the exponential increase in the number of virtual particles with
each additional simulation year means that longer simulations become too computationally costly.
However, three years is sufficient to study the horizontal and vertical spread of microplastics
throughout the Mediterranean, and in the case of the fragmentation scenario to quantify the
mass loss rate of microplastic to smaller, unresolved size classes (d < 0.156 mm).
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5.3 Results

5.3.1 Size-dependent transport

Figure 5.1 shows the relative distribution of particles between beaches, coastal waters (< 10 km
from the model coastline) and open water (> 10 km from the model coastline), averaged over 3
years of simulations, each simulation corresponding to a given particle size and density. Almost
all the large (d = 5 mm) particles are near coastlines, either beached (35.24 — 81.96%, depending
on the density) or adrift in the coastal zone (17.01 — 59.01%), with only a small fraction in open
water (1.04 — 5.74%). For the smallest particles (d = 0.002 mm) the open water fraction rises to
21.85 — 25.08%), with the coastal zone holding the majority of the particles (59.37 — 61.84%).
Microplastic particles are less likely to be beached as the particle size decreases, as smaller rise
velocities result in shorter resuspension timescales. However, with the exception of the p = 30 kg
m~3 particles, only around 1% of particles reach open water for sizes d > 0.156 mm, as even
as the number of particles that are adrift rises, they remain close to land. While the exact
distribution of particles over the beached, coastal and open water slightly varies with particle
density, the general trends with decreasing size are the same across all considered microplastic
densities. The nearshore trapping of almost all microplastic d > 0.1mm is also a feature we see
under size-independent resuspension timescales (Figure 5.1b & 5.A.9b).

The nearshore trapping of microplastics is dependent on local circulation patterns, and we see
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Figure 5.1: The Mediterranean beach (blue symbols), coastal (green) and open water reservoirs (red) as
percentages of the total number of particles in each size class and in each microplastic density for (a) size
dependent resuspension and (b) Ag = 7 days. The fractions are averaged over the entire three year simulations.
Each size class/particle density represent an individual model simulation.

spatial variability in the likelihood of microplastic to reach the open ocean (Figure 5.2). While
certain areas, such as the Spanish and French coastlines, show relatively little nearshore trapping
for any particle size (Figure 5.A.10), generally small microplastic particles are much more likely
to reach the open ocean than large particles. However on local scales, such as the Adriatic
Southern Italian coastline, opposite trends can occur.

We find strong differences in both the vertical and horizontal distribution of different sizes of
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Figure 5.2: The median maximum distance from shore reached by particles (a) 5.000 mm and (b) 0.002 mm
particles over the course of their entire trajectories, with each point indicating an input location. All simulations
are for size-dependent resuspension with p = 920 kg m™2.

microplastic. Smaller and denser microplastic particles are mixed deeper below the ocean surface
(Figure 5.3 & 5.A.11), where for the smallest and heaviest microplastics up to 58.21% of all the
particles are below 10 m from the ocean surface (Table 5.A.2). The vertical transport of particles
also shows a strong seasonal influence, as stronger stratification during the spring and summer
months generally leads to shallower mixing due to the lower MLD (Figure 5.3 & Table 5.A.2).
However, vertical mixing from the internal tides can transport particles down far below the MLD,
with a small number of particles of various sizes and densities being mixed over 2,000 m below
the ocean surface.

In summary, large particles remain at the ocean surface whereas smaller particles can get mixed
far below the ocean surface, and this is also reflected in the horizontal distribution. The open
water column-integrated concentrations are orders of magnitude lower for large (d = 5.000 mm)
particles (Figure 5.4a & 5.A.12) than for small (d = 0.002 mm) particles (Figure 5.4c & 5.A.12)
in the first year of the simulation. This is in large part due to larger particles being more likely
to be beached and less likely to be transported from coastal to open water. The horizontal
distribution is strongly dependent on the input scenario, as we see the highest concentrations
near the Algerian coast and in the Levantine Sea. However, by the third simulation year the
smaller (d < 0.078 mm) particles are distributed more homogeneously throughout the entire
Mediterranean basin, with slightly higher concentrations in the Eastern Mediterranean (Figure
S5g-1). In contrast, almost all larger (d > 0.078 mm) particles are either beached or in coastal
areas (Figure 5.A.14a-f). However, as smaller microplastic particles are more easily mixed below
the surface, the near-surface microplastic concentrations are higher for large microplastics
than small particles (Figure 5.4b, 5.4d & 5.A.13). As such, while smaller microplastic particles
are more likely to reach open waters in the Mediterranean, solely considering surface field
measurements would indicate an opposite trend.

5.3.2 Ocean fragmentation

We next examine the effect of fragmentation on the size distribution of microplastic particles,
using the Kaandorp box model. Figure 5.5 shows the calculated steady-state size distributions
assuming different ocean-based fragmentation timescales Ar o, separated into open water, coastal
and beach reservoirs. The baseline steady state microplastic size distributions show an exponential
increase in the number of particles for smaller size classes (note the logarithmic scale). The
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Figure 5.3: Normalized vertical microplastic concentrations during different seasons and for 5.000 — 0.002 mm
particles with p € [920, 980] kg m 3 with size-dependent resuspension. All profiles are averaged over the three year
simulation period and are normalized by the total number of particles in each simulation (n = 85,196)

faster beach fragmentation timescale Ay p = 388 days results in 4 orders of magnitude more
particles and mass in smaller size classes compared to Ay g = 35,000 days. The addition of ocean
fragmentation has a minimal influence on the modelled size distribution unless Af o ~ A p, i.e.
ocean fragmentation is equally fast as fragmentation on beaches.

Based on laboratory experiments, the ocean fragmentation timescale Afo is highly vari-
able and dependent on the object polymer, object type and experimental setup (Table 5.1).
Assuming a fragmentation fraction p = 0.4, a parent object would lose 40% of its initial mass over
a full fragmentation cycle (f = 1) and this is estimated to take anywhere from years to centuries
in marine environments. However, for the type of PP and PE fragments considered in this study,
Ar.0 appears to be on the order of decades. Compared with the A; g estimates from (Song et al.,
2017) of 0.3 - 1.1 years, this would suggest that to first order, ocean-based fragmentation is
negligible relative to beach-based fragmentation, at least within the Mediterranean.

5.3.3 Lagrangian fragmentation

Based on the sensitivity study performed with the box model, we solely consider beach-based
fragmentation in our Lagrangian fragmentation scenario and A; henceforth refers to the
beach-based fragmentation timescale Ay g. A simulation time of three years is insufficient for
any form of steady state to be established, and instead the size distributions are still heavily
influenced by the initial input size distribution (Figure 5.6). It is only in the smallest size
classes (d = 0.156,0.313 mm) that clear differences arise between the various Ay values. The
fragmentation with Ay = 388 days is over two orders of magnitude faster than with Ay = 50, 000
days, and in the coastal and beached reservoirs the k = 5 size class correspondingly has two
orders of magnitude more particles and mass with Ay = 388 days compared to Ay = 50,000 days.
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Figure 5.4: The column-integrated and near surface (particle depth z < 1 m) horizontal microplastic concentrations

for (a - b) 5.0 mm and (c - d) 0.002 mm particles. All concentrations represent the first year of the simulation

with size-dependent resuspension and p = 920 kg m™>.

However, in the open water these differences are smaller due to the relatively small number of
particles that reach the open water. A gradual mass transfer to smaller size classes is apparent,
but the overall mass loss to size classes smaller than 0.156 mm (smaller than the regular Manta
Trawl mesh size) is only 0.24 — 2.45%.

The horizontal spread of the various microplastic size classes closely resembles the distri-
bution in the size-dependent transport scenarios (Figure 5.7), with the concentrations of
microplastics near coastlines being orders of magnitude higher than in the open ocean. Smaller
size classes generally show higher concentrations in open water due to the shorter resuspension
timescales and decreased coastal trapping, but even as smaller particles are more numerous
(Figure 5.7), the larger size classes still hold a large portion of the total microplastic mass (Figure
5.8). For example, with Ay = 388 days by counts 53.25% of the particles have a size d = 0.156
mm (assuming spherical particles), but only 1.98% of the microplastic mass is in the size class.
In contrast, the three largest size classes make up only 5.61% of the microplastic particles
by count, but 76.04% of the microplastic mass. Given that all size classes in the Lagrangian
fragmentation scenario are relatively large, the particles generally remain at the surface, with at
most 0.07% of the total microplastic mass below 10 m.

5.4 Discussion

The distinct differences in the column-integrated and near-surface concentrations highlight the
importance in considering the full 3D transport of microplastics. Particles with near-zero rise
velocities, either due to their small size or being nearly neutrally buoyant relative to the sea water,
are much more likely to be mixed below the ocean surface. As suggested by Cézar et al. (2014), this
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Figure 5.5: Steady-state normalized microplastic size distributions of microplastic particles with varying beach
and ocean fragmentation timescales using the Kaandorp et al. (2021) box model.

can be a partial explanation of why size distributions of microplastic measurements collected with
neuston nets show fewer small particles than expected. The near-surface concentration distribution
in the first model year closely resembles that of Tsiaras et al. (2021), which despite using a different
input scenario and model setup, similarly showed the highest concentrations in coastal areas of
Egypt, Algeria and the Adriatic Sea. For the larger size classes (d > 0.313 mm), this also matches
well with field measurements throughout the Mediterranean basin (Cézar et al., 2015; Pedrotti
et al., 2018). However, validating the horizontal distribution of particles smaller than ~ 0.1 —0.33
mm is currently not possible, as these particles are generally not captured within neuston nets
and alternative sampling methodologies are either not available or not extensively used to study
the distribution of the smallest microplastic particles in the ocean. Similarly, while the high
subsurface concentrations predicted by the model are in line with observations (Egger et al.,
2020; Poulain et al., 2018; Pieper et al., 2019; Pabortsava & Lampitt, 2020), these observational
records do not have sufficiently high temporal and spatial resolutions to validate the modelled
vertical concentration profiles, and its seasonal variability. This would also require sampling
techniques other than neuston nets, such as niskin bottles (Pieper et al., 2019) or high-volume
filtration systems (Zhao et al., 2022), to study the distribution of microplastic particles < 0.33 mm.

The transformation of microplastic particles due to fragmentation is critical for understanding the
long-term fate of microplastics, as changes in the particle size can affect the large-scale transport
and the bio-availability to various trophic levels in the marine ecosystems. While a host of
different processes are known to affect the fragmentation rate, such as polymer type, UV exposure
and oxidation (Song et al., 2017), isolating which is the dominant processes is vital for developing
basic fragmentation models. One simplifying assumption made by Kaandorp et al. (2021) was that
fragmentation predominantly occurred on beaches, where plastic is generally exposed to higher UV
levels, higher oxygen levels, greater temperature fluctuations and more mechanical stresses. Based
on the results in this current study, this assumption appears justified, given that ocean-based
fragmentation only significantly affects the overall particle size distribution if Ay o ~ Ay p. While
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Figure 5.6: Comparisons of the surface (< 0.26 m) Lagrangian modelled and measured microplastic size
distributions (MSDs). All modelled MSDs are normalized to the maximum size class, and all measured MSD
are normalized by the relative to the measured size class closest to 5 mm. The Zeri et al. (2021) data in panel
(c) indicates the size distribution of particles entering the simulation. In panels (a - d), they grey-shaded area
indicates particle sizes < 0.33 mm, representing particle sizes below the detection limits of typical manta trawl
nets used to collect surface microplastics.
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Figure 5.7: Columnn-integrated horizontal microplastic concentrations for size classes k = 0 — 5 in the third
simulation year. The concentrations are weighed based on the particle counts.
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Figure 5.8: Columnn-integrated horizontal microplastic concentrations for size classes k = 0 — 5 in the third
simulation year. The concentrations are weighed based on the particle mass.
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Table 5.1: Estimates of the ocean-based fragmentation timescale A o from literature sources. Unless otherwise
noted, the lower and upper bounds are estimates of the time for the parent object to lose 40% of its original mass
assuming linear and exponential mass loss rates. ' Assumes the loss of strip surface area is equivalent to the loss of
mass. 2Estimate of the timescale for the parent object to lose all mass provided directly by the literature source.

Study Plastic object A0
O’Brine & Thompson (2010) PE strip 15.3 - 19.2 years'?
Compostable polyester strip <0.5 years b2

Resmerita et al. (2018)
Zhu et al. (2020)

Gerritse et al. (2020)

PP strip

Postconsumer expanded PS fragment
Postconsumer PP fragment
Postconsumer PE fragment

PE pellet

North Pacific Gyre (NPG) fragments
NPG fragments (no UV)
Low-density PE air pouch
High-density PE air pouch

PS packaging foam

PS beaker

Latex balloon

Sillicon tube

20.2 - 25.8 years
0.3 - 2.7 years 2
0.3 - 4.3 years 2
33 years 2

0.5 - 49 years 2
2.8 years 2

58 years 2

50 - 63.6 years
66.6 - 84.9 years
33.3 - 42.3 years
400.0 - 510.6 years
8.7 - 10.8 years
40.0 - 50.8 years

PET bottle 8.2 -14.3 years
PET fleece 13.8 - 17.4 years
PU foam 13.3 - 16.8 years
Cellulose beaker 5.1 - 6.2 years
CA cigarette filter 2.7 - 3.2 years
Compostable postal bag 2.6 - 3.1 years
Compostable trash bag 1.5 - 1.6 years
PLA food bag 5.6 - 6.9 years

comparing fragmentation rates determined with different experimental setups is challenging, the
fragmentation timescale for polyethylene and polypropylene polymers is generally on the order of
decades in water, compared to years in a beach-like environment (Song et al., 2017). As such,
neglecting ocean-based fragmentation likely will have a negligible impact on the results on this
study. However, for other plastic polymers outside of the immediate scope on this study, such as
cellulose, PLA and compostable polymers, Ar o appears to be on the order of years, and neglecting
ocean-based fragmentation may result in underestimating the fragmentation of such plastic objects.

Over a three year period, fragmentation is not shown to lead to significant amounts of
‘lost” microplastic mass, as the mass transfer to size classes smaller than d < 0.156 mm is at
most shown to be 2.45%. In reality, this mass fraction loss is likely to be even smaller, as
the majority of plastic mass would be contained in objects larger than the 5 mm particles
considered in this modeling study. Given the slow rate at which microplastic fragmentation
occurs, after three years the modelled size distributions still closely resemble the input size
distribution (Zeri et al., 2021). As such, greater understanding of the size distribution of
microplastic inputs would already provide great insight to the size distribution of microplastics
in the Mediterranean as a whole. Compared to size distributions from field measurements,
the model predicts relatively higher amounts of microplastic in size classes k = 0 — 5 than in
field measurements. In part this could be due to the lack of microplastic particles larger than
d = 5.000 mm in the model, which could affect the overall relative number of particles in each
size class. However, it is also possible that three years is simply not long enough for the model to
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stabilize to a long-term size distribution. Due to exponential growth in the number of virtual
particles in the simulation, three years is at or near the limit of what is currently computationally
feasible, and for long-term fragmentation modeling e.g. the box model approach such as in
Kaandorp et al. (2021) would be more fit for purpose. However, the current Lagrangian model
setup provides insight into the distribution of the microplastic fragments in the Mediterranean.
While observational studies often report microplastic concentrations as particle counts (e.g.
Figure 5.6), it is shown in Figures 5.7 & 5.8 that microplastic mass and counts show different
relative distributions. While the number concentration of microplastics is dominated by smaller
particles, the distribution of microplastic mass is more strongly influenced by the distribution
of larger particles. Dependent on the research question at hand, this difference could have
important consequences when for example quantifying risks associated with microplastic pollution.

Considering the results of both the size-dependent transport and Lagrangian fragmenta-
tion scenario, the fate of microplastic when it enters the Mediterranean is strongly size-dependent.
Large microplastic particles tend to remain close to shore, where they are more likely to beach
and gradually fragment into smaller and smaller particles. Gradually, as the particles get smaller
and especially for particles d ~ 0.156 mm or smaller, particles are more likely to escape from
coastal areas and reach open water. At this point the particles are also sufficiently small that
vertical transport processes start to play a more important role, leading to greater mixing of the
particles throughout the water column. Overall, the work in this study reiterates the importance
of coastal regions in the overall fate of microplastics suggested by Onink et al. (2021a). Given
that many coastal processes occur on spatial and temporal timescales that are unresolved by
large-scale circulation models such as CMSPR and MSWR (Van Sebille et al., 2020), it is
possible that such coastal trapping is weaker when all nearshore processes are represented. This
still highlights an urgent need for greater understanding of the nearshore microplastic transport
(Kerpen et al., 2020; Alsina et al., 2020). However, it is promising that the model shows the same
size-dependent trapping pattern as Morales-Caselles et al. (2021), who found that larger debris
appears more likely to remain trapped close to shore than smaller debris.

We consider a range of size-dependent processes, which have various degrees of uncertainty.
There are numerous studies that calculate the rise velocity of a particle based on its density
and size under a range of conditions (Kooi et al., 2017; Waldschldger & Schiittrumpf, 2019a;
Semcesen & Wells, 2021), but we decided to base our parameterization on Enders et al. (2015)
due to relative ease of calculation within our model setup. However, depending on a particle’s
particular shape or spatial orientation we acknowledge the rise velocity could vary (DiBenedetto
et al., 2018; Clark et al., 2020). There is higher uncertainty in the size-dependent resuspension
timescale, and similarly in assuming size-independent beaching timescales. The resuspension
timescale is based on empirical experiments by Hinata et al. (2017), but the relation is an
extrapolation for microplastic particles as Hinata et al. (2017) used drifters at least 1.3 cm in size.
However, considering size-independent resuspension timescale Ap € [7,50] days only affected the
relative distribution of particles over the beached and coastal reservoirs, with the percentage of
particles that reached open water remaining unaffected. Similarly, while we assumed a single
beaching timescale Ap = 26 days for the entire Mediterranean, this likely will vary depending on
the particle characteristics and local geomorphology. Given that the beaching timescale remains
uncertain for any type of particle and that there are no field experiments which can be used to
estimate it (Onink et al., 2021a), we used A\p = 26 days based on an inverse modeling study that
best fit with field measurements in the Mediterranean (Kaandorp et al., 2020). Furthermore,
given that spatially varying beaching and resuspension timescales do not seem to affect the
large-scale distribution of microplastic particles (Daily et al., 2021), assuming spatial invariance in
these timescales is the best available option until additional field experiments have been conducted.
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Another assumption in the current model setup is that the particle density remains un-
changed over the three year simulation period. Biofouling was not included in this study in order
to focus solely on the influence of particle size. However, even without biofouling microplastic
particles are shown to be mixed throughout the entire water column, including down the seabed
up to 3000 m deep. This is even the case for particles up to 5 mm in size if the particle is nearly
neutrally buoyant (up to 10% of all particles). Yet, by excluding biofouling the current study
could be underestimating the amount of subsurface microplastic. The amount of vertical mixing
might also be underestimated by assuming negligible LC-driving mixing. The KPP wind mixing
parametrization can account for LC-driven turbulence through the LC enhancement factor 6,
but computing 6 from relatively spatially and temporally coarse reanalysis data is not trivial
and beyond the scope of this study. Ideally the CMSPR dataset would include vertical turbulent
mixing data, as the Onink et al. (2021b) parametrization now had to use the MLD data from
the CMSPR dataset. Since the MLD in the CMSPR dataset is defined by a density criteria
relative to the sea water density at 10 m, during the spring and summer months this results in
almost the entire Mediterranean basin having a MLD= 10 m, which resulted in the artificial
spike at z = 10 m in the vertical microplastic concentration profiles (Figure 5.3). However, with
no readily available alternative parametrization for wind mixing that doesn’t have its own set of
limitations, this is the best possible approach.

5.5 Conclusion

Our results show that the size of microplastic particles significantly influences the large-scale
transport of microplastic particles in the Mediterranean Sea, with smaller particles being more
likely to escape coastal waters into open water and get mixed below the ocean surface up to
depths of 3000 m. As a consequence, the near-surface microplastic concentrations are more likely
to contain large (d > 1.0 mm) particles, even though throughout the entire Mediterranean
Sea smaller particles (d < 1.0 mm) are more numerous. To first order, the fragmentation of
microplastic particles is dominated by beach-based fragmentation, with ocean-based fragmentation
having a non-negligible effect only if the ocean-based fragmentation rate occurs approximately at
the same rate as beach-based fragmentation. However, more experimental work is required
to investigate the fragmentation rate of various polymers in both beach-like and aqueous
environments. With just beach-based fragmentation, the mass transfer of microplastic to
fragments d < 0.156 mm is at most 2.45% over a three year period. Future work would require a
lot more field measurements of small microplastic fragments, as neuston nets alone are unable
to sample particles smaller than d < 0.20 — 0.33 mm. In addition, the modeling framework
would need to be applied on a global scale to investigate whether the observed trends are
Mediterranean-specific or hold more generally.
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Figure 5.A.9: The Mediterranean beach, coastal and open water reservoirs as percentages of the total number of
particles in each size class for (a) size dependent resuspension and (b) Ag = 7 days. The fractions are averaged

over the entire three year simulations.

Table 5.A.2: Seasonal and overall average fraction of particles at z < 10 m from the ocean surface. All percentages
are relative to total number of particles in each simulation (n = 85196), and all averages are calculated over
all three simulation years. JFM = January, February, March; AMJ = April, May, June; JAS = July, August,
September; OND = October, November, December.

Size (mm) Density (kg m%) JFM (%) AMJ (%) JAS (%) OND (%) Average (%) | Size (mm) Density (kg m%) JFM (%) AMJ (%) JAS (%) OND (%) Average (%)
30 0.00 0.00 0.00 0.00 0.00 30 0.02 0.10 0.00 0.00 0.00
5000 920 0.00 0.00 0.00 0.00 0.00 0078 920 191 11.31 1.20 3.07 512
’ 980 0.00 0.00 0.00 0.00 0.00 i 980 8.96 18.29 3.78 7.06 9.52
1020 1.03 9.59 9.20 8.13 6.99 1020 21.30 36.29 20.77 23.24 25.40
30 0.00 0.00 0.00 0.00 0.00 30 152 3.2 0.16 0.60 138
2.500 920 0.00 0.00 0.00 0.00 0.00 0.030 920 11.42 21.95 5.98 9.75 12.28
980 0.00 0.00 0.00 0.00 0.00 980 15.09 27.69 10.39 14.14 16.83
1020 102 9.98 9.28 8.00 7.07 1020 25.74 48.00 31.95 3056 3481
30 0.00 0.00 0.00 0.00 0.00 30 7.05 15.35 241 5.09 748
1950 920 0.00 0.00 0.00 0.00 0.00 002 920 16.93 3177 13.82 16.66 19.80
: 980 0.00 0.00 0.00 0.00 0.00 i 980 21.01 10.27 22,66 2256 26.62
1020 1.07 10.16 9.32 8.02 7.14 1020 29.28 54.31 49.50 39.72 43.20
30 0.00 0.00 0.00 0.00 0.00 30 13.20 25.01 522 1.3 T1.62
0625 920 0.00 0.00 0.00 0.00 0.00 0010 920 23.71 15.94 30.74 2715 31.89
02 980 0.00 0.00 0.00 0.00 0.00 i 980 g 5157 34.22 39.22
1020 2.94 10.52 8.15 7.60 7.30 1020 53 57.01 46.19 47.11
30 0.00 0.00 0.00 0.00 0.00 30 10,46 3707 2022 23.95
0.313 920 0.00 0.00 0.00 0.00 0.00 0.005 920 28.66 53.3 38.78 42.29
980 0.11 0.47 1.00 0.02 0.15 980 30.63 55.98 44.01 45.71
1020 10.36 19.27 9.05 11.46 12,54 1020 32.36 57.88 148.02 18.26
30 0.00 0.00 0.00 0.00 0.00 30 27.39 51.82 35.21 39.88
o156 920 0.52 145 0.04 0.14 0.54 0002 920 31.80 57.21 16.73 47.42
980 2.70 5.98 0.39 1.36 2.61 980 32.17 57.62 47.81 148.03
1020 18.14 28.98 14.06 18.90 20.02 1020 32.77 58.21 48.73 48.74




5.0. THE INFLUENCE OF PARTICLE SIZE AND FRAGMENTATION ON LARGE-SCALE

112 MICROPLASTIC TRANSPORT IN THE MEDITERRANEAN SEA
(a)d =5. 000 mm (b) d =2.500 mm (c)d =1.250 mm
45°N 5 '&g“ L2 / et | © T S ﬂg“ 3\ L2
AN ISR 7 N
J N JN 9
40°N ‘.“3 ) *X ;.T{v ':..: ‘ X -..‘\"?A ‘.“3 \ »4 \{‘
AR A T T s T g
'-f‘“".' i ‘? \{ “!‘ j‘ I J o "( 8] : PR e ‘( ‘J "“J Pt o
350NC/ (‘l ey ;‘ 4 C/ (‘I >y ) : - CI, (‘l Moy - : -
3 S0 4 i Y / B P2 Z
-l .f«.ﬂ (fk - ._.A-\.?‘ /(l - " f ._r'\..g(
102
(d)d—0625mm (e)d =0.313 mm (f)d—0156mm
45°N AN © ARSI T & T L A
p! 1|‘ '\R‘“ L~ '\k’," '\Cw L~ ‘\k’,. \‘\“ L~
o\ o * .
40°N 7, i x‘v?” \2, i *'Vf 7, ‘:‘;‘\\5, 3-\{ E
’ ’ »4) 4; ¢ $ ,._q) ) 4 J ’ mf,) ¥lé >
2 amengTy S L Y d L R P | 4 r A JPPP Wt w Y o e 5]
- 7 & c
N ‘ﬂ fk o SN ? ) o N é‘ 2
- fesm -~ [ -~ a §
©
(g)d =0.078 mm (h)d = 0.039 mm (I) d =0.020 mm o
45°N I P N T AN T © A © °
R RN RNV g
bt A (W JN I b A, s £
40°N \l'j i3 ““;\! |.${ \7 b h ‘A‘ "T.J[ 7 ": \\\A\! p.?'.{“ &
N lv i v)‘i." 5.- b FRALE ’(.., 7 SRR 101E
S W Sl W ¥ W 5
3500 C, T T 4 T M /“”{‘? cT nag 8

> =l
']
$
4

T- € ~fﬁ(ﬂ

(j) d = 0.010 mm (k) d = 0.005 mm (|) d = 0.002 mm r
45°N (k‘ AN [ by P "N [ {&‘ AN [
\ "\ o A\V\‘\“ ~ 4 \t‘ ) g F
RN AN RN
% 4 , ¢ = kY i X
AN ‘_;'.“‘1‘ S{ & i S"e‘i: & (= 3 ““_f “3 i
F L Y LN RN g, "*} N F LW W LA I
W ofrat el Fat cote o (R
/S \XM - "‘( [ "(22 e L 00

4°E 14°E  24°E  34°E 4°E 14°E  24°E  34°E 4°E 14°E

Figure 5.A.10: The median maximum distance from shore reached by particles 5.000 — 0.002 mm particles
over the course of their entire trajectories, with each point indicating an input location. All simulations are for
size-dependent resuspension with p = 920 kg m—>.
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Figure 5.A.11: The seasonal normalized vertical microplastic concentrations for 5.000 — 0.002 mm particles with
p € [30,1020] kg m~? with size-dependent resuspension. All seasonal concentrations profiles are averaged over the
three year simulation period. All profiles are normalized by the total number of particles in each simulation

(n = 85,196).
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Figure 5.A.12: The column-integrated horizontal microplastic concentrations for 5.000 — 0.002 mm particles. All
concentrations are for the first year of the simulation with size-dependent resuspension and p = 920 kg m 3.



5.A. SUPPLEMENTARY MATERIAL 115
(a)d = 5.000 mm (c)d =1.250 mm
45°N =7 e < 3 =T
.—104

35°N[}

45°N

40°N

35°N

45°N

40°N

35°N

45°N

40°N

35°N L

@

(k) d = 0.005 m

e 1

(I) d = 0.002 mm
IS RN

3
1) AT

:

.

E 14°E  24°E

34°

14°E  24°E  34°E

¥
4°E 14°E  24°E

34°E

10°

10?

Relative Concentration (C/Cpin)

10!

10°

Figure 5.A.13: The z < 1 m horizontal microplastic concentrations for 5.000 — 0.002 mm particles. All
concentrations are for the first year of the simulation with size-dependent resuspension and p = 920 kg m™3.
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Figure 5.A.14: The column-integrated horizontal microplastic concentrations for 5.000 — 0.002 mm particles. All
concentrations are for the third year of the simulation with size-dependent resuspension and p = 920 kg m 3.
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Figure 5.A.15: The z < 1 m horizontal microplastic concentrations for 5.000 — 0.002 mm particles. All
concentrations are for the third year of the simulation with size-dependent resuspension and p = 920 kg m~3.
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Chapter 6

Discussion & outlook

The work within this thesis provides novel insights into the transport and transformation of
plastic debris in the ocean. Chapter 3 investigated the role of plastic beaching and resuspension
on a global scale, and indicated that coastal waters might play a more prominent role in the fate
of plastic debris than previously suspected. However, the scope of the transport scenarios in
chapter 3 was limited to floating plastic at the ocean surface, and did not consider vertical
transport processes. Chapter 4 describes parametrizations that model wind-driven vertical
turbulent mixing within the surface ocean mixed layer. Using this parametrization and the
beaching parametrization from chapter 3, chapter 5 shows that the particle size and density can
strongly influence the full three-dimensional transport of microplastics in the Mediterranean Sea.
In addition, chapter 5 examined the influence of microplastic fragmentation, and demonstrated
that it likely does not play a significant role in microplastic mass loss over short time periods
(up to 3 years). From this body of work, various general conclusions can be drawn, which are
discussed in section 6.1. Section 6.2 then discusses a number of limitations, and outlines future
research perspectives based on this thesis.

6.1 Overview of the main results

6.1.1 The importance of coastal transport processes

Within this thesis plastic transport was considered on both a global and regional scale, and in
both cases coastlines and coastal waters were found to play a critical role in the overall fate of
plastic debris. On a global scale, at least 77% of plastic debris is expected to be within 10 km of
the ocean coastlines, while for large microplastics particles (< 5 mm) in the Mediterranean Sea up
to 94% of microplastic particles are within the coastal zone. With such a large fraction of the total
plastic budget, nearshore transport processes likely play a crucial role in the fate of plastic debris
in the ocean. While the importance of coastal transport processes on global plastic transport had
been noted (Zhang, 2017), the influence of these coastal processes on plastic debris remains
poorly understood and the ocean modeling community has largely focused on understanding
transport in the open ocean (Kubota et al., 2005; Van Sebille, 2015; Lebreton et al., 2018; Onink
et al., 2019). However, both chapter 3 and 5 underscore how crucial these coastal processes can be.

The underlying assumption of the beaching and resuspension parametrization described
in chapter 3 is that the longer a particle is adrift close to shore or beached on the coastline, the
more likely it is to at some point beach or be resuspended. While this assumption might not
always be strictly true (floating plastic might sink due to biofouling (Fazey & Ryan, 2016) or
beached plastic might be buried in sediment (Taibi et al., 2021)), Hinata et al. (2017) and
Pawlowicz (2021) suggest that to first order this assumption is valid. In addition, the stochastic
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nature of the parametrizations acknowledges that sub-grid coastal processes play a crucial role in
plastic beaching and resuspension. In contrast, a common form of parametrizing plastic beaching
by tracking a particle until it sticks to the coastline (Lebreton et al., 2012; Liubartseva et al.,
2018; Chenillat et al., 2021) is more an indication of the numerical difficulties in calculating
particle trajectories near boundaries rather than being due to oceanographic processes (Lynch
et al., 2014). To illustrate, open ocean currents might transport a particle towards a coastline in
the physical world, but as it gets closer to land the currents would be more affected by coastal
processes. For example, this could result in the particle moving parallel to the coastline if there
was a predominantly nearshore along-shore current. However, none of these coastal currents
would be resolved within the oceanic general circulation model (OGCM) output, and so the
model would predict that the particle would immediately beach on the coastline. As such, making
beaching a purely stochastic process acknowledges that the actual physical processes that result
in particle beaching are not fully represented within the flow fields, whereas the artificial anti-
beaching current described in chapter 2 prevents particle beaching due to the numerical advection.

Finally, the parametrizations are flexible, as beaching and resuspension timescales A\p and
AR can be defined to be functions of variables such as coastal geomorphology (Daily et al.,
2021) or the particle size (Chapter 5). While coastal geomorphology can influence beached
plastic concentrations on short spatial scales, it was not shown to strongly affect the distribution
of beached plastic on a global scale (Chapter 3). This was also demonstrated by Daily et al.
(2021), who applied the same beaching/resuspension parametrizations for Lake Erie with Ap and
Ar both depending on local geomorphology. While geomorphology-dependent beaching and
resuspension influenced local beached plastic concentrations, the overall distribution of beached
plastic around the lake was not strongly affected (Daily et al., 2021). In contrast, size-dependent
resuspension was shown to have a stronger influence on the relative amount of beached plastic,
although this was more on the total amount of beached plastic than its horizontal distribution.
Ultimately, the actual ‘correct’ values of Ap and Ar remain highly uncertain, and further field
and modeling work will be required to constrain these parameters.

6.1.2 The influence of vertical transport processes

Chapter 5 highlights the importance of including vertical transport processes in modeling
plastic debris transport, especially for smaller microplastic particles. modeling studies that
focus just on positively buoyant plastic debris, such as described in chapter 3, assume that
the positive buoyancy of the particle will keep it at the ocean surface. While this assumption
might hold for large objects, positively buoyant microplastic particles have been sampled below
the ocean surface due to turbulent vertical transport processes (Kukulka et al., 2012; Kooi
et al., 2016; Pieper et al., 2019b). Given that including vertical transport strongly influences
the large-scale transport and distribution of microplastic particles (Chapter 5), neglecting
vertical transport processes leads to an incomplete understanding of the fate of plastic debris
in the ocean. In addition, it also underscores the need for modeling studies to indicate the
size and type of plastic items that are being considered within a study. For example, the
beaching study described in chapter 3 does not explicitly specify the types of object being
considered, as the virtual particles were assumed to represent the general category of positively
buoyant marine plastic debris. Similar imprecise definitions are more common throughout the
literature (Van Sebille, 2015; Liubartseva et al., 2018; Kaandorp et al., 2020; Suaria et al., 2020),
but given the influence particle size and density have on the particle transport behavior it is
an oversimplification to assume that the modelled transport will hold for all types of plastic objects.

Biofouling is a process that was consciously left out of the size-dependent transport and
fragmentation scenarios, as the constantly changing particle densities would complicate isolating
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the specific influence of the particle size on the particle transport. In addition, the influence
biofouling might have on fragmentation rates is poorly understood. However, biofouling can play
a crucial role in the long-term fate of plastic debris in the ocean, as the growth of biofilm on
plastic surfaces can increase the object’s density and decrease its buoyancy (Fazey & Ryan, 2016).
Given that the rate of biofouling depends on the complex interplay between variables such as the
object size, polymer type and the environmental conditions (Lobelle & Cunliffe, 2011; Fazey &
Ryan, 2016), biofouling is a difficult process to study within a modeling setting. Fischer et al.
(2022) examined the role of biofouling on particles with various sizes (0.01 - 1 mm) and within
various ocean regions with distinct biological and physical properties. As was reported by Kooi
et al. (2017), biofouling was found to lead to vertical oscillatory behavior, as biofilm would
increase the particle density and cause it to sink. However, below the euphotic zone the lack of
sunlight would cause a gradual decrease in the amount of biofilm, which in turn would decrease
the particle density, increase the buoyancy and lead to the particle rising towards the surface
again. While such oscillations have yet to be observed from field measurements, it would imply
that plastic debris is distributed throughout the water column as has been shown with field
measurements (Pieper et al., 2019b; Egger et al., 2020; Pabortsava & Lampitt, 2020).

Even when positively buoyant, the results described in chapter 5 and Fischer et al. (2022)
demonstrate that microplastic particles can be mixed far below the ocean surface at depths of
over 3000 m. As such, vertical transport processes are clearly essential in order to get a complete
understanding of plastic debris dynamics in the ocean. This is especially the case considering
that both chapter 5 and Fischer et al. (2022) likely underestimate the total vertical mixing in the
ocean. As described in chapter 4, Langmuir circulation (LC) processes can increase the strength
of near-surface mixing by a factor 3 - 4 (McWilliams & Sullivan, 2000). However, LC-driven
mixing occurs on spatial scales of meters to tens of meters (McWilliams & Sullivan, 2000), and
as such it is not resolved within OGCMs. It is not trivial to calculate the amplification of vertical
mixing due to LC processes, and so while chapter 4 demonstrated the influence LC-driven
mixing can have on the vertical distribution of microplastic particles, both chapter 5 and Fischer
et al. (2022) applied the KPP mixing parametrization assuming negligible LC-driven turbulent
mixing. Meanwhile, the scenarios in chapter 5 did not include the influence of biofouling, while
Fischer et al. (2022) focused on biofouling within specific ocean regions and therefore did not
include horizontal advection. Finally, while both chapter 5 and Fischer et al. (2022) used the
de Lavergne et al. (2020) climatology to account for vertical mixing due to internal tides, other
subsurface processes such as internal waves and current shear instabilities are not accounted for
(Skyllingstad et al., 1996; Cuypers et al., 2013). Therefore, future work could integrate the
biofouling and transport models described in chapter 5 and Fischer et al. (2022) to more fully
study the 3D transport of plastic debris in the ocean.

6.1.3 The role of fragmentation

Plastic fragmentation in marine environments is a complex process, and the work in chapter 5
demonstrates that the importance of accounting for plastic fragmentation within a modeling
framework depends on the research question being studied. Microplastic fragmentation is shown
to be a slow process, with beach-based fragmentation not strongly influencing the size distribution
of polyethylene and polypropylene microplastic particles within the Mediterranean Sea over a
period of 3 years. Similarly, although fragmentation has been suggested as possible sink of plastic
mass through the mass transfer to small micro-/nanoplastic particles (Lebreton et al., 2019),
over a 3 year period at most 2.45% of plastic mass is transferred to fragments smaller than 0.156
mm. Ocean-based fragmentation can contribute to the generation of microplastic particles, but
unless the ocean-based fragmentation occurs on similar timescales as beach-based fragmentation
its influence is negligible. As such, most short-term modeling studies of polyethylene and
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polypropylene plastic debris up to around 3 years in length can neglect fragmentation processes.

However, over longer timescales (years to decades), fragmentation can play an important
role in the gradual transfer of plastic mass from coastal waters to the open ocean. The size-
dependent transport scenarios in chapter 5 show that smaller particles are more likely to
reach the open ocean, and fragmentation plays a critical role in reducing the size of plastic
debris. While fragmentation might be slow, over the course of decades it could lead to the
complete degradation of a plastic object into smaller fragments (Song et al., 2017; Gerritse et al.,
2020), which in turn could result in the gradual offshore and subsurface transfer of plastic mass
in the ocean. The fragmentation scenarios in chapter 5 are calibrated for polyethylene and
polypropylene fragments, and for such polymers fragmentation can play a role in the large-scale
particle transport over timescales of decades. However, other polymers such as polystyrene can
fragment significantly faster (Song et al., 2017), which suggests that fragmentation could play a
more important short-term role in modeling the transport of such plastic debris types.

6.1.4 The fate of plastic in the ocean

While a field measurement provides insight into the amount and type of plastic objects found at a
given location at a given time, it is essentially just a snapshot with little to no information as to
the origin of any specific plastic fragment. Models can track virtual plastic particles throughout
the ocean, and based on work such as Van Sebille et al. (2012) and Onink et al. (2019) it has been
assumed that over timescales of years to decades plastic debris accumulates in the subtropical
ocean gyres. This is supported by the high concentrations in particularly the North Atlantic and
North Pacific subtropical gyres (Law et al., 2010; Lebreton et al., 2018; Van Sebille, 2015), and
also by presence of floating debris that is decades old (Lebreton et al., 2018). However, the total
amount of plastic afloat at the ocean surface is estimated to be significantly less that the amount
of plastic thought to enter the ocean in just a single year (Jambeck et al., 2015; Van Sebille et al.,
2015), and processes such as biofouling and fragmentation can cause physical changes to plastic
debris over the course of years instead of decades (Kaandorp et al., 2021; Fazey & Ryan, 2016;
Gerritse et al., 2020). As such, while surface plastic debris concentrations might continue to
increase within the subtropical gyres (Wilcox et al., 2019), this can not be the ultimate fate of
all or even the majority of plastic debris in the ocean. The work described within this thesis is
one of the first modeling efforts that accounts for beaching, nearshore- and offshore-transport
and transformation processes. While the parametrizations are not perfect and not all transport
mechanisms are fully accounted for, the work described in chapters 3 and 5 provides a general de-
scription of the fate of positively buoyant plastic when it enters the ocean from land-based sources.

The rise velocity is crucial to predicting the fate of plastic debris. Particles with higher
rise velocities, which generally implies either larger and/or lighter objects, are unlikely to
reach the open ocean. While the distribution of particles between the beach and coastal water
reservoirs is dependent on the ratio of the beaching and resuspension timescales, the fraction of
the total plastic input that reaches the open ocean remains relatively small with at most 23% of
the total input globally reaching the open ocean without considering the particle size. In the
Mediterranean Sea, this fraction is even lower for large microplastics (d = 5.000 mm), where on
average at most 5.74% of plastic particles is further than 5 km from the coastline. However, as
particles get smaller this nearshore trapping starts to decrease, with up to 25% of d = 0.002
mm microplastic particles reaching open waters. The existence of such a sorting mechanism
based on plastic debris size and buoyancy has been hypothesized based on field observations
(Morales-Caselles et al., 2021), and Stokes drift could at least partially account for this. Onink
et al. (2019) demonstrated that Stokes drift plays an important role in the landward transport of
plastic particles, but the strength of Stokes drift decreases exponentially with increasing depth



6.1. OVERVIEW OF THE MAIN RESULTS 127

(Breivik et al., 2016). As particles get smaller, they are more easily mixed below the ocean
surface (Chapters 4 and 5) and the weaker subsurface Stokes drift results in fewer particles
remaining trapped near coastlines. Vertical transport processes therefore play a critical role in
determining how easily a plastic object is able to escape to the open ocean.

A plastic object also changes physically and chemically the longer it spends adrift in the
ocean and stranded on coastlines. Plastic objects undergo a constant cycle of beaching and
resuspension (Chapter 3), and are exposed to UV radiation, temperature fluctuations and
mechanical stresses (Andrady, 2017). This can lead to the oxidation and fracturing of the
object’s surface, where over time smaller plastic fragments can break off of the original parent
object (Andrady, 2017). At the same time, microbes and larger marine organisms can settle on a
plastic object, creating a biofilm and potentially also contributing to the fragmentation process
(Yang et al., 2021). The fragments will undergo the same cycle of beaching and resuspension as
the parent object, but as a fragment gets smaller it becomes more likely to escape into the open
ocean. There a particle can continue to break into smaller fragments, but this likely occurs at a
much slower rate due to lower temperatures, oxygen levels and partial blocking of UV radiation
by sea water slowing down surface oxidation processes (Andrady, 2017). Continued biofouling
can lead to the eventual sinking of a particle as it becomes more dense, where it might end up
down on the sea floor or gradually oscillate in depth. Given enough time, a plastic object can
completely degrade into a range of micro- and potentially nanoparticles (Kaandorp et al., 2021;
Piccardo et al., 2020), but this is likely a slow process taking place over decades, depending on
the object size, shape and polymer type.

In summary, it is an oversimplification to assume that plastic debris will simply end up
floating at the ocean surface in the subtropical ocean gyres. While concentrations within the
gyres are orders of magnitude higher compared to other regions of the ocean (such as at the
equator), the model scenarios in chapter 3 and 5 indicate that almost all buoyant plastic remains
trapped on or near coastlines. It is also an oversimplification that there is just one general ‘fate’
for plastic debris in the ocean, as transport processes are strongly affected by the particle size
and buoyancy.

A number of processes were not considered within this thesis, and their influence on plastic
debris in the ocean is generally not completely understood. For example, the plastic debris
scenarios described within this thesis are relatively short, with the longest Lagrangian simulations
spanning up to 5 years. It is uncertain what would happen with marine plastic over much longer
timescales (decades to centuries). Plastic found afloat within the North Pacific gyre have been
dated to be up to 50 years old (Lebreton et al., 2018), but it is unclear whether any plastic
object will eventually be broken down into progressively smaller plastic fragments or perhaps
even completely remineralize (Hoellein & Rochman, 2021). A plastic object might also end up
buried within sediment, such as on a beach (Fauziah et al., 2015) or below the seafloor (Brignac
et al., 2019), and it is unclear whether this would be a temporary or permanent sink (Martin
et al., 2020; Okuku et al., 2022). Given that plastic transport is essentially carbon transport, it
is even possible that plastic debris plays a role within the marine carbon cycle (Galgani &
Loiselle, 2021; Smeaton, 2021), although the extent to which this is the case remains highly
uncertain and speculative.

The role of the deep sea as a potential sink of plastic debris is also not fully understood,
for while the scenarios in chapter 5 show that even positively buoyant plastic debris can be
found thousands of meters below the ocean surface, it is unsure how much plastic remains
there. Neither the size-dependent transport nor the fragmentation scenario included interactions
with the sea floor as there was insufficient literature to develop and validate a parametrization
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of such processes, and as such the role of deep ocean in the fate of plastic debris remains uncertain.

Finally, the interaction between marine wildlife and plastic debris remains complicated and
poorly understood. While there is extensive evidence that plastic debris can harm marine wildlife
on an individual level (Gregory, 2009), it is difficult to estimate the harm plastic debris can
cause to a species as a whole. In turn, marine wildlife can also affect marine debris, such as via
biofouling (Fazey & Ryan, 2016) or by contributing to the fragmentation of microplastic fragments
(Dawson et al., 2018). While the work within this thesis contributes to the comprehension of how
various physical processes affect the fate of plastic debris in the ocean, greater understanding
plastic-ecosystem interactions will be crucial to evaluating the impact of plastic pollution on the
ocean as a whole.

6.1.5 The global plastic mass budget: where is all the plastic?

Since Jambeck et al. (2015) estimated 4.8 - 12.7 million tons of plastic waste entered the
ocean in 2010 alone, a lot of effort has gone towards constraining the amount of plastic debris
in various marine habitat reservoirs to try and establish a closed global plastic mass budget.
Based largely on microplastic measurements, the ocean surface was estimated to hold at most
up to 236 000 tons (Van Sebille et al., 2015; Eriksen et al., 2014; Cézar et al., 2014). While
this total might be 4 - 16 times higher when accounting for larger debris items (Lebreton
et al., 2018), it still adds up to just a fraction of the total amount of plastic estimated to
enter the ocean in just a single year. Part of this missing mass could actually be in the open
ocean but just below the ocean surface, as Pabortsava & Lampitt (2020) reports subsurface
microplastic count and mass concentrations in the North Atlantic that are higher than at the
ocean surface. In contrast, Egger et al. (2020) reported an exponential drop in microplastic
count and mass concentrations with depth in the North Pacific, but between 56 - 80% of the
micro- and mesoplastic mass in the top 2000 m of the water column could still be below 5m
from the ocean surface. Plastic debris can also settle on the seabed, and an estimated 8.4
million tons of microplastic mass lies on the seabed globally (Barrett et al., 2020). However, this
estimate is likely conservative, as it doesn’t account for plastic debris larger than 5 mm nor for
higher plastic concentrations in coastal sediments (Barrett et al., 2020). Finally, coastlines can
have plastic concentrations of up to 947 kg km~! (Debrot et al., 2013) and can potentially
hold a large fraction of the total plastic in the marine environment, but concrete numerical es-
timates remain challenging given the lack of standardized field measurements (Browne et al., 2015).

This thesis indicates that coastal systems could potentially hold over 77% of all positively
buoyant plastic that enters the ocean, even if the exact distribution of plastic between beaches
and adrift in coastal waters is strongly dependent on model parameters. The estimates of floating
plastic mass by Van Sebille et al. (2015), Cézar et al. (2014) and Eriksen et al. (2014) were
largely based on microplastic measurements collected in the open ocean, but both models
(Chapter 3) and observations (Ruiz-Orejon et al., 2016; Pedrotti et al., 2016) suggest floating
plastic concentrations are higher in nearshore areas. As such, the total amount of floating plastic
debris might be significantly higher than previously assumed.

Assuming that 54% of the total plastic input into the ocean is at least initially positively buoyant
(Geyer et al., 2017) and using the low-end estimate from Jambeck et al. (2015) that 4.7 million
tons entered the ocean in 2010, beaches hold an estimated 0.72 - 2.06 million tons of plastic
debris (Chapter 3). However, there are a number of reasons why this estimate is highly unreliable.
First, there have been several indications that the Jambeck et al. (2015) plastic inputs are too
high (Tramoy et al., 2019; Van Emmerik et al., 2019). Jambeck et al. (2015) made a number of
assumptions regarding waste generation and mismanagement that rested in part on expert judge-
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ment, which at the time was justified given the insufficient availability of waste (mis)management
worldwide. This led to estimates such that 83% of Indonesian waste was mismanaged, and that 15
- 40 % of all plastic waste ended up in the ocean. However, Van Emmerik et al. (2019) estimated
that just 3% of the mismanaged waste in Jakarta ended up in the ocean, and Tramoy et al.
(2019) similarly concludes that the Jambeck et al. (2015) approach overestimates the amount of
plastic entering the ocean from the Seine river. As such, the total amount of plastic entering the
ocean could be overestimated, which in turn would affect the estimated amount of the beached
plastic mass. There are other plastic input estimates from land-based sources such as rivers
(Lebreton et al., 2017; Schmidt et al., 2017), but these are also in part based on the Jambeck
et al. (2015) mismanaged waste estimates and therefore might similarly overestimate plastic inputs.

Secondly, the assumption that 54% of the plastic input is positively buoyant is highly uncertain,
as it assumes that the polymer composition of plastic production is the same as for discarded
waste. At the same time it also assumes that all negatively buoyant polymer objects will sink (e.g.
a PET bottle with trapped air would float (Ryan, 2015)) and all positively buoyant polymers will
float (polyethylene and polypropylene are found at the sea floor (Brignac et al., 2019)). Finally,
the model scenarios in chapter 3 do not consider the plastic debris size, density or fragmentation
processes, and it is shown in chapter 5 that this can significantly affect the amount of beached
plastic. One possible approach to estimate the total amount of beached debris would be to follow
the approach of Van Sebille et al. (2015), where relative model concentrations are combined with
a standardized field observations. However, given the lack of standardization in measurement
methodologies in collecting and reporting beached plastic concentrations (Browne et al., 2015),
such an approach is currently not feasible. As such, the total amount of beached plastic remains
highly uncertain.

Chapter 5 and Fischer et al. (2022) show that subsurface microplastic concentrations can have
particle count concentrations on the same order as surface measurements, and field measurements
have similarly shown high subsurface concentrations (Pieper et al., 2019b; Choy et al., 2019; Egger
et al., 2020; Pabortsava & Lampitt, 2020). However, the number of field measurements is limited,
and so while Pabortsava & Lampitt (2020) estimate the top 200m of the North & South Atlantic
could hold up to 21.1 million tons of plastic debris, this is based on measurements collected at
just 12 stations that are not necessarily representative of all Atlantic waters. Meanwhile, the
results in chapter 5 indicate that it is predominantly small microparticles (< 0.1 mm) that
get mixed below the ocean surface, while most of the plastic mass is found in larger particles
(Lebreton et al., 2018). Macroplastic objects are found up to thousands of meters below the
ocean surface (Pasquini et al., 2016; Spirkovski et al., 2019; Sogabe & Takatsuji, 2021; Song
et al., 2021) and as such the subsurface ocean could hold a large mass of plastic debris, but the
work within this thesis does not constrain the mass of subsurface plastic.

6.2 Limitations & future perspectives

6.2.1 Model validation with field measurements

Models are powerful at testing and evaluating various scenarios of plastic debris transport and
transformation, but model validation with field measurements is crucial to evaluate how well a
model represents and reproduces the physical world. While large standardized datasets of plastic
measurements are not always readily available, where possible the results described in chapters 3,
4 and 5 were compared with field observations.

It is difficult to track plastic dynamics in coastal regions, but there have been a number
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of field studies that agree with the model predictions that coastal waters have higher plastic
concentrations than further offshore (Ryan, 2015; Ruiz-Orején et al., 2016; Morales-Caselles
et al., 2021). While this is not sufficient to conclude that coastal waters truly hold more total
plastic mass than the open ocean, it is a promising indication that coastal processes could indeed
trap the majority of plastic entering the ocean from land-based sources within the coastal zone,
and that the particle size could play an important role in this (Morales-Caselles et al., 2021).
Field experiment with gps trackers such as Pawlowicz (2021) could play a critical role in this,
both to study particle dynamics during the final stages prior to beaching and to investigate how
likely plastic debris is to reach the open ocean. Laboratory experiments could also play a role in
studying particle dynamics in coastal environments, even though an experimental setup might
not exactly reproduce coastal conditions. For example, flume and wave tank experiments such
as Kerpen et al. (2020) and Alsina et al. (2020) can reproduce particle transport in a variety
of wave conditions which would be challenging to study in a natural environment given the
difficulty in tracking all the small microplastic particles.

Evaluating the performance of the beaching parametrizations in chapter 3 and 5 is diffi-
cult, as it is challenging to isolate the effects of various processes. On a global scale, the model
scenarios overpredict the amount of beached plastic in comparison to field observations by up to
three orders of magnitude. In contrast, the relative concentrations match reasonably well with
the relative distributions in South Africa (Ryan et al., 2018), Australia (Hardesty et al., 2017)
and parts of the United States (Ribic et al., 2010, 2012). The amount of beached plastic on
islands appears to be underestimated (Barnes & Milner, 2005; Pieper et al., 2015), but this could
be due to the input scenarios neglecting the maritime plastic inputs that have been shown to
contribute significantly to beached plastic on islands (Lavers & Bond, 2017; Ryan et al., 2019;
Pieper et al., 2019a). In general, given how strongly the input scenario affects the modelled
distribution of beached plastic, it is unclear whether a comparison with field observations is
actually evaluating the performance of the beaching parametrization or the accuracy of the
input scenario. Ultimately both the input and beaching components are critical for the overall
model performance and result in the final model output and predictions, but the difficulty
in isolating these two effects makes model tuning challenging. In a case where a large field
dataset is available, Bayesian machine learning techniques can be applied to simultaneously tune
and constrain a range of model parameters. For example, Kaandorp et al. (2020) found that
a beaching timescale Ap = 26 days resulted in optimal model performance relative to field
microplastic concentrations, but this was only possible given the relatively extensive sampling of
microplastic concentrations in the Mediterranean Sea. Such an analysis would be difficult when
accounting for both plastic beaching and resuspension on a global scale, and thus while chapter 3
describes an extensive model parameter sensitivity analysis, it does not strongly constrain the
beaching and resuspension timescale parameter values.

Another difficulty in comparing field measurements and model predictions again comes back to
questions of scale, both spatial and temporal. Plastic concentrations can be extremely variable on
short spatial and temporal timescales both in the ocean (Lebreton et al., 2018) and on coastlines
(Browne et al., 2015; Pieper et al., 2015; Kaandorp et al., 2022). A single measurement is
therefore not necessarily indicative of plastic concentrations in general for a given region. To get
a more complete understanding of plastic concentrations at a site repeated measurements have
to be taken at preferably regular and frequent time intervals (Kaandorp et al., 2022). Similarly,
in an ideal situation measurements would be taken at uniformly-spaced spatial intervals to study
the spatial variability (Hardesty et al., 2017; Kaandorp et al., 2022). However, sites are frequently
only sampled once or a limited number of times given time, economic and accessibility constraints
(Browne et al., 2015). Ideally a model would be able to reproduce both the absolute concentrations
and variability found at a given site in the physical world, but in part due to the limited
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spatial and temporal resolution of the OGCM datasets used in this thesis this is not feasible. In
conclusion, a model should always be compared relative to observations as a baseline for model per-
formance. However, in order to develop true predictive models that will be able to reproduce both
absolute plastic concentrations and the variability more high-resolution field datasets are required.

While it depends on the particular scope of a study, field plastic concentrations are not
always reported with divisions for different particle sizes. As such, limited evaluation with field
observations was possible for the size-dependent results described in chapters 4 and 5. This is
particularly a problem for particles smaller than &~ 0.33 mm, as manta trawl nets remain the most
common sampling technique for microplastics adrift in the ocean. As these nets typically have a
mesh size of 0.20 — 0.33 mm, they undersample small particles. Alternative measurement systems
that could sample small particles such as niskin bottles (Pieper et al., 2019b) or high-volume
filtration systems (Zhao et al., 2022) are not yet widely used. Given these limitations, there is
currently insufficient data to validate the relative distributions of different particle sizes in the
Mediterranean, let alone distinguish between different particle densities. However, the agreement
between model predictions and observations regarding the existence of size-dependent coastal
trapping mechanisms (Morales-Caselles et al., 2021) is promising, as it indicates that the main
physical processes governing large-scale particle transport are at least partially resolved.

Given the relatively large dataset of near-surface vertical concentration profiles, the wind mixing
parametrizations described in chapter 4 can be evaluated over a relatively wide range of wind
conditions. Ideally there would be sufficient data to subdivide the measured vertical profiles into
particle size/buoyancy classes, vertical profiles would be measured at wind speeds higher than
9.3 m s~! and there would be more extensive sampling of the vertical profiles below 5m from
the ocean surface. However, with the currently available data at least model validation under
various wind conditions is possible. Overall, the modelled vertical concentration profiles match
reasonably well with the field measurements, but both the KPP and SWB parametrizations
tend to underestimate the depth to which particles are mixed below the surface. With the
KPP parametrization, this can be partially corrected for by including LC-driven turbulent
mixing, suggesting that neglecting LC turbulence underestimates the vertical transport processes.
Given that LC processes are not resolved within OGCMs and there has been limited work
parametrizing this LC-driven vertical mixing amplification, both the work in chapter 5 and
Fischer et al. (2022) applied the KPP wind mixing parametrizations assuming negligible LC
turbulence. This could have implications on the large-scale particle transport, but this has yet
to be investigated. The vertical concentration variability is much smaller with the modelled
concentration profiles than in the field measurements, but in this particular model setup this is
to be expected. The concentration profiles in chapter 4 were calculated assuming constant wind
conditions over a period of 12 hours, whereas this does not occur in the physical world. In
addition, the field measurements are sorted solely according to wind conditions at the time the
samples were collected, and e.g. variable mixed layer depths (MLD) at the sample locations
could influence the vertical concentration profiles and thus show higher variability when all these
measurements are plotted within one panel. Given that the parametrizations can adapt to
time-varying wind and MLD conditions (as shown in chapter 5 and Fischer et al. (2022)), the
overall model performance of the wind mixing parametrizations is quite good.

In short, continued collaboration between scientists within the marine plastic research com-
munity collecting field measurements and developing numerical models is vital to advance
the understanding of the fate of plastic debris in the ocean. From a modeling perspective,
three specific advancements within the field measurement sector would help to advance model
development. Firstly, there is an urgent need for increased standardization of field measurements.
Especially for field campaigns sampling coastlines, the wide variety of sampling methodologies,
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reporting standards and even the units used hinder inter-study comparisons and the validation
of numerical models. For example, while there is general agreement that microplastics refer to
particles smaller than 5 mm in size (Frias & Nash, 2019), there is no standardized lower limit for
what microplastic particles are sampled within a field campaign. Given that smaller particles are
numerically more common, this can have important implications when concentrations are only
reported as microplastic counts per unit area or length (Smith & Turrell, 2021).

Secondly, providing more detailed information regarding the different concentrations and
size distributions of plastic debris according to the polymer type and overall density could
provide insight into how such variables affect the distribution of plastic debris in the ocean. By
standardizing definitions and methodologies, it would be easier to compare concentrations reported
by different studies at different times. Secondly, given the variability in plastic concentrations on
short spatial and temporal scales, it is important to design field campaigns where sites are
sampled at frequent and regular intervals. With these datasets more advanced statistical models
could be developed that in the future could for example predict large-scale plastic beaching or
resuspension events (Kaandorp et al., 2022). However, this is only possible with high resolution
datasets. Finally, large regions of the global ocean are undersampled, particularly below the
ocean surface, and it is vital that areas such as remote coastlines, islands, the deep sea and the
water column are more extensively sampled to gain a better understanding of the distribution
and behavior of plastic debris. While none of these suggestions are trivial to implement, it
does provide a general overview of the types of field measurements that are necessary from a
modeling perspective to advance the marine plastic field. In addition, while higher resolution
datasets covering larger stretches of the global ocean are important, assuring such samples
are collected using standardized methodologies is critical to ensure that all these additional
measurements can actually be easily compared.

6.2.2 Future development

The work presented in this thesis is an advancement in the understanding of the transport and
transformation of plastic debris when it enters the ocean, and various directions are available for
future research.

The results in chapters 3 and 5 indicate that most plastic debris remains trapped near
coastlines, but it is difficult to determine whether this trapping might not be due to the absence
of nearshore transport processes in the circulation data. OGCM-based data products such
as the HYCOM and CMEMS reanalyses poorly resolve nearshore ocean dynamics (Liu et al.,
2014) due to a number of reasons. Large-scale OGCMs typically have spatial resolutions on the
order of ~ 10 km, whereas physical processes such as coastal currents, surface waves and wave
breaking typically operate on relatively short spatial scales (0 - 100m) (Van Sebille et al., 2020).
In addition, tidal currents can play an important role in nearshore circulation patterns (Lentz &
Fewings, 2012) and the transport and beaching of plastic debris (Sterl et al., 2020; Kaandorp
et al., 2022), but are not always included within OGCMs such as HYCOM (Zhang et al., 2020).
Finally, coastal morphology and bathymetry play a large role in small-scale circulation patterns
(Van Rijn et al., 2011), but the coastlines within OGCMs are coarse approximations of the true
coastal geomorphology. Given these limitations, it is possible that the high degree of nearshore
trapping is due to the poor representation of coastal circulation patterns.

There are a number of different approaches that could be taken to investigate this. One
option is to develop OGCMs that either have variable grid resolution or utilize nested models so
that the OGCMs have higher model resolutions near coastlines. This strategy is done with
regional ocean models such as (Critchell et al., 2015), but it might not be computationally
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feasible to attain sufficiently high model resolutions on a global scale. Another possibility is
to identify a number of coastal regions such as Brazil, Peru or Western India that exhibit a
high degree of coastal trapping, and use high-resolution regional ocean models to investigate
plastic dynamics in these regions. If a high proportion of the plastic remains trapped near
coastlines in this region, such as (Critchell et al., 2015) demonstrated for the northwestern
Australian coast, this would give more confidence that the nearshore trapping of plastic debris is
a result of physical processes and not just a numerical artifact. Given the wide variety of coastal
systems globally within which coastal plastic transport is still poorly understood (Zhang, 2017),
modeling studies examining plastic transport on a variety of spatial and temporal scales would
be required to get a more comprehensive understanding of how coastal processes affect plastic
debris transport on a global scale.

The beaching and resuspension parametrizations introduced in chapter 3 and expanded
in chapter 5 and Daily et al. (2021) can be extended in various ways. While ideally nearshore
and beaching processes would be resolved explicitly within OGCMs, this will likely remain
computationally infeasible for the foreseeable future barring paradigm-shifting advancements in
e.g. quantum computing (Frolov, 2017). The beaching parametrization described within this
thesis is powerful in that the beaching and resuspension timescales are flexible parametriza-
tions that can be readily adapted to account for variables such as coastal geomorphology
(Daily et al., 2021) and particle size (Hinata et al., 2017). However, the absolute values of
these timescales are poorly constrained, and future work could focus on constraining how
the timescales depend on geomorphological and environmental conditions. This could be
by means of high-resolution wave and beaching models (Alsina et al., 2020), but also by
means of field experiments such as Hinata et al. (2017) and Pawlowicz (2021). By conducting
field experiments using various drifter sizes tracked through GPS in different marine envi-
ronments, the nearshore behavior of plastic debris in different marine environments can be studied.

While the wind-driven vertical turbulent mixing parametrizations described in chapter 4
are useful tools in representing vertical transport processes, they do come with a set of limitations.
In general, it would be ideal if turbulent mixing fields were provided in OGCM reanalysis
datasets, as this would allow the calculation of turbulent transport that is entirely consistent
with other model fields. However, given storage requirements (a single year of OGCM output can
already require terabytes of storage without turbulence fields), it is unsure whether this will
always be feasible. Out of the KPP and SWB parametrizations, the KPP approach represents
the most complete set of physics, but work is required to expand the underlying theoretical
framework to account for mixing due to wave-breaking at the ocean surface. In addition, the
influence of LC-driven mixing on large scale transport must be studied in more detail. In
order to determine whether LC-driven mixing affects the large-scale transport, one possible
approach would be to run size-dependent model scenarios such as in chapter 5 with different
degree of LC-driven mixing amplification. Even then, ideally a parametrization would be
developed that calculates the LC-driving mixing amplification based on large-scale oceano-
graphic variables such as the Stokes drift and local wind conditions (McWilliams & Sullivan, 2000).

Finally, the exact definition of the MLD used in these model scenarios needs to be con-
sidered. In chapter 5, the MLD from the CMEMS Mediterranean Sea Physics Reanalysis is used,
which defines the MLD based on density difference criteria relative to the density at 10 meters
depth (Escudier et al., 2020). However, in periods with strong vertical density stratification,
this leads to the MLD being fixed at almost 10 m throughout the entire Mediterranean basin,
resulting in unphysical peaks in microplastic concentrations at the MLD. Given that this is likely
a direct result of the MLD definition, future research could examine alternative methods of
defining the MLD within the KPP parametrization or otherwise adapt the parametrization in
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order to prevent similar numerical issues in the future.

While the model scenarios described in chapter 5 account for a large number of physical
processes, there are still processes that are not incorporated. One obvious process is biofouling,
and future research could combine the biofouling framework from (Fischer et al., 2022) with
the size-dependent transport scenario to study the combined effect of biofouling with full 3D
advection. There are also a number of other processes that are poorly understood that would be
of interest for future model development. One example is deep sea processes, such as the settling
and sedimentation of plastic debris on the sea bed. There have been a number of laboratory and
modeling experiments examining the resuspension of debris that has settled on the sea floor
(Ballent et al., 2013; Waldschldger & Schiittrumpf, 2019; Carvajalino-Fernandez et al., 2020), but
in general there is a poor understanding of what happens with plastic debris when it reaches the
ocean floor.

A second example is the interactions between plastic debris and marine wildlife, which are crucial
to evaluate the impact plastic debris has on marine ecosystems. The nature of these interactions
is likely strongly size dependent, as the size of plastic debris will impact what type of marine
wildlife it will interact with (e.g. a zooplankton organism is unable to ingest a large fishing net).
Fragmentation likely plays an important role in estimating the long-term impact of plastic
pollution, given that the generation of plastic fragments implies that an object’s size can change
over time. For these simulations the Lagrangian framework might not be the most suitable,
given that computational costs can limit the length and number of particles within a simulation.
Instead, Eulerian or transition matrix models might be adapted. Alternatively, new frameworks
for implementing particle fragmention within Lagrangian models would need to be developed.

Finally, one major point of uncertainty within any plastic modeling study is the input scenario.
While the Jambeck et al. (2015) input estimates are still commonly cited and used as a basis for
input scenarios, the growing evidence that these estimates might be too high highlights that
future work needs to focus on gaining a better understanding of how plastic debris enters the
ocean. This is vital for any efforts to establish a global marine plastic mass budget, but also for
modeling efforts for e.g. the global distribution of beached plastic as in chapter 3. In addition, a
better understanding of marine plastic inputs is vital. While e.g. shipping activity can be used as
a proxy for plastic inputs (Lebreton et al., 2012; van Duinen et al., 2022), it does not indicate
the absolute amounts entering the ocean via these sources. Given that maritime sources are
important contributors for marine plastic beached on islands (Pieper et al., 2019a; Ryan et al.,
2019) and that maritime plastic debris such as lost or discarded fishing nets can potentially
cause significant harm via ghost fishing (Dabrowska et al., 2021), a better understanding of all
marine plastic inputs, both land- and ocean-based, is vital for envisioning the fate and impact of
plastic debris in the ocean.

This thesis has focused on the marine plastic pollution from a scientific perspective, specifically
how various physical processes affect the large-scale distribution of plastic debris in the ocean.
While the specifics of developing and implementing the various parametrizations might not be
immediately relevant for a general audience, the results within this thesis can have important
implications for policy makers and society as a whole. For example, given the high amounts of
plastic debris on beaches, beach cleanups can be a particularly important component in any
campaign to reduce plastic pollution in the environment. In addition, the results in chapter
3 indicate regions such as the US east coast and the Argentinian coastline are particularly
vulnerable to having plastic debris escaping to the open ocean. Given the technological challenges
in removing plastic debris from open ocean environments, it is critical to identify particularly vul-
nerable regions to focus cleanup efforts before plastic debris reaches the open ocean. Particularly



6.2. LIMITATIONS & FUTURE PERSPECTIVES 135

the work on fragmentation highlights the long persistence of plastic debris in the ocean. While
transport processes such as from coastlines to the subtropical gyres might require a couple of
years, the slow fragmentation rate implies that it will take decades to possibly centuries for
plastic debris to degrade within marine environments. As such, it is important that society as a
whole takes measures to drastically reduce the input of plastic into the ocean given that it will
persist there for decades to come.
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