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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



1.2. MODELING MARINE MICROPLASTICS 15

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.
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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.


https://creativecommons.org/licenses/by/4.0/

3.0. GLOBAL SIMULATIONS OF MARINE PLASTIC TRANSPORT SHOW PLASTIC TRAPPING IN
38 COASTAL ZONES

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
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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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