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Abstract

Several million tonnes of plastic waste enter the global oceans every year and it has been
suggested that buoyant plastic materials (“plastics”) accumulate in “garbage patches” in the
subtropical ocean basins. However, only 1% of all plastics entering the oceans are estimated
to collect in the garbage patches; the fate of the remainder is unknown. This gap in the global
ocean plastic budget highlights that the transport and sinks of plastics in the global ocean are
not well understood. This is particularly true in the Indian Ocean, where measurements of
plastics are scarce. In addition, the oceanic and atmospheric dynamics in the Indian Ocean
are unique and so the behaviour of plastics is different compared to other ocean basins as well.
Because a large percentage of global plastic waste enters the Indian Ocean, it is imperative
to understand the fate of this material. The aim of this thesis is therefore to determine the
mechanisms that transport and accumulate plastics in the Indian Ocean. In the northern
Indian Ocean the subtropics is blocked by landmass and there is no subtropical garbage patch.
Instead, using Lagrangian particle tracking simulations, we show that plastics are transported
by seasonally reversing monsoonal currents. As plastics move back and forth between the
Arabian Sea and the Bay of Bengal in an annual cycle, they pass close to different coasts
and eventually strand on coastlines. Our simulation results indicate that most plastics strand
in countries surrounding the Bay of Bengal, Somalia, and the Maldives. Plastics can also
cross the equator into the southern Indian Ocean. Based on observed trajectories of ocean
surface drifters, we find that this happens mostly on the eastern side of the Indian Ocean basin
between September and February. In contrast, plastics cross from the southern to the northern
hemisphere on the western side of the Indian Ocean basin. In the southern Indian Ocean,
plastics accumulate in a garbage patch. However, using statistical numerical models based on
the observed locations of two types of ocean surface drifters, we demonstrate that this garbage
patch is very different to those in other ocean basins. Based on drifters transported by ocean
surface currents, wind, and waves, we show that wind and waves transport plastics towards the
west of the southern Indian Ocean. As a result, at the ocean surface, the garbage patch is very
leaky, and plastics are transported past South Africa into the South Atlantic Ocean. Because
the influence of wind and waves on the transport and accumulation of plastics in the Indian
Ocean is very important, we consider these mechanisms in more detail based on the observed
dynamics of ocean surface drifters released in a high-frequency radar field that measures ocean
surface currents. We find that the wind-driven drift current is very important for the transport
of drifters. We show that correcting for the drift current using a depth-dependent drift current
correction factor (“drift factor”) can improve numerical model simulations of the transport of
buoyant material.
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4 Chapter 1. Introduction

The production of plastic materials has increased exponentially since the 1950s [1]. Because a
large percentage of all plastics are single-use, “throwaway” packaging items, plastic waste has
increased as well. Since the 1950s, the global human population has generated an estimated
6300 million tonnes of plastic waste [2]. Most of this plastic waste ends up in landfills, where it
can enter the environment relatively easily. As a result, several million tonnes of plastic waste
are estimated to enter the global oceans every year [3, 4, 5, 6].

Buoyant (floating) plastics are known to accumulate in so-called “garbage patches” in the
subtropical ocean basins [7, 8, 9]. However, only 1% of all plastic waste entering the oceans
is estimated to collect in the subtropical garbage patches. Plastics in the marine environment
have multiple harmful effects, but the overall impact of marine plastic debris is unknown [10].
In order to understand the full impact of plastic on the marine environment, it is crucial to
understand what happens to plastics once they enter the ocean.

Closing the global ocean plastic budget is therefore one of the main issues in marine plastic
debris research at the moment: finding the “missing” plastic. The large discrepancy between
estimated sources of marine plastic debris and the estimated total amount of plastic floating on
the ocean surface, highlights a fundamental gap in understanding of what happens to plastics
in the marine environment [9]. It is likely that, besides the ocean surface, there is another large,
and at the moment unknown, sink of marine plastic debris [11, 12, 13].

However, although the ocean surface is the most extensively researched area regarding marine
plastic debris, there is still a lack of understanding of the physical processes that drive the
surface transport and accumulation of plastics. This is especially true in the Indian Ocean,
which has been relatively undersampled [9] and under-studied in regards to marine plastic
debris, even though a large percentage is estimated to enter the Indian Ocean [3, 4, 5].
Inconsistent numerical modelling results in the Indian Ocean [14, 15, 16, 17] highlight the
limited understanding of the physical mechanisms that influence the behaviour of plastics at
the ocean surface. Because the oceanic and atmospheric dynamics in the Indian Ocean are
unique [18], the dynamics of plastics differ from those in the other ocean basins as well.

In this thesis, I therefore focus on understanding the transport and accumulation of buoyant
marine plastic debris in the Indian Ocean. I use different proxies for marine plastic debris, such
as ocean surface drifters and virtual particles. As a result, I make no assumptions regarding
specific characteristics of marine plastic debris (size, density, shape). In addition, I focus on
understanding the physical transport mechanisms that determine the behaviour of plastics
at the ocean surface; I do not consider (chemical) fragmentation, or (biological) biofouling
processes of buoyant marine plastic debris. An advantage of this approach is that the results
that I present here are not applicable only to marine plastic debris, but more widely to buoyant
debris or buoyant materials in general.

To understand the dynamics of buoyant debris in the Indian Ocean, I answer the following four
questions in this thesis.

1. How do different transport mechanisms influence the large-scale and long-term accumulation
of buoyant debris in the subtropical southern Indian Ocean? (chapter 4)

2. What happens to buoyant marine plastic debris entering the northern Indian Ocean?
(chapter 5)

3. What are the transport pathways of buoyant debris between the northern and southern
Indian Ocean and the other ocean basins? (chapter 6)

4. Which transport mechanisms influence the pathways of buoyant objects, and how should
particle tracking simulations take these into account? (chapter 7)
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Answering these questions contributes to a better understanding of the dynamics of plastic
debris on the ocean surface. This helps focus further research to reduce the uncertainty in the
total estimated amount of plastic on the ocean surface. In a more general sense, this thesis
contributes to a better understanding of the different mechanisms that are relevant for the
transport of buoyant objects, and how to account for them in particle tracking applications.

Before answering these questions in chapters 4 to 7, I provide some background on the development
of plastic materials as well as the history of marine plastic debris research in chapter 2. I also
explain the problem of the “missing” plastic in more detail and address more specific issues
regarding marine plastic debris in the Indian Ocean in this chapter. In chapter 3, I provide some
theoretical background on the relevant transport and accumulation mechanisms of buoyant
debris. Finally, in chapter 8, I discuss the main conclusions from the research chapters 4, 5, 6,
and 7 and give recommendations for further research.

Chapters 4, 5, and 7 have been published or are being prepared for publication as individual
peer-reviewed journal papers. Because of this, there is some overlap and repetition in this thesis,
particularly in the introductory sections of each chapter. In addition, I prepared the journal
papers with several co-authors. All authors are mentioned in each chapter, and the authorship
declaration included in the preface of this thesis lists the contribution of each author in detail.
Because this work was performed with multiple authors, I switch from using “I” to using “we”
starting from chapter 4.
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Chapter 2

Background

In this chapter, I give an overview of the history of ocean plastic pollution, including the development

of plastic materials as well as scientific research of the problem. This provides a larger perspective to

current issues around plastic waste as well as marine plastic debris research. The remainder of the

chapter focuses on the main question of the “missing” plastic in marine plastic debris research at the

moment, before addressing specific issues and questions related to plastic debris in the Indian Ocean.
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8 Chapter 2. Background

2.1 The rise of plastics

2.1.1 From elephants to “throwaway living”

The story of plastics starts with elephants and billiard balls. In the late 1800s the game of
billiards was extremely popular. At the time, billiard balls were made out of ivory, mainly
from elephant tusks. The game was so popular that elephants were threatened with extinction
[19]. So, a New York billiards manufacturer devised a contest, promising a US$10,000 reward
to anyone who came up with a suitable alternative material for the balls [20].

John Wesley Hyatt took up the challenge. After years of work in his garden shed, he produced
the first semi-synthetic material, which he called celluloid. Celluloid was highly flammable and
volatile, which did not make it very suitable for billiard balls. Whenever the balls came into
contact with each other, they produced a minor explosion. A Colorado saloon owner wrote to
Hyatt, saying that, although he didn’t mind so much himself, “instantly every man in the room
pulled a gun” [21]. Hyatt never received the reward.

Nevertheless, Hyatt was not discouraged and he found several uses where celluloid could replace
natural materials. An advertising pamphlet praised celluloid as the saviour of the environment:
“As petroleum came to the relief of the whale, so too has celluloid given the elephant, the
tortoise, and the coral insect a respite in their native haunts: and it will no longer be necessary
to ransack the earth in pursuit of substances which are constantly growing scarcer.”[22].

Others saw the potential of replacing natural with synthetic materials as well, and in the early
1900s Leo Baekeland produced the first fully synthetic material, which he dubbed bakelite [23].
Bakelite was originally invented to replace shellac (produced from excretions of the shellac
beetle) for electrical insulation. Unlike celluloid, it could be moulded into practically any
shape. Thanks to this “plastic” property, the applications of bakelite were extremely diverse,
and its invention triggered the development of many more synthetic polymers around the world.

Although both science and society recognised the potential of plastic materials, they could not
yet be mass produced. This changed during World War II, when import and export of natural
resources were limited. Instead, the military used synthetic materials for anything from tyres
to parachutes [24]. As a result, plastic production nearly quadrupled during the war [19].

Come peace time, the large plastic production capability built up during the war turned to the
consumer market. Plastic producers started campaigns to change the image of plastic materials;
for example, they showcased the diversity of plastic in a 1946 exhibition in New York [25], and
featured an article in LIFE magazine in 1955 on “Throwaway Living” (Figure 2.1) [26].

The marketing of plastics proved very successful: global plastic production has increased
exponentially since the 1950s (Figure 2.2), producing almost 350 million tonnes in 2017 [1].
A consequence of this extraordinary growth [2] is that plastics have gone from being a “saviour
of the environment”, to an environmental pollutant.
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Figure 2.1 “Throwaway living” article that appeared in LIFE Magazine in 1955 [26]. The
article focussed on the convenience of disposable items cutting down on household chores and
featured a large variety of disposable (plastic) products.
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2.1.2 Current plastic production

“Plastic materials” or “plastics” refer to a collection of man-made materials that are highly
mouldable [1]. All plastic materials are synthetically or semi-synthetically formed hydrocarbon
polymers. The raw materials for most plastic polymers are fossil fuels. In recent years, bio-based
plastics have also been developed, but their contribution to the global plastic production is
currently negligible [2].

Different plastic polymers have different characteristics, and they are used in a wide range
of different sectors and applications (Figure 2.3). The largest part of all globally produced
plastic, almost 40%, is used in the packaging industry. Most packaging items are single-use.
Combined with the exponential increase of plastic production since the 1950s, this has had
extreme consequences on the amount of plastic waste generated globally (section 2.2) [2].

The most commonly used plastic polymer types in the packaging industry are [1]:

• polyethylene (PE, densities between 0.91 and 0.97 kg/m3), commonly used in plastic bags
and dispensing bottles;
• polypropylene (PP, densities between 0.90 and 0.92 kg/m3), commonly used in (reusable)

packaging containers;
• and polyethylene terephthalate (PET, densities between 1.37 and 1.47 kg/m3), commonly

used in water and soda bottles.

Of these polymers, PE and PP float in seawater (density of roughly 1.025 kg/m3), while PET
sinks. This is relevant when mismanaged plastic waste ends up in the ocean (section 2.3).

Several different types of chemical additives are added to plastic polymers for different purposes,
for example to act as: stabilisers, plasticisers, colourants, and reinforcements. These additives
potentially affect organisms that ingest plastics (section 2.3).
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Figure 2.2 Global plastic production in million tonnes as a function of time, based on data
from PlasticsEurope [1].

Figure 2.3 Global plastic use in different market sectors in 2017, based on data from
PlasticsEurope [1].
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2.2 Plastic waste

2.2.1 Recycling, incineration, and landfill

Between 1950 and 2015, a total of approximately 8300 million tonnes of plastic was produced
globally [2]. About 30% of all produced plastics are still in use. The vast majority however,
approximately 6300 million tonnes, has been discarded as waste. Because plastic waste does
not break down, it has roughly three possible fates; it can be: (1) recycled into a secondary
material; (2) destroyed thermally; or (3) discarded in landfills or the environment.

Around 9% of all plastics are recycled globally [2]. Recycled plastics often consist of contaminated
or mixed polymer types, which produces secondary materials of inferior quality to “virgin
plastics” produced from fossil fuels [27]. As a result, recycling plastics often does not avoid,
but only delays, plastic from ending up in the waste stream.

Approximately 12% of all globally produced plastics are destroyed thermally [2]. In almost all
cases, this means that plastic waste has been incinerated. Technologies such as pyrolysis [28]
can extract fuel from plastics, but their global use is currently negligible [2].

The remaining 79% of plastic waste ends up discarded in landfills or the environment [2].
Plastic materials are not biodegradable, so they do not decompose (section 2.2.3), but instead
accumulate either in landfills or in the environment.

Landfills are managed differently in different countries. In general, landfills in high income
countries are controlled, and it is unlikely for plastic waste to enter the environment from
these landfills [29]. In contrast, landfills in low income countries are often uncontrolled, open
dumping sites of waste. Plastic waste can enter the environment relatively easily from these
sites, and waste collected in uncontrolled landfills or dumps is considered “mismanaged waste”
[3]. A significant amount of globally mismanaged plastic waste potentially enters the marine
environment.

2.2.2 Sources of marine plastic debris

Mismanaged, accidentally littered, or deliberately dumped plastic waste enters the marine
environment in several different ways. (1) Plastics enter the oceans directly from coastlines, for
example transported by wind and tides [3]. (2) During rainy seasons, run-off in river catchment
areas transports plastic waste into rivers, which eventually discharge into the oceans [4, 5, 6].
Natural and man-made barriers (such as dams and weirs) can intercept plastics and prevent
them from entering the oceans. (3) Plastics also enter the oceans directly from commercial and
recreational vessels, as well as different types of platforms. Although the dumping of waste into
the ocean was prohibited in 1988 [30] (section 2.3), accidental losses and illegal dumping of waste
still contribute to global marine plastic debris. Abandoned, lost, or otherwise discarded fishing
gear is likely a significant source of plastic debris in the oceans as well [31]. (4) Other sources
of marine plastic debris include catastrophic events (such as tsunami debris) [32, 33]; container
spills during storms [34]; and wastewater discharge (for example containing microbeads and
microfibers) [10].

Jambeck et al. [3], Lebreton et al. [4], and Schmidt et al. [5][6] estimated the total amount of
plastic waste that enters the ocean from land-based sources per year. These studies are based
on estimates by Hoornweg and Bhada-Tata [29] of municipal solid waste generation combined
with the level of waste management per country.

Jambeck et al. [3] estimated that between 4.8 up to 12.7 million tonnes of plastic waste
entered the oceans in 2010 from coastal populations living within 50 km of the coastline. They
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calculated this by assuming that a fixed percentage (15%, 25%, and 40% for low-, mid-, and
high-range estimates respectively) of mismanaged and littered waste by the coastal population
enters the oceans.

Lebreton et al. [4] estimated that between 1.15 and 2.41 million tonnes of plastic waste enters
the oceans from river inputs every year. Because rivers connect inland regions to the oceans,
this includes waste inputs from both the coastal and the inland population. Nevertheless, this
estimate is lower than that of Jambeck et al. [3] for several reasons. First, the Lebreton et al.
[4] model does not assume that a fixed percentage of all mismanaged plastic waste enters the
oceans. Instead, the model is calibrated based on measured plastic concentrations in several
rivers around the globe. These measurements consider only floating plastics with sizes between
roughly 0.3 mm and 0.5 m, so plastics with higher densities and of other sizes are not taken
into account in the model. In contrast, Jambeck et al. [3] account for all plastic types and sizes.
Second, weirs and dams are treated as 100% effective sinks of plastic waste in the Lebreton
et al. [4] model, which is likely a conservative approach. Third, plastic waste also enters the
ocean directly from coastlines, not just through rivers.

Schmidt et al. [5][6] used a similar methodology to estimate the input of plastic waste into the
ocean through rivers. They calibrated their model using additional measurements of plastic
concentrations in rivers. They estimated that between 0.47 and 2.75 million tonnes of plastic
waste enters the oceans through rivers each year, which is of the same order of magnitude as
the estimates from Lebreton et al. [4].

Although Richardson et al. [31] provide an estimate of the percentage of different types of
fishing gear lost globally in the oceans, no estimate of the total mass of abandoned, lost, or
otherwise discarded fishing gear currently exists. Estimates of plastic sources from other vessels
and platforms do not currently exist either.

There are large spatial variations in the estimated input of plastic waste from both coastal
and riverine sources (Figure 2.4). These variations mostly depend on: population density; the
percentage of mismanaged waste in a region or country; and, in the case of river inputs, the
(seasonal) river discharge. Jambeck et al. [3] estimated that the top 20 polluting countries are
responsible for 83% of the total plastic waste entering the oceans through coastlines. Of these
top 20 countries, 9 have coastlines directly adjacent to the Indian Ocean. Lebreton et al. [4]
estimated that the top 20 polluting rivers are responsible for 67% of the total plastic waste
entering the oceans through coastlines. Of these, 4 discharge directly into the Indian Ocean.
In contrast, Schmidt et al. [5][6] estimated that 10 catchment areas (associated with 12 rivers)
contribute 90% of all riverine plastic waste input. Of these, 2 catchment areas (4 rivers) enter
directly into the Indian Ocean.

There are large uncertainties and many unknowns involved in estimating the global sources
of marine plastic debris. However, the separate studies described above all estimate that the
global input of plastic waste is in the order of million tonnes per year. In addition, all of them
estimate that large sources of marine plastic debris border the Indian Ocean.
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Figure 2.4 Estimates of global sources of marine plastic debris from: coastlines based on mid-range estimates from Jambeck et al. [3] (filled
countries); rivers based on mid-range estimates from Lebreton et al. [4] (filled circles at river mouths); and top 10 polluting river catchment
areas based on estimates for large items of plastic debris from Schmidt et al. [5][6] (filled squares at receiving seas).
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2.2.3 Fragmentation and degradation

Plastics degrade under influence of UV-radiation and oxygen [35]. However, this degradation
does not fully decompose plastics. The molecular weight of the polymers decreases, making
plastics brittle and easy to fragment into smaller particles. Full decomposition, or mineralisation,
only occurs by biodegradation, when all organic carbon in the polymer is converted to CO2,
water, and biomass. Biodegradation of plastics does not occur in the environment, because
microbes that can metabolise plastics are rare in nature and because there are always other,
preferable nutrient sources available. As a result, plastics are extremely durable, and estimates
of their longevity range from hundreds to thousands of years [36].

In the marine environment, plastics exposed to sunlight and air on beaches fragment rapidly
into smaller pieces [35]. Plastics floating on the sea surface, submerged in the water column,
or on the seafloor likely fragment much more slowly. This is because these plastics are less
exposed to air and sunlight, and are also subject to much lower temperatures than plastics on
beaches.

Although plastics in the marine environment can fragment into smaller pieces, even into
microscopic plastic particles, they are extremely unlikely to biodegrade and undergo complete
mineralisation [35]. As a result, all plastic materials that have ever been introduced into the
environment are assumed to still be there [36].
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2.3 Plastic debris in the marine environment

2.3.1 First sightings and the “Great Pacific Garbage Patch”

The first scientific sightings of plastics in the marine environment occurred as early as the 1950s,
when turtles were observed ingesting plastic bags in the Pacific Ocean [37]. In the 1960s further
sightings of seabirds ingesting plastics in Canada, New Zealand, and Hawaii were reported; as
well as seals and fish entangled in plastic debris.

However, it was only when two studies published in Science in 1972 identified the threats
of marine plastic debris [38, 39], that the problem was taken seriously. In the late 1970s
and early 1980s, industrial plastic pellets and waste from ships were identified as the main
sources of plastics in the marine environment [37]. As a result, industrial pellet spills from
factories reduced drastically in the 1980s. In 1988, Annex V of the International Convention
for the Prevention of Pollution from Ships (MARPOL) [30] came into effect, which banned the
dumping of plastic into the ocean from ships.

With these prevention policies in place, interest in marine plastic debris decreased in the 1990s
[37]. In addition, fragmentation of plastic in the marine environment was mistaken for complete
degradation and mineralisation.

This changed in the early 2000s, when captain Charles Moore discovered that large concentrations
of plastics were accumulating in a “garbage patch” in the North Pacific subtropical gyre [7],
which was later dubbed the “Great Pacific Garbage Patch”. In 2004, Thompson et al. [40]
showed that plastics were not fully degrading in the marine environment, but fragmenting into
microscopic particles which were ubiquitous throughout the marine environment. Scientific
interest in the problem increased again after these discoveries [37]. Despite this, the full impact
of plastic debris on the marine environment is still unclear.

2.3.2 Harmful effects

Marine plastic debris consists of a wide variety of different objects; from microscopic plastic
fragments [40] to massive “ghost nets” that can weigh several tons [41]. Because of this,
encounters and interactions with marine wildlife and ecosystems are also very diverse, and
there are several harmful effects that can be caused by marine plastic debris. Law [10] defined
roughly three different types of encounters with plastics that potentially have harmful effects:
(1) entanglement; (2) ingestion; and (3) interactions.

Marine animals most commonly become entangled in plastic lines, nets, and other types of
fishing gear [42]. Entanglement can injure animals, interfere with their growth, or restrict their
movement. Ultimately, entanglement in marine plastic debris can lead to drowning, starvation,
or predation of marine animals [10].

The potential harmful effects of ingestion of marine plastic debris are very diverse. There is no
particular type or size of plastic debris associated with ingestion, although the maximum size
of ingested plastic naturally depends on the size of the specific marine animal. For example,
mussels have been observed ingesting small plastic fragments [43], whereas whales are known to
ingest large items [44]. Ingestion can reduce the storage capacity of the stomach, obstruct the
gut, and result in internal injuries. Ingestion of plastics can also result in biochemical responses
and impacts at the cellular level, such as reduced enzyme activity and cellular necrosis [10].

In addition, marine plastic debris is often contaminated by chemicals. This includes chemicals
that are used in the plastics manufacturing process [45], as well as environmental pollutants
that absorb onto plastic debris from the marine environment. Many chemicals that are present
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in contaminated seawater or sediment are hydrophobic. Because of this, they are attracted
to other hydrophobic substances such as plastics, and there is clear evidence that chemicals
absorb onto marine plastic debris from seawater [46]. Although many of these chemicals have
known harmful effects, it is unclear to what extent they transfer from ingested plastic debris
into animal tissue [47].

Besides entanglement and ingestion, there are many other possible interactions between plastic
debris and the marine environment. These include, for example: collisions, which can damage
coral reef ecosystems [10]; debris on the seafloor acting as a barrier, which can alter ecosystems
by decreasing light penetration and oxygen exchange [48]; and long-distance transport of species
“hitchhiking” on floating plastic debris [49], potentially transporting invasive species over large
distances and into new ecosystems.

Harmful effects of plastic debris have been reported for many individuals of hundreds of different
marine species. However, the full impact of marine plastic debris on ecosystem and population
levels is not yet clear [10]. To understand the full impact of the problem, it is crucial to know
where in the oceans plastic debris is.

2.3.3 A global problem

Plastics can travel enormous distances in the ocean, because they do not degrade and have
extremely long life spans. Floating plastics in particular are easily transported by ocean surface
currents, wind, and waves, and they can cross entire ocean basins. As a result, marine plastic
debris is found in the most remote locations on Earth, throughout the marine environment.

For example, floating plastic debris is found in both the Antarctic [50] and Arctic [51] regions,
as well as accumulating in subtropical garbage patches in the middle of the ocean [7, 52, 8].
Large amounts of plastics wash up on remote beaches of uninhabited islands [53, 54]. Plastic
fragments are found embedded in Arctic sea-ice [11], as well as in sediment in the deep sea [55].
In the most remote locations, amphipods living at more than 10,000 m depth in the Mariana
and Kermadec trenches have ingested plastic fragments [56].

From these examples, it is clear that plastic debris is ubiquitous throughout the marine environment.
In addition, marine plastic debris is found far from its source locations; so ocean plastic pollution
is a global problem.
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2.4 Sinks of marine plastic debris

2.4.1 Subtropical garbage patches

Floating plastics accumulate in garbage patches in the subtropical oceans, between 20 and 40◦

latitude, in both the northern and southern hemispheres. Ocean surface currents converge and
move downwards in the subtropics (section 3.4). Because floating plastics are stuck at the
ocean surface, they accumulate in these regions.

At the moment, no technology exists to remotely measure concentrations of marine plastic
debris, although advances are being made [57]. Sampling of floating plastics is generally done
with manta trawls (Figure 2.5a). These trawls typically collect relatively small plastic debris
(Figure 2.5b), limited by the size of the mouth opening (usually around 1 m length [52, 41])
and the mesh size of the net (usually around 0.3 mm [8]).

Because sampling is costly and time consuming, measurements of plastic concentrations in the
open ocean are limited. van Sebille et al. [9] compiled and standardised all available open ocean
measurements of “small” plastics (< 20 cm) up until 2013 (Figure 2.6). After discovery of the
garbage patch in the North Pacific by Moore et al. [7], several sampling studies confirmed the
existence of subtropical garbage patches in both the North Pacific and North Atlantic oceans
[9, 41]. In the southern hemisphere, measurements are much more scarce. However, a sharp
gradient in plastic concentrations in the South Pacific suggests that there is a garbage patch here
too [58]. In the South Atlantic and South Indian oceans, measurements are far less conclusive
about the existence of a subtropical garbage patch.

Despite the limited number of measurements, the ocean surface is the most extensively sampled
marine environment for plastic debris. van Sebille et al. [9] used these measurements to calibrate
numerical models and estimate the total amount of marine plastic debris floating in the global
oceans. They estimated that between 93 to 236 thousand tonnes of plastic waste are floating on
the sea surface. Because this is several orders of magnitude smaller than the estimated input
of plastic waste per year (section 2.2.2), this number is unexpectedly small.

Figure 2.5 (a) Surface manta trawl used to sample floating marine plastic debris. Photo from
Scripps Institution of Technology. (b) Sampled plastic debris in the Great Pacific Garbage
Patch in the North Pacific Ocean. Photo by captain Charles Moore [59].
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Figure 2.6 Standardised global measurements of small (< 20 cm) plastic debris floating at the ocean surface. Figure adapted from van Sebille
et al. [9].
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2.4.2 Problem of the missing plastic

Estimates of plastic waste entering the ocean per year are on the order of several million tonnes
[3, 4, 5, 6]. In contrast, estimates of the total amount of plastic waste floating on the ocean
surface are only on the order of several tens to several hundreds of thousand tonnes [8, 9]. There
are three possible explanations for this discrepancy [13]: (1) the sources of marine plastic debris
are overestimated; (2) the amount of plastic debris on the ocean surface is underestimated; and
(3) there are other, unknown sinks of marine plastic debris.

There are large uncertainties involved in both the estimates of sources, and the amount of
floating marine plastic debris in the global oceans. There are also several reasons why these
estimates are not expected to match up. For example, the estimate of plastic waste entering
the ocean through coastlines [3] considers all types of plastic, including plastic items that
sink in the ocean. Of course, these items are not accounted for in estimates of floating plastic
debris. However, over 65% of plastics produced today have densities lower than that of seawater
[13], so most plastics are expected to float in the oceans. In addition, the estimate of the
amount of plastic on the ocean surface is based on measurements of small (< 20 cm) plastics
only. Large items of marine plastic debris likely contribute considerably to the overall plastic
mass [41], which means that the estimate of the total amount of floating plastics is likely an
underestimation. Nevertheless, it is highly unlikely that these reasons alone account for the
multiple orders of magnitude difference between sources and floating marine plastic debris [9].

Instead, it seems that there is a fundamental gap in understanding what happens to floating
plastic debris in the oceans. The problem of the “missing” plastic in the global ocean plastic
budget is similar to that of the missing anthropogenic CO2 in the carbon budgeting of the early
2000s [9]. To determine the impact of plastic debris on the marine environment, it is essential
to solve the problem of the missing plastic [10].

There are several theories what the missing sinks of marine plastic debris may be. These
theories focus mostly on how floating plastics may disappear from (sections 2.4.5, 2.4.6, and
2.4.7) or never reach (section 2.4.8), the open ocean surface.

2.4.3 Plastic debris: size matters

Plastic debris is found in the marine environment in a large range of different sizes, which are
often divided into categories: “microplastics”, “mesoplastics”, “macroplastics”, and sometimes
“megaplastics” [60]. However, there is currently no consensus about the precise definition or
size range of these categories. For example, the lower size range of microplastics varies between
1 to 20 µm and the upper size range between 500 µm to 5 mm depending on the study [61]. The
term “nanoplastics” is now also being used for even smaller plastic fragments. As with the other
categories, there is no consensus about the definition of nanoplastics, although Gigault et al.
[62] suggest defining nanoplastics as particles between 1 and 1000 nm that present colloidal
behaviour.

In this thesis, I do not focus on a specific size category of marine plastic debris. However,
plastic size is important when considering the results of plastic sampling studies. Sampled
plastic concentrations are generally presented as either a numerical concentration or a mass
concentration. Large plastic debris accounts for the bulk of the sampled plastic mass. For
example, Lebreton et al. [13] found that over 75% of all plastic mass floating in the North
Pacific subtropical garbage patch comes from plastic debris larger than 5 cm. Similarly, Eriksen
et al. [8] found that items larger than 20 cm accounted for approximately 75% of the mass of all
buoyant plastics sampled in the global oceans. In contrast, small plastic debris contributes most
to the total number of plastic particles. For example, Lebreton et al. [13] found that plastics
between 0.05 and 0.5 cm accounted for approximately 94% of the total number of plastics
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sampled in the subtropical North Pacific Ocean. Eriksen et al. [8] reported similar numbers;
they found that plastics in a size range between 0.3 and 5 mm accounted for approximately
93% of the total number of plastics sampled globally.

As a result, the mass concentration of sampled plastics will generally be higher if large plastic
debris is sampled. In contrast, the numerical concentration of plastics generally increases if
smaller plastics are sampled. The plastic debris sizes that a sampling study can focus on
is generally limited by the chosen sampling method. For example, the size of the mouth
opening and the mesh size of the net used in manta trawls (section 2.4.1), limits most open
ocean studies to sampling plastic debris between 0.3 mm and 20 cm. As discussed in section
2.4.2, a consequence of this is that the total mass of plastic waste at the ocean surface is
likely underestimated. Finally, when comparing plastic concentrations between studies, it is
important to take the sampled plastic size classes into account, as well as the metric (numerical
concentration or mass concentration) used in the studies.

2.4.4 Plastic in the water column

Manta trawls typically collect plastic debris from roughly the upper 0.5 m of the ocean surface.
However, based on data from subsurface trawls, Kukulka et al. [63] showed that plastic debris is
vertically distributed within the upper few metres of the water column as a result of wind-driven
mixing. Depending on the wind conditions during sampling, as well as the rising speed of plastic
debris, this means that sampling of plastic concentrations in the upper 0.5 m may lead to severe
underestimation of the total amount of plastic debris floating on the ocean surface.

Kukulka and Brunner [64] therefore developed a model to correct measured plastic concentrations
based on wind and wave conditions during sampling. Brunner et al. [65] applied this to measured
concentrations. Reisser et al. [66] and Kooi et al. [67] sampled plastic concentrations in the
subtropical North Atlantic Ocean using a “multi-level trawl” up to 5.0 m depth. They confirmed
that the vertical distribution of plastic debris at the ocean surface depends on the sea state as
well as the specific properties of plastic particles.

The vertical mixing of floating plastic debris means that plastic concentrations measured by
surface manta trawls may be underestimated [63]. However, van Sebille et al. [9] (as well
as many other sampling studies) corrected for this effect when they standardised all available
measurements of open ocean plastic concentrations. Plastics within the upper few metres of the
ocean surface should therefore be accounted for in the estimate of the total amount of plastic
debris floating on the global ocean surface. It is therefore unlikely that the missing plastic can
be found in the upper 5 m of the water column.

2.4.5 Biological sinks

Ingestion of plastic debris by marine animals is a possible sink of floating plastics. Different
species of seabirds ingest up to several hundred tonnes of plastic per year [68]. Mesopelagic
fishes in the North Pacific Ocean ingest up to several tens of thousand tonnes of plastic debris
per year [69]. Many other species of marine animals are also known to ingest plastics, but
estimates of a total global amount are lacking. However, the total ingestion of plastic debris
could be on the same order of magnitude as the estimated amount of debris floating on the sea
surface [9].

This is still several orders of magnitude smaller than the estimated missing plastic. In addition,
ingestion of plastic debris by marine animals is not a permanent sink. After ingestion, small
plastic particles are egested and either return to the ocean surface, or settle in faeces [12].
Similarly, plastics that are too large to be egested can be released back into the environment
after an animal perishes and decomposes. Biological sinks alone are therefore unlikely to help
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close the global ocean plastic budget.

2.4.6 Sea ice as a temporal sink

Plastic debris may be stored in sea ice in the Arctic and Antarctic regions, which can act as
a temporary sink. Obbard et al. [11] and Peeken et al. [70] sampled plastic concentrations in
ice cores of Arctic sea ice. Obbard et al. [11] suggested that plastics embedded in Arctic sea
ice may originate from the Pacific Ocean, while Peeken et al. [70] suggested plastics may also
enter the Arctic from the North Atlantic Ocean.

Both Obbard et al. [11] and Peeken et al. [70] found numerical concentrations of plastic particles
that were several orders of magnitude larger than those found in the subtropical garbage
patches. Obbard et al. [11] suggested that this indicates that sea ice may be a significant
plastic sink. However, both studies sampled plastic particles that were significantly smaller
(down to approximately 20 µm [11] and 0.1 µm [70] respectively) than those generally sampled
at the ocean surface (typically down to 300 µm [8]). As discussed in section 2.4.3, higher
numerical concentrations are expected when sampling smaller plastic particles.

Because there are insufficient measurements available to determine how much plastic mass is
contained in Arctic sea ice cover, it is unclear if sea ice is a significant sink. The presence
of plastics in Antarctic sea ice has not yet been confirmed, but because studies have sampled
plastics in surrounding waters [71, 72], there is reason to believe Antarctic sea ice may contain
plastics as well.

Sea ice is considered a temporary sink of plastics. Because sea ice cover is declining as a result of
anthropogenic global warming, large amounts of plastics may be released back into the oceans
as the ice melts [11, 70].

2.4.7 Fragmentation and settling

Settling of floating plastic debris below the ocean surface is also a possible sink. Floating
plastics fragment into smaller pieces, and accumulate “biofouling”. Fragmentation changes the
size and surface area of plastic items, and added biofouling changes their overall density. These
effects combined can change the buoyancy of a floating plastic particle, essentially allowing it
to sink and settle on the ocean floor [12].

Koelmans et al. [12] developed an analytical mass balance model that accounts for emission,
fragmentation, and settling of plastic debris. They calibrated their model based on observed
plastic concentrations at the ocean surface from Eriksen et al. [8], which allowed them to
estimate plastic fragmentation and settling rates. Their results showed that by 2016 99.8%
of all plastic that had entered the oceans since 1950 had settled to depths below the ocean
surface. In 2016, 9.4 million tonnes of plastic were removed from the ocean surface per year in
their model. These estimates are on the same order of magnitude as estimates for the annual
plastic waste input, and Koelmans et al. [12] suggest that fragmentation and settling potentially
explains the whereabouts of the missing plastic.

The model used by Koelmans et al. [12] predicts that plastics are removed from the ocean
surface within 3 years. There is evidence that plastic disappears relatively quickly from the
ocean surface. Industrial plastic pellet spills from factories were reduced significantly in the
1980s, and as a result also reduced at the surface of the North Atlantic garbage patch and
in the stomachs of seabirds in the following years [73]. Although more rapid than expected
based on the lifetime of plastics, the removal of industrial plastic pellets from the ocean surface
occurred over a timespan of several decades. This is arguably significantly longer than the 3
years predicted by Koelmans et al. [12].



2.4. Sinks of marine plastic debris 23

The first order estimates from the Koelmans et al. [12] model show that fragmentation and
settling of marine plastic debris could go a long way in closing the global ocean plastic budget.
At the moment however, there is insufficient observational evidence to determine if this theory is
conclusive or not. In addition, the mass balance model by Koelmans et al. [12] does not account
for plastic debris washing up on coastlines, which others argue may also be a significant sink
of marine plastic debris.

2.4.8 Beaches as sinks

Lebreton et al. [13] developed a mass balance model similar to that of Koelmans et al. [12],
but including beaching of marine plastic debris. Their results showed that 66.8% of all large
floating plastic debris had stranded on coastlines, and 32.3% had fragmented into smaller plastic
fragments and settled to depths below the ocean surface.

Plastic debris that washes up on beaches can also recirculate into the ocean. Lebreton et al.
[13] therefore argue that coastlines can act both as a sink of marine plastic debris, but may also
introduce a time lag between releasing plastic debris into the marine environment and plastic
debris ending up in subtropical garbage patches. For this reason, they suggest that comparing
current estimates of plastic emissions with recent plastic concentrations measured in the open
ocean is misleading.

In addition, Lebreton et al. [13] argue that plastic debris can take several years to accumulate
in subtropical garbage patches, which is not supported by the rapid fragmentation and settling
theory by Koelmans et al. [12]. Lebreton et al. [41] found several items in the subtropical North
Pacific Ocean, which, based on their production dates, dated back to the 1970s. However,
numerical simulation results show that plastic debris can reach the subtropical garbage patches
within roughly two years [15], and, as Lebreton et al. [13] also admit, production dates are
not the same as disposal dates. Unfortunately, technology to date the age of marine plastic
debris items does not currently exist, so there is no conclusive evidence how long plastic debris
remains intact at the ocean surface.

Multiple sampling studies found large amounts of plastic debris washed up on coastlines [53, 54],
which supports the theory by Lebreton et al. [13] that beaches can act as sinks of marine plastic
debris. However, there are no global estimates of the total amount of plastic on coastlines, so
it is inconclusive if this can account for all the missing plastic.
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2.5 Marine plastic debris in the Indian Ocean

There are potentially large sources of marine plastic debris in the Indian Ocean (section 2.2)
[3, 4, 5, 6]. Several sampling studies measured plastic concentrations at the ocean surface in the
Bay of Bengal [8], in the subtropical southern Indian Ocean [8, 52], and along Western Australia
[74]. Multiple studies sampled plastic debris on beaches throughout the Indian Ocean as well
[75, 76, 53, 77, 78]. Despite these efforts, the Indian Ocean has been relatively under-sampled
(section 2.4) [9], and the behaviour of marine plastic debris in this ocean basin is not well
understood.

Measurements of plastic concentrations are inconclusive about the existence of a garbage patch
in the subtropical southern Indian Ocean. In addition, numerical modelling studies predict
inconsistent locations of a possible subtropical garbage patch. Several studies show a garbage
patch forming in the centre and towards the east of the southern Indian Ocean basin [79, 16, 17],
whereas others show a garbage patch forming towards the west [14, 15]. These inconsistencies
highlight the limited understanding of the behaviour of floating marine plastic debris in the
southern Indian Ocean.

In the northern Indian Ocean, the subtropics is blocked by the landmass of the Asian continent.
This means that there is no subtropical gyre and associated garbage patch in the northern
Indian Ocean. In addition, the Asian continent drives the strongest monsoon system on Earth
[18]. As a result, both the wind and several ocean surface currents change in intensity and
direction depending on the monsoon season (section 3.5). Reversing ocean surface currents are
a unique phenomenon to the northern Indian Ocean. As a result, the behaviour of floating
marine plastic debris in this region is likely also unique, yet it has not been studied in detail.

Because of the potentially large sources of marine plastic debris, potential harmful effects to
marine species and ecosystems, and the unique dynamics of the Indian Ocean, this is a highly
relevant region to study.
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Theory

In this chapter, I give an overview of the different mechanisms that are relevant for the transport of

buoyant objects. I explain the mechanisms behind the accumulation of buoyant objects in “garbage

patches” in the subtropical ocean gyres. Finally, I explain the unique oceanic and atmospheric

dynamics of the Indian Ocean. The purpose of this chapter is not to provide a complete overview of

all mechanisms that influence the transport and accumulation of buoyant marine plastic debris, but

rather to give an overview of the processes that are discussed further in this thesis.
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3.1 Transport of buoyant objects

Buoyant objects drifting at the ocean surface are transported by different forcing mechanisms.
Ocean surface currents play a large role but wind [80] and waves [81] can also have a significant
influence on an object’s behaviour. Currents, wind, and waves have large temporal and spatial
variations, both horizontally and vertically. These forcing mechanisms are rarely independent
and interact with each other in complex ways. In addition, depending on their specific characteristics
(such as size, shape, and density), buoyant objects can react differently to the same forcing
conditions [14]. Depending on an object’s buoyancy and rising speed, it can also be transported
vertically in the water column [66, 67]. In this section, I discuss different transport mechanisms
that can influence the behaviour of buoyant objects drifting at the ocean surface, as well as
difficulties and uncertainties in determining them and their influence on buoyant objects.

3.1.1 Ocean surface currents

Ocean surface currents are forced by many different mechanisms and can consist of [82, 83]:
geostrophic currents (forced by pressure gradients and the Coriolis force); Ekman currents
(forced by wind stress at the ocean surface boundary layer and the Coriolis force); tidal currents;
Stokes drift and wind-driven shear currents (section 3.1.2); and barotropic and baroclinic
instabilities. As a result, ocean surface currents show large variations on different temporal
and spatial scales. Ocean surface currents typically also have a pronounced vertical profile,
with current speeds decaying rapidly with depth [84].

The depth at which an ocean “surface” current is defined is rather ambiguous and varies between
1-cm and 10-m [84]. This is partly because the ocean surface boundary is constantly in motion,
and defining a fixed surface layer based on a moving boundary is not self-evident. Measuring
ocean currents at or very close to the surface boundary is also a technical challenge.

Despite the difficulties in defining and measuring ocean currents very close to the surface,
currents in this layer are very important for the transport of buoyant objects. The strong
vertical shear of ocean surface currents can lead to an order of magnitude difference in current
velocities at different depths, especially for wind-driven currents [84].

For the transport of buoyant objects this means that it is important how deep in the water
column an object drifts [85]. However, it is not trivial to determine this depth for most objects.
For example, for large objects a depth-mean current velocity over the object’s entire height may
be most relevant to its transport. For a small object, determining a depth-mean current velocity
may not be necessary, but small objects may be transported vertically in the water column more
easily [66, 67]. Determining general transport properties for buoyant marine plastic debris is
complicated even further because plastic materials have varying densities, sizes, and shapes.
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3.1.2 Wind and waves

Besides ocean surface currents, wind can have a large influence on the transport of buoyant
objects, both directly and indirectly. Directly, wind forcing or “windage” acts on an object’s
surface area exposed to air [86]. Indirectly, wind generates currents [87] and waves [81], both
of which can transport buoyant objects.

Windage

Richardson [86] first introduced a method to account for the velocity of a drifting object as
a result of windage, ~uwindage, as a percentage of the wind velocity, ~ua. This percentage, also
referred to as the windage coefficient Rwindage, can be determined empirically for specific objects
under different conditions in the field [88, 89]. However, in many cases this is not a practical
option, so Anderson et al. [90] derived a simplified equation to estimate the windage coefficient.
By neglecting inertia and assuming that the drag forces FD acting on an object on the air and
water side balance each other, Anderson et al. [90] derived that

FD,a =
1

2
ρaCD,aAa(~ua − ~uobj)2 =

1

2
ρwCD,wAw~u

2
windage = FD,w, (3.1)

where ρ is the fluid density, CD the object’s drag coefficient, A the object’s effective exposed
area, and the subscripts a and w indicate parameters on the air and water side respectively.
Because inertia is neglected, an object’s velocity ~uobj is assumed to equal the sum of the ocean
surface currents and the velocity due to windage ~uwindage. Anderson et al. [90] assumed that
~uobj is much lower than the wind velocity ~ua, so (~ua − ~uobj) ≈ ~ua can be simplified in equation
3.1. Equation 3.1 can then easily be solved for ~uwindage as

~uwindage =

√
ρa
ρw

CD,a
CD,w

Aa
Aw
· ~ua = Rwindage · ~ua, (3.2)

where Rwindage is the windage coefficient. Despite relying heavily on several assumptions,
equation 3.2 is widely used in different studies to estimate the windage coefficient by determining
the density, drag coefficient, and area ratios [91, 92].

Using mean values for air and water density, reasonable assumptions for the density ratio ρa
ρw

can be made. A first estimate for the effective area ratio Aa
Aw

can be determined from an object’s
buoyancy [93, 92]. Because the drag coefficient depends heavily on both an object’s shape and

the Reynolds number of the flow [94], determining the ratio
CD,a
CD,w

is however less straightforward.

In practice, this ratio is often simply set to
CD,a
CD,w

= 1 [91, 92]. This assumption is questionable

because Reynolds numbers in air are often higher than in water [93]. In addition, the shape of
an object’s area exposed to air can be different from that submerged in water.

To simulate the effect of windage on the velocity of a drifting object ~uwindage, the windage
coefficient Rwindage is multiplied by the wind velocity ~ua. The wind velocity ~ua is generally
taken as the wind at a standard reference level of 10 m height, ~u10 [91, 92]. Because the wind
speed has a logarithmic vertical profile [95], the wind at 10 m height is not necessarily the same
as the wind acting on an object protruding from the ocean surface. In addition, the presence of
waves can change the position of an object in the wind profile, as well as create wind shadows.

Finally, equation 3.2 was derived assuming that inertia can be neglected for buoyant objects
smaller than roughly 10 m [90]. More recently however, Beron-Vera et al. [96] demonstrated
that inertia may influence the transport of objects smaller than this. So, although equation
3.2 provides a relatively straightforward way to determine the effect of windage on a drifting
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object’s velocity, multiple simplifications and assumptions are needed to apply the equation in
practice.

Stokes drift and wind-driven shear current

Waves are generated by wind both locally (“sea”) and remotely (“swell”). In the presence of
waves, water parcels are transported forwards in the direction of the wave at the wave crest,
and backwards in the opposite direction at the wave trough, completing an orbital motion.
However, in practice, these orbits are not closed [97]. The forwards motion at the wave crest
is greater than the backwards motion at the wave trough, so there is a net motion of water
parcels in the direction of the wave. This net forwards motion in the presence of waves is the
Stokes drift ~uSt [98],

~uSt(z) =

(
πH

λ

)2

c · e
4π
λ
z, (3.3)

where H is the wave height, λ the wavelength, c the wave phase speed, and z the depth. Stokes
drift decreases exponentially with depth.

Sea waves, rather than swell, contribute most to Stokes drift [99]. Because sea waves are
generated locally, the influence of Stokes drift on the transport of buoyant objects is difficult to
separate from other wind-driven effects. One of these effects is the wind-driven shear current.
Together, Stokes drift and the wind-driven shear current form the “drift current” [87]. The
drift current is assumed to have a logarithmic vertical profile, and decays strongly with depth.

Traditionally, the velocity of the drift current at the ocean surface was assumed to be roughly
3% of the wind speed [100], and it is typically taken into account in predictions for oil spill
mitigation [101]. However, the main focus of recent literature has been on the influence of
Stokes drift on the transport of buoyant objects only [102, 99]. Although Stokes drift is a
large component of the total drift current, the effect of the wind-driven shear current cannot
be neglected [87]. Chapter 7 considers the influence of the drift current and its vertical profile
on the transport of buoyant objects in more detail.

3.1.3 Vertical transport

Depending on their size, shape, and density [66, 67] buoyant objects can be transported within
the upper few metres of the water column by wind- and wave-induced vertical mixing [63, 64,
65]. Vertical mixing occurs more frequently during conditions with strong winds and rough sea
states. Fragmentation and biofouling can change the density of buoyant marine plastic debris,
allowing plastics to move up and down in the water column [103]. Downwelling currents can
also vertically transport objects if the downwelling velocities exceed an object’s rising speed,
although the effects of this on the transport of buoyant marine plastic debris have not yet been
studied.
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3.2 Lagrangian particles and Eulerian tracer

There are many different ways to study the transport of buoyant debris, for example using
different observational and numerical modelling techniques. The transport of buoyant debris
can also be studied from a Lagrangian or a Eulerian reference frame [104]. Lagrangian methods
consider the transport of a buoyant object from the reference frame of the object, as it drifts
at the ocean surface. Ocean surface drifters and virtual particles in a particle tracking model
are examples of Lagrangian methods. In contrast, Eulerian methods consider the transport
of buoyant debris from a stationary reference frame. Eulerian methods do not consider the
movement of individual particles, but instead consider the spread of a concentration of tracer.
An example of a Eulerian method to observe the dispersion of tracer concentration is the
injection of dye onto the ocean surface.

In this thesis, I use both Lagrangian and Eulerian methods to study the dynamics of buoyant
debris in the Indian Ocean. In chapter 4, I use observed locations of (Lagrangian) ocean surface
drifters to construct a (Eulerian) transport matrix. I use the transport matrix to calculate the
evolution of tracer concentration in the global ocean. Section 4.2.2 explains in detail how to
construct a transport matrix from observed drifter locations, as well as the advantages and
limitations of this method. The main advantage of using a transport matrix based on observed
drifter locations, is that the transport matrix is based on the dynamics of actual drifting objects
[14]. This means that there is no need to make any assumptions regarding, for example, the
influence of wind and waves on the drifter dynamics, because the transport matrix contains the
actual behaviour of the drifters.

A disadvantage of this method is that the quality of the transport matrix depends on the
number of available observed drifter locations [14]. In chapter 5, I focus on the transport
of buoyant debris entering the Indian Ocean from river source locations and determine likely
locations for this debris to end up on coastlines. Observed locations of ocean surface drifters
in coastal regions are very limited, and as a result the transport matrix method that I used in
chapter 4 is not suitable for this study. Instead, I therefore use Lagrangian particle tracking
simulations forced by a numerical ocean circulation model. Using the Lagrangian frame of
reference also allows me to apply specific conditions for the stranding of individual particles (as
explained in detail in section 5.2.3), which is not possible using a Eulerian tracer method.
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3.3 A matter of scales

Each of the transport mechanisms described in section 3.1 have large temporal and spatial
variations on different scales, ranging from several seconds to hundreds of years and from
several centimeters to thousands of kilometers [105].

On global and ocean basin scales, buoyant objects accumulate in subtropical gyres as a result
of wind-driven convergence and downwelling (section 3.4) [14]. On much smaller scales than
the subtropical gyres, mesoscale eddies (with diameters on the order of hundreds of kilometres
and lifetimes of several weeks to years) and sub-mesoscale eddies (with diameters on the order
of several kilometres and lifetimes of several days to weeks) can have an important influence
on basin-scale transport and accumulation of buoyant objects [106]. However, the exact role of
mesoscale and sub-mesoscale processes on the transport of buoyant objects is still unclear [60].

Other processes transport and accumulate buoyant objects on much smaller scales. For example,
Langmuir cells created by the wind-driven shear current and Stokes drift can form and dissipate
within several minutes and accumulate buoyant objects in “windrows” several tens of metres
wide and kilometres long [107].

Eckart [108] determined that the dispersal of tracer is a result of mixing and stirring processes,
where mixing reduces tracer gradients and stirring increases tracer gradients. Mixing processes
act on very small scales, whereas stirring processes act on larger scales. To simulate the
transport of buoyant debris, from a numerical modelling point of view this means that mixing
processes are unresolved, sub-grid scale processes that must be parametrised in a numerical
model [104]. In Lagrangian particle tracking simulations, this is for example done by adding
random “Brownian” motion to the movement of a particle [109]. I apply this to particle tracking
simulations in chapters 5 and 7. In contrast, stirring processes are the result of resolved motions
in a numerical model, such as resolved eddy fields [104].

In addition, different processes may be important for the transport and accumulation of buoyant
objects in specific regions but not in others. For example, buoyant objects can accumulate along
river plumes [110] and coastal fronts in coastal regions, but these processes are less relevant in
the open ocean.

In this thesis, I focus mainly on the long-term and large-scale transport and accumulation
of buoyant marine plastic debris in the open ocean. Section 3.4 explains the accumulation
mechanism of buoyant objects in the subtropical gyres, and section 3.5 focusses on the large-scale
dynamics specific to the Indian Ocean. van Sebille et al. [60] provide a more complete overview
of the various processes that influence the transport of buoyant marine plastic debris on different
scales.
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3.4 Large-scale ocean surface accumulation

Because of the conservation of volume, ocean currents are divergence-free. However, because
buoyant objects are stuck at the ocean surface, they can accumulate in regions with downwelling
ocean currents [14, 15]. On large scales, this occurs in the subtropical ocean gyres and in regions
where deep water is formed. Accumulation of buoyant marine plastic debris has been confirmed
both in the subtropical gyres [7, 52, 8, 9] and in the North Atlantic branch of the thermohaline
circulation [51].

The accumulation of buoyant marine plastic debris in the subtropics can be explained by Ekman
dynamics [111, 79, 14, 15]. In the subtropical oceans, the ocean surface circulation is mainly
driven by easterly trade winds between 0 to 30◦ latitude and westerlies between 30 to 60◦

latitude in both the northern and southern hemisphere (Figure 3.1b). The balance between
the wind stress at the ocean surface and the Coriolis force drives Ekman currents and creates
an “Ekman spiral” (Figure 3.1a) [112]. The net transport of water over the full depth of the
Ekman spiral is directed 90◦ to right of the wind on the northern hemisphere and to the left of
the wind on the southern hemisphere. Ekman transport leads to convergence in the subtropics
between roughly 20◦ and 40◦ latitude in both hemispheres (Figure 3.1b). This convergence
leads to associated Ekman downwelling, because mass needs to be conserved (Figure 3.1c).
As a result, there is persistent downwelling in the subtropics. Buoyant marine plastic debris
accumulates in these downwelling regions, forming “garbage patches” [7, 52, 8, 9].

According to Ekman dynamics, accumulation of buoyant marine plastic debris should occur
evenly along the entire basin width in each of the subtropical oceans. However, because other
transport mechanisms also influence garbage patch dynamics, this is not the case. Chapter 4
discusses this in more detail.
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Figure 3.1 Schematic illustrating the subtropical accumulation mechanism of buoyant objects.
(a) A balance between the wind stress at the ocean surface and the Coriolis force creates an
“Ekman spiral”. The net transport over the entire depth of the spiral is directed 90◦ to the right
of the wind in the northern hemisphere and to the left of the wind in the southern hemisphere.
(b) The easterly trade winds between 0 to 30◦ latitude and the westerlies between 30 to 60◦

latitude lead to converging Ekman transport in the subtropics between 20 and 40◦ latitude in
both hemispheres. (c) Ekman convergence leads to associated downwelling in the subtropics.
Buoyant objects remain at the ocean surface and accumulate in these regions.



3.5. Indian Ocean dynamics 33

3.5 Indian Ocean dynamics

The Indian Ocean has several unique atmospheric and oceanic features. In the northern
hemisphere this is mainly because the Indian Ocean is blocked by the Asian continent. Temperature
differences between the continent and the Indian Ocean drive the strongest monsoon system
on Earth. In the southern hemisphere there are several features unique to the Indian Ocean
as well. In this section, I discuss the features of the Indian Ocean that are relevant to the
transport of buoyant objects.

3.5.1 Monsoon system

Similar to a land-seabreeze system, the monsoon system is driven by differences in air temperature
above the Asian continent and above the northern Indian Ocean [18]. During the northern
hemisphere summer months (June, July, August) the air above the Asian continent is warmer
than above the northern Indian Ocean, which drives the predominantly south-westerly winds
above the Arabian Sea and the Bay of Bengal during the southwest monsoon season (Figure
3.2c). In contrast, during the northern hemisphere winter (December, January, February),
the warmer air above the northern Indian Ocean results in predominantly north-easterly winds
(Figure 3.2a). This period is referred to as the northeast monsoon season. The months between
the southwest and northeast monsoon seasons are called the intermonsoon periods (March,
April, May and September, October, November).

The influence of the monsoon system is not limited to the northern hemisphere Indian Ocean.
In the equatorial region, there are no steady equatorial easterly trade winds as a result of the
monsoon system [18]. In addition, the southwest monsoon season starts with strengthened
south-easterly trade winds in the southern hemisphere Indian Ocean [113, 114].

3.5.2 Northern hemisphere and equatorial ocean surface circulation

The seasonally reversing monsoonal winds above the northern Indian Ocean result in large
seasonal variations in ocean surface currents, with several currents reversing direction [18].
During the northeast monsoon season the flow in the northern Indian Ocean is predominantly
westwards (Figure 3.2b), with the Northeast Monsoon Current (NMC) flowing from the Bay
of Bengal past Sri Lanka into the Arabian Sea. The North Equatorial Current (NEC) flows
westwards in this season as well, and feeds into the south-westward flowing Somali Current (SC).
Together with the East African Coastal Current (EACC) the SC supplies the eastward flowing
South Equatorial Counter Current (SECC). The SECC feeds into the South Java Current (SJC)
which flows south-eastwards along the coasts of Sumatra and Java during this season.

In contrast, during the southwest monsoon season the flow in the northern Indian Ocean is
predominantly eastwards (Figure 3.2d), as the Southwest Monsoon Current (SMC) flows from
the Arabian Sea past Sri Lanka into the Bay of Bengal [18]. During this season there is no
NEC. Supplied by the EACC, the SC reverses direction and flows north-eastwards. Along
Java, the SJC is variable but predominantly north-westwards [115], in the same direction as
the Indonesian Throughflow (ITF), which is strongest during the southwest monsoon season
[116].

Strong eastward flowing Wyrtki jets [117] develop along the equator during the intermonsoon
periods, and are at their strongest during the intermonsoon period following the southwest
monsoon season (September, October, November) [118]. The equatorial Wyrtki jets are unique
to the Indian Ocean.
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Figure 3.2 Mean wind speeds above the Indian Ocean during the (a) northeast monsoon season
(December, January, February); and (c) southwest monsoon season (June, July, August). White
arrows show schematic wind directions. The easterly trade winds, westerlies, north-easterly
monsoon winds (NE) and south-westerly monsoon winds (SW) are labeled. Mean wind speeds
are based on the ECMWF ERA-Interim Reanalysis product [119]. Mean ocean surface current
velocities in the Indian Ocean during the (b) northeast monsoon season; and (d) southwest
monsoon season. Black arrows show schematic current directions. The Northeast Monsoon
Current (NMC); Southwest Monsoon Current (SMC); Somali Current (SC); North Equatorial
Current (NEC); South Equatorial Counter Current (SECC); East African Coastal Current
(EACC); South Equatorial Current (SEC); South Java Current (SJC); South Indian Counter
Current (SICC); Agulhas Current (AC); and Leeuwin Current (LC) are labeled with their
abbreviations. Mean current speeds are based on geostrophic current velocities from the
GlobCurrent-v3 product [120].



3.5. Indian Ocean dynamics 35

3.5.3 Southern hemisphere ocean surface circulation

Similar to the subtropics in the other ocean basins, there is a wind-driven subtropical gyre in
the southern hemisphere Indian Ocean as well. The gyre is bounded in the north by the South
Equatorial Current (SEC), which flows westwards and is relatively steady all year round. On the
western boundary of the subtropical gyre, the Agulhas Current (AC) flows polewards along the
southern African coastline [121]. The Agulhas Retroflection (AR) and Agulhas Leakage (AL)
provide a connection between the southern hemisphere Indian Ocean and the South Atlantic
Ocean [122, 123]. At the eastern boundary, the Leeuwin Current (LC) flows polewards along
the western Australian coastline (Figure 3.2b and 3.2d). This is opposite to the equatorward
flow expected for a wind-driven subtropical gyre. The LC is instead driven by an alongshore
pressure gradient, and is the only eastern boundary current that flows polewards [124]. Finally,
the South Indian Counter Current (SICC), flows eastward through the center of the subtropical
gyre [125], which is opposite to the direction expected from Sverdrup theory [126, 127]. The
SICC splits into three separate branches as it flows between the southern tip of Madagascar
and the western coast of Australia [128].
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Abstract

Buoyant marine plastic debris has become a serious problem affecting the marine environment. To

fully understand the impact of this problem, it is important to understand the dynamics of buoyant

debris in the ocean. Buoyant debris accumulates in “garbage patches” in each of the subtropical

ocean basins because of Ekman convergence and associated downwelling at subtropical latitudes.

However, the precise dynamics of the garbage patches are not well understood. This is especially

true in the southern Indian Ocean (SIO), where observations are inconclusive about the existence and

numerical models predict inconsistent locations of the SIO garbage patch. In addition, the oceanic

and atmospheric dynamics in the SIO are very different to those in the other oceans. The aim of this

paper is to determine the dynamics of the SIO garbage patch at different depths and under different

transport mechanisms such as ocean surface currents, Stokes drift and direct wind forcing. To achieve

this, we use two types of ocean surface drifters as a proxy for buoyant debris. We derive transport

matrices from observed drifter locations and simulate the global accumulation of buoyant debris. Our

results indicate that the accumulation of buoyant debris in the SIO is much more sensitive to different

transport mechanisms than in the other ocean basins. We relate this sensitivity to the unique oceanic

and atmospheric dynamics of the SIO.
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4.1 Introduction

Buoyant marine plastic debris (“plastics”) is a serious problem affecting the marine environment
[10]. Because plastics do not degrade and are easily transported in the ocean, they can travel
across entire ocean basins. As a result, plastic pollution is now a global problem, and plastics
are found in the most remote locations on Earth [50, 53, 54, 51]. To fully understand the
impact of this problem, as well as optimise mitigation and clean-up operations, it is important
to understand the dynamics of plastics in the open ocean.

Plastics accumulate in so-called “garbage patches” in the subtropical ocean gyres. Moore et al.
[7] first observed a garbage patch in the North Pacific Ocean. Since then, several sampling
studies have confirmed the existence of garbage patches in both the North Pacific and the
North Atlantic oceans [9, 41]. There are fewer sampling studies in the southern hemisphere,
but a sharp gradient in the measured plastic concentration suggests that there is a garbage
patch in the South Pacific Ocean as well [58]. In the South Atlantic and southern Indian
oceans, measurements are less conclusive about the existence of a garbage patch.

The accumulation mechanism of plastics in subtropical garbage patches can largely be explained
by Ekman dynamics [111, 79, 14, 15]. Surface Ekman currents are driven by a combination of
wind stress and the Coriolis force and converge at subtropical latitudes, between 20 and 40◦N
(◦S). Due to volume conservation, Ekman convergence results in an associated downwelling
current. Because plastics remain at the ocean surface, they accumulate in these regions. So even
though the ocean circulation is divergence-free in three dimensions, divergence and convergence
of plastics can still occur in two dimensions.

According to Ekman dynamics, plastic accumulation should occur along the entire basin width
in subtropical latitudes on both hemispheres. However, from observations and numerical
modelling studies, it is clear that this is not the case. Several modelling studies [111, 79,
129, 14, 15, 16], using different numerical methods and assumptions, all show an increased
accumulation of plastic towards the east of the subtropical North and South Pacific Ocean.
This increased eastwards accumulation is confirmed by measured plastic concentrations. In the
North and South Atlantic Ocean, an increased accumulation slightly off-centre towards the east
occurs. To explain this, other mechanisms that may transport plastics need to be considered.

In addition to surface Ekman currents, plastics are also transported by geostrophic surface
currents [83], which are driven by a combination of pressure gradients and the Coriolis force.
Any buoyant object may also be transported by Stokes drift due to waves [81], as well as direct
wind forcing or windage [e.g. 80, 130]. An object’s inertia may also influence its transport
[96]. It depends on the specific characteristics of the buoyant object (shape, size, density) how
important each of these transport mechanisms is [89]. The eventual path of an object drifting
on the sea surface is determined by the combination and interaction of different transport
mechanisms acting on different temporal and spatial scales.

Several theories try to explain the increased eastwards accumulation of plastics in the subtropics.
One of these theories suggests that plastic is advected eastwards by geostrophic currents [111,
79, 129]. Another suggests that increased meso-scale eddy activity on the western side of
the ocean basins disperses plastics [15], which counteracts the accumulation due to Ekman
dynamics. At the moment, there is no consensus which of these theories is correct. This
emphasizes that the understanding of the dynamics of the garbage patches is limited. This is
especially true in the Indian Ocean (IO).

As mentioned previously, measurements of plastic concentrations are inconclusive regarding the
existence of a subtropical garbage patch in the southern IO (SIO; between approximately: 25
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to 125◦E and 0 to 45◦S). In addition, results of numerical modelling studies predict inconsistent
locations of a SIO garbage patch. Some model results show increased plastic concentrations
in the centre and towards the east of the SIO [79, 16, 17], whereas others show an increase
towards the west [14, 15]. Maes et al. [17] recently also pointed out this inconsistency, but it
has not yet been explained. Because several of the largest estimated coastal [3] and riverine
[4, 5] sources of plastics enter the IO, this is a relevant region to study. The atmospheric and
oceanic dynamics of the IO differ significantly from the Pacific and Atlantic oceans [18], making
it an interesting region to study for this reason as well.

The IO is bounded in the north by the Asian continent. Because of this, there is no northern
subtropical gyre or garbage patch. Instead, the northern IO is dominated by the seasonally
reversing monsoon system [131]. In the SIO, there is a wind-driven subtropical gyre similar to
the other oceans [132], but it has several unique features.

The South Indian Counter Current (SICC, see Figure 1b in Lambert et al. [125]) flows eastwards
through the centre of the subtropical gyre, opposite to the direction expected from Sverdrup
theory [126, 127]. Subtropical countercurrents exist in the other oceans as well, but they
dissolve halfway through the basin. The SICC flows across the entire width of the SIO and
splits into three separate branches between the southern tip of Madagascar and the western
coast of Australia [128, 125]. The SICC is also associated with high activity of westwards
propagating eddies [133].

The eastern and western boundaries of the SIO subtropical gyre also have unique features.
In contrast to all other eastern boundary currents, the Leeuwin Current flows polewards and
is driven by an alongshore pressure gradient rather than wind [124]. The eastern boundary
also has larger eddy activity than any other eastern boundary region [134]. At the western
boundary, the Agulhas Current flows polewards and continues to flow polewards after the
African coastline terminates around 35◦S [121, 123]. This provides a connection between the
SIO and South Atlantic Ocean.

The aim of this paper is to determine the influence of different transport mechanisms on the
dynamics of the subtropical SIO garbage patch. To do this, we use ocean surface drifters as
a proxy for plastics. However, the drifters may be equally valid proxies for other types of
buoyant objects, so from now on we refer to “buoyant debris” rather than plastics. Similarly,
we refer to “accumulation regions” instead of garbage patches, because garbage patches are
mostly associated with plastics.

We simulate the accumulation of buoyant debris using transport matrices based on observed
drifter locations, which we explain in detail in section 4.2.2. This method has previously
been used to simulate the evolution and dynamics of subtropical accumulation regions [14,
15]. Different to previous studies, we distinguish between two types of drifters: drogued and
undrogued drifters. Drogued drifters are transported by ocean currents at a nominal 15 m
depth [135]. Undrogued drifters are transported by ocean currents in the uppermost surface
layer (0 to 1 m depth) as well as Stokes drift and windage [136]. By distinguishing between
these two types of drifters and creating two separate transport matrices, we can determine the
influence of different transport mechanisms on the dynamics of the SIO accumulation region.

Our results indicate that accumulation of buoyant debris in the SIO is much more sensitive to
different transport mechanisms than the other oceans. We relate this to the unique dynamics
of the IO.
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4.2 Datasets and methods

4.2.1 Global drifter datasets: Drogued and undrogued

We use observed drifter locations from Surface Velocity Program drifters [137] deployed in the
National Oceanic and Atmospheric Administration (NOAA) Global Drifter Program. Data
from 22,602 drifters from 1979 until February 2018 is currently available. The drifters transmit
their locations through satellite several times a day. After quality control the locations are
interpolated and made available by NOAA at 6 hourly intervals [138]. Depending on the
position of the Argos or Global Positioning System satellites, drifter locations are accurate
within 15 m to 1 km [137]. These errors are negligible for transport between 1◦ grid cells
(section 4.2.2) that we are interested in here [139]. The spatial coverage of the drifters spans
most of the global oceans (Figure 4.1a).

The drifters are made out of a spherical surface float with approximately 30 to 40 cm diameter,
with a “holey-sock” drogue attached to it [137]. The drogue is cylindrical with a roughly 60
to 90 cm diameter and approximately 6 m long. The drogue is centred at 15 m depth. Its
purpose is to ensure that drogued drifters follow the ocean currents at a nominal 15 m depth
by minimising wind-slip [135].

Because of constant flexing, the buoy-drogue connection is vulnerable to mechanical failure and
all drifters lose their drogue at some point in their lifetime. Undrogued drifters are transported
by ocean currents in the uppermost surface layer as well as Stokes drift and windage [136]. A
sensor on the surface float detects when the drogue is lost, so drogued and undrogued drifters
can be distinguished from each other. However, several studies indicate that the sensor does
not always detect drogue loss correctly [e.g. 140]. Lumpkin et al. [141] therefore analysed and
corrected the full drifter dataset for drogue presence based on drifter velocities. We use the
corrected dataset here.

We use separate datasets of drogued and undrogued drifters. Approximately 45% of all observed
locations come from drogued drifters (15,940,545 locations from 22,602 individual drifters),
versus 55% from undrogued drifters (19,407,024 locations from 22,602 individual drifters).
These locations are spread unevenly across the global oceans (Figure 4.1c and 4.1e), due to
both the uneven deployment (drogued drifters, Figure 4.1b) or drogue loss (undrogued drifters,
Figure 4.1d), as well as advection of the drifters.

We are interested in the effect of advection on the distribution of drogued and undrogued
drifters, independent of the drifter release, drogue loss or death locations (Figure 4.1f). In
addition, we want to study long-term accumulation patterns (i.e. 50 years, see section 4.2.2)
of drogued and undrogued drifters, but the average lifetime of an individual drifter is only
approximately 1 year (this includes drifters that beach or are picked up by boats while they
are still transmitting, different from the lifetime analysis by Lumpkin and Pazos [137]). We
eliminate the effect of drifter deployment locations [14] and simulate transport and accumulation
on much longer timescales than the lifetime of a drifter [15] by creating transport matrices from
observed drifter locations.

4.2.2 Transport matrices

A range of oceanographic studies have used transport matrices to capture regional and global
scale ocean dynamics [e.g. 142, 143, 14, 15, 144, 51, 145]. More specifically, van Sebille et al.
[9] compared global particle tracking simulations forced by a hydrodynamic model by Lebreton
et al. [16] to drifter transport matrix simulations by Maximenko et al. [14]. On the basin
scale the results were similar and the drifter transport matrix method is therefore considered
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Figure 4.1 Number of observed drifter location fixes from the National Oceanic and
Atmospheric Administration Global Drifter Program between 1979 and February 2018 per
1× 1◦ cells for: (a) combined dataset of drogued and undrogued drifters; (c) drogued drifters;
(e) undrogued drifters. Number of (b) release; (d) drogue loss; and (f) death locations of drifters
between 1979 and February 2018 per 2×2◦ cells. White signifies areas with no observed drifter
locations.
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adequate to represent the large spatial and temporal scale transport [139].

Several studies describe the construction of transport matrices [e.g. 142, 14, 15, 146, 147,
144, 51, 139]. Maximenko et al. [14] give a mathematical description of the construction of
a transport matrix from observed drifter locations. McAdam and van Sebille [139] give a
descriptive overview. We explain step-by-step how to construct a transport matrix and run
tracer simulations using an example.

An example

Say that we have two drifters with observed locations as shown in Figure 4.2a. To construct
a transport matrix, we first divide the ocean into grid cells of size dx × dx (Figure 4.2b). We
end up with a total of n = 6 grid cells, which we label successively. The transport matrix T is
an n× n matrix, which we fill using the following method.

We take a drifter’s location ~x at a certain time t, and the drifter’s location a “separation time”
dt later. Let’s say that observed locations are returned at 1 day intervals by the example
drifters, and set dt = 2 days. The columns j of T represent the grid cell that a drifter is in
at a time t, the rows i of T the grid cell that a drifter is in at a time t + dt. For the upper
drifter track, ~x(t0) is in grid cell 1, so column j = 1 in T , and ~x(t0 + dt) is in grid cell 5, so row
i = 5 in T (Figure 4.2c). In the transport matrix, we therefore note T5,1 = 1. We do this for
all observed locations for all drifters to get the transport matrix T in Figure 4.2d.

Before we can use T to run tracer simulations, we need to normalise it. The sum of a column
j of T , Nj =

∑n
i=1 Ti,j represents the total number of observed locations that have left a grid

cell. To prevent tracer from being created during a simulation, we normalise T by dividing all
columns T∗,j by Nj. So the normalised transport matrix

TN =
T∗,j
Nj

for j = [1, n], if Nj 6= 0. (4.1)

Grid cell 3 and 6 are sink locations: drifters have entered these grid cells but never left. We’ll
discuss how we handle sink locations in the transport matrices based on global drifter datasets
in section 4.2.2. For now, we want to run a tracer simulation and we don’t want tracer to
disappear from this simulation, so we set TN3,3 = 1 and TN6,6 = 1. The normalised transport
matrix with these adjusted “fixed” sink locations TN∗ is shown in Figure 4.2e.

The transport matrix can be interpreted as a set of probability density functions for each grid
cell. So the transport matrix gives the probability that a drifter entering a grid cell j will move
into any other grid cell within a time dt. Because drifters mostly move into a limited number of
neighbouring grid cells, the transport matrix is very sparse. When we run a tracer simulation,
we divide tracer over grid cells based on the probabilities contained in the transport matrix.
We’ll illustrate how this works by running a simple simulation with TN∗.

Let’s start the simulation with a tracer concentration of 1 in grid cell 1. We store tracer in a

vector ~R, so the initial condition is given by ~Rt0 =
[
1 0 0 0 0 0

]T
, where the superscript

T indicates the transpose of the vector. To simulate tracer advection, we multiply TN∗ with
~Rt0. This gives us the tracer concentration at time t0 + dt, where dt is the separation time that
we used earlier to construct the transport matrix:

~Rt0+dt = TN∗ · ~Rt0. (4.2)

If we want to run a simulation for a total time of ttotal, we need to repeat this multiplication
ttotal/dt times. Let’s set ttotal = 4 days, so we run 2 iterations. Running this simulation results
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in the tracer concentration in Figure 4.2f.

Transport matrices from global drifter datasets

To create transport matrices from global drifter datasets and run tracer simulations, we use
the same methodology as described in section 4.2.2. Sink locations in the transport matrix T
can be handled in different ways. We can ensure that tracer remains in sinks forever (“fixed
sink locations”), as we did in the example, or we can remove sink locations from T completely.
For the transport matrices based on global drifter datasets, we remove sinks completely for two
reasons. First, sink locations in T not only represent actual sinks (e.g. drifters beached) but
also virtual sinks (e.g. drifters ran out of battery). Second, the sinks in T are not all-inclusive
because relatively few drifters move along coastlines or enter the Southern and Arctic oceans,
where most sinks in T are located (Figure A.1).

To determine the influence of our chosen sink handling method on the simulation results, we
performed a sensitivity analysis using transport matrices with both fixed sink locations and with
sink locations removed. Although the simulation results are somewhat sensitive to the chosen
sink handling method (Figure A.2), this does not change our main results and conclusions. We
therefore remove sinks from T for the reasons mentioned above. We find sink locations using
the following method.

As defined earlier, the sum of a column j of T , Nj =
∑n

i=1 Ti,j represents the total number of
observed locations that have left grid cell j. Similarly, the sum of a row i of T , Mi =

∑n
j=1 Ti,j

represents the total number of observed locations that have entered grid cell i. In the simplest
case, a sink is a grid cell k that drifters have entered (Mk 6= 0) but never left (Nk = 0). This
was the case for grid cells 3 and 6 in the example in section 4.2.2. However, drifters can also
have several observed locations in a sink grid cell, in which case Nk 6= 0. We can still recognise
this location as a sink in T because the only observed locations ‘leaving’ this grid cell enter
straight back into it. This means that for these sink locations Nk = Tk,k. This condition is also
satisfied if Nk = 0, so we find that sinks are grid cells k that satisfy the condition

Nk = Tk,k & Mk 6= 0, (4.3)

where we add the condition Mk 6= 0 to exclude grid cells that don’t contain any observed
locations at all.

Next, we remove sinks from T by setting the entire row k in the transport matrix to zero,
T∗,k = 0. This ensures that no tracer enters the sink locations k. Removing a sink location
often only shifts the sink to a neighbouring grid cell. We therefore remove sinks iteratively
until there are no more grid cells left in T that satisfy condition (4.3). After removing all
sinks, we normalise T according to equation (4.1) and run simulations by iterating the matrix
multiplication (4.2).

Following van van Sebille et al. [15], we use dx = 1◦ and dt = 60 days to construct transport
matrices from global drifter datasets. The simulation results are sensitive to the choice of
dx and dt, which we discuss further in section 4.2.2. We construct three different transport
matrices. (1) A “combined transport matrix” based on locations from drogued and undrogued
drifters combined, which we use to run “combined simulations”. We run combined simulations
for comparison with previous studies. (2) A “drogued transport matrix” based on locations
from drogued drifters only, with which we run “drogued simulations”. We expect the drogued
simulations to represent the ocean dynamics at a nominal 15 m depth. (3) An “undrogued
transport matrix” based on locations from undrogued drifters only, with which we run “undrogued
simulations”. We expect the undrogued simulations to represent ocean surface dynamics, which
includes the uppermost surface currents as well as Stokes drift and windage.
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Figure 4.2 Example of how to construct a transport matrix from observed drifter locations
and run tracer simulations. (a) Example tracks and observed locations of two drifters. (b)
Area divided into n = 6 grid cells of size dx × dx, the first step to create a transport matrix.
(c) Example of the drifter locations at time t0, t0 + dt, t1 and t1 + dt. The solid and dashed
circles indicate how these locations are used to fill the transport matrix shown in panel d. (d)
The transport matrix T . The columns j of T indicate the grid cell that a drifter is in at a
time t and the rows i the grid cell that a drifter is in at time t + dt. The sum of each column
Nj =

∑n
i=1 Ti,j and each row Mi =

∑n
j=1 Ti,j is also shown. Nj represents the total number of

observed locations that have left a grid cell, Mi the total number that has entered. (e) The
normalised transport matrix with fixed sink locations in grid cell 3 and 6 to prevent tracer
from disappearing during a simulation. (f) Example tracer simulation of 4 days, assuming that
dt = 2 days, and starting with tracer in grid cell 1. The simulation illustrates how the transport
matrix diffuses tracer across grid cells depending on the number of observed drifter locations.
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We run 50 year simulations starting from a uniform initial condition with tracer spread evenly
across the global oceans (tracer concentration = 1 per 1 × 1◦ grid cell). After 50 years, the
amount of tracer in the subtropical accumulation regions converges to stationary solutions. The
uniform initial condition is not a realistic representation of plastic sources, but we choose it
deliberately because we are interested in the dynamics of buoyant debris independent of the
distribution of sources. In other words, we choose this uniform condition so that we know that
our results are due to dynamics and not influenced by the distribution of sources in a specific
region. The same approach has been used by Maximenko et al. [14] and McAdam and van
Sebille [139]. In section 4.4 we discuss the likely implications if we do take plastic sources into
account.

Following van Sebille et al. [15], we define accumulation regions as connected regions where the
concentration of tracer in an accumulation region is at least two times larger than if the tracer
is distributed evenly across the global oceans, so tracer concentration > 2 per 1× 1◦ grid cell.
We add the condition that accumulation regions should contain at least 50 adjacent grid cells,
to capture relatively large accumulation regions.

Advantages and limitations of the transport matrix method

There are several advantages and limitations to the drifter transport matrix method. The
main advantage is that the transport matrix captures the statistics of the movement of actual
drifting objects without the need for us to understand the physics behind their movement. This
is important because, although we can make rough estimates about the relative importance of
different transport mechanisms that influence drifting objects [e.g. 80, 130, 136], their actual
behaviour is too complex for a model to describe [14].

The main limitation of the drifter transport matrix method is that the quality of the transport
matrices depends on the available drifter trajectories [139], both spatially and temporally.
Spatially, some areas of the Southern and Arctic oceans, as well as the Indonesian Throughflow
(ITF) have orders of magnitude fewer, or even zero, observed drifter locations than the subtropical
ocean basins (Figure 4.1a, 4.1c, 4.1e). These are important regions of exchange between oceans
and the relative undersampling of these regions is a limitation of the drifter transport matrix
method. However, the subtropical ocean basins contain between O(102) and O(104) drifter
locations per 1◦ grid cells, which is sufficient to represent the dynamics of the subtropical
accumulation regions that we are interested in [e.g. 14, 144, 51, 139].

The number of drifters transmitting their location at a specific time is limited. For example,
on February 28th, 2018 there were 1376 active drifters. Using only these drifter trajectories
would give us insufficient data to construct a transport matrix. To solve this problem, we
assume statistical stationarity of the underlying flow field [14]. In other words, we construct
a single transport matrix using all observed drifter locations between 1979 until February
2018. Because ocean currents show variability on different time scales, this assumption is
not strictly valid. However, this does not mean that temporal variations are unaccounted for
in the transport matrix. Instead, variability is present in the transport matrix as diffusion
[14], which allows simulated tracer to take multiple paths. So the transport matrix represents
the ocean surface circulation from 1979 to 2018 (the current time span of the global drifter
dataset) including all temporal variations sampled by the drifters. This means that although
the transport matrix cannot be used to simulate transport of buoyant debris for a specific time
period (i.e. a specific day, month or year), it adequately represents the dynamics of large-scale
and long-term transport [e.g. 14, 144, 51, 139].

The number of observed drifter locations with which we construct transport matrices varies
over the years (Figure A.5, top panels). This might raise concern that the transport matrices
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are biased towards a specific season or mode of climate variability. However, the number of
observed drogued and undrogued drifter locations is distributed very uniformly over each month
(Figure A.5, middle panels). In addition, the number of drifter locations as a function of, for
example, the Multivariate El Niño Southern Oscillation Index (MEI) [148, 149], matches the
occurrence of the MEI values between 1979 and 2018 very well. It is therefore unlikely that
the drifter transport matrices we derive here are biased towards a specific season or mode of
climate variability.

It is also possible to create multiple transport matrices from the global drifter dataset that, for
example, represent different seasons. This was done by van Sebille et al. [15]: they created six
separate transport matrices that each represented two months. They then ran simulations by
alternating the six transport matrices, which allowed them to include the seasonal cycle in their
simulations. Unfortunately, separating the global drifter dataset into drogued and undrogued
datasets and then into seasons, leaves us with insufficient drifter locations to construct transport
matrices. We therefore use a single transport matrix that contains all seasons, similar to e.g.
Lumpkin et al. [150] and Maximenko et al. [14]. However, we did perform a sensitivity analysis
using the combined drifter dataset to determine the influence of including the seasonal cycle
(Figure A.6). Although the simulation results are sensitive to included seasonality, the general
long-term (50 years) behaviour of the subtropical accumulation regions does not change and
including seasonality is therefore unlikely to significantly alter our main results and conclusions.

Finally, to construct transport matrices we use grid cells of finite size dx and finite separation
time dt. It is important to note that dx and dt that we use to construct transport matrices
cannot be interpreted in the same way as the grid resolution and time step of a primitive-equation
ocean circulation model [139]. The drifters are advected by the full flow field, including
submesoscale turbulence. As a result, these effects are present in the observed drifter locations
that we use to construct transport matrices, regardless of the grid cell size dx and separation
time dt. However, the discretisation into grid cells of finite size dx and a finite separation
time dt can lead to artificial dispersion in the transport matrix [14, 139]. The reasons for this
are explained in detail by McAdam and van Sebille [139]. As a consequence, the simulation
results are sensitive to the choice of dx and dt. We repeated sensitivity analyses performed by
McAdam and van Sebille [139] (Figures A.3 and A.4). In general, the drogued and undrogued
simulations are more sensitive to different values of dx and dt than the combined simulations.
This sensitivity does not change our main results and conclusions.

To summarise, the quality of drifter transport matrices is limited by the number of available
drifter trajectories. By assuming statistical stationarity of the underlying flow field, we can
use all observed drifter locations between 1979 and 2018 to construct transport matrices.
These transport matrices are considered to adequately represent the large-scale and long-term
transport of buoyant debris that we are interested in here [e.g. 14, 144, 51, 139]. By using
transport matrices derived from observed drogued and undrogued drifter locations, we can
simulate the effect of different transport mechanisms on accumulation patterns of actual drifting
objects. As a next step, we can then determine which transport mechanisms are responsible
and simulate these using more conventional particle tracking models.

4.2.3 Global wind and current fields

We use global wind and current fields from 01-01-1993 until 31-12-2015 for several purposes
in this study. We obtain daily wind fields at 10-m height interpolated to 0.5× 0.5◦ horizontal
resolution from the European Centre for Medium-Range Weather Forecasts ERA-Interim Reanalysis
product [119]. From the GlobCurrent-v3 product [120] we get daily geostrophic, Ekman surface
and 15-m depth current fields with a 0.25× 0.25◦ horizontal resolution, and daily Stokes drift
data with a 0.5 × 0.5◦ horizontal resolution. We use the daily wind and current fields as a
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forcing for particle tracking simulations (section 2.4). We also calculate global mean fields.

The 15 m depth Ekman currents are derived from satellite altimetry data and velocities of
drogued drifters. This dataset is therefore not fully independent from the drogued drifter
dataset. Because this is the only data available of 15 m depth Ekman currents we still continue
to use it.

Following Martinez et al. [129], we calculate the global mean geostrophic component of the
eddy kinetic energy as

EKEg = 0.5 · [(ug − ūg)2 + (vg − v̄g)2], (4.4)

where the overline denotes the temporal mean and ug and vg are daily, and ūg and v̄g are mean
geostrophic currents between 1993-2015 in the zonal and meridional direction respectively.

4.2.4 Particle tracking simulations

To confirm the results from the drifter transport matrix simulations, we run additional simulations
forced by two different forcing fields. (1) A forcing field that likely transports drogued drifters,
consisting of geostrophic currents and Ekman 15 m depth currents, the “~ug+~uE15m simulation”.
(2) A forcing field that likely transports undrogued drifters, consisting of geostrophic currents,
Ekman surface currents, Stokes drift and 1% windage, the “~ug+~uE0m+~uSt+0.01·~u10 simulation”.
Windage is calculated as 1% of the wind field at 10 m height; a value of 1% was suggested for the
undrogued drifters by Poulain et al. [136]. We use both daily forcing fields from 01-01-1993 until
31-12-2015 and global mean forcing fields described in section 4.2.3 to force these simulations.
In section 4.3.3 we explain why we use global mean forcing fields in addition to the temporally
varying fields.

We run Lagrangian particle tracking simulations and use the virtual particle trajectories to
create transport matrices [e.g. 142, 146, 147], in the same way as from observed drifter locations.
Next, we run 50 year tracer simulations starting from a uniform initial condition. We do this,
instead of running 50 year particle tracking simulations, because the comparison with the drifter
transport matrix simulations is more straightforward.

We use the OceanParcels Lagrangian analysis toolkit [151] to run global particle tracking
simulations. We interpolate all forcing fields to 0.5 × 0.5◦ horizontal resolution. In the
simulations using temporally varying fields, we release 1 particle in each grid cell. We reset
the particle location every 60 days [e.g. 142, 146], which results in 140 simulations between
01-01-1993 and 31-12-2015. In the simulations using global mean fields, we release 100 particles
in each grid cell. Because in this case we use stationary global mean forcing fields, we only need
to run a particle tracking simulation of 60 days [142]. This results in roughly 20 million virtual
locations in the temporally varying simulations, and 15 million virtual locations in the global
mean simulations to construct a transport matrix: the same order of magnitude as the number
of observed drifter locations available for the drogued and undrogued transport matrices. To
construct the transport matrices, we use a grid size dx = 1◦ and a separation time dt = 60
days.

We force the particle tracking simulations with fields from 1993 until 2015 and compare these
simulations with the drogued and undrogued drifter transport matrix simulations. The drifter
transport matrices are based on drifter data from 1979 until 2018. To confirm that we can make
this comparison, we also ran drifter transport matrix simulations based only on drifter locations
observed between 1993 and 2015 (Figure A.7). There are only minor differences between the
two simulations, that do not influence our main results and conclusions, so we go ahead and
compare the results of the full drifter transport matrix simulations (from data between 1979
and 2018) with the particle tracking simulations forced with 1993-2015 current and wind fields.
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4.3 Results

4.3.1 Drifter transport matrix simulations

We use the combined, drogued and undrogued transport matrices to simulate the accumulation
of buoyant debris over a period of 50 years, starting from a uniform initial condition with
tracer spread evenly across the global oceans. In all three simulations (Figure 4.3), tracer
quickly depletes from the equator and converges in the subtropics after 1 year of simulation,
as we expect due to Ekman transport. After 10 years, large-scale subtropical accumulation
regions form in all simulations. After 50 years the accumulation regions in the Pacific and
Atlantic oceans are still present in all simulations and have condensed or increased in tracer
concentration. In the Indian Ocean accumulation region, the tracer concentration has decreased
significantly in the combined and undrogued simulations.

Our combined simulation is set up using the same methodology as Maximenko et al. [14].
The only difference is that we have roughly twice as many drifters available to construct our
transport matrix. We therefore expect the results of the combined simulation (Figure 4.3a and
4.3b) to be very similar to those of Maximenko et al. [14], which they are. The exception is
that in our simulation an accumulation region forms in the Barents Sea. This accumulation
has previously been noted in simulations by van Sebille et al. [15] and has since been confirmed
by sampling studies [51].

We are interested in comparing the drogued and undrogued simulations because they illustrate
the large-scale and long-term effect of different transport mechanisms on the accumulation of
buoyant debris. After 50 years, the subtropical accumulation regions in the drogued (Figure
4.3f) and undrogued (Figure 4.3i) simulations are relatively similar in the Pacific and Atlantic
oceans. Although the accumulation regions vary in shape and concentration between the
simulations, their general location is remarkably robust. This is confirmed by the strong
statistically significant correlation between the drogued and undrogued simulations in the centre
of the accumulation regions in the Pacific and Atlantic oceans in Figure 4.4a. In the southern
Indian Ocean (SIO), the differences are a lot more pronounced.

The SIO subtropical accumulation region in the drogued simulation (“drogued SIO accumulation”)
has a high concentration of tracer, is centred slightly towards the east and spans almost
the entire basin width of the SIO (Figure 4.3e, 4.3f; between 55 to 126◦E and 20 to 39◦S).
The tracer concentration between 10 and 50 years of simulation also remains the same in the
drogued SIO accumulation region. In contrast, after 10 years the SIO subtropical accumulation
region in the undrogued simulation (“undrogued SIO accumulation”) has a relatively low tracer
concentration and is centred towards the west of the basin (Figure 4.3h; between 22 to 91◦E and
24 to 39◦S). After 50 years most of the tracer has depleted from the SIO and the undrogued
SIO accumulation region no longer exists (Figure 4.3i). The two simulations have a weak
statistically significant (anti-) correlation in the SIO (Figure 4.4a).

The difference between the drogued and undrogued SIO accumulations is not only spatial, but
also temporal (Figure 4.4b). The amount of tracer in the drogued SIO accumulation quickly
increases in the first 5 years of simulation. After 10 years, it remains stable at about 17% of the
global available tracer, which is all of the tracer available in the Indian Ocean. The amount of
tracer in the undrogued SIO accumulation shows a very different evolution. It slowly increases
to about 5% of the global available tracer in the first 5 years and then decreases, until after
about 20 years no more tracer is left in the undrogued SIO accumulation region. Tracer from
the undrogued SIO accumulation region possibly leaks into the South Atlantic subtropical
accumulation region, we discuss this in more detail in section 4.4.
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Figure 4.3 Simulated tracer concentration and locations of the five subtropical accumulation regions using transport matrices derived from: (a,
b, c) combined drogued and undrogued drifter locations; (d, e, f) drogued drifter locations; (g, h, i) undrogued drifter locations. The simulated
tracer density starting from a uniform initial condition is shown after: (a, d, g) 1 year; (b, e, h) 10 years; (c, f, i) 50 years. Black lines indicate
the spatial extent of the subtropical accumulation regions, defined as regions with at least 50 adjacent grid cells where the tracer concentration
exceeds 2 per 1× 1◦ cell.
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Figure 4.4 (a) Point-wise linear Pearson correlation coefficient in each grid cell between
simulations using transport matrices derived from drogued and undrogued drifter locations,
calculated over a simulation time of 50 years (i.e. 300 2 month values). A correlation value
of 1 indicates perfect correlation, -1 indicates perfect anti-correlation. Correlations that are
not statistically significant (within a confidence interval of 95%) are omitted (in white). (b)
Temporal evolution of the size of the subtropical southern Indian Ocean accumulation region
over 50 years of simulation using the transport matrices based on drogued and undrogued drifter
locations. The accumulation size is defined as a region with at least 50 adjacent grid cells where
the tracer concentration exceeds 2 per 1×1◦ cell (e.g. black lines in Figure 4.3). Tracer is given
as a percentage of the total amount of globally available tracer in the simulation.
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Several accumulation regions, other than the subtropical ones, are formed in the drogued and
undrogued simulations as well. Because this paper focusses on the dynamics of the subtropical
accumulations, we don’t discuss these in detail, but for completeness we briefly mention them.
In the undrogued simulation additional accumulation regions form in the Barents Sea, the Bay
of Bengal and along the east coast of Australia. As mentioned previously, the accumulation
in the Barents Sea has been confirmed from plastic sampling studies [51]. High concentrations
of plastics have also been sampled in the Bay of Bengal [152]. These plastics likely came from
nearby sources, instead of accumulating in the Bay of Bengal over longer periods of time. Off
the east coast of Australia high plastic concentrations, likely coming from both local and remote
sources, have been sampled [74]. In the drogued simulation, a small accumulation region forms
in the Mediterranean Sea. However, the Mediterranean Sea is relatively undersampled by the
drifters, specifically by undrogued drifters, so we cannot rule out that this is a model artefact.

The differences between the drogued and undrogued simulations are due to the different mechanisms
that transport the drogued and undrogued drifters. Our hypothesis is that these differences
are especially pronounced in the SIO as a result of the unique dynamics of the SIO. To explain
this further, we look at global oceanic and atmospheric dynamics.

4.3.2 Oceanic and atmospheric dynamics

We consider global mean geostrophic currents (Figure 4.5b), associated eddy kinetic energy
(EKEg, Figure 4.5d), and the global mean wind field (Figure 4.5c) to explain the dynamics
of the subtropical accumulation regions. The global mean wind field is related to both Stokes
drift (through the generation of waves) and windage.

All subtropical accumulation regions in both the drogued and undrogued simulations (10 year
outlines shown in Figure 4.5a for convenience) occur between 20 to 40◦N (◦S). We expect
accumulation to occur in these latitudes because of wind-driven Ekman convergence and downwelling.
Other mechanisms may also influence the accumulation of buoyant debris through advection or
dispersion. We expect drifters to disperse out of regions with high geostrophic current velocities
or EKEg. In the North and South Pacific Ocean, this is the case: the accumulation regions
form towards the east of the Pacific basin, where geostrophic velocities and EKEg are low.
In the Atlantic Ocean, accumulation regions also occur outside regions with high geostrophic
velocities and EKEg. The accumulation regions in the SIO however, behave differently.

The South Indian Counter Current (SICC) flows eastward between 22 to 30◦S (Figure 4.5b)
[127, 128], through the northern part of the drogued SIO accumulation region. When the SICC
reaches the coast of Western Australia, it feeds into the Leeuwin Current (LC) [125]. The
LC flows polewards, wrapping around the southern Australian coastline (geostrophic current
velocities in light blue in Figure 4.5b, also seen in yellow EKEg in Figure 4.5d) [124, 153].
We see this same feature in the outline of the drogued SIO accumulation region (Figure 4.5a).
Our hypothesis is therefore that, in addition to Ekman currents, the dynamics of the drogued
SIO accumulation are related to the geostrophic SICC and LC. Both the SICC and the LC are
associated with high EKEg (Figure 4.5d) but, unlike in the Pacific and Atlantic oceans, this
apparently does not prevent the accumulation of buoyant debris.

Besides Ekman and geostrophic currents, we expect that the undrogued drifters are also
influenced by Stokes drift and windage. The undrogued SIO accumulation region is centred
uniquely towards the western side of the ocean basin, which is likely a result of the SIO wind
field. There are two possible explanations for this.

First, the Asian monsoon originates in the SIO where it affects the wind field [113, 114]. The
velocity of the easterly trade winds increases during the southwest monsoon season [e.g. 131].
This leads to higher mean velocities of the trade winds in the SIO than in the (South) Pacific
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and Atlantic oceans (dark red area between approximately 60 to 90◦E and 15 to 20◦S in Figure
4.5c). The undrogued SIO accumulation region may centre towards the western side of the
basin because of these increased easterly winds.

Second, the geography of the western SIO boundary region is unique: the southern boundary
of the African continent extends until roughly 35◦S, whereas the region of low wind speed
extends until roughly 40◦S [122]. Because of this, the region of low wind speed extends past
the southern tip of the African continent (Figure 4.5c). This may result in the undrogued SIO
accumulation region extending southwards of the African continent as well.

To summarise, our hypothesis is that the dynamics of the drogued SIO accumulation region
are a result of 15 m depth Ekman ~uE15m and geostrophic currents ~ug, where we expect that
the SICC and LC result in the accumulation region spanning almost the entire basin width.
We expect that the dynamics of the undrogued SIO accumulation region are a result of surface
Ekman ~uE0m and geostrophic currents ~ug but also Stokes drift ~uSt and windage, 0.01 · ~u10. We
hypothesise that Stokes drift and windage result in the accumulation region centering towards
the west of the basin, due both to the strong mean easterly trade winds and the geography of
the western boundary region. To confirm this, we run additional particle tracking simulations.

Figure 4.5 (a) Outlines of the spatial extent of the simulated subtropical accumulation regions
after 10 years using transport matrices derived from drogued and undrogued drifter locations
(black lines in Figure 4.3e and 4.3h respectively). Global mean: (b) geostrophic currents,
based on GlobCurrent-v3 1993-2015 data; (c) wind, based on ECMWF ERA-Interim Reanalysis
1993-2015 data; (d) geostrophic component of the eddy kinetic energy (EKEg) calculated using
geostrophic current anomalies based on GlobCurrent-v3 data.
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4.3.3 Particle tracking simulations

We run two simulations in the Indian Ocean, forced by ~ug + ~uE15m (which likely represents
the flow field of drogued drifters) and ~ug + ~uE0m + ~uSt + 0.01 · ~u10 (which likely represents the
flow field of undrogued drifters), for a period of 50 years and starting from a uniform initial
condition. We use temporally varying forcing fields in these simulations. In addition, we run
simulations with global mean forcing fields, to confirm our hypothesis that the dynamics of the
drogued and undrogued SIO accumulation regions can largely be explained by persistent, mean
oceanic and atmospheric features of the SIO. In other words, we remove temporal variations
from the forcing fields because we want to determine the influence of the predominant SIO
dynamics on the accumulation of buoyant debris.

In the temporally varying ~ug+~uE15m simulation, an accumulation region centred towards the east
forms in the SIO spanning almost the entire basin width (Figure 4.6a, 4.6b). This simulation
has a high statistically significant correlation with the drogued simulation (Figure 4.7a). In the
global mean ~ug + ~uE15m simulation, an accumulation region spanning almost the entire basin
width forms as well (Figure 4.6c). This is again similar to the drogued SIO accumulation,
except that it is much more confined meridionally.

In the temporally varying ~ug + ~uE0m + ~uSt + 0.01 · ~u10 simulation, an accumulation region with
low tracer concentrations centred towards the western side of the basin forms (Figure 4.6d)
and fully disappears after 50 years of simulation (Figure 4.6e). This simulation has a high
statistically significant correlation with the undrogued simulation (Figure 4.7b). In addition to
the subtropical accumulation region in the SIO, an accumulation forms in the Bay of Bengal
as well, similar to, but more extensive than, in the undrogued simulation. In the global mean
~ug + ~uE0m + ~uSt + 0.01 · ~u10 simulation, an accumulation region with low tracer concentration
centred towards the west also forms, similar to the SIO undrogued accumulation region but
more spatially confined.

These simulation results using temporally varying forcing fields confirm the drogued and undrogued
drifter transport matrix simulations. In addition, the simulation results using global mean
forcing fields confirm our hypothesis that the dynamics of the drogued and undrogued subtropical
SIO accumulation regions are a result of persistent features of the Indian Ocean.
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Figure 4.6 Simulated tracer density starting from a uniform initial condition, using transport matrices derived from virtual particle locations
forced by: (a,b) daily geostrophic currents and Ekman drift at 15 m depth from GlobCurrent-v3 1993-2015 data, ~ug + ~uE15m ; (d,e) daily
geostrophic currents, surface Ekman drift, and Stokes drift from GlobCurrent-v3 1993-2015 data and 1% windage, calculated as 1% of the wind
field at 10 m height based on ECMWF ERA-Interim Reanalysis 1993-2015 data, ~ug +~uE0m +~uSt + 0.01 ·~u10; (c,f) global mean fields as specified
under (a,b) and (d,e) respectively. Simulation results after: (a,d,c,f) 10 years; (b,e) 50 years are shown.
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Figure 4.7 Point-wise linear Pearson correlation coefficient in each grid cell calculated over a
simulation time of 50 years (300 2 month values) between transport matrix simulations based
on: (a) drogued drifter locations and virtual particle locations forced by daily geostrophic
currents and Ekman drift at 15 m depth, ~ug + ~uE15m ; (b) undrogued drifter locations and
virtual particle locations forced by daily geostrophic currents, Ekman surface drift, Stokes drift
and 1% windage, ~ug+~uE0m+~uSt+0.01·~u10. A correlation value of 1 indicates perfect correlation,
-1 indicates perfect anti-correlation. Correlations that are not statistically significant (within
a confidence interval of 95%) are omitted (in white). The outline in black in (a) indicates
the spatial extent of the simulated subtropical accumulation region after 50 years using the
transport matrix based on drogued drifter locations (black line in Figure 4.3d and 4.3f). After 50
years the accumulation region using the transport matrix based on undrogued drifter locations
has disappeared (Figure 4.3i), so no outline is shown in (b).
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4.4 Discussion

The aim of this paper is to determine the influence of different transport mechanisms on
the dynamics of the subtropical accumulation regions. We used transport matrices based on
observed locations from drogued and undrogued drifters to do this (“drogued simulation” and
“undrogued simulation” respectively). Drogued drifters are transported by ocean currents
at a nominal 15 m depth, whereas undrogued drifters are transported by ocean currents in
the uppermost surface layer as well as Stokes drift and windage. Intuitively it is easy to
understand that there is a difference between the transport of the two types of drifters. However,
the long-term and large-scale effect of different transport mechanisms on buoyant objects
has not previously been shown. Maximenko et al. [14] noted that drogued and undrogued
drifters accumulate in the same regions, suggesting a remarkable robustness of the subtropical
accumulation regions. In our simulation results, we see this robustness in the Pacific and
Atlantic oceans. The subtropical accumulation region in the southern Indian Ocean (SIO)
however, is very sensitive to different transport mechanisms.

In the drogued simulation, a persistent, large-scale subtropical accumulation region forms in the
SIO that spans almost the entire basin width. In the undrogued simulation an accumulation
with relatively low tracer concentrations forms on the western side of the SIO basin. This
accumulation region is highly dispersive and disappears completely after 20 years of simulation.

We propose that the sensitivity of the subtropical SIO accumulation region to different transport
mechanisms is due to the unique oceanic and atmospheric dynamics of the SIO. Specifically,
due to: (1) the South Indian Counter Current that flows eastwards through the centre of the
subtropical SIO gyre, which likely results in the drogued SIO accumulation region spanning
almost the entire basin width; (2) the unique poleward flowing Leeuwin Current at the eastern
boundary of the SIO gyre, which likely results in the drogued SIO accumulation region wrapping
around the southern Australian coastline; (3) the strong easterly trade winds in the SIO that are
a result of the Asian monsoon system, which likely results in the undrogued SIO accumulation
region centering towards the western side of the basin; and (4) the unique geography at the
western boundary of the SIO gyre that provides a connection between the SIO and the South
Atlantic Ocean, which likely results in leakage of tracer from the undrogued SIO accumulation
region into the South Atlantic. Additional simulations with global mean forcing fields confirm
that persistent SIO features are likely responsible for the dynamics of the subtropical SIO
accumulation regions.

Because we are interested in the dynamics of accumulation regions, our simulations start with
tracer spread uniformly across the global oceans. This allows us to analyse the behaviour of
buoyant debris, independent of the distribution of sources. However, this does raise the question
how our results would be influenced if we include plastic sources instead of using a uniform
initial condition. Most coastal [3] and riverine [4, 5] sources of plastics are estimated to enter
the northern Indian Ocean, with only a few sources entering into the SIO. Buoyant debris does
not tend to cross the equator [14], so the amount of plastic that is available to accumulate in
the subtropical SIO is probably limited. This would reinforce our result from the undrogued
simulation, which indicates low surface tracer concentrations in the subtropical SIO.

Ideally, we would like to confirm our simulation results and conclusions with measurements.
Unfortunately, the sampling studies in the Indian Ocean are too scare to draw any definitive
conclusions. Comparing the accumulation regions after 10 years in the drogued and undrogued
simulations with sampled plastic concentrations is inconclusive (Figure 4.8a and 4.8b). Both
simulated subtropical SIO accumulation regions overlap with several locations where high
plastic concentrations (> 105 [#/km2]) were measured. However, they also fail to capture
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several other locations.

Our results indicate that it is important to take different transport mechanisms into account
when studying drifting objects. For this to be useful in particle tracking studies, we need to
understand exactly which mechanisms are relevant. In our simulations using temporally varying
and global mean forcing fields, we made a first step towards this. We used a simplified linear
velocity parametrisation to take Stokes drift and windage into account, which is commonly used
[130, 80, 81]. Although this is sufficient for a first-order approximation and for the purposes
of this paper, it unlikely captures the complex, time-varying dynamics of an individual item of
drifting buoyant debris.

We used the drogued and undrogued drifters as a proxy for buoyant plastic debris (“plastics”).
It is unclear how plastics relate to the drifters. Depending on their rising velocity, and wind
and wave conditions [63, 64, 65], plastics drift both on the sea surface and submerged in the
upper ocean [66, 67]. As a result, both types of drifters are possible valid proxies. However,
we need a more extensive dataset of the material properties of plastics (shape, size, density)
before we can relate them to drifters. Because most open-ocean studies, with the exception of
the recent study by Lebreton et al. [41], focus on so-called “microplastics”, this is especially
true for larger plastic items.

We also need to relate material properties of plastics to usuable transport properties, such as
windage coefficient or rising velocity. Several studies have reported a correlation between the
size of plastics and their rising velocity [41, 66, 67]. Chubarenko et al. [92] determined the
windage coefficient of plastics based on size and density, and Lebreton et al. [41] derived a
windage coefficient for plastics in the North Pacific garbage patch by using it as a calibration
parameter for their numerical model. Despite these efforts there is no generally applicable
method to relate material properties to relevant transport properties of plastics.

Our results lead to several implications and questions for follow-up research. First, the undrogued
simulations show that the subtropical SIO accumulation region disappears within 20 years. A
relevant question is where buoyant debris ends up. A reasonable hypothesis is that debris from
the SIO moves into the South Atlantic Ocean. Interaction between these two accumulation
regions has already been shown [15], but it still needs to be confirmed if this is enough to explain
the emptying of the subtropical SIO accumulation region. Second, the drogued simulations show
a persistent accumulation forming in a region that is associated with high eddy kinetic energy
[133]. It is not yet clear why this accumulation is so stable. Third, large amounts of plastics are
estimated to enter the northern Indian Ocean [3, 4, 5]. If these plastics do not accumulate in
the subtropics (because there is no northern Indian Ocean subtropical gyre and buoyant debris
is unlikely to cross the equator), an important question is what does happen to these plastics.

Finally, our results from the drogued and undrogued simulations may explain previous inconsistent
model results in the SIO. Studies that find high concentrations of buoyant debris towards the
western side of the subtropical SIO [15, 14] are all based on drifter transport matrices (from
combined drogued and undrogued drifters). Studies that find high concentrations in the centre
and towards the east of the SIO all use particle tracking models forced by ocean surface currents
from either satellite products [79] or ocean general circulation models [16, 17]. Maes et al.
[17] proposed that the differences between these results are due to a lack of observed drifter
locations in the Indian Ocean. Instead, we propose that the differences are a result of including
undrogued drifters in the transport matrices used by Maximenko et al. [14] and van Sebille
et al. [15]. Because of this, surface transport mechanisms such as windage and Stokes drift, as
well as a different direction of the Ekman currents at the surface and at a nominal 15 m depth,
are included in these simulations. These transport mechanisms are not included in the particle
tracking methods. The latter simulations therefore agree better with our drogued simulations.
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Figure 4.8 Standardised measurements of “small” (< 200 mm) buoyant plastics in the Indian
Ocean. Measurements were standardised by van Sebille et al. [9]. Original sampling studies
were performed by: Morris [154]; Reisser et al. [74]; Eriksen et al. [8]; Cózar et al. [52]. Outlines
indicate the simulated Indian Ocean subtropical and Bay of Bengal accumulation regions after
10 years of simulation using transport matrices based on: (a) drogued drifter locations; (b)
undrogued drifter locations. The accumulation regions are defined as regions with at least 50
adjacent grid cells where the tracer concentration exceeds either 1, 2 or 5 per 1× 1◦ cell. Note
that in panel b no accumulation region with a tracer concentration > 5 per 1× 1◦ occurs.
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4.5 Conclusions

We examined the influence of different transport mechanisms on the dynamics of the subtropical
accumulation region in the Indian Ocean using transport matrices based on observed locations
from drogued and undrogued drifters. Our results indicate that accumulation of buoyant
debris in the subtropical southern Indian Ocean (SIO) is very sensitive to different transport
mechanisms. The unique oceanic and atmospheric dynamics of the SIO have a significant
influence on this sensitivity.

Buoyant debris transported by ocean surface currents at a nominal 15 m depth accumulates in
high concentrations in the subtropical SIO in a region that spans almost the entire width of
the SIO basin and wraps around the southern coastline of Australia. This is most likely due to
the South Indian Counter Current that flows eastwards through the subtropical gyre, and the
Leeuwin Current that flows polewards along the western Australian coastline.

In contrast, buoyant debris transported by surface dynamics (ocean surface currents between
0 to 1 m depth, Stokes drift, windage) concentrates in a highly dispersive region towards the
west of the subtropical SIO. This is most likely due to the strong easterly trade winds in the
SIO as well as the unique geography at the western boundary of the SIO gyre, which provides
a connection between the SIO and the South Atlantic Ocean.

Data availability
Global drifter trajectory data are available from the National Oceanic and Atmospheric Administration

Global Drifter Program:www.aoml.noaa.gov/phod/dac. Surface geostrophic, Stokes drift, surface

Ekman and Ekman 15-m depth velocity fields are products of the GlobCurrent project: www.globcurrent.org.

Wind fields from the ERA-Interim Reanalysis dataset are available from the European Centre for

Medium-Range Weather Forecasts:apps.ecmwf.int/datasets/data/interim-full-moda. Our code to construct

and run drifter transport matrix simulations is available under an MIT license at:

www.github.com/mheen/gdp tm.

https://www.aoml.noaa.gov/phod/dac
https://www.globcurrent.org
https://apps.ecmwf.int/datasets/data/interim-full-moda
https://www.github.com/mheen/gdp_tm
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Abstract

A large percentage of global plastic waste entering the oceans enters the northern hemisphere Indian

Ocean (NIO). Despite this, it is unclear what happens to buoyant plastics in the NIO. Because the

subtropics in the NIO is blocked by landmass, there is no subtropical gyre and no associated subtropical

garbage patch in this region. We therefore hypothesise that plastics “beach” and end up on coastlines

in the NIO. In this paper, we determine the influence of beaching plastics by applying different beaching

conditions to Lagrangian particle tracking simulation results. Our results show that a large amount

of plastic likely ends up on coastlines in the NIO, while some crosses the equator into the southern

hemisphere Indian Ocean (SIO). In the NIO, the transport of plastics is dominated by reversing

monsoonal currents, which seasonally transport plastics back and forth between the Arabian Sea and

the Bay of Bengal. All plastic in this region beaches within a few years in our simulations. Our

simulation results suggest that countries bordering the Bay of Bengal are particularly heavily affected

by plastics beaching on coastlines. This is likely a result of both the large sources of plastic waste

in the region, as well as ocean dynamics which concentrate plastics in the Bay of Bengal. During

the intermonsoon period following the southwest monsoon season (September, October, November),

plastics can cross the equator on the eastern side of the NIO basin into the SIO. Plastics that escape

from the NIO into the SIO in our simulations beach on eastern African coastlines and islands in the

SIO or enter the subtropical SIO garbage patch.
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5.1 Introduction

Large amounts of plastic waste enter the ocean every year [3, 4, 5], potentially harming
marine species and ecosystems [10]. A large percentage of global plastic waste is estimated
to enter the Indian Ocean. Despite this, buoyant marine plastic debris (“plastics”) is relatively
undersampled [9] and under-studied [155] in the Indian Ocean. The Indian Ocean atmospheric
and oceanic dynamics are unique [18], so the dynamics of plastics in the Indian Ocean differ
from those in the other oceans as well.

In the Pacific and Atlantic oceans, plastics accumulate in so-called “garbage patches” in the
subtropical ocean gyres [e.g. 7, 14, 15, 16, 58, 9]. Plastics also accumulate in a subtropical
garbage patch in the southern Indian Ocean, although it is much more dispersive and sensitive
to different transport mechanisms (currents, wind, waves) than the garbage patches in the other
oceans (chapter 4) [155]. In contrast, the subtropical northern hemisphere Indian Ocean is
blocked by landmass, so there is no subtropical gyre and associated garbage patch. In addition,
it is unclear if plastics entering the northern hemisphere Indian Ocean cross the equator to
enter the subtropical garbage patch in the southern hemisphere, as we explain further in the
following paragraphs.

In addition, strong currents are known to act as transport barriers for buoyant objects [139]. For
example, most fluid parcels in the Gulf Stream flow downstream and cross-stream transport
only occurs at depth [156]. As a result, there is almost no surface transport between the
subtropics and the subpolar region in the North Atlantic Ocean; in 30 years only one ocean
surface drifter crossed this boundary [157]. In the equatorial region, the easterly trade winds
drive strong equatorial currents and counter-currents [158]. As a result, ocean surface drifters
do not tend to cross the equator and ultimately return to their original hemisphere [14]. It
has therefore been suggested that plastics do not generally cross the equator but remain in the
hemisphere where they originally entered the ocean [16].

However, in contrast to the other oceans, the easterly trade winds in the northern hemisphere
Indian Ocean are not steady. Instead, they generally only have an easterly component during
December, January, and February and have a westerly component during the remainder of the
year [18]. As a result, the North Equatorial Current and the South Equatorial Counter Current
in the Indian Ocean are not steady either. In addition, although the surface connectivity is
split into two hemispheres in both the Pacific and Atlantic oceans, the surface of the Indian
Ocean appears connected between hemispheres [146]. Because of this, it is unclear if plastics
tend to remain in their original hemisphere in the Indian Ocean. The question is therefore what
happens to plastics entering the northern hemisphere Indian Ocean (NIO).

Measurements of open ocean plastic concentrations in the Indian Ocean are scarce (Figure
5.1) [9] and insufficient to determine the fate of plastics entering the NIO. However, numerical
modelling studies [16, 155] show a garbage patch forming in the Bay of Bengal. Sampling studies
confirm that there are high concentrations of plastics in this region [152], but are inconclusive
if this is a result of plastics accumulating here or because of large nearby sources.

Another hypothesis is that plastics end up on coastlines in the NIO. Multiple studies sampled
plastics on beaches in the Indian Ocean (Figure 5.1) [159, 160, 161, 162, 75, 76, 53, 163, 77,
164, 165, 78], but because they used very different sampling methods on different timescales
(Table 5.1), their results are difficult to compare. However, they do provide qualitative evidence
that plastic is found on coastlines throughout the Indian Ocean, both on populated beaches
close to plastic sources [162, 76, 164] as well as on remote, uninhabited coastlines and islands
[159, 160, 161, 75, 53, 163, 77, 165, 78]. Which coastlines are most heavily affected by stranding
plastics depends both on the location of plastic sources and the ocean dynamics in the region.
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Figure 5.1 Overview of standardised open ocean plastic measurements in the Indian Ocean (filled circles); approximate locations of sampling
studies of plastics on beaches (blue stars); and schematic dominant ocean surface currents (blue arrows) during the (a) northeast monsoon
season; and (b) southwest monsoon season. Open ocean sampling studies were performed by Morris [154], Reisser et al. [74], Eriksen et al.
[8], Cózar et al. [52] and standardised by van Sebille et al. [9]. Sampling studies of plastics on beaches were performed by Ryan [159], Slip
and Burton [160], Madzena and Lasiak [161], Uneputty and Evans [162], Barnes [75], Jayasiri et al. [76], Duhec et al. [53], Nel and Froneman
[163], Bouwman et al. [77], Kumar et al. [164], Imhof et al. [165], Lavers et al. [78]. Schematic ocean surface currents are based on Schott et al.
[18]. The following currents are shown and labeled with their abbreviations: Northeast Monsoon Current (NMC) and Southwest Monsoon
Current (SMC); North Equatorial Current (NEC); Somali Current (SC); South Equatorial Counter Current (SECC); South Java Current
(SJC); East African Coastal Current (EACC); Indonesian Throughflow (ITF); Northeast Madagascar Current (NEMC); Southeast Madagascar
Current (SEMC); Agulhas Current (AC); Agulhas Retroflection (AR); Agulhas Return Current (ARC); South Indian Counter Current (SICC);
Leeuwin Current (LC).
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Location Plastic items units
Transect size

[m]
Sampling time

Standing stock
or cleared

Size ranges Excavation Beach characteristics Reference

Transkei, South Africa 1.2 - 8.1 #/m/year 3 x 8-30
April 1994-1995

monthly
cleared - raked undeveloped Madzena and Lasiak [161]1

Prince Edward Island 0.19 #/m/year - - - - - - Ryan [159]1

Marion Island 0.055 #/m/year - - - - - - Ryan [159]1

Heard Island 0.015 #/m/year - - - - - - Slip and Burton [160]1

Macquarie Island 0.1 #/m/year - - - - - - Slip and Burton [160]1

Jakarta Bay, Indonesia 90 #/m/year - - - - - - Uneputty and Evans [162]1

Negombo, Sri Lanka 1.55 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Ari Atoll, Maldives 1.12 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Pemba Island, Tanzania 1.89 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Diego Garcia 0.89 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Chrismas Island 21 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Cocos (Keeling) Islands 6.01 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Quirimba Island, Mozambique 1.34 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Rodrigues Island 4.41 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Nosy Ve, Madagascar 0.60 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Inhaca Island, Mozambique 0.60 #/m/year 200
1996-2002

yearly
cleared >1 cm2 part buried

windward
low/no population

Barnes [75]

Mumbai, India 68.8 #/m2/week 0.5 x 0.5
May 2011-March 2012

bimonthly
-

1-5 mm
5-20 mm
21-100 mm
>100 mm

top 2 cm highly populated Jayasiri et al. [76]

Alphonse Atoll, Seychelles 4.7 #/m/week 500
21 June-2 August 2013

weekly
cleared - -

windward
low/no population

Duhec et al. [53]

South-east coast South Africa 689-3308 #/m2 - - - 80 µm-5 mm top 5 cm
12 beaches in bays

9 beaches on open coast
Nel and Froneman [163]

St. Brandon’s Rock, Mauritius 0.76 #/m varying October 2010 and 2014 standing (?) >5 mm - low/no population Bouwman et al. [77]

Chennai, India 1.37 #/m2/two weeks 100
March and April 2015

bimonthly
cleared - part buried highly populated Kumar et al. [164]

Vavvaru Island, Maldives 35.8 #/m2/day 1 x 1
21-27 June 2015

daily
cleared and
standing

1-5 mm
5-25 mm
>25 mm

top 1 cm
low/no population

open coast
Imhof et al. [165]

Cocos (Keeling) Islands 4.72-2506 #/m2 30 x 6
13-24 March 2017
21 September 2017
single sampling

standing - top 10 cm low/no population Lavers et al. [78]

1Contained in Barnes [75]

Table 5.1 Brief overview of studies that sampled plastics on beaches in the Indian Ocean, including methods and findings. Different studies
use many different methods and units, and sampling was done on very different timescales.
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In the NIO, both the atmospheric and oceanic dynamics are dominated by the monsoon system,
which is driven by differences in air temperature above the Asian continent and above the NIO
[18]. During the southwest monsoon season (boreal summer: June, July, August) the air above
the Asian continent is warmer than above the ocean, leading to predominantly south-westerly
winds. In contrast, during the northeast monsoon season (boreal winter: December, January,
February) the air above the ocean is warmer than above the Asian continent, resulting in
predominantly north-easterly winds. These monsoonal winds result in strong seasonal variations
in ocean surface currents in the NIO and Indian Ocean equatorial region.

During the northeast monsoon season the Northeast Monsoon Current (NMC) flows from the
Bay of Bengal westwards past Sri Lanka and into the Arabian Sea (Figure 5.1a) [18]. The
North Equatorial Current (NEC) also flows westwards during this season, feeding into the
south-westward flowing Somali Current (SC), which in turn feeds into the eastwards South
Equatorial Counter Current (SECC). The South Java Current (SJC) flows south-eastwards
along Sumatra and Java, but is relatively weak during the northeast monsoon season [115].

During the southwest monsoon season the NMC dissolves and instead the Southwest Monsoon
Current (SMC) flows from the Arabian Sea eastwards past Sri Lanka and into the Bay of
Bengal (Figure 5.1b) [18]. There is no NEC during this season, and as a result the SC reverses
direction as it is supplied by the westward flowing South Equatorial Current (SEC) and the East
African Coastal Current (EACC). The SJC continues to flow south-eastwards along Sumatra,
but flows north-westwards along Java [115] as it is supplied by the strengthening Indonesian
Throughflow (ITF) during the southwest monsoon season [116]. At the convergence of the two
opposing flows, a current flows south-westwards and feeds into the SEC.

During the intermonsoon periods strong eastward flowing surface Wyrtki jets develop along the
equator [117], which are unique to the Indian Ocean. The Wyrtki jets are strongest during the
intermonsoon period following the southwest monsoon season [118]. They strengthen the SJC,
which flows south-eastwards during the intermonsoon periods.

The aim of this paper is to determine how these seasonally reversing ocean surface currents
transport plastics that enter the NIO. Specifically, we focus on which coastlines are most heavily
affected by stranding plastics. For convenience, we refer to plastics stranding on coastlines as
“beaching” or “beached plastics”, where beaching can occur on any type of coastline, not just
beaches. In addition to surface currents, wind and waves have a significant impact on the
dynamics of buoyant objects in the southern hemisphere Indian Ocean (SIO; chapter 4)[155].
However, we only consider the influence of surface currents on the transport of plastics in this
study; including dynamics due to wind and waves are beyond the scope of this paper. We
discuss this in more detail in section 5.4.

Our results show that plastics in the NIO move back and forth between the Bay of Bengal
and the Arabian Sea, following monsoonal winds and currents. Plastics beach on coastlines
throughout the NIO. Our simulation results suggest that countries bordering the Bay of Bengal
are most heavily and consistently affected. We also show that plastics from the NIO can cross
the equator into the SIO. This mainly occurs during the intermonsoon period following the
southwest monsoon season (September, October, November), and we suggest a mechanism for
the “escape” from the NIO into the SIO. Plastics that cross into the SIO in our simulations
beach along the entire eastern African coastline as well as on remote islands.
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5.2 Methodology

5.2.1 Plastic sources

Global plastic waste inputs from coastlines were estimated by Jambeck et al. [3], and inputs
from rivers were estimated by both Lebreton et al. [4] and Schmidt et al. [5]. The estimate
by Jambeck et al. [3] is based on a fixed percentage of mismanaged plastic waste per country
entering the ocean. In addition to mismanaged plastic waste, Lebreton et al. [4] and Schmidt
et al. [5] included the influence of river catchment geography and river discharge to estimate how
much plastic waste enters the ocean. They also calibrated their estimates based on available
measurements of plastic concentrations in rivers around the globe. The total amount of plastic
waste entering the ocean from rivers each year estimated by Lebreton et al. [4] and Schmidt
et al. [5] agree relatively well with each other. In contrast, the estimate by Jambeck et al. [3] is
an order of magnitude larger. In this paper, we use plastic waste input from rivers estimated
by Lebreton et al. [4] as plastic source locations in our simulations (section 5.2.2). These inputs
are based on measurements of floating plastics in rivers with size ranges between 0.3 mm and
0.5 m, and are the more conservative option compared to those of Jambeck et al. [3].

The largest plastic source locations in the NIO are located around the Bay of Bengal and on
the eastern side of the Arabian Sea (Figure 5.2a). Lebreton et al. [4] derived monthly plastic
waste inputs, which mainly vary depending on river discharge. The wet season with the largest
discharges is in boreal summer in the NIO, and plastic waste input in the region peaks in
August (Figure 5.2b).

5.2.2 Particle tracking simulations

We use OceanParcels-v2 [151, 166] to run Lagrangian particle tracking simulations of plastics
released in the NIO, forced by ocean surface currents from HYCOM+NCODA Global 1/12◦

Reanalysis data (“HYCOM”) [167, 168]. Ocean surface currents from HYCOM are available
at 3-hourly temporal resolution and 1/12◦ horizontal resolution from 01-01-1995 to 31-12-2015.
We use a timestep of dt = 1 hour in the particle tracking simulation and use 5 day outputs of
particle locations for analysis. We include Brownian particle diffusion with a constant horizontal
diffusion coefficient of Kh = 10.0 m2/s. We determined the value of Kh following the definition
of Peliz et al. [109]: Kh = ε1/3dx4/3, where ε = 10−9 m2/s3 is the turbulent dissipation rate,
and dx ≈ 10 km is the size of a grid cell in HYCOM.

We limit the domain of our particle tracking simulations between 0◦E to 130◦E, and 50◦S to
40◦N. Particles are removed from the simulation after passing these boundaries. We choose this
relatively large domain because we are interested in the amount of particles that cross from the
NIO into the SIO, as well as any particles that escape from the SIO into the other ocean basins.
The simulation domain extends relatively far east and south to include the Agulhas retroflection
[e.g. 122], so that any particles caught in the retroflection can “escape” from the SIO into the
South Atlantic Ocean, but also potentially move back into the SIO with the Agulhas return
current. The definitions of the NIO and SIO that we use are shown in Figure B.1.

Long-term simulation

We run 21 year particle tracking simulations to determine the dynamics of plastics released in
the NIO. During the first year of simulation, we release particles into the NIO from river plastic
source locations (Figure 5.2a) [4]. Several of the source locations available from Lebreton et al.
[4] are located on land grid cells in HYCOM. We prevent releasing particles on or very close
to land by increasing the HYCOM land mask with one grid cell and then moving any release
locations on land to the nearest ocean grid cell (Figure B.2). We include the monthly variation
of plastic waste input from rivers (Figure 5.2b) in our simulation by releasing particles on the
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Figure 5.2 (a) Locations of plastic waste input from rivers in the northern hemisphere Indian
Ocean based on Lebreton et al. [4]. We release particles from these locations in our particle
tracking simulations (section 5.2.2). (b) Total plastic waste input in the northern hemisphere
Indian Ocean for each month. Lebreton et al. [4] based the monthly variation of plastic input
on seasonal variations in river discharges. We release particles following this monthly variation
in our particle tracking simulations, where 1 particle represents 1 tonne of plastic waste (section
5.2.2).
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first day of every month. A single particle in our simulation represents 1 tonne of plastic waste.
After inputting particles for the first year, we then run the simulation for an additional 20 years
to determine the influence of the Indian Ocean dynamics on particle transport.

We release simulated particles in 1995, because HYCOM data is available from then onward and
we want to run simulations for as long as possible using this dataset. This does not necessarily
mean that the plastic waste input estimated by Lebreton et al. [4] is representative for 1995. In
this paper, we are interested in the large-scale and long-term dynamics of plastics in the NIO
rather than in the behaviour of plastics during a specific time period, so this is not an issue for
our purposes.

Monsoonal simulation

In addition to long-term dynamics, we are also interested in the influence of the monsoon seasons
on the transport of plastics. One of the dominant climate modes that influences atmospheric and
oceanic dynamics in the NIO is the Indian Ocean Dipole (IOD) [169, 170, 18]. To determine the
influence of the monsoon season on plastic transport in the NIO, we therefore run an additional
simulation during neutral IOD conditions. Both 2008 and 2009 were neutral IOD years, with
relatively low values of the Dipole Mode Index (DMI, Figure B.3) [169]. We therefore release
particles in 2008, using the same release method as for the long-term simulation, and continue
the simulation to the end of 2009. We use the simulation results of the second simulation year
to illustrate the influence of the monsoon system on plastic transport in the NIO (section 5.3.1).

5.2.3 Beaching

We do not implement any specific beaching behaviour during the particle tracking simulation.
Instead, particles remain adrift in the simulation and we apply beaching conditions to each
particle afterwards, using 5 day outputs of particle locations. This way, we can easily implement
different beaching conditions and determine the sensitivity of our results without running a large
number of simulations.

Beaching of plastics is highly complex and strongly influenced by small-scale coastal ocean
dynamics [171] as well as the local morphology of the coastline [172]. In addition, beached
plastics do not necessarily remain beached but can return to the ocean [172, 13]. Plastics
also fragment relatively easily while exposed to sunlight and high temperatures on beaches
[35] as well as breaking waves near coastlines [172]. As a result of changes in the material
characteristics (shape, size, density) of plastics, their response to ocean dynamics may also
change [e.g. 14, 155]. It is beyond the purpose and scope of this paper to account for these
complex and small-scale beaching dynamics of plastics. Instead, our goal is to determine the
large-scale spatial patterns of beaching plastics in the Indian Ocean.

We define that particles within a distance ∆x of any coastline, and moving towards the coastline
(defined as a decreasing distance to the coast), beach randomly with a specific probability p.
The beaching probability can vary between 0 (no particles beach) and 1 (all particles within a
distance ∆x of a coastline beach) per 5 days (because we use 5 day particle location outputs for
analysis). If a particle beaches, it remains beached and its location is fixed for the remainder
of the simulation. Similar methods to account for beaching plastics in large-scale simulations
have been used in other studies [13].

We use the distance to the nearest coastline from GSHHG-v2.3.7 data (Figure B.4) [173] to
determine the distance of particles to a coastline. This dataset has a horizontal resolution of
1 arc minute. The high resolution allows us to include the coastlines of small islands in our
beaching analysis.
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Sensitivity to beaching distance ∆x and probability p

We performed sensitivity analyses of our results for different values of both the beaching distance
∆x and probability p. We used ∆x = [2, 4, 8, 16] km with p = 0.50/5 days to determine the
sensitivity of our results to beaching at different distances ∆x from the nearest coastline. Our
results are not very sensitive to these different values of ∆x (Figure B.5). We therefore use a
fixed value of ∆x = 8 km (which is approximately the size of one HYCOM grid cell) for the
rest of our analyses.

In contrast, our results are sensitive to different values of beaching probability p. We discuss
this further in section 5.3.2 and present our results for different values of p.

Sensitivity to different plastic input scenarios

We also performed a sensitivity analysis to determine the influence of monthly varying plastic
input (Figure 5.2b) compared to a constant plastic waste input throughout the year, on the
large-scale beaching patterns in the NIO. To do this, we ran 2 year simulations during neutral
IOD conditions (as described in section 5.2.2) with monthly varying plastic waste input and
constant plastic waste inputted during 1 year. We allowed particles to beach within a distance
∆x = 8 km of the coast with a probability p = 0.50/5 days. The large-scale beaching patterns
in our simulations are not very sensitive to these two different plastic waste input scenarios
(Figure B.6). This is likely because, although the ocean surface currents reverse direction
seasonally, high concentrations of plastics are present in the Bay of Bengal year round (see
section 5.3.1).

We therefore continue to use monthly varying plastic waste inputs from rivers as input for our
particle tracking simulations.



70 Chapter 5. Beaching plastics from the northern Indian Ocean

5.3 Results

5.3.1 Monsoonal influence and escape mechanism from NIO to SIO

Particle tracking simulation results during neutral IOD conditions and without beaching illustrate
the influence of the monsoon season on the transport of particles in the NIO. During the
northeast monsoon season, particles are transported from the Bay of Bengal towards the
Arabian Sea by the Northeast Monsoon Current (NMC, Figure 5.3a). Particles are present
throughout both the Arabian Sea and the Bay of Bengal during the following intermonsoon
period (Figure 5.3b). During the southwest monsoon season, particles are transported from the
Arabian Sea towards the Bay of Bengal by the Southwest Monsoon Current (SMC, Figure 5.3c).
Most particles are in the Bay of Bengal during this season, and remain there during the next
intermonsoon period as eastward Wyrtki jets (WJ) develop around the equator (Figure 5.3d).
The back and forth movement of particles in the NIO continues with each yearly monsoonal
cycle. Particles move close to multiple coastlines during their movement from the Arabian Sea
to the Bay of Bengal and vice versa.

These simulation results indicate that particles empty from the Arabian Sea depending on the
monsoon season. In contrast, there are relatively high particle concentrations in the Bay of
Bengal throughout the year. Although there is no region of consistent downwelling in the Bay of
Bengal (and therefore no persistent accumulation of plastics), anti-cyclonic and cyclonic gyres
develop in the bay throughout the year [174], which may trap plastics. In addition, the annual
mean flow along the equator is eastwards, directed from the Arabian Sea towards the Bay of
Bengal [18].

These simulation results also indicate an “escape” mechanism for particles to cross the equator
from the NIO into the SIO. Particles mainly cross the equator during the intermonsoon period
following the southwest monsoon season (Figure 5.3d). During this period, the WJ are at
their strongest [118] and particles are transported eastwards along the equator. Particles cross
the equator with the south-eastward flowing South Java Current (SJC) and connect with the
westward flowing South Equatorial Current (SEC).

5.3.2 Beaching

As described in section 5.2.3, simulated particles randomly beach with beaching probability p
if they are moving towards the coast within a distance ∆x = 8 km of a coastline. Realistic
beaching probabilities of plastics are unknown and are beyond the scope of this paper to
determine. We therefore consider particle tracking simulation results for a beaching probability
of p = 0.50/5 days, as well as a “high” beaching probability of p = 0.95/5 days, and a “low”
beaching probability of p = 0.05/5 days.

In both the simulation with high beaching probability (p = 0.95/5 days, Figure 5.4a) and with
a beaching probability of p = 0.50/5 days (Figure 5.4b), almost all particles beach in the NIO
within 3 years. Only approximately 0.6% of all particles cross from the NIO into the SIO
in the high beaching probability simulation, compared to approximately 1% of all particles
in the simulation with beaching probability of p = 0.50/5 days. In the simulation with low
beaching probability (p = 0.05/5 days), around 86% of all particles beach in the NIO after
approximately 10 years (Figure 5.4c). Approximately 5.7% of all particles cross the equator
into the SIO, where they either beach (4.2%) or end up in the subtropical SIO garbage patch
(1.5%).



5.3. Results 71

Figure 5.3 Examples of simulated particle locations released from river sources in the northern
hemisphere Indian Ocean during neutral Indian Ocean Dipole conditions and without beaching
at the end of: (a) the northeast monsoon season (February); (b) the intermonsoon period
transitioning from the northeast to the southwest monsoon (May); (c) the southwest monsoon
season (August); and (d) the intermonsoon period transitioning from the southwest to the
northeast monsoon (November). Blue arrows indicate relevant ocean surface currents labeled
with their abbreviations: Northeast Monsoon Current (NMC); Wyrtki jets (WJ); Southwest
Monsoon Current (SMC); South Java Current (SJC); South Equatorial Current (SEC).
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Figure 5.4 Percentage of total simulated particles as a function of the simulation duration
that have: beached in the northern (NIO) or southern hemisphere Indian Ocean (SIO); are
afloat in the NIO or SIO; or that have left the Indian Ocean entirely, for a: (a) “high” beaching
probability of p = 0.95/5 days; (c) beaching probability of p = 0.50/5 days; (b) “low” beaching
probability of p = 0.05/5 days. Percentages are shown after all particles have been released
after 1 year of simulation, and up to 10 years of simulation, after which the simulation results
have reached a steady state.
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Countries most affected

Which countries are most heavily affected by simulated beaching particles released from the
NIO depends on the beaching probability p. Nevertheless, there are some noteworthy general
results and trends. Countries bordering the Bay of Bengal are consistently and heavily affected
in our simulations for both high (Figure 5.5a) and low beaching probability (Figure 5.5c). For
high beaching probability, this is mostly likely due to the large source locations of particles
in the Bay of Bengal (Figure 5.2a). For low beaching probability however, this is more likely
a result of ocean dynamics in the region. As shown in section 5.3.1 (Figure 5.3), there are
particles in the Bay of Bengal throughout the year, which are therefore likely to beach in the
region.

The countries in our simulations that are among the top 15 that receive the most beached
particles for all beaching probability p values are: Bangladesh, Myanmar, India, Malaysia,
Indonesia, Sri Lanka, Thailand, Pakistan, the Maldives, and Somalia (Table B.1). Of these,
only Somalia does not border the Bay of Bengal and does not have significant nearby inputs of
plastic waste from rivers (Figure 5.2a). Instead, particles most likely end up near Somalia as
they are transported westward by the North Equatorial Current and the Somali Current during
the northeast monsoon season. The Maldives is also noteworthy, as it receives a relatively large
percentage of simulated particles for almost all values of p, even though it has no river plastic
sources of its own. Because both the Northeast Monsoon Current and the Southwest Monsoon
Current flow past the Maldives in reversing directions, it is not unexpected that the Maldives
is heavily affected by beaching particles.

For decreasing beaching probabilities p, a larger percentage of particles crosses from the NIO
into the SIO and several countries and islands in the SIO are increasingly affected by beaching
particles in our simulations (Table B.1). Most notable among these are Madagascar and
Mozambique, which are among the top 15 most affected countries for beaching probabilities
p ≤ 0.225/5 days.
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Figure 5.5 Density of beached particles per country or island and density of particles in the
ocean per 0.5 × 0.5◦ grid cell for particles released from river source locations in the northern
hemisphere Indian Ocean after 21 years of simulation, with: (a) “high” beaching probability,
p = 0.95/5 days (10 year animation of simulation results available at doi.org/10.5446/47058);
(b) beaching probability of p = 0.50/5 days (10 year animation of simulation results available at
doi.org/10.5446/47057); (c) “low” beaching probability, p = 0.05/5 days (10 year animation of
simulation results available at doi.org/10.5446/47056); (d) no beaching. Filled circles highlight
islands which do not clearly show up on the map otherwise, from north to south these represent:
Maldives, Seychelles, British Indian Ocean Territory, Christmas Island, Cocos (Keeling) Islands,
Comoros, Mauritius, and Réunion.

http://doi.org/10.5446/47058
http://doi.org/10.5446/47057
http://doi.org/10.5446/47056
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5.4 Discussion

The aim of this paper is to determine what happens to plastics entering the NIO and which
countries and islands are most heavily affected by beaching plastics. Our particle tracking
simulation results illustrate that particles move between the Arabian Sea and the Bay of Bengal
depending on the monsoon season. During the northeast monsoon season large amounts of
particles are present in the Arabian Sea as they are transported from the Bay of Bengal by
the Northeast Monsoon Current (NMC). In contrast, during the southwest monsoon season
particles are largely depleted from the Arabian Sea by the Southwest Monsoon Current (SMC)
and move into the Bay of Bengal. Despite the annual back and forth movement, particles remain
present year-round in the Bay of Bengal. This is possibly a result of the annual mean eastward
flow in the equatorial region [18] as well as anti-cyclonic and cyclonic gyres that develop in the
Bay of Bengal throughout the year [174], which may trap plastics.

Our simulations suggest that countries bordering the Bay of Bengal are consistently and heavily
affected by beaching plastics. Specifically, Bangladesh, Myanmar, India, Malaysia, Indonesia,
Sri Lanka, Thailand, Pakistan, the Maldives, and Somalia are consistently in the top 15 most
affected countries in all our simulations. For high beaching probabilities, all particles beach in
the NIO within 3 years. In this case, the locations where simulated particles beach is mainly
a result of large plastic sources in the region. However, for low beaching probabilities, this is
more likely a results of ocean dynamics rather than source locations. Because NIO dynamics
concentrate plastics in the Bay of Bengal, bordering countries are affected by beaching even on
long timescales in our simulations (O(10)-years).

Somalia and the Maldives are specifically noteworthy countries affected by simulated beaching
plastics from the NIO. Somalia does not border the Bay of Bengal and does not have any
large nearby sources of plastic. Nevertheless, in our simulations, large amounts of particles
consistently beach here. This is likely a result of the westward flowing North Equatorial Current
and the south-westward flowing Somalia Current during the northeast monsoon season. The
Maldives is noteworthy because the NMC and the SMC transport particles back and forth past
the islands twice a year, which increases the likelihood of plastics beaching here.

For low beaching probabilities, up to 5% of particles “escape” from the NIO into the SIO in our
simulations. This mainly occurs on the eastern side of the NIO basin during the intermonsoon
period following the southwest monsoon season (September, October, November). We propose
the following mechanism for particles crossing from the NIO into the SIO: (1) particles are
transported eastwards by equatorial Wyrtki jets during the intermonsoon period; (2) particles
are transported south-eastwards across the equator by the South Java Current (SJC); (3)
particles are transported south-westwards as the SJC feeds into the South Equatorial Current
(SEC); and (4) particles are transported westwards by the SEC into the subtropical SIO.

Particles that cross from the NIO into the SIO mainly beach on eastern African coastlines
or accumulate in the subtropical SIO garbage patch in our simulations. Madagascar and
Mozambique are most notably increasingly affected as more simulated particles cross into the
SIO.

Countries and islands in the SIO will of course also be affected by beaching plastics entering the
ocean from source locations in the SIO (Figure 5.6a). In this case, simulation results suggest
that the most affected countries in the SIO are similar to those affected by plastics escaping
from the NIO into the SIO (Figure 5.6b and 5.6c). Notable exceptions to this are the Cocos
(Keeling) Islands and Christmas Island, both of which are more severely affected by simulated
beaching particles originating from the SIO (especially with high beaching probability, Figure
5.6b). Particles entering the SIO can also cross the equator and beach on NIO countries in our
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Figure 5.6 (a) Locations of plastic waste input from rivers in the southern hemisphere Indian
Ocean based on Lebreton et al. [4]. Density of beached particles per country or island and
density of particles in the ocean per 0.5× 0.5◦ grid cell for particles released from river source
locations in the southern hemisphere Indian Ocean after 21 years of simulations, when beaching
can occur after particles have been released for a time: (b) “high” beaching probability p =
0.95/5 days (10 year animation of simulation results available at: doi.org/10.5446/47058); and
(c) “low” beaching probability p = 0.05/5 days (10 year animation of simulation results available
at doi.org/10.5446/47056). Filled circles highlight islands which do not clearly show up on the
map otherwise, from north to south these represent: Maldives, Seychelles, British Indian Ocean
Territory, Christmas Island, Cocos (Keeling) Islands, Comoros, Mauritius, and Réunion.

http://doi.org/10.5446/47058
http://doi.org/10.5446/47056
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simulations, although in much lower quantities than plastics originating from the NIO.

Our simulation results indicate that a large percentage of plastics end up on coastlines in the
Indian Ocean. In our simulations with a high beaching probability, 100% of particles beach
in the NIO within 3 years. Up to 90% of particles beach in either the NIO or SIO within 10
years in our simulations with a low beaching probability. These results are in good general
agreement with those of Lebreton et al. [13], who showed that roughly 67% of all global plastic
waste ended up on coastlines. Lebreton et al. [13] therefore suggested that the large mismatch
between the estimated amount of plastic entering the ocean globally and the total estimated
amount of plastic floating on the ocean surface (the “missing plastic”) [9], can be explained
by plastics stored on coastlines. However, our simulations illustrate that results are sensitive
to different beaching conditions, specifically the beaching probability. To determine if beached
plastics can indeed explain the whereabouts of the missing plastic, it is therefore important to
apply reliable beaching conditions.

The importance of coastal dynamics in the transport of plastics to the open ocean was recently
demonstrated by Zhang et al. [175], who found that as a result of tidal dynamics only roughly
20% of simulated particles released around the East China Sea were transported to the open
ocean. Pawlowicz et al. [176] showed that ocean surface drifters in an estuary ran aground
on timescales much shorter than the transport time to the open ocean. Both of these studies
illustrate the importance of local dynamics in transporting plastics to the ocean. A better
understanding of the overall effect of these dynamics as well as a method to apply them on
large scales (for example using a realistic beaching probability) is therefore needed to improve
on global and basin-scale models of beaching plastics.

In addition, we applied a single beaching probability throughout the Indian Ocean to our
simulation results. Because beaching mechanisms depend on local coastal dynamics and morphology,
beaching probabilities likely vary from location to location. A better understanding of the
spatial variation of beaching probabilities depending on local conditions will likely improve the
numerical simulation of beaching plastics. Finally, we did not take into account that beached
plastics can also return to the ocean. Including these dynamics may also improve the simulation
of beaching plastics. Recent works by Hinata et al. [177] and Hinata et al. [178] may contribute
to this.

van der Mheen et al. [155] (chapter 4) showed that different transport mechanisms, due to wind
and waves, have a significant influence on the accumulation of buoyant debris in the subtropical
SIO garbage patch. In this paper, we only considered the effect of ocean surface currents on the
transport of river plastics entering the NIO. It is not straightforward to apply the same beaching
methodology when simulations are forced not only by ocean surface currents, but by wind and
wave effects as well. This is because, in contrast to ocean surface currents, the transport due to
wind and Stokes drift can be directed perpendicular to coastlines. This means that including
wind or wave effects adds a physical mechanism to the beaching of particles. However, in our
methodology we assume that there are no physical beaching processes in the particle tracking
simulations, and beaching is included purely as a specified probability acting a certain distance
from the coastline. This assumption is reasonable when particles are forced only by ocean
surface currents, but it is no longer valid when wind or Stokes drift forcing is included as well.
The best method to include wind and wave effects in these beaching simulations needs more
careful consideration and extended analysis, which we will do in future work.

Because we have not included wind and wave effects in our simulations, our results are likely
applicable only to plastics that are neutrally or slightly positively buoyant and are transported
in the upper 2 metres of the water column. Wind and waves can have a large influence on local
beaching behaviour. However, on a large scale, we do not expect the influence of including either
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windage or Stokes drift to have such a significant effect as in the SIO. This is because both
wind and ocean surface currents in the NIO are driven by the monsoon system. For example,
although the timescales on which beaching occurs will likely change by including windage or
Stokes drift, the main dynamics of particles moving between the Arabian Sea and the Bay of
Bengal depending on the monsoon season should remain the same.

Finally, measurements of plastics on coastlines are needed to confirm and improve numerical
modeling results. Although multiple studies sampled plastics on beaches throughout the Indian
Ocean [159, 160, 161, 162, 75, 76, 53, 163, 77, 164, 165, 78], the different sampling methods and
timescales mean that their results are difficult to compare quantitatively. In addition, standing
stock measurements are of limited use because they provide no information about the time
period over which plastics may have accumulated on beaches. Ideally, long-term measurements
during different conditions and along different types of coastline are needed.

Data availability
Ocean surface currents from the HYCOM+NCODA Global 1/12◦ Reanalysis dataset are available

from: www.hycom.org/data/glbv0pt08/expt-53ptx. Distances to the nearest coastline based on the

GSHHS dataset are available from: www.soest.hawaii.edu/pwessel/gshhg/. We obtained values of the

Indian Ocean Dipole Mode Index from: stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php. Our code

to run particle tracking simulations with OceanParcels and to apply beaching conditions is available

under an MIT license: www.github.com/mheen/io beaching. Animations of 10 year particle tracking

simulation results with particles entering the Indian Ocean from river plastic sources are available

with beaching occurring at a distance ∆x = 8 km to the nearest coastline with a probability of:

p = 0.05/5 days (doi.org/10.5446/47056); p = 0.50/5 days (doi.org/10.5446/47057); and p = 0.95/5

days (doi.org/10.5446/47058).

https://www.hycom.org/data/glbv0pt08/expt-53ptx
https://www.soest.hawaii.edu/pwessel/gshhg/
stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php
https://www.github.com/mheen/io_beaching
http://doi.org/10.5446/47056
http://doi.org/10.5446/47057
http://doi.org/10.5446/47058


Chapter 6

Escape pathways for buoyant debris
from the Indian Ocean

In chapter 4 we found that buoyant debris transported by ocean surface currents, wind, and waves

accumulate in a highly dispersive garbage patch in the subtropical southern Indian Ocean. We

suggested that buoyant debris likely escapes from the southern Indian Ocean into the South Atlantic

Ocean. In chapter 5 we showed that buoyant debris can cross the equator from the northern Indian

Ocean into the southern Indian Ocean along specific pathways on the eastern side of the basin during

specific seasons. In this chapter, we take a closer look at the different “escape” pathways for buoyant

debris between the northern and southern Indian Ocean and from the subtropical southern Indian

Ocean into other ocean basins.
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6.1 Pathways between the NIO and SIO

In chapter 5 we showed that buoyant debris can cross the equator from the northern Indian
Ocean (NIO) into the southern Indian Ocean (SIO). Here, we use observed locations from
drogued and undrogued ocean surface drifters from the Global Drifter Program (see section
4.2.1 for a detailed description of this dataset) to determine the pathways of buoyant objects
between the NIO and SIO in more detail.

In the entire drifter dataset 1,380 drifters move within the Indian Ocean equatorial region (20
to 120◦E and 7.5◦S to 7.5◦N). Of these, there are 13 crossings (by 13 drifters: 5 drogued and 8
undrogued) from the NIO into the SIO mainly along the eastern side of the Indian Ocean basin
(Figure 6.1a). In contrast, there are 26 crossings (by 26 drifters: 7 drogued and 19 undrogued)
from the SIO into the NIO, mostly along the western side of the basin (Figure 6.1b).

Drifters not only cross the equator along specific pathways, but during specific seasons as well
(Figure 6.2). Crossings from the NIO into the SIO mainly occur during the intermonsoon
period following the southwest monsoon season (September, October, November; Figure 6.2g)
and during the northeast monsoon season (December, January, February; Figure 6.2a). In
chapter 5 we also found that buoyant debris mainly crossed into the SIO during the September,
October, November intermonsoon period. During this period, strong eastward Wyrtki jets
[117, 118] likely transport drifters eastwards along the equator. The South Java Current (SJC)
then transport drifters south-eastwards along the Sumatran coastline and across the equator.
The SJC connects with the South Equatorial Current (SEC), which transports the drifters
further south and westwards into the SIO. During the northeast monsoon season the Wyrtki
jets do not develop, but the South Equatorial Counter Current (SECC) flows eastwards along
the equator [18]. The SJC also flows south-eastwards during the northeast monsoon season
[115], and so can transport drifters across the equator.

In contrast, drifters cross from the SIO into the NIO during all seasons (Figure 6.2d, 6.2f, 6.2h)
except the northeast monsoon season (Figure 6.2b). Drifters are transported northward by
the East African Coastal Current (EACC) and north-eastward by the Somali Current (SC).
During the northeast monsoon season the SC reverses direction and flows south-westwards in
an opposing direction to the EACC. This prevents drifters crossing from the SIO into the NIO
during this season.
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Figure 6.1 Trajectories of drogued (blue lines) and undrogued (orange lines) drifters that cross
the equator from: (a) the northern into the southern Indian Ocean (5 drogued and 8 undrogued);
and (b) the southern into the northern Indian Ocean (7 drogued and 13 undrogued). Start
locations are marked with green and final locations with red squares.
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6.2 Escape pathways from the subtropical SIO

In chapter 4 [155] we suggested that buoyant debris transported by ocean surface currents,
wind, and Stokes drift due to waves escapes from the subtropical SIO into the South Atlantic
Ocean. Dobler et al. [179] later confirmed that virtual particles transported by ocean surface
currents and Stokes drift move from the subtropical SIO into the South Atlantic Ocean. The
tracks of undrogued drifters (which are transported by ocean currents in the uppermost surface
layer as well as surface dynamics due to wind and waves) confirm that buoyant debris subject
to ocean surface dynamics can escape from the subtropical SIO (25 to 125◦E, 20 to 40◦S; grey
box in Figure 6.3) into the South Atlantic Ocean (Figure 6.3b). Drogued drifters (which are
transported by ocean currents at 15 m depth) can also escape from the subtropical SIO into
the South Atlantic Ocean, although this is less common than for undrogued drifters (Figure
6.3a).

Figure 6.3 Trajectories of (a) drogued drifters and (b) undrogued drifters while in and after
escaping the subtropical southern Indian Ocean (grey box). Final locations of drifters are
marked with red squares. To show the escape pathways more clearly, the start locations and
trajectories of the drifters before entering the subtropical southern Indian Ocean are not shown.

In addition to this escape pathway from the subtropical SIO into the South Atlantic Ocean,
Maes et al. [17] previously suggested that buoyant debris can also escape directly from the
subtropical SIO into the South Pacific Ocean. Based on Lagrangian particle tracking simulations
forced by ocean surface currents from the C-GLORSv5 reanalysis product [180], Maes et al.
[17] suggested that there is a “superconvergence pathway” between the subtropical SIO and
the South Pacific Ocean along the southern Australian coastline (between approximately 115
to 142◦E, 35 to 42◦S). Based on the same simulations as Maes et al. [17], Dobler et al. [179]
suggested that buoyant debris transported by ocean surface currents alone escapes from the
subtropical SIO into the South Pacific Ocean, whereas buoyant debris that is also transported
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by additional surface dynamics (due to waves in their case) escapes from the subtropical SIO
into the South Atlantic Ocean. In this case, we would expect to see drogued drifters escaping
from the subtropical SIO into the South Pacific Ocean. There is however, no evidence of this
in the tracks of drogued drifters (Figure 6.3a). The tracks of drifters passing through the
“superconvergence pathway” defined by Maes et al. [17] (grey box in Figure 6.4) also show no
clear eastwards pathway (Figure 6.4).

Figure 6.4 Trajectories of (a) drogued drifters and (b) undrogued drifters that pass through
the “superconverge pathway” defined by Maes et al. [17] (grey box). Drifter start locations are
marked with green and final locations with red squares.

The ocean dynamics within the “superconvergence” region defined by Maes et al. [17] (black box
in Figure 6.5a) are dominated by the eastwards flowing Leeuwin Current (LC), its continuation,
the South Australian Current (SAC), and the westwards flowing Flinders Current (FC) (Figure
6.5a). The FC is both an undercurrent below the LC and a surface current that flows further
offshore [181]. The LC and SAC flow eastwards with flow strengths of roughly 2 Sv [182, 127].
The FC flows westwards with a flow strength of roughly 8 Sv [181, 182, 127].

The mean ocean surface current from 1993 to 2015 from the C-GLORSv5 reanalysis product,
used by Maes et al. [17] to force particle tracking simulations, shows eastwards surface currents
in agreement with the locations of the LC and SAC. However, there is no mean westwards
flow consistent with the FC (Figure 6.5b). It is possible that the FC at the ocean surface is
underestimated by the C-GLORSv5 reanalysis. This could explain why Maes et al. [17] found
an eastwards “superconvergence pathway” from the subtropical SIO to the South Pacific Ocean
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along the southern coast of Australia that does not show up in observed drifter tracks. However,
observed drifter locations in coastal regions are limited, especially for drogued drifters (Figure
4.1c). It is therefore also possible that the eastwards LC and SAC are undersampled by drifters
and the eastwards pathway along the southern Australian coast does not show up in drifter
tracks for this reason.

Akhir et al. [183] recently showed that the strength of the FC and its representation in numerical
ocean circulation models depends heavily on the wind stress used to force the ocean model.
An in-depth comparison of particle tracking simulations forced by different numerical ocean
circulation models as well as observations are therefore warranted to confirm the existence of
the escape pathway from the subtropical SIO into the South Pacific Ocean along the southern
Australian coast.

Figure 6.5 (a) Schematic ocean surface currents along the southern Australian coastline,
based on Wijeratne et al. [127]. The Leeuwin Current (LC), South Australian Current (SAC)
and Flinders Current (FC) are shown and marked with their abbreviations. (b) Mean ocean
surface currents between 1993 to 2015 from the C-GLORSv5 reanalysis product [180]. Maes
et al. [17] used ocean surface currents from the C-GLORSv5 reanalysis to force particle
tracking simulations. The black boxes in (a) and (b) indicate the approximate location of
the “superconvergene pathway” between the subtropical southern Indian Ocean and the South
Pacific Ocean as defined by Maes et al. [17].
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Abstract

Predicting the trajectories of buoyant objects drifting at the ocean surface is important for a variety of

different applications. To minimise errors in predicted trajectories, the dominant transport mechanisms

have to be considered. In addition to the background surface current (i.e. geostrophic, tidal, baroclinic

currents), the wind-driven drift current can have a significant influence on the dynamics of buoyant

objects. The drift current consists of two components: Stokes drift and a wind-induced shear current.

The drift current has a strong vertical profile that can have a large influence on the transport of

buoyant objects. However, few practical methods exist that consider the vertical profile of the drift

current when predicting particle pathways on the ocean surface. The aim of this paper is to introduce

a depth-dependent drift current correction factor (“drift factor”). We test the usefulness of this drift

factor by simulating the transport of two types of ocean surface drifters, released simultaneously within

the coverage of a high-frequency ocean radar (HFR) system. Our results show velocity differences

between the two types of drifters and the HFR measured ocean surface currents. We suggest that

these differences are the result of the drift current vertical profile. Our particle tracking simulations

provide an illustrative example, indicating the importance of accounting for a drift factor that takes

the variation of the drift current with depth into account.
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7.1 Introduction

It is important to predict the trajectories of buoyant objects at the ocean surface for a wide
variety of applications, such as: search and rescue purposes [e.g. 80]; oil spill mitigation [e.g.
101]; tracking of marine plastic debris [e.g. 16]; and determining larval [e.g. 184] or seed dispersal
[e.g. 185]. Trajectories of buoyant objects are commonly simulated using Lagrangian particle
tracking models. However, many uncertainties are involved in particle tracking simulations
[e.g. 186], for example: unresolved processes in the forcing fields used to advect particles;
inaccuracy in numerical solvers of particle tracking models; and uncertainty about the dynamics
of objects at the ocean surface. Specifically, uncertainty about relevant transport mechanisms
(e.g. currents, wind, waves) can lead to large errors [e.g. 101, 155].

In addition to “background surface currents” (section 7.2) used to force particle tracking models,
wind has a large impact on the transport of buoyant objects, both directly and indirectly.
Directly, an object protruding from the ocean surface is influenced by wind forcing or windage
[e.g. 89], acting on the surface area exposed to air. Indirectly, wind generates a surface “drift
current”. Wu [87] suggested that the drift current consists of two components: (1) wind-induced
shear current, and (2) wave-induced Stokes drift [e.g. 97]. Waves are generated by wind both
remotely (“swell”) and locally (“sea”), but sea waves contribute most to Stokes drift [99]. Both
the total drift current and Stokes drift have been studied extensively, sometimes leading to
contradictory results, as described in the following paragraphs.

Results are inconsistent regarding the relative contribution of the wind-induced shear current
and Stokes drift on the total drift current. The drift current at the ocean surface is generally
estimated at roughly 3% of the wind speed (at 10 m height) [e.g. 100]. Wu [87] showed that
Stokes drift makes up two thirds (roughly 2% of the wind speed) of the surface drift current.
In contrast, more recent studies estimate lower values for surface Stokes drift: roughly 1% of
the wind speed [e.g. 102, 99]. Despite this, these studies focus primarily on Stokes drift rather
than the total drift current.

There are also inconsistencies in the angle of the drift current compared to the wind. Classical
Ekman theory [112] predicts that the wind-driven surface current is rotated 45◦ to the right of
the wind in the northern hemisphere and to the left in the southern hemisphere. In contrast,
Madsen [187] predicted a surface deflection of 10◦ to the wind. Observations show a wide
variety of deflection angles, ranging anywhere between 0◦ [100] and 90◦ [102].

Finally, there is no consensus about the drift current’s vertical structure. Traditionally, the drift
current was suggested to follow a logarithmic vertical profile [e.g. 188], much like the vertical
profile of the wind close to a boundary [e.g. 95]. However, Stokes drift decays exponentially
with depth [e.g. 97] and little is known about the vertical profile of the wind-induced shear
current. Some studies indicate that this profile is relatively uniform with depth [e.g. 102],
whereas others show evidence of a strong vertical gradient [189], particularly in the top few
centimeters of the water column [84]. Regardless of the precise vertical structure, it is accepted
that the drift current has a strongly decaying vertical profile, which can have a large impact
on the transport of buoyant objects. However, few studies give practical suggestions how to
account for the vertical profile of the drift current in particle tracking applications.

To simulate oil spills, 3% of the wind speed is commonly added to background currents to
account for the surface drift current [e.g. 101]. Similar practices are used to simulate dispersion
of seagrass seeds [e.g. 185]. However, modern ocean circulation models have higher vertical
resolution than models for which these drift current corrections were designed. In addition,
other sources of surface currents, such as high-frequency radar (HFR) measurements, may
already contain the wind-induced shear current [190] and Stokes drift [191]. It is therefore
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unclear if a drift current correction is still needed in particle tracking applications, and, if so,
what the best way is to incorporate it. This question was also raised by Morey et al. [189] and
Haza et al. [192].

Morey et al. [189] found significant differences between HFR measured current velocities and
velocities in the upper few centimeters of the ocean surface layer, indicating that a drift current
correction is still relevant to simulate surface transport using HFR currents. Haza et al. [192]
simulated trajectories of ocean surface drifters based on currents from a state-of-the-art ocean
circulation model and by adding wind and wave data using different methods. Essentially, they
calibrated the drift current correction to best fit specific current, wind, and wave datasets to
predict drifter trajectories. However, for most applications, calibrating particle tracking models
with trajectory data is an unavailable luxury. In these cases, a more general rule of thumb to
account for the drift current is useful.

The aim of this paper is to illustrate the importance of the vertical profile of the drift current
on the transport of buoyant objects, and to emphasise that this should be accounted for in
particle tracking applications. We introduce a depth-dependent drift current correction factor
(“drift factor”, section 7.2) that is straightforward to apply to particle tracking simulations.
We test the usefulness of the drift factor by applying it to simulations of the transport of two
types of ocean surface drifters that we released simultaneously in an HFR field.

Our results show that the two types of drifters behave differently, which we suggest is related
to the vertical decay of the wind-driven drift current. Our particle tracking simulation results
provide an illustrative example, indicating the importance of accounting for the drift current
and the usefulness of the drift factor.
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7.2 Drift factor

The drift current is a wind-induced ocean surface current. However, the definition of a “surface”
current is ambiguous [84]. We follow the distinction of Fernández et al. [82], separating surface
currents into three regions: (1) A region immediately below the air-sea interface of several
millimeters thick that is dominated by viscous effects. (2) A region where the velocity varies
logarithmically with depth, varying from its surface value of roughly 3% of the wind speed, to
an upper Ekman layer value. (3) The Ekman layer.

We are interested only in layer (2). In this layer, the ocean current consists of: geostrophic
currents, tidal currents, assorted baroclinic currents, Stokes drift, and wind-induced shear
currents [82]. Following Laxague et al. [84], we refer to geostrophic, tidal, and baroclinic
currents as “background currents”. Stokes drift and the wind-induced shear current together
make up the wind-driven “drift current” [87].

The drift current responds to instantaneous changes in the wind field. These changes are
generally on much shorter timescales than the inertial period, so the drift current should be
unaffected by the Coriolis force [82]. As a result, the drift current is directed downwind. In the
distinction of Fernández et al. [82], the Coriolis force affects currents in layer (3), where they
are deflected according to Ekman theory.

Stokes drift is a Lagrangian current, mostly due to locally generated sea waves, even in the
presence of large swell waves [99]. The Coriolis-Stokes force induces a Eulerian current which
can cancel out Stokes drift [193]. However, this is negligible if the Stokes drift vertical decay
scale is smaller than that of the Ekman layer [99]. Since this is generally the case in the open
ocean, Stokes drift is likely an important component of the drift current.

Because both Stokes drift and the wind-induced shear current are wind-driven, they are difficult
to separate. We therefore consider the total effect of the drift current ~udrift and assume it has
a logarithmic vertical profile [e.g 194, 191]:

~udrift(z) = ~u0 −
~u∗
κ

log

(
z

z0

)
. (7.1)

Here, ~u0 is the surface drift current; ~u∗ =
√

~τ
ρw

the friction current, with wind stress ~τ =

ρaCD~u
2
10, CD the drag coefficient, ρa and ρw the density of air and sea water respectively, ~u10

the wind field at 10 m height; κ = 0.41 von Karman’s constant; z0 the roughness length on the
ocean side (which may differ from that on the atmosphere side) [87]; and z the depth.

We can rewrite equation 7.1 as a simple function of the wind field,

~udrift(z) =

[
α− β log

(
z

z0

)]
· ~u10 = R(z) · ~u10, (7.2)

with α = 0.03 and β ≈ 0.0027; assuming that ~u0 = 0.03 ·~u10, ρa = 1.2 kg/m3, ρw = 1025 kg/m3,
and CD = 0.00104 (for wind speeds under 7 m/s) [195]. Following Pugh [194], we assume a
small value of z0 = −0.001 m, which prevents singularities at z = 0.

We assume that the total current field ~u at depth z is given by

~u(z) = ~ubackground + ~udrift(z), (7.3)

and that current fields in particle tracking simulations represent background currents ~ubackground.
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It is then straightforward to correct ~ubackground for the drift current:

~u(z) = ~ubackground +R(z) · ~u10. (7.4)

We apply this correction to two types of ocean surface drifters, and determine the effect on
particle tracking simulations.
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7.3 Methodology

7.3.1 Drifter experiment and datasets

Ocean surface drifters

We simultaneously released 4 undrogued and 4 drogued drifters off the Rottnest Shelf in Western
Australia (Figure 7.1a) on 27-04-2017 around 05:15 UTC. Both types of drifters consist of a
cylindrical PVC housing containing ballast weight, batteries, and a SPOT TraceTM device
which transmits locations every 5 minutes through the GlobalStar R© network (Figure 7.1b).
The drogued drifters have an Oceansouth sea anchor.

Both drifter designs have a low area exposed to air (blue line in Figure 7.1b indicates approximate
water level), so we assume that windage on both drifters is negligible. We further assume
that undrogued drifters represent currents at approximately zud = −0.15 m (roughly half the
submerged depth of the drifter) and drogued drifters at zdd = −0.50 m (roughly the depth at
which the sea anchor is centred when it opens and trails behind the moving drifter). Example
logarithmic profiles in Figure 7.1c illustrate how the drift current varies with depth for different
wind speeds.

One undrogued and two drogued drifters failed prematurely or transmitted too sparsely, so we
only use locations from 3 undrogued and 2 drogued drifters. We quality control the drifter
locations following Hansen and Poulain [138] (Figure C.1). We then interpolate locations to
regular time intervals of 10 minutes, marking gaps between locations of more than 20 minutes as
missing data. We calculate drifter velocities using a central differencing scheme. For comparison
with HFR measured currents (section 7.3.2) we calculate hourly averaged drifter velocities.

Several other studies used SPOT TraceTM devices in drifters [e.g. 189, 176]. Morey et al. [189]
reported a standard error under calm sea conditions of approximately 4-m in positioning. These
errors are negligible for the purpose of this paper.

High-frequency radar (HFR) measured current field

We deployed drifters on 27-04-2017 in a region where an HFR system measures surface currents
using shore-based Wellen Radars (WERA) transmitting at 9.33-MHz frequency [196]. After
processing and quality control, hourly averaged currents with horizontal resolution of 4 km are
available. Good quality HFR coverage of the area was available during the drifter experiment
(Figure 7.1a).

The HFR system emits radio waves with wavelength λ. These are backscattered off the ocean
surface at λB = λ

2
, with λB the Bragg wavelength [e.g. 197]. Current velocities are determined

using the Doppler shift of Bragg waves. The frequency f of the WERA system corresponds
to a Bragg wavelength of λB = c

2f
≈ 16.1 m, with c the speed of light. HFR systems are

assumed to measure currents up to a depth of z = −λB
4π

. This corresponds to z ≈ −1.3 m for
the WERA system, and measurements can be roughly interpreted as depth-averaged currents
to 1.3 m depth.

Although there is still controversy [e.g. 198], it seems that HFR systems also measure depth-averaged
Stokes drift [191]. However, to keep application of the drift factor simple, we correct HFR
measured currents following equation 7.4. If HFR indeed measures Stokes drift as well as
background currents, we may be over-correcting for the drift current (which consists in part of
Stokes drift).

We use HFR currents as forcing fields for particle tracking simulations (section 7.3.3) as well as
for direct comparison with drifter velocities. To make this comparison, we linearly interpolate
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Figure 7.1 (a) Overview showing: tracks of three undrogued and two drogued drifters for
five days after release; HFR coverage of good quality data for five days after drifter release;
locations of Bureau of Meteorology Rottnest Island wind station and Department of Transport
wave buoy. (b) Photo of undrogued and drogued drifters with sizes indicated in centimeters
(rounded up to whole centimeters). The blue line indicates the approximate water level. (c)
Schematic showing: example vertical profiles of the logarithmic drift current for different wind
speeds (numbers in text boxes for each profile indicate ~u10 speeds in m/s); representative depths
of the undrogued and drogued drifters.



94 Chapter 7. Depth-dependent drift current correction

HFR currents to the mean drifter track (Figure C.2).

Wind data

An Australian Government Bureau of Meteorology station on Rottnest Island (Figure 7.1a)
measures wind speed and direction at 43.1 m height every 30 minutes. We converted these
measurements to standard 10 m reference height (Figure C.3), and use hourly averages for
comparisons with drifter and HFR velocities.

We validated an operational WRF-model (www.coastaloceanography.org) to consider spatial
variations in the wind field during the drifter experiment (Figure C.4). The WRF simulated
wind is very similar at Rottnest Island and along the mean drifter track. It is therefore justified
to use measured wind at Rottnest for comparison with drifter velocities. We also use hourly
averaged wind at Rottnest as forcing for particle tracking simulations.

Wave data

A Western Australian Government Department of Transport (DoT) Datawell wave buoy to
the southwest of Rottnest Island (Figure 7.1a) samples vertical displacement of the sea surface
with a frequency of 1.28 Hz [199]. DoT provides significant wave heights, peak periods, and
directions for swell and sea waves every 20 minutes (Figure C.5a).

Using this data, we estimated wavelengths (Figure C.5b) and Stokes drift (Figure C.5c). During
the drifter experiment, Stokes drift from both swell and sea waves is mostly negligible. However,
as sea wave peak period drops from roughly 5 s to 3 s, Stokes drift becomes significant. These
short periods are very close to the sampling frequency and barely satisfy the Nyquist criterion,
so we cannot be sure about the accuracy of these measurements. We therefore do not consider
Stokes drift separately in this paper, but instead focus on the overall effect of the drift current.

7.3.2 Velocity comparisons

To determine if the behavior of the two types of drifters is different, we compare their velocities.
We also compare them to HFR currents and winds.

After 5 days, undrogued and drogued drifter tracks have clearly separated (Figure 7.1a).
However, this does not necessarily mean that the behavior of the two types of drifters is
significantly different. A small change in a drifter’s location can move it into a different
current regime, which can amplify and lead to exponential separation [200]. We see this effect
in the daily tracks of undrogued and drogued drifters with an overlay of HFR current fields
(Figure 7.2a-7.2e): after day 1 undrogued and drogued drifters separate; from day 2 to 4 the
distance slowly increases as undrogued drifters are influenced by different currents; and after
day 5 undrogued drifters are swept up in an anticyclonic eddy and swiftly move away from the
drogued drifters.

So, we can only compare velocities of undrogued and drogued drifters while they are transported
by the same current field. The separation distance between the two drifter types increases over
time (Figure 7.2f). As the separation distance increases, the vector correlation [e.g. 81] decreases
(Figure 7.2g). Within the first 24 hours the separation distance remains well below 5-km and
the vector correlation r is high, approaching r = 1.0. We are interested in a wind event in
the first 15 hours after drifter release (section 7.4.1). Both undrogued and drogued drifters
are influenced by the same current field during this time, so a direct velocity comparison is
justified.

7.3.3 Particle tracking simulations

We use OceanParcels-v2 [151, 166] to run 5 day particle tracking simulations of drifter transport,
with a timestep of dt = 10 minutes. We choose 5 days because undrogued and drogued drifters

www.coastaloceanography.org
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Figure 7.2 (a-e) Drifter tracks and daily mean HFR measured current field for the first five
days after drifter release. (f) Mean separation distance s between undrogued and drogued
drifters over time t, calculated as: s(t) = 1

Nud

1
Ndd

∑Nud
i=1

∑Ndd
j=1 |~xi(t)− ~xj(t)|. Here, Nud = 3

and Ndd = 2 are the number of undrogued and drogued drifters respectively, and ~xi(t) and
~xj(t) are the location vectors of undrogued and drogued drifters at time t. Grey shading shows
the minimum and maximum separation distance between an undrogued and drogued drifter.
(g) Vector correlation magnitude r between undrogued and drogued drifters as a function of
the separation distance. Following Rohrs et al. [81] a vector correlation of 1 indicates perfect
alignment of vectors, whereas -1 indicates perfect anti-alignment.
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are clearly separated after this time (Figure 7.2). We release 100 virtual particles at the
drifter release location, adding Brownian particle diffusion with constant horizontal diffusion
coefficient Kh = 10.0 m2/s. Simulating an ensemble of diffuse particles both ensures that
particles spread out and sample different parts of the current field, and accounts for unresolved
(turbulent) mixing processes. This is common practice in many particle tracking applications
[e.g. 109, 101].

We use HFR currents as forcing for particle tracking simulations, and use the drift factor
R(z) to correct for the drift current at undrogued and drogued drifter depths. For undrogued
drifters we find R(zud = −0.15 m) ≈ 0.02, and for drogued drifters R(zdd = −0.50 m) ≈
0.01. We run particle tracking simulations forced by HFR currents with: (1) no correction,
as a baseline comparison; (2) a correction of 0.01 · ~u10, at drogued drifter depth; and (3) a
correction of 0.02 · ~u10, at undrogued drifter depth. In addition, we run simulations with
R = [0.005, 0.015, 0.025, 0.03] to compare simulation results for a range of different drift factors.

We use the mean cumulative separation distance D [e.g. 192] as a quantitative measure of the
performance of a particle tracking simulation,

D =
1

T ·N

T∑
t=0

N∑
i=1

|~xi(t)− ~xobs(t)| . (7.5)

Here, ~xi(t) is the location vector of a virtual particle i of a total of N particles, at time t for a
total of T timesteps; and ~xobs(t) is the corresponding drifter location.
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7.4 Results

7.4.1 Velocity comparisons

In the first 15 hours after drifter release, the southerly wind increases from roughly 2 m/s to 7
m/s, and decreases again to 2 m/s (Figure 7.3a). Northward HFR current velocities along the
mean drifter track closely follow the increase and decrease in wind speed, peaking at roughly
0.25 m/s. In contrast, eastward HFR currents of roughly 0.2 m/s appear unrelated to the
wind. So, eastward u-velocities are influenced by background currents, whereas northward
v-velocities are wind-driven. Because we are interested in the drift current, we focus only on
the v-component and compare velocities of the two types of drifters to each other.

Both undrogued and drogued drifter v-velocities follow the wind speed (Figure 7.3a, lower
panel). Undrogued drifters have consistently larger velocities than drogued drifters, which in
turn have larger velocity than the HFR currents. This is expected if drifters are transported by
a drift current that decays with depth. For both undrogued and drogued drifters, HFR currents
corrected with the drift factor match drifter velocities better than uncorrected HFR currents
(Figure 7.3b and 7.3c), although the drift factor slightly over-corrects current velocities. This
indicates that HFR currents only may be insufficient to predict drifter transport, and that the
vertical profile of the drift current should be taken into account in particle tracking simulations.

7.4.2 Particle tracking simulations

As suspected based on comparisons of drifter and HFR v-velocities, virtual particles forced
only by HFR current fields do not extend as far north as either undrogued or drogued drifters
(Figure 7.4a). In contrast, simulated particle trajectories forced by HFR currents corrected with
a drift factor agree much better with the actual drogued (Figure 7.4b) and undrogued (Figure
7.4c) drifter trajectories. This is confirmed by the lower mean cumulative separation distances
for these simulations (Figure 7.4 table). The cumulative separation distances for PTS results
with other values for the drift factor, also confirm that our estimates of R(zud) = 0.02 and
R(zdd) = 0.01 give the best particle tracking simulation results, despite slightly over-correcting
HFR currents (Figure 7.3c).
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Figure 7.3 (a) u- and v-components of: HFR measured velocity along the mean drifter track
(shading shows HFR velocities plus and minus one standard deviation); measured wind speed at
the Bureau of Meteorology (BoM) Rottnest wind station converted to a reference 10 m height;
and v-components of three undrogued and two drogued drifters. (b) v-component comparisons
of mean undrogued drifter velocities; uncorrected HFR measured currents; and HFR corrected
currents with a drift factor of R = 0.02. (c) v-component comparisons of mean drogued drifter
velocities; uncorrected HFR measured currents; and HFR corrected currents with a drift factor
of R = 0.01. Horizontal bars in (b) and (c) show HFR velocity plus and minus one standard
deviation. Vertical bars in (b) and (c) show minimum and maximum drifter velocities (where
applicable).
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Figure 7.4 Particle density (percentage of particle locations per 0.01 × 0.01◦ grid cells) of
100 simulated virtual particles, until 5 days after release at the drifter deployment location.
Particles are advected by HFR measured current fields with a drift current factor of: (a)
R = 0.0; (b) R = 0.01 = 1.0%; (c) R = 0.02 = 2%; and include Brownian motion with constant
horizontal diffusion coefficient Kh = 10.0 m2/s. The trajectories of the undrogued (grey shades)
and drogued (blue shades) drifters for 5 days after their release are also shown. (table) Mean
cumulative separation distance D between all 100 simulated virtual particles and an undrogued
and drogued drifter for 5 days for simulations with different values for the drift factor.
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7.5 Discussion

The aim of this paper is to emphasize the influence of the vertical profile of the wind-driven
drift current on the transport of buoyant objects, and to introduce a drift factor, which is
straightforward to apply to particle tracking simulations. Such a drift factor is particularly
useful when no trajectory data is available to calibrate a particle tracking model.

Comparison of velocities of undrogued drifters, drogued drifters, and HFR currents, shows a
decreasing velocity with increasing depth. Similar results were also obtained by others [e.g.
189]. To explain this, most recent work focuses mainly on Stokes drift [e.g. 102, 99]. However,
Laxague et al. [84] and Morey et al. [189] showed that strong vertical decay cannot be explained
by Stokes drift alone. We suggest that the wind-driven drift current is responsible for strong
decay of velocities near the ocean surface. The drift current consists of both Stokes drift and
a wind-induced shear current [87]. This means that we cannot focus on Stokes drift alone, but
need to take the full drift current into account.

We corrected for the drift current by using a drift factor R(z),

~u(z) = ~ubackground + ~udrift = ~ubackground +R(z) · ~u10, (7.6)

R(z) = α− β log

(
z

z0

)
. (7.7)

We used values of α = 0.03, β = 0.0027, and z0 = −0.001 m (section 7.2) to estimate drift
factors for undrogued and drogued drifters. Our particle tracking simulation results show that
the drift factor improves simulation results. However, the drift factor is a first order estimate
to account for the drift current. In addition, because the number of drifter locations that we
use here is limited, our results should be interpreted as an illustrative example, highlighting
the importance of the vertical profile of the drift current on the transport of buoyant objects,
and emphasizing its potentially significant influence on particle tracking simulation results.

We ignored effects of windage on the drifters. This is likely valid for drogued drifters, but less
so for undrogued drifters. The windage coefficient Rwindage is usually taken as [86]

Rwindage =

√
ρa
ρw

CDa
CDw

Aa
Aw

, (7.8)

where ρ is the fluid density, CD is the object’s drag coefficient, A is the effective exposed area,
and the subscripts a and w indicate parameters on the air and ocean side respectively. For our
undrogued drifters, the area ratio Aa

Aw
≈ 0.25. Although questionable [93], a drag coefficient

ratio CDa
CDw

= 1.0 is often assumed. Assuming ρa
ρw

= 1.17 · 10−3, we get a windage coefficient for
undrogued drifters of roughly 0.02, which is the same value that we found for the drift factor.
It is possible to argue that it is not the drift current which influences undrogued drifters, but
windage. However, with only about 4-cm protruding above the ocean surface, wind shear (which
drives the drift current) is likely much more important than windage (which acts perpendicular
to the protruding surface). Importantly, drogued drifters also have larger velocity than the
HFR currents, which is not explained by windage, but is explained by the drift current. We
therefore argue that the drift current, and not windage, is important for the transport of these
drifters.

Several studies highlight the need for better understanding of the vertical profile of ocean
surface currents [e.g. 189]. We also highlight the need for a method to account for the vertical
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current profile in particle tracking applications, especially when no data is available to calibrate
particle tracking models. The drift factor we introduced here is a first step towards this. It
is straightforward in its application and improved particle tracking simulation results in our
case study. Further confirmation of this method, for example using larger drifter datasets, is
needed. In addition, we made assumptions for several parameter values (e.g. drag coefficient
CD and roughness length z0) which may not be optimal or valid under different conditions and
need further investigation. Finally, we assumed that the drift current has a logarithmic vertical
profile; this may not be the best assumption under different conditions.

Data availability
High-frequency radar datasets are available through the Australian Ocean Data Network (AODN)

portal: portal.aodn.org.au. Observational wave data is available by contacting the Government of

Western Australia Department of Transport: tides@transport.wa.gov. Observational wind data is

available through the Australian Government Bureau of Meteorology:

www.bom.gov.au/climate/data-services/.

https://portal.aodn.org.au
tides@transport.wa.gov
http://www.bom.gov.au/climate/data-services/
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8.1 Discussion

There are large discrepancies between the estimated amount of plastic waste that enters the
ocean [3, 4, 5] and the amount drifting at the ocean surface [8, 9]. This gap in the global ocean
plastic budget highlights the limited understanding of what happens to plastics entering the
oceans [9]. Although it is probable that there is a large and currently unknown sink of ocean
plastic [12, 13], this gap also illustrates the lack in understanding of the dynamics of buoyant
marine plastic debris (“plastics”) at the ocean surface.

This is especially true in the Indian Ocean, where there are large estimated sources of plastics
but measurements are scarce [9]. In addition, the oceanic and atmospheric dynamics of the
Indian Ocean are unique [18] and their influence on the transport and accumulation of plastic
has been relatively under-studied. The limited understanding of the dynamics of plastics in
the Indian Ocean is further highlighted by inconsistent numerical model results predicting the
location of a subtropical garbage patch in the southern Indian Ocean [14, 15, 16, 17]. The first
aim of this thesis (chapter 4) was therefore to answer the question:

1. How do different transport mechanisms influence the large-scale and long-term accumulation
of buoyant debris in the subtropical southern Indian Ocean?

To answer this question, we used observed locations from 22,602 drogued and undrogued ocean
surface drifters that have been released throughout the global oceans since 1979 to construct
transport matrices. Transport matrices can be used as statistical models to simulate the
dynamics of buoyant objects. The transport matrix derived from drogued drifter locations
represents the dynamics of objects transported by ocean currents at 15 m depth. In contrast, the
transport matrix derived from undrogued drifter locations represents the dynamics of objects
transported by ocean surface currents as well as surface dynamics due to wind and waves.

Our simulation results using the two transport matrices show that the subtropical garbage patch
in the southern Indian Ocean is very sensitive to different transport mechanisms. Simulation
results based on drogued drifter dynamics (15 m depth currents) show a stable garbage patch
forming that spans the entire width of the subtropical southern Indian Ocean and wraps around
the southern Australian coastline. In contrast, in simulations based on undrogued drifter
dynamics (surface currents, wind, and waves) a garbage patch with low concentrations forms
on the western side of the basin. This garbage patch is highly diffuse and empties within
approximately 20 years in our simulation, likely into the South Atlantic Ocean.

This sensitivity is unique to the Indian Ocean; the garbage patches in the Pacific and Atlantic
oceans remain stable under different transport mechanisms. We suggested that this is a result
of the unique oceanic and atmospheric dynamics of the southern Indian Ocean, specifically: (1)
the South Indian Counter Current that flows eastwards through the subtropical gyre, which
likely results in the 15 m depth garbage patch spanning the entire width of the basin; (2)
the Leeuwin Current that flows polewards at the eastern boundary, which likely results in the
15 m depth garbage patch wrapping around the southern Australian coastline; (3) the strong
easterly trade winds in the southern Indian Ocean during the southwest monsoon season, which
likely result in the surface garbage patch forming towards the west of the basin; (4) the unique
geography at the western boundary provides a connection between the southern Indian Ocean
and the South Atlantic Ocean, which likely results in the surface garbage patch emptying into
the South Atlantic Ocean.

Our results show that surface transport mechanisms due to wind and waves result in a highly
dispersive subtropical garbage patch in the southern Indian Ocean. However, most plastic
sources are estimated to enter the northern Indian Ocean. Because strong currents can act as
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boundaries for buoyant objects [139], it has been suggested that plastics are unlikely to cross the
equator because of strong equatorial currents [14]. In the Indian Ocean however, the equatorial
currents are heavily influenced by the Asian monsoon system and as a result are not as steady
and consistent as those in the Atlantic and Pacific oceans [18]. As a result, the Indian Ocean
surface is likely more connected between hemispheres than the other oceans [146].

If buoyant objects can indeed cross the equator in the Indian Ocean, then it is possible for
plastics entering the northern Indian Ocean to end up in the dispersive southern Indian Ocean
garbage patch. Because the subtropics in the northern Indian Ocean is blocked by land, there
is no subtropical gyre and associated garbage patch in the northern hemisphere. If plastics do
not cross the equator in the Indian Ocean, it is unclear what does happen to plastics in the
northern Indian Ocean. The second aim of this thesis (chapter 5) was therefore to answer the
question:

2. What happens to buoyant marine plastic debris entering the northern Indian Ocean?

To answer this question, we used a Lagrangian particle tracking model forced by ocean surface
currents from a global ocean general circulation model to simulate the dynamics of virtual
particles released from plastic source locations in the northern Indian Ocean. Our results show
that particles move back and forth between the Arabian Sea and the Bay of Bengal with the
monsoon seasons. In this annual cycle, the Arabian Sea depletes almost completely of particles
during the southwest monsoon season (June, July, August) and the following intermonsoon
period (September, October, November). In contrast, particles remain present in the Bay
of Bengal year-round. This may be because anti-cyclonic and cyclonic gyres that develop
throughout the year in the Bay of Bengal [174] trap buoyant objects.

As particles move back and forth with the monsoon seasons, they move close to coasts and it is
possible for them to strand on coastlines (“beach”). We therefore included different conditions
for particles to beach in our simulations. Although the results are sensitive to the chosen
beaching conditions, there are several consistent results in all simulations.

Countries surrounding the Bay of Bengal are heavily affected by beaching plastics in all
simulations, which is likely a result both of the large plastic sources in the region as well as the
ocean dynamics that concentrate particles in the Bay of Bengal year-round. Although there
are no significant plastic sources in the region, Somalia is also heavily affected by beaching
plastics in our simulations. Plastics originating from the Bay of Bengal and the eastern
Arabian Sea are likely transported to Somali shores by the North Equatorial Current and
the Somali Current during the northeast monsoon season. Because the Southwest Monsoon
Current and the Northeast Monsoon Current flow past the Maldives in seasonally reversing
directions, the Maldives is also consistently affected by beaching plastics from remote sources
in our simulations.

Our simulation results also show that particles can cross the equator from the northern to
the southern Indian Ocean. This mainly occurs during the intermonsoon period following
the southwest monsoon season (September, October, November). Simulated particles are
transported eastwards by equatorial Wyrtki jets during the intermonsoon period [117, 118].
Particles then cross the equator along the coast of Sumatra as they are transported south-eastwards
by the South Java Current [115]. Finally, simulated particles move south-westwards into the
subtropical southern Indian Ocean as the South Java Current feeds into the South Equatorial
Current.

In our simulations, the amount of particles that cross into the southern Indian Ocean mostly
depends on the beaching probability of plastics. Although some studies indicate that only about
20% of plastics reach the open ocean from river sources [175], and others show that ocean surface
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drifters rarely make it out of estuaries into the ocean [176], a realistic beaching probability for
plastics is unknown. Such an estimate is necessary to determine how much plastic crosses from
northern Indian Ocean sources into the southern Indian Ocean. The probability of beaching
is likely also site and condition specific, and so will vary spatially and temporally as well as
depend on the characteristics of buoyant debris.

The results of aim 2 show that buoyant debris can cross the equator from the northern into the
southern hemisphere Indian Ocean, likely along specific pathways and during specific seasons.
The results of aim 1 show that buoyant debris transported by ocean surface currents, wind, and
waves can “escape” from the subtropical southern Indian Ocean, likely into the South Atlantic
Ocean. In contrast, Maes et al. [17] showed that buoyant debris can escape from the subtropical
southern Indian Ocean into the South Pacific Ocean. The third aim of this thesis (chapter 6)
was therefore to consider in more detail:

3. What are the transport pathways of buoyant debris between the northern and southern
Indian Ocean and the other ocean basins?

By considering the tracks of both undrogued (transported by ocean surface currents, wind,
and waves) and drogued (transported by ocean currents at 15-m depth) drifters that we used
for aim 1, we confirmed that buoyant debris can cross between the northern and southern
hemisphere Indian Ocean. Observed drifter tracks show that buoyant debris mainly crosses
from the northern into the southern Indian Ocean along the eastern side of the basin, likely
transported by Wyrtki jets, the South Java Current, and the South Equatorial Current as
described for aim 2 above. Drifter tracks also confirmed that crossings occur during the
intermonsoon period following the southwest monsoon season (September, October, November).
In addition, we found that crossings also occur during the northeast monsoon season (December,
January, February). We suggested that during this season the South Equatorial Counter
Current transports buoyant debris eastwards instead of the Wyrtki jets (which do not develop
during the northeast monsoon season).

Observed drifter tracks also show that buoyant debris can cross from the southern to the
northern Indian Ocean, which occurs mainly along the eastern side of the basin. Equatorial
crossings in this direction can occur during all seasons, except the northeast monsoon season.
We suggested that buoyant debris is transported northwards across the equator by the East
African Coastal Current and the Somali Current. During the northeast monsoon season the
Somali Current reverses and flows south-westward in an opposing direction to the East African
Coastal Current [18]. This likely prevents buoyant debris from crossing from the southern into
the northern Indian Ocean during this season.

From the subtropical southern Indian Ocean, we showed for aim 1 that buoyant debris (transported
by ocean surface currents as well as surface dynamics due to wind and waves) likely escapes into
the South Atlantic Ocean. In contrast, Maes et al. [17] showed that buoyant debris (transported
by ocean surface currents alone) escapes into the South Pacific Ocean. Dobler et al. [179]
suggested that buoyant debris escapes into the South Pacific Ocean if it is transported only
by ocean surface currents, whereas buoyant debris that is also transported by other surface
dynamics (in their case, due to waves) escapes into the South Atlantic Ocean.

Observed undrogued drifter tracks confirm that buoyant debris transported by ocean surface
currents as well as other surface dynamics can escape from the subtropical southern Indian
Ocean into the South Atlantic Ocean. However, observed drifter tracks do not confirm the
existence of an eastwards “superconvergence pathway” from the southern subtropical Indian
Ocean into the South Pacific Ocean along the southern Australian coastline as found by Maes
et al. [17]. It is possible that this region is undersampled by ocean surface drifters. However,
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the Flinders Current flows westwards in the “superconvergence” region [181, 182, 127]. It is also
possible that the strength of the Flinders Current is underestimated by the ocean circulation
model used by Maes et al. [17] to force their simulations. Further comparison of particle tracking
simulations forced by different ocean circulation models as well as observations are needed to
confirm if this escape pathway between the subtropical southern Indian Ocean and the South
Pacific Ocean exists.

The results of aim 1 show that accumulation of buoyant debris in the southern Indian Ocean
is very sensitive to different transport mechanisms. These results are based on a comparison
between the dynamics of ocean currents at 15 m depth, and ocean surface currents including
surface dynamics due to wind and waves. The results of aim 2 are based on the dynamics of
simulated depth-mean ocean currents up to 2 m depth. It is unknown which of these dynamics
best represent the transport of plastics. The fourth aim of this thesis (chapter 7) was therefore
to answer the question:

4. Which transport mechanisms influence the pathways of buoyant objects, and how should
particle tracking simulations take these into account?

Plastics consist of a wide range of different sizes, shapes, and densities. Because of this, it is
not possible to determine a single proxy that captures the dynamics of all plastics. Instead, we
determined the transport mechanisms that influence the dynamics of two types of ocean surface
drifters: drogued drifters centred at 0.50 m depth, and undrogued drifters centred at 0.15 m
depth. Our results show that besides ocean surface currents measured by a high-frequency
radar system up to 1.3 m depth, the wind-driven drift current plays an important role in the
transport of both types of drifters.

The drift current consists of two components: a wind-driven shear current, and Stokes drift
due to waves [87]. Traditionally, the velocity of the drift current at the ocean surface was
estimated at 3% of the wind speed [100] and was assumed to decay logarithmically with depth
[188]. Recent literature has focused mostly on Stokes drift and neglected the influence of the
wind-driven shear current on the overall drift current [102, 99]. Similarly, multiple studies focus
on the influence of Stokes drift on the transport of plastics [201, 179, 202] but not the effect
of the total drift current. However, our results show that the transport of drifters cannot be
explained by Stokes drift alone, which agrees with findings by Laxague et al. [84] and Morey
et al. [189].

Finally, our results show that applying a depth-dependent drift current correction factor (“drift
factor”) to high-frequency radar measured ocean surface currents greatly improves the results
of particle tracking simulations. Because the surface layer in many numerical ocean circulation
models is comparable to or much larger than the 1.3 m penetration depth of the high-frequency
radar system, applying the drift factor may also improve particle tracking simulations forced
by numerically modelled ocean surface currents.

Although our results are based on ocean surface drifters, plastics likely drift within the same
depth range [66]. Particle tracking models that simulate the transport of plastics could therefore
benefit from including a correction for the total drift current.

8.2 Conclusion

The overall aim of this thesis was to determine the mechanisms that transport and accumulate
buoyant marine plastic debris (“plastics”) in the Indian Ocean. In the southern Indian Ocean,
we determined that plastics transported by 15 m depth ocean currents form a large and stable
garbage patch in the subtropics that spans the entire basin width. In contrast, if the dynamics
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of plastics are dominated by ocean surface currents as well as transport mechanisms due to
wind and waves, a garbage patch forms to the west of the subtropical southern Indian Ocean.
This garbage patch is highly dispersive and empties into the South Atlantic Ocean within
approximately 20 years.

In the northern Indian Ocean, the transport of plastics is dominated by the seasonally reversing
monsoonal winds and currents. As a result, plastics move back and forth between the Arabian
Sea in the west and the Bay of Bengal in the east of the northern Indian Ocean. During this
annual back and forth cycle, plastics move close to coastlines and are likely to beach. We
showed that several countries bordering the Bay of Bengal, Somalia, and the Maldives are
likely to be affected by beaching plastics. Plastics can also cross the equator from the northern
Indian Ocean into the southern Indian Ocean. This mostly occurs on the eastern side of the
northern Indian Ocean, as plastics move along the Sumatran coast during the intermonsoon
period following the southwest monsoon season (September, October, November). Plastics
that cross into the southern Indian Ocean are most likely to enter the (dispersive) subtropical
garbage patch or beach on eastern African coasts and islands.

We confirmed the “escape pathways” of plastics between the northern and southern Indian
Ocean and other ocean basins. As described above, plastics can cross from the northern into
the southern Indian Ocean along the eastern side of the basin. In contrast, from the southern
to the northern Indian Ocean, plastics can cross along the western side of the basin. This
occurs during all seasons except the northeast monsoon season (December, January, February),
when the reversal of the Somali Current prevents equatorial crossing in this region. From the
subtropical southern Indian Ocean, plastics transported by ocean surface currents, wind, and
waves can escape into the South Atlantic Ocean. It still needs to be confirmed if plastics can
also escape from the subtropical southern Indian Ocean into the South Pacific Ocean.

Finally, we determined that the wind-driven drift current is important for the transport of
buoyant objects. The drift current is not usually taken into account in particle tracking
models that simulate the transport of plastics. However, our results show that applying a
depth-dependent drift current correction factor (“drift factor”) can greatly improve particle
tracking simulation results.

8.3 Recommendations for further research

Our results show that different transport mechanisms influence the accumulation of buoyant
marine plastic debris (“plastics”) in a subtropical garbage patch in the southern Indian Ocean.
Depending on the depth at which a buoyant object drifts, we also found that correcting for
the drift current is important in particle tracking simulations. However, it is unclear which
mechanisms best represent the transport of plastics, so we cannot conclude which of our results
best simulate the behaviour of plastics in the Indian Ocean. Because plastics consist of a large
variety of different sizes, shapes, and densities, they are likely influenced by a range of different
transport mechanisms as well. A better understanding of which transport mechanisms or range
of transport mechanisms are most important for plastics would greatly improve simulation
results.

We showed that a stable and basin-wide subtropical southern Indian Ocean garbage patch
formed when transported by ocean currents at 15 m depth. However, the South Indian Counter
Current flows eastwards through the subtropical gyre and is associated with high eddy kinetic
energy [133]. It is therefore unclear why this accumulation region is so stable.

In the northern Indian Ocean, our results are sensitive to different beaching conditions, specifically
the beaching probability of plastics. Simulation results with high beaching probability show
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that plastics rapidly beach on surrounding coastlines in the northern Indian Ocean, whereas
simulation results with low beaching probability show that plastics can cover large distances and
cross the equator into the southern Indian Ocean. Realistic values for a beaching probability
depending on plastic characteristics as well as beaching location and conditions, are currently
unknown. Reliable values for this parameter would greatly improve estimates of the amount of
plastics that are beached on coastlines versus those that drift in the open ocean. This in turn
would improve estimates of global plastic sinks and may help close the global ocean plastic
budget.

Observed drifter tracks that we considered showed no evidence for an escape pathway from
the subtropical southern Indian Ocean along the southern Australian coastline into the South
Pacific Ocean, as shown in simulations by Maes et al. [17]. This is possibly because this region
is relatively undersampled by ocean surface drifters. Alternatively, it is also possible that the
westwards flowing Flinders Current is underestimated in the numerical ocean circulation model
used by Maes et al. [17]. There have been previous inconsistent numerical model results of
the transport of plastics in the Indian Ocean [14, 15, 16]. So, an in-depth comparison between
different numerical model results as well as observational evidence may be needed to confirm
the existence of this escape pathway.

Both our results regarding the accumulation of plastics in a subtropical garbage patch in the
southern Indian Ocean and regarding beaching of plastics from the northern Indian Ocean
are based on numerical models. Measurements of plastics in the Indian Ocean are scarce and
insufficient to confirm our results. In the subtropical southern Indian Ocean, more sampling
studies of plastic concentrations at different depths are needed. To confirm where and how
many plastics beach, more sampling studies on coastlines around the Indian Ocean are also
needed. In addition, studies of plastics on coastlines should use methods that allow for a
quantitative comparison between different studies. Ideally, these sampling studies would collect
plastics on coastlines under different environmental conditions and over extended periods of
time. Sampling of the standing stock of plastics on beaches may provide qualitative evidence of
plastic pollution, but does not allow for quantitative comparison or improve the understanding
of beaching conditions of plastics.

Finally, we showed that correcting for the drift current can improve the results of particle
tracking simulations. We introduced a depth-dependent drift current correction factor (“drift
factor”) as a straightforward method to correct for the drift current. However, further confirmation
of the usefulness of the drift factor with larger datasets and under different conditions is needed.
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[52] A. Cózar, F. Echevarria, J.I. Gonzalez-Gordillo, X. Irigoien, B. Ubeda,
S. Hernandez-Leon, A.T. Palma, S. Navarro, J. Garcia de Lomas, A. Ruiz, M.L Fernandez
de Puelles, and C.M. Duarte. Plastic debris in the open ocean. PNAS, 111:10239–10244,
2014. doi: 10.1073/pnas.1314705111.

[53] A.V. Duhec, R.F. Jeanne, N. Maximenko, and J. Hafner. Composition and
potential origin of marine debris stranded in the western Indian Ocean on remote
Alphonse Island, Seychelles. Marine Pollution Bulletin, 96:76–86, 2015. doi:
10.1016/j.marpolbul.2015.05.042.

[54] J.L. Lavers and A.L. Bond. Exceptional and rapid accumulation of anthropogenic debris
on one of the world’s most remote and pristine islands. PNAS, 114:6052–6055, 2017. doi:
10.1073/pnas.1619818114.

[55] X. Peng, M. Chen, S. Chen, S. Dasgupta, H. Xu, K. Ta, M. Du, J. Li, Z. Guo, and
S. Bai. Microplastics contaminate the deepest part of the world’s ocean. Geochemical
Perspectives Letters, 9:1–5, 2018. doi: 10.7185/geochemlet.1829.

[56] A.J. Jamieson, T. Malkocs, S.B. Piertney, T. Fujii, and Z. Zhang. Bioaccumulation of
persistent organic pollutants in the deepest ocean fauna. Nature Ecology & Evolution, 1:
1–4, 2017. doi: 10.1038/s41559-016-0051.

https://doi.org/10.1016/j.marpolbul.2010.03.008
https://doi.org/10.1016/j.scitotenv.2011.04.038
https://doi.org/10.1021/es303700s
https://doi.org/10.1021/es303700s
https://doi.org/10.1021/es1032025
https://doi.org/10.1016/S0141-1136(97)00002-0
https://doi.org/10.1016/S0141-1136(97)00002-0
https://doi.org/10.1016/j.marpolbul.2017.04.063
https://doi.org/10.1016/j.marenvres.2010.05.006
https://doi.org/10.1016/j.marenvres.2010.05.006
https://doi.org/10.1126/sciadv.1600582
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1016/j.marpolbul.2015.05.042
https://doi.org/10.1016/j.marpolbul.2015.05.042
https://doi.org/10.1073/pnas.1619818114
https://doi.org/10.1073/pnas.1619818114
https://doi.org/10.7185/geochemlet.1829
https://doi.org/10.1038/s41559-016-0051


References 115

[57] V. Mart́ınez-Vicente, J.R. Clark, P. Corradi, S. Aliani, M. Arias, M. Bochow,
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This supporting information provides:

1. Locations of sinks for drogued and undrogued drifters (Figure A.1).

2. Results of tracer simulation sensitivity analyses for different sink handling methods when
constructing transport matrices from global drifter datasets (Figure A.2).

3. Results of tracer simulation sensitivity analyses for different values of separation time
dt (Figure A.3) and grid cell size dx (Figure A.4) when constructing transport matrices
from global drifter datasets. McAdam and van Sebille [139] previously performed these
sensitivity analyses for the transport matrix based on the combined drifter dataset (left
column in Figures A.3 and A.4).

4. Distribution of drogued and undrogued drifter location fixes per year, month, and as a
function of the Multivariate El Niño Southern Oscillation Index (MEI; Figure A.5).

5. Results of tracer simulation sensitivity analyses using a single transport matrix and using
six alternating seasonal transport matrices (Figure A.6). The six alternating seasonal
transport matrices were previously used by van Sebille et al. [15]. The results of this
sensitivity analysis are shown only for the combined drifter dataset because separating
the drogued and undrogued drifter datasets into six different seasons results in insufficient
data to construct transport matrices.

6. Results of tracer simulation sensitivity analyses using transport matrices derived from
all currently available drifter data (from 1979 until February 2018) and from drifter data
between 1993 and 2015 only (Figure A.7).

The sensitivity analyses results show sensitivity to different sink handling methods and different
values of dt and dx. However, in all simulations based on the drogued drifter dataset a large
and persistent subtropical accumulation region forms in the subtropical southern Indian Ocean,
whereas in all simulations based on the undrogued drifter dataset a subtropical accumulation
region with relatively low tracer concentrations forms that is highly dispersive. The sensitivity
of the simulation results to the chosen sink handling method and values for dt and dx therefore
does not influence the main results and conclusions discussed in the main article.

Although the number of drogued and undrogued drifter location fixes varies in each year, the
distribution of the location fixes throughout the different months is very uniform. In addition,
the number of locations as a function of the MEI matches the occurrence of the MEI values
throughout the years very well. It is therefore unlikely that the drifter transport matrices are
biased towards a specific season or mode of interannual variability.

The simulation results show sensitivity to separating the transport matrix into different seasons.
However, the general behaviour of the subtropical accumulation regions remains the same,
and accounting for different seasons is unlikely to influence the main results and conclusions
discussed in the main article.

The simulation results show only minor differences when constructing transport matrices from
a subset of drifter data between 1993 and 2015 rather than the full drifter dataset. The
comparison of the drifter transport matrix simulations from the full dataset to simulations
with transport matrices derived from virtual particle tracks forced by current and wind fields
between 1993 and 2015 in the main article is therefore justified.
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Figure A.1 Locations of sink grid cells in transport matrices with separation time dt = 60
days and grid cell size dx = 1◦ derived from drogued and undrogued global drifter datasets.
Sinks are locations that drifters have entered but never left. These can either be actual sink
locations (e.g. drifters beached) or virtual sink locations (e.g. drifters ran out of battery).
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Figure A.2 Sensitivity analysis of the evolution of subtropical accumulation regions using
different sink handling methods when constructing the transport matrices. Sink locations are
either completely removed from the transport matrix, or tracer is set to remain in sink locations
forever (“sinks fixed”). Accumulation regions are defined as regions with at least 50 adjacent
grid cells where the tracer concentration exceeds 2 per 1×1◦ cell. The total tracer in subtropical
accumulation regions for each of the five subtropical ocean basins is shown as a percentage of
the total amount of available tracer in the simulation. We run tracer simulations for 50 years
starting from a uniform initial condition, using transport matrices based on combined, drogued,
and undrogued drifter datasets.
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Figure A.3 Sensitivity analysis of the evolution of subtropical accumulation regions using
different separation times dt to construct transport matrices. Following McAdam and van
Sebille [139] we set dt = 5, 20, 60 and 180 days while keeping dx constant at 1◦. All sink grid
cells are removed from the transport matrices. Simulations are run as described in the caption
of Figure A.2.
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Figure A.4 Sensitivity analysis of the evolution of subtropical accumulation regions using
different grid cell sizes dx to construct transport matrices. Following McAdam and van Sebille
[139] we set dx = 0.5, 1 and 2◦ while keeping dt constant at 60 days. All sink grid cells are
removed from the transport matrices. Simulations are run as described in the caption of Figure
A.2.
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Figure A.5 Distribution of drogued and undrogued drifter location fixes as a percentage of all
location fixes: (top panels) per year; (middle panels) per month; (bottom panels) as a function
of the Multivariate El Niño Southern Oscillation (ENSO) Index (MEI) [148, 149]. The red line
in the bottom panels shows the frequency of occurrence (right-hand side y-axes) of each MEI
value from 1979 until February 2018.
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Figure A.6 Sensitivity analysis of the evolution of subtropical accumulation regions for the
combined drogued and undrogued drifter dataset using a single transport matrix and using six
alternating seasonal transport matrices, as described by van van Sebille et al. [15]. Separating
the drogued and undrogued drifter datasets into six seasons leaves us with too few locations
to construct transport matrices, therefore only the results for the combined dataset are shown.
The grid cell size dx is set to 1◦, the separation time dt to 60 days and all sink grid cells are
removed from the transport matrices. Simulations are run as described in the caption of Figure
A.2.
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Figure A.7 Sensitivity analysis of the evolution of subtropical accumulation regions using
transport matrices derived from all available drifter data (from 1979 until February 2018) and
from drifter data between 1993 until 2015 only. The grid cell size dx is set to 1◦, the separation
time dt to 60 days and all sink grid cells are removed from the transport matrices. Simulations
are run as described in the caption of Figure A.2.
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This supporting information provides:

1. Figure B.1: Boundaries of the northern and southern hemisphere Indian Ocean used in
analyses discussed in the main article.

2. Figure B.2: Example of the method used to move original source locations of plastic
waste a suitable distance away from land for release of particles in the particle tracking
simulations.

3. Figure B.3: Indian Ocean Dipole Mode Index used to determine neutral Indian Ocean
Dipole years to run particle tracking simulations to determine the influence of different
monsoon seasons on particle transport.

4. Figure B.4: Distance to the nearest coastline used to determine beaching of particles.

5. Figure B.5: Sensitivity analysis results for beaching at different distances to the coast
∆x. Results are not very sensitive to different values of ∆x, so we use ∆x = 8 km for
analyses in the main article.

6. Figure B.6: Sensitivity analysis results comparing monthly varying plastic source inputs
and constant plastic source inputs throughout the year. The large-scale beaching patterns
are not very sensitive to different plastic input scenarios, so we continue to use monthly
varying plastic source inputs in the simulations in the main article.

7. Table B.1: Top 15 most affected countries by beaching particles for beaching with different
probabilities p.
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Figure B.1 Definition of the northern hemisphere Indian Ocean (NIO) and southern
hemisphere Indian Ocean (SIO). We use these definitions to select release locations of particles
from the NIO only and to determine the fate of particles during the simulation (e.g. beached
or floating in the NIO or SIO).
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Figure B.2 Example of original river source locations estimated by Lebreton et al. [4] and
moved release locations in relation to the HYCOM land mask around Sri Lanka. Release
locations are shifted compared to original source locations where necessary to prevent particles
from being released on or too close to land in particle tracking simulations.
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Figure B.3 Indian Ocean Dipole Mode Index (DMI) as defined by Saji et al. [169] and obtained
from the National Oceanic and Atmospheric Administration. Red and blue shading indicate
positive and negative modes of the Indian Ocean Dipole (IOD) respectively. We use 2008 and
2009 (marked between thick black vertical lines) as neutral IOD years to simulate the influence
of monsoon seasons on the transport of plastics in the Indian Ocean.
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Figure B.4 Distance to the nearest coastline based on GSHHG-v2.3.7 data [173]. We use this
distance to determine beaching conditions for simulated particles.
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Figure B.5 Sensitivity analysis results where beaching occurs with a probability of p = 0.50/5
days and for distances ∆x = [2, 4, 8, 16] km to the nearest coastline. Results are not very
sensitive to different values for ∆x, and we use ∆x = 8 km as the default value in further
simulations.



144 Chapter B. SI: Beaching plastics from the northern Indian Ocean

Figure B.6 Sensitivity analysis results showing beaching patterns after 2 years of simulation
occurring with a probability of p = 0.50/5 days at a distance ∆x = 8 km from the coast during
neutral IOD conditions for: (a) monthly varying plastic waste input from rivers; (b) constant
plastic waste input from rivers throughout the year. Results are not very sensitive to different
plastic input scenarios. We use monthly varying plastic input in further simulations.
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p = 0.950/5 days p = 0.725/5 days p = 0.500/5 days p = 0.225/5 days p = 0.050/5 days

Country
Beached particles

[% of total]
Country

Beached particles
[% of total]

Country
Beached particles

[% of total]
Country

Beached particles
[% of total]

Country
Beached particles

[% of total]

Bangladesh 60 Bangladesh 60 Bangladesh 60 Bangladesh 56 Myanmar 30
Myanmar 13 Myanmar 14 Myanmar 14 Myanmar 15 Bangladesh 29
India 9.8 India 10 India 10 India 12 India 18
Malaysia 6.1 Malaysia 6.0 Malaysia 5.7 Malaysia 5.3 Indonesia 8.1
Indonesia 4.6 Indonesia 4.6 Indonesia 4.8 Indonesia 5.2 Thailand 3.4
Sri Lanka 1.2 Sri Lanka 1.3 Thailand 1.4 Thailand 2.1 Malaysia 3.0
Pakistan 1.2 Pakistan 1.2 Sri Lanka 1.4 Sri Lanka 1.5 Sri Lanka 2.2
Thailand 0.98 Thailand 1.1 Pakistan 1.1 Pakistan 0.91 Madagascar 0.36
Maldives 0.19 Maldives 0.19 Maldives 0.19 Maldives 0.18 Pakistan 0.34
Kuwait 0.14 Kuwait 0.14 Kuwait 0.13 Kuwait 0.12 Somalia 0.30
Iran <0.10 Iran <0.10 Iran <0.10 Iran 0.10 Mozambique 0.25
Somalia <0.10 Somalia <0.10 Somalia <0.10 Somalia <0.10 Maldives 0.19
Saudi Arabia <0.10 Saudi Arabia <0.10 Saudi Arabia <0.10 Saudi Arabia <0.10 Kenya 0.18
Yemen <0.10 Yemen <0.10 Madagascar <0.10 Madagascar <0.10 Iran 0.16
Kenya <0.10 Kenya <0.10 Oman <0.10 Mozambique <0.10 Tanzania 0.14

Table B.1 Top 15 most affected countries by beaching plastics released from the northern hemisphere Indian Ocean from river sources. Results
are shown for different beaching probabilities p.
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This supporting information provides:

1. Figure C.1 Illustrates how we performed the quality control on observed drifter locations.

2. Figure C.2: Illustrates how we calculated the mean drifter track, along which the HFR
measured velocities are interpolated for comparison with drifter velocities.

3. Figure C.3: Illustrates the conversion of measured wind speeds at three Australian
Government Bureau of Meteorology (BoM) wind stations to a reference level of 10 m
height.

4. Figure C.4: Validation of a University of Western Australia (UWA) WRF wind model
(www.coastaloceanography.org) with BoM measured wind speeds at three stations; and
comparison of simulated WRF wind at the location of the BoM Rottnest wind station
(“Rottnest”) and along the mean drifter track. The WRF simulated wind speeds compare
well to the measured winds. The wind speed and direction at Rottnest and along the
mean drifter track do not significantly differ from each other. Based on this, we decide to
use the measured wind at Rottnest, coverted to a 10 m reference height, for comparison
with drifter and HFR measured velocities.

5. Figure C.5: Measurements of wave parameters from the Government of Western Australia
Department of Transport (DoT) Rottnest wave buoy; and wavelengths and surface Stokes
drift calculated from these parameters. The calculated Stokes drift from both swell and
sea waves is negligible for most of the drifter experiment, except when peak periods for
sea waves suddenly drop from roughly 5 s to 3 s. With a sampling frequency of 1.28 Hz,
measurement of these short period waves barely satisfies the Nyquist criterion and we are
unsure if these measurements can be trusted. We therefore decide not to consider Stokes
drift explicitly in the main article.

www.coastaloceanography.org
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Figure C.1 Original observed drifter locations and locations after quality control and
interpolation to regular time intervals for: (a,b,c) three undrogued drifters; and (d,e) two
drogued drifters. Following the quality control by Hansen and Poulain [138] for the National
Oceanic and Atmospheric Administration’s Global Drifter Program, we use both forward and
backward finite differencing of drifter velocities to flag an observed location as either good
or bad quality. Locations where the drifter velocity exceeds a critical velocity of 1 m/s are
flagged as bad quality. We then interpolate good quality locations to locations at a regular
time interval of 10 min. This interpolation is only done if there are two good quality locations
available within a 20 min time frame, so that we avoid interpolation in areas where the drifters
did not transmit a location for an extended period of time [e.g. 189].
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Drifter and mean track for first 15 hours

mean
undrogued
drogued

Figure C.2 Observed undrogued (grey shades) and drogued (blue shades) drifter locations for
the first 15 hours after release, and mean drifter track (red). Spatially varying velocity fields
(e.g. HFR measured current fields) are interpolated to the mean drifter track for comparisons.
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(b) Ocean reef: 10.0 m
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Figure C.3 Measured wind speed for the first 15 hours after drifter release at three BoM
wind stations: (a) Rottnest; (b) Ocean reef; (c) Garden island. The location of these stations
is shown in Figure C.4a. We converted the measured wind speeds, ~ustation, at Rottnest and
Garden island to wind speeds at a reference height of 10 m ~u10, using ~u10 = ~ustation · log(10.0/z0)

log(hstation/z0)
,

where hstation is the station height and z0 is the roughness length. Based on the terrain types
at the BoM stations [203] we’ve estimated roughness lengths [204] of z0 = 0.06 m at Rottnest
and z0 = 1.0 m at Garden island. The hourly-averaged wind speed at 10 m reference height is
also shown. This is used for model validation (Figure C.4) and for comparison with drifter and
HFR velocities (main article).
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Stations Rottnest Ocean reef Garden island
RMSEu [m/s] 1.43 0.93 1.33
RMSEv [m/s] 1.46 1.15 2.02

biasu [m/s] 0.33 -0.19 0.25
biasv [m/s] -0.99 -0.34 1.06

skillu 0.57 0.72 0.69
skillv 0.66 0.78 0.63

Figure C.4 Validation of UWA WRF wind model with measured wind speeds. (a) Location
overview showing: mean simulated WRF wind speed for the first 15 hours after drifter release;
locations of BoM Rottnest, Ocean reef and Garden island wind stations; mean drifter track
(see Figure C.3). (b) Comparison of the WRF simulated wind (u- and v-components) at the
Rottnest wind station and along the mean drifter track. This comparison indicates that there is
no large spatial difference in wind speed between these locations. (c,d,e) Comparison of WRF
simulated wind (u- and v-components) with measured wind speeds converted to a reference
10-m height (see Figure C.2) at three different locations. (table) Statistical parameters for the
validation of the WRF wind model at each of the three stations. Values for the root mean
square error (RMSE), bias, and Willmott et al. [205] model skill are shown for the u- and
v-components of the wind speed separately. This indicates that the WRF model sufficiently
reproduces observed wind speeds.
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Figure C.5 (a) Measured significant wave height Hs, peak period Tp, and direction for swell
and sea waves at the DoT Rottnest wave buoy for the first 15 hours after drifter release. (b)

Wave length λ for swell and sea waves calculated by solving λ =
gT 2
p

2π
tanh

(
2π
λ
h
)
, where g is

the acceleration due to gravity, and h is the water depth. At the DoT Rottnest wave buoy,
the water depth h = 48 m. (c) Calculated u- and v-components of the surface Stokes drift ~uSt
as |~uSt| = (πHs)2

λTP
exp

(
−4π

λ
z
)
, where we use depth z = 0 for Stokes drift at the surface. The

red lines indicate where the peak period is close to the sampling frequency. We are unsure if
measurements and calculations in red are trustworthy, so we do not consider them in the main
article.
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