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Plastic is the most abundant type of marine litter and it is found in all of the world’s
oceans and seas, even in remote areas far from human activities. It is a major concern
because plastics remain in the oceans for a long time. To address questions that are of
great interest to the international community as it seeks to attend to the major sources
of marine plastics in the ocean, we use particle tracking simulations to simulate the
motions of mismanaged plastic waste and provide a quantitative global estimate of (1)
where does the marine litter released into the ocean by a given country go and (2)
where does the marine litter found on the coastline of a given country come from. The
overall distribution of the modeled marine litter is in good agreement with the limited
observations that we have at our disposal and our results illustrate how countries that are
far apart are connected via a complex web of ocean pathways (see interactive website
https://marinelitter.coaps.fsu.edu). The tables summarizing the statistics for all world
countries are accessible from the supplemental information in .pdf or .csv formats.
Keywords: marine litter, plastic, tracking, numerical model, global ocean

INTRODUCTION
Plastic is the most abundant type of marine litter and its presence in the environment is a major
concern because it remains in the oceans for a long time, affecting marine life and threatening
human health (Landrigan et al., 2020). Steady growth in the amount of discarded solid waste since
the 1950s combined with the slow degradation rate of many waste items are gradually increasing
the amount of marine litter found at sea, on the seafloor, and along the coastal shores. Surveys
and monitoring efforts have yet to show a consistent temporal trend everywhere (Galgani et al.,
2021), but the distribution and accumulation have become an economic, environmental, human
health, and aesthetic problem that presents a complex and multi-dimensional challenge. Marine
litter results from human behavior, whether accidental or intentional. According to the United
Nations Environment Programme (UNEP), eighty percent of the marine litter originates from
land sources including waste released from dumpsites near the coast or river banks, the littering of
beaches, tourism and recreational use on the coasts, fishing industry activities, and ship-breaking
yards. The primary sea-based sources include abandoned, lost, or discarded fishing gear, shipping
activities, as well as legal and illegal dumping. In the global context, understanding of marine litter
as a persistent and growing problem has become clear. The United Nations Environment Assembly
(UNEA) has recognized marine litter as one of its top priorities through four resolutions (from
UNEA-1 in 2014, UNEA-2 in 2016, UNEA-3 in 2017, and UNEA-4 in 2019), specifically calling for
actions to combat marine litter1 .
1
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1. Where does MPW released into the ocean by a given
country go?
2. Where does MPW found on the coastline of a given country
come from?

Litter is found in all of the world’s oceans and seas, even in
remote areas far from human activities (Tekman et al., 2017;
Chiba et al., 2018). Thus, tracking the movement of plastic litter
in the ocean is crucial. Ocean currents control the distribution
and accumulation of floating marine debris, but observational
data are very sparse and it is difficult to analyze and predict
the movement of debris (van Sebille et al., 2020). Factors that
determine the transport and fate of debris include its size
and buoyancy. Marine plastics are classified as either macro,
micro, or nano. A macro plastic is the largest of the three
classifications and consists of plastic that can be easily seen with
the naked eye. Examples include plastic bags, water bottles, and
fishing nets. The next classification of plastic is micro plastics,
which are generally considered to be one to five millimeters
in length (Thompson et al., 2004). Primarily we see micro
plastics in the form of plastic pellets, which are the building
blocks of plastic. Secondary micro plastics are formed as macro
plastics break down from exposure to sunlight, temperature,
wave and salt. Micro plastics can easily be incorporated into
the food chain, and, because of this, have become the main
focus of environmental conversation. Finally, nano plastics are a
byproduct of micro plastics as they degrade. They can be as small
as 1 µm (micrometer) and, due to their extremely small size, it
is possible for Nano plastics to enter the food chain. While there
is much to be learned about nano plastics, it is known that they
pose a significant threat to the environment and humankind (see
Special issue on Nanoplastic, 2019).
In 2016, the global production of plastics was approximately
330 million metric tons (Mt; Plastics Europe, 2017) and that
amount is estimated to double within the next 20 years (Lebreton
and Andrady, 2019). Plastics are usually divided into three
categories: plastics in use, post-consumer managed plastic waste,
and mismanaged plastic waste (Geyer et al., 2017). Mismanaged
plastic waste (MPW) is defined as plastic material littered, illdisposed, or from uncontrolled landfills. Plastic debris enters
the sea from the coastal environment through runoff, winds,
and gravity (Jambeck et al., 2015) and via rivers (Lebreton
et al., 2017). There are, however, few direct measurements of
plastic entering the ocean and one has to rely on conceptual
frameworks (Jambeck et al., 2015; Lebreton et al., 2017; Schmidt
et al., 2017; Lebreton and Andrady, 2019) to compute, from
the best available data, an order-of-magnitude estimate of the
amount of MPW entering the world ocean. This lack of data
on waste generation, characterization, collection, and disposal,
especially outside of urban centers, leads to uncertainties
(Jambeck et al., 2015).
Most of our understanding on the motion of floating
marine debris comes from numerical simulations (Hardesty
et al., 2017; van Sebille et al., 2020). Given the scarcity of
observational data, numerical models can be used to simulate
the motions of debris and test scenarios. In this paper,
we use particle tracking simulations to address questions
that are of tremendous interest to the United Nations
and the international community as they seek to track,
identify, and eventually attend to the major sources of marine
plastics in the ocean. The questions we address in this
paper are:
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The layout of this paper is as follows: In section “Methods”,
we describe the numerical model, summarize the uncertainties
associated with the marine litter sources, and introduce
the seeding strategy, wind effects, parameterized unresolved
processes, and decay scenarios. The results are presented in
section “Results”. The last section provides a summary and
discusses the limitations of the current model.

METHODS
Model Description
The global framework we use to track marine litter is
OceanParcels v2.1.5, which can create customizable particle
tracking simulations using outputs from ocean circulation
models. OceanParcels v2.1.5 is a state-of-the-art Lagrangian
ocean analysis tool designed to combine (1) wide flexibility
to model particles of different natures and (2) efficient
implementation in accordance with modern computing
infrastructure. The latest version includes a set of interpolation
schemes that can read various types of discretized fields, from
rectilinear to curvilinear grids in the horizontal direction,
from z- to s- levels in the vertical and different variable
distributions such as the Arakawa’s A-, B- and C- grids
(Delandmeter and van Sebille, 2019).
The ocean circulation model outputs used in OceanParcels
are from the GOFS3.1, a global ocean reanalysis based on
the HYbrid Coordinate Ocean Model (HYCOM) and the
Navy Coupled Ocean Data Assimilation (NCODA; Chassignet
et al., 2009; Metzger et al., 2014). NCODA uses a threedimensional (3D) variational scheme and assimilates available
satellite altimeter observations, satellite, and in-situ sea surface
temperature as well as in-situ vertical temperature and salinity
profiles from Expendable Bathythermographs (XBTs), Argo
floats, and moored buoys (Cummings and Smedstad, 2013).
Surface information is projected downward into the water
column using Improved Synthetic Ocean Profiles (Helber
et al., 2013). The horizontal resolution and the frequency
for the GOF3.1 outputs are 1/12◦ (8 km at the equator,
6 km at mid-latitudes) and 3-hourly, respectively. For details
on the ocean circulation model validation, the reader is
referred to Metzger et al. (2017).

Marine Litter Sources
Plastic debris in the ocean is usually assumed to be from landbased sources, although some studies have suggested that seabased sources also play an important role (e.g., Bergmann et al.,
2017; Lebreton et al., 2018). No matter the source, the primary
challenge of modeling the global displacement of marine litter are
the large uncertainties associated with the amount and location
of mismanaged plastic waste (MPW) entering the ocean. In this
paper, we consider only the land-based sources. In order to
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fraction generated inland that may reach the oceans via rivers (see
river distribution in Figure 1B). Following Jambeck et al.’s (2015)
framework and using their fine-resolution global distribution of
MPW, Lebreton and Andrady (2019) estimated a total of 20.5
Mt of MPW generated from the coastal population in 2010. This
value converted to an annual global input of MPW to the ocean
from the coastal regions to be between 3.1 and 8.2 Mt is slightly
lower than the 4.8 to 12.7 Mt estimate of Jambeck et al. (2015).
However, as stated earlier, estimating MPW associated with the
population within a fixed distance from the coast (50 km, as in
Jambeck et al. (2015)) does not take into account MPW generated
inland and transported by rivers. Given the fine granularity of
their data, Lebreton and Andrady (2019) were able to estimate
that, for 2015, approximately 5% of MPW was discarded directly
into small watersheds near the coastline, that 4% was discarded
in proximity of the coastline in medium watersheds, and that
the majority (91%) was discarded in large watersheds away from
the coastline. Therefore, as shown by Lebreton et al. (2017) and
Schmidt et al. (2017), the large rivers are a major source of plastic
waste from inland to the ocean and should not be neglected.
In summary, while the four studies provide different estimates
of MPW reaching the ocean, they are consistent. As indicated by
Schmidt et al. (2017), this is not too surprising because they all
start from the same waste database and use similar conceptual
frameworks. There are, of course, large uncertainties associated
with the numbers provided by the above studies, but they provide
a globally consistent database that can be used to seed our model.
For this study, we derived MPW inputs for the model using
Lebreton and Andrady (2019) for the coastal regions (within
50 km from the coastline; Figure 1A; Lebreton et al. (2017) for
the inland regions via rivers (Figure 1B). It is important to note
that a large portion of the MPW (∼40% according to Andrady
(2011)) that reach the ocean are denser than seawater and thus
will sink to the ocean floor near the coast instead of being carried
away by the surface currents and/or wind.

derive meaningful information from the numerical simulation
and address the above questions, one needs to be able to seed the
model with plastic waste entering the ocean that is representative
of each country and have been computed in a consistent manner
globally. At the present time, there are four studies that can
provide a first-order estimate of the current global plastic waste
input from land into the ocean: Jambeck et al. (2015), Lebreton
et al. (2017), Schmidt et al. (2017), and Lebreton and Andrady
(2019). However, these studies all differ in their estimates of
MPW input into the ocean.
Starting with the earlier study by Jambeck et al. (2015) for the
coastal environment, the authors estimated an annual input of
plastic to the ocean by taking into account (1) the mass of the
waste generated per capita annually, (2) the percentage of waste
that is plastic, and (3) the percentage of waste that is mismanaged
and thus has the potential to enter the ocean. The calculation is
based on a 2010 World Bank dataset (Hoornweg and Bhada-Tata,
2012) on country-specific waste generation and management.
Jambeck et al. (2015) estimated that ∼11% of the 2.5 billion
metric tons (t) total solid waste generated by the 6.4 billion people
living in 192 coastal countries (i.e., 275 million metric tons [Mt])
is plastic and, scaling by the population living within 50 km
of the coast, they calculated that 99.5 Mt of plastic waste was
generated in the coastal regions. Mismanaged waste is defined
as material that is either littered or inadequately disposed of,
meaning that it is not formally managed. This includes disposal
in dumps or open, uncontrolled landfills, where waste is not fully
contained. Mismanaged waste can eventually enter the ocean via
inland waterways, wastewater outflows, and transport by wind or
tides. Jambeck et al. (2015) estimated that, in 2010, 31.9 Mt were
mismanaged and that between 4.8 and 12.7 Mt (15–40%) made
it to the ocean (1.7–4.6% of the total plastic waste). Assuming
no improvements to the waste management infrastructure, the
cumulative quantity of plastic waste available to enter the marine
environment from land was predicted to increase by an order of
magnitude by 2025.
Plastics in the coastal areas usually enter the ocean via direct
littering that is moved offshore by the wind and/or tidal currents.
But plastics can also enter via rivers. Lebreton et al. (2017)
estimated between 0.36 and 0.89 Mt per year enter via river
transport in the coastal area (about 3−19% of the total MPW
4.8−12.7 Mt of Jambeck et al. (2015)). In addition, they estimate
at least 0.8 to 1.5 Mt per year reach the oceans from inland
areas via rivers. Schmidt et al. (2017) independently derived a
total MPW carried in the global river system to the ocean of
between.5 and 2.7 Mt, which supports the estimates of Lebreton
et al. (2017), i.e., between 1.1 and 2.4 Mt. The spatial distribution
of the Schmidt et al. (2017) data is qualitatively similar to those
of Jambeck et al. (2015), but the fraction contributed by the larger
rivers is considerably higher.
Finally, Lebreton and Andrady (2019) present projections of
global MPW generation at ∼1 km resolution from 2015 to 2060.
They estimate that between 60 and 99 Mt of MPW were produced
globally in 2015 (see the 2015 annual distribution of MPWs from
coastal regions in Figure 1A) and that this figure could triple by
2060. One of the main motivations for that study was to quantify
the fraction of MPW generated in coastal areas against the

Frontiers in Marine Science | www.frontiersin.org

Seeding Strategy, Stokes Drift, Wind
Drag, Random Walk, and Decay
Scenarios
As laid out in section “Marine Litter Sources”, we divide the
global MPW inputs in the world ocean into two categories: (1)
direct input from coastal regions, defined as within 50 km of
the coastline; and (2) indirect input from inland regions via
rivers. For direct input (Figure 1A), we use MPW computed from
the global database on a 30 × 30 arc seconds grid of Lebreton
and Andrady (2019). The MPWs from within
from the
 ◦ 50
 km
◦
coastline are summed (in ton/year) on a 1 4 × 1 4 grid and, as
in Jambeck et al. (2015), we assume that only 25% of MPW enters
the world ocean. We neglect contributions that are less than 10
tons/year (∼0.6% of the total direct MPW) and the number of
particles that are released on each grid cell is as follows: one
particle is released in each month for cells that have MPW in
the 10-102 ton/year range, three particles each month for cells
with 102 -103 tons/year; 32 for 103 -104 tons/year; 33 for 104 105 tons/year; 34 for 105 −106 tons/year, etc. In total, we release
28,713 particles each month along the coastline representing the

3
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FIGURE 1 | Distribution of the annual mismanaged plastic waste input from (A) the coastal regions (50 km from the coastline) based on Lebreton and Andrady
(2019) and (B) the inland regions through rivers based on Lebreton et al. (2017). Blue to red circles with increasing size represent mismanaged plastic waste of
different order of weights (in tons/year) and their percentage values with respect to the total (∼5.1 Million tons/year for the coastal regions and ∼1.4 Million tons/year
for the inland regions).

the Navy Coupled Ocean Data Assimilation (NCODA). The
Ekman transport resulting from the atmospheric forcing (Fleet
Numerical Meteorology and Oceanography Center 3-hourly
NAVY Global Environmental Model, NAVGEM) is included
in the ocean surface currents. All simulations include a small
random walk component with a uniform horizontal turbulent
diffusion coefficient Kh = 1 m2 s−1 representing unresolved
turbulent motions in the ocean.
A full account of the Stokes drift, which is induced by
surface gravity waves in the direction of wave propagation (see
review by van den Bremer and Breivik (2018), for detail), would
require an accurate wave model. However, the wave-induced
Stokes drift can be assumed to act in the same direction of the
wind (e.g., Kinsman, 1965; Kubota, 1994; Breivik et al., 2011)
and the joint effect of wind and wave on a particle can be
expressed as a single drag coefficient. Pereiro et al. (2018), using
observed data from 23 drifters together with wind and ocean
current data, suggested a wind drag coefficient that ranges from

5.1 million tons of MPW that enters the ocean per year. For the
indirect input (Figure 1B), we use the midpoint estimates for
the global river catchments assembled by Lebreton et al. (2017).
As for the direct MPW input, we neglect contributions by rivers
that are less than 10 ton/year (∼0.6% of total indirect MPW). In
total, we release 3,587 particles each month at the river mouth,
representing the 1.4 million tons of MPW that enters the ocean
per year. More than two-thirds of MPW (in terms of weight)
enters via 21 rivers, mostly from South and East Asia.
For a review of the physical oceanography associated with
the transport of floating marine plastics and of all the processes
that affect transport, the reader is referred to van Sebille et al.
(2020). In short, the particles are moved around by ocean
currents, surface wave induced Stokes drift, and wind drag. As
described in section “Model Description”, the ocean surface
currents used in this study are from GOFS3.1, a global ocean
forecast system (Chassignet et al., 2009; Metzger et al., 2014)
based on the HYbrid Coordinate Ocean Model (HYCOM) and
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and the movement of MPW is simulated), we apply a simple,
hypothetical exponential decay function to the weight (mass)

0.5 to 1.2%. This is in agreement with Ardhuin et al. (2009),
who estimated the magnitude of the wave-induced contribution
by the Stokes drift to be ∼0.6−1.3% of the wind speed in
the wind direction. The magnitude of the contribution does
depend on the buoyancy ratio of the plastic object and the
sea water, i.e., lighter objects correspond to higher coefficients
(Chubarenko et al., 2016). Because detailed information on
different types of MPW entering the global ocean is not available,
this study adopts a drag coefficient of 1%, as in Kubota (1994),
to represent the combined effect of wind and waves. All particles
are advected with a fourth-order Runge-Kutta scheme using a
one-hour time step.
One additional factor that needs to be taken into account when
modeling MPW is the time it takes for plastics to break down
into smaller pieces under the combined actions of waves and
effects of sunlight. These micro or nano plastics end up either
in suspension in the water column (e.g., Kukulka et al., 2012),
sinking to the bottom (e.g., Thompson et al., 2004; Woodall
et al., 2014; Barrett et al., 2020), ingested and entangled by
marine organisms (e.g., Moore et al., 2001), or decomposed
(Kimukai et al., 2020). To account for those complex processes
that ultimately lead to the removal of the MPW from the
sea surface (where the abundance of the MPW is observed

W(t) = W(0)e−t/t0 ,
in which t is time (in years), W(0) is the MPW weight
released into the ocean, and t0 represents an e-folding time
scale. After experimentation and comparison to observations
(see discussion in next section), we adopted an e-folding time
scale of five years. This implies that 36.8% of the MPW
weight would remain at the surface after five years (13.5%
after 10 years).

RESULTS
Following the seeding strategy for MPW described in section
“Seeding Strategy, Stokes Drift, Wind Drag, Random Walk,
and Decay Scenarios”, we release 32,300 particles (28,713 for
coastal inputs and 3,587 for inland inputs via rivers) every
month from 2010 to 2019 along the global coastline. These
particles represent a total of 3.9 Mt of lighter-than-water MPW
per year (3.0 Mt coastal and 0.9 Mt inland) released into the
ocean. After release, using OceanParcels v2.1.5 (see section

FIGURE 2 | The number of modeled mismanaged plastic waste particles in 1 × 1◦ grid box accumulated in 10 years (2010–2019) that are beached (Panel A) and
remain in the water (Panel B). Out of the total of 3,876,000 released particles, 2,821,752 end up on the beach during the 10-year integration.
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provide statistics for each country on MPW destinations and
beached MPW sources.

“Model Description”), the particles are advected by the ocean
currents (with a small uniform random walk component to
account for unresolved turbulent motions) and the joint effect
of wind and wave (1% drag). All particles are integrated
from the release point in 2010 to the end of 2019. The
results presented in this section therefore correspond to a 10year accumulation of MPW in the ocean. We first describe
the MPW concentration at sea and on the beach, and then

Partition Between Beached Versus at
Sea MPW
Here we consider a MPW particle to be “beached” if the
sum of daily displacements in the last 30 days of the

FIGURE 3 | The modeled mismanaged plastic waste concentration (in kg/km2 ) showing 10-years of mismanaged plastic waste accumulation (2010 to 2019) at the
end of the integration. The red box denotes the Great Pacific Garbage Patch (GPGP, 129-156◦ W, 25-41◦ N).

FIGURE 4 | The accumulation of the modeled mismanaged plastic waste concentration or mass in the GPGP area (129-156◦ W, 25-41◦ N, red rectangle box in
Figure 3) under different decaying scenarios.
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year, except for 2019, during which the percentage of inwater MPW mass is higher (44%) because the integration
is too short for some of the MPW particles to reach to
the shore. Thus, the estimate of ∼3/4 of beached MPW
and ∼1/4 remaining at sea is robust and is in reasonable
agreement with the recent study of Chenillat et al. (2021).
Not surprisingly, we find that the wind and waves induced
motions are primarily responsible for the beaching (Dobler et al.,
2019) and that the impact of the random walk/diffusion on
beaching is quite small.

integration of a particle on the coast or inland is less than
a constant threshold distance. Beaching only occurs in the
model because of the wind and waves induced motions and
random walk/diffusion. Figure 2 displays the number of particles
in 1 × 1◦ grid boxes that are beached versus those that
remain at sea at the end of the 2010-2019 accumulation
period. Of the MPW released during 2010–2019, 75.4%
end up beached (Figure 2A), whereas 25.5% of the MPW
remains at sea (Figure 2B). This partition between beached
and at sea MPW is not very sensitive to the individual

FIGURE 5 | Snapshots of the modeled mismanaged plastic waste concentration (in kg/km2 ) near the GPGP area at the end of March, June, September, and
December 2019.

FIGURE 6 | Similar to Figure 3, but for the time-averaged modeled mismanaged plastic waste concentration (in kg/km2 ) from 2017 to 2019.
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plastics are 15, 47, 70, and 342 kg/km2 , respectively, which is
one to two orders higher than the highest concentration in
Cózar et al. (2014).
Figure 3 displays the distribution of the modeled MPW
concentration at the end of the 10-year accumulation. The
general pattern (i.e., the high concentrations found in the
subtropical regions of the North Pacific and the South Atlantic
Oceans, as well as in the Mediterranean Seas) is consistent
with Cózar et al. (2014, 2015) and Viatte et al. (2020). High
concentrations of the modeled MPW are also found in the
northern Indian Ocean and in the marginal seas that connect
the Pacific and Indian Oceans. To our knowledge, there are
no direct observations in these regions, but this should not
come as a surprise given the fact that a majority of the MPW
mass that enters the ocean is from the surrounding South
and East Asian countries. Quantitatively, the highest modeled
concentration of MPW in the GPGP is ∼500 kg/km2 . This
value is of the same order as the highest concentration reported

The question then arises as to whether the amount of
the modeled MPW remaining in the ocean is comparable to
the observations. There are very few observations on MPW
distribution in the open oceans and whatever data exists
come with large uncertainties. Using data collected across
the World Ocean, Cózar et al. (2014) provided a first-order
estimate and found the highest concentration in the subtropical
gyres of the Pacific and Atlantic Oceans in the range of
1-2.5 kg/km2 . Lebreton et al. (2018) provided a more indepth estimate of plastics concentration in the Great Pacific
Garbage Patch (GPGP), which is located in the subtropical
water between California and Hawaii, and characterized the
MPW into micro (0.05−0.5 cm), meso (0.5−5 cm), macro
(5−50 cm), and mega (>50 cm) plastics. They estimated
that more than 75% of the MPW in the GPGP is in the
form of macro and mega plastics larger than 5 cm, whereas
micro plastics only accounted for ∼8%. The maximum plastic
concentrations observed for micro, meso, macro, and mega

FIGURE 7 | Time-averaged concentration (in kg/km2 ) of the mismanaged plastic waste that are released from Kenya and that remains in the ocean (Panel A) or is
beached on another country’s coast (Panel B) at the end of the 2019. Red lines outline the border of Kenya in Panel A and the border of the five countries (Table 1)
that received the most MPW from Kenya (Kenya, India, Indonesia, Myanmar, and Yemen) in Panel B.
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MPW in the GPGP box is ∼300 thousand tons, which is only
slightly lower than the 370 thousand tons present at the end of
2019 (Figure 4). This corresponds to an average concentration
of 65 kg/km2 , which is a little bit higher than the 50 kg/km2
estimated by Lebreton et al. (2018).

TABLE 1 | Destination of the modeled MPW that are released from Kenya at the
end of the 2010−2019 accumulation.
MPW tons [Percentage]

Destination

7,223 [47.6]

Ocean

7,941 [52.4]

Beached to the following countries*

2,154 [14.2]

Kenya

1,399 [9.2]

India

1,180 [7.8]

Indonesia

703 [4.6]

Myanmar

666 [4.4]

Yemen

441 [2.9]

Somalia

336 [2.2]

Sri Lanka

217 [1.4]

Bangladesh

175 [1.2]

Saudi Arabia

138 [0.9]

Mozambique

130 [0.9]

Thailand

129 [0.9]

Tanzania

91 [0.6]

Oman

53 [0.4]

Madagascar

Destination and Origin of the MPW for an
Individual Country
In section “Partition Between Beached Versus at Sea MPW”, we
showed that modeled MPW concentration in the open ocean is
comparable to observational estimates. In this section, we use
the model to address the questions raised in the introduction:
(1) where does MPW released into the ocean by a given country
go and (2) where does MPW found on the coastline of a
given country come from. Because observational data were
collected on its beaches (Ryan, 2020), which can be used to
validate the model, we use Kenya as an example in this section.
The statistics for all world countries on MPW destinations
and beached MPW sources are provided in the supplement
to this article.
The time-averaged concentration of all MPW that originated
from Kenya during the 2010−2019 period is displayed in
Figure 7. The figure is divided into two panels, Figure 7A shows
the averaged concentration for those particles that remained at
sea at the end of 2019, while Figure 7B shows the averaged
concentration for those particles that ended up on the beach
(major countries outlined in red) at the end of 2019. The
distribution in these two figures is quite similar, which implies
that most particles follow a similar pathway: first, they flow
northeastward into the Arabian Sea and subsequently into the
Bay of Bengal, depending on the monsoon currents in the
north Indian Ocean, and then eastward following the Equatorial
Counter Current (e.g., Shankar et al., 2002; Tomczak and
Godfrey, 2003). One small difference between the two panels
is that some MPW that remains in the ocean is trapped in
the subtropical gyre of the South Indian Ocean or escapes
into the South Atlantic Ocean via the Agulhas current and
associated eddies.
Overall, Kenya contributed a total of 58,991 tons of MPW
into the ocean for the 2010−2019 period, of which 40%
(23,596 tons) are considered denser than the seawater and
therefore sinks toward the ocean floor near the coast. The
remaining 60% or 35,395 tons are considered lighter than
seawater and thus are carried by the ocean surface currents
and wind. Of the 35,395 tons of lighter than seawater MPW,
20,234 tons (34.3% of the original 58,991 tons) vanishes due
to decomposition (the decay process). Table 1 summarizes the
destination of the remaining 15,161 tons of MPW originating
from Kenya: roughly half (52.4%) ends up on the beaches of
26 countries (with only 12 of these countries receiving more
than 100 tons) while the rest remains at sea, primarily in the
north Indian Ocean. The majority of these recipient countries
(outlined in red in Figure 7) are in the northeastern Indian
Ocean (India, Indonesia, Myanmar), but some are neighboring
countries in Africa (Yemen, Somalia). This distribution is
consistent with the surface circulation of the Indian Ocean

Note that Kenya is estimated to contribute a total of 58,991 tons MPW into the
ocean in this period and only about 1/4 (15,164 tons) is consider here (the rest
sinks to the bottom and/or vanishes due to the decay process).
*12 additional countries that received less than 50 tons MPW (0.4%) are not listed:
Sudan, Malaysia, Djibouti, Eritrea, South Africa, Philippines, Timor-Leste, China,
Australia, Vietnam, Taiwan, and Iran.

in Lebreton et al. (2018), but uncertainties are large and our
results are strongly dependent on the decay time scale chosen
to represent MPW break down at sea. Figure 4 illustrates the
impact of different decaying time scales on the accumulation
of the MPW mass in the GPGP (defined as 25−41◦ N, 129156◦ W, i.e., red box in Figure 3). In the absence of decay,
MPW in the GPGP box would reach ∼1.4 million tons after
10 years. With the five-year decay time scale, it reaches a
near steady state of ∼370 thousand tons or an average of
80 kg/km2 .
Figure 3 represents only a snapshot the MPW concentration
at the end of the 10-year accumulation in 2019 and it is
important to note that, as reported by Maes et al. (2016), the
distribution of MPW in the GPCP domain (outlined in red)
varies greatly with changes in the ocean circulation and wind
patterns. To illustrate how quickly this distribution can change
in time, Figure 5 displays four snapshots of MPW concentration
in the GPGP area at the end of March, June, September, and
December 2019, respectively. In March, the GPCP patch is
close to the continental United States. on the eastern side of
the red box while six months later it is close to the western
edge of the red box.
Figure 6 displays the time-averaged MPW concentration for
the last three years (2017–2019) with a five-year decay time
scale, when the amount of MPW in the GPGP reached a quasisteady state (Figure 4). The overall distribution is quite close to
that seen in Figure 3 and agrees well with previously published
modeling studies (e.g., van Sebille et al., 2012; Maes et al., 2018;
Lebreton et al., 2018; Viatte et al., 2020). The averaged mass of
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FIGURE 8 | Time-averaged model mismanaged plastic waste concentration (in kg/km2 ) in the ocean in 2010-2019 for the MPW that are beached on the Kenyan
coast by the end of 2019. Red lines outline the border of the five countries that contribute the most mismanaged plastic waste to Kenya (Tanzania, Indonesia, India,
Philippines, and Kenya; see Table 2).

TABLE 2 | Origin of the modeled MPW found along the Kenyan coast, a total of
48,304 tons, along with the list of country/origin of the bottles that were found
during the National Marine Litter Data Collection Training in August 13–22, 2019
(Ryan, 2020).
MPW tons [percentage] Origin*

number of bottles**

Origin

18,300 [37.9]

Tanzania

1,227

Kenya

12,640 [26.2]

Indonesia

98

Tanzania

5,209 [10.8]

India

86

Indonesia

3,160 [6.5]
2,154 [4.5]

Philippines
Kenya

42
27

United Arab Emirates
China

1,507 [3.1]

Malaysia

16

India

1,370 [2.8]

Comoros

15

Malaysia

743 [1.5]

Vietnam

14

Mayotte

519 [1.1]

China

13

Madagascar

515 [1.1]

Sri Lanka

9

Comoros

418 [0.9]

Mozambique

8

Thailand

375 [0.8]

Myanmar

5

Vietnam

277 [0.6]

Thailand

204 [0.4]

Bangladesh

196 [0.4]

Pakistan

155 [0.3]

Timor-Leste

144 [0.3]

South Africa

115 [0.2]

Somalia

51 [0.1]

Madagascar

*27 countries contributed less than 50 tons MPW (0.1%) are not listed:
Yemen, Taiwan, Solomon Islands, Brazil, Papua New Guinea, Uruguay, Australia,
Djibouti, Peru, Argentina, Mexico, Maldives, Vanuatu, Brunei, Guatemala, Oman,
Seychelles, Fiji, Mauritius, Japan, El Salvador, Panama, Iran, Eritrea, Samoa,
Palau, and Micronesia. **(many) countries with less than five bottles are not listed.

and slightly over 50% of the MPW originating from Kenya
is either carried back on their beaches (14%) or transported
to neighboring countries. By contrast, others countries, such
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as South Africa or Japan, can have up to 80% of their
MPW swept to the ocean interior by strong western boundary
currents such as the Agulhas Current or the Kuroshio (see
Supplementary Material).
In the same fashion that MPW from Kenya ends up in other
countries, Kenya receives its share of MPW from other countries
(i.e., interconnectivity – see see https://marinelitter.coaps.fsu.edu
and Appendix for a visualization). Figure 8 displays the timeaveraged MPW concentration (in kg/km2 ) for the MPW that
eventually beach on the Kenyan coast. High-concentrations of
MPW are primarily found near Indonesia and in a latitudinal
band around 10◦ S that spans from Indonesia to Tanzania
that is associated with the westward-flowing South Equatorial
Current. While it is not surprising that most of the MPW
that reaches Kenya comes from surrounding countries in the
Indian Ocean, some of the beached MPW can originate from
as far as South and Central America (i.e., Brazil, Uruguay,
Argentina, Peru, Mexico, Guatemala, and Panama) over a period
of less than 10 years.
Quantitatively, the model shows that, in ten years, a
total of 48,304 tons of MPW from 46 countries (Table 2)
reached the Kenyan coast (with 19 countries contributing at
least 50 tons). The southern neighbor Tanzania contributed
the most (38% of the total), which is consistent with
MPW being advected by the northward-flowing current along
the Tanzanian and Kenyan coasts (Semba et al., 2019).
Three southern Asian countries (Indonesian, India, and the
Philippines) together contribute 43.5%. These MPW are
first carried to the eastern part of the equatorial Indian
Ocean, through the Indonesian Throughflow (ITF, Gordon
et al., 1997; Metzger et al., 2010) or the Monsoon Current
in the North Indian Ocean, before being carried to the
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Tanzanian/Kenyan coasts via the westward-flowing South
Equatorial Current.
Because in-situ data are difficult to collect, not much exists
that can be used to validate the model. It is already challenging
to quantify the amount of plastics found on beaches (often
remote), let alone to provide further reliable information on
its origin. The reason Kenya was chosen as the example here
is that data collected in Kenya during the National Marine
Litter Data Collection Training in August 13−22, 2019 (Ryan,
2020) are available, which can provide some perspective of
the model results. That data collection team found a total
of 1,819 plastic bottles on Kenyan beaches during the 10day training period with about two-thirds (1,227) determined
to be of local origin and from Kenya. For those identified
as coming from outside of Kenya, the two countries that
contribute the most ocean MPW to Kenya in our global model
(Tanzania and Indonesia) are also the top two countries in
the bottle counts (Table 2). Other countries, such as China,
India, and Malaysia, are also among the key contributors in
both the (bottle counts) data and the modeled MPW. Clearly,
such a comparison is limited, but a reasonable agreement
exists between the model and the observations. Overall, MPW
found on the Kenyan coast has two major origins: (1)
East African countries, its southern neighbor Tanzania in
particular, and (2) South Asian countries (and the islands
in the western Indian Ocean on the path of the South
Equatorial Current).

88% (∼1 million metric tons) of the exported plastic went
to countries that struggle to effectively manage, recycle, or
dispose of plastics.
This modeling study has limitations in that it does not
fully take into account the life cycle of the plastic at sea
(approximated using a five-year decay time scale), nor does
it take into account the size of the litter (macro to nano)
and differences in windage. There are also uncertainties
associated with ocean currents and the winds used to move
the MPW in the ocean. Nonetheless, it does provide firstorder numbers that can be used by governments, non-profit
organizations, and the general public to redirect or reinforce
actions to reduce the amount of marine litter. This is especially
important since a recent publication by Borrelle et al. (2020)
estimates that in the next 10 years the plastic waste that
enters into waterways and ultimately the oceans could reach
22 million tons and possibly as much as 58 million tons a
year. And, this estimation takes into account the thousands of
commitments made by the government and the industry to
reduce plastic pollution.

SUMMARY

AUTHOR CONTRIBUTIONS

In summary, using worldwide estimates of MPW provided
by Lebreton et al. (2017) and Lebreton and Andrady (2019),
we are able to provide a quantitative global estimate of (1)
where does MPW released into the ocean by a given country
go and (2) where does MPW found on the coastline of a
given country come from. Tables summarizing the statistics
for all world countries can be accessed from the supplemental
information in .pdf or .csv formats. Our results illustrate how
countries that are far apart are connected via a complex web
of ocean pathways and we find that the overall distribution
of the modeled MPW is in good agreement with the limited
observations that we have at our disposal and with previous
studies. However, observations of MPW that can be used to
validate the model are extremely scarce and it is difficult,
not only to quantify the amount of plastic found on beaches
(often remote), but also to have any information on its
origin. As shown in section “Results”, the numerical results are
consistent with data collected in Kenya during the National
Marine Litter Data Collection Training (Ryan, 2020), but we
would need many more measurements of this kind from many
countries to have a more accurate estimate of the origin of
MPW found on the coastline. This is further complicated
by the fact that a lot of MPW released in the ocean by a
country do not necessarily originate from that country. Law
et al. (2020) estimates that more than half of all plastics
collected for recycling in the U.S. are shipped abroad and that
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APPENDIX: WEB INTERFACE
A user-friendly website was developed (https://marinelitter.coaps.fsu.edu/) to present the model results in a dynamic and efficient
manner. Twelve five-year monthly releases of MPW are displayed with dynamic animations of streamlines that show the marine litter
path through time. The color palettes in the map vary by continent, and the specific color for each country is proportional to the
total amount of litter generated. Figure 9 shows a screenshot of this interface and the colors assigned to the continents and their
corresponding countries. The web interface also provides information about individual statistics for each country, which includes the
tons of litter generated each year, the percentage of marine litter that stay in the oceans, and the amount of litter that ends up on the
beach. Each country’s statistics are provided as bar plots, and the raw data can be downloaded from the website in several file formats
(.pdf, .csv, and .json). Figure 10 shows an example of the ocean litter statistics for the United States. For an efficient display of the
marine litter paths, only a subset of the total simulated particles is shown for each monthly release (half for desktop applications and
one forth for mobile browsers), accounting for up to 14 million particle locations in each five-year animation. Finally, the interface
empowers the user with multiple animation and cosmetic controls to quickly identify the marine debris pathways through time.

FIGURE 9 | Example of the web interface generated to display global litter paths per country.
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FIGURE 10 | Ocean litter statistics for the United States, as shown on the web interface.
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