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Abstract. Marine litter in the Bay of Bengal has been under-
studied despite large quantities of mismanaged waste report-
edly entering the ocean from its surrounding countries. The
seasonal reversal of monsoon currents in this region provides
a unique environment for the transport of floating macro-
litter. A particle tracking model is used here to investigate
source-to-sink connectivity of marine debris between coun-
tries via oceanic pathways in the Bay of Bengal. We use an
approach considering uniform release of particles along the
entire coastline, avoiding the considerable uncertainties as-
sociated with assumed riverine sources. Two different sim-
ulations are considered, forced with either a high-resolution
ocean hindcast developed specifically for the Bay of Bengal
or a lower-resolution dataset which includes data assimila-
tion. The vast majority of particles released during our sim-
ulations were found to beach within 16 months; most par-
ticles beached in their country of origin (57 %-90 %), with
connectivity towards Myanmar accounting for the second
highest connectivity rates (2 %—29 %) from many countries
within the Bay of Bengal. This is likely due to the rela-
tively large size of Myanmar’s coastline and that it lies in the
path of the East India Coastal Current for much of the year
(February—September). Patterns of connectivity were found
to change along with the monsoon and the post-monsoon
period (October—January) showed a notably greater disper-
sal of particles than the rest of the year. Both simulations
were evaluated using the pathways of undrogued surface
drifters, which moved primarily within the open ocean, with
better agreement found here for particles advected by data-
assimilated ocean velocities. This study will therefore cru-

cially inform future research and policy in this region, pro-
viding advice on the benefits and suitability of selecting dif-
ferent modelling approaches independent of assumptions of
the source locations or volumes.

1 Introduction

Marine litter is a worldwide concern that is being widely
investigated in an effort to mitigate ecosystem effects such
as entanglement and ingestion by marine animals and phys-
ical damage to delicate habitats like coral reefs (Gall and
Thompson, 2015). Plastic pollutants have formed the focus
of these investigations due to their abundance and longevity
within the marine environment. Jambeck et al. (2015) esti-
mated that between 4.8-12.7 x 10° Mt of plastic enter our
oceans every year based on conditions in 2010 and that this
could increase by an order of magnitude by 2025. Other stud-
ies have calculated significantly different estimates for how
much plastic finds its way to the ocean. Lebreton and An-
drady (2019) calculated a lower estimate of between 3.1-
8.2 Mt of plastic entering the ocean each year, using a differ-
ent dataset for solid waste generation but similar assumptions
to that of Jambeck et al. (2015) about how much misman-
aged waste within 50 km of the coast finds its way into the
ocean. Several other studies have investigated slightly differ-
ent questions about how much plastic waste enters the oceans
which have resulted in quite different estimates. Lebreton et
al. (2017), Schmidt et al. (2018) and Meijer et al. (2021) cal-
culated how much plastic is transported solely by rivers to
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the ocean, resulting in much lower values of 1.1-2.4, 0.5—
2.8, and 0.8-2.7Mtyr~!, respectively. A subsequent study
by Borrelle et al. (2020) found a significantly larger value
of 19-23 Mt of plastic waste ending up in aquatic environ-
ments in 2016, however, this includes rivers and lakes rather
than just the ocean. Despite the large uncertainties associ-
ated with these estimates, observations of so-called “garbage
patches” that have formed in the ocean’s major gyres (Cézar
et al., 2014; Eriksen et al., 2014) and reports of litter wash-
ing up on beaches (e.g. Shankar et al., 2023) confirm plastic
pollution in the ocean is a vast problem.

Modelling the transport of marine debris has been used
to determine the sources and sinks of pollutants and inform
policies aiming to reduce the accumulation of marine debris
in the ocean and along coastlines. Much of the previous ma-
rine litter transport modelling has been done on a global scale
(Chassignet et al., 2021; Chenillat et al., 2021; Eriksen et
al., 2014; Isobe and Iwasaki, 2022; Lebreton et al., 2012)
and many concentrate on how much litter remains within
the ocean garbage patches. However, multiple recent stud-
ies have suggested that approximately two-thirds to three-
quarters of all litter released in global model simulations may
be captured on coastlines, though they note there are large
uncertainties associated with these estimates (Chassignet et
al., 2021; Chenillat et al., 2021; Lebreton et al., 2019; Onink
etal., 2021).

The Bay of Bengal was found by Chassignet et al. (2021)
and Lebreton et al. (2012) to have among the highest con-
centrations of floating litter in their global simulations, yet
only a couple of modelling studies published to date have
dealt specifically with this region (Irfan et al., 2024; van der
Mheen et al., 2020b). Irfan et al. (2024) examined the ef-
fects of windage and Stokes drift velocities on the locations
and propensity of particles to “beach”, or wash ashore, at
different times of the year. “Windage” refers to the direct
influence of wind velocities on the portions of buoyant lit-
ter found above the surface of the ocean; the larger or more
buoyant the items are, the greater its effect. Stokes drift ac-
counts for the net movement of particles due to the motion
of waves. Irfan et al. (2024) highlighted that both mecha-
nisms were crucial to trapping particles in the northern Indian
Ocean. They concluded that beaching in the Bay of Bengal
peaked on the north-northeast coastlines during the South-
west Monsoon (which they defined as June—October) but did
not quantify beaching rates for each country. Van der Mheen
et al. (2020b) simulated floating plastic debris in the northern
Indian Ocean, identifying monsoonal transport between the
Arabian Sea and the Bay of Bengal. They found coastlines in
the Bay of Bengal in particular suffered high rates of beach-
ing in their simulations because of the large amounts of plas-
tic waste originating from countries in the region combined
with ocean currents pushing buoyant plastic debris into the
Bay of Bengal.

While van der Mheen et al. (2020b) did analyse the con-
nectivity of litter pathways between countries, their model
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did not include windage or Stokes drift which have been
shown to be important for beaching behaviour of buoyant
litter (Irfan et al., 2024). Additionally, both studies seeded
particles in their simulations from river locations based on
estimates of waste input into the ocean by Lebreton et al.
(2017), which have very high uncertainties (Chassignet et
al., 2021; Meijer et al., 2021). Therefore, there is a knowl-
edge gap concerning estimates of litter transfer from wider
sources between countries within the Bay of Bengal. Al-
though it is a global problem, understanding the processes
connecting sources of marine litter to their sinks in this re-
gion is important given the significant evidence suggesting
that large amounts of litter are released from Asian countries,
in part due to dense populations and lack of waste manage-
ment infrastructure (Chenillat et al., 2021; Jambeck et al.,
2015; Lebreton et al., 2017; Meijer et al., 2021).

The Bay of Bengal is expected to have significantly dif-
ferent trends in litter pathways at different times of the year
due to the seasonal reversal of winds and associated ocean
currents. The dominant surface currents in the Bay of Ben-
gal are the Northeast and Southwest Monsoon Currents, and
East India Coastal Current (EICC) (Fig. 1). These all vary
seasonally, except for the southern branch of the EICC which
flows past the east coast of Sri Lanka and remains southward
throughout the year. The northern section of the EICC (north
of ~ 10°N) travels south-westwards, along with the south-
ern component, between November—January, before chang-
ing direction and flowing north-eastwards for the rest of the
year. This current is strongest during spring and transforms
into a series of eddies that line the eastern Indian coastline
during the summer. The Northeast Monsoon Current flows
westward, past the southern tip of India and Sri Lanka, dur-
ing winter. This current reverses and becomes the South-
west Monsoon Current in summer, flowing eastward in the
same location. The Sri Lanka Dome appears during summer-
time when the Southwest Monsoon Current passes the south-
ern coast of Sri Lanka and swings around the southward-
flowing southern component of the EICC to join up with
the northward-flowing northern component at approximately
10° N (Fig. 1a). The reader is referred to a review by Phillips
et al. (2021) for a full description of the currents and their
drivers in this region.

This study used a Lagrangian particle tracking model
to investigate the connectivity between six countries: Sri
Lanka, India, Bangladesh, Myanmar, Thailand, and Indone-
sia (Fig. 1), with a focus on understanding source-to-sink dy-
namics of floating macro-litter within the Bay of Bengal, in-
dependent of the size of the sources of litter.

2 Methods
The transport of marine litter was modelled here using

the OceanParcels v2.3.1 Lagrangian particle tracking model
(Delandmeter and van Sebille, 2019; Lange and van Sebille,
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Figure 1. Major currents in the Bay of Bengal during the pre-monsoon (February—May) and monsoon seasons (June—September) (a) and
the post-monsoon season (October—January) (b). EICC is East India Coastal Current; SLD is Sri Lanka Dome; SMC is Southwest Monsoon
Current; NMC is Northeast Monsoon Current; A&N is Andaman and Nicobar Islands. Arrows of Stokes drift and wind velocities show the
mean direction averaged over each time period; magnitudes are arbitrary. Blue backgrounds show ocean current speeds on 24 July 2018 from
the CMEMS model (a) and ROMS model (b) and areas in the red box are enlarged in (c) and (d), respectively. Coloured markers indicate

particle release locations and are colour-coded by country of origin.

2017). The model includes several processes which are be-
lieved to be the main physical processes responsible for influ-
encing the movement of floating particles around the domain
to simulate the dispersal of buoyant marine debris (Haza et
al., 2019). This approach follows similar methods of oth-
ers to simulate marine plastics distribution (e.g. Chassignet
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et al., 2021; Isobe and Iwasaki, 2022). Advection of parti-
cles via surface ocean currents (detailed below) was included
using an inbuilt OceanParcels kernel which uses a fourth-
order Runge-Kutta advection scheme (Advection RK4, de-
scribed in Lange and van Sebille, 2017). Stokes drift veloc-
ities were included to account for the movement of particles

Ocean Sci., 21, 1369-1393, 2025



1372

resulting from wave motions by simple addition to surface
current velocities. To account for sub-grid scale processes,
diffusion is implemented as a random walk, through an in-
built kernel known as DiffusionUniformKh. A diffusion co-
efficient of 100m?s~! was chosen based on grid cell size
(Peliz et al., 2007), as detailed below. The diffusion kernel
combined this coefficient with a random variate calculated
from a normal distribution with a mean of zero and stan-
dard deviation equal to the square root of the model time
step (see https://doi.org/10.5281/zenodo.14906471 where a
copy of the advection and diffusion kernels used have been
archived). Windage is implemented in the model by applying
1 % of the wind velocity to the particles’ trajectories. Fol-
lowing analysis of observations of the wind’s effect on un-
drogued drifters by Pereiro et al. (2018), this should describe
all except very buoyant items of litter. While the effect of
wind on the surface ocean currents is already included in the
ocean velocities used in the particle tracking simulations, the
addition of windage takes into account the extra push that
wind provides as a result of friction against the portion of
marine debris that extends above the surface. The final pro-
cess implemented here was beaching. At the end of each time
step, after advancing each particle’s position, ocean veloci-
ties were checked at this new position. If the ocean veloc-
ity was less than 10~ ms~ !, the particle was considered to
be beached (after Delandmeter and van Sebille, 2019) and
was no longer tracked. Stokes drift and wind velocities were
not included in the calculations to determine if a particle
was beached. Figure A1 shows the final locations of beached
particles with respect to the land in each of the model grid
resolutions. There is no resuspension of particles that have
beached; the beached location is considered the final sink lo-
cation.

The advection of particles depends on surface ocean cur-
rents taken from two different models which were used to
evaluate the transport of particles and help quantify un-
certainty in the results. The NEMO-based CMEMS Global
Ocean Physics Analysis and Forecast hydrodynamic model
(E.U. Copernicus Marine Service Information (CMEMS),
Marine Data Store (MDS), 2022a) has a resolution of 1/12°,
which is roughly 9.2 km at the latitudes of the Bay of Ben-
gal, and includes data assimilation (Lellouche et al., 2018).
Also included was the ROMS-based high-resolution model,
configured for the North Indian Ocean as a part of the High-
Resolution Operational Ocean Forecast and Reanalysis Sys-
tem (known as NIO-HOOFS) by INCOIS for the Indian
Ocean (Francis et al., 2020), which has a much higher res-
olution of 1/48°, corresponding to approximately 2.3 km
at these latitudes, but does not include data assimilation.
Hereafter these experiments will be referred to as CMEMS
and ROMS, respectively. As this study aimed to determine
the pathways of floating marine macro-litter across the Bay
of Bengal, only surface currents were required to drive
such buoyant items. Following some sensitivity tests de-
tailed in Appendix B, particles were forced with daily-mean
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ocean, Stokes drift, and wind velocities. Additional datasets
from CMEMS Global Ocean Wave Analysis and Forecasting
model (Ardhuin et al., 2010; E.U. Copernicus Marine Service
Information (CMEMS), Marine Data Store (MDS), 2022b)
and ERAS5 global atmospheric reanalysis (Hersbach et al.,
2023) were used to provide Stokes drift velocities and wind
fields at a height of 10m above land, respectively. Stokes
drift velocities were available in three hourly time steps at
a resolution of 1/5°, which is roughly 21 km at the latitudes
of the Bay of Bengal; wind velocities were hourly and with
a resolution of 1/4°, which is approximately 26 km at these
latitudes. Both datasets were interpolated onto the relevant
grid for each of the CMEMS and ROMS runs using cubic
interpolation and then averaged to daily time steps.

Particle release locations were uniformly spaced around
all major coastlines in the Bay of Bengal (Fig. 1). Particles
were released on average 6 km from the Natural Earth coast-
line (https://www.naturalearthdata.com, last access: 1 Febru-
ary 2025), with a maximum distance of 18km in some lo-
cations. This distance was chosen to complement different
coastlines from the two hydrodynamic models, ensuring no
particles were released on land while also ensuring they were
released on the continental shelf for both configurations. This
approach ensured coastal dynamics rather than open ocean
dynamics influenced the particles when they initiated their
journeys. We chose to release the particles from exactly the
same latitudes and longitudes in both simulations, but note
this means their proximity to the coast will differ between
the CMEMS and ROMS runs due to the differences in hy-
drodynamic model resolution (Fig. 1c and d). A particle was
released from each of the 500 coastal locations every day for
a year, with 182 500 particles released in total. The number
of released particles is consistent with other particle tracking
studies conducted in the Bay of Bengal and on a global scale
(e.g. Chassignet et al., 2021; Chenillat et al., 2021; Lebreton
et al., 2012; van der Mheen et al., 2020b). These idealised
particle release locations are unrelated to the magnitude of
litter sources in the Bay of Bengal because of the uncer-
tainties in measurements of mismanaged waste entering the
oceans. Instead, particle sources and sinks can be used to in-
vestigate potential pathways of litter from all along the coast-
lines surrounding the Bay of Bengal and weightings could
be applied as a post-process in the future, should source esti-
mates become more accurate.

Model simulations covered 1 June 2018-30 September
2019 for each case (CMEMS and ROMS). This time frame
was chosen due to the overlap in available data for each
model and to enable a full year of particle release, plus a
further 4 month season to allow time for those released later
in the year to reach the shore. The short timescale over which
the simulations were run means that degradation and subse-
quent sinking of macroplastics can be neglected, as a previ-
ous study found that less than 2 % of plastics would degrade
over the course of a year and most microplastics found in
the ocean today were produced in the 1990s or earlier (Le-
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breton et al., 2019). A model time step of 15 min was used
(following Delandmeter and van Sebille, 2019) and particle
positions were output daily.

The results discussed below focus on where particles re-
leased from six countries (Sri Lanka, India, Bangladesh,
Myanmar, Thailand, and Indonesia; Fig. 1) beach, to de-
termine the final sinks and discuss country-country connec-
tions. The Andaman and Nicobar Islands do not release any
particles during these simulations because the population
density is so low that very little litter is expected to orig-
inate from there. These islands are a territory of India but
were treated separately from mainland India when calcu-
lating connections between the coasts. Hereafter, any refer-
ence to India refers to mainland India in the Bay of Bengal
only. The reversal of the winds and ocean currents during the
year associated with the monsoon was expected to signifi-
cantly impact some patterns of litter trajectories. We there-
fore ran separate simulations for each season, with particles
released over a season-specific, 4 month period: monsoon
= 1 June-30 September 2018; post-monsoon = 1 October
2018-31 January 2019; pre-monsoon = 1 February—30 May
2019 (Anoop et al., 2015). Regardless of the release period,
all particles were tracked until the end of September 2019.

2.1 Model limitations

While this particle tracking model includes the fundamental
drivers of litter dispersal to paint a reliable picture of where
floating litter released from a given country may finish its
journey, there are processes neglected by the model that limit
its ability to fully capture the behaviour of marine debris.
These limitations are important to keep in mind while as-
sessing the results of this study.

The beaching process is a critical step in the journey of
a piece of marine litter (Hinata et al., 2020a) yet there is
no consensus on how best to implement this step in parti-
cle tracking models. Some researchers have used a similar
method to this study whereby a particle was deemed to be
beached when its position was on a land grid cell (e.g. Irfan
et al., 2024), whereas others considered particles beached if
they persisted in a coastal grid cell for a given amount of
time (e.g. Isobe and Iwasaki, 2022). Several other studies
have taken the approach of probabilistic determination. For
example, van der Mheen et al. (2020b) used a random proba-
bility to determine if a particle would beach, so long as it was
within a given distance of the coast and that distance was de-
creasing. Chenillat et al. (2021) and Onink et al. (2021) used
similar methods to this. Nevertheless, each of these methods
used to determine particle beaching are simplistic and neglect
much of the nuance involved with beaching processes in re-
ality. Therefore, this study acknowledges the limitations of
using this approach to determine particle beaching. Regard-
less of the beaching method employed, the resolution of all
these hydrodynamic models, including the two used in this
study, are too coarse to fully capture all processes that are
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key to marine debris beaching. Fine-scale ocean dynamics
such as submesoscale and microscale eddies near the coast
contribute to litter accreting and washing ashore but are not
represented even in the finer scale ROMS model we used to
advect particles. Sub-grid scale tidal motions at the shore-
line are also precluded, yet they would likely lead to higher
beaching rates (Zhang et al., 2020), and slope at the coastline
is not represented by either model. Additionally, the shape
of the coastline, while much more realistic in the ROMS
model versus CMEMS (Fig. 1), is still not refined enough
to show the true morphology of the coast and misses many
features such as estuaries which have been demonstrated to
act as traps for floating debris (Duncan et al., 2020; Pawlow-
icz et al., 2019). The model also omits the resuspension of
particles once they have beached. If resuspension were to be
included in the model, the final beached locations of parti-
cles may demonstrate differing connectivity and the propor-
tion of particles left afloat would also be expected to increase.
Pawlowicz et al. (2019) found in their observations of drifters
in an estuary that if a drifter refloated after beaching, it was
more likely to reach the open ocean. Thus far, there is little
empirical evidence to suggest what resuspension rate should
be used in a Lagrangian model (Hinata et al., 2020b), and
such a rate might differ in different regions depending on the
morphology of the coastline.

Stokes drift and windage are the main mechanisms driving
beaching in the model, although there is no strategy applied
to restrict beaching via other drivers such as diffusion, but
there are some limitations of the datasets used and how they
are implemented. While the ocean current velocity datasets,
particularly the ROMS data, have relatively high spatial res-
olution for a regional model such as this, the Stokes drift and
wind velocities used in both the CMEMS and ROMS simula-
tions are coarser than the ocean velocities. Any differences in
beaching between the two simulations is therefore expected
to result from the differences in general circulation patterns
as opposed to wind and wave effects. Another limitation to
note in relation to the Stokes drift velocities implemented in
the model is that the simple addition of these velocities to
those of the ocean velocities does not provide accurate forc-
ing for particles. This method neglects any feedbacks which
might arise between ocean currents and wave induced move-
ment that would affect both velocities. This would be reme-
died if using a coupled model. The use of only surface ve-
locities rather than running a 3D simulation further limits the
movement of particles. However, despite the particle tracking
simulations being limited to 2D, the hydrodynamic simula-
tions were run in 3D which mitigates some of these short-
comings.

2.2 Validation using drifter trajectories
To assess model performance, the simulated trajectories of

floating litter were compared with paths of drifters which
had lost their drogues in the Bay of Bengal between June
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2018-September 2019. Undrogued drifters would float at the
surface of the ocean and are therefore analogous to some
types of floating marine litter. The movement of floating lit-
ter at the surface of the ocean differs due to factors such as
shape and density, particularly with respect to the effect of
wind (Pereiro et al., 2018). Therefore, drifters are not ex-
pected to represent all items of floating litter, but they are
one of the closest analogies that can be tracked to validate
the particle tracks in the model. Within the Global Drifter
Program’s quality-controlled 6 h interpolated dataset (Lump-
kin and Centurioni, 2019), five drifters were identified that
met these criteria within the spatial and temporal limits of
the model (Fig. 2a). Most of these drifters began and contin-
ued their journeys in the open ocean. Consequently, minimal
proportions of these drifter trajectories can be considered to
verify coastal dynamics. This is an important consideration
given that the CMEMS simulations include data assimilation
(for sea level, temperature and salinity) and would therefore
be expected to provide more accurate offshore currents than
the ROMS velocities. As the separation between the parti-
cles and drifter location is expected to increase with time
(Tamtare et al., 2021), each drifter trajectory was separated
into week-long segments. This ensures no bias in comparison
based purely on the duration of drifter trajectory.

CMEMS and ROMS simulations were run using the same
input data and parameters described for the main simulations.
Starting at noon on the first full day after each drifter lost its
drogue, 100 particles were released at the same location as
the drifter. For each subsequent week, a further 100 particles
were released from the location of the drifter at that time.
Each particle was then followed for 1 week and compared
to the relevant drifter trajectory during that time (Figs. 2b
and C1). Note that the random-walk diffusion causes each of
the 100 particles to take a slightly different path. To quan-
tify model performance, the mean cumulative separation dis-
tance of weekly trajectories (MCSDyeek) Was calculated for
all particles and corresponding drifter locations at each time
step, following Haza et al. (2019), van der Mheen et al.
(2020a):

1

T P
MCSDyesk = =D, > [xp(0) —xa(®)], e

where x ,(¢) and x4(¢) are the locations of the particle and
drifter, respectively, at time ¢. P is the total number of parti-
cles and T is the total number of time steps.

3 Results

3.1 Validation of trajectories

The MCSDyeek across all five drifters was 66 km for the
CMEMS run and 92km for the ROMS run (Fig. 2c). The
lowest MCSDyeek in the CMEMS run was for Drifter 5 (D5,
38 km), while the highest MCSDy,ecx Was for Drifter 4 (D4,
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71 km). For the ROMS run, the lowest MCSDyecx Was asso-
ciated with Drifter 1 (D1, 44 km) and the highest MCSDyeek
with Drifter 3 (D3, 144 km).

3.2 Annual connectivity

Of the 182500 particles released throughout the year, both
the CMEMS and ROMS experiments showed the vast ma-
jority beached along the Bay of Bengal coastline within
16 months (83 % and 91 %, respectively; Table 1). While
the number left afloat was higher at the end of the CMEMS
experiment, in both cases, this was a very small proportion
of the total particles (< 0.5 %). Particles that did not beach
were predominantly found to leave the domain through open
boundaries. This proportion was higher for CMEMS than
ROMS (16 % versus 9 %, respectively), with approximately
half the total escaped particles being lost through the south-
west boundary in both cases (Tables D1-D6).

The majority of particles were found to beach on their
country of origin; at least 57 % in the CMEMS run and 69 %
for the ROMS run (Fig. 3a and b). The second highest con-
nectivity rate from almost every country was towards Myan-
mar, up to 29 % (CMEMS) and 14 % (ROMS). Notably, there
is relatively low connectivity (< 2 %) towards Thailand or In-
donesia from any of the other four countries. The main differ-
ence between CMEMS and ROMS results is that particles in
the ROMS run were less dispersed; generally, a higher frac-
tion of particles released from a given country beached on
their own shores and a lower fraction beached on neighbour-
ing countries.

3.3 Seasonal variations

The following results describe the fate of particles released
during each season separately, i.e. “monsoon” particles refer
to particles that were released between 1 May-30 September
2018, regardless of when they settled.

3.3.1 Monsoon

In total, 87 % of particles in the CMEMS run and 95 % of
particles in the ROMS run released during the monsoon sea-
son beached somewhere in the domain (Table 1). Almost
all the remaining particles left the domain without beach-
ing (CMEMS: 13 %, ROMS: 5 %). The majority left through
the southwestern boundary, towards the Arabian Sea, in the
CMEMS simulation (6 %), but through the southern bound-
ary, to the southern Indian Ocean, in the ROMS run (2 %).
This is the only season with conflicting results in terms of
exit locations for the different experiments. The direction of
the different currents in each model which led to these differ-
ences can be seen in the Supplementary Animations.

Most particles released beached on their country of ori-
gin for both the CMEMS and ROMS simulations (Fig. 3c
and d). In the CMEMS run, the second highest beaching rate
was always on a country in the anticlockwise direction, ex-
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Figure 2. (a) Tracks of undrogued surface drifters used to validate the paths of particles in the Bay of Bengal during the simulation time-
period. Stars indicate the starting position of each drifter, corresponding to the day after it lost its drogue. Background depicts a snapshot
of ocean current speeds from the ROMS dataset from 2 June 2019. (b) Particles from the ROMS simulation released once per week at the
location of the drifter at that time are colour-coded to show how closely they follow the D5 drifter track, shown in cyan. Background shows
ocean current speeds from the ROMS dataset from 2 June 2019. Other drifter tracks with corresponding validation particles for both CMEMS
and ROMS runs are shown in Appendix C. (¢) Mean cumulative separation distances for each drifter in both the CMEMS (solid colour) and
ROMS (striped colour) simulations. Error bars depict the standard deviation.

Table 1. Seasonal breakdown of particles that beached along coastlines in the domain, left the domain through an open boundary, or were
still afloat at the end of the simulations.

Full Simulation Monsoon Post-monsoon Pre-monsoon
(Jun *18-Sept *19) (Jun—Sept) (Oct—Jan) (Feb—-May)
CMEMS  ROMS | CMEMS  ROMS | CMEMS ROMS | CMEMS  ROMS
Beached 83 % 91 % 87 % 95 % 73 % 85 % 91 % 94 %
Left domain 16 % 9 % 13 % 5% 27 % 15% 8 % 6 %
Remained afloat <05% <05% <05% <05% <05% <0.5% <05% <05%

cept for Sri Lanka, whose next highest connectivity rate was
towards Myanmar (24 %). The pattern was the same for the
ROMS run apart from particles released from India beach-
ing on Myanmar with the second highest rate (16 %). When
considering only particles that were released and beached
in the monsoon season, this pattern is less pronounced for
both cases, with higher proportions of particles released from
Sri Lanka, India and Bangladesh beaching on counties in a
clockwise direction (Fig. 4a and b).

https://doi.org/10.5194/0s-21-1369-2025

3.3.2 Post-monsoon

Only 73 % (CMEMS) and 85 % (ROMS) of the total number
of particles that were released during the post-monsoon sea-
son beached throughout the simulations (Table 1). While still
a large proportion, these figures are noticeably lower than
the other two seasons. The number of remaining particles
leaving the domain was also higher than the monsoon and
pre-monsoon seasons combined (CMEMS: 27 %, ROMS:
15 %) by a substantial margin, making the particle-exit pat-
tern from this post-monsoon season dominant across the full
simulation for the CMEMS and ROMS cases. The majority
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CMEMS ROMS
(a) Full simulation (Jun '18-Sep '19) (b)
Sri Lanka.0.09 0.03 0.16 0.00 0.06 .0.10 0.01 0.14 0.01 0.00 0.05
India 4 0.04 0.07 0.07 0.00 0.00 0.03 0.03 0.08 0.00 0.00
Y Bangladesh  0.00 0.00 0.03 0.01 0.00 0.00 0.03
5
8 Myanmar40.03 0.05 0.02 0.00 0.06 0.01 0.03 0.01 0.04
Thailand 4 0.07 0.05 0.02 0.01 0.05 0.02 0.02 0.01 0.06
Indonesia  0.03 0.02 0.01 0.10 o.oe.o.os 0.01 0.02 0.00 0.03
(c) Monsoon (Jun-Sep) (d)
Sri Lanka.om 0.01 0.24 0.00 0.10 -0.10 0.01 0.22 0.02 0.00 0.09
India 4 0.11 0.01 0.07 0.00
g Bangladesh - 0.00 0.00 0.00
3
& Myanmar {0.01 0.01 0.00 0.00
Thailand 4 0.02 0.01 0.00 0.00
Indonesia 1 0.03 0.03 0.01 0.04 0.04.0.03 0.01 0.04
(e) Post-monsoon (Oct-Jan) f)
Sri Lanka 0.00 0.00 0.06 0.00
India 4 0.01 0.02 0.08 0.00 0.01 0.01 0.02 0.05 0.00 0.00
Y Bangladesh 0.00 0.21 0.15 0.00 0.08 0.02 0.17 0.44 0.28 0.01 0.00 0.08
—
>
& Myanmar {0.09 012 0.04 0.02 0.00 0.19 0.04 0.08 0.03.0.02 0.00 0.11
Thailand { 0.24 0.15 0.06 0.28 0.13 0.00 0.14 0.06 0.05 0.02 o.og.o.oz 0.16
Indonesia 1 0.07 0.03 0.02 0.09 0.01.0.03 0.03 0.04 0.01 0.03 o.oo.o.oz
(9) Pre-monsoon (Feb-May) (h)
Sri Lanka.0.13 0.05 0.15 0.00 0.04 0.14 0.01 0.03
India 4 0.00 0.00 0.01 0.00
Y Bangladesh 0.00 0.00 0.00 0.01
5
5; Myanmar - 0.00 0.02 0.00 0.00
Thailand 4 0.00 0.00 0.01 0.02 0.00 0.00 0.03
Indonesia 1 0.00 0.00 0.00 0.15 o.13.o.03 0.00 0.04
@ 3 BN > & S N @ @ X > & 2> >
& & ,06?’(7 é\& ,b\\?,«\ o“ég\ W & & @b@e 7}\@ 7}\7,0 o“g\ W
2N 0@\ &K@ 2 ,b«@ & K@
8 3
Sink Sink
0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Connectivity matrices showing sources and sinks of particles normalised by the number of particles released from each country.
Left column (a, ¢, e, g) shows results from the CMEMS simulations and the right column (b, d, f, h) shows those of the ROMS runs. Top row
shows connectivity over the course of the full simulation (a, b); second row shows results from particles released during the monsoon season
(June—September 2018; ¢, d); third row shows connectivity of particles released during the post-monsoon season (October 2018-January
2019; e, f); and the bottom row shows results of particles released in the pre-monsoon season (February—May 2019; g, h). Blank boxes show
where no particles have connected between countries; boxes showing “0.0” have been rounded down but are in fact a non-zero value.

Ocean Sci., 21, 1369-1393, 2025 https://doi.org/10.5194/0s-21-1369-2025



L. C. Harrison et al.: Monsoonal influence on floating marine litter pathways in the Bay of Bengal 1377
CMEMS ROMS
(a) Monsoon (Jun-Sep) (b)
Sri Lanka 0.00 0.26 0.00 0.10 0.26 0.03 0.08
India 4 0. 0.14 011 0.01 0.18 0.00 0.00
g Bangladesh 0.01
=}
8 Myanmar
Thailand
Indonesia 4 0.02 0.02
(c) Post-monsoon (Oct-Jan) (d)
Sri Lanka 0.00
India { 0.01 0.00 0.01
8 Bangladesh { 0.01 |0.51 0.41 0.07 0.00 0.02 0.22 0.00
5
8 Myanmar 0.06 007 000 052 000 0.34 0.01 0.04 0.08
Thailand { 0.05 0.01 ' 0.47 0.00  0.47 0.01 0.00 0.13
Indonesia 7 0.00 . 0.02 0.01 001 0.02
(e) Pre-maonsoon (Feb-May) (f)
Sri Lanka 0.00 0.00
India 0.00 0.00 0.00 0.00
8 Bangladesh - 0.00 0.01 0.00 0.01
E
8 Myanmar 0.01 0.00 0.00 0.01 0.00 0.00
Thailand - 0.00 0.02 0.03 0.00 0.03
Indonesia 1 0.00 0.00 0.02 0.00 0.02
2 0 3 2D 2 @ B i CHR N
. & \(\b\ \'at'ef’ 1}{\5@ @\\eo 002,“-'\ & . \:o(* \:\\b \'bba" r & "}\@(\ ooef: &
o S W & @ o q),éo"" o &8
Sink Sink
O:U U.‘Z 0:4 0.6 0.8 1.0

Figure 4. Connectivity between source and sink locations made by particles that were released AND beached during the specified period of
time: monsoon period only (June—September 2018; a, b), post-monsoon season only (October 2018—January 2019; ¢, d), and pre-monsoon
season only (February—May 2019; e, f). Results from the CMEMS run are shown in the left panel (a, ¢, e) and the ROMS run on the
right (b, d, f). Blank boxes show where no particles have connected between countries; boxes showing “0.0” have been rounded down but

are in fact a non-zero value.

of these particles left the domain through the southwestern
boundary towards the Arabian Sea (CMEMS: 19 %, ROMS:
10 %), a smaller portion leaving through the southern open
boundary (CMEMS: 7 %, ROMS: 3 %), and relatively few
leaving through the southeastern boundary into the Strait of
Malacca (1 %) in each case. These groupings are reflected in
the particle-exit pattern for the full simulation in both cases.

This is the only season where own-country beachings do
not represent the greatest connectivity for all countries in
the CMEMS run (Fig. 3e). For the ROMS simulation, while
own-country beaching rates are always highest (Fig. 3f),

https://doi.org/10.5194/0s-21-1369-2025

rates were significantly lower for Bangladesh, Myanmar
and Thailand than for other seasons or the year overall.
There were significant differences in the spread of particles
from Bangladesh and Thailand for each simulation. In the
CMEMS run, more particles beach on Bangladesh’s neigh-
bours, Myanmar (55 %) and India (21 %), than Bangladesh
itself (15 %), whereas in the ROMS run, own-country beach
remained highest for Bangladesh (44 %), with smaller but
still significant rates reaching Myanmar (28 %) and India
(17 %). For particles released from Thailand, only 13 % of
particles beach on their own coastline in the CMEMS run,
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with more particles beaching on Myanmar (28 %), Sri Lanka
(24 %), India (15 %), and Andaman and Nicobar (14 %). In
contrast, the ROMS run shows 60 % of particles released
from Thailand also beached there, and only Andaman and
Nicobar received more than 10 % of the remaining portion.
For both experiments, almost no particles released from Sri
Lanka reach the eastern Bay of Bengal, beaching predom-
inantly along India or its own shores. In fact, a very large
proportion of particles released from Sri Lanka in the post-
monsoon season left the domain: 64 % in the CMEMS run
and 39 % in the ROMS simulation (Tables D3 and D4).

3.3.3 Pre-monsoon

For particles released during the pre-monsoon period, 91 %
in the CMEMS run and 94 % in the ROMS run beached
within the domain before the end of the simulation (Table 1).
Of the 60000 particles released in this season, 8 % in the
CMEMS run and 6 % in the ROMS run left the domain, pre-
dominantly via the southeastern boundary, towards the Strait
of Malacca (CMEMS: 4 %, ROMS: 2 %).

For both experiments, beaching rates were highest for par-
ticles settling on their country of origin (Fig. 3g and h). The
next highest proportion was often found on Myanmar, aside
from particles released from India and Indonesia, where
particles beached mostly on Bangladesh (CMEMS: 10 %,
ROMS: 2 %) and Thailand (6 % in the ROMS run), respec-
tively. Both the CMEMS and ROMS experiments show no-
ticeably fewer particles spreading from east to west during
the pre-monsoon season, particularly when compared with
the post-monsoon season.

4 Discussion
4.1 Connectivity between countries

While reporting connections based on the country of release
might overlook issues such as shared watersheds, it also has
the advantage of making our results directly comparable be-
tween studies and quantifying progress once measures are
taken. Intentionally, the litter sources were all normalised
in this study, rather than providing numbers of mass ex-
port between countries, so that the focus is on the efficiency
of the marine pathways. Where results from the CMEMS
and ROMS models agree, we have confidence in conclu-
sions drawn about country-to-country connections within the
Bay of Bengal, whereas instances where the models dif-
fer can point to uncertainties in connectivity. For each ex-
periment, own-country beaching showed the predominantly
highest rates for all particles released. This is consistent with
previous modelling studies in the region (e.g. Chassignet et
al., 2021; Chenillat et al., 2021) and is unsurprising given that
the resolution of global or regional-scale models is insuffi-
cient at the coast to implement realistic beaching processes
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and instead, simpler beaching methods are employed in this
study and others.

Few modelling studies have quantified the connections be-
tween marine litter released from a given country and where
that litter lands. Van der Mheen et al. (2020b) calculated
connections between countries but chose to publish their re-
sults as the percentage of total particles that beached on a
given country rather than total particles released from a given
country. Therefore, our results are not comparable with their
findings. However, Chassignet et al. (2021) used their global
model to detail such connections during a 10 year simulation,
allowing a comparison with our results from the Bay of Ben-
gal. A direct comparison of proportions of particle beachings
cannot be made for India, Thailand, and Indonesia, since all
have coastlines which have been excluded from our study but
are included in the global configuration of Chassignet et al.
(2021). However, this would not affect the rankings of which
countries have had the greatest number of modelled beach-
ings on the other five countries within the Bay of Bengal.
The main difference between our model and that of Chas-
signet et al. (2021), other than the forcing data used to ad-
vect the particles, is the release locations of litter. Chassignet
et al. (2021) used both inland river and coastal input loca-
tions based on mismanaged waste estimates from Lebreton
et al. (2017) and Lebreton and Andrady (2019) rather than
the uniform release approach we have taken here. Therefore,
the relative fractions transported between countries will be
dependent on the assumptions made around these sources.

Chassignet et al. (2021) found that own-country beachings
were highest for all six countries included in our model, con-
sistent with our study. They determined that the second high-
est beaching rate for litter released from India, Bangladesh
and Myanmar was on the same country as found in the cur-
rent study (Myanmar, Myanmar and India, respectively. Note
that the second greatest fraction of particles released from
Myanmar in our simulations beached on Andaman and Nico-
bar, which are Indian islands, with the next highest frac-
tion beaching on mainland India). However, differences were
seen in the second highest beaching rates of litter released
from Sri Lanka (Chassignet et al., 2021: India, this study:
Myanmar) and Thailand (Chassignet et al., 2021: Indonesia,
this study: Myanmar). Beaching rates of particles released
from Indonesia in our simulations differed between runs. The
CMEMS run showed the second highest beaching rate for
particles released from Indonesia was on Myanmar, whereas
in the ROMS run, particles were found to beach on Andaman
and Nicobar (India) with the second highest rate, which is
consistent with the findings of Chassignet et al. (2021).

Relatively high rates of particles (> 7 %) released from all
countries in our simulations were found to beach on Myan-
mar’s shores, except Indonesia in the ROMS run. The relative
size of the Myanmar coastline compared with other countries
in the Bay of Bengal, combined with the fact that the EICC
flows towards Myanmar for a large proportion of the year
(monsoon and pre-monsoon seasons), could account for this.
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Chassignet et al. (2021) also found significant proportions
of litter from the five other countries in the Bay of Bengal
beached on Myanmar (1.5 %-24.1 %), making it the country
that received the greatest proportion of litter from the other
five countries within the Bay of Bengal.

4.2 Monsoonal influence on marine litter pathways

Seasonal variability in beaching rates was influenced by
wind and ocean currents, with countries on the eastern side
of the Bay of Bengal (Bangladesh, Myanmar and Thai-
land) having high own-country beaching rates during the
monsoon (CMEMS: 76 %-93 %, ROMS: 95 %98 %) and
pre-monsoon seasons (CMEMS: 72 %-97 %, ROMS: 84 %—
98 %), as opposed to lower rates during the post-monsoon
season (CMEMS: 13 %-54 %, ROMS: 44 %-71 %). The op-
posite pattern is found for countries on the western side of
the Bay of Bengal (Sri Lanka and India), with relatively low
rates during the monsoon (CMEMS: 57 %-70 %, ROMS:
55 %-72 %), which get higher over the post-monsoon pe-
riod (CMEMS: 89 %—100 %, ROMS: 92 %—94 %), before Sri
Lanka’s own-country beaching rates drops back down in the
pre-monsoon season (CMEMS: 63 %, ROMS: 67 %), while
India’s rates remain high (CMEMS: 86 %, ROMS: 96 %).
This is a result of north-eastward flowing monsoon and pre-
monsoon currents transporting litter away from countries in
the west and towards countries in the east (Fig. 1). During the
post-monsoon season, the main current (EICC) flows south-
westward, reversing this transport of litter (see Supplemen-
tary Animations).

Transport of particles released in the pre-monsoon season
is consistent with the direction of the EICC and winds during
this season (Fig. 1), with few particles beaching on countries
to the west or south from India, Bangladesh or Myanmar, in
either scenario. Instead, almost all particles beach on their
country of origin or a country to the north or east. This pat-
tern is less pronounced for the monsoon season. Surface cur-
rents in the Bay of Bengal are stronger in the pre-monsoon
than in the monsoon season, but winds are stronger during
the monsoon (Phillips et al., 2021). Therefore, the differences
between these two seasons may result from relative influ-
ence shifting between ocean-current advection as opposed to
windage or Stokes drift.

The seasonal analysis considered here separates particles
based on the time of release. However, particles may remain
afloat for longer than their source season (Figs. 5 and 6),
and therefore particles that did not beach during the sea-
son they were released would be affected by changes in cur-
rent or wind direction later in their trajectory. Monsoon par-
ticles are defined here as particles released during 1 June—
30 September 2018, but any particles that remain afloat af-
ter the monsoon season may then be influenced by post-
monsoon winds and currents. A particle released, for exam-
ple, during the post-monsoon season that did not beach un-
til the pre-monsoon season might have been influenced by
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the south-westward flowing EICC during the post-monsoon
period and then carried in the opposite direction by the re-
versal of this current in the pre-monsoon season. In con-
trast, the pre-monsoon particles are advected for a further
four months of monsoon currents after their initial release,
before the end of the simulation, so would not be expected to
show this transport towards the south/west. Figure 5 shows
that the proportion of particles released in each season that
beached in a later season was sizeable, particularly for par-
ticles released during the post-monsoon period. This could
affect our interpretation of results. Therefore, to investigate
any bias in beaching patterns resulting from particles that
did not beach within the season they were released, we cal-
culated the connectivity of particles that were released and
beached with the 4 month window of each season (Fig. 4).
The patterns of beaching toward the south/west in the mon-
soon season is reduced in this case. The connectivity matri-
ces show expected patterns of beaching for Sri Lanka, India,
Bangladesh and Myanmar, which are all in the path of the
EICC, as greater rates of beaching are seen on countries to
the north and east during the monsoon and pre-monsoon sea-
sons and lower rates to the south and west. This pattern is
reversed for the post-monsoon season. Therefore, the dura-
tion of the trajectories likely explains some of the unexpected
results seen in Fig. 3.

The expected pattern of most particles from Myanmar and
Bangladesh settling on Andaman and Nicobar, Sri Lanka,
and India in the post-monsoon season due to the south-
westward EICC and winds is also not clear from the con-
nectivity matrices (Fig. 3e and f), although greater propor-
tions of particles being released from Bangladesh and Myan-
mar are beaching on countries to the south/west in this sea-
son compared with those from the pre-monsoon and mon-
soon periods. Post-monsoon-released particles that do not
beach within that season are given a further eight months to
beach which means they are subjected to pre-monsoon and
monsoon currents that would propel them north-eastward.
Some of the high proportions of particles released in the
post-monsoon period that beached in a surprising direction
(e.g. Bangladesh — Myanmar) can therefore be explained
because a large percentage of particles were found to beach
after this season (Fig. 5). The unexpected pattern of beaching
behaviour disappears when only accounting for particles that
were released and beached within the post-monsoon season
(Fig. 4c and d).

Indonesia, which is not in the path of the reversing EICC,
does not show a significant seasonal pattern; own-country
beaching rates remain relatively steady throughout the year
(CMEMS: 69 %-81 %, ROMS: 88 %—94 %). The Northeast
and Southwest Monsoon Currents travel across the Bay of
Bengal between the southern tip of Sri Lanka and Indonesia
and might be expected to transport litter between these two
countries. However, while a significant proportion of parti-
cles travel from Indonesia to beach on Sri Lanka, particu-
larly in the post-monsoon season when the Northeast Mon-
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Figure 5. Fraction of particles released during the monsoon season (a), post-monsoon season (b) and pre-monsoon season (c¢) from each
country that beached within given time frames. Bars are colour-coded by country with solid bars representing CMEMS particles and striped

bars representing ROMS.

soon Current would be expected to transport particles in this
direction, strikingly few particles make the journey from Sri
Lanka to Indonesia. Almost all particles from Sri Lanka that
eventually end up on a coast either beach on Sri Lanka itself
or are carried northeast by the EICC (see Supplementary An-
imations). More particles released from Indonesia are caught
in local eddies and transported north, beaching on Thailand,
Myanmar, and Andaman and Nicobar, particularly in the pre-
monsoon and monsoon seasons. These findings indicate that
the EICC exerts more influence over particle trajectories in
the Bay of Bengal than the other major currents in this re-
gion.
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The majority of particles that left the domain, through-
out both the CMEMS and ROMS runs, did so through the
southwestern boundary towards the Arabian Sea during the
post-monsoon season (CMEMS: 19 %, ROMS: 10 %), with
particles released from Sri Lanka making up the largest
contingent of this exodus (Tables D3 and D4). A substan-
tial percentage of post-monsoon particles from Thailand, In-
dia, Myanmar and Indonesia also left the domain through
this boundary in both models, flowing either south-westward
with the EICC or westward with the Northwest Monsoon
Current. This is in line with van der Mheen et al. (2020b) who
found particles in their own simulations of the wider north-

https://doi.org/10.5194/0s-21-1369-2025



L. C. Harrison et al.: Monsoonal influence on floating marine litter pathways in the Bay of Bengal 1381

(a) Monsoon (Jun - Sep)
Sri Lanka
0.5 A India
= Bangladesh
0.4 Myanmar
mmm Thailand
0.3 Indonesia
0.24
0.14
/
0.0 . ) . - - . |
Exited domain within a week Exited domain during rest of season Exited domain later

(b) Post-monsoon (Oct - Jan)
0.5
0.4+
0.34
0.24
0.1 a
0.0 ___# , IQ - 4

Exited domain within a week Exited domain during rest of season Exited domain later

(<) Pre-monsoon (Feb - May)
0.51
0.4
0.34
0.24
0.11

’/, /

00 7 i/ .

Exited domainl within a week Exited domain durling rest of season

Exited dorlnain later

Figure 6. Fraction of particles released during the monsoon season (a), post-monsoon season (b) and pre-monsoon season (c¢) from each
country that left the domain within given time frames. Bars are colour-coded by country with solid bars representing CMEMS particles and

striped bars representing ROMS.

ern Indian Ocean were transported from the Bay of Bengal
into the Arabian Sea during December—February. During our
post-monsoon season, a portion of particles also escape to the
southern Indian Ocean (CMEMS: 7 %, ROMS: 3 %), mostly
from Thailand and Indonesia, again consistent with van der
Mheen et al. (2020b) who found that up to 5 % of particles
crossed the Equator into the southern Indian Ocean in the
period September—November. This southward export during
the post-monsoon season would be consistent with the south-
ward direction of the EICC at this time of the year. In con-
trast, the monsoon and pre-monsoon seasons, during which
ocean currents in the Bay of Bengal primarily travel north-
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eastwards, would not facilitate such an export from the model
domain.

4.3 Model comparisons

Although the CMEMS and ROMS runs do show many of
the same patterns, which gives us confidence in the validity
of the results, there are significant differences which indi-
cate one model may be performing better than the other in
certain regions of the Bay of Bengal. Considerably more lit-
ter beaches on the country of origin in the ROMS run, and
therefore rates of particles beaching elsewhere are noticeably
higher in the CMEMS run for many connections (up to 29 %
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vs. 14 %). In addition, markedly more particles beach soon
after release in the ROMS run compared with the CMEMS
simulation in all seasons (Fig. 5).

The ROMS forcing dataset has much higher resolution
than CMEMS, while CMEMS has data assimilation that
ROMS does not include. Given the higher resolution of the
ROMS data, we might expect that this model would more
correctly represent slower flow along the coast. The inclusion
of shallower cells would have a greater effect of seabed fric-
tion on the vertical shear stress; also, better-resolved coastal
eddies would remove energy from the system with which to
transport particles offshore. An example of the difference in
the level of detail of coastal currents and mesoscale eddies
resolved by each of the models can be seen in Fig. 1c and d.
Slower coastal flow would increase the opportunity for dif-
fusion to lead to beaching, accounting for higher coastal re-
tention, or less particle dispersion, in the ROMS run. These
mechanisms may also explain why more particles in the
CMEMS run leave the domain compared with their ROMS
counterparts (Table 1). However, the CMEMS data assimi-
lation includes satellite sea surface height observations and
therefore is expected to improve representation of currents
offshore, where the ROMS currents are reported to have been
underestimated (Sj et al., 2022). This appears to be verified
by smaller MCSDyeek errors in the validation with drifters
that were predominantly floating in the open ocean, away
from the coast.

The largest difference in connectivity between the two
simulations surrounds particles released from Thailand, with
those from Bangladesh and Indonesia also showing substan-
tial differences in the rates of own-country beachings ver-
sus beachings on other countries. The major ocean and wind
currents in the Bay of Bengal essentially flow between Sri
Lanka/India and Myanmar and both models capture own-
country beaching rates on these three countries at a similar
rate. Thailand and Indonesia are not directly in the path of
the EICC which could explain discrepancies in the connec-
tivity results as the coastal currents in this region of the Bay
of Bengal are not driven by this major flow. The currents in
this region may therefore be quite different in each model and
the higher resolution of ROMS might indicate that the higher
own-country beaching rates in this simulation are more in-
dicative of real-life litter transport near the coast. Without
further observations to provide validation of model perfor-
mance, these differences highlight a degree of uncertainty in
our results. Although the general patterns of country-country
connections are similar in each case, the differences in mag-
nitude of some connections demonstrates the importance of
model resolution for accurately simulating coastal retention.
These results highlight the requirement for a data assimi-
lated model which can resolve small scale variabilities to
force particle tracking simulations, which should perform
well both along the coast and across the open ocean.

The majority of litter released in our simulations beached
within the 16 month time period (CMEMS: 83 %, ROMS:
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91 %), with most of the remainder leaving the domain
through open boundaries rather than remaining afloat. Van
der Mheen et al. (2020b) found almost all litter released in the
wider Indian Ocean beached within a few years, with coun-
tries in the Bay of Bengal being more heavily impacted than
coastlines in the Arabian Sea. Our model accounts for sev-
eral processes not included in van der Mheen et al. (2020b).
Their model did not feature key mechanisms thought to pro-
mote the beaching of floating particles, such as windage or
Stokes drift, instead assuming a beaching probability. Wind
and waves are likely to have a large effect on beaching prob-
abilities; Stokes drift, for example, has been found to reduce
the residence time of particles in simulations in the Black Sea
as well as increasing beaching rates by up to 75 % (Castro-
Rosero et al., 2023). Onink et al. (2021) found that not in-
cluding Stokes drift in their global model reduced the trap-
ping of particles near the coast and reduced beaching by
6 %—7 %. Additionally, Irfan et al. (2024) found increases in
beaching rates of 5 % when Stokes drift was added to their
model and a further 9 % when windage was included. It is
important to note, however, that neither model used in this
study is able to fully resolve all the coastal processes that are
likely to influence beaching rates.

We chose to release particles uniformly from the coastlines
of all countries in our domain, with the exception of An-
daman and Nicobar because of the relatively small popula-
tion of this island chain. This decision resulted from the very
large uncertainties associated with estimates of litter volume
entering the oceans due to the paucity of measurements of
waste generation (Jambeck et al., 2015). The sources and de-
position of marine litter are also poorly constrained (Lebre-
ton et al., 2017) with many researchers only accounting for
major rivers as a conduit to the ocean (e.g. Irfan et al., 2024;
van der Mheen et al., 2020b). Evidence has recently been
found to suggest that smaller rivers may contribute more to
marine litter if they traverse through an urban centre (Mei-
jer et al., 2021). Additionally, Chenillat et al. (2021) found
better agreement with the global distribution of floating ma-
rine litter when using particle release locations based on pop-
ulation density rather than river outflow locations. The re-
searchers, therefore, stressed the importance of accurate lit-
ter inputs into particle tracking models for more trustworthy
results. Releasing particles at river mouth locations based on
estimates with such large uncertainties would compound un-
certainties imposed by the model which would in turn lead to
low confidence in the conclusions that have been drawn from
our results. Instead, we opted to simply release particles uni-
formly along the entire coastline of the Bay of Bengal and
look at normalised results based on the total number of par-
ticles released from a given country’s coastline. Using this
normalised connectivity, our results provide a first order ap-
proximation of sources and sinks within the Bay of Bengal
region at different times of the year.
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5 Conclusions

Two particle tracking simulations of floating marine macro-
litter in the Bay of Bengal forced with different ocean ve-
locity data showed some general trends from which we can
draw conclusions. The majority of particles beached on their
country of origin throughout the year, but the rates changed
depending on the direction of the monsoon winds and as-
sociated ocean currents at different times of the year. Prior
to and during the monsoon season, countries on the eastern
side of the Bay of Bengal had higher rates of own-country
beachings resulting from north-eastward flowing ocean ve-
locities, while countries in the west saw smaller proportions
of their own particles beaching on their shores. In the post-
monsoon season, this trend reversed along with the currents.
The EICC, which flows between Sri Lanka/India and Myan-
mar (Fig. 1), appears to be the most influential current within
the Bay of Bengal in terms of connecting particle sources and
sinks.

Our results highlight that Myanmar received a significant
number of particles from almost every other country. This
is likely due to a combination of factors including the long
length of Myanmar’s coastline on which floating particles
can beach, as well as the direction of EICC transport which
flows towards Myanmar for approximately two-thirds of the
year. Due to the idealised nature of particle release locations
in our simulations, we cannot quantify the amount of lit-
ter that would be expected to beach on Myanmar’s shores.
However, our results do allow us to quantify the efficiency of
oceanic pathways within the Bay of Bengal that could facili-
tate transport of marine litter towards Myanmar.

https://doi.org/10.5194/0s-21-1369-2025

Validation of our particle tracking model using undrogued
surface drifters offshore showed a lower-resolution hydro-
dynamic forcing dataset which incorporated data assimila-
tion could better represent particle trajectories than a higher-
resolution model which did not include data assimilation.
However, more observations would be required to further
validate the results presented here in coastal locations. Dif-
ferences in model results concerning the dispersion of parti-
cles from a given country suggest that model resolution may
influence the transport of particles close to the coast. This
study therefore demonstrates that both data assimilation and
higher model resolution are required to accurately simulate
the fate of coastal floating litter.
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Appendix A: Beached particle locations at different
model resolutions
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Figure A1. Final locations of all particles that were considered to be beached, colour-coded by country of origin, in the CMEMS run (a) and
ROMS run (b). Blue backgrounds show ocean current speeds on 24 July 2018 from each model and the areas in the red box are enlarged
in (c) and (d), respectively.
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Appendix B: Temporal resolution sensitivity tests

To decide the required temporal resolution necessary to sim-
ulate particle trajectories across the Bay of Bengal, simula-
tions were run to test the sensitivity of sink locations to tem-
poral forcing. Simulations were forced with either CMEMS
or ROMS hydrodynamic forcing (see main text for details)
at either hourly or daily temporal resolution. All four simu-
lations used the same parameters as well as wind and Stokes
drift data as detailed in the main text and were run for the
month of July 2020, with particles released every hour for
the first two weeks only.

The results discussed in the main text focus mainly on
where the particles beach, to determine the final sinks for the
particles and discuss country-country connections. The runs
used for these sensitivity tests were too short for many par-
ticles to beach, especially those travelling across the Bay of
Bengal from the southwest to the northeast with the monsoon
currents. Therefore, these results should be viewed solely
with a view to establishing which resolution is required for
a longer simulation that can determine the sources and sinks
within the Bay of Bengal. The patterns of particles seen in
the ocean at the end of the month-long runs show the simi-
larities between the hourly and daily runs (Fig. Bla—d). To
quantify any differences and determine if they are significant
enough to warrant using the higher temporal resolution data,
connectivity matrices were calculated for particles that did
beach for each of the runs and the difference between the
hourly and daily results was subtracted (Fig. Ble and f).

https://doi.org/10.5194/0s-21-1369-2025

There are small differences in the beaching locations of
particles in the hourly and daily resolution simulations when
comparing CMEMS-forced runs (Fig. Ble). The largest dif-
ference is in the beaching locations of particles originat-
ing from Bangladesh. In the hourly run, 6 % more parti-
cles released from Bangladesh beach on Bangladesh’s coast-
line than in the daily run, where more particles end up on
the shores of Myanmar. Differences between hourly and
daily forcing using the ROMS model output were vanish-
ingly small (Fig. B1f). Considering the aim of this study was
to quantify connections between just six countries in such
a large domain, as opposed to a more granular breakdown
of the region, the differences in sink locations between the
hourly and daily runs for each case (CMEMS and ROMS)
were found to be negligible. Therefore, daily forcing was de-
termined to be adequate to provide accurate results for the
final experiment.
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Figure B1. Particle positions at the end of an hourly-forced, month-long CMEMS run (a) and the corresponding hourly ROMS run (b)
versus their positions at the end of the equivalent daily-forced CMEMS (¢) and ROMS (d) simulations. Backgrounds show a snapshot of
ocean current speeds on 31 July 2020 from the respective datasets. Connectivity matrices quantify the differences between CMEMS hourly
and daily runs (e) and the hourly and daily ROMS runs (f). Only particles that beached during the month-long run in July 2020 were used to
populate the connectivity matrices. Purple boxes show where more connections between countries were made in the daily run; green boxes
show where more connections were made in the hourly run. Blank boxes show where no particles have connected between countries; boxes
showing “0.0” have been rounded down but are in fact a non-zero value.
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Appendix C: Validation using drifters
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Figure C1. Individual drifter tracks for each of the five drifters used for validation of particle tracking simulations of floating litter. Drifter
tracks are colour-coded to correspond with those shown in Fig. 2: D1 (pink); D2 (yellow); D3 (red); D4 (green); D5 (cyan). Particles are
colour-coded by weekly release at the location of the drifter at that time and show how closely they follow the drifter tracks. See main text
for details of experiments. Left panel (a, c, e, g, i) shows CMEMS validation, right panel (b, d, f, h, j) shows ROMS validation. Background
is an arbitrary snapshot of ocean current speeds on 2 June 2019 from each respective model.
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Appendix D: Particle escape routes
Monsoon (June—September)
Table D1. Timing and percentage of particles released from each country in the monsoon season of the CMEMS simulation that exited the

domain through each of the three open boundaries (see Fig. 1). Particles that did not leave the domain (or beach) in the season they were
released may have been subjected to currents travelling in the opposite direction than expected.

CMEMS Exited domain through Exited domain through Exited domain through Total
southeast boundary southwest boundary south boundary
Exited Exited Exited Exited Exited Exited | Exited Exited Exited
domain domain domain | domain domain domain | domain domain  domain
within  during later within during later | within  during later
first rest of first rest of first rest of
week season week season week season
Sri Lanka 0% 0% 0% 0% 0% 12 % 0% 0% 3% | 16%
India 0% 0% 0% | <05% <05% 11 % 0% 0% 1% | 12%
Bangladesh 0% 0% <05% 0% 0% 1 % 0% 0% 0% 1 %
Myanmar 0% 0% <05% 0% 0% 1% 0% 0% <05% 1%
Thailand 24 % 2% <05% 0% 0% 1% 0% 0% 1% | 27 %
Indonesia 2% 28 % 1 % 0% 0% 4% 3% 4% 5% | 46 %

Table D2. Timing and percentage of particles released from each country in the monsoon season of the ROMS simulation that exited the
domain through each of the three open boundaries (see Fig. 1). Particles that did not leave the domain (or beach) in the season they were
released may have been subjected to currents travelling in the opposite direction than expected.

ROMS Exited domain through Exited domain through Exited domain through Total
southeast boundary southwest boundary south boundary
Exited Exited Exited Exited  Exited Exited | Exited Exited Exited
domain  domain  domain | domain domain domain | domain domain  domain
within during later within  during later | within during later
first rest of first  rest of first rest of
week season week  season week season
Sri Lanka 0% <0.5% 1% 0% 0% 5% 0% 0% 3% 9%
India 0% 0% <05% | <05% 0% 1% 0% 0% <0.5% 1 %
Bangladesh 0% 0% 0 % 0 % 0% 0 % 0% 0% 0% 0%
Myanmar 0% 0% <05% 0% 0% <05% 0% 0% 0% | <0.5%
Thailand 8% <05% <05% 0% 0% <0.5% 0% 0% <0.5% 9%
Indonesia 1% 10% 1% 0 % 0% 2% 7 % 5% 1% 27 %
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Post-monsoon (October—January)

Table D3. Timings and percentage of particles released from each country in the post-monsoon season of the CMEMS simulation that exited
the domain through each of the three open boundaries (see Fig. 1). Particles that did not leave the domain (or beach) in the season they were
released may have been subjected to currents travelling in the opposite direction than expected.

CMEMS Exited domain through Exited domain through Exited domain through Total
southeast boundary southwest boundary south boundary
Exited Exited Exited | Exited Exited Exited Exited Exited Exited
domain domain  domain | domain domain  domain domain  domain  domain
within  during later | within during later within during later
first rest of first rest of first rest of
week season week season week season
Sri Lanka 0% 0% 0% 3% 53 % 8% | <0.5% 2% <05% | 66%
India 0% 0% 0% 5% 12% <0.5% 0% <05% 0% | 18%
Bangladesh 0% 0% <0.5% 0% 1% <0.5% 0% 0% <0.5% 1%
Myanmar 0% 0% 1% 0% 1% 6 % 0% <05% 5% | 14%
Thailand 4% 1% 1% 0% <05% 19 % 0% 6 % 13% | 44%
Indonesia 3% 2% 2% 0% <0.5% 6 % 7 % 19 % 8% | 46 %

Table D4. Timings and percentage of particles released from each country in the post-monsoon season of the ROMS simulation that exited
the domain through each of the three open boundaries (see Fig. 1). Particles that did not leave the domain (or beach) in the season they were
released may have been subjected to currents travelling in the opposite direction than expected.

ROMS Exited domain through Exited domain through Exited domain through Total
southeast boundary southwest boundary south boundary
Exited  Exited Exited | Exited Exited Exited Exited Exited Exited
domain domain  domain | domain domain domain | domain domain  domain
within  during later | within during later within during later
first rest of first rest of first rest of
week season week season week season
Sri Lanka 0% 0% 0% 2% 32% 5% | <05% 5% <05% | 45%
India 0% 0% <0.5% 3% 3% <05% 0% <05% <05% 6 %
Bangladesh 0% 0% <0.5% 0% <05% <05% 0% 0% <05% 1%
Myanmar 0% 0% <05% 0% <05% 4 % 0% <05% 1% 5%
Thailand 3% 1% 1% 0% <0.5% 10 % 0% 2% 3% | 20%
Indonesia 3% 5% <0.5% 0% 1% 5% 7 % 5% 2% | 29%
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Pre-monsoon (February—May)
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Table DS. Timing and percentage of particles released from each country in the pre-monsoon season of the CMEMS simulation that exited
the domain through each of the three open boundaries (see Fig. 1). Particles that did not leave the domain (or beach) in this pre-monsoon

season will have been subjected to monsoon currents later, which travel in the same direction.

CMEMS Exited domain through Exited domain through Exited domain through Total
southeast boundary southwest boundary south boundary
Exited Exited Exited | Exited Exited  Exited Exited Exited Exited
domain domain  domain | domain domain domain domain  domain  domain
within  during later | within during later within during later
first rest of first rest of first rest of
week season week season week season
Sri Lanka 0% 0% <05% 1% 13 % 0% <05% 1% 0% | 15%
India 0% 0% 0% 2% 1% 0% 0% <05% 0% 3%
Bangladesh 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Myanmar 0% 1% <0.5% 0% 0% 0% 0% <05% <05% 1%
Thailand 11 % 9% 1 % 0% 0% 0% 0% 1% <05% | 23%
Indonesia 2% 15 % 6% 0% 0% 0% 5% 4% 1% | 34%

Table D6. Timing and percentage of particles released from each country in the pre-monsoon season of the ROMS simulation that exited the
domain through each of the three open boundaries (see Fig. 1). Particles that did not leave the domain (or beach) in this pre-monsoon season
will have been subjected to monsoon currents later, which travel in the same direction.

ROMS Exited domain through Exited domain through Exited domain through Total
southeast boundary southwest boundary south boundary
Exited  Exited Exited | Exited Exited  Exited Exited Exited Exited
domain domain  domain | domain domain domain | domain domain  domain
within ~ during later | within during later within during later
first rest of first rest of first rest of
week season week season week season
Sri Lanka 0% 0% <0.5% 1% 10% 0% <05% <05% 1% | 12%
India 0% 0% 0% 1% <0.5% 0% 0% <0.5% 0% 2%
Bangladesh 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Myanmar 0% 1% <0.5% 0% 0% 0% 0% <05% <05% 1 %
Thailand 6 % 6 % 2% 0% <0.5% 0% 0% <05% <05% | 14%
Indonesia 1% 5% 5% 0% <0.5% 0% 6 % 4 % 1% | 23%
Code and data availability. The code repository con- (https://data.marine.copernicus.eu/products, last access: 30 May
taining the model run scripts, data analysis code, and 2024) or Climate Data Store (https://cds.climate.copernicus.eu/,

scripts to generate the figures in this paper is archived
at https://doi.org/10.5281/zenodo.15230045 (Harrison,
2025). All data created and used for analysis in this
paper can be accessed on the Cefas Data Portal at
https://doi.org/10.14466/CefasDataHub.160  (Harrison et al.,
2024). ROMS model simulated data presented in this paper are
archived at the central data repository of https://incois.gov.in/ (last
access: 20 December 2022) and can be obtained by contacting
kunal.c@incois.gov.in. All other forcing data used in this study are
publicly available from Copernicus through the Marine Data Store

Ocean Sci., 21, 1369-1393, 2025

last access: 30 May 2024). Observed drifter trajectories for
validation were obtained from the Global Drifter Program
at https://doi.org/10.25921/7ntx-z961 (Lumpkin and Centurioni,
2019).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/0s-21-1369-2025-supplement.

https://doi.org/10.5194/0s-21-1369-2025


https://doi.org/10.5281/zenodo.15230045
https://doi.org/10.14466/CefasDataHub.160
https://incois.gov.in/
https://data.marine.copernicus.eu/products
https://cds.climate.copernicus.eu/
https://doi.org/10.25921/7ntx-z961
https://doi.org/10.5194/os-21-1369-2025-supplement

L. C. Harrison et al.: Monsoonal influence on floating marine litter pathways in the Bay of Bengal 1391

Author contributions. Conceptualisation: LCH, JAG. Data cura-
tion: LCH. Methodology: all authors. Formal analysis: LCH. Writ-
ing (original draft): LCH. Writing (review and editing): all authors.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The research presented in this paper was
carried out on the High Performance Computing Cluster sup-
ported by the Research and Specialist Computing Support ser-
vice at the University of East Anglia. This work has been car-
ried out under the Memorandum of Understanding signed be-
tween the Ministry of Earth Sciences, Govt. of India and the
Centre for Environment, Fisheries and Aquaculture Science (CE-
FAS), UK for marine litter and micro plastics research. The au-
thors would like to thank and acknowledge the (Defra on be-
half of the) UK government for funding this work. This study
has been conducted using EU Copernicus Marine Service Infor-
mation: https://doi.org/10.48670/moi-00016 (EU Copernicus Ma-
rine Service Information, 2022a); https://doi.org/10.48670/moi-
00017 (EU Copernicus Marine Service Information, 2022b). This
is INCOIS contribution number 579. The authors wish to thank
Richard Heal for his helpful contributions when designing the
model and David Haverson and two anonymous reviewers for their
comments which have greatly improved the manuscript.

Financial support. This research has been supported by the Gov-
ernment of the United Kingdom (grant no. GB-GOV-7-BPFOCPP).

Review statement. This paper was edited by Erik van Sebille and
reviewed by two anonymous referees.

References

Anoop, T. R., Kumar, V. S., Shanas, P. R., and Johnson, G.: Surface
Wave Climatology and Its Variability in the North Indian Ocean
Based on ERA-Interim Reanalysis, J. Atmos. Ocean. Tech.,
32, 1372-1385, https://doi.org/10.1175/ITECH-D-14-00212.1,
2015.

Ardhuin, F.,, Rogers, E., Babanin, A. V., Filipot, J.-F., Magne, R.,
Roland, A., van der Westhuysen, A., Queffeulou, P., Lefevre,
J.-M., Aouf, L., and Collard, F.: Semiempirical Dissipation
Source Functions for Ocean Waves. Part I: Definition, Cal-
ibration, and Validation, J. Phys. Oceanogr., 40, 1917-1941,
https://doi.org/10.1175/2010JP0O4324.1, 2010.

https://doi.org/10.5194/0s-21-1369-2025

Borrelle, S. B., Ringma, J., Law, K. L., Monnahan, C. C., Lebre-
ton, L., McGivern, A., Murphy, E., Jambeck, J., Leonard, G. H.,
Hilleary, M. A., Eriksen, M., Possingham, H. P., De Frond, H.,
Gerber, L. R., Polidoro, B., Tahir, A., Bernard, M., Mallos, N.,
Barnes, M., and Rochman, C. M.: Predicted growth in plastic
waste exceeds efforts to mitigate plastic pollution, Science, 369,
1515-1518, https://doi.org/10.1126/science.aba3656, 2020.

Castro-Rosero, L. M., Hernandez, 1., Alsina, J. M., and Espino, M.:
Transport and accumulation of floating marine litter in the Black
Sea: insights from numerical modeling, Frontiers in Marine Sci-
ence, 10, 1213333, https://doi.org/10.3389/fmars.2023.1213333,
2023.

Chassignet, E. P., Xu, X., and Zavala-Romero, O.: Tracking Marine
Litter With a Global Ocean Model: Where Does It Go? Where
Does It Come From?, Frontiers in Marine Science, 8, 667591,
https://doi.org/10.3389/fmars.2021.667591, 2021.

Chenillat, F., Huck, T., Maes, C., Grima, N., and Blanke,
B.: Fate of floating plastic debris released along the coasts
in a global ocean model, Mar. Pollut. Bull., 165, 112116,
https://doi.org/10.1016/j.marpolbul.2021.112116, 2021.

Cézar, A., Echevarria, F., Gonzilez-Gordillo, J. I., Irigoien,
X., Ubeda, B., Herndndez-Le6n, S., Palma, A. T., Navarro,
S., Garcia-de-Lomas, J., Ruiz, A., Fernidndez-de-Puelles,
M. L., and Duarte, C. M.: Plastic debris in the open
ocean, P. Natl. Acad. Sci. USA, 111, 10239-10244,
https://doi.org/10.1073/pnas.1314705111, 2014.

Delandmeter, P. and van Sebille, E.: The Parcels v2.0 La-
grangian framework: new field interpolation schemes, Geosci.
Model Dev., 12, 3571-3584, https://doi.org/10.5194/gmd-12-
3571-2019, 2019.

Duncan, E. M., Davies, A., Brooks, A., Chowdhury, G. W.,
Godley, B. J., Jambeck, J., Maddalene, T., Napper, L.,
Nelms, S. E., Rackstraw, C., and Koldewey, H.: Mes-
sage in a bottle: Open source technology to track the
movement of plastic pollution, PLoS ONE, 15, 0242459,
https://doi.org/10.1371/journal.pone.0242459, 2020.

Eriksen, M., Lebreton, L. C. M., Carson, H. S., Thiel, M., Moore, C.
J., Borerro, J. C., Galgani, F., Ryan, P. G., and Reisser, J.: Plas-
tic Pollution in the World’s Oceans: More than 5 Trillion Plastic
Pieces Weighing over 250 000 Tons Afloat at Sea, PLoS ONE, 9,
e111913, https://doi.org/10.1371/journal.pone.0111913, 2014.

E.U. Copernicus Marine Service Information (CMEMS), Marine
Data Store (MDS): Global Ocean Physics Analysis and Forecast,
E. U. Copernicus Marine Service Information (CMEMS), Ma-
rine Data Store (MDS) [data set], https://doi.org/10.48670/moi-
00016, 2022a.

E.U. Copernicus Marine Service Information (CMEMS), Marine
Data Store (MDS): Global Ocean Waves Analysis and Forecast,
E. U. Copernicus Marine Service Information (CMEMS), Ma-
rine Data Store (MDS) [data set], https://doi.org/10.48670/moi-
00017, 2022b.

Francis, P. A., Jithin, A. K., Effy, J. B., Chatterjee, A., Chakraborty,
K., Paul, A., Balaji, B., Shenoi, S. S. C., Biswamoy, P., Mukher-
jee, A., Singh, P, Deepsankar, B., Reddy, S. S., Vinayachan-
dran, P. N., Kumar, M. S. G., Bhaskar, T. V. S. U., Ravichan-
dran, M., Unnikrishnan, A. S., Shankar, D., Prakash, A., Aparna,
S. G., Harikumar, R., Kaviyazhahu, K., Suprit, K., Shesu, R.
V., Kumar, N. K., Rao, N. S., Annapurnaiah, K., Venkatesan,
R., Rao, A. S., Rajagopal, E. N., Prasad, V. S., Gupta, M. D.,

Ocean Sci., 21, 1369-1393, 2025


https://doi.org/10.48670/moi-00016
https://doi.org/10.48670/moi-00017
https://doi.org/10.48670/moi-00017
https://doi.org/10.1175/JTECH-D-14-00212.1
https://doi.org/10.1175/2010JPO4324.1
https://doi.org/10.1126/science.aba3656
https://doi.org/10.3389/fmars.2023.1213333
https://doi.org/10.3389/fmars.2021.667591
https://doi.org/10.1016/j.marpolbul.2021.112116
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.5194/gmd-12-3571-2019
https://doi.org/10.5194/gmd-12-3571-2019
https://doi.org/10.1371/journal.pone.0242459
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.48670/moi-00016
https://doi.org/10.48670/moi-00016
https://doi.org/10.48670/moi-00017
https://doi.org/10.48670/moi-00017

1392 L. C. Harrison et al.: Monsoonal influence on floating marine litter pathways in the Bay of Bengal

Nair, T. M. B., Rao, E. P. R, and Satyanarayana, B. V.: High-
Resolution Operational Ocean Forecast and Reanalysis System
for the Indian Ocean, B. Am. Meteorol. Soc., 101, E1340-
E1356, https://doi.org/10.1175/BAMS-D-19-0083.1, 2020.

Gall, S. C. and Thompson, R. C.: The impact of de-
bris on marine life, Mar. Pollut. Bull., 92, 170-179,
https://doi.org/10.1016/j.marpolbul.2014.12.041, 2015.

Harrison, L. C. CefasRepRes/BayOfBen-
gal_ParticleTracking_paper: Ocean Science pa-
per resubmission accompaniment, Zenodo [code],
https://doi.org/10.5281/zenodo.15230045, 2025.

Harrison, L. C., Graham, J. A., Chowdhury, P., Silva, T. A. M.,
Hoehn, D. P,, Samanta, A., Chakraborty, K., Joseph, S., Nair, T.
M. B., and Kumar, T. S.: Particle tracking model output simulat-
ing floating marine litter in the Bay of Bengal, 2018 to 2019, Ce-
fas, UK [data set], https://doi.org/10.14466/CefasDataHub.160,
2024.

Haza, A. C., Paldor, N., Ozg()'kmen, T. M., Curcic, M., Chen,
S. S., and Jacobs, G.: Wind-Based Estimations of Ocean
Surface Currents from Massive Clusters of Drifters in the
Gulf of Mexico, J. Geophys. Res.-Oceans, 124, 5844-5869,
https://doi.org/10.1029/2018JC014813, 2019.

Hersbach, H., Bell, B., Berrisford, P.,, Biavati, G., Hordnyi, A.,
Muiioz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum,
L., Schepers, D., Simmons, A., Soci, C., Dee, D., and Thépaut,
J.-N.: ERAS5-hourly data on single levels from 1940 to present,
Copernicus Climate Change Service (C3S) Climate Data Store
(CDS), https://doi.org/10.24381/cds.adbb2d47, 2023.

Hinata, H., Ohno, K., Sagawa, N., Kataoka, T., and Takeoka, H.:
Numerical modeling of the beach process of marine plastics: 2. A
diagnostic approach with onshore-offshore advection-diffusion
equations for buoyant plastics, Mar. Pollut. Bull., 160, 111548,
https://doi.org/10.1016/j.marpolbul.2020.111548, 2020a.

Hinata, H., Sagawa, N., Kataoka, T., and Takeoka, H.: Nu-
merical modeling of the beach process of marine plas-
tics: A probabilistic and diagnostic approach with a par-
ticle tracking method, Mar. Pollut. Bull., 152, 110910,
https://doi.org/10.1016/j.marpolbul.2020.110910, 2020b.

Irfan, T., Isobe, A., and Matsuura, H.: A particle tracking model
approach to determine the dispersal of riverine plastic debris re-
leased into the Indian Ocean, Mar. Pollut. Bull., 199, 115985,
https://doi.org/10.1016/j.marpolbul.2023.115985, 2024.

Isobe, A. and Iwasaki, S.: The fate of missing ocean plastics: Are
they just a marine environmental problem?, Sci. Total Environ.,
825, 153935, https://doi.org/10.1016/j.scitotenv.2022.153935,
2022.

Jambeck, J. R., Geyer, R., Wilcox, C., Siegler, T. R., Perry-
man, M., Andrady, A., Narayan, R., and Law, K. L.: Plastic
waste inputs from land into the ocean, Science, 347, 768-771,
https://doi.org/10.1126/science.1260352, 2015.

Lange, M. and van Sebille, E.: Parcels v0.9: prototyping a La-
grangian ocean analysis framework for the petascale age, Geosci.
Model Dev., 10, 4175-4186, https://doi.org/10.5194/gmd-10-
4175-2017, 2017.

Lebreton, L. and Andrady, A.: Future scenarios of global plas-
tic waste generation and disposal, Palgrave Commun., 5, 1-11,
https://doi.org/10.1057/s41599-018-0212-7, 2019.

Ocean Sci., 21, 1369-1393, 2025

Lebreton, L., Egger, M., and Slat, B.: A global mass budget for pos-
itively buoyant macroplastic debris in the ocean, Sci. Rep.-UK,
9, 12922, https://doi.org/10.1038/s41598-019-49413-5, 2019.

Lebreton, L. C.-M., Greer, S. D., and Borrero, J.
C.: Numerical modelling of floating debris in the
world’s  oceans, Mar. Pollut. Bull., 64, 653-661,

https://doi.org/10.1016/j.marpolbul.2011.10.027, 2012.

Lebreton, L. C. M., van der Zwet, J., Damsteeg, J.-W.,
Slat, B., Andrady, A., and Reisser, J.: River plastic emis-
sions to the world’s oceans, Nat. Commun., 8, 15611,
https://doi.org/10.1038/ncomms 15611, 2017.

Lellouche, J.-M., Greiner, E., Le Galloudec, O., Garric, G., Reg-
nier, C., Drevillon, M., Benkiran, M., Testut, C.-E., Bourdalle-
Badie, R., Gasparin, F., Hernandez, O., Levier, B., Drillet, Y.,
Remy, E., and Le Traon, P--Y.: Recent updates to the Coperni-
cus Marine Service global ocean monitoring and forecasting real-
time 1/12° high-resolution system, Ocean Sci., 14, 1093-1126,
https://doi.org/10.5194/0s-14-1093-2018, 2018.

Lumpkin, R. and Centurioni, L.: Global Drifter Program
quality-controlled 6h interpolated data from ocean surface
drifting buoys. June 2018-September 2019, NOAA Na-
tional Centers for Environmental Information, [data set],
https://doi.org/10.25921/7ntx-z961, 2019.

Meijer, L. J. J., van Emmerik, T., van der Ent, R., Schmidt, C., and
Lebreton, L.: More than 1000 rivers account for 80 % of global
riverine plastic emissions into the ocean, Science Advances, 7,
eaaz5803, https://doi.org/10.1126/sciadv.aaz5803, 2021.

Onink, V., Jongedijk, C. E., Hoffman, M. J., Van Sebille, E., and
Laufkétter, C.: Global simulations of marine plastic transport
show plastic trapping in coastal zones, Environ. Res. Lett., 16,
064053, https://doi.org/10.1088/1748-9326/abecbd, 2021.

Pawlowicz, R., Hannah, C., and Rosenberger, A.: Lagrangian ob-
servations of estuarine residence times, dispersion, and trap-
ping in the Salish Sea, Estuar. Coast. Shelf S., 225, 106246,
https://doi.org/10.1016/j.ecss.2019.106246, 2019.

Peliz, A., Marchesiello, P., Dubert, J., Marta-Almeida, M., Roy, C.,
and Queiroga, H.: A study of crab larvae dispersal on the Western
Iberian Shelf: Physical processes, J. Marine Syst., 68, 215-236,
https://doi.org/10.1016/j.jmarsys.2006.11.007, 2007.

Pereiro, D., Souto, C., and Gago, J.: Calibration of a marine float-
ing litter transport model, J. Oper. Oceanogr., 11, 125-133,
https://doi.org/10.1080/1755876X.2018.1470892, 2018.

Phillips, H. E., Tandon, A., Furue, R., Hood, R., Ummenhofer, C.
C., Benthuysen, J. A., Menezes, V., Hu, S., Webber, B., Sanchez-
Franks, A., Cherian, D., Shroyer, E., Feng, M., Wijesekera, H.,
Chatterjee, A., Yu, L., Hermes, J., Murtugudde, R., Tozuka, T.,
Su, D., Singh, A., Centurioni, L., Prakash, S., and Wiggert, J.:
Progress in understanding of Indian Ocean circulation, variabil-
ity, air—sea exchange, and impacts on biogeochemistry, Ocean
Sci., 17, 1677-1751, https://doi.org/10.5194/0s-17-1677-2021,
2021.

Schmidt, C., Krauth, T., and Wagner, S.: Correction to Export of
Plastic Debris by Rivers into the Sea, Environ. Sci. Technol., 52,
927-927, https://doi.org/10.1021/acs.est.7b06377, 2018.

Shankar, V. S., Purti, N., Ramakrishnan, S., Kaviarasan, T.,
Satyakeerthy, T. R., and Jacob, S.: A new hotspot of macro-
litter in the Rutland Island, South Andaman, India: men-
ace from IORC, Environ. Sci. Pollut. R., 30, 82107-82123,
https://doi.org/10.1007/s11356-023-28024-8, 2023.

https://doi.org/10.5194/0s-21-1369-2025


https://doi.org/10.1175/BAMS-D-19-0083.1
https://doi.org/10.1016/j.marpolbul.2014.12.041
https://doi.org/10.5281/zenodo.15230045
https://doi.org/10.14466/CefasDataHub.160
https://doi.org/10.1029/2018JC014813
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.1016/j.marpolbul.2020.111548
https://doi.org/10.1016/j.marpolbul.2020.110910
https://doi.org/10.1016/j.marpolbul.2023.115985
https://doi.org/10.1016/j.scitotenv.2022.153935
https://doi.org/10.1126/science.1260352
https://doi.org/10.5194/gmd-10-4175-2017
https://doi.org/10.5194/gmd-10-4175-2017
https://doi.org/10.1057/s41599-018-0212-7
https://doi.org/10.1038/s41598-019-49413-5
https://doi.org/10.1016/j.marpolbul.2011.10.027
https://doi.org/10.1038/ncomms15611
https://doi.org/10.5194/os-14-1093-2018
https://doi.org/10.25921/7ntx-z961
https://doi.org/10.1126/sciadv.aaz5803
https://doi.org/10.1088/1748-9326/abecbd
https://doi.org/10.1016/j.ecss.2019.106246
https://doi.org/10.1016/j.jmarsys.2006.11.007
https://doi.org/10.1080/1755876X.2018.1470892
https://doi.org/10.5194/os-17-1677-2021
https://doi.org/10.1021/acs.est.7b06377
https://doi.org/10.1007/s11356-023-28024-8

L. C. Harrison et al.: Monsoonal influence on floating marine litter pathways in the Bay of Bengal 1393

Sj, P, Balakrishnan Nair, T. M., and Baduru, B.: Im-
proved prediction of oil drift pattern using ensem-
ble of ocean currents, J. Oper. Oceanogr., 17, 1-16,
https://doi.org/10.1080/1755876X.2022.2147699, 2022.

Tamtare, T., Dumont, D., and Chavanne, C.: Extrap-
olating Eulerian ocean currents for improving sur-
face drift forecasts, J. Oper. Oceanogr., 14, 71-85,
https://doi.org/10.1080/1755876X.2019.1661564, 2021.

van der Mheen, M., Pattiaratchi, C., Cosoli, S., and Wandres, M.:
Depth-Dependent Correction for Wind-Driven Drift Current in
Particle Tracking Applications, Frontiers in Marine Science, 7,
305, https://doi.org/10.3389/fmars.2020.00305, 2020a.

https://doi.org/10.5194/0s-21-1369-2025

van der Mheen, M., van Sebille, E., and Pattiaratchi, C.: Beach-
ing patterns of plastic debris along the Indian Ocean rim, Ocean
Sci., 16, 1317-1336, https://doi.org/10.5194/0s-16-1317-2020,
2020b.

Zhang, Z., Wu, H., Peng, G., Xu, P, and Li, D.: Coastal
ocean dynamics reduce the export of microplastics
to the open ocean, Sci. Total Environ., 713, 136634,
https://doi.org/10.1016/j.scitotenv.2020.136634, 2020.

Ocean Sci., 21, 1369-1393, 2025


https://doi.org/10.1080/1755876X.2022.2147699
https://doi.org/10.1080/1755876X.2019.1661564
https://doi.org/10.3389/fmars.2020.00305
https://doi.org/10.5194/os-16-1317-2020
https://doi.org/10.1016/j.scitotenv.2020.136634

	Abstract
	Introduction
	Methods
	Model limitations
	Validation using drifter trajectories

	Results
	Validation of trajectories
	Annual connectivity
	Seasonal variations
	Monsoon
	Post-monsoon
	Pre-monsoon


	Discussion
	Connectivity between countries
	Monsoonal influence on marine litter pathways
	Model comparisons

	Conclusions
	Appendix A: Beached particle locations at different model resolutions
	Appendix B: Temporal resolution sensitivity tests
	Appendix C: Validation using drifters
	Appendix D: Particle escape routes
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

