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Abstract. Marine litter in the Bay of Bengal has been under-studied despite large quantities of mismanaged waste reportedly 10 

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 countries via oceanic pathways in the Bay of Bengal. We use a novel approach 

considering uniform release of particles along the entire coastline, avoiding the considerable uncertainties associated with 

assumed riverine sources. Two different simulations are considered, forced with either a high-resolution ocean hindcast 15 

developed specifically for the Bay of Bengal or a lower-resolution dataset which includes data assimilation. The vast majority 

of particles released during our simulations were found to beach within 16 months; most particles 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 relatively 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 20 

change along with the monsoon, and the post-monsoon period (October-January) showed a notably greater dispersal of 

particles than the rest of the year. Both simulations were validated using the pathways of undrogued surface drifters, with 

better agreement found for particles advected by data-assimilated ocean velocities. This study will therefore crucially inform 

future research in this region, providing advice on the accuracy of different modelling approaches, as well as providing 

information to policymakers around the likely transport of litter between countries around the Bay of Bengal, independent of 25 

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 physical damage to delicate habitats like coral reefs (Gall and Thompson, 30 

2015). Plastic pollutants have formed the focus of these investigations due to their abundance and longevity within the marine 
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environment. Jambeck et al. (2015) estimated that between 4.8-12.7 million tonnes of plastic entered our oceans every year, 

and that this could increase by an order of magnitude by 2025. Despite the large uncertainties associated with these estimates, 

observations of so-called ‘garbage patches’ that have formed in the ocean’s major gyres (Cózar et al., 2014; Eriksen et al., 

2014) and reports of litter washing up on beaches (e.g. Shankar et al., 2023) confirm plastic pollution in the ocean is a vast 35 

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 marine 

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 40 

patches, with fewer looking at the connections of litter that ‘beaches’, or washes ashore, along coastlines. However, multiple 

recent studies have found approximately two-thirds to three-quarters of all litter released in global model simulations is 

captured on coastlines (Chassignet et al., 2021; Chenillat et al., 2021; Lebreton et al., 2019; Onink et al., 2021).  

The Bay of Bengal was found by Chassignet et al. (2021) and Lebreton et al. (2012) to have among the highest 

concentrations of floating litter in their global simulations, yet only a couple of modelling studies published to date have dealt 45 

specifically with this region (Irfan et al., 2024; van der Mheen et al., 2020a). Irfan et al. (2024) examined the effects of windage 

and Stokes drift velocities on the locations and propensity of particles to beach at different times of the year. ‘Windage’ refers 

to the direct influence of wind velocities on the portions of buoyant litter found above the surface of the ocean; the larger or 

more buoyant the items are, the greater its effect. Stokes drift accounts for the net movement of particles due to the motion of 

waves. Irfan et al. (2024) highlighted that both mechanisms were crucial to trapping particles in the northern Indian Ocean. 50 

They concluded that beaching in the Bay of Bengal peaked on the north-northeast coastlines during the Summer Monsoon 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 beaching in their simulations because of the large amounts of plastic waste 

originating from countries in the region combined with ocean currents pushing buoyant plastic debris into the Bay of Bengal.  55 

While van der Mheen et al. (2020b) did analyse the connectivity of litter pathways between countries, their model 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. Therefore, there is a knowledge gap 

concerning estimates of litter transfer from wider sources between countries within the Bay of Bengal. Although it is a global 60 

problem, understanding the processes connecting sources of marine litter to their sinks in this region 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 management infrastructure (Chenillat et al., 2021; Jambeck et al., 2015; Lebreton et al., 2017; Meijer et al., 

2021).  
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The Bay of Bengal is expected to have significantly different trends in litter pathways at different times of the year, 65 

due to the seasonal reversal of winds and associated ocean currents. The dominant surface currents in the Bay of Bengal 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 southern component, 

between November – January, before changing direction and flowing north-eastwards for the rest of the year. This current is 70 

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, during winter. This current reverses 

and becomes the Southwest Monsoon Current in summer, flowing eastward in the same location. The Sri Lanka Dome appears 

during summertime when the Southwest Monsoon Current passes the southern 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 75 

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, & Indonesia (Fig. 1), with a focus on understanding source-to-sink dynamics of 

floating macro-litter within the Bay of Bengal, independent of the size of the sources of litter. 80 

 

 

Figure 1: Major currents in the Bay of Bengal during the pre-monsoon and monsoon seasons (a) and the post-monsoon season (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. Coloured markers indicate particle release locations and are colour-coded by 85 
country of origin. 
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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, 2017). The model includes several processes which influence the 90 

movement of floating, buoyant particles around the domain. Advection of particles via surface ocean currents (detailed below) 

was included using an inbuilt OceanParcels kernel which uses a fourth-order Runge-Kutta advection scheme. Stokes drift 

velocities were added to surface currents to account for the movement of particles resulting from wave motions. To account 

for sub-grid scale processes, diffusion is implemented as a random walk, with a diffusion coefficient of 100 m2/s, chosen based 

on grid cell size (Peliz et al., 2007), as detailed below. Windage is implemented in the model by applying 1% of the wind 95 

velocity to the particles’ trajectories, following analysis of observations of the wind’s effect on drifters by Pereiro et al. (2018), 

which should account for all but very large items of litter. The final process implemented here was beaching. At the end of 

each timestep, after advancing each particle’s position, ocean velocities were checked at this new position. If the velocity was 

less than 10-14 m/s, the particle was considered to be beached (after Delandmeter and van Sebille (2019)) and was no longer 

tracked. There is no resuspension of particles that have beached; the beached location is considered the final sink location. 100 

The advection of particles depends on surface ocean currents taken from two different models which were used to 

evaluate the transport of particles and help quantify uncertainty 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 Bengal, and includes 

data assimilation (Lellouche et al., 2018). Also included was the ROMS-based high-resolution model, configured for the North 105 

Indian Ocean as a part of the High-Resolution Operational Ocean Forecast and Reanalysis System (known as NIO-HOOFS) 

by INCOIS for the Indian Ocean (Francis et al., 2020), which has a much higher resolution 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. Additional datasets from CMEMS Global 110 

Ocean Wave Analysis and Forecasting model (Ardhuin et al., 2010; E.U. Copernicus Marine Service Information (CMEMS). 

Marine Data Store (MDS), 2022b) and ERA5 global atmospheric reanalysis (Hersbach et al., 2023) were used to provide 

Stokes drift velocities and wind fields at a height of 10 m above land, respectively.  

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 coastline, with a maximum distance of 18 km in some locations. This distance was 115 

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 ensured coastal dynamics rather 

than open ocean dynamics influenced the particles when they initiated their journeys. A particle was released from each of the 

500 coastal locations every day for a year, with 182,500 particles released in total. These idealised particle release locations 

are unrelated to the magnitude of litter sources in the Bay of Bengal because of the uncertainties in measurements of 120 
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mismanaged waste entering the oceans. Instead, particle sources and sinks can be used to investigate potential pathways of 

litter from all along the coastlines surrounding the Bay of Bengal and weightings could be applied as a post-process in the 

future, should source estimates become more accurate. 

Model simulations covered 1st June 2018 – 30th 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 4-125 

month season to allow time for those released later in the year to reach the shore. Following some sensitivity tests detailed in 

Appendix A, particles were forced with daily-mean ocean, Stokes drift, and wind velocities. The short timescale over which 

the simulations were run means that degradation and subsequent sinking of macroplastics can be neglected, as a previous 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 (Lebreton et al., 2019). A model time step of 15 minutes was used (following 130 

Delandmeter and van Sebille (2019)) and particle positions were output daily. 

The results discussed below focus on where particles released from six countries (Sri Lanka, India, Bangladesh, 

Myanmar, Thailand, & Indonesia; Fig. 1) beach, to determine the final sinks and discuss country-country connections. The 

Andaman & Nicobar Islands do not release any particles during these simulations because the population density is so low that 

very little litter is expected to originate from there. These islands are a territory of India but were treated separately from 135 

mainland India when calculating connections between the coasts. Hereafter, any reference 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 significantly impact some patterns of litter trajectories. We therefore ran separate simulations for each season, with particles 

released over a season-specific, four-month period: monsoon = 1st June – 30th September 2018; post-monsoon = 1st October 

2018 – 31st January 2019; pre-monsoon = 1st February – 30th May 2019 (Anoop et al., 2015). Regardless of the release period, 140 

all particles were tracked until the end of September 2019. 

2.1 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 2018 – September 2019. Undrogued drifters would float at the surface of the 

ocean and are therefore analogous to floating marine litter. Within the Global Drifter Program’s quality-controlled 6-hour 145 

interpolated dataset (Lumpkin and Centurioni, 2019), five drifters were identified that met these criteria within the spatial and 

temporal limits of the model (Fig. 2a). As the separation between the particles 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 150 

simulations. Starting at midday 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 one week and compared to the relevant drifter trajectory during that time (Fig. 2b). 

https://doi.org/10.5194/egusphere-2024-3096
Preprint. Discussion started: 14 October 2024
c© Author(s) 2024. CC BY 4.0 License.



6 

 

To quantify model performance, the mean cumulative separation distance of weekly trajectories (MCSDweek) was calculated 

for all particles and corresponding drifter locations at each timestep, following Haza et al. (2019), van der Mheen et al. (2020a): 155 

𝑀𝐶𝑆𝐷𝑤𝑒𝑒𝑘 =  
1

𝑇𝑃
∑ ∑ |𝒙𝒑(𝒕) − 𝒙𝒅(𝒕)|𝑃

𝑝=1
𝑇
𝑡=1  ,        (1) 

where 𝒙𝒑(𝒕) and 𝒙𝒅(𝒕) are the locations of the particle and drifter, respectively, at time 𝑡. 𝑃 is the total number of particles 

and 𝑇 is the total number of timesteps.  

 

3 Results 160 

3.1 Validation of trajectories 

The MCSDweek across all five drifters was 66 km for the CMEMS run and 92 km for the ROMS run (Fig. 2). The lowest 

MCSDweek in the CMEMS run was for Drifter 5 (D5, 38 km), while the highest MCSDweek was for Drifter 4 (D4, 71 km). For 

the ROMS run, the lowest MCSDweek was associated with Drifter 1 (D1, 44 km) and the highest MCSDweek with Drifter 3 (D3, 

144 km).  165 

 

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. Background depicts a snapshot of ocean speeds from the ROMS dataset. (b) Particles 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 orange. (c) Mean 

Cumulative Separation Distances for each drifter in both the CMEMS (solid colour) and ROMS (striped colour) simulations. Error 170 
bars depict the standard deviation.  
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3.2 Annual connectivity 

Of the 182,500 particles released throughout the year, both the CMEMS and ROMS experiments showed the vast majority 

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 175 

(<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 southwest boundary in both cases.  

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-b). The second highest connectivity rate from almost every country was towards Myanmar, up to 180 

29% (CMEMS) and 14% (ROMS). Notably, there is relatively low connectivity (≤2%) towards Thailand or Indonesia from 

any of the other four countries. The main difference between CMEMS and ROMS results is that particles in the ROMS run 

were less dispersed; generally, a higher fraction of particles released from a given country beached on their own shores and a 

lower fraction beached on neighbouring countries.  

3.3 Seasonal variations 185 

The following results describe the fate of particles released during each season separately, i.e. “monsoon” particles refer to 

particles that were released between 1st May – 30th 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 season, 

beached somewhere in the domain (Table 1). Almost all the remaining particles left the domain without beaching (CMEMS: 190 

13%, ROMS: 5%). The majority left through the western boundary, towards the Arabian Sea, in the CMEMS simulation (6%), 

but through the southern boundary, 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.  

Most particles released beached on their country of origin, for both the CMEMS and ROMS simulations (Fig. 3c-d). 

In the CMEMS run, the second highest beaching rate was always on a country in the anticlockwise direction, except for Sri 195 

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 beaching on Myanmar with the second highest rate (16%).  

3.3.2 Post-monsoon 

Only 73% (CMEMS) and 85% (ROMS) of the total number of particles that were released during the post-monsoon season 

beached throughout the simulations (Table 1). While still a large proportion, these figures are noticeably lower than the other 200 

two seasons. The number of remaining particles leaving the domain was also higher than either the monsoon or pre-monsoon 

seasons (CMEMS: 27%, ROMS: 15%). The majority of these particles left the domain through the western 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 though the eastern boundary into the Strait of Malacca (1%) in each case.  
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 Year Monsoon Post-monsoon Pre-monsoon 

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 

<0.5% <0.5% <0.5% <0.5% <0.5% <0.5% <0.5% <0.5% 

 205 

Table 2: 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. 

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), rates 

were significantly lower for Bangladesh, Myanmar and Thailand than for other seasons, or the year overall. There were 210 

significant differences in the spread of particles from Bangladesh and Thailand for each simulation. In the CMEMS run, more 

particles beach on Bangladesh’s neighbours, 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, with more particles beaching on Myanmar (28%), Sri Lanka (24%), India (15%), and Andaman & Nicobar 215 

(14%). In contrast, the ROMS run shows 60% of particles released from Thailand also beached there, and only Andaman & 

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 predominantly along India or its own shores. 

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 220 

domain before the end of the simulation (Table 1). Of the 60,000 particles released in this season, 8% in the CMEMS run and 

6% in the ROMS run left the domain, predominantly via the eastern boundary, towards the Strait of Malacca (CMEMS: 4%, 

ROMS: 2%).  

For both experiments, beaching rates were highest for particles settling on their country of origin (Fig. 3g-h). The 

next highest proportion was often found on Myanmar, aside from particles released from India and Indonesia, where particles 225 

beached mostly on Bangladesh (CMEMS: 10%, ROMS: 2%) and Thailand (6% in the ROMS run), respectively. Both the 

CMEMS and ROMS experiments show noticeably fewer particles spreading from east to west during the pre-monsoon season, 

particularly when compared with the post-monsoon season.  
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 230 

 

Figure 3: Connectivity matrices showing sources and sinks of particles normalised by the number of particles released from each 

country. Left column shows results from the CMEMS simulations and the right column shows those of the ROMS runs. Top row 

shows connectivity over the course of the year (a-b); second row shows results from particles released during the monsoon season 

(June – September 2018; c-d); third row shows connectivity of particles released during the post-monsoon season (October 2018 – 235 
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. 
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4 Discussion 

4.1 Connectivity between countries 240 

Where results from the CMEMS and ROMS models agree, we have confidence in conclusions drawn about country-to-country 

connections within the Bay of Bengal, whereas instances where the models differ can point to uncertainties in connectivity. 

For each experiment, 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). Few modelling studies have 

quantified the connections between marine litter released from a given country and where that litter lands. However, Chassignet 245 

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 Bengal. 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 beachings on the other five countries within the Bay of Bengal.  250 

 Chassignet et al. (2021) found that own-country beachings were highest for all six countries included in our model, 

consistent with our study. They determined that the second highest beaching rate for litter released from India, Bangladesh 

and Myanmar was on the same country as found in the current study (Myanmar, Myanmar and India, respectively. Note that 

the second greatest fraction of particles released from Myanmar in our simulations beached on Andaman & Nicobar, which 

are Indian islands, with the next highest fraction beaching on mainland India). However, differences were seen in the second 255 

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 a second highest beaching rate for particles released from 

Indonesia was on Myanmar, whereas in the ROMS run, particles were found to beach on Andaman & Nicobar (India) with the 

second highest rate, which is consistent with the findings of Chassignet et al. (2021). 260 

Relatively high rates of particles (≥7%) released from all countries in our simulations were found to beach on 

Myanmar’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. 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 265 

received the greatest proportion of litter from the other five countries within the Bay of Bengal.  

The main difference between our model and that of Chassignet et al. (2021), other than the forcing data used to advect 

the particles, is the release locations of litter. Chassignet et al. (2021) used both inland river and coastal input locations 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 270 

assumptions made around these sources.  
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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 Thailand) 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 275 

post-monsoon season (CMEMS: 13-54%, ROMS: 44-71%). The opposite 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 period (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 280 

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 Supplementary 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 pattern is 285 

less pronounced for the monsoon season. Surface currents 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 influence 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 290 

afloat for longer than their source season, and therefore be affected by changes in current or wind direction later in their 

trajectory. Monsoon particles are defined here as particles released during 1st June – 30th September 2018, but any particles 

that remain afloat after the monsoon season may then be influenced by post-monsoon winds and currents. In contrast, the pre-

monsoon particles are then 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 B1 shows the connectivity 295 

pattern for particles which were released and beached within each season, in which case the patterns of beaching toward the 

south/west in the monsoon season disappear.  Therefore, the duration of the trajectories likely explains some of the differences 

between these seasons seen in Fig. 3. 

The expected pattern of most particles from Myanmar and Bangladesh settling on Andaman & Nicobar, Sri Lanka 

and India in the post-monsoon season due to the south-westward EICC and winds is also not clear from the connectivity 300 

matrices (Fig. 3e-f), although greater proportions of particles being released from Bangladesh and Myanmar are beaching on 

countries to the south/west in this season compared with those from the pre-monsoon and monsoon 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, possibly explaining some of the high 
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proportions of particles that have beached in an unexpected direction (e.g. Bangladesh->Myanmar). This pattern disappears 305 

when only accounting for particles that were released and beached within the post-monsoon season (Fig. B1c-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 particles travel from 310 

Indonesia to beach on Sri Lanka, particularly in the post-monsoon season when the Northeast Monsoon 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 animations). More particles released from Indonesia are caught in local eddies and transported north, 

beaching on Thailand, Myanmar, and Andaman & Nicobar, particularly in the pre-monsoon and monsoon seasons. These 315 

findings indicate that the EICC exerts more influence over particle trajectories in the Bay of Bengal than the other major 

currents in this region. 

The majority of particles that left the domain, throughout both the CMEMS and ROMS runs, did so through the 

western boundary towards the Arabian Sea during the post-monsoon season (CMEMS: 19%, ROMS: 10%). This is in line 

with van der Mheen et al. (2020b) who found particles in their own simulations of the wider northern Indian Ocean were 320 

transported from the Bay of Bengal into the Arabian Sea during the Northeast Monsoon (December – February). During this 

post-monsoon season, a portion of particles also escape to the southern Indian Ocean (CMEMS: 7%, ROMS: 3%), 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 following the Southwest Monsoon (September – November). This southward export during the post-monsoon season 

would be consistent with the southward direction of the EICC at this time of the year (Winter Monsoon). In contrast, the 325 

monsoon and pre-monsoon seasons, during which ocean currents in the Bay of Bengal primarily travel north-eastwards, would 

not facilitate this 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 indicate one model may be performing better than the other in certain regions 330 

of the Bay of Bengal. Considerably more litter 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% vs 14%).  

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 friction on the 335 

vertical shear stress; also, better-resolved coastal eddies would remove energy from the system with which to transport particles 

offshore. Slower coastal flow would increase the opportunity for diffusion to lead to beaching, accounting for higher coastal  

retention, or less particle dispersion, in the ROMS run. These mechanisms may also explain why more particles in the CMEMS 

https://doi.org/10.5194/egusphere-2024-3096
Preprint. Discussion started: 14 October 2024
c© Author(s) 2024. CC BY 4.0 License.



13 

 

run leave the domain compared with their ROMS counterparts. However, the CMEMS data assimilation includes satellite sea 

surface height observations, and therefore is expected to improve representation of currents offshore, where the ROMS currents 340 

are reported to have been underestimated (Sj et al., 2022). This appears to be verified by smaller MCSDweek errors in the 

validation with drifters that were predominantly found 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 substantial differences in the rates of own-country beachings versus 

beachings on other countries. The major ocean and wind currents in the Bay of Bengal essentially flow between Sri Lanka/India 345 

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 connectivity 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 indicative of real-life litter transport near the coast. Without further observations to provide validation 350 

of model performance, 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 magnitude of some connections demonstrates the 

importance of model resolution for accurately simulating coastal retention. These results highlight the requirement for a data 

assimilated 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. 355 

The majority of litter released in our simulations beached within the 16-month time period (CMEMS: 83%, ROMS: 

91%), with most of the remainder escaping 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 countries in the Bay 

of Bengal being more heavily impacted than coastlines in the Arabian Sea. Our model accounts for several processes not 

included in van der Mheen et al. (2020b). Their model did not feature key mechanisms thought to drive the beaching of floating 360 

particles, such as windage or Stokes drift, instead assuming a beaching probability. Winds and waves are likely to have a large 

effect on beaching probabilities; 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 including Stokes drift in their global model reduced the trapping 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 365 

and a further 9% when windage was included. 

We chose to release particles uniformly from the coastlines of all countries in our domain, with the exception of 

Andaman & Nicobar because of the relatively small population 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 deposition of marine litter are also poorly constrained (Lebreton et al., 370 

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 
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traverse through an urban centre (Meijer et al., 2021). Additionally, Chenillat et al. (2021) found better agreement with the 

global distribution of floating marine litter when using particle release locations based on population density rather than river 

outflow locations. The researchers, therefore, stressed the importance of accurate litter inputs into particle tracking models for 375 

more trustworthy results.  

Releasing particles at river mouth locations based on estimates with such large uncertainties would compound 

uncertainties 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 uniformly along the entire coastline of the Bay of Bengal and look at 

normalised results based on the total number of particles released from a given country’s coastline. The benefit of this method 380 

is that if future estimates of mismanaged waste improve, our results can be weighted to account for these estimates and the 

connectivity can be recalculated without having to rerun the model. Using the unweighted, normalised connectivity, our results 

provide a first order approximation of sources and sinks within the Bay of Bengal region at different times of the year. 

 

5 Conclusions 385 

Two particle tracking simulations of floating marine macro-litter in the Bay of Bengal forced with different ocean velocity 

data showed some general trends that we can draw conclusions from. 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 associated ocean 

currents at different times of the year. Prior to and during the Summer 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 velocities, while 390 

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 Myanmar (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 395 

beach, as well as the direction of EICC transport, 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 litter 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 facilitate transport of marine litter towards Myanmar. Our simulations therefore suggest Myanmar 

may be a useful target for further observations of beached litter.  400 

The uniform distribution of particles released here was chosen as the uncertainties of waste input estimates are 

currently very large. Instead, if future estimates of waste outfall improve, weightings can be applied to the source-to-sink 

connectivity we have reported, converting the portions into amounts of floating litter that would be expected to beach in certain 

locations. In the meantime, estimates of connectivity can still be used to target beach cleaning and aid policy decisions to 

reduce plastics and other litter on beaches and in the open ocean. This would benefit tourism as well as the health of aquatic 405 

ecosystems. 
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Validation of our particle tracking model using undrogued surface drifters offshore showed a lower resolution 

hydrodynamic forcing dataset which incorporated data assimilation 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. Differences in model results concerning the dispersion of particles from a given 410 

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. 

Appendix A: Temporal resolution sensitivity tests 

To decide the required temporal resolution necessary to simulate particle trajectories across the Bay of Bengal, simulations 415 

were run to test the sensitivity of sink locations to temporal 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 simulations 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 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 420 

particles and discuss country-country connections. The runs used for these sensitivity tests were too short for many particles 

to beach, especially those travelling across the Bay of Bengal from the southwest to the northeast with the Summer 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 similarities between the hourly and daily runs (Fig. A1a-d). To quantify any differences 425 

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. A1e&f).  

There are small differences in the beaching locations of particles in the hourly and daily resolution simulations when 

comparing CMEMS-forced runs (Fig. A1e). The largest difference is in the beaching locations of particles originating from 430 

Bangladesh. In the hourly run, 6% more particles released from Bangladesh beach on Bangladesh’s coastline 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 vanishingly small (Fig. A1f). The differences in sink locations between the hourly and daily runs for each 

case (CMEMS and ROMS) were found to be negligible and therefore, daily forcing was determined to be adequate to provide 

accurate results for the final experiment. 435 
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Figure A1: Particle positions at 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 (c) and ROMS (d) simulations. Connectivity matrices 

quantify the differences between CMEMS hourly and daily run (e) and the hourly and daily ROMS run (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 440 
connections between countries were made in the daily run; green boxes show where more 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 B: Seasonal beaching 

Particles that did not beach during the season they were released would be affected by different currents than those one might 445 

expect. A particle released, for example, during the post-monsoon season that did not beach until the pre-monsoon season 

might have been influenced by a south-westward East India Coastal Current (EICC) during the post-monsoon period and then 

carried in the opposite direction by the reversal of this current in the pre-monsoon season. 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 calculated the connectivity of particles that were released and beached with the four-month window of 450 

each season (Fig. B1). The connectivity matrices 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 seasons and lower rates to the south and west. This pattern is reversed for the post-monsoon 

season. 
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 455 

Figure B1: 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; top row), post-monsoon season only (October 2018 – January 2019; 

middle row), and pre-monsoon season only (February – May 2019; bottom row). Results from the CMEMS run are shown in the 

left panel and the ROMS run on the right. 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. 460 
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