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Abstract: Southeast Asia is the world’s most polluted area in terms of marine plastics. The Mekong
River is one of the largest rivers in the area, and ranked as somewhere between the 8th- and 11th-
biggest contributor to plastics in the world’s oceans. Here, we investigate how microplastics drift
from the Mekong river to Southeast Asia, and which coastlines are most exposed. We identify
potential factors (wind drift, rivers, vertical mixing and sinking rates) that affect plastic drift in the
region using the OpenDrift model with realistic wind and ocean currents for simulations between
three months (summer and winter) and 15 months. We find that the seasonal drift is influenced by the
monsoon systems and that most of the plastics strand in the Philippines and Indonesia. In addition,
the role of wind drift is significant in strong winds. Vertical mixing and sinking rates are unknowns
that affect the relative importance of wind drift (near the surface) and ocean currents. Simulations
with different terminal velocities show that, unsurprisingly, the higher the terminal velocities are, the
closer they deposit to the source. In light of the large uncertainties in sinking rates, we find that the
plastic distribution has large uncertainties, but is clearly seasonal and influenced by wind, vertical
mixing, river discharge and sinking rates. The Philippines and Indonesia are found to have the
coastlines that are most exposed to plastic pollution from the Mekong river. This study shows that
simulations of marine plastic drift are very variable, depending on many factors and assumptions.
However, it provides more detailed information on marine plastic pollution in Southeast Asia, and
hopefully helps authorities take more practical actions.

Keywords: marine; plastic; pollution; waste; drift; stranding; trajectory; OpenDrift; Mekong; Vietnam;
South China Sea; Southeast Asia

1. Introduction

Plastic waste has been identified as a major worldwide environmental issue [1,2].
Among several negative effects on the environment, plastics leach toxic and endocrine
disrupting chemicals [3]. It is estimated that between 4.8 and 12.7 million tons of plastic
waste enter the ocean every year [4]. A major share of this originates in the countries of
South East Asia (SEA) [2,5]. In addition, countries bordering the South China Sea (SCS)
contribute 2.56–7.08 million tons of plastic waste to the oceans yearly [4]. Six (China,
Indonesia, Philippines, Vietnam, Thailand and Malaysia) of the countries bordering the
SCS are among the ten biggest contributors to marine plastics worldwide [4].

Numerous studies using various methods for the quantification of microplastics (MPs)
have been carried out in the SCS, including river deltas, seawater, sediments, islands,
beaches, coral reefs, mangroves in China, Hongkong, Taiwan, the Philippines, Malaysia,
Thailand and Singapore, and also in the middle of the sea (Paracel and Spratly Islands) [5].
However, it is difficult to compare the amounts of plastic discharge in one area to another
of the sea due to the very different methods used for its quantification. For example, the
studies cited above show a very wide spectrum of the amount of plastics, ranging from
0.1 to 258,408 pieces of MPs per m2, m3, kg, km2, or grams of plastics/m2.
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According to estimates by Jambeck et al. [4], Asian rivers may contribute as much
as 86% of the marine plastics globally. Mekong, the largest river in the SCS, surrounded
by three (China, Thailand and Vietnam) out of the 10 biggest plastic contributors [4],
is ranked between the 8th- and the 11th-biggest plastic contributor to the oceans [6].
Haberstroh et al. [6] found that plastic waste from Phnom Penh (Cambodia) transported
by the Mekong river is a significant contribution to Southeast Asian marine plastic waste.
Although the Mekong river carries a significant amount of plastic waste to SEA oceanic
regions, there have been no studies to date on how marine plastics spread from the Mekong
river to the SEA.

There are many factors controlling plastic drift from the Mekong river to SEA. Firstly,
the circulation in the upper layers of the South China Sea are mainly influenced by the
monsoon system. The northeasterly winds in the winter results in a cyclonic circulation
while the southwesterly winds in the summer create an anti-cyclonic circulation at the
surface layer [7]. With average wind speeds of 4–5 m/s in the summer and 8–10 m/s in
the winter (Figures A1 and A2), the currents and circulations in the winter are significantly
stronger than in the summer (Figures A3 and A4).

In addition to background currents (i.e., geostrophic, tidal and baroclinic currents),
the wind also plays a role in plastic drift, specifically the wind drift current [8]. Usually,
the wind drift is parameterized and amounts to between 1 and 6% of the wind speed,
depending on the object. For surface particles, a wind drift of 2–3% of the wind speed is
commonly used [8–12]. In the SCS, the southwesterly monsoon prevails in the summer
with an average speed of 4–5 m/s, and in the winter the stronger northeasterly monsoon
dominates with an average speed of 8–10 m/s. This suggests that wind drift will be more
important in the winter than in the summer.

Rivers obviously play a role in the drift of marine plastics, but it is unclear how far
away from the river mouth their influence will be felt directly. Rivers carry fresh water to
the sea and thus affect the baroclinicity around the estuary and possibly beyond. These
changes may affect plastic drift. Examining the effect of rivers on plastic drift is motivated
by model experiments carried out by Hole [13] on the effect of the Mississippi river runoff
on the Deepwater Horizon oil spill.

Next, vertical mixing can be important in the vertical distribution of buoyant parti-
cles [14–16]. Mixing distributes particles over the water column, and consequently their
lateral drift may vary greatly. Vertical mixing is caused by several factors including radia-
tive cooling, breaking (and non-breaking) waves, winds and tides. In practice, it can be
simplified using a vertical eddy diffusivity, and this parameter can be estimated from the
wind speed.

The last factor is the sinking of marine plastics. Although almost 90% of polymers show
initial positive buoyancy in seawater, a majority of litter at the seafloor of the North Sea and
Baltic Sea are plastics [17]. This is because polymer density is not a main driving factor of
vertical plastic litter transport [17]. It is estimated that there are 14 million tonnes of plastics
in the sediments on the ocean floors [18]. Additionally, the amount of plastics deposited on
the seafloor increases in proportion to the increase in the amount of floating marine plastics
on the sea surface [18]. There are many factors that affect the sinking of plastics, including
the density of MPs and biofouling at all levels: molecular, micro- and macro-fouling [19].
MP particles may also be eaten by marine animals and sink with their fecal pellets [20,21].
The sinking of MPs can be parameterized using a sinking rate or a terminal velocity. Our
understanding of the sinking rate is limited and different approaches give very different
numbers. One method is to calculate sinking according to Stokes’ Law [22]. Kaiser et al. [23]
calculated the terminal velocities of spherical polystyrene particles with sizes from 0.02 mm
to 0.1 mm under various conditions. The results indicate that the terminal velocities range
from 0.62 to 18.87 m per day (m/d). In addition, experiments conducted with different
plastic particles in different salinity show that particle sizes ranging from 0.3 and 3.6 mm
sink with velocities between 6 and 91 mm/s (or 518 and 7864 m/d, respectively, see
Kowalski et al. [24]).
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It is the purpose of this study to examine how plastics drift from the Mekong river to
the SCS and its surrounding waters. We address the following research questions. Which
countries are most vulnerable to plastic pollution from the Mekong River? How different
are the seasonal drift patterns? How do wind drift, rivers, vertical mixing and sinking rates
affect the plastic drift?

2. Materials and Methods
2.1. Met-Ocean Forcing

Ocean currents in this study were derived from two sources: ROMS (Section 2.2) and
CMEMS [25]. The resolution of the ROMS model is between 1 and 7 km. This resolution
is optimized for Vietnam’s coastal waters, in which the coastal area of Vietnam has a
resolution of 1–3 km and the area far from the coast of Vietnam (the Philippines and
Malaysia) has a resolution of 5–7 km. The coverage of the ROMS model is the South China
Sea, and outside the South China Sea, CMEMS currents were used. The study area is shown
in Figure A5.

The CMEMS ocean currents are a product of The Copernicus Marine Service. This
product is a reanalysis from 2019 to present as well as 10-day forecasts with a spatial
resolution of 1/12◦ in longitude and latitude over the global ocean. Vertically, there are
50 vertical levels ranging from 0 to 5500 m. This product also delivers a special dataset
for surface currents, which also includes wave and tidal drift, called Surface Merged
Ocean Current (SMOC) [25]. Detailed information on the validation of CMEMS products is
provided by Le Traon et al. [26]. For this study, daily velocity data were used.

The wind forcing is from the European Centre for Medium-Range Weather Forecasts
(ECMWF, see ECMWF [27]) interpolated to a spatial resolution of 0.125◦ in longitude and
latitude, with a temporal resolution of three hours. Further details on the ECMWF forecast
system and verification are given by Ehard et al. [28], Haiden et al. [29].

A summary of metocean forcing is found in Table 1.

Table 1. Summary of metocean forcing.

Models Parameters Resolution Vertical Temporal

ECMWF Wind velocity 1/8◦ 10 m 3 h
ROMS Ocean current (inside SCS) 1–7 km 20 layers Hourly
CMEMS Ocean current (outside SCS) 1/12° −0.47 m Daily

2.2. The ROMS Model

The Regional Ocean Model System (ROMS) is an open source model widely used for
a wide range of applications over various spatial regions and time periods. In this study,
we used Vietnam ROMS 3D customized by MET Norway and VNMHA specifically for
Vietnam’s waters. An earlier version, Vietnam ROMS 2D, also customized by MET Norway
and VNMHA, was used to study the monsoon-induced surge at the Southeast coast of
Vietnam by Thuy et al. [30]. There are many improvements in this newly updated version
of ROMS 3D, including the use of the initial and boundary conditions from CMEMS, the
upgrading of tidal constituents from the OSU TPXO Tide model [31] from TPXO 7.2 to
TPXO 8.1, the use of river discharge rates from the Mike 11 model [32] and the European
Flood Awareness System [33], and increased the vertical resolution to 20 levels. The ROMS
inputs are listed in Table 2. Model validation of this 3D version is also seen in Figures 1
and 2. Here, we use these modeled ocean currents as forcing for the OpenDrift model (see
Section 2.3).
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Table 2. Summary of ROMS inputs.

Models Parameters Resolution Vertical Temporal

ECMWF Wind velocity 1/8° 10 m 3 h
Sea level pressure - - -
Cloud cover - - -
Precipitation - - -
Air temperature - 2 m -
Dew-point temperature - 2 m -

CMEMS 3D current 1/12◦ (−)5000 -> (−)0.5 m Daily
3D temperature - - -
3D salinity - - -
Sea surface height - -

Mike 11 discharge rate Daily
(Mekong mouths)

EFAS discharge rate Daily
(other mouths)

OSU TPXO 8.1 Harmonic tides 13 constituents

Figure 1. Compare ROMS (water level) with observations at Vung Tau station.

Figure 2. Comparison of modeled salinity (ROMS) with observations at the Vung Tau station.

There are many stations in the South China Sea, and Vung Tau station (Figure A5)
is the closest (around 50 km) to the Mekong river. Therefore, this station is selected for
validation of ROMS. Figure 1 shows a comparison between the observed water level and the
ROMS model at Vung Tau in June 2020. Figure 2 shows a comparison between the observed
salinity and the ROMS model at Vung Tau from May to December 2020. Overall, the
comparisons show that there is a good match between the ROMS model and observations.

2.3. The OpenDrift Model Framework

OpenDrift is an open source framework for ocean trajectory modeling, based on the
offline Lagrangian particle tracking method, developed by the Norwegian Meteorological
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Institute (MET) [34,35]. This model has been evaluated in studies on drifters and oil spills
in the North Sea [11,16,18,36] and in the Gulf of Mexico [13]. It has also been used to
assess potential oil spill pollution [12] in Cuba and the drift of microplastics in the French
Mediterranean Sea [37].

Two physical processes important for the horizontal drift of plastics were considered:
ocean currents and wind drift. Ocean currents were taken from the ROMS model inside the
SCS and from CMEMS outside the SCS. The wind drift is commonly parameterized, and
amounts to between 1 and 6% of the wind speed. This parameter is adjusted depending on
the object in question. For surface particles, a wind drift of 2–3% of the wind is commonly
used [8–12]. Studies using the OpenDrift model indicate that a wind drift factor of 2% is
optimal when comparing predicted positions with observations [11,16,18,36].

The vertical processes that act on particles considered in this study were vertical
current velocity, vertical turbulence and terminal velocity (buoyancy) of the particles. The
vertical velocity was either taken directly from the the ROMS model or set to zero when
using CMEMS currents (there is no vertical velocity in the CMEMS current product). The
turbulence was parameterized using a turbulent eddy diffusivity, and this parameter was
calculated from the wind speed. Vertical particle displacement due to turbulent mixing
was calculated using a random walk scheme according to Visser [12,34,38]. Buoyancy was
expressed as terminal velocity, and is usually a function of particle density, diameter, and
shape [34]. For buoyant particles, we used a terminal velocity of 0.01 m/s due to positive
buoyant behavior. For sinking particles, we used terminal velocities of −2 and −5 m/d
due to negative buoyancy.

2.4. Experimental Design

River discharge rates from the Mike 11 model provided by VNMHA, Figure A6, show
that the water discharge rates start to increase from May, peak in October, and then decrease
to a minimum in April. The waste cycle is closely related to the flood cycle in the Mekong
River. In the dry season, garbage accumulates in landfills. In the flood season, the garbage
follows the runoff and the flood to the rivers and then to the sea, most clearly in the summer.
In addition, Haberstroh et al. [6] show that plastic waste in Mekong river mostly floats on
the surface and drifts to the sea during the summer and flood season.

OpenDrift was run with a time step of 1 h and 100,000 marine plastic particles were
released in every simulation. We did simulations of different lengths to investigate short
and long term effects of the particle discharge. Three-month simulations were done for
both summer and winter conditions and a 15-month simulation was also performed. With
the three-month simulations, we released the particles evenly every day starting from
1 June 2020 and 1 December 2020 for summer and winter scenarios, respectively. With
the 15-month simulation, we released the particles evenly every day in 5 months starting
from 1 June 2020, corresponding to the time when most of the waste drifted into the sea [6],
and these particles continued to drift for the next 10 months. In the 15-month simulation,
if a particle hit the coast/island, it stranded and was deactivated. The flow chart of the
simulation in OpenDrift is shown in Figure 3.
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Figure 3. Flow chart in the OpenDrift simulation.

3. Results
3.1. Trajectory of Marine Plastic Drift

To examine how plastics drift in the long term and assess which countries are most
exposed to plastic discharge from the Mekong, we released particles over five months
from June to October 2020, and allowed them to drift for 10 months. A particle would be
deactivated (stranded) if it hit the coast.

Figure 4 shows that after 15 months, around 96% of the particles are stranded, and the
remaining 4% are still in the SCS, the Sulu sea (the Philippines) and the two nearby oceans.
The plastics are stranded mainly along coastlines at the east and south of the South China
Sea, such as the Philippines, Indonesia.

Figure 4. Trajectory of plastic drift in 15 months.
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Figure 5 shows the amount of stranded particles in percentage (%) in the countries
most exposed to plastic discharge from the Mekong river. It can be seen that the Philippines
accumulates the most plastics with 47%, and this is followed by Indonesia, Vietnam and
Malaysia with 24%, 14% and 8%, respectively.

Figure 5. Stranded plastics in countries.

Most particles are stranded a few months after release, and the average traveling time
of the stranded particles is approximately 4 months, see Figures A7 and A8.

3.2. The Seasonal Drift Pattern and the Influence of Wind Drift

To examine the seasonal drift and the role of wind drift in the trajectory of marine
plastics, the particles were released gradually in three months in the summer and winter
with wind drift turned on and off.

The seasonal drift and the influence of wind drift in the summer and winter with
wind direction are shown in Figures 6 and 7. The general pattern in the summer is that the
plastics drift to the east and the northeast with a large number of particles ending up on
the western coast of East Malaysia and the Philippines. In the winter, particles drift mainly
in the southwest direction with a large number of the particles ending up on the coast of
Thailand and West Malaysia.

Figure 6. The influence of wind drift in the summer.
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Figure 7. The influence of wind drift in the winter.

We can clearly see that the influence of wind drift in the winter is more distinct than
that in the summer. Specifically, the black dots and green dots in the summer are almost
identical, while in the winter more black dots are located toward the west and more green
dots are located toward the south. In other words, the effect of wind drift in the summer
scenario is negligible, whereas the wind drift in the winter transports the particles farther
to the west.

3.3. The Influence of the Mekong River

To examine how strongly the Mekong river can affect the trajectory of plastic drift, we
experiment with turning the Mekong river runoff on and off in the ROMS model. This is
motivated by model experiments carried out by Hole et al. [13] to study the effect of the
Mississippi river on the Deepwater Horizon oil spill.

Figures 8 and 9 show that the black particles spread in a wider area than the green
particles in both the summer and the winter. It means that the Mekong river plays a role in
dispersing marine plastics, or the Mekong river disperses plastic particles more efficiently.

Figure 8. The influence of river flow on plastic drift in the summer.
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Figure 9. The influence of river flow on plastic drift in the winter.

3.4. Vertical Mixing

The purpose of this section is to examine how vertical mixing (vertical eddy diffusivity)
can affect the trajectory of marine plastics by turning on and off vertical mixing in the
OpenDrift model.

Figure 10 shows how strongly the vertical mixing can affect the plastic drift. We can
clearly see that the influence of vertical mixing is very significant, with many green particles
drifting far to the north, while black particles are concentrated in the middle of the sea.
Specifically, the average latitudes of the black and green particles are 8.5◦ N and 11.8◦ N,
respectively. In other words, without vertical mixing, the particles would drift 360 km
further to the north.

Figure 10. Drift with and without vertical mixing (summer).
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Figure 11 shows the vertical distribution of particles in the two scenarios. In the
scenario with vertical mixing, the concentration of plastics decreases exponentially with
depth, and most particles are found at a depth between 0 and 5 m. In contrast, without
vertical mixing, all the particles remain at the surface.

Figure 11. Vertical distribution.

3.5. The Influence of Sinking Rates

To examine how sinking rates can affect plastic drift, terminal velocities of 2 and
5 m/d were used in the OpenDrift model. The particles were released evenly from June to
October 2020, and continued drifting for the next 10 months. If a particle hit the seafloor, it
would be deactivated (deposited).

Figures 12 and 13 show the influence of terminal velocities on marine plastic drift.
There are some obvious results to be noticed. The particles on the bottom are generally
those in shallow areas, typically the southern continental shelf of the sea. The suspended
particles are mostly in deep water areas. With a terminal velocity of 2 m/d, the particles
are dispersed over most of the sea. Additionally, in the areas with large variations in depth
such as the Paracel Islands (the Northwest of the sea) and Spratly Islands (the East of the
sea), both red and black dots are seen. In comparison, with a terminal velocity of 5 m/d,
most particles are deposited near the Mekong river. The animations of these simulations
can be found on YouTube (https://youtube.com/shorts/Jdb8PaFL4iE: Plastics drift with
terminal velocity of 2 m/d, accessed on 23 April 2023, https://youtu.be/3HMkh5RGUzE:
Vertical distribution with terminal velocity of 2 m/d, accessed on 23 April 2023, https:
//youtube.com/shorts/Yew3WEBeME4: Plastics drift with terminal velocity of 5 m/d,
accessed on 23 April 2023, and https://youtu.be/DhUd_5QyWms: Vertical distribution
with terminal velocity of 5 m/d, accessed on 23 April 2023).

https://youtube.com/shorts/Jdb8PaFL4iE
https://youtu.be/3HMkh5RGUzE
https://youtube.com/shorts/Yew3WEBeME4
https://youtube.com/shorts/Yew3WEBeME4
https://youtu.be/DhUd_5QyWms


J. Mar. Sci. Eng. 2023, 11, 925 11 of 19

Figure 12. Terminal velocity of 2 m/d.

Figure 13. Terminal velocity of 5 m/d.

4. Discussion

Figure 5 shows that the Philippines is the country most exposed to plastic pollution
from the Mekong river. The important factor here is probably the time of the release of
plastic particles. The plastics were released from June to October, corresponding to the
time plastics follow the flood and drift to the sea [6]. The SCS is semi-enclosed and the
circulation in the upper layers is influenced by the monsoon system [7]. In the summer and
the early fall, a southwesterly monsoon prevails in the SCS. Therefore, the southwesterly
winds drive the particles from the Mekong River to the west of the Philippines according
to Ekman theory [39]. This result is also similar to observations on surface currents caused
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by wind, which shows a wide variety of deflection angles between currents and winds,
ranging anywhere between 0 and 90◦ [8].

Indonesia is also a major destination for marine plastics from the Mekong River. Firstly,
the plastics drift mainly to the north and the east of the SCS (the Philippines and East
Malaysia), following the direction of the wind and current. However, in winter, the wind
changes from southwesterly to northeasterly, and the remaining plastics start drifting to
the south. On the way, some of them are stranded in Vietnam, Thailand and Cambodia,
and a large fraction goes to Indonesia through the Straits.

In the simulation shown in Figure 4, we assumed that if a plastic particle hit the
coast, it would be stranded indefinitely and hence deactivated. In practice, the stranding
of plastic particles is more complicated. For example, there are types of plastics that are
easily stranded when going ashore, and some plastics may return to sea under favorable
conditions. These depend on both the particles and the features of the coast. In particular,
the shape, size and buoyancy of the particles, and the features of the coast including
vegetation, sediments, rocks and steepness could influence where and which particles
are stranded [20]. These characteristics also greatly influence the return to the sea of the
particles under favorable conditions. However, these processes have not been included
in the OpenDrift model. Probably, the stranding of plastics is one of the reasons why the
estimates of the amount of plastics dumped into the seas and oceans are so much larger
than the estimates of the amount of plastics actually found in the oceans [20].

The seasonal plastic drift pattern suggests that the destination of marine plastics
originating in the Mekong River depends on the time the plastics are released to the sea. In
the summer, the plastics drift to the Philippines and East Malaysia. In the winter, they go to
West Malaysia and Thailand. This is because the circulation at the upper layers of the South
China Sea are mainly influenced by the monsoon system [7]. The characteristics of winds
and currents in the summer and winter can be seen in Figures A1–A4. It should be noted
that since plastics are mostly released into the sea during the flood and the summer, the
winter scenario is less realistic. However, it shows that the plastic drift from the Mekong
river is highly seasonal with drift to the northeast and to the southwest.

The comparison of simulations between wind drift turned on (2%) and off (0%) in-
dicates that the influence of wind drift on the trajectory of plastics is insignificant in the
summer, and more distinct in the winter than in the summer. Firstly, most of the particles
are below the sea surface, between 0 and 5 m depth, Figure 11. As a result, the impact of a
wind drift of several tens of cm/s limited to the upper half meter has little effect on the
particles since they are shielded from it. This means that the ocean currents play a decisive
role in the plastic drift. Secondly, the winds in winter are typically stronger with speeds
of 8–10 m/s, while winds in the summer are weaker with typical speeds of 4–5 m/s. The
wind drift is fixed at 2% of the wind, meaning that the wind drift in the winter is twice as
strong as that in the summer. Consequently, the influence of wind drift on plastic drift is
more distinct in the winter than in the summer. In a recent study, Ref. [40] found that over
time, after 15 months, the influence of the wind drift decreases significantly.

It is clear that the Mekong River disperses the plastic particles efficiently. Rivers create
disturbances and eddies, and change the dynamics [41] around the estuary and possibly
beyond depending on the volume of fresh water. Similar model experiments carried out
by Hole et al. [13] on the effect of the Mississippi river on the Deepwater Horizon oil spill
also show that rivers play an important role in dispersing oil particles. A recent study by
Nguyen Manh [40] showed that the influence of rivers decreases over time. It is worth
mentioning that the Mississippi and Mekong are some of the largest rivers by volume in
the world. Therefore, smaller rivers can be expected to have much smaller impacts on
plastic drift.

Figure 10 indicates that vertical mixing plays a particularly important role in the
plastic drift. Particles in the scenario without vertical mixing float on the surface, are more
exposed and are pushed by the wind drift further to the north. By comparison, vertical
mixing brings plastic particles up and down, mostly between 0 and 5 m depth, see Figure 11.
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Therefore, they are less likely to be influenced by wind drift, which acts down to a few
tens of centimeters below the sea surface. This vertical distribution is similar to a study
by Kooi et al. [15] on the distribution of buoyant microplastics with depth in the North
Atlantic subtropical gyre. The microplastic particles in that study ranged in size from
0.5 to 5.0 mm, and had the shape of “fragments” and “lines”. That study also took into
account the sea state. The results indicate that concentrations of microplastics decrease
exponentially with depth, with both sea state and particle properties and mostly in the
range from 0 to 5 m depth.

The role of sinking rates in Figures 12 and 13 show that with terminal velocity of
2 m/d, the particles sink slower and spread out in a wider area in the SCS. In contrast, in
the scenario of 5 m/d, due to the strong sinking rate and shallow water near the Mekong
river where the plastics were released, the particles are deposited almost right after leaving
the Mekong, and very few particles travel far. In areas of great variation in depth, such
as the Paracel and Spratly Islands, with a terminal velocity of 2 m/d, there is a relatively
balanced presence of both red and black particles. This is probably because of the relative
balance between shallow and deep waters.

In these simulations, it is assumed that all particles have the same constant terminal
velocity. In fact, the sinking rate is usually not constant and they sink faster near the surface
and then slow down due to lower temperatures in deeper waters [42].

It is also assumed that if a particle hits the seafloor, it will be indefinitely deposited.
This is probably not always realistic. When a plastic particle reaches the seafloor, it can be
trapped or transported further. They usually do not deposit in places with gentle slopes.
Plastics tend to be deposited in places with steep slopes or in the deep seas [18]. Harris
et al. [5] reviewed studies on plastics and found that in submerged canyons, coral reefs and
mangroves, there is a large amount of MPs accumulated. This is contrary to our results that
the plastic particles tend to deposit in shallow and flat waters, or the southern continental
shelf of the South China Sea.

5. Conclusions

In this study, the marine plastic drift from the Mekong river to the South China Sea
was simulated using the OpenDrift model with input data as wind and ocean currents. The
wind forcing is taken from ECMWF, and the ocean currents from a ROMS 3D model and
CMEMS. The geographical distribution of plastic pollution, seasonal drift patterns and the
influences of wind drift, river flow, vertical mixing and sinking rates were investigated. The
simulations were run for periods of three months in the summer and winter and 15 months.
The results of the study can be summarized as follows:

1. The plastic drift is highly seasonal. During the summer, the plastic particles from the
Mekong river drift to the east and the northeast, and in the winter they drift to the
southwest. This is because the South China Sea is influenced by the strong monsoon
system, in which the southwesterly wind prevails in summer, and the northeasterly
wind dominates in the winter.

2. The river flow plays a role in dispersing plastic waste. Specifically, the Mekong river
disperses plastics efficiently in both summer and winter.

3. The effect of wind drift on plastic drift depends on the wind speed and direction. This
influence is significant in winter because of strong wind. Additionally, wind drift and
vertical mixing can have combined effects on the trajectory of marine plastics. More
specifically, when the wind drift is enabled and vertical mixing is disabled, the plastic
particles stay on the surface and are more exposed and driven by wind drift.

4. Sinking rates have a great influence on where plastics end up. With a terminal
velocity of 2 m/d, plastics drift to most parts of theSCS and beyond, and many remain
suspended in deep waters. With a terminal velocity of 5 m/d, most plastic particles
deposit right at the Mekong river.

5. The Philippines is most vulnerable to marine plastic pollution from the Mekong river
because plastic waste mainly drifts to the sea in the summer following the flood
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season and the southwesterly monsoon will then transport the plastics toward the
Philippines. Indonesia is also a major destination of marine plastics from the Mekong
river, because of its very large size with many seas and straits.

Simulation results of marine plastic drift is very variable, depending on many factors
and assumptions such as the time plastics are released into the sea, the duration of plastic
drift, wind speed and direction, river water, vertical mixing (vertical eddy diffusivity),
terminal velocity (buoyancy: density, shape, size) and sinking rate (terminal velocity +
vertical velocity + vertical mixing). In addition to the above results, other factors such
as seawater temperature, salinity, sunlight, and microorganisms also affect biofouling,
which increases the density of plastic particles over time and deposits plastics on the
seafloor. Additionally, beach and sea floor characteristics such as coral reef, mangrove,
rocks, seafloor roughness and steepness, and characteristics of plastic waste such as plastic
bottles or plastic bags and microplastics also affect the stranding and the return back to the
sea under favorable conditions. Therefore, further studies are needed in the future to gain
more knowledge of plastic drift.

It is crucial to study marine plastic pollution modeling in South East Asia, particularly
plastic from the Mekong River, because this river system is a significant contributor to the
plastic waste problem in the region. It is estimated that approximately 1.3 billion people
rely on the Mekong River for their livelihoods, making it a vital source of food and income
for many communities.

By studying marine plastic pollution modeling in South East Asia, particularly plastic
from the Mekong River, researchers can better understand the sources and pathways of
plastic pollution in the region. This information can be used to develop effective strategies
to reduce plastic waste and mitigate its impacts on the environment and human health.

Moreover, the study of plastic pollution in the Mekong River can have broader im-
plications for global efforts to address plastic pollution. As a major contributor to ocean
plastic pollution globally, the Mekong River is a critical area for study to understand and
combat this global issue.

In summary, studying marine plastic pollution modeling in South East Asia, partic-
ularly plastic from the Mekong River, is essential for understanding and mitigating the
impact of plastic waste on the environment, economy, and public health of the region and
has broader implications for addressing the global plastic waste problem.
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Appendix A

Figure A1. Average wind speed and direction in the summer (July 2020).

Figure A2. Average wind speed and direction in the winter (January 2021).
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Figure A3. Average currents in the summer (July 2020).

Figure A4. Average currents in the winter (January 2021).

Figure A5. Study area.
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Figure A6. The Mekong mouths’ discharge rates.

Figure A7. Density of stranded particles after six months.

Figure A8. Density of stranded particles after 15 months.
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