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Abstract

Microplastics (MPs) in the ocean have been widely recognized as causing global marine environmental
problems. To gain a quantitative and comprehensive understanding of oceanic MP contamination, detailed
numerical Lagrangian particle tracking experiments were conducted to evaluate the regional oceanic
transport and dispersal of MPs in the South China Sea (SCS) derived from three major rivers, Pearl (China),
Mekong (Vietnam), and Pasig (the Philippines), which are known to discharge large amounts of plastic waste
into the SCS. As previous field surveys have suggested, MP contamination spreads from the surface to the
deeper ocean in the water column, we considered three types of MPs: (1) positively buoyant (light) MPs, (2)
positively buoyant (light) MPs with random walk diffusion, and (3) full 3-D tracking of non-buoyant MPs
that are passively transported by ambient currents. Transport patterns of these MPs from the three rivers
clearly showed the intra-annual variability associated with seasonally varying circulations driven by the
Asian monsoons in the SCS. Many MPs floating during the prevailing southwest monsoon are transported to
the northwest Pacific Ocean and the East China Sea through the Luzon Strait and the Taiwan Strait to form
MP hotspots. Non-buoyant MPs are broadly transported from the surface layer to depths of approximately
100 m or deeper, where in situ observations are rare. In addition, the buoyant MPs drifting on the continental
shelf originating from southern China tend to be pushed toward the shore and beached by northward wind-
induced currents more pronouncedly than the non-buoyant MPs. Therefore, the river-derived MPs to the SCS
were found to serve as sources to adjacent basins and oceans, to be distributed not only in the upper layer but

also in the abyssal ocean (non-buoyant MPs), and to be transported to the shores (buoyant MPs).

Keywords: river-derived microplastics; oceanic transport and dispersal; the South China Sea;

Lagrangian particle tracking model; ROMS
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1. Introduction

In recent years, marine plastic pollution has been widely recognized as one of the most
important global environmental issues. Microplastics (MPs), which are plastic fragments degraded into
a diameter of 5 mm or less, flow mainly from land into the ocean and drift for a long time. Because
plastics readily adsorb chemical substances (Mato et al., 2001) and are accidentally ingested by
zooplankton (Sun et al., 2017), and marine organisms (Zhu et al., 2019a), MPs may have a significant
impact on our ecosystems. The annual plastic waste input to the ocean has been reported to be 4.8 to
12.7 million tons from 192 coastal countries (Jambeck et al., 2015). Among others, many major rivers
in Asia are the largest sources of marine plastic discharge to the ocean, which account for approximately
67% of global river discharges of plastic waste (Lebreton et al., 2018). In addition, the recent study by
Meijer et al. (2021) evaluated that more than 1,000 rivers account for 80 % of global annual emissions,
which range between 0.8 million and 2.7 million tons per year, with small urban rivers among the most
polluting. Field sampling of MPs found that East Asian seas have one of the highest contaminations in
the world (Isobe et al., 2015), indicating that Asian-origin MPs have a significant influence on the
distribution of marine MPs in the surrounding seas. To compromise a limited number of laborious and
costly field observations on measuring plastic wastes in a vast expanse of oceans, numerical modeling
studies have been conducted for the Japan Sea (Iwasaki et al., 2017) and the East China Sea (ECS;
Zhang et al., 2020). The transport processes of MPs have thus been gradually clarified in these seas
through numerical analyses. However, there are few modeling studies on MP transport for the South
China Sea (SCS, Figure 1), although many emission sources exist in the region; the SCS is fringed by
three countries in the top 20 plastic emitting countries to ocean, viz., the Philippines (1st), China (4th),
and Vietnam (8th). In particular, the Philippines has 19 rivers out of the top 50 plastic emitting rivers
(Meijer et al., 2021). Hence, the quantitative contribution of the rivers as the major plastic sources in
the SCS to plastic pollution in and around the SCS is an important scientific question to be answered.

The SCS is the world's largest marginal sea located on the west coast of the Pacific Ocean
(Figure 1). The six coastal SCS countries annually contribute 6.1 x 10° tons of the plastic waste, among
which the Philippines, China, and Vietnam emit 3.6 x 10%, 7.1 x 10*, 2.8 x 10* (ton/y), respectively (Meijer
et al., 2021). The Pasig River (the Philippines), the Pearl River (China), and the Mekong River
(Vietnam), all of which have river mouths in the shore of the SCS, discharge 39,000, 110,000, and
23,000 tons of plastic waste into the ocean annually, ranking 8th, 3rd, and 11th, in the world, respectively
(Lebreton et al., 2018). The most recent evaluation (Meijer et al., 2021) updated this ranking that the
Pasig River may be the world’s largest plastic emitter. I Indeed, MP pollution has been found in the
estuaries of these rivers (Emmerick et al., 2020; Lam et al., 2020). In particular, high concentrations of
MP pollution were found in the coastal areas of southern China owing to the influence of the Pearl
River-derived MPs (Cai et al., 2018; Lam et al., 2020). In contrast, MP pollution in the central SCS is
not as severe as that in MP hotspots such as the coastal SCS (Cai et al., 2018), the ECS (Zhang et al.,
2020), and the Japan Sea (Isobe et al., 2015). Therefore, it is necessary to accurately evaluate the
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Figure 1. Left: Study area around the South China Sea. Red lines are the borders that separate the East China
Sea (ECS), Pacific Ocean, Indian Ocean from the South China Sea. The black box corresponds to the HY COM-
ROMS model domain. Right: Enlarged view of the left panel with the locations of the four MPs release patches
located at the mouths of the Pearl (China), Mekong (Vietnam), and Pasig (Philippines) rivers depicted by red
circle marks. Colors show the bathymetry in meter.

transport processes of MPs derived from major rivers in the SCS and their possible remote influences
on the surrounding seas, while it remains a challenge to compare MP pollution in the world’s rivers due to
the lack of standardized sampling and analytical protocols (Mai et al., 2019).

Most buoyant MPs are reported to exist within 1 m of the ocean surface (Reisser et al., 2015).
They are also vertically distributed (Van Sebille et al., 2020) by vertical eddy mixing, which is enhanced
in the surface boundary layer (Kukulka et al., 2012). As time progresses, the density of MPs may be
altered owing to fragmentation, refinement, and biofouling (Kaiser et al., 2017; Fazey et al., 2016).
Further degradation of MPs results in much finer, nanometer-sized pieces of plastic (Piccardo et al.,
2020). Smaller plastic fragments have a larger surface area relative to their volume, promoting surface
adhesion that increases the MP density, and thus is less likely to have an upward surfacing velocity
(Chubarenko et al., 2016; Poulain et al., 2019). Accordingly, once MPs disappear from the ocean surface,
they seldom return to the surface, and thus can be found in the ocean interior below the surface layer
(Kooi et al., 2017). In fact, MPs have occasionally been observed in the deep ocean at depths ranging
from several hundred meters to several thousand meters (Li et al., 2020). Zhu et al. (2019a) reported
that all deep-sea fish collected from depths of 200-209 m and 453-478 m were contaminated by
microplastics on the northern continental slope of the SCS. Isobe et al. (2019) succeeded in reproducing
surface MP contamination in the Pacific Ocean with their horizontal two-dimensional (2DH) surface
MP transport model if they introduced an ad hoc sink term crudely activated three years after MP is
released to mimic downward MP transport. Cai et al. (2018) estimated that the top 5 m of the SCS
contained around 700 tons of plastics; this is the current best available estimate of plastic mass present

in SCS surface waters. However, they also pointed out that the MPs found in the surface ocean are one
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to four orders of magnitude smaller than the reported emission, implying both a deficiency of sparse
observations and the importance of non-buoyant plastics. Thus, it is profoundly important to
scientifically understand the transport processes of MPs that are not only drifting in the surface layer,
but also being passively transported by ambient currents in the interior ocean where observations of
MPs have not yet been abundant.

In the present study, we aimed to answer the question on the fate of MPs derived from major
rivers in the SCS by using a state-of-the-art three-dimensional (3D) ocean modeling technique coupled
with an offline Lagrangian particle tracking model. As argued above, anticipated possible destinations
include shallow coastal areas on the continental shelf of the SCS, the surface ocean in the middle of the
SCS, the subsurface or abyssal ocean of the SCS, and the surrounding seas such as the ECS. Because
transport and dispersal processes of MPs may differ according to their relative density to the seawater;
two types of MPs, viz. positively buoyant (light) and neutrally buoyant (passive) MPs, were considered.
Hence, we evaluated the 3D oceanic transport of MPs derived from three major rivers in the SCS, that
is, Pearl (China), Mekong (Vietnam), and Pasig (the Philippines) rivers, as major sources of terrestrial
plastic waste into the SCS. We investigated the horizontal transport patterns of MPs in and around the
SCS along with possible driving mechanisms, and quantified the rate of MPs originating from the SCS
that flowed out to the surrounding seas. Based on the modeled outcomes, we further discuss the possible
impacts of high MP concentrations on MP pollution in East Asian seas and the differences in transport

patterns of MPs of two different weight densities.

2. Methods

We conducted particle tracking experiments for both buoyant MPs and neutrally buoyant (non-
buoyant) MPs driven by a pre-computed 3D Eulerian current velocity. To accurately evaluate the full
3D transport of MPs with different bulk densities accurately, a detailed three-dimensional flow field
was evaluated using a high-precision hydrodynamic model that is capable of precisely reproducing the
fully 3D oceanic flow from the surface to the ocean floor. Therefore, for a more precise determination
of MP transport through narrow straits, around complex lateral topographies near the land, and islands
under the influence of eddies; a higher grid resolution model is required. Accordingly, we utilized the
HYCOM-ROMS downscaling model (Uchiyama et al. 2018c; 2019), which is a high-resolution eddy-
resolving circulation model based on the Regional Oceanic Modeling System (ROMS; Shchepetkin and
McWilliams, 2005; 2009) embedded in a HY COM global reanalysis in an offline-nesting configuration
(Mason et al., 2010; Uchiyama et al., 2014, 2017a, 2017b, 2018a, 2018b, 2022; Kamidaira et al., 2017,
2018, 2019, 2021; Kurosawa et al., 2020; Tada et al., 2018; Takeda et al., 2021; Zhang et al., 2019) with
tides (Buijsman et al., 2012; Dauhajre et al., 2017; Masunaga et al., 2018, 2019). The model
encompasses an extensive area as shown in Figure 1, and a numerical reanalysis was performed for a
five-year period from 2011 to 2015, avoiding the medium-term climatology mode mainly due to ENSO
(Table 1a). More details of the HY COM-ROMS model can be found in Section S1 of Supplemental

Material.
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Table 1. Configurations of (a) HYCOM-ROMS ocean circulation model, (b) Lagrangian particle tracking
experiment for three cases, and (c) mouth conditions of the three major rivers defined in the particle tracking
model.

(a)
HYCOM-ROMS model configurations
Computational period 1/16/2011-12/31/2015
Grid cells 1024 x 1024 x vertical 40 s-layers
Horizonal grid resolution 5km
Baroclinic time step 60 s
Surface wind stress GPV-GSM
Surface flux NOAA-COADS (monthly climatology)
SST and SSS to restore HYCOM (20-day averaged)
Open boundary/initial conditions HYCOM (daily)
TS nudging HYCOM (10-day averaged)
Tides TPXO 7.0
Topography SIO SRTM30 Plus
(b)
case 1. Buoyant (3D) 2. Buoyant (Surface2D + Random walk) 3. Passive
Rising velocity, wyp 2 mm/s - -
Release depth 0.5m — 0.5m
Number of patches 3
Radius of patches 25 km
Release period 1/1/2012-12/31/2014
Release interval 12 hours
Release time 2192
(©)
River Country  Longitude Latitude Released particles at each time Total number of particles
Mekong  Vietnam 107.50° 10.20° 214 1,407,264
Pearl China 113.70° 22.05° 210 1,380,960
Pasig  Philippine  120.75° 14.50° 172 1,131,072

We exploited the offline 3-D Lagrangian particle tracking model originally developed by Carr
et al. (2008), forced by the HYCOM-ROMS model outputs, following the methodology described by
Mitarai et al. (2009), Romero et al. (2013), and Uchiyama et al. (2018b) with several modifications (See
Sections S2 and S3 of Supplemental Material). To investigate the effects of MP density on the
dispersal processes, particle tracking experiments were conducted for three cases, viz., Case 1: buoyant
MPs forced by the 3D currents, Case 2: buoyant MPs forced by the surface 2DH currents and placed in
the top-most surface layer, and Case 3: non-buoyant MPs that are fully transported passively by the 3D
currents (Table 1b). We presume that MPs are slightly buoyant to park in the near-surface layer and
thus are not to be transported directly by windage for Cases 1 and 2, while Case 3 accounts for small-
sized MPs that are neutrally buoyant with the rising velocity of wyp = 0. The particles were released
periodically at an interval of 12 hours from circular patches placed at the river mouths of interest (Table
1b-¢). The radius of the circular patch was set to 25 km, in which particles were evenly placed to
complement the under-resolved initial near-field dilution of MPs around river mouths. More than four

million particles were released over the three years.
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To determine the destination of MPs initially released from major rivers in the SCS, the
beaching of MPs is considered in Cases 1 and 3. In this study, the MPs reaching a grid cell with the
representative shallow water depth of 20 m, which pre-defined the minimum depth set in the HY COM-
ROMS model, are automatically deemed “beached.” If the particle is judged as beached, the tracking is
terminated, and the particle stops at this position. Case 2 is an exception to this protocol because of the
inclusion of the random walk model, in which MPs that drifted onto the shore grid must be allowed to
return to the ocean grid by forced horizontal MP displacement by the horizontal random walk. However,
even for Case 2, the MPs reaching the shore grid are much less mobile as they spontaneously slow down
according to the subgrid velocity interpolation towards zero velocity on the land grids. Moreover, we
did not include the Stokes drift velocity (Uchiyama et al., 2010; 2017a) in the present study as argues in

Section S2, except for the additional experimental run shown in Section S4.

3. Medium-term Oceanic Transport of MPs in and around the SCS

3.1 Mean seasonal hydrodynamic variability

As reviewed by Hu et al. (2000) and references therein, overall seasonal circulation in the SCS
is cyclonic in winter and anticyclonic in summer with a few stable eddies, mostly driven by monsoon
winds. These surface circulations are formed as intensive western boundary currents that extend to a
depth of around 200 m (summer) to 500 m (winter) (Chu et al., 1999). The seasonal circulation is also
affected by water exchange between the SCS and the adjacent seas. For instance, observational studies
(e.g., Wyrtki, 1961; Song, 2006; Fang et al., 2010) show that there is volume outflow from the southern
SCS into the Java Sea during winter and vice versa in summer, which have been confirmed by modeling
studies (Cai et al., 2005; Fang et al., 2009; Liu et al., 2011; He et al., 2015; and Daryabor et al., 2016).

The mean seasonal variability of surface hydrodynamics in the SCS was examined by taking
temporal averages of the HY COM-ROMS model results for the three-year period from 2012 to 2014
(Figure S3). The surface circulation field of the SCS is composed of basin-scale wind-generated
circulations and gyres (Figure S3c, d), which are significantly affected by the seasonally varying Asian
monsoons developed mainly near the Asian continent (Figure S3a, b). In winter, the mean surface
currents showed a predominant cyclonic gyre in the northeastern part of the SCS (viz., east of the Gulf
of Thailand) owing to the northeasterly energetic winter monsoon, with the strengthened southward-
drifting western boundary current off the Vietnam coast (Figure S3d). In contrast, in summer, the
northeastward currents directed towards the Taiwan Strait were derived from the northward-drifting
western boundary current developed off the southern China coast, as a part of the broadly distributed
northward SCS warm current provoked by the gentle southerly monsoon (Figure S3¢, Zhu et al., 2019b).
As the MP transport in the SCS is anticipated to vary substantially on the seasonal time scale, we
subsequently investigated the seasonality in the MP transport in the SCS either by the near-surface
currents exerted on buoyant (light) MPs or by the 3D currents responsible for the transport of the
neutrally buoyant MPs that are fully passive to the ambient currents, followed by the analysis of the MP
fractions transported out of the SCS.
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Figure 2. Lagrangian PDFs averaged over the advection time of 100 days (color). Top: For the MPs released
from April to September. Bottom: For the MPs released from October to March. The sources of the MPs are
mouths of (a) and (d): the Mekong River, (b) and (e): Pearl River, and (c) and (f): Pasig River, as depicted by
red circle marks. Thin black contours are isobaths on 200 m and 1000 m.

3.2 Seasonality of the MP transport in the SCS

Figure 2 shows the two-dimensional horizontal distributions of the Lagrangian PDFs (see
Section S3) of the buoyant MP particle displacement (i.e., Case 1) derived from the three rivers (i.e.,
the Pearl, Mekong, and Pasig rivers) in the SCS, averaged for the advection time of 100 days after each
release. To account for the seasonal circulation variability examined in the preceding subsection, the
time-averaged Lagrangian PDFs are grouped into two typical periods of particle emission: April to
September, representing the summer condition when the gentle southwesterly monsoon is dominant,
while October to March represents the winter condition when the intensive northeasterly monsoon
prevails.

The buoyant MPs (Case 1) derived from the Mekong River in summer are transported
northeastward by the coastal western boundary current and dispersed over a broad area in the SCS by
distributed SCS warm currents when released during the prevailing southwesterly monsoon in summer
(Figure 2a). On the other hand, the MPs released during the prevailing northeasterly monsoon in winter
are transported southwestward and reach the coast of the Malay Peninsula and Gulf of Thailand with
much less lateral dispersal (Figure 2d). This result is consistent with the field observations of Azman
et al. (2021), in which higher concentrations of MP pollution along the coastline of the Malay Peninsula

were measured during the northeasterly monsoon season.
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The buoyant MPs derived from the Pearl River are dispersed in a strip over the continental
shelf, showing prominent seasonality in dispersal patterns (Figure 2b, e). The cross-shelf transport in
summer is less obvious than that from the Mekong River, as those from the Pearl River are more
pronouncedly affected by the northeastward coastal currents (Figure S3c¢). During the summer monsoon,
some MPs were transported further northeastward, passed through the Taiwan Strait, and eventually
reached the ECS (Figure 2b). On the other hand, under the northeasterly monsoon in winter, most MPs
were immediately transported southwestward, passed the northern coast of Hainan Island, and reached
the Gulf of Tonkin (Figure 2e).

Such seasonal patterns in MP dispersal are well explained by wind-generated circulations
induced by seasonally varying monsoons in this region. In the central part of the SCS, strong
northeasterly winds blow from October to March, whereas relatively weaker southwesterly winds blow
from April to September. The oceanic flow field in the SCS is predominantly composed of monsoon-
induced wind-generated circulating gyres (Zhu et al. 2019b). In winter, the mean surface currents form
a cyclonic gyre in the northern part of the SCS by the northeasterly coastal monsoon, which induces an
elevated sea surface height near the shore, leading to a southward current off the Vietnam coast and a
southeastward current off the southern China coast as a part of the intensified western boundary current.
In turn, in summer, the western boundary current is reversed by the southerly to southwesterly monsoon
to generate northeastward currents off the southern China coast as a part of the SCS Warm Current
directed to the Taiwan Strait (Zhu ef al. 2019b). The transport of MPs in the SCS is obviously affected
by this seasonally varying circulation system.

There are distinctive seasonal differences in the transport distances of MPs released from the
Pasig River. Compared to the summer condition (Figure 2¢), the southwestward transport was enhanced,
and the particles were broadly dispersed in the central part of the SCS during the northeasterly monsoon
in winter (Figure 2f). Thus, in the SCS, MP transport is characterized by distinctive seasonality
influenced by the prevailing monsoon over the sea. The MPs originating from the three major rivers are
mostly transported over an extensive area in the SCS, while they also outflow to the surrounding seas

to a certain extent for the three-year period from 2012 to 2014.
3.3 Effects of buoyancy and random-walk diffusivity on the MP transport

To investigate the buoyancy effects on the MP dispersal on a seasonal timescale, as well as
the effects of under-resolved subgrid-scale eddy diffusivity on the 2DH Lagrangian transport commonly
used in many previous modeling studies, we compared the horizonal Lagrangian PDFs for the three
cases (Cases 1, 2, and 3) that were averaged for the advection time of 90 days after each MP release
from the three major rivers (Figure 3). We note that the differences between Cases 1 and 2 are mainly
caused by the random walk diffusivity considered only in Case 2, while those between Cases 1 and 3
are attributable to the vertical shear-induced dispersion effects in Case 3, in which vertically distributed

MPs are advected differently by depth-dependent horizontal currents.
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Figure 3. Lagrangian PDFs of the MPs released from April to September averaged over the advection time of
90 days (color). Top row: Case 1 (buoyant MPs), middle row: Case 2 (buoyant + random walk diffusivity) and
bottom row: Case 3 (neutral and fully passive 3D MPs). Left column (a)-(c): MPs released from the Mekong
River, middle column (d)-(f): from the Pearl River, and right column (g)-(i): from the Pasig River, where red
circle marks are the release sites located at each of the three river mouths. Contours are isobaths on 200 m.

In general, regardless of the buoyancy and random walk effects, the MPs released from the
three major rivers for all three cases are consistently transported primarily in the circulation direction in
the SCS; the overall differences among the cases are rather minor. However, as expected, the horizontal
extent of the non-buoyant MPs (Case 3; Figure 3g—i) is wider than that of the buoyant MPs (Case 1;
Figure 3a—c) because of the influence of the depth-variant velocity magnitudes and directions in the
spiraling surface Ekman boundary layer. In addition, the non-buoyant MPs are diluted more
considerably in the vicinity of the source areas (i.c., the mouths of the three rivers) than the buoyant
MPs. When the random walk lateral diffusivity is introduced (Case 2; Figure 3d—f), the horizontal extent
of the MP dispersal is also slightly stretched farther, and the source area dilution occurs more apparently
than those for Case 1, while the prevailing transport direction does not change significantly. Hence, we

conclude that both the buoyant and neutrally buoyant MPs behave quite similarly in the horizontal
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Figure 4. Top: Hovmoller diagrams of the vertical distribution of Lagrangian PDFs of the MPs integrated over
the entire study area as a function of advection time until 360 days after the releases of the non-buoyant MPs
(viz., Case 3) derived from (a) the Mekong River, (b) the Pearl River, and (c) the Pasig River from April to
September. Blue and red dotted lines show the corresponding 50 and 95 percentiles. Bottom: Mixed layer
depths for (d) April-September and (e) October to March, averaged for the three-year period of 2012-2014.

direction, yet with more effective lateral diffusivity inherent in the latter. The ad hoc random walk model
appends further lateral diffusivity, although the overall dispersal patterns do not change substantially,
implying that subgrid-scale mixing associated with submesoscale eddies may not be crucial for seasonal
MP transport in the SCS.

Figure 4a—c shows temporal evolutions of the vertical distribution of the depth-dependent
Lagrangian PDFs integrated spatially over the entire model domain of the neutrally buoyant MPs (Case
3) released from the three rivers that are transported passively to ambient currents, evaluated for every
10-m depth bin. Although the non-buoyant MPs are mostly suspended in the surface layer within a depth
of 10 m from the surface, some particles are affected by both vertical mixing and advection and thus are
distributed vertically as time progresses. The surface planetary boundary layer is often called the surface
mixed layer, where vertical turbulent mixing is predominant. Figure 4d—e shows the mean mixed layer
depths for the warm and cold seasons averaged over the three-year analysis period. The surface mixed
layer develops more pronouncedly in the cold season to be deeper (approximately 50-100 m) owing to
intensive convection by surface cooling as compared to that in the warm season (approximately 20—50
m). Even after one year (360 days) of advection time after the releases, approximately 50% of the

particles are transported to depths of several tens of meters (roughly in the surface mixed layer), and

10
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Figure 5. Fraction of MPs released from the Pearl River as a function of the advection time in day. Line colors
correspond to the duration of the MP releases indicated in the legends. Top six panels: Seasonal variability for
(a, d) Case 1 (buoyant MPs), (b, e) Case 2 (buoyant MPs + random walk diffusivity), and (c, f) Case 3 (passive
MPs). (a, b, ¢) The fraction of MPs that remains in the SCS, and (c, d, e) that was transported to the East China
Sea (ECS) and the Pacific Ocean (PO). Bottom six panels: Inter-annual variability for (g, j) Case 1, (h, k) Case
2, and (i, ) Case 3. The Pearl River-derived MPs released from April to June (g-i) that remain in the SCS and
(j-1) that were transported to the ECS and the PO.

approximately 5% of MPs are transported to depths of 100 m to 400 m (below the mixed layer). In
particular, among the three sources, the MPs from the Pasig River dive the deepest; below the depth of
400 m (Figure 4c). These deep diving MPs may contribute to MP pollution in the middle and lower

layers of the SCS. Therefore, non-buoyant MPs that disappear from the surface layer but do not return
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to the surface layer again (Kooi et al. 2017) are transported to the deep ocean, and may contribute to
subsurface MP pollution observed down to depths of several hundred meters over a wide area of the
SCS.

3.4 Destinations of the MPs derived from the Pearl River

In the Pearl River Estuary, China, the MP concentration was observed to be approximately 25
times higher than that in the central SCS (Cai et al., 2018; Lam et al., 2020). Thus, the MPs from the
Pearl River are anticipated to have a significant influence on the distribution of MPs, especially in the
northern SCS. Indeed, the model-predicted horizontal Lagrangian PDF distributions in Figures 2b, 2e,
3b, 3e, and 3h show that the Pearl River-derived MPs were distributed mostly in the along-shelf
directions over the continental shelf, whereas they were rarely transported seaward to the central SCS.
In addition, when the MPs were released during the wet/warm season (from April to September) in
southern China, many MPs were transported northeastward along the shore, passed through the Taiwan
Strait, and reached the ECS (Figure 2b). This result clearly suggests that the Pearl River can be a source
of MPs found in the ECS. Hence, we conducted further analysis of the fractions of the released MPs
that reach the surrounding seas (the ECS, the Pacific Ocean, etc.) by passing several transects (mostly
straits) that separate two seas, as shown by the red lines in the left panel of Figure 1, to quantify the
MPs that remain in the SCS or those that are transported out of the SCS to the surrounding seas.

Figure Sa—f shows time series of the fractions of the Pearl River-derived MPs existing in the
ECS and the Pacific Ocean (labeled as PO) for four quarterly releasing periods (January—March, April—
June, July—September, and October—December) averaged over the three years of the model results for
the buoyant MPs (Case 1), buoyant plus random walk (Case 2), and neutrally buoyant MPs (Case 3)
until the advection time of 180 days after the releases. Evidently, the releases from April to June resulted
in the largest MP discharge out of the SCS. During this period, the MPs, to be transported mostly to the
ECS and the Pacific Ocean for half a year of the advection time, in the SCS decreased by approximately
30% (Case 1) or approximately 60% (Cases 2 and 3). In contrast, for the other three quarterly periods,
the fractions of the MPs transported out of the SCS is very low and approximately 80—100% of the MPs
released from the Pearl River remained in the SCS.

Subsequently, we focused on the inter-annual variability of the fraction of the Pearl River-
derived MPs released from April to June for the three cases (Figure Sg-1). The difference among the
cases is not as large as expected from the similarity in the lateral distributions of the Lagrangian PDFs
shown in Figure 3, although the inter-annual variability is pronounced. The fractions of the MPs
transported to the ECS and the Pacific Ocean for half a year of the advection time after the releases
varied by approximately 5-60% (Case 1; buoyant), 30-80% (Case 2; buoyant plus random walk), and
25-80% (Case 3; neutrally buoyant and passive) of the total MPs released. During the wet/warm season
(spring and summer) under the influence of relatively weak southerly winds but larger river discharges,
the Pearl River plume is advected eastward and offshore by the coastal current induced by the upwelling-
favorable winds (Dong et al., 2004: Bai et al., 2015). The MPs from the Pearl River transported through

the Taiwan Strait to the ECS were increased owing to the Taiwan Strait Warm Current and the Taiwan
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Figure 6. Fraction of MPs released from the (left) Mekong, (middle) Pearl, and (right) Pasig rivers as a function
of the advection time in year. Line colors correspond to the imposed density of the MPs and the durations of
the MP releases indicated in the legend in (i). Top: the fractions of MPs that remains in the SCS, middle: that
were transported out to the East China Sea (ECS) and the Pacific Ocean (PO), and bottom: that were transported
out to the Indian Ocean. Red and blue lines: Case 1 (buoyant MPs), magenta and green lines: Case 3 (passive
MPs).

Warm Current, both of which are northeastward currents toward the ECS, and intensify in summer (Qi
et al., 2017). Because approximately 80% of the annual discharge of the Pearl River occurs during the
wet season (April-September; e.g., Yin et al., 2004), the MP emissions also increase then (Lebreton et
al., 2017). Therefore, much of the MPs emitted during the southwesterly monsoon season in the SCS
are anticipated to be transported from the SCS shelf to the ECS through the Taiwan Strait. In turn, the
fraction of MPs remaining in the SCS increased by approximately 20% in Case 1 compared to Case 2

and Case 3. The cause of this increase is discussed in the next section.

4. Long-term MP transport

4.1. Long-term transported fractions of MPs

Isobe et al. (2019) numerically studied the surface MP concentrations across the Pacific Ocean

for the next 50 years and showed that MP concentrations may increase in the seas around Japan and in
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the central Northern Pacific over the next few decades. In their model, the MP transport was assumed
to be driven purely by the surface currents; thus, vertical mixing and transport were omitted. However,
after the advection time of approximately three years, these surface MPs were randomly eliminated to
be consistent with the in sifu surface MP concentrations. Apart from the practical importance of vertical
MP transport, their study also suggested that oceanic MP transport could occur for a long period of time
(approximately 3 years). Therefore, it is important to evaluate whether the MPs derived from the SCS
would remain in the SCS or be transported to the open ocean and eventually to the surrounding seas for
years. In Section 3, we see that the fraction of MPs derived from the Pearl River varies from year to year
(Figure 5). Although the Pearl River-derived MPs tended to exit the SCS to the ECS in a couple of
months, many of the MPs derived from the Mekong and Pasig rivers remained in the SCS (Figures 2
and 3).

Figure 6 shows the fractions of the MPs released from the three rivers remaining in the SCS
(Figure 6a—c), reaching the ECS and Pacific Ocean (Figure 6d—f) and the Indian Ocean (Figure 6g—i)
as a function of the elapsed advection time for the buoyant (Case 1) and passive (Case 3) MPs. The MP
fractions were compiled into two groups depending on the time of release: the southwesterly monsoon
(April to September) and the northeasterly monsoon (October to March) seasons, consistent with Figure
2. The MPs derived from the Mekong River released in the southwesterly monsoon season were
dispersed broadly to the most extensive area in the SCS under the influence of the northeastward western
boundary current developed in summer (Figure 2a), while they flowed from the SCS to the ECS and
Pacific more rapidly than those released in the northeasterly monsoon season, regardless of the buoyancy
of the MPs (Figure 6a, d). In contrast, less than 10% of the MPs are discharged to the ECS and the
Pacific in the first year for the northeasterly monsoon season releases, demonstrating the coastal trap of
the MPs near the Malay Peninsula (Figure 2d), followed by abrupt decreases in the remaining fraction
in the second year with much stronger retention of the SCS for the buoyant MPs. The outflow rate is
clearly determined by the semiannually reversing Asian monsoon. The MPs that remain in the SCS are
retained over a wide area in the central part of the SCS by counterclockwise circulation in winter (Zhu
et al., 2019. Also depicted in Figure S3a). Then, the outflowing fraction begins to increase again after
approximately one year when the southwesterly monsoon starts to prevail (Figure 6a, d). Three years
after the release in the southwesterly monsoon season, 40—50% of the MPs were discharged to the ECS
and the Pacific (Figure 6d). The MPs released during the prevailing northeasterly monsoon from the
Mekong River were transported predominantly southwestward (Figure 2d) with an outflow rate of only
10-20% to the ECS and Pacific (Figure 6d). Transport to the Indian Ocean was also observed in all
periods and cases, ranging from 20—40% after three years of advection (Figure 6g).

The fraction of MPs derived from the Pearl River depends more significantly on the MP
buoyancy than those derived from the other two rivers. The buoyant MPs that keep parking in the surface
layer are obviously attributed to greater retention in the SCS (Figure 6b) and thus much less outflow to
the ECS and the Pacific (Figure 6e) than the non-buoyant MPs. In fact, approximately 60% of the
released non-buoyant MPs (Case 3) were discharged to the ECS and the Pacific after three years,
regardless of the period of release, while approximately 20% (almost 0%) of the buoyant MPs were
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Figure 7. Long-term fate of the MPs. Top six panels (a-f): Lagrangian PDFs of the released MPs on the
advection time of 3 years for (a-c) Case 2 (buoyant + random walk) and (d-f) Case 3 (fully passive MPs). Red
circle marks correspond to the released sites, where (a) and (d) from the Mekong River, (b) and (e) from the
Pearl River, and (c) and (f) from the Pasig River. Contours are isobaths on 200 m and 1000 m. Bottom three
panels (g-i): The fraction of beached MPs derived from (g) the Mekong River, (h) the Pearl River, and (i) the
Pasig River. The MP releases in 2012 are depicted here for the advection time of up to 3 years. Red, blue, and
green lines are for Case 1, Case 2, and Case 3, respectively.

discharged to the ECS and the Pacific when they were released in the southwesterly (northeasterly)
monsoon season.

The MPs derived from the Pasig River behaved most similarly for all the scenarios, among
those derived from the three rivers (Figure 6c, f, i). The Pasig-derived MPs were extensively transported
westward to the central part of the SCS for an advection time of a few months (Figure 2¢) with more
westward extent of the MP dispersal for the northeasterly monsoon season releases (Figure 2f).
Nevertheless, the timing of the initial increase in the outflow rate to the ECS and Pacific differs from
case to case (Figure 6f). For instance, the discharge rate of the buoyant MPs increases four—eight months
for the northeasterly monsoon release (September to March), while from eight months to one year for
the southwesterly monsoon release (April to September). At the advection time of three years, a large
fraction of the released MPs outflow to the ECS and the Pacific, approximately 60% for the buoyant
MPs, and 40-50% for the non-buoyant MPs. Thus, the MPs from the Pasig River were transported to
the central SCS over tens to hundreds of days, and then to the ECS and the Pacific by the northeastward
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current that occurred with the prevailing southwesterly monsoons. In addition, 10—15% of the MPs were

transported to the Indian Ocean at the advection time of three years (Figure 6i).
4.2 Possible final destinations of the river-derived MPs

To examine the long-term fate of the river-derived MPs in the SCS, we examine the
Lagrangian PDFs at the advection time of three years for the buoyant and non-buoyant MPs released
from the three major rivers (Figure 7). The results for the non-buoyant, passive MPs (Figure 7d—f) are
intuitively consistent with the results shown in Figure 6, which indicates that at least approximately
20% of the released MPs remained in the SCS. Figure 7d—f shows that the MPs remaining in the SCS
mostly stay in the Gulf of Thailand (the Mekong-derived MPs), Gulf of Tonkin (the Pearl-derived MPs),
and central SCS (the Pasig-derived MPs). In contrast, the buoyant MPs were visually missing in the
SCS ocean, where the Lagrangian PDFs almost vanished (Figure 7a—c).

The mechanism behind this difference was simple. We found that the missing buoyant MPs
were mostly beached. Figure 7g—i shows the time series of the fraction of beached MPs, in which they
gradually vary except for the initial adjustment occurred in the first 2-3 months. Approximately 40—
50% of the buoyant MPs derived from the Mekong River, approximately 60—90% of the Pearl River-
derived MPs, and approximately 20% of the Pasig River-derived MPs have been beached. Beaching
occurs rather promptly after the release of buoyant MPs, without prominent temporal evolutions. On the
other hand, the non-buoyant MPs derived from the three rivers were barely beached at less than 10% of
the released MPs. As a side remark, the random walk diffusivity places the nearshore MP particles away
from the shore (i.e., forced to move offshore) that eventually diminishes the beached MPs.

These results indicate that the MPs released from the Pearl River, Mekong River, and Pasig
River tend to be transported to the ECS and the northwest Pacific Ocean through the Luzon Strait and
Taiwan Strait during the prevailing southwesterly monsoon. If the MPs remain in the SCS, many of
them are transported to the shore and beached. In reality, the buoyant MPs that beached may repeatedly
drift back and forth between the shore and the ocean, losing buoyancy under the influence of friction,
fragmentation, and biofouling; eventually become non-buoyant MPs that are likely to be transported

over a wide area again. However, such processes have not been modeled in the present study.
5. Discussion

5.1 Performance of the microplastic transport model

Although the HY COM-ROMS model has been validated thoroughly as noted in Section S1,
it is worthwhile to demonstrate the validity of the present simplified particle tracking model. Here we
exploited a publicly available data set of satellite-tracked surface drifters distributed by the Global
Drifter Program (GDP; Elipot et al., 2016), in which more than 30,000 drifters have been deployed and
tracked in the global ocean from 2005 to the present at a quarter day interval. The accuracy of the particle
tracking model is confirmed statistically by comparing the modeled Lagrangian PDFs with the
trajectories of the GDP drifters that have existed in the SCS. Figure 8 shows examples of such
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Figure 8. Same as Figure 2d, but six in situ surface drifters’ trajectories (blue curves) and the final positions of
them (magenta) are superposed on the Lagrangian PDFs averaged over the advection time of 120 days (color) for
the MPs released from the Mekong River (red circle mark) from October to March. Left: Case 1 (buoyant MPs),
middle: Case 2 (buoyant + random walk diffusivity), and right: Case 3 (neutral and fully passive 3D MPs).

comparisons for the particles released from Mekong River. We set a transect (107.5°E and 9°N - 10.5°N)
near the mouth to search for the GDP drifters that passed through the transect from 2012 to 2014. Six
drifters were detected, while all of them occurred in colder seasons (October to March), not in warmer
seasons. To be consistent with the extracted drifter data, the time-averaged Lagrangian PDFs are
computed for the modeled particles released from October to March. Three model results are represented
in Figure 8, whereas Cases 1 and 2 correspond to the drifters that stay at the ocean surface. Three drifters
out of six traveled shorter distances than the others and beached on the southern coast near the tip of the
Indochina Peninsula, where the Lagrangian PDFs are very high. The other three drifters were further
transported westward to enter the inner Gulf of Thailand and approximately followed the areas with
higher Lagrangian PDFs. These results evidently indicate that the present particle tracking model
performed quite well with good accuracy for Cases 1 and 2. In contrast, modest discrepancy is found
for Case 3 because it represents fully passive MPs and thus is unsuitable to compare with surface drifters.
Interestingly, the passive MPs in Case 3 were transported more to the south off the Malay Peninsula
than those for the near-surface MPs in Cases 1 and 2. This result demonstrates again that the buoyancy

of the MPs affects their lateral transport patterns substantially.
5.2 Fate of the river-derived microplastics

In the SCS, pronounced seasonality was observed in the medium-term (i.e., seasonal
timescale) transport of MPs and the outflowing fractions to the surrounding seas. Therefore, MP
pollution in these areas may vary greatly depending on the season. Field observations with respect to
MPs have normally been conducted for a few months in the SCS (Cai et al., 2017) and the seas around
Japan (Isobe et al., 2015), whereas year-round monitoring is required to clarify the seasonal distribution
of MPs.

The large meso plastic (>5 mm) suspended in the Japan Sea was reported to be influenced by
the prevailing southeastward Stokes drift in the surface layer and was pushed to the coast of the Japanese

islands (Iwasaki et al., 2017). On the other hand, smaller MPs (<5 mm) were transported broadly over
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an extensive area of the Japan Sea by the northeastward current, because they were not affected by the
Stokes drift velocity, which is generally intensified in the surface layer, but rather their vertical
distribution was extended to a depth of several meters by vertical mixing (Iwasaki et al., 2017). The
present study indicated that buoyant MPs from the Pearl River were beached more considerably than
the non-buoyant MPs. The buoyant MPs are expected to drift in the surface layer of the ocean, to
repeatedly exchange with the shore, to increase their own density through biofouling and degradation
by ultraviolet rays and friction (Kaiser et al., 2017: Fazey et al., 2016), and eventually lose their
buoyancy, thereby increasing their horizontal dispersal distance (Isobe et al., 2014).

In addition, a greater fraction of the non-buoyant MPs was transported to the ECS and Pacific
Ocean when the MPs were advected for long periods of time. If we assume a large meso-plastic, the
percentage of shoreward MP transport may even be higher owing to the influence of Stokes drift in the
surface layer. However, because the wave-driven littoral currents in and around the surf zone where
waves break are much more complicated and completely different from the non-wave current field
(Uchiyama et al., 2010; 2017a), a simple linear addition of the Stokes drift velocity to the non-wave
Eulerian velocity could cause large errors in the transport estimation, particularly with numerical models.
This discrepancy is similarly anticipated in offshore MP transport where the Stokes-Ekman currents
develop, as pointed out in Section S2. On a global scale, Stokes drift may not contribute to the large-
scale accumulation of microplastics in the subtropics rather than Ekman currents and geostrophic
currents because of its non-divergent nature. In turn, Stokes drift may lead to increased transport to polar
regions where storm-generated waves are larger and occur more frequently (Onink et al., 2019). We
showed that the MPs suspended in the SCS were transported in the same direction as the monsoon as
the western boundary currents of the basin-scale wind-generated gyre. Because Stokes drift associated
with wind waves mainly occurs in the same direction as the sea wind (van Sebille et al., 2020), an ad
hoc linear addition of Stokes drift to the HY COM-ROMS model-generated Eulerian velocity results in
enhancement of downwind extent of the MP transport in the SCS, or leads to very minor effects as seen
in Section S4. Therefore, the effects of waves on MP transport are still underway and must be carefully
studied in the future.

Once MPs are transported shoreward from the offshore, some are beached permanently, and
some are possibly reverted back to the offshore by back-rushing waves and offshore headed currents
such as rip currents after a certain period of time (Hinata et al., 2017). The residence time at the shore
estimated by observations (Hinata et al., 2017) led to the development of a model for the behavior of
MPs near the shore (Hinata et al., 2020). Hence, more realistic beaching modeling is necessary in the
future to accurately reproduce the nearshore processes and retention for MP transport along with a wave-
averaged 3D circulation model requisite, particularly for surf zone applications.

In previous modeling studies on MP transport, beaching was sometimes considered (Zhang et
al., 2020), but was omitted at other times (Isobe et al., 2019; van Sebille et al., 2019; Onink et al., 2019).
This study employs a simple beaching model that represents the resolved “stickiness” of the shore by
bilinear interpolation of lateral currents that decrease towards the shore where velocity vanishes, while

neglecting the complicated nearshore physics responsible for actual beaching processes. The random
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walk model used in Case 2 serves as a stochastic redistributor of the nearshore MPs to drift back offshore,
which leads to diminishing the beached MPs by approximately 20-50% relative to Case 1 (Figure 7g—
i). On the other hand, the decrease in the beached MP fraction is apparent in Case 3, demonstrating that
buoyant MPs (Cases 1 and 2) beaches much more frequently than non-buoyant MPs (Case 3). Because
of the difference in the weight density of the MPs, the buoyant MPs are confined in the surface layer,
while the non-buoyant MPs can spread over a wider depth range (Figure 4a—c). In the surface layer, the
intensive southwestward wind blowing in the southern China coastal areas promotes the onshore Ekman
flow to be approximately perpendicular to the continent. Thus, the buoyant MPs in the surface layer
derived from the Pearl River are transported to the coastal area owing to wind-induced currents that are
largely influenced by the northerly to northeasterly monsoon (Figure S3), attributed to more beached
MPs (Figure 7h). In contrast, the direction of the subsurface currents at a depth of 5 m is rather in the
along-shelf direction with a much weaker velocity (not shown). Hence, the non-buoyant MPs distributed
widely in the vertical direction (Figure 4a—c) are affected by subsurface currents, which do not promote
onshore transport and thus less beaching occurs. This result suggests that the buoyancy of the MP
particles alters their mean vertical positions, resulting in being driven by different horizontal current
velocities and directions in the spiraled Ekman boundary layer.

The seafloor is considered to be a reservoir of MPs because MPs that lose their buoyancy will
reach the seafloor (Woodall et al., 2014). A field survey conducted on the continental shelf in the coastal
area of southern China confirmed that MP contamination occurs on the seabed over an extensive area
on the shelf (Chen et al., 2020). Our model results for the neutrally buoyant MPs (Case 3) showed that
the MPs gradually migrate vertically down below the surface mixing layer developed approximately
20-50 m (spring/summer) and approximately 50—-100 m (fall/winter) from the surface (Figure 4d, e).
Consequently, more than 5% of the released MPs were transported deeper than 100 m (Figure 4a—c). If
the weight density of MPs increases to be negatively buoyant, that is, to have a downward settling
velocity, more MPs are able to dive below the mixed layer to possibly reach the abyssal ocean. For
instance, Fazey and Ryan (2016) estimated that after 17 to 66 days, approximately half of the MPs
suspended in coastal areas start to have a settling velocity, while Kaiser et al. (2017) estimated that this
happens after approximately six weeks.

We examined MP contamination on the seafloor in the SCS based on the results of the non-
buoyant MP model. The MPs derived from the Pearl River were broadly transported over the continental
shelf (Figure 4h), and thus have a large chance to contribute to MP pollution on the continental shelf
seabed, consistent with the observations of Chen et al. (2020). On the other hand, the MPs derived from
the Mekong and Pasig rivers were mostly transported to the central SCS in the advection time of several
tens of days (Figure 3g, i). If these MPs started to have a settling velocity, they could dive into the deep
abyssal oceans at depths of several thousand meters. However, there are many unanswered questions
about the processes by which MPs acquire settling velocity in the ocean, and further research is needed

to understand MP pollution in the deep oceans.

6. Conclusions
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In the SCS, it was confirmed that the transport pattern of MPs is substantially influenced by
the seasonally varying, basin-scale wind-driven circulation system induced by the prevailing monsoon
system developed on the Asian continent. The mean transport direction of the river-derived MPs,
particularly those from the Pearl and Mekong rivers, was found to be northeastward (southwestward)
during the periods of prevailing southwesterly (northeasterly) monsoon. MPs released from the southern
coast of China manifest a large proportion of discharge into the East China Sea (ECS) across the Taiwan
Strait, suggesting that they might be one of MP sources observed in the seas around Japan.

We found that the rate of lateral MP transport has non-trivial interannual variability,
presumably owing to the long-term variability of the Asian monsoon and the associated weather system
that alter the SCS circulations as main driving forces. As the advection time progressed from several
months to several years, few MPs remained in the SCS, whereas a large fraction of the MPs from the
Mekong and Pasig rivers were transported to the ECS and Pacific Ocean, of which some slightly leaked
into the Indian Ocean. The long-term northward transport to the ECS and the Pacific is evident,
particularly during the southwesterly monsoon, indicating that the summer monsoon plays a significant
role in the dispersal and advective distribution of MPs in the extensive area. Therefore, the SCS, which
has many important emission sources of plastic waste to the ocean, is anticipated be a major source of
MPs in the world's oceans.

Although approximately half of the non-buoyant MPs were found within a depth of 10 m from
the surface, the remaining MPs were transported down to 10—-100 m from the surface. More than 5% of
the non-buoyant MPs sank down below a depth of 100 m, and some reached 400 m depth, suggesting
that the MPs attaining negative buoyancy with a downward settling velocity may be a contributor to
abyssal MP contamination. The buoyant MPs drifting on the continental shelf originating from southern
China tend to be pushed toward the shore by northward wind-induced currents more pronouncedly than
the non-buoyant MPs, which, in contrast, diffuse to deeper layers owing to vertical mixing and vertical
advection. This result suggests that differences in the weight density of MPs affect their beaching

processes and thus plastic pollution on beaches.
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