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Southeast Asian countries are widely acknowledged as major sources of plastic waste entering the ocean. The
seasonality of floating marine debris abundance in the Gulf of Thailand (GoT) was investigated through visual
observations in situ and a particle tracking model (PTM). The observations documented the highest concen-
tration of floating debris (3329 pieces) during the northeasterly monsoon (dry season), characterized by offshore-
ward winds on the beaches along the eastern coast. A PTM representing riverine plastic debris was developed to
reproduce these observations by incorporating ocean surface currents, horizontal diffusion, Stokes drift, wind-
age, and beaching/re-drifting processes. Two re-drifting processes were examined in the PTM experiments: one
where re-drifting occurs on a timescale assigned to each particle with an average of 200 days and another where
modeled particles were re-drifting after the onset of offshore-ward winds above the beaches. The latter experi-
ment successfully reproduced the seasonal patterns observed in reality, although re-drifting should occur after
10-60 days from the onset of offshore-ward winds, suggesting that plastic beach litter is prevented from re-
drifting immediately due to various obstructions such as beach vegetation. The results indicate that the
floating plastic debris observed visually in the GoT does not directly come from rivers but from the beaches
where plastic debris accumulates during the onshore-ward winds. This information will support evidence-based
measures, such as beach cleanup campaigns, to effectively reduce plastic debris impact in the GoT.

1. Introduction

Plastic pollution has become a pressing global environmental issue,
with vast quantities of waste entering marine ecosystems each year. In
2010, an estimated 275 million metric tons (MMT) of plastic waste were
generated by 192 coastal countries, with 4.8-12.7 MMT reaching the
ocean (Jambeck et al., 2015). Rivers serve as major conduits, trans-
porting between 1.15 and 2.41 MMT of plastic waste annually, with the
top 20 polluting rivers—primarily in Asia—accounting for approxi-
mately 67 % of this total (Lebreton et al., 2017). Poor waste manage-
ment, high population densities, and industrial activity drive this
pollution, making riverine plastic transport a critical factor in marine

debris accumulation.

Southeast Asia is a major contributor to ocean plastic pollution, with
five countries, including Thailand, collectively producing approximately
8.9 MMT of mismanaged plastic waste (MPW) annually (Trajano, 2023).
Thailand alone generates around 2 MMT of plastic waste each year, but
only 27 % is properly managed (ESCAP, 2022). Popular tourist desti-
nations such as Phuket, Krabi, and Ko Samui contribute over 16.8 ki-
lotons of MPW annually, while Nakorn Si Thammarat generates 9,000
tons, with 90 tons flowing directly into waterways (ESCAP, 2022). More
recent estimates suggest that 2.83 MMT of municipal solid waste re-
mains uncollected or mismanaged in Thailand’s 23 coastal provinces,
with approximately 339000 tons being plastic waste and 51,000 tons
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leaking into the ocean each year (UN Environment program and COB-
SEA, 2023).

The Gulf of Thailand (GoT), a shallow basin averaging 40 m in depth,
is particularly vulnerable, with monsoonal winds significantly influ-
encing the movement of floating plastic debris (Guo et al., 2021; Anu-
taliya, 2023; Nakano et al., 2024). While it is often assumed that the
southwest monsoon (April-August) drives debris northeastward and the
northeast monsoon (November-February) reverses this flow, transport
patterns may be more complex. Riverine input, beach accumulation,
re-drifting of stranded debris, and transitional monsoon periods likely
play key roles, underscoring the need for further investigation into these
dynamics.

Rivers are particularly important in shaping the seasonal distribution
of floating plastic debris (Van Emmerik et al., 2019). Thailand’s rivers
alone may contribute over 51,000 tons of plastic annually to the
ocean—far exceeding earlier estimates of 14,000 tons (Lebreton et al.,
2017; UN Environment program and COBSEA, 2023). The seasonal
variability of river runoff, driven by monsoonal rainfall patterns, further
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influences the transport and accumulation of plastic debris, under-
scoring the need to quantify these dynamics more precisely. Beyond
riverine input, the exchange of plastic debris between the ocean and
beaches is another key factor affecting transport pathways. Particle
tracking models (PTMs) have been widely used to simulate these pro-
cesses (Isobe and Iwasaki, 2022; Irfan et al., 2024), typically relying on
predefined timescales based on field studies in mid-latitude regions
(Kataoka et al., 2013; Hinata et al., 2017). However, applying these
findings to the tropical, monsoon-driven GoT requires adjustments.
Persistent onshore and offshore winds likely play a significant role in
plastic debris movement, necessitating a wind-dependent exchange
process to improve PTM accuracy in this region.

This study aims to enhance our understanding of floating plastic
debris behavior in the GoT under different monsoonal conditions. Two
PTM experiments were conducted using an e-folding time of 200 days
and an assigned delay period to simulate plastic waste dispersal. By
integrating numerical modeling with visual observations of marine
debris, we refine existing PTMs to better capture beaching and re-
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Fig. 1. Study area and riverine plastic debris emissions. The panel (a) shows the upper Gulf of Thailand and the northern region, extending from 99°E to 104°E
longitude and 11°N to 14°N latitude, where the onboard visual observations were conducted. The insert map illustrates the cruise tracks from multiple surveys in
November-December 2019 and January 2022 (dark blue line), October 2023 (brown), and April 2024 (light blue). Dots with the same color as for each month are
stations at which we conducted visual surveys of floating objects. Yellow circles at river mouths represent annual riverine plastic debris emissions based on estimates
by Lebreton et al. (2017), with circle diameter scaled according to the emission magnitude (as shown in the upper right legend). Panel (b) displays the monthly
variation in riverine plastic debris emissions throughout a year, also derived from Lebreton et al. (2017).
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drifting processes. The findings will provide critical insights into plastic
debris pathways and support the development of more effective man-
agement strategies to reduce marine plastic pollution in the GoT and
surrounding areas.

2. Materials and methods
2.1. Visual observation

The visual observation area covered the northern GoT between 99°E
and 104°E in longitude and between 11°N and 14°N in latitude (Fig. 1a).
Four observation campaigns were conducted along the prescribed ship
tracks during 29th November — 20th December 2019 and 23rd - 28th
January 2022 (NE monsoon season), 15th — 22nd October 2023 (tran-
sition season), and 3rd — 9th April 2024 (SW monsoon season) using a M.
V. SEAFDEC2 belonging to the Southeast Asian Fisheries Development
Center (SEAFDEC).

Two observers from whichever side of the bridge deck had less sea
surface reflection attempted to seek flotsam in the daytime along the
ship track in the same manner as Randriarilala et al. (2014) and Kuroda
et al. (2024). The visual observations were sometimes interrupted by
ship operations. Thus, the floating object (flotsam) numbers recorded
between the start and end points along each track were converted to
flotsam numbers per hour (item/hour). This time-based normalization
was dependent on the variation of ship speed over ground during the
cruise track (Kuroda et al., 2024). However, because the speed was
maintained nearly constant (8.5-10 knots) during the surveys, the
number of items per hour is effectively equivalent to the number of items
per unit distance and is therefore used here for simplicity (Randriarilala
et al., 2014). Before the visual observation along each track, the ob-
servers recorded metadata such as speed/direction of the vessel,
observation side of the deck (i.e., port or starboard side), sight angle
from the horizontal plane, wind speed/direction, sea roughness (ten
levels from the calm to stormy), and glare types (glare or cloudy sky
reflection). When the observer found a flotsam, the observer recorded
the flotsam position coordinates, types (expanded polystyrene foam,
food package, glass, metal, plastic bag, plastic bottle, plastic fragments,
fishing net, fishery buoy, and unknown objects), sizes visually recog-
nized (< 20 cm, 20 cm - 50 ecm, 50 cm - 100 ¢cm, 100 ¢cm - 200 cm, >
200 cm), colors (white, gray, black, blue, green, yellow, orange, red,
brown, and clear), and distance from the vessel (calculated from the
sight angle, ©, and the observer’s eye height above the sea surface, H)
(Fig. 2). The distance was estimated using a trigonometric relation:

Distance = H/tan(0)

For model purposes, we group the categories of plastic flotsam items
according to their different pathways and sources as expanded poly-
styrene foam, fishing gear (fishing net, fishery buoy, and fishing ob-
jects), and other plastic items (food packages, plastic bags, plastic
bottles, and plastic fragments).

Fig. 2. Schematic representation of the visual observation method used to
detect floating plastic debris. An observer, positioned on the vessel at the height
(H) above sea level, detects debris at a distance from the vessel. The distance is
calculated as shown in the text.
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2.2. PTM description

2.2.1. Model descriptions for updating particle positions

In the present study, two-dimensional horizontal PTM experiments
were conducted to reproduce the seasonal variation in the abundance
(items per hour) and spatial distribution of floating plastic debris
observed visually at the sea surface in the GoT. The particle position
[X = (x,y)] at time t + At, where At the model time step, was calculated
according to Isobe et al. (2009) but excluding the fragmentation process
of microplastics. Therefore, the present PTM experiments aimed to
reproduce the seasonal variation of plastic debris observed in the
different monsoon seasons, not its absolute amount, which fragmenta-
tion processes would reduce. The positions (X) of each particle at time ¢
were updated as follows:

X(t+ At) = X(t) + UAt+ RV2KAt @

where U[= (u,v)] represents the current vectors (including ocean cur-
rents, Stoke drift, and windage), R is a random number generated at each
time step with an average of 0.0 and a standard deviation of 1.0. The
horizontal diffusivity K was defined as 0.01 x Ax*3® (Okubo, 1971).
Here, the u and v are horizontal current components in the zonal (x) and
meridional (y) directions, respectively. The grid spacing Ax was set to
1/12¢° in both latitude and longitude, providing the horizontal currents
used in the model. Transport drivers, such as ocean currents (described
below), were provided for areas beyond the immediate study domain
(see map in Fig. 1a), allowing particle tracking computations to continue
even after particles exited the target area.

In the present PTM, particles were transported by surface ocean
currents, Stokes drift induced by wind waves, and windage. All forcing
data were monthly averages from daily records spanning 1993-2018.
Ocean surface currents were obtained from the Hybrid Coordinate
Ocean Model (HYCOM; https://www.hycom.org). Stokes drift was
calculated using the University of Miami wave model v1.0.1 (Donelan
et al., 2012), driven by monthly-averaged wind data from the Japanese
Ocean Flux Data Sets with Use of Remote Sensing Observations
(J-OFURO), with a horizontal resolution of 0.25° at 10 m above the sea
surface (Tomita et al., 2019). The ETOPO1 dataset (Amante and Eakins,
2009) provided the bottom topography and coastlines for the wave
model. Windage, representing the excursion owing to drag force exerted
by winds directly on floating particles was computed using the monthly
satellite-derived wind vectors from J-OFURO. To incorporate the
windage into the PTM algorithm, we applied Richardson’s relationship
(Richardson, 1997) between wind speed at 10 m (Wjo) and windage
speed (U,,) as follows:

Uy, = \/f)a/ﬂw' a/Cw'Aa/Aw.Wlo (2)

where p, and p,, are the densities of air and seawater, respectively; C,
and C, are the drag coefficients in the air and seawater; and A, and
A,, are the horizontally projected areas of debris above and below the
sea surface, respectively. The ratios were setas p,/p,, = 1.15 x 10~ and
Cq/Cw = 1.0. The ratio A,/Aywas randomly assigned values between
0 and 10 (with 50 % of the values falling between 0 and 1) to represent
the diverse characteristics of different types of debris (Kako et al., 2010).
This random assignment reflects the varying shapes, sizes, and buoy-
ancies of different types of floating plastic debris (e.g., plastic bags,
bottles, and foam), which influence the degree of exposure above the
water surface and hence the wind drag acting on the particles. As a
result, the PTM accounts for particle-specific windage effects, thereby
incorporating part of the physical variability of floating plastics without
explicitly modeling detailed material composition or degradation pro-
cesses. The monthly average ocean currents and Stokes drift were pro-
vided at each 1/12° x 1/12° grid cell at mid-month, while wind vectors
were simultaneously given to each 1° x 1° grid cell. Surface ocean
currents, Stokes drift, and windage were linearly interpolated in both
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time and space at each particle position for every time step and then
combined to obtain the total surface current vector (U) used in Eq. (1).
Monthly datasets for currents and winds were cyclically reused, irre-
spective of the simulation year.

2.2.2. Plastic debris emission imposed on the PTM

In the present experiments, monthly data of the riverine plastic
debris emission from Lebreton et al. (2017) were applied to the river
mouths across the GoT (Fig. 1a). In this study, we selected the river
mouths with emissions greater than 40 tons per year, which account for
96 % of the total plastic emission into the GoT. Emissions were imposed
once each month, on the first day of the month. One ton of plastic debris
was modeled as a single particle in the PTM. The plastic emission from
rivers across the GoT exhibited the maximum (or minimum) in
September (or February), corresponding with the seasonality of river
runoff (Fig. 1b). This monthly variation of plastic debris emission was
repeatedly applied to the rivers, regardless of the year. The PTM ex-
periments began with a domain devoid of particles representing plastic
debris and continued until the end of year 6, when the seasonality of
particle amounts in the GoT became nearly stable (as shown later in
subsection 3.2).

2.2.3. Model description for particle exchange between ocean and beach
domains

Two different scenarios were examined in the PTM experiments to
simulate re-drifting processes from beaches to the ocean domain
(Table 1).

In the first PTM experiment, particles that were washed ashore on
beaches re-drifted on a timescale assigned to each particle at its gener-
ation. In the second case, the occurrence of re-drifting depends on wind
directions above the beach where the particles stayed. In both cases,
particles in the ocean domain were regarded as washed ashore on bea-
ches once they were positioned on beaches via the transportation by Eq.
1).

In the first scenario, particles re-drifting occur on a timescale (t*)
assigned to each particle at the time of its generation in line with
exponential random numbers. This timescale followed an exponential

distribution e%, with an e-folding time of = 200 days based on ob-
servations by Kataoka et al. (2013), who monitored temporal changes in
a specific type of buoy stranded on a Japanese beach. The present
experiment was conducted like Irfan et al. (2024), where the time since
beaching was tracked individually for each particle. When the elapsed
time exceeded t*, the particle re-drifted to the location where the par-
ticle existed just before beaching. The e-folding timescale of 200 days
was obtained experimentally on a single beach, so to assess the model
sensitivity experiments were conducted by changing the timescale from
100 to 300 days to examine the dependence of the timescale on modeled
results.

In the second scenario, re-drifting depended on persistent offshore-
ward wind conditions during a ‘delayed period’ prescribed in the
experiment. It is reasonable to incorporate the wind-induced re-drifting
into the PTM experiments in tropics and subtropics under the monsoon
condition varying in seasons because offshore-ward winds persistently
continuing for a few months over the beach provide a favorable

Table 1
Summary of PTM experiment design and conditions.
Experiments Re-drifting Delay period Ref.
scenarios
1st PTM Wind-independent 200 days* Kataoka et al.
experiment (2013)
2nd PTM Wind-dependent 0, 10, 30, 60, and Present study
experiment 90 days.

* The delay period was given to the model as the e-folding time of the re-
drifting timescale assigned randomly to each particle (see the text)
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condition for beach plastic debris to move in the offshore-ward direction
and vice versa. However, it is not easy to uniquely determine how long
the offshore-ward winds need to blow persistently for re-drifting of
beach plastic debris. Re-drifting to the ocean just at the onset of offshore-
ward winds seems to be unlikely because entanglement in beach vege-
tation (“Christmas tree effect”; Williams and Simmons, 1996; Ivar do Sul
et al., 2014) and/or burial in the sand (Williams and Tudor, 2001;
Asensio-Montesinos et al., 2019) can delay or inhibit re-drifting. A
particle on a beach returns to the ocean domain if offshore-ward winds
over the beach continue for a longer time than a delayed period pre-
scribed in the present PTM.

In this experiment, the delay period was tested at 0, 10, 30, 60, and
90 days. A longer delay reduced the likelihood of particles re-entering
the ocean, due to increased trapping in the coastal environment. If the
wind direction reversed before reaching the required delay, the count-
down for that particle was reset. Although 0 days is not realistic, it was
included for comparison, while 90 days was selected as the upper bound,
since longer delays would likely prevent re-drifting due to seasonal wind
reversals. The appropriate delay period was determined based on the
model’s ability to realistically reproduce the seasonal variation in
floating plastic debris, as observed visually.

3. Results
3.1. Visual observations

The visual observations revealed the highest number (3329 items) of
total plastic debris during the NE monsoon (December and January),
while the lowest (937 items) was observed during the southerly
monsoon (April, hereinafter included in the SW monsoon season for
simplicity) (Fig. 3). Among the types of debris, other plastics were the
most frequently found in all periods, followed by expanded polystyrene
foam (Table 2). The highest percentage of other plastics was recorded
during the transition season (October; 80.9 %), followed by 67.3 %
during the NE monsoon and 59.6 % during the SW monsoon. The
highest percentages of foam (34.0 %) and fishing gear (6.4 %) were
observed during the SW monsoon, followed by the NE monsoon (28.5 %
and 4.2 %, respectively), and lastly, during the transition season (18.0 %
and 1.1 %). The composition of observed floating debris by type, size,
and color during each survey period is summarized in Table 3. Foam and
other plastics dominated across all seasons, while most items were
smaller than 20 cm and predominantly white and transparent in color. A
more detailed breakdown of debris categories, including fishing gear
and plastic subcategories as well as glass and metal items, is provided in
Supplementary Tables S1-S2.

Floating plastic debris was found widely and homogeneously across
the survey area during both the SW and NE monsoons (Fig. 3a, c). As
mentioned above, the number of floating debris during the SW monsoon
was significantly lower compared to the NE monsoon. Higher concen-
trations (item/hour) were revealed on the western side of the GoT in the
transition season (October; Fig. 3b). These high concentrations seem to
appear in the southward ocean currents along the western boundary in
these seasons (arrows in the background of Fig. 3). In October, both
large river discharge (Fig. 1b) and large percentage of other plastics
(Table 2) suggested that riverine plastic debris generated on the bay
head moved southward along the western boundary of the GoT. How-
ever, the predominance on the western side becomes unclear despite the
intensification of the southward ocean boundary current in the NE
monsoon season (December and January; Fig. 3c), suggesting that
floating plastic debris found during the surveys did not originate from
the rivers during the same period.

3.2. The PTM experiments

A clear seasonal variation in the modeled particle counts, integrated
across the areas north of 11°N (consistent with observations), emerged
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Fig. 3. Abundance of visually observed plastic debris during (a) the SW
monsoon (April), (b) transition season (October), and (¢) NE monsoon
(December and January). The size of the blue circles represents the number of
plastic items observed per unit hour, scaled according to the legend at the right.
Colored arrows indicate wind vectors (m/s, see right scale), while black arrows
represent ocean currents, with corresponding velocity scales shown in the lower
right corner of each panel.

Table 2
Total counts of floating debris items recorded through visual observation during
the Southwest (SW) monsoon, transition season, and Northeast (NE) monsoon.

Items SW monsoon Transition season NE monsoon (Dec-
(Apr) (Oct) Jan)
Foam 319 (34.0 %) 236 (18.0 %) 949 (28.5 %)
Fishing 60 (6.4 %) 15 (1.1 %) 141 (4.2 %)
gear
Other 558 (59.6 %) 1061 (80.9 %) 2239 (67.3 %)
plastic
Total 937 1312 3329

over the GoT from year 5 onward in both PTM experiments. Therefore,
we focused on the results from the last two years of the six-year
computation (Fig. 4). For comparison, the numbers of plastic debris
visually counted during the three surveys are shown repeatedly over the
same two-year periods. To emphasize seasonal variation, the modeled
time series was detrended using a least-squares linear regression.
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Table 3
Percentages of plastic debris categories during three survey periods.
Categories  Subcategories Seasons
Sw Transition NE Monsoon
Monsoon (Oct) (Dec-Jan)
(Apr)
Foam 341 18.0 28.5
Types Fishing gear’! 6.4 1.1 4.2
Other 59.6 80.9 67.2
plastics™?
<20 cm 66.3 44.0 67.4
20-50 cm 29.6 50.4 30.8
Sizes 50-100 cm 2.9 4.5 1.5
100-200 cm 1.0 0.6 0.2
> 200 cm 0.2 0.5 0.1
White 60.0 66.3 56.5
Transparent 22.3 20.3 28.6
Colors Red 2.9 2.7 4.1
Yellow 5.6 2.7 3.7
Other® 9.1 8.0 7.2

"1 nets, buoys, ropes “2bags, bottles, fragments, food packaging
“S Black, Blue, Gray, Green, Brown, Orange

A linear trend was present in the modeled particle counts due to the
exclusion of removal processes such as fragmentation into microplastics,
burial in sand, and entanglement in beach vegetation. In the first
experiment, it was difficult to reproduce a rapid increase of plastic
counts observed visually during the NE monsoon season (December and
January) due to a 1-2 month time lag, regardless of whether the re-
drifting timescale was set between 100 and 300 days (Fig. 4a). In
contrast, in the second experiment time lag was reduced to one month or
less with 0-day delayed period. However, there was an unexpected peak
from March to May, during which field surveys recorded low plastic
counts. These discrepancies suggest that further refinement of the PTM
is necessary to better replicate the observed patterns of plastic debris.

Incorporating a delay period in the re-drifting process of beached
plastic debris is a reasonable approach, as beach features such as un-
dulations, vegetation, and natural debris can hinder immediate return to
the ocean. To better capture this behavior, we introduced delay periods
ranging from O to 90 days in the second PTM experiments (Fig. 5). A
distinct winter peak in December emerged in simulations with short
delays (less than 10 days; Fig. 5a, b). In the 10-day delay experiment, the
March-May peak observed under the 0-day delay condition shifted to
June during the SW monsoon. However, the accuracy of this shift could
remain uncertain due to a lack of observational data for that period
(Fig. 5b).

With longer delays of 30 and 60 days, the SW monsoon peaks were
reduced in magnitude, while a more pronounced peak appeared during
the NE monsoon (December-January), aligning more closely with field
observations (Fig. 5¢, d). In contrast, the 90-day delay experiment pro-
duced a peak in February, one to two months later than observed,
indicating a reduced agreement with real-world data (Fig. 5e). These
results suggest that moderate delay periods (e.g., 30-60 days) may best
capture the dynamics of re-drifting plastic debris under monsoonal
conditions.

4. Discussion
4.1. Potential sources of floating plastic debris observed in the GoT

The detrended particle counts from the last two years of the second
experiment demonstrated that the winter increase of floating particles
was in phase with the decrease in beached particles (Fig. 6 for a 30-day
delayed period). Notably, the amplitude of the seasonal variation in
beaching during the NE monsoon (November to February) contributed
to the increase in floating particles during the same period. The modeled
result was consistent with the visual observations, which recorded the
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Fig. 4. Comparison between observed and modeled abundance of floating debris in the northern GoT (insert map in Fig. 1). Hourly numbers of floating debris
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different residence times of 100 (dotted), 200 (solid), and 300 (broken lines) days. Panel (b) shows the results for the second experiment with the delayed period of
0 day. Both panels display modeled data for the last two years of simulation, while the same observed data are repeated for comparison.

highest number of flotsam during the NE monsoon (December and
January; Fig. 3), although corresponding beach surveys were not con-
ducted in the present study.

According to the results, the number of beached particles begins to
accumulate from the mid-SW monsoon (June) until the onset of the NE
monsoon (November), and these beached particles are likely the source
of the floating particles observed during NE monsoon season (hence,
floating plastic debris found in the winter survey). A similar seasonal
pattern was reported by Irfan et al. (2024), who used a PTM to evaluate
riverine plastic debris in the Indian Ocean. They found that the beached
particles increased from July to October and decreased from November
to January, which aligns with our findings. While their modeling
approach closely resembles ours, a key difference is that our results were
validated exclusively through visual observations of floating debris, due
to the lack of beach survey data in the GoT, which may enhance our
results. Monchanin et al. (2024) investigated marine macrodebris on
Koh Mun Nai in the eastern GoT and found higher debris densities from
February to April compared to October to December. This contrast with
our findings, which showed lower beached particles between January
and June. This discrepancy may be due to Koh Mun Nai’s unique
characteristics as a small, uninhabited island, which may influence
debris accumulation differently than mainland beaches.

The month-to-month differences in the beached particles counts
provide insights into the processes driving particle accumulation on
beaches (Fig. 7). The difference between August and July (August minus
July, and similarly for the other comparisons), indicates a higher con-
centration of beached particles along the eastern side of the GoT
(Fig. 7a) likely resulting from floating particles being pushed ashore by
the prevailing SW monsoon winds. The difference between October and
September highlights a large accumulation that occurred on the beaches
in the northernmost gulf during the transition season (Fig. 7b). In
addition, the accumulation was extended southward along the western
coasts of the GoT. These accumulation patterns were consistent with the

peak riverine emission during the transition season (Fig. 1b), and visual
observations of land-based debris on the western GoT in October (Fig. 3
and Table 2). This suggests that the beached particles accumulating in
the upper gulf during the transition season likely originated from
increased riverine inputs. In contrast, the difference between December
and November (Fig. 7c) shows a near mirror image of the August and
July pattern (Fig. 7a), reflecting the reversal of monsoonal wind direc-
tion during the NE monsoon. The decrease in beached particles along the
eastern coasts of the GoT suggests that these locations may serve as
sources of re-floating plastic debris during the winter months.

A series of October, November, and December maps of floating
particles in the second experiment, with a 30-day time lag, demonstrate
the sources of plastic debris visualized in winter (Fig. 8). These maps
also shown the significant accumulation of beached particles along the
northern and eastern coastlines of the GoT. Interestingly, the floating
particles increased (Fig. 3) as the NE monsoon wind intensified from
October to November, suggesting that the wintertime floating debris in
the GoT is not solely the result of riverine inputs occurring during that
season. Instead, previously beached plastic debris may also be remobi-
lized by offshore-ward winds and transported back into the water. In
addition, seasonal sea-level variations may further enhance debris re-
drifting during the NE monsoon. The mean sea level in the GoT is
typically higher during the NE monsoon than during the SW monsoon
(Saramul and Ezer, 2014; Narenpitak et al., 2025), as a result of wind
setup and regional circulation patterns. Elevated sea levels can facilitate
the re-drifting of stranded debris, allowing previously beached material
to be more easily washed back into the sea. This mechanism likely
contributes to the observed winter peak of floating debris in the GoT.

This interpretation is consistent with the findings of Harris et al.
(2021), who used GIS-based analyses to demonstrate that 52 % of plastic
waste transported by rivers to the ocean tends to accumulate along
river-dominated coastlines. Similarly, Zhang et al. (2022) found that
most plastic debris originating from terrestrial sources remains stranded
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Fig. 5. Comparison between modeled and observed abundance of floating
debris in the GoT from the second PTM experiment. Modeled results (lines; left
ordinate) are shown for delayed periods of 0 days (a), 10 days (b), 30 days (c),
60 days (d), and 90 days (e), together with observed data (bars; right ordinate).

on the beach, emphasizing that the interactions between land and sea
make tracing the sources of plastic pollution particularly complex.
Further supporting evidence comes from Yin et al. (2020), who inves-
tigated the dynamics of anthropogenic marine debris accumulation in
urban and peri-urban mangroves on Penang Island, Malaysia. Their
transects survey study showed that mangrove canopy and root struc-
tures effectively retained debris within the interior, whereas debris
closer to the shoreline is more likely to be sorted and returned to the sea,
particularly smaller plastic fragments. They also observed that plastics
were the dominant debris type across all sampling sites, consistent with
global trends reported in beach and mangrove environments.
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Fig. 6. Detrended monthly variations for modeled particles in the ocean (sin-
gle-pointed line) and on the beaches (solid line) in the last two years in the
second experiment with the delayed period of 30 days. The variations were
computed for the same area in Fig. 4. The periods corresponding to the
Northeast (NE) monsoon, transition season, and Southwest (SW) monsoon in
the Gulf of Thailand (GoT) are also indicated.

In particular, the eastern beaches become significant sources of
floating plastic debris during the NE monsoon. The modeled results are
consistent with the observations, such that the floating plastic debris
concentration along the western coasts in October spread over the entire
Gulf in the subsequent months (Fig. 3). This suggests that well-planned
beach cleanup campaigns along the northern and eastern coasts could
play a critical role in reducing ocean plastics in the GoT by removing
beached plastic debris before it is re-drifted into the ocean.

The peaks also appeared in the SW monsoon seasons because the
particles washed ashore along the western coast and re-drifted into the
ocean (see the negative difference along the western coast in Fig. 7a).
However, the height of peaks in the SW monsoon season was sensitive to
the choice of delayed periods (Fig. 5b, ¢, and d). This summer peak was
not robust in the present PTM because the drifting particles were carried
from the GoT to the outer ocean due to the southward boundary current
along the western coast in the NE monsoon (Fig. 3c), and because par-
ticles moving onto the western coast during the NE monsoon become
therefore smaller than those washed ashore on the eastern coast during
SW monsoon season. Although the peak of floating debris is likely to
appear in June and July in the actual ocean in the same fashion of the
PTMs (Fig. 5b, ¢, and d), its magnitude compared to the winter peak was
unable to be conclusive in the present study due to both lack of field
surveys and uncertainty of the delayed period. In addition, during the
NE monsoon, riverine debris is transported southward along the western
coast due to prevailing northeasterly winds and associated surface cur-
rents, whose speed and direction vary both in space and time due to
wind fluctuations, local current variability, and coastal morphology in
the reality. Consequently, the re-entry and redistribution of beached
debris across the GoT can vary substantially in both time and space,
resulting in unstable peaks during the subsequent SW monsoon season.

4.2. Suggestion for additional field surveys to determine the delayed
period

Two different approaches were applied to model the re-drifting of
plastic debris from beaches back to the ocean. Among them, the first
experiment, with an average residual time, appears inappropriate for the
GoT, a semi-enclosed gulf under a monsoon system in the subtropics,
irrespective of the residence time selected (Fig. 4a). The residual time of
200 days was experimentally estimated for a Japanese beach (Kataoka
et al., 2013), where litter may return to the ocean year-round due to
natural events such as storm surges caused by subweekly-scale extra-
tropical cyclones during spring tides. The removal of beach litter under
these conditions was demonstrated using webcam monitoring by Kako
et al. (2018), who documented mid-latitude storm-driven mobilization
(see their Fig. 8 for photographs taken on a beach along the western
coast of the United States). In such settings, the strong
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Fig. 7. Monthly differences in beached particle average abundance in the
second PTM experiment with a 30-day delayed period between successive
months: (a) August minus July, (b) October minus September, and (c) December
minus November. Red circles indicate positive differences (increased beached
particles), while blue circles represent negative differences (decreased beached
particles). The diameter of each circle corresponds to the number of particles
per 1/10° x 1/10° grid cell, with reference scales shown in the upper right
corner of each panel. Wind vectors averaged over the later month of each pair
are overlaid, with wind speed values also indicated.

northeastward-flowing Kuroshio Current further facilitates the offshore
transport of re-drifting litter.

In contrast, the semi-enclosed nature of the GoT and the absence of
persistent, intense alongshore currents like the Kuroshio Current mean
that re-drifting beach litter is less likely to be rapidly carried away.
Instead of mid-latitude cyclonic activity, the GoT is subject to alter-
nating NE and SW monsoons, which are dominant atmospheric systems
in the subtropics and tropics. These seasonal monsoon winds are key
drivers of debris transport, acting on an annual cycle, as well as
phytoplankton biomass across the GoT (Leenawarat et al., 2022). In
shallow seas such as the GoT, wind interactions can create more dy-
namic conditions than in deeper oceanic regions (Simpson and Sharples,
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2012), making monsoon-driven transport even more significant.
Supporting this perspective, Semcesen et al. (2025) studied
wind-driven transport of microplastic debris in a large urban harbor
(Toronto Harbour, Canada) using GPS-tracked bottle drifters during the
summer of 2021. They designed the drifter’s shape and weight to
resemble floating debris. Results showed that wind significantly influ-
enced drifter movement, with trajectories and accumulation zones
matching observed anthropogenic debris. Drifters moved two to five
times faster than expected in small waterbodies and up to seven times
faster in Lake Ontario, demonstrating strong wind dependence in both
speed and direction. In fact, the second experiment with re-drifting due
to offshore-ward winds could reproduce the prominent winter peak
found by the visual observations in the GoT when we employed 30-60
days for delayed periods (Fig. 5). The present PTM experiment suggested
that the delayed period of 10 days was also acceptable if the number of
floating plastic debris in July is larger than that during winter in the
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actual GoT.

Although a delayed period of 10-60 days is likely to occur under
actual coastal conditions, such as mangroves with entangled roots,
mudflats, vegetation, and sandy beaches, it remains challenging to
determine the specific delayed period applicable to GoT. Previous
studies support these results. Ivar do Sul et al. (2014) studied the
retention and exportation of plastic debris by mangrove forest patches in
northeastern Brazil by releasing color-tagged plastic items in various
mangrove habitats. They found that plastic debris can be retained in
mangroves for at least six months and potentially much longer. To better
estimate the delayed period of beached plastic re-entering the ocean in
the GoT, further studies should consider conducting mark-recapture
experiments similar to those carried out by Kataoka et al. (2013). In
such experiments, a selected beach along the eastern GoT coast could be
cleared of all debris to initialize conditions. Newly stranded debris
would then be individually marked each month with the date of
stranding, enabling long-term tracking of persistence and replacement
patterns. Monthly surveys of marked items would provide time series
data that could be analyzed using the remnant function approach
(Kataoka et al., 2013) to estimate e-folding times, interpreted as average
residual times for beached debris. In turn, these values—especially when
considered alongside wind regime changes—could serve as a basis for
defining realistic delayed periods in future PTM experiments.

Moreover, to strengthen the model-data comparison, additional on-
board visual surveys are recommended during key periods with limited
observational coverage—particularly during the mid-SW monsoon sea-
son (June and July; Fig. 4). These surveys would help characterize
seasonal variability in floating plastic debris abundance, offering crucial
input for validating model outputs and narrowing the plausible range of
delayed periods used in particle tracking models.

5. Conclusion

This study demonstrated that the particle tracking model (PTM),
incorporating ocean-beach particle exchange driven by offshore winds,
successfully reproduced the observed winter peak of floating plastic
debris in the GoT. A delayed period of 1-2 months was appropriate for
modeling the re-drifting process, although a shorter delay of around 10
days may also be valid if summer debris levels exceed those in winter.
While riverine inputs remain a primary source of floating marine debris
in the GoT, our findings underscore the significant role of beaches as
secondary sources, particularly during the NE monsoon. In particular,
the eastern beaches emerge as key contributors to debris re-drifting,
driven by seasonal wind patterns.

Debris stranded on beaches may also be removed through beach
cleaning activities, especially in popular tourist destinations. Such in-
terventions can permanently remove debris from the system, preventing
its return to the ocean. Moreover, not all stranded debris re-drift; some
may remain on beaches for extended periods due to entrapment in
vegetation, burial in sand, or other stabilizing factors. These processes,
largely unaccounted for in the current model, could contribute to dis-
crepancies between simulated and observed debris distributions,
particularly in areas with active human intervention or strong retention
conditions. Future modeling efforts should incorporate these potential
sinks, including beach cleaning and long-term retention, to enhance
simulation accuracy and better estimate the persistence and fate of
plastic debris in coastal systems.

These findings emphasize the value of targeted, seasonally timed
beach cleanup efforts—especially along the northern and eastern
coasts—as a practical management strategy to reduce the re-entry of
beached plastic debris. Incorporating both natural and human-driven
processes into future PTM frameworks could further improve pre-
dictions and guide more effective marine debris mitigation policies.
Such efforts could help lower the overall burden of floating plastics,
improve coastal water quality, and support healthier marine ecosystems
in the GoT.
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