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Abstract. Marine debris poses an increasing threat to the coastal
ecosystems of the Seribu Islands, particularly Tidung Island, where
hydrodynamic influences on debris transport remain poorly understood.
This study simulated the movement and seasonal origin ofrigpdebris
using backward modeling integrated with validated hydrodynamic and
Lagrangian modules in OpenFlows FLOOD. The model, forced by tidal,
wind, and bathymetric data, showed strong agreement thithfield
observations, with correlation coefficients of 0884, and RMSE values

of 0.0699.097 across tidal elevation and currents. Simulations under
contrasting monsoon conditions revealed current velocities offR2®m/s
during the west monsoon @r0.0390.24 m/s during the east monsoon,
producing southwestward flow in the west season and weaker
northwestward circulation in the eaBackward analysis showed that during
the westrn monsoon, offshore debris from the northern Java Sea was
advected sabward and accumulated near Tidung Islamtiereas during

the east monsoon, debris mainly originated from local activities and
remained confined due to weak circulation. These findings highlight the dual
role of Tidung Island as both a receiver of offshore debris and a trap for local
waste, underszing the need for stronger community management and
integrated policy actiato reduce marine debris.
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1 Introduction

Marine debris have become a global environmental challenge that threatens marine
ecosystems and coastal sustainability. They consist primarily of plastic materials that are
resistant to degradation, allowing them to persist for long periods in marineraneints.
This debris causes physical harm to marine organisms through entanglement and ingestion,
degrades coral habitats, and diminishes the aesthetic and economic value of tourism and
fisheries[1, 2]. In Indonesia, which ranks among the largest cortwilstto marine plastic
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leakage worldwide, an estimated hundreds of thousands of tons of waste enter the ocean
annually. This issue is particularly concerning in coastal metropolitan areas, such as Jakarta
Bay and the Seribu Islands, where high population density and inade qusé¢envanagement
intensify debris accumulation in the surrounding waters.

Recent research in Indonesia has revealed that marine debris around the Seribu Islands is
dominated by lowdensity plastics originating from both local and external soU&;e4].

Field observations in islands such as Pari, Pramuka, and Tidung have reported increasing
debris accumulation driven by monsoonal circulation and limited flushing efficiency in
shallow reef systems. However, most of these studies have focused on quattidying
abundance and composition of debris, with limited attention paicetdythamic processes

that govern its transport and retention. Consequently, the spatial connectivity and potential
origin of debris within the Seribu Islands remains poorly understood.

Small tropical islands are highly vulnerable to marine debris, which threatens ecosystems,
fisheries, and tourism sectors [5, 6]. Hydrodynamic drivers such as tides, monsoonal winds,
and regional currents [7, 8]. Identifying the source of debris is therefssential for
distinguishing between local inputs and external contributions, supporting more effective
management interventions [9]. The Tidung Islands, located in the southern part of the Seribu
Islands in the Java Sea, exemplify a small island systeere shallow bathymetry, reef
bounded channels, and seasonal monsoon influence create complex circulation and debris
retention zones [10]. Circulation around the islands is primarily driven bydieinmial tides
and monsoonal variability, with regionalrcents interacting with the reef flats and narrow
channels. These mechanisms control the water residence time, flushing efficiency, and
retention or release of suspended and floating materials, including marine debris.

To reconstructing debris pathways and assessing their potential origins, backward
trajectory modelling provides a robust tool by integrating hydrodynamic forcing with field
observations. In this study, the OpenFlows FLOOD platform was applied to sinidédte t
and winddriven circulation and backtrack the transport of floating debfis The outcomes
are expected to generate a scientific basis for targeted debris management and conservation
strategies, enhancing the resilience of small tropical islam$, &s Tidung, under both
climatic and anthropogenic pressures.

Several studies on marine debris on the Seribu Islands have primarily focused on
quantifying their abundance and compositiod [13]. However, discussions of the physical
mechanisms that control debris transport and accumulation remain limited. In reality, the
interactions between monsoonal circulation, tidal oscillations, and local geomorphology play
a crucial role in regulating theetention and dispersal of floating materials; however, these
processes have not been sufficiently investigated in sehatld environments such as
Tidung. The contrasting characteristics of the west and east monsoons, each with distinct
wind directions and current structures, are expected to alter the connectivity between the
offshore and nearshore debris sources. To adthés&nowledge gap, the present study
integrates hydrodynamic modeling with backward Lagrangian trajectory simulations to
determine potential debris origins and understand how physical forcing governs their spatial
distribution around Tidung Island.

2 Materials and method

2.1 Study area

Tidung Island, located approximately 48 km north of Jakarta, is one of the inhabited islands
in the southern Thousand Islands Administrative Regency. It consists of two main parts,
Tidung Besar and Tidung Kecil, connected by a wooden bridge known as dartlata
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with a combined land area of approximately 109 ha and a population exceeding 5,000
residents. The local economy is supported mainly by seoalk fisheries and marine
tourism. This study was conducted in the ITK IPB Oceanography Laboratory between July
and September 2025 using backward hydrodynamic and Lagrangian simulations that
represent two contrasting monsoonal conditions: the west monsoon (January 2022) and the
east monsoon (August 2022). The computational domain covered the southern part of the
Thousnd Islands, extending between 5°25'-6°10" S and 106°2'-107°10" E, with a specific

focus on the Tidung Island region. Field measurements of tides and currents were carried out
at 5.805221° S and 106.521794° E, at a depth of 3 m, over four days and ghtsdrom

March 24 to 29, 2022. The research and measurement stations are sRigvi.in
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Fig. 1. Map of the research area.

The model used in this study was developed based on field observations conducted during
the practicum at the Department of Marine Science and Technology, IPB University. During
the survey, a significant accumulation of plastic debris was recorded alospdiadine,
particularly near Jembatan Cinta and the western part of Tidung Besar. The debris was
dominated by floating low density polyethylene (LDPE) materials such as plastic bags and
food wrappers, with an average density of approximately 0.9 g/cniéhaliows them to
remain buoyant and be transported by surface currents. Based on the field survey, five
monitoring points were designated as debris observation sites, with three around Tidung
Besar, one at Jembat&@inta, and one at Tidung Kecil representing identified hotspots of
debris accumulation.

2.2 Data sources

The data used in this study consisted of field observation data, including tidal elevation,
which served as the basis for model validation. In addition, reanalysis datasets comprising
tidal, bathymetry, and wind data were used as inputs for the modejwation Table 1).
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Tidal and current measurements were conducted using the Eulerian method through mooring,
with tidal records taken at omminute intervals, and current records taken at 30 second
interval, were recorded continuously over a period of four days and thres. nigiese
observational data were used to validate the outputs of the hydrodynamic rdgdel [1

Bathymetric data were obtained from the Indonesian National Bathymetry (BATNAS),
with a spatial resolution of 15 arcseconds, approximately 30 m. Wind data were sourced from
the Copernicus Marine Environment Monitoring Service (CMEMS) with a temporal
resoldion of six hours [B]. Tidal data were also obtained from the Finite Element Solution
(FES) 2014 tidal model developed by Laboratoire d’Etudes en Geophysique et
Oceanographie Spatiales (LEGOS), which was used as a boundary input for the
hydrodynamic modedetup.

Table 1. Sources and resolutions of data used in the study

Data Acquisition .
Data Observation | Reanalysis Resolutions Sources
Mooring data in 4 days . )
Tide Elevation J and 3 night, interval 1 Lc?bsé?rﬁgogoTrLdeaci
(Validation) minute (324-2022 until 99 ™ P
03-29-2022)
Current g/lnodognngi dhetlt?r:tr; :t/g%?) Observation Current
Direction & v gnt, . meter JFE Infinity
Velocity second (24-2022 until EM
03-29-2022)
Tide .
Prediction v resolution grid 1/16° FEZ%?:;(A)‘VISO
(Input Model) y
resolution grid 1&arc Batimetri Nasional
Bathymetry v second (BATNAS) 2024
Wind Copernicus Marine
Direction and J grid resolution 0,15 Service
Speed degree, interval 6 hour| (https://marine.coperr]
P icus.eu/)

2.3 Hydrodynamic modeling

The simulation was conducted using OpenFlow Flood, which employs a\folitsme
scheme as its numerical foundatiorg,[117]. This scheme, based on fhkawnserving
computations, allows multiple physical processes to be solved simultaneously, and is
implemented using ANSI FORTRAN 95. The model utilized a sHeyer vertical geometry

with a temporal resolution of 60 s per tisiep, totaling 20,160 time steps, equivalent to a
15-day simulation period. Bathymetric data were obtained from BATNAS 2024, didahd)

was obtained from the FES2014 tidal atle®][And atmospheric forcing was obtained from

the Copernicus Marine Service. The open boundary facing the Java Sea applies tidal elevation
and wind forcing, while the closed boundaries along Jakarta Bay and the surrounding islands
restrict landward flow19]. The computational domain was constructed using a nested grid
system to represent both largeale dynamics and local circulation, consisting of three grid
resolutions, 1000 m (blue), 500 m (green), 400 m (red). The model domain and grid
system are illustrated Fig. 2.
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OpenFlows™ Model Domain and Nested Grid Configuration
FLOOD™ the Tidung Island Region

Fig. 2. Model domain and nested grid configuration

The Lagrangian particlacking module was coupled with a hydrodynamic simulation

to model the movement of floating debris influenced by surface currents and wind. This

module computes particle trajectories based on the velocity fields derived from the

hydrodynamic results. A total of 100 virtual particles were released, representing low density
polyethylene (LDPE) plastics with a density of 0.9 g/cm3, allowing them to remain buoyant

and be transported by surface currents. The simulation was conducsethiabd mode for

a 15day period to trace potential debris source areas, with particle positions recorded hourly
to analyze transport pathways and connectivity between Tidung Island and its surrounding
waters. A summary of the model configurations and Haon conditions is provided in

Table 2.
Table 2. Configuration of the hydrodynamic model
Parameter Value Unit Notes
Cell Numbers X () 100 Cell
Grid 1 Cell Numbers Y (J) 100 Cell
Grid Size 100 m
Cell Numbers X () 110 Cell
Grid 2 Cell Numbers Y (J) 110 Cell
Grid Size 500 m
Cell Numbers X () 86 Cell
Grid 3 Cell Numbers Y (J) 125 Cell
Grid Size 1000 m
Number of time step 20.160 -
Time step interval 60 second
Geometry 1 layers
Tide 1/8 degree Fes 2014
Bathymetry m Batnas 2024
Atmosphere Wind m/s Copermcqs Marine
Service
Open Boundaries Tide and Wind
Boundaries Close Boundaries Coastline of Jakarta
Bay and Islands aroun
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In this simulation model, a Lagrangian module with a sHieyer geometry was applied.
The particles used in this study represent LDPE {Ommsity Polyethylene) plastic, which
has a density of 0.9 g/cm3. This type of plastic, commonly found as resfdughimpogenic
activities in coastal areas such as plastic bags and food wrappers, tends to float on the ocean
surface and is easily transported by hydrodynamic forces.

The total number of particles released was 20 per station, and five monitoring points were
established to observe marine debris: three located around Tidung Besar Island, one on
Jembatan Cinta, and one on Tidung Kecil Island. These observation pointeterrained
based on field surveys conducted by Marine Science and Technology students from IPB
University during a field practicum on Tidung Island, where debris accumulation hotspots
were identified.

2.4 Model validation

Assessing the reliability of hydrodynamic simulations is critical for ensuring that the model
outputs accurately represent reairld conditions. In this study, model validation was
performed using two comparative approacla®l the model was validated by comparing
tidal simulation results based on boundary input from FES2014 witlegeladata obtained

from field measurements. Current velocity simulations were validated using data collected
directly at the study site throudjeld observationsSeveral stistical metrics were employed

to quantitatively measure the agreement between the model and observations. The Root Mean
Square Error (RMSE) served as the primary indicator quantifying the average magnitude of
deviation between the simulated and obsewnaldes. RMSE is widely recognized as a
standard performance metric across environmental modeling disciplines, including climate,
meteorology, and oceanograph@][2ZThe RMSE formulation applied in this study is shown

in Equation 5.
1 i !
RMSE = |-¥i_,(vy —¥')? @

Complementing the RMSE analysis, two additional metrics were calculated: the standard
deviation, which describes the dispersion of data values relative to the mean, and the Pearson
correlation coefficient (R), which reflects the temporal agreement andstany of data
trends between the model and field observations. Together, these metrics offer a more
comprehensive understanding of the model fidelity, capturing both the error magnitude and
dynamic behavior of the system. To further enhance the intatiore the results were
visualized using a Taylor Diagram, a widely used graphical tool in geophysical sciences for
assessing model skill. This diagram integrates RMSE, standard deviation, and correlation
into a single 2D plot, providing an intuitive resentation of how well the model replicates
the observed phenomend]2The diagram was produced in JupyterLab within the Anaconda
3 environment, which supports robust data visualization and scientific comptiting.
interpret the RMSE values, this studyopted the classification system proposed 8}, [2
which defines the performance categories, as shoWabie 3.

Table 3. RMSE performanceclassification

Model Performance Category RMSE Value Range
Very Good RMSE <0.5
Good 0.5<RMSE <0.6
Moderate 0.6 <RMSE<0.7
Poor RMSE > 0.7
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3 Results and discussions

3.1 Validation of tide and current between observation and model result

The accuracy of the tidal and current data from the U and V simulations was assessed by
comparing model outputs with field observations of the water level. Statistical evaluation
was conducted using the correlation coefficient, root mean square error JREISE
standard deviation, and the results are illustrated in the Taylor diaBigm3)(
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(A) Water level (B) Zonal Current (C) Meridional Current
Fig. 3. Taylor diagram for tidal validation, in March 2022.

The hydrodynamic model validation against observed tidal elevafigh3A) shows a
strong agreement, with a correlation coefficient of 0.94, RMSE of 0.097 m, and standard
deviations of 0.27 m (observed) and 0.24 m (modeled), indicating a minimal bias in tidal
variability. Consistent performance was also observed in the cwaédation: the zonal
current (U) componeniFig. 3B) achieved a correlation of 0.84 and RMSE of 0.0699 m/s,
with standard deviations of 0.127 m/s (observed) and 0.107 m/s (mqdetet the
meridional (V) componenFig. 3C) showed a correlation of 0.85, RMSE of 0.0691 m/s, and
standard deviations of 0.130 m/s (observed) and 0.110 m/s (modeled). These quantitative
metrics demonstrate that the model effectively reproduces both the amplitude and temporal
variability of tidal and current dynamics. The proximity of all markers to the reference point
in the Taylor diagrams confirms that the deviations are within acceptable thresholds for
coastal hydrodynamic applications. Thereforentinelel can be considered valid and robust,
providing a reliable foundation for subsequent simulations of the current circulation and
debris transport around Tidung Islamd comparison between the simulated and observed
tidal elevations is shown iRig. 4, and a comparison of the current velocity is showFign
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Fig. 4. Validation of the modeled water level elevation against field measurement data.
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The model (black line) closely followed the observed water level (red line), successfully
capturing both the phase and amplitude of the tidal cycles throughout the simulation period
from March 24 to 29, 2022. Minor discrepancies are evident at certaingpehtrough
events, where the model slightly underestimates the maximum tidal elevations; however, the
overall agreement remains strong. This visual consistency reinforces the statistical findings,
confirming that the model provides a realistic represemtaif the tidal dynamics at Tidung
Island, and can be confidently applied as the basis for subsequent hydrodynamic and particle
transport simulationsAlthough the validation was conducted using observational data from
March 2022, the results demonstrate that the model is sufficiently reliable for reproducing
the tidal dynamics in the study area. Based on this validation, the model can be applied to
simuate different seasonal conditions, including the west monsoon in January and the east
monsoon in Augus?2022. This approach ensures that the model setup is grounded in field
observations while also enabling broader applications for assessing hydrodynamic variability
across different monsoonal periods around Tidung Island.

« validation e« model

0.4 ol5

Zonal Current, (m/s)

Meridional Current, (m/s)

Fig. 5. Scatter plot of observed and simulated currents at Tidung Island.

The scatter diagram shows that the current pattern around Tidung Island is mainly
controlled by tidal motion, resulting in backdforth flow. Two datasets are shown; the blue
points represent the model results, while the orange points represent featdatibss, and
their close overlap indicates that both capture a similar current pattern. The data are
distributed symmetrically around the zero axis for both the zonal (U) and meridional (V)
components, showing that the current moves alternately eastmestivard and northward
southward with almost equal strength. The U component reaches about +0.4 m/s eastward
and-0.4 m/s westward, while the V component varies between +0.5 m/s northwa@.and
m/s southward. The elliptical spread of points acrossuiallicants indicates periodic current
reversals, during which the flow tends to move northeastward (U+ and V+), and during the
ebb tide, it turns southwestward{dnd \~). This alternating pattern reflects the typical tidal
circulation in the shallow wateisf the Seribu Islands, where semidiurnal tides drive the
current to regularly change direction. With maximum speeds e0®4m/s, the current can
be classified as moderate and is capable of moving fine sediments and floating materials in
rhythm with thetidal cycle.Although validated using March 2022 data, the steady physical
setup of the model allows reliable simulation of the January and August 2022 monsoon
conditions.
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3.2 Current patterns in the west and east monsoon

During the western monsoon period, the atmospheric system over western Indonesia was
dominated by monsoonBuring the west monsoon, prevailing westerlies to northwesterlies
drive the surface flow eastward to northeastward across the Jaj\Z8d&ese winds cross

the eastern Indian Ocean and Java Sea, driving the surface water masses from west to east.
On a regional scale, this pattern causes surface currents in the northern Java Sea to flow
eastward or northeastward following the wind dirett{@4]. However, when this flow
approaches the Seribu Islands region, its direction begins to change owing toutrecenfl

of the complex local bathymetry and coastal topographly [2

The Seribu Islands form a chain of shallow islands and coral reefs extending from north
to south separated by narrow passagék Y2hen the eastward flow from the northern Java
Sea enters this area, it no longer moves directly with the wind direction, but experiences
deflection and channeling. The combination of shallow depth, coral shoals, and numerous
small islands forces the floto follow seabed contours. Some of the incoming currents from
the north and northeast are redirected through theisitardpassages toward the south and
southwest, whereas the flow along the outer shelf forms weak eddies in the lee of larger
islands. As a result, the surface current around Tidung Island shows a southwestward
tendency in contrast to the eastward regional atwkthe open Java Sea.

In addition to topographic steering, circulation is influenced by inflow from the Sunda
Strait. During the western monsoon, the sea level in the eastern Indian Ocean is slightly
higher than that in the Java Sea, generating a weak pressure gradienvéisatvdter into
the southern part of the Seribu Islan@3][ The interaction between this inflow and the
northern Java Sea current creates a complex pattern in the southern archipelago, often
resulting in current deflection and localized stagnation zomesd Tidung Island.

Hydrodynamic simulation indicated that the current speeds varied with the tidal phase
(Fig. 6). During the towareebb phaseKig. 6A), currents begin to strengthen westward along
the northwestern boundary, with velocities ranging from 0.10 to 0.20 m/s, while around
Tidung Island and within passages they remain below 0.10 m/s. At the peak Bfgi6iB),
the strongest flow occurs near the northwestern offshore zone, reaching a maximum of 0.28
m/s, forming a dominant westward jet, while inteland passages record 0-05.0 m/s.

During the towareflood phase Kig. 6C), currents rotate and weaken to 6:0A5 m/s
offshore and below 0.18V/s near the islands. At the peak of the floBig(6D), the flow
intensified again in the northern sector to approximately-0.2% m/s, while inside passages

it remained weak, accompanied by small recirculating eddies. These variations indicate that
tidal oscillations primarily modulate the current intéysivithout reversing the general
southwestward direction, with ebb currents remaining slightly stronger and more organized
than flood currents.

The combined influence of western monsoon winds, inflow from the Sunda Strait, and
complex island topography produces a distinct southwestward circulation that channels
surface water from the northern Java Sea toward the central and southern Serihultsiands
hydrodynamic condition explains the gradual advection of floating materials toward Tidung
Island. This result is consistent with backward simulations showing that during the West
Monsoon, debris originating from offshore waters in the northern Sesiavas transported
southward and trapped around Tidung Island because of residual flow, tidal oscillation, and
topographic steering.
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Fig. 6. Hydrodynamic modelling at the west monsooflBlJanuary 2022).

Hydrodynamic modeling for the eastern monsoon period reveals circulation patterns
opposite to those observed during the western monsoon. During this season, southeast winds
prevail and drive the surface water northwestward across the northern Java Sethésthe
currents enter the Seribu Islands region, particularly near Tidung Island, their direction and
magnitude vary because of the influence of island configuration and shallow bathyéetry [

In general, current speeds in the open Java Sea range.ff@0.20 m/s, while within inter

island passages they decrease to-@a® m/s. The highest velocities occur in the northern

part of the Seribu Islands facing the open sea, whereas the lowest values appear in the central
and southern sectors, where bottiviction and coral reef structures reduce flow ene$}.[

During the towareebb phaseKig. 7A), the flow moves weakly northwestward at 6-05
0.10 m/s offshore and below 0.05 m/s near Tidung Island. At the peak oFigblTR),
northern currents intensify to 0-2D24 m/s with a clear northwestward orientation,
reflecting the persistent southeast monsoon winds. Within the passages, the flow weakened
and formed local recirculating motions between the reefs. During the tdwsad phase
(Fig. 7C), the current slows and begins to shift southeastward at@Xbm/s indicating
stronger tidal influence. At the peak of flodgig. 7D), the flow strengthens slightly in the
outer waters, reaching around 0.24 m/s, while within the central archipelago it remains below
0.10 m/s.

Overall, the east monsoon circulation is calmer and more stable than that of the western
monsoon. The dominant northwestward flow in the open sea weakens within the archipelago,
forming semienclosed circulation cells with a low flushing efficiency. Thigltodynamic
condition promotes water retention and localized stagnation zones near Tidung Island. The
backward model results align with this finding, showing that during the east monsoon, most
floating particles remain confined within the Seribu Islandberathan originating from
offshore, suggesting that debris accumulation around Tidung Island primarily results from
local activities, such as tourism, smsdlale fisheries, and domestic waste sourdgls [3

10
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Fig. 7. Hydrodynamic modelling at the east monsoo1§lAugust 2022).

3.3 Seasonal backward of debris trajectories

The backward simulation for the west monsoon period (Janudy, 2022) traces the
trajectory of floating plastic debris at the sea surface as it migrates across the Java Sea and
Seribu Islands region before finally accumulating around Tidung Islanchigninverse
modeling approach, day 15 represents the earliest origin point of plastics offshore, whereas
day 1 shows their final concentration near Tidung. Given the strong validation performance
for tidal dynamics (r = 0.94, RMSE = 0.097 m) and the knd@ming of strong east
northeast monsoon winds, the results provide robust insights into the transport pathways of
debris. Similar approaches have been applied in regional and global studies that highlight the
importance of seasonal monsoon forcing in gigplastic dispersal [3.

On day 15, debris was widely scattered across the open waters of the Java Sea to the north
and northwest of the Seribu Islands, reflecting an external origin outside the local
archipelago. The persistent easirtheast winds of the west monsoon drive ngaidurface
currents westward, gradually advecting debris toward the island chain. Although diurnal tides
impose daily oscillatory motion, they do not override the prevailing westward drift. This
pattern is consistent with earlier modeling work in Indcer@svaters, which showed that
offshore plastics can be transported into archipelagic corridors under monsoon fdaging [3
By days 12 and 9, the particles moved progressively southward, entering the northern and
central sectors of the Seribu Islands. Their spread narrows as they are funneled between
islands, illustrating the role of monsednven currents in channeling glics offshore
toward more confined straits.

On day 6, the debris field became denser in the western waters near Tidung Island,
marking a transitional stage where offshore plastics began mixing with potential local
sources. The diurnal tide still generates oscillations, yet the dominant pathwaysraoréi
south advection. By day 3, trajectories indicated proximity to the western Java coastline and
western Seribu Islands, suggesting that part of the debris stream may be associated with land

11
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based sources such as river outflows or coastal leakage. This interpretation aligns with
evidence that Jakarta Bay and its river systems are among the largest contributors to plastic
leakage to the sea in Indonesi8][Finally, on day 1, all trajectories converged at Tidung
Island, where plastics accumulated. The backward reveals a clear storyline, plastics floating
offshore in the Java Sea are captured by monddwean currents, oscillate under tidal
forcing, move gadually southward through the islaodain, and ultimately strand around
Tidung. This sequence echoes the finding that positively buoyant plastics can travel long
distances across regional seas before accumulating inistaatl ecosystems. The model

for the western monsoon is show

Bactracking Mod
West Monscon (1-15 Ja

Bactracking Mode!
The West Monsoon (1-15

Bactracking Modelling 00 Bactracking Modelling H:00:00
The West Monsoon (1-15 January 2022) 030 F The West on (1-15 January 2022) 122

Fig. 8. Backward modelling at the west monsoofil8lJanuary 2022).

The backward simulation for the east monsoon period (Augtidi, 2022) revealed a
markedly different trajectory of floating plastic debris compared to the west monsoon
scenario Fig. 9). During this season, the prevailing winds blow from the veestthwest at
slow to moderate intensities (824 m/s), creating surface currents directed eastward, but
with weaker flushing efficiency than in January. Such circulation conditions extend the
residence time of plastics within the Seribu Islands, allowing deblkéssed from local
human activities to remain trapped in the nearshore zones for jpegeds.

At the beginning of the backward sequence (day 15), the modeled particles were already
situated close to the southern and central sections of the Seribu Islands, suggesting that
localized sources played a stronger role than offshore inputs. Unlike tleesilisppatterns
evident in January, the August trajectories showed a limited spread into the open Java Sea.
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This behavior is consistent with weaker wind stress during the east monsoon, which reduces
the capacity of currents to transport plastics across wider aias [3

By days 12 and 9, clusters of debris appeared between Tidung Island and its adjacent
islands, exhibiting only a gradual displacement under the influence of diurnal tidal
oscillations. The absence of long offshore excursions indicates that the debrisipaadgm
originated from anthropogenic sources within the island group itself, such as coastal
settlements, artisanal fisheries, and tourism operations, all of which are known contributors
to nearshore marine debris in the Indonesian archipelago. As thensegprogressed to day
6, the debris field became denser and revealed convergence zones in the central Seribu
Islands, where weak circulation allowed the debris to linger. Under such conditions, plastics
that would otherwise disperse areemrained bydcal eddies or tidal pumping. Similar
processes have been observed in-desfinated systems in Southeast Asia, where calmer
seasonal conditions enhance pollutant retention and increase local ecological vulnerability.

Bactracking M
The East Monsoon (1

Bactracking
The East Monsoon

Bactracking Modelling X . Bactracking Modelling
The East Monsoon (1-15 August 2022 03.08 The East Monsoon (1-15 August 2022

Fig. 9. Backward modelling at the east monsoori§lAugust 2022).

By day 3, the trajectories continued to concentrate around Tidung Island and nearby reefs,
with only minor dispersal toward the western Java coastal waters. This strongly supports the
interpretation that under east monsoon conditions, external inputstfiiava Sea are
minimal, and the accumulation signal is dominated by local recirculation. The reduced
advective strength of currents and prolonged water residence time create an environment in
which plastics can persist for extended durations withouglfished away.
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Finally, by day 1, all trajectories converged directly on Tidung Island, marking it as the
terminal sink for this circulation regime. This sequence illustrates that during the east
monsoon, the plastics found in Tidung are primarily the product of lodaksycling within
the Seribu Islands, exacerbated by weak dispersive forces. This is in stark contrast to the west
monsoon, when strong offshore currents carry debris from the open Java Sea into the island
chain. Together, these findings underscore hoas@®al monsoon reversals reshape the
connectivity between offshore and island waters, shifting Tidung Island from being a receptor
of external inputs in January to a trap of locally generated debris in August.

Backward simulations show that seasonal dynamics strongly shape the origin and
transport of floating plastics around Tidung Island. This modeled accumulation pattern is
consistent with field observations of debris hotspots around the central Seribu,Islands
including Tidung Island, where local waste inputs dominate. In the west monsoon, strong
eastnortheast winds and residual currents carry debris from offshore Java Sea sources into
the Seribu Islands, underscoring the role of external inputs. In comlieasdst monsoon’s
weaker westsouthwest winds and reduced flushing promote local retention, with plastics
recirculating within the archipelago and accumulating from islaaskd activity. These
regimes reveal Tidung Island’s dual vulnerability as both a receptor of offshore debris during
energetic monsoon forcing and a trap for local waste under calmer conditions.

The Seribu Islands region is not directly influenced by the main pathways of Indonesian
Throughflow (ITF). The core of the ITF originates from the western Pacific Ocean and flows
southward through the Makassar Strait before exiting the Indian Ocean \liarttok,
Ombai, and Timor Straits . The Java Sea, including the area around Tidung Island, lies
outside this primary corridor and acts as a sentiosed basin whose circulation is
predominantly governed by local tidal oscillations and seasonal monsogs, rather than
by throughflow advection [25]. Considering this geographical setting, the ITF was not
incorporated as a forcing component in the hydrodynamic model, as its influence on
circulation around the Seribu Islands is minimal at the spatiaiamgoral scales represented
in this study. The model configuration therefore focuses on the dominant physical drivers
that shape local hydrodynamics, namely monsoonal wind stress, tidal forcing, and
topographic steering, which collectively control curnesntiability and water transport within
the Java Sea and Seribu Islands.

4 Conclusion

This study successfully simulated the movement and seasonal origin of marine debris
stranded along the coast of Tidung Island using backward modeling integrated with
hydrodynamic and Lagrangian modules. The model showed strong agreement with field
observabns, with correlation coefficients ranging from 0.84 to 0.94 and RMSE values
between 0.069 and 0.097 across tidal elevation, zonal (U), and meridional (V) currents. These
results confirm the reliability of the model in reproducing local hydrodynamicsn@thie

west monsoon, current velocities ranged from 0.10 to 0.28 m/s with a prevailing
southwestward flow shaped by westerly winds and inflow from the Sunda Strait, while during
the east monsoon, weaker currents of 0.03 to 0.24 m/s moved northwestwerdalmeer
southeast winds and the influence of shallow reef topography. These seasonal contrasts
generated a more dynamic circulation during the western monsoon andenséssed, low
flushing system during the eastern monsoon.

Backward analysis revealed that in the west monsoon, floating LDPE debris primarily
originated from offshore waters of the northern Java Sea and was advected southward
through the island chain before accumulating near Tidung Island. In contrast, dugagtthe
monsoon, debris mainly came from local human activities and remained confined within the
Seribu Islands owing to weak circulation and prolonged residence time. These findings
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highlight the need for coordinated and multiscale esfttmitigate marine debris in small
island environments. At the local level, strengthening commioaised waste management

and circular practices can reduce inputs from tourism, fisheries, and domestic sources,
whereas at higher administrative levels, integrating hydrodynamic modelingnarioe

debris management, enhancing waste interception in riverine systems, and reinforcing
producer responsibility are essential to enslmedongterm protectio of island ecosystems.
Collectively, these measures can empower both communities and governing bodies to
address the combined pressures of external and internal debris accumultgitibrihreaten

the ecological and economic sustainability of Tidung Island.
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