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Coastal pollution caused by marine debris in Banten Bay is increasing and threatening the environmental and
ecological sustainability of the bay’s coastal area. This study aims to simulate the particle tracking of floating
plastic debris within Banten Bay and to estimate the coastal debris accumulation for the period 2018 to 2028
based on numerical spatial modeling. To determine the dominant direction of plastic debris flow, we recorded
floating plastic waste at four locations (Bojonegara port, Karangantu Estuary, Cibanten Estuary, and the Sunda
Straits) by releasing wooden drifters. The numerical model was developed using a Particle Tracking module
based on the Langevin equation. In comparison to data provided by the drifter survey, the particle tracking
showed a similar distribution trace that tended to move westward during the northeast monsoon and eastward
during the southwest monsoon. During the northeast monsoon, marine debris intake peaked, ranging from 2.25
kg to 5.75 kg. We estimated that over the ten years modeled plastic debris accumulation would increase by
approximately 11%, to a maximum rate of 9.42 kg/day. Of particular concern, it is modeled that 41% of Banten
Bay will be covered by plastic debris in 2028 if effective mitigations are not immediately applied. We recommend

conducting a coastal cleanup operation every ten days so that coastal debris deposits can be well-controlled.

1. Introduction

Marine pollution is an issue of concern, with many reports indicating
that the level of pollution is rapidly increasing, resulting in environ-
mental degradation and economic losses (Inniss and Simcock, 2017).
Marine debris pollution is the primary factor threatening marine eco-
systems and hampering biota survival (Potocka et al., 2019). Much on-
line news reports that the enormous amount of floating plastic debris has
started to impact on living biota, for example, sperm whales (Physeter
Macrocephalus) dying as a result of plastics in their digestive tracks in
Wakatobi, Indonesia (Mahbub, 2018). Several studies have also reported
various marine biota ingesting and becoming entangled in plastic litters
(Lebreton et al., 2012; Van Sebille et al., 2012).

As economies grow rapidly, use of plastic will continue to increase,
resulting in accumulated plastic debris in the marine environment (Van
Sebille et al., 2012). As a developing country, Indonesia’s use of plastics
has increased tremendously, and much of the plastic waste from this use

will accumulate in the country’s waters. As a result, the UN environment
program names Indonesia as one of the main contributors to marine
debris (Purba et al., 2019). The Indonesia archipelago is an area of
significance because of its geographical location, positioned as it is be-
tween two continents and oceans and contributing to the inter-ocean
and anthropogenic-sourced debris intakes. One of the impacted re-
gions is Banten Bay, with its dense human population being a main
factor in the substantial scale of marine debris seasonally accumulated
in and polluting the Banten coastal bay.

Banten Bay is a semi-enclosed area of water situated in the Banten
Province, Indonesia. It is surrounded by Serang Regency and Serang City
and has a bathymetry profile ranging from 0 to 40 m beneath sea level
(Fig. 1a). It has been designated a protected marine conservation area
both because it contains several historical remains from World War II
(USS Houston and HMAS Perth shipwrecks) and because it supports very
high biodiversity. In its location close to the Sunda Strait, which con-
tributes the gateway to the Indonesian Throughflow (ITF), Banten Bay is
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Fig. 1. The study area (a) and seasonal marine debris documentation within Banten Bay (b). Blue stars denote the main source of marine debris.
(Source: on-screen digitation of Google Earth image and field survey in 2018). (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

frequently influenced by inter-ocean pollution (Susanto et al., 2016).
The connection between the Indian and the Pacific Oceans through
Indonesia’s seas such as the Sunda Strait plays a significant role in
accumulating marine debris (Husrin et al., 2017) via the transit area of
debris fragments, thereby hampering the ecosystems within the bay.
Additionally, the areas of settlement concentrated on surrounding riv-
erbanks allow large amounts of anthropogenic solid waste to flow into
the bay via river runoff. (Fig. 1a).

The most dangerous pollutants within Banten Bay are plastics and
other non-degradable materials sourced from anthropogenic activities.
These include dumped waste, littering from tourism, waste from ship-
ping, and fishery industries (Werner et al., 2016). The movement of
marine debris depends on the tidal current flows that play a significant
role in the transport mechanisms within the bay (Wisha et al., 2015).
Particles will move landward during high tides and will circulate around
the mouth of the bay during ebb tides. The floating marine debris in the
bay consists largely of plastic fragments, jerrycans, polyethylene pack-
aging, twigs, plastic and glass bottles, cigarettes, sanitary pads, and

other solid particles (Fig. 1b). As a semi-enclosed water area, hydrody-
namics within Banten Bay tends to be weak (Bayhaqi et al., 2018),
potentially causing higher debris accumulation within the bay.

Monsoon-induced movement of water mass triggers marine debris
distribution within Banten Bay (Maharani et al., 2018). Rahmania et al.
(2021) report that the solid waste volume increased sixfold over 22
years (1995-2017), with higher accumulation occurring during rainy
seasons. Consequently, pollution by plastic fragments in Banten Bay is
greatly elevated (Rifa’i, 2018). One way to determine the propagation of
plastic fragments is via a numerical model approach based on particle
tracking simulation. This method enables us to delineate the likely
actual conditions when the field surveys cannot fully cover the study
area.

The particle tracking model has been widely used to determine the
distribution of marine debris worldwide (Lebreton et al., 2012; Liu-
bartseva et al., 2016; Miladinova et al., 2020; Potemra, 2012). In
Indonesian waters, an associated flow version is commonly used for
determining sediment particle distribution. However, this approach has
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Fig. 2. The design of wooden drifter used during field survey in Banten Bay.

rarely been used for estimating marine debris trajectories (Husrin et al.,
2017; Rahmania et al., 2021). As to date there are no reports predicting
long-term debris distribution and pollution in Banten Bay, this topic will
be investigated in this study. The study will develop a flexible mesh flow
model to simulate the tracking of debris particles with various fragment
masses validated by a field drifter survey. It is expected to create a
model-based estimation of marine debris accumulation throughout the
Banten Bay coastline over a ten-year period (2018-2028) as a basis for
future decision-making regarding marine debris pollution in Banten
Province. This study aims to determine the dominant form of propaga-
tion of floating plastic fragments and to estimate the debris accumula-
tion rate in Banten Bay.
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of Bojonegara, Karangantu Estuary, and Cibanten Estuary) and another
source in the Sunda Strait (Fig. 1). We chose these four sources based on
results obtained from a preliminary field survey identifying locations
where many debris fragments were visually observed. We deployed
degradable wooden drifters to predict the movement of Banten Bay-
sourced debris. Each drifter was 7.6 cm in length, 8.9 cm in width,
and 3.8 cm in height and branded with a message including release
location code, the tidal condition on release, and contact phone number.
We tracked the drifters by deploying GPS receiver Garmin eTrex 10 010-
00970-00 model along with them to monitor their movement paths
(Fig. 2). We released eight groups of drifters at the four sources (Sunda
Strait, Bojonegara port, Karangantu Estuary, and Cibanten Estuary)
(Fig. 2) in two deployments, one in January 2018 and another in June
2018. We released drifters twice in consideration of tidal conditions at
slack-before-flood and slack-before-ebb (Table 1). We released a total of
16 wooden drifters at the four points. The results of this survey provided
data against which we could validate the particle tracking model
simulated in this study.

From those chosen sources we also trapped the fragmental debris
using a net deployed from a boat along the estuaries. This survey was
conducted monthly during the spring tides throughout 2018 when the
peak production of anthropogenic debris was expected. Rainfall in-
tensity is crucial in inducing higher debris intake to the bay through
surface runoff (Silva et al., 2016) and we therefore mounted a portable
automatic weather station to record the daily rainfall-induced surface
runoff.

2.2. Development of hydrodynamic and particle tracking equations

A particle tracking technique is an efficient way to predict the fate of
matter in the waters. The basic principle of this technique considers the
drift regime components such as longshore currents in the transport
particles (Miladinova et al., 2020). In this study, we employed the
Particle Tracking module of MIKE 21 Flow Model FM to model plastic
debris trajectories within Banten Bay with a spatial analysis approach to
depict the model results. The hydrodynamic basis applied in the particle
tracking module was simulated beforehand using the hydrodynamic
module within the Flow Model FM modeling system. The flow model is
based on the 3D incompressible Reynolds-averaged Navier-Stokes
equations, applying the local continuity and the two horizontal mo-
mentum equations for x and y components (Zhao et al., 1994) as
follows:

Ou | + g €))]

2. Materials and methods ox  dy  dz
2.1. Field survey using floating drifter drogue

We chose three sources of marine debris within Banten Bay (the port
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Table 1
Wooden-drifter releases at the four source points.
Location Tidal condition Code Date
Bojonegara Port 1 Ebb tides NEMO1la January 24th’ 2018
Flood tides NEMO1b
Karangantu 1 Ebb tides NEMO2a January 25th’ 2018
Flood tides NEMO02b
Cibanten 1 Ebb tides NEMO3a January 26th’ 2018
Flood tides NEMO3b
Sunda Strait 1 Ebb tides NEMO4a January 27th’ 2018
Flood tides NEMO04b
Bojonegara Port 2 Ebb tides SWo0la June 15th’ 2018
Flood tides SWO01b
Karangantu 2 Ebb tides SWO02a June 16th’ 2018
Flood tides SWO02b
Cibanten 2 Ebb tides SWO03a June 17th’ 2018
Flood tides SWO03b
Sunda Strait 2 Ebb tides SW04a June 18th’ 2018
Flood tides SWO04b

where:

t = Time

X, ¥, 2 = Cartesian coordinate

n = Water level

d = Still water depth

h = Total water depth (h =5 + d)

u, v, w = Velocity components in the x, y, and z directions

f = 2Qsing (Coriolis parameter)

g = Specific gravity

p = Density

Sxx, Sxys Syx, Syy = Components of radiation stress tensor

vt = Vertical turbulent (eddy viscosity)

Pa = Atmospheric pressure

po = Reference density

S = Magnitude of discharge from point sources

(Us, Vs) = Velocity when the condition of the water is discharged into
ambient water

F,, F, = Horizontal stress terms, elucidated using a gradient-stress

relation; F, =2 (2A g—ﬁ;) + % (A (‘?—ay” +g—;’()> and F,=% (A <‘?—3y”

+%)> +3 (2A ‘%) with A is the horizontal eddy viscosity.

The surface and bottom boundary conditions for u, v and w are
described as follows:

Atz =un:
oy on oy du dv 1
3, Ew ——w=0 S ) T (Taxy Ty 4
a a0 (ma) Ty o) @
Atz = — d
dd  dd du dv 1
N N :0~ Y xy Lby 5
M0x+v0y+w ’ ((k’@Z) Pov, (200, ) )
where:

(sx,Tsy) = the x and y component of the surface winds
(Thx, Toy) = the x and y component of the bottom stresses

The particle tracking model applied a Lagrangian discrete parcel
method that disregarded the interaction between diffusing particles
(Ouellette et al., 2006). We assumed that particles would be subject to
velocity transfers from water mass movement for instant acceleration. In
considering particle mass, zero-mass particle error was not substantial,
while error would be significant if the particles were large (North et al.,
2008). Moreover, the particle tracking technique describing transport
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and dispersion of particles followed the Langevin equation to formulate
these motion dynamics in terms of stochastic differential equations
(Bayram et al., 2018) as follows:

dX, =a(t,X,)dt + b(t,X,)&,dt (6)
where:

a = Drift term
b = Diffusion term
¢ = Random number

To simulate a trajectory, we discretized the Euler estimation Y for a
given time from the initial value of Y, = X,; then it yielded formula as
follows:

Y1 =Y, +a(t,X)Y,4, + b(t,X,)Y,AW, @
AW, =W, =W, e N(u=0,0"=4,) ®
where:

n=1,2,3, ...according to the Euler scheme with drift a and diffusion
coefficient b

AW, = Normal distributed Gaussian increment of the Wiener process
W:

W = a continuous-time Gaussian stochastic process with indepen-
dent increments over the subinterval 7, <t < 7,41

In this simulation, particles were divided into different classes with
specific properties specified separately, such as decay, settling/buoy-
ancy, erosion, and dispersion. Furthermore, we also determined a min-
imum mass and maximum age of particle, but we did not consider the
decay process for marine debris particles because inorganic matter
decay was impossible to include in the simulation.

The drift term of the particles caused by the combined effects of
current and wind drag causing advection of particles is described as
follows:

a@(x, y, 7, t) =f(current, wind drag) )

The horizontal variation in the drift vector is yielded from the hy-
drodynamic simulation. However, as the wind-driven current occurs,
the bed resistance factors will not impact the flow pattern. The hori-
zontal drift variation could be estimated directly as the wind function by
considering Ekman spiral theory, as follows:

w2 (ﬂ' .1 T
Up= + 0.79.107° cos —+—z>ex (—z) 10)
£ D1, \a " ;)P\,

w2 T n
Vg = 4 0.79.107 in| = +-— - 11
& Dulf] sin <4+DEZ> exp (DE z> (11a)

where:

V, = Ekman surface current V, = 0.79.10’5%

Dg = Ekman depth, or depth of frictional influence
f=2Qsing (Coriolis parameter)

Q = Angular velocity of the earth @ = 7.29. 10‘5%1
@ = Latitude

Wind-exposed particles on the surface are affected by the wind re-
gimes in two ways: either indirectly through the currents including
wind, or as an extra force directly on the particle (Neumann et al., 2014).
The effect of these two wind regimes depends on the particle’s nature
determining the characteristics of the wind-exposed particle. In the
simulation, the wind acceleration of surface particles affected the drift
with the following modification:
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Fig. 3. The study and simulation area consisted of a mesh file (mesh triangulation and boundary conditions) and the position of sources (blue stars) applied in the
model. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

0,, = Pexpexp (M) (12a)
8Vw

Upariicte = Ucurrens + windweight W .sin(Wind direction — n +6,,) (11b)

Voarticle = Veurrem + windweight W .sin(Wind direction — n +6,,) (12b)

where:

6, = Wind drift angle, this parameter relates to the Coriolis Force
which influences the relative direction of wind drift vector to the

wind direction, 6, = fexp (";Wj, where @ = — 0.3.107°, g =

28°38', y,, = Kinematic viscosity (kgm 's™!), and g = Specific
gravity (m.s—2).
windweight = Calibration factor for wind drag on particle

2.3. Flexible mesh for hydrodynamic model

The meshing step is the essential stage as a basis of the model
domain. The mesh file was merged with bathymetry data obtained from
the PUSHIDROSAL (Indonesian Navy) navigation map combined with
the BIG (Geospatial Information Agency) water environment map,
coastline data retrieved from Google Earth, and tidal forecasting for
every boundary. The tidal prediction, employed to generate the time
series of surface elevation data, was predicted based on the field mea-
surements. We applied these tidal model data to the boundary condi-
tions in the simulation for five boundaries (Fig. 3). We also used wind
data retrieved from BMKG (Meteorological, Climatological, and
Geophysical Agency of Indonesia) in the simulation in the form of hourly
time series data.

2.4. Particle tracking simulation set-up.

We simulated the particle tracking model for 15 days representing
the two periods of neap and spring tidal conditions. The simulation

reiterated two monsoon periods: the northeast monsoon (January 1-15,
2018) and the southwest monsoon (June 10-25, 2018). Once the model
had been validated, the developed model was simulated again for our
ten-year study period (2018-2028) to determine the coastal accumula-
tion of plastic debris. The model set-up is shown in Table 2.

2.4. Plastic debris flux quantification

Once the simulation achieved a normal completion status, we
calculated the fluxes of plastic debris onto the coastline segments to
estimate the deposition potential of plastic fragments on the coastline.
This procedure could become a reference tool for regular coastal cleanup
that could be applied in Banten Bay to diminish environmental degra-
dation resulting from plastic accumulation. The debris flux calculation is
determined by a formula (Liubarsetva et al., 2016):

_sfe—a
fﬁl |:t2—t1:|

where:

13

f = The estimated plastic debris flux on the coastline
s = The area of coastal cell

1 = The length of coastal segment

¢1 = Plastic concentration at the time t;

¢, = Plastic concentration at the time t

From Equation (13) we can determine the deposits of plastic debris
by referring to the residence time of marine plastic on beach 7 predicted
from the field measurement. The deposits of plastic fragments can be
calculated as follows:

d=fr (14)

If the coastal cleanup period teqnyp is defined as the period between
regular cleanups, the average deposit of plastic fragments can be
calculated as:
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Table 2
Hydrodynamic and Particle Tracking Model set-up applied in the simulation.

Parameter Implemented in the simulation

Mesh file Digitized Bathymetry and Coastline

Source:

@ Indonesian Navy bathymetry map

@ Water environment map established by Geospatial

Information Agency of Indonesia

Hydrodynamic Module

Solution Technique Shallow water equations:

@ Time integration - Low order, fast algorithm
@ Space discretization: Low order, fast algorithm
@ Minimum time step: 0.01 sec

@ Maximum time step: 3600 sec

@ Critical CFL number: 0.8

Transport equations:

@ Minimum time step: 0.01 sec

@ Maximum time step: 3600 sec

@ Critical CFL number: 0.8

Flood and Dry Drying depth: 0.005 m
Flooding depth: 0.05m

Wetting depth: 0.1 m

Density Density type: Barotropic
Reference temperature: 10 °C
Reference salinity: 32 PSU

Eddy viscosity Smangorinsky formulation: 0.28

Eddy parameters: min 1.8 e %% m?/s2, max 10”m? /s*

Bed resistance Manning number: 32 [m"(1/3)/s]

Wind forcing Varying in time, constant in domain: BMKG daily wind

data

Boundary conditions (BC)  Tidal forecast with the coordinate as follows:

BC1: 106.25058E -5.9298 S
BC2: 106.22785E -5.9053 S
BC3: 106.18982E -5.8858 S
BC4: 106.14632E -5.8768 S
BC5: 106.10313E -5.8830 S

Specified level - varying in time, constant along

boundary

Particle Tracking Module

Classes Plastic
Minimum mass 1 kg

Sources August simulation: January simulation:
Bojonegara port, Bojonegara port, plastic flux
plastic flux 1.4 kg/s 2Kkg/s
Karangantu, plastic Karangantu, plastic flux
flux 1.4 kg/s 2kg/s
Cibanten Estuary, Cibanten Estuary, plastic
plastic flux 1.4 kg/s flux 2kg/s
Sunda Strait, plastic Sunda Strait, plastic flux
flux 2.8 kg/s 4kg/s

Decay Exclude

Settling Exclude

Erosion Exclude

deteanup = fteteanup (15)

These approaches can be used to plan regular cleanup activities via
estimations that could be used by local governments and communities.

The calculation of particle concentration within Banten Bay is
limited in the northwestern boundary (near the Sunda Strait) and the
northeastern boundary. This is because at those boundaries, the outflow
particles are removed from the model domain, and would thus serve as
an artificial coastline. Based on the particle tracking simulation, over
2018-2028, the percentage of outflowing debris was less than 10% of
the total particles within the model domain. Thus, we underestimated
the floating debris at those boundaries.

From the methodologies explained above, we only considered the
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virtual floating plastic debris particles. It should be noted that some
significant states, such as the sunken plastic fragments, were neglected
due to the buoyancy-loss triggered by biofouling and chemical reactions
with inorganic compounds (Fazey and Ryan, 2016; Wu et al., 2020), the
breaking up of micro-elements of plastic fragments (Guzzetti et al.,
2018) and the ingestion by marine biota (Potocka et al., 2019; Thushari
and Senevirathna, 2020). It is recommended that these issues should be
investigated and quantified in future studies.

3. Results and discussion

3.1. The influence of rainfall intensity on the amount of marine debris in
Banten Bay

The displacement of tidal elevation plays a role in evoking transport
mechanisms within the bay. Due to the semi-enclosed nature of Banten
Bay, the tidal phases (neap and spring) strongly control the current
velocity variability related to astronomical forces and the monsoon-
induced winds (Jithin et al., 2017). Tidal current motions may trigger
a higher accumulation of marine debris during the northeast monsoon
because of the higher rainfall intensity associated with it that contrib-
utes to elevated debris intake from rivers and estuaries.

Fig. 4 shows the monthly relationship between rainfall intensity and
the amount of marine debris throughout 2018. Overall, the amount of
rainfall-induced marine debris varied considerably. A higher amount of
marine debris was observed during October to December (ranging from
0.5 to 5 kg). Rainfall intensity also peaked during the same period
(ranging from O to 355 mm). Even though the volume of marine debris in
the first week of November decreased significantly, it still had the
highest value on average during the three months of the northeast
monsoon. Other unsynchronized data was observed during Februar-
y-March, during which the amount of marine debris declined as the
sufficiently higher rainfall took place.

Statistically, the accumulation of trapped debris fragments accu-
mulation was not generally related to precipitation events. We analyzed
the linear regression for the two sets of data and identified that rainfall
did not explain the variation in the weight of debris collected. Surface
runoff plays a role in transport mechanisms into waterways, but only
35% of the difference in the number of total fragments collected could
be explained by variations in rainfall. However, if littering rates are
approximately constant over time, the first precipitation event after the
dry season tends to carry more marine debris than following rainfall
events (Carson et al., 2013).

Marine debris collection during the boat surveys consisted of plastic
items (polyethylene terephthalate bottles, cigarettes, polyethylene
packaging, plastic bags, cups/lids, footwear, and Styrofoam). Simulta-
neously, other fragments were of aluminum, glass, and miscellaneous
items that did not include the above categories. The fragment rate of
66.35 kg per year estimated within Banten Bay could be higher due to
the regular debris flows either deposited into the ocean by wind or
directly accumulating in the marine environment. This value may be a
significantly underestimated value because we only collected debris
fragments along the path of the boat used did not fully encompass the
estuary area. Moreover, low-buoyancy items such as plastic bags may
have slid underneath the net and avoided capture (Lebreton et al.,
2012).

3.2. Model validation

The model results were validated using currents and tidal data ob-
tained from the previous studies (Bayhaqi et al., 2018; Wisha et al.,
2015). The validation of the zonal component showed the same phase
and pattern of current velocity but difference in magnitude (Fig. 5A).
The negative velocity was more erratic and very low, ranging from 0 to
—0.18 m/s. Moreover, the RMSE value obtained from this comparison
was 14.78%. In contrast, the validation of meridional data showed a
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Table 3
The trace coordinates of drifters released within Banten Bay.

Ocean and Coastal Management 217 (2022) 106009

Location Tidal condition Code Initial Coordinates Recovery Coordinates Main Direction Estimated Distance (km)
Northeast monsoon survey
Bojonegara Ebb tides NEMO1la 106.109 E, —5.982 S 106.113 E, —5.938 S North 7.76
Port 1 Flood tides NEMO1b 106.110E, - 5.975 S North 1.18
Karangantu 1 Ebb tides NEMO2a 106.165 E, —6.024 S 106.128 E, —6.010 S West 4.55
Flood tides NEMO02b 106.143 E, —6.016 S West 2.65
Cibanten 1 Ebb tides NEMO3a 106.216 E, —6.014 S 106.193 E, —6.019 S Southwest 3.59
Flood tides NEMO03b 106.202 E, —6.014 S West 1.75
Sunda Strait 1 Ebb tides NEMO4a 106.037 E, —5.880 S 106.016 E, —5.901 S West 3.92
Flood tides NEMO04b 106.021 E, —5.891 S West 2.62
Southwest monsoon survey
Bojonegara Ebb tides SWO0la 106.111 E, —5.981 S 106.113 E, —6.001 S South 5.22
Port 2 Flood tides SWO01b 106.105 E, —5.988 S South 2.49
Karangantu 2 Ebb tides SW02a 106.109 E, —5.981 S 106.197 E, —6.017 S Northeast 5.21
Flood tides SW02b 106.178 E, —6.026 S East 1.62
Cibanten 2 Ebb tides SW03a 106.217 E, —6.015 S 106.236 E, —5.997 S Northeast 3.35
Flood tides SWO03b 106.226 E, —6.007 S Northeast 1.47
Sunda Strait 2 Ebb tides SW04a 106.038 E, —5.879 S 106.074 E, —5.884 S Southeast 5.89
Flood tides SW04b 106.051 E, —5.879 S Southeast 2.71

higher and more dispersed velocity than the model result, ranging from
0 to 0.45 m/s, with RMSE value of 13.48% (Fig. 5B). Zonal velocity
ranged from —0.18 to 0.15 m/s, while the meridional value ranged from
—0.26 to 0.5 m/s.

A plethora of errors were identified in the field measurements,
proven by the asymmetry of the velocity component of current, with a
significant difference in velocity fluctuation between model and field
data (ranging from 0.5 to 1.25 m/s) (Fig. 5). This indicates that other
external and more prominent factors play a significant role in deter-
mining current regimes. According to Johnson and Proehl (2004) and
Johnson et al. (2007), near-equatorial meridional and low-frequency
zonal currents are dominated by tropical instability waves with wave-
lengths of 1000 km and periods of 15-20 days. Sea currents with vertical
shear stress and baroclinically erratic stability tend to stabilize as they
move toward the equator (Wang et al., 2020). In contrast, zonal equa-
torial currents could be unstable, seeming more spasmodic than
meridional current variability. Tidal current phases are most likely to
reflect the wave influence because, during the tidal displacement phase,
wave generation contributes to the characteristics of surface elevation.
(Garrett and Kunze, 2007; Ondara et al., 2018; Wisha et al., 2018).

We also validated the simulation result using surface elevation data,
with the RMSE of 11.89% (Fig. 6). We identified anomalies during neap
tidal conditions wherein the surface elevation was 0.2 m higher than the
model data. This tidal asymmetry is most likely to reflect the influence of
wind-driven current in surface water that influences higher current ve-
locity on the surface and may cause peak transport of marine debris. On
the other hand, according to previous studies (Bayhaqi et al., 2018;
Hoekstra et al., 2003; Wisha et al., 2015), the tidal type of Banten Bay is
mixed with prevailing diurnal, and with a varying tidal range of between
20 and 90 cm.

3.3. Plastic debris traces based on flow model simulation

During the southwest monsoon, the surface wind predominantly
moved northeastward at average speed of 2 knots (1.03 m/s). Higher
southwesterly wind speed was identified for approximately 10% of all
data (red color of wind rose in Fig. 7). Winds moved eastward and
westward at specified times, affecting the longshore current profile
during the simulation (bottom graph in Fig. 7). The sea currents flowed
predominantly northeastward and eastward, ranging in speed from 0 to
0.28 m/s. Surface winds and currents play a significant role in triggering
water mass movement that induces marine debris flow (Husrin et al.,
2017). According to the simulation, plastic debris gradually moves
eastward within the bay.

On day 1 of the simulation, plastic debris was released from its
sources in Sunda Strait, Bojonegara Port, Karangantu, and Cibanten
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Estuary. The lower-mass particles (green dots) ranged from 1.25 to 1.5
kg and were easily distributed eastward by the current (Fig. 7a). The
distribution pattern was slightly distorted for the Sunda Strait intake, a
condition related to the higher water mass movement exiting the bay
where surface wind-driven current strongly controls the surface trans-
port mechanism. Particles with larger mass (red dots), ranging from 4.32
to 4.75 kg, tended to settle on the coastline and surface bottom, as shown
by the small movements of the red dots.

On day 5 of the simulation, the movement of marine debris was
generally similar to day 1. It flowed along the coastline, indicating the
predominant influence of the longshore current regime (Liubartseva
et al., 2016). However, we found that the plastic debris from the Sunda
Strait tended to be deflected westward, moving along the coast and
entering the bay past the Bojonegara Peninsula (Fig. 7b).

After ten days of simulation, the particles had overall moved further
east (Fig. 7c). Plastic fragments sourced from the estuaries and Bojo-
negara Port showed uniform patterns, flowing parallel to the coastline.
By contrast, the marine debris from Sunda Strait commenced polluting
Panjang Island and entering the bay. On the final day of the simulation,
the particle traces seemed more arbitrarily erratic, with particles tend-
ing to be accumulated within the eastern part of the bay (Fig. 7d). At the
same time, fragments from the Sunda Strait polluted Bojonegara Port
and Panjang Island in the mouth of the bay. Overall, these simulations
only estimated the distribution of plastic particles for 15 days. Hence, a
longer time-step simulation is likely to depict more accumulated and
distributed particles according to the wind-driven current regimes
within Banten Bay. The 10-year (2018-2028) simulation of particle
tracking will be addressed in subsection 3.5.

In contrast to the southwest monsoon, during the northeast monsoon
simulation, the southeasterly wind speed was higher, at an average of
2.05 m/s. The current magnitude ranged from 0 to 0.25 m/s and moved
predominantly northeastward and northwestward. The wind and cur-
rent data were correlated in the dominant direction, indicating wind-
driven current regimes (Bayhaqi et al., 2018). Generally, the marine
debris gradually moved northeastward during the northeast monsoon,
leaving the bay.

On day 1 of the simulation (Fig. 8a), particles with a mass ranging
from 2.25 to 5.75 kg were released from the four primary sources. The
heavier particles (5.32-5.75 kg) tended to settle locally due to their high
specific gravity. In contrast, other categories moved northwestward,
strongly controlled by the stronger wind-driven current (ranging from
0.15 to 0.25 m/s) (Fig. 8).

The robust current profile observed at the beginning of the simula-
tion affected the distribution of plastic debris. Particles moving parallel
to the coastline testified to the influence of longshore current regimes in
plastic debris distribution throughout the Banten coastal area. We
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Fig. 9. The plastic debris flux prediction within Banten Bay for ten years (2018-2028).

identified a slight alteration in particle flow pattern on day 5 of the
simulation (Fig. 8b). However, fragments with low masses tended to
move erratically. Furthermore, particles from the Sunda Strait prove-
nance were transported toward other areas within the Sunda Strait area
(escaping the model boundary).

Conditions became more arbitrarily erratic at the two last simula-
tions (Fig. 8c and d). The particle traces spasmodically flowed north-
westward. The largest particles scattered erratically within the bay,
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while the lower-mass fragments tended to be transported out of the bay.
Bojonegara Port and Karangantu Estuary were the areas most impacted
by passing particles. Some particles may have been trapped due to the
presence of coastal and port buildings. The particles from the Sunda
Strait flowed southward, entering the gap between Java and Sumatra
islands, under the influence of the ITF. This stronger current plays a
significant role in triggering the higher movement of debris particles
entering the Indian Ocean (Bayhaqi et al., 2018).
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3.4. The drifter trace survey results

The wooden drifters were well-recovered locally and at distance
(approximately 1.62-7.76 km from the source) (Table 3). Interestingly,
for the southwest monsoon survey, tidal condition played a significant
role in the inflow of marine debris. During the ebb tides, drifters released
from the Sunda Strait, Bojonegara Port, and Karangantu Estuary flowed
around 5 km southward and northeastward. Meanwhile, drifters from
the remaining station (Cibanten Estuary) only moved around 3 km to-
ward the northeast. By contrast, during the high tide conditions, drifter
movement was not so significant, at approximately 1.7-2.6 km, because
in the semi-enclosed Banten coastal bay area, current flow tended to
move landward during flood tides and vice versa for low tide conditions
(Bayhagqi et al., 2018; Rahmania et al., 2021). Thus, the drifters would be
transported locally.

In contrast to the southwest monsoon, the drifter predominantly
moved westward and northward during the northeast monsoon. At low
tides, the drifters gradually flowed westward, following the coastline for
3.5-7.7 km (Table 3). In contrast, drifters from Bojonegara Port were
recovered on the Bojonegara Peninsula, where extensive debris depo-
sition induced by the ocean tides during the southwest monsoon has
been previously observed (Rahmania et al., 2021). We discovered the
same pattern of drifter traces during high tide condition but with shorter
distances of approximately 1.1-2.6 km.

Wind-driven currents are the main factor in determining marine
debris distribution (Carson et al., 2013; Lebreton et al., 2012). We
discovered this relationship in Banten Bay, where the highest current
speed during the southwest monsoon induced a greater distribution of
plastic debris. We found that the more robust the sea—current regimes,
the more distant the location reached by the drifters. These drifter sur-
vey results also revealed that local pollutants would be retained and
circulated around Banten Bay, resulting in local debris accumulation
and possibly threatening other affected areas.

3.5. Estimation of accumulated plastic debris over the ten-year of
simulation

Based on the model simulation, it is estimated that in 2018, 36% of
the 45 km coastline of the study area was in the low accumulation
category of plastic debris (ranging from 0 to 2 kg/day), with this cate-
gory scattered across the middle to northern part of the bay. The mod-
erate and high accumulation categories each composed 18% of the study
area. The remaining 28% was in the very high accumulation category,
with a maximum rate of 9.42 kg/day (Fig. 9). Furthermore, the area
threatened by overwhelming accumulation of plastic waste was found to
be concentrated in the areas surrounding Cibanten Estuary and Bojo-
negara Port.

We predicted that the menace of debris accumulation in the coastal
area of Banten Bay will increase in 2023, with the exceptionally high,
high, and moderate accumulation categories increasing to 34%, 27%,
and 24%, respectively (Fig. 9). In contrast, the low accumulation area
will significantly decline by one-half from the 2018 coverage. Extreme
debris accumulation is predicted to occur in 2028 if no mitigation efforts
are applied. Almost 41% of the coastal area of Banten Bay will be
covered by plastic and other solid wastes, as denoted by the red line in
Fig. 9. We estimated that the debris-free area would periodically
decrease to 4% of the low accumulation area. However, the high and
moderate categories seem stable and equal, comprising less than 30% of
debris cover.

Over time, exceptionally high debris accumulation (ranging from
7.38 to 9.42 kg/day) will become the majority situation throughout the
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coastline of Banten Bay, with the most threatened regions being in the
eastern and western parts of the bay. This situation reflects the seasonal
dominance in movement of plastic debris predominantly eastward and
westward during the southwest and northeast monsoons, respectively.
Thus, the accumulation area of floating plastic debris may be in the areas
near to Bojonegara and Cibanten. As well as its negative impact, this
accumulation of debris in the coastal zone could cause other environ-
mental and health problems (Husrin et al., 2017).

The rapid urban development taking place in the coastal area of
Banten Bay is creating significant environmental impacts related to the
increase in anthropogenic wastes (Rahmania et al., 2021) and immedi-
ate actions are therefore crucial to protect the coastal area from solid
waste and plastic debris pollution. According to a simple tabulation, if
there is no cleanup during the simulation period, Banten Bay’s annual
plastic debris accumulation will be approximately 27.34 tons/km. We
recommend that a coastal cleanup should be conducted every ten days,
resulting in the average plastic debris deposits of approximately 759
kg/km in each period between cleanups.

4. Conclusion

The distribution of plastic debris relies on the dominant direction of
wind-driven currents and the thresholds of rainfall intensity. Higher
marine debris intake in the estuaries occurs during the northeast
monsoon, during which the more significant river discharge probably
brings the peak abundance of debris. During the northeast monsoon, the
particle tracks tend to move westward and northward within the bay
and vice versa for the southwest monsoon. These oscillations induced
marine debris accumulation in several areas within and outside Banten
Bay. Local pollutants sourced from the very dense settlement around
estuaries will be retained and circulating in coastal regions and in the
mouth of bay, inducing local debris accumulation and threatening
nearby areas. The accumulation of plastic debris is expected to worsen if
no mitigation efforts are applied to control the coastal zone’s solid and
plastic waste deposits. A coastal cleanup every ten days to manage
debris deposit is recommended.
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