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A B S T R A C T

Microplastic (MP) pollution is increasingly recognized as a critical issue in coastal environments, where complex 
interactions between ocean currents, winds, waves, and human activities govern the transport and deposition of 
synthetic particles. Although previous studies in Asia have documented MPs accumulation linked to riverine 
discharge, tourism pressures, and monsoonal circulation, limited work has integrated polymer-level character
ization with site-specific hydrodynamic drivers, particularly along the coastlines of Bali. This study addresses this 
gap by examining how seasonal oceanographic processes influence MPs composition and distribution across 
three beaches: Keramas Beach (KB), Nyang Nyang Beach (NNB), and Balangan Beach (BB), between January and 
July 2024. This study provides a baseline, site-specific assessment of microplastic occurrence, polymer compo
sition, and size distribution in three selected beach sediments of Bali, intended to establish reference conditions. 
Seventeen beach sediments were sampled and processed through dry sieving, microscopy, and attenuated total 
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy to identify particle sizes, morphologies, and 
polymer types. Hydrodynamic conditions were reconstructed using satellite-derived datasets from the Coper
nicus Marine Environment Monitoring Service (CMEMS) and the Copernicus Atmosphere Monitoring Service 
(CAMS), alongside estimates of riverine plastic discharge. A total of 10 MP particles (<5 mm) were identified, 
with polystyrene (PS) as the dominant polymer, followed by polypropylene (PP), polyvinyl alcohol (PVA), 
polymethyl methacrylate (PMMA), and three copolymers. MPs occurred primarily as fragments within the 2.5–5 
mm range. The average MP concentrations were 2.54 ± 2.30, 2.04 ± 2.49, and 0.61 ± 1.37 MPs/kg dry weight 
(dw) at KB, NNB, and BB, respectively, following the order KB > NNB > BB. Spatial variability corresponded 
closely with hydrodynamic patterns: KB exhibited the highest MP concentration due to onshore winds and 
southwestward currents from the Lombok Strait; BB showed low retention driven by offshore wind stress and 
weak currents; and NNB displayed intermediate accumulation influenced by longshore drift and moderate river 
inputs. These findings highlight the value of integrating spectroscopic analysis with remote-sensing hydrody
namics to explain mechanisms of MP deposition, offering a strengthened basis for targeted monitoring, predictive 
modeling, and coastal pollution management in Bali and neighboring islands.

1. Introduction

Ocean current plays a central role in controlling the transport, 

redistribution, and fate of marine pollutants, including microplastics 
(MPs), polycyclic aromatic hydrocarbons (PAHs), and persistent organic 
pollutants (POPs). Due to their persistence and buoyancy, MPs can be 

* Corresponding author at: Department of Chemistry, Faculty of Science, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia; Medical Microspectroscopy 
Research Group, Department of Experimental Medical Science, Lund University, 22180 Lund, Sweden.

E-mail addresses: rashidichemistry@upm.edu.my, rashidi.manap@med.lu.se (M.R.A. Manap). 

Contents lists available at ScienceDirect

Journal of Contaminant Hydrology

journal homepage: www.elsevier.com/locate/jconhyd

https://doi.org/10.1016/j.jconhyd.2026.104864
Received 30 September 2025; Received in revised form 14 January 2026; Accepted 19 January 2026  

Journal of Contaminant Hydrology 277 (2026) 104864 

Available online 20 January 2026 
0169-7722/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:rashidichemistry@upm.edu.my
mailto:rashidi.manap@med.lu.se
www.sciencedirect.com/science/journal/01697722
https://www.elsevier.com/locate/jconhyd
https://doi.org/10.1016/j.jconhyd.2026.104864
https://doi.org/10.1016/j.jconhyd.2026.104864
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconhyd.2026.104864&domain=pdf
http://creativecommons.org/licenses/by/4.0/


transported over long distances and act as vectors for chemical con
taminants, amplifying ecological exposure across marine food webs (Li 
et al., 2022; Kumar et al., 2024; Ho et al., 2025).

MP pollution is particularly pronounced in intensively used coastal 
regions with strong land-sea connectivity, where riverine discharge, 
tourism-related activities, and inadequate waste management substan
tially increase plastic inputs to the marine environment (Borah et al., 
2024). Rivers serve as major transport pathways and exposure zones, 
where MPs interact with dissolved and particulate-bound pollutants 
before entering coastal waters. In freshwater and estuarine systems, MPs 
can adsorb PAHs, heavy metals, pesticides, and other toxic compounds, 
increasing bioavailability to benthic organisms and posing risks to 
ecosystem and human health through trophic transfer. Beach sediments, 
therefore, act as sinks and temporary reservoirs for MPs, integrating 
inputs over time and reflecting local transport dynamics. Across Asia, 
MP distributions reflect the combined influence of land-based sources, 
riverine discharge, and offshore circulation, with polyethylene (PE) and 
polypropylene (PP) consistently reported as dominant polymers (Ajay 
et al., 2025; Thibault et al., 2025).

At the coastal scale, MP transport and deposition are governed by 
interactions between particle-specific properties and hydrodynamic 
processes. Particle density, size and shape influence responses to wind, 
waves, currents, and tidal dynamics in the nearshore zone (Kumar et al., 
2025). While low-density polymers commonly follow surface circula
tion, denser polymers are more susceptible to biofouling-induced sink
ing; however, buoyant MPs are frequently observed in bottom sediments 
due to vertical mixing and resuspension, indicating that polymer density 
alone does not determine MP fate (Jiang et al., 2024).

Despite advances in hydrodynamic modeling, particle-tracking sim
ulations, and satellite remote sensing, uncertainties in particle behavior 
and limited resolution of nearshore processes continue to constrain 
predictions of beach-level MP deposition, particularly in tropical coastal 
systems with strong seasonality and complex shoreline morphology (Cai 
et al., 2023; Ma et al., 2023; Karimi et al., 2024; Raja et al., 2024; Mali 
et al., 2025).

Within Southeast Asia, MP transport across the Indonesian archi
pelago is shaped by riverine discharge, monsoonal wind systems, and 
regional ocean circulation. Modeling studies indicate that MPs released 
from Indonesian rivers tend to accumulate near major islands due to 
circulation pathways and sinking behavior (Iskandar et al., 2024; 
Nakano et al., 2025). Elevated MP fluxes have been reported in highly 
urbanized river systems such as Jakarta, while subsurface accumulation 
linked to density stratification and temperature gradients has been 
observed within the Indonesian Throughflow (ITF) (Manullang et al., 
2024). Regional surveys further reveal pronounced spatial variability 
across the archipelago, with higher subsurface MP concentrations in 
eastern Indonesian waters compared to northern Java, underscoring the 
role of regional hydrography in shaping MP distributions (Riani and 
Cordova, 2022).

Bali represents a dynamic but understudied system within this 
regional context. Its oceanographic setting is governed by monsoonal 
wind reversals, the ITF, and large-scale climate oscillations such as the 
Indian Ocean Dipole (IOD) and El Niño-Southern Oscillation (ENSO), 
which collectivley regulate surface circulation, mixing intensity, and 
seasonal transport pathways (Wijaya et al., 2020; Suntoyo and Wahyudi, 
2021; Adhinugraha et al., 2023; Alkoiri et al., 2024; Widyananto et al., 
2024). Seasonal transitions between the Southwest and Northeast 
monsoons are therefore expected to exert strong control over MP 
transport and beach-level deposition along Bali's coastlines (Wang et al., 
2021; Hee et al., 2023; Kannankai and Devipriya, 2024; Carvalho et al., 
2025; Prajapati et al., 2025).

Despite Bali's ecological and socio-economic significance, few 
studies have integrated satellite-derived oceanographic data with 
Geographic Information System (GIS)-based spatial analysis to examine 
MP transport and deposition at the beach scale. In this context, we hy
pothesized that beaches influenced by stronger onshore currents and 

winds would exhibit higher MP retention, whereas sites exposed to 
weaker currents and offshore wind components would experience 
enhanced dispersion and lower accumulation. We further hypothesized 
that seasonal current reversals and regional circulation pathways facil
itate both riverine and long-range MP transport from northern Bali, 
Java, and the Lombok Strait, resulting in distinct accumulation regimes 
across eastern, central, and western coastlines.

This study addresses these hypotheses by combining field-based MP 
inventories with satellite-derived ocean current and wind data to eval
uate spatial and seasonal deposition patterns at three representative 
beaches in Bali—Keramas Beach (KB), Nyang Nyang Beach (NNB), and 
Balangan Beach (BB). Physical characteristics of MPs in beach sediments 
are assessed alongside ocean circulation and riverine plastic discharge 
between January and July 2024, using datasets from the Copernicus 
Marine Environment Monitoring Service (CMEMS) and the Copernicus 
Atmosphere Monitoring Service (CAMS). By linking polymer-level 
characterization with hydrodynamic drivers, this work provides mech
anistic insight into MP transport in a monsoon-dominated island system 
and supports monitoring and mitigation strategies in Bali and compa
rable Southeast Asian coastal environments.

2. Methods

2.1. Sampling and characterization of MPs

MP samples were collected in early August 2024 from three beaches 
in Bali, Indonesia: KB (a tourist hotspot), BB, and NNB (a less-visited 
beach) without a field blank (Manap, 2025). Seventeen sampling 
points, with two replicate samples each, were selected across the sites: at 
distances ranging from 100 to 130 m on KB, 70 to 110 m on BB, and 90 to 
215 m on NNB. Due to the field constraint of strong ocean waves during 
the field sampling, a total of 251.33 cm3 of beach sediments was dry- 
sieved using cylindrical stainless steel sieves with mesh sizes of 5.60 
mm, 710 μm, and 212 μm to separate the particles by size in this 
exploratory work. Residues on each sieve were re-examined, thereby 
maximizing the recovery of MPs. Best-practice guidance in beach sedi
ment sampling often employs a series of sieves with mm-sized openings 
to retain MP samples in each sieve before microscopic and character
ization (Gimiliani et al., 2020). The detection limit of the current work is 
larger than 212 μm, and smaller particles (<212 μm) are not reported 
due to limitations in detection methodology, rather than the absence of 
MP contamination. A total of 44 particles were recovered; 8 particles 
exceeding 5 mm were excluded, while 36 particles under 5 mm were 
retained for further analysis (Manap, 2024a). The retained particles 
were transferred into labeled Eppendorf tubes. Each particle was 
mounted on a glass slide and examined under an Olympus CX33a 
transmitted light microscope equipped with a digital camera and con
nected to a monitor. A 4× objective lens was used for size calibration 
with a ruler, and particle dimensions were recorded based on the longest 
axis of each particle. Fourier transform infrared (FTIR) spectra were 
acquired using a Shimadzu IRAffinity-1S spectrophotometer with an 
attenuated total reflectance (ATR) accessory. Measurements were con
ducted in the 4000–370 cm− 1 range at a resolution of 4 cm− 1, with an 
average of 32 scans per spectrum (Manap, 2024b). The instrument 
operated in % transmittance mode with Happ-Genzel apodization and a 
mirror speed of 2.8. No spectral preprocessing was applied prior to li
brary matching.

As part of the Quality Assurance and Quality Control (QA/QC) pro
cess, the ATR crystal (diamond/ZnSe) was cleaned between measure
ments to prevent contamination. Background scans were performed to 
remove the spectral contributions from the spectrometer and the labo
ratory air. Airborne contamination was controlled by maintaining a 
clean laboratory, handling samples and conducting microscopic analysis 
from individual vials, and wearing appropriate clothing during both 
field and laboratory activities. Density separation was applied as the 
primary extraction method based on buoyancy differences between 
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plastic polymers and mineral particles, with only filtered seawater used 
for rinsing and apparatus cleaning to prevent secondary contamination.

During the density separation process, the seawater was first 
inspected to confirm the absence of visible particles. Due to airline re
strictions to Indonesia, sufficient quantities of sodium iodide required 
for laboratory-based density separation could not be delivered to Bali, 
and the sand samples could not be transported back to the laboratory in 
Malaysia. Therefore, only seawater was used as the separation medium 
for the sand and MPs. To avoid sample misclassification, each isolated 
particle was stored in an individual microtube before IR measurement in 
Thailand.

2.2. Remote sensing and GIS tools

Remote sensing through satellite observation represents one of the 
two primary approaches for collecting oceanographic data, com
plementing traditional in situ measurements. This method is crucial for 
evaluating the effects of climate change and anthropogenic activities on 
marine environments. Although in situ validation would enhance the 
reliability of remote sensing analyses, such validation is currently con
strained by the limited availability of observational datasets for the 
study area. At present, there are no active buoys, gliders, or other 
oceanographic monitoring systems operating near Bali Island, and no 
public databases provide in situ measurements of current velocity, wave 
height, or wind fields in this region. Consequently, the use of satellite- 
derived products constitutes the most viable and comprehensive 
approach for obtaining consistent hydrodynamic and atmospheric data 
across relevant spatial and temporal scales.

Despite certain limitations, such as coarse spatial resolution and 
potential atmospheric attenuation, satellite observations offer global 
coverage and enable the monitoring of key oceanographic parameters, 
including surface currents, winds, and wind waves. Ocean current ve
locity is derived indirectly, reconstructed from sea surface height (SSH) 
measured by satellite altimeters, in combination with surface wind and 
sea surface temperature (SST) fields incorporated into physical circu
lation models (Dohan and Maximenko, 2010). Wind parameters are 
obtained directly from satellite-based instruments such as scatter
ometers and Synthetic Aperture Radar (SAR) sensors (Yang et al., 2011). 
Altimeters and SAR sensors also provide wind waves height and direc
tion, respectively.

CMEMS platform (MyOcean Pro, https://data.marine.copernicus. 
eu/viewer/expert) offers the capability to download global current 
data archived in a database called Global Ocean Physics Analysis and 
Forecast (CMEMS, 2024a) for any specified area and time intervals 
(monthly average, daily average, 6-h average). Similarly, another 
database called Global Ocean Waves Analysis and Forecast (CMEMS, 
2024b) allows the download of wind waves direction, magnitude, and 
height for each day at a three-hour time interval. CAMS offers the same 
possibility for wind, providing access to data from the CAMS Global 
Greenhouse Gas Forecasts database (CAMS, 2024a).

The portals offer access to digital files that can be downloaded in the 
National Cartographic Standard (NCS) format. These files are presented 
as raster files, which are composed of pixels. Raster files can be imported 
into a GIS-type program, such as QGIS (version 3.34.9), an open-source 
program that enables the extraction of vector information from each 
pixel and maps the locations of sampling sites. A series of tools has been 
developed to facilitate this process, including the VectorFieldCalc plugin 
v1.5.4 and the Point Sampling Tools v0.5.4. These tools extract vector 
information (magnitude and orientation) from each pixel and place it 
within a variable number of chosen points. These points are transformed 
into arrows, with the intensity proportional to the speed of the current or 
wind, and the arrow's direction indicating the prevailing current or wind 
during the selected time period. Current data were downloaded as the 
monthly average. The CAMS facilitates the download of wind data at 
varying altitudes on a daily and hourly basis. The file was imported into 
QGIS, where the preferred level of elaboration between mlev (model 

level) and plev (pressure level) was selected. The methodology 
employed involved utilizing the mlev function, in line with established 
protocols for current analysis. The vector information (magnitude and 
orientation) in the raster file was integrated into the points, as previ
ously done for currents, resulting in the appearance of arrows. Wind 
data was downloaded as the 12:00 hourly average at sea level pressure 
(1000 hPa).

A primary limitation of this approach is the native satellite resolu
tion, which can result in data gaps in nearshore regions. In particular, 
the CMEMS Global Ocean Physics Analysis and Forecast and the Global 
Ocean Waves Analysis and Forecast datasets have a horizontal resolu
tion of 1/12◦ (~0.083◦), corresponding to approximately 8 km, while 
the CAMS Global Greenhouse Gas Forecasts dataset provides a coarser 
resolution of about 40 km. Additionally, the models employed to 
reconstruct currents, waves, and wind intensity are subject to a degree of 
uncertainty. According to the Quality Information Document (QID) of 
the Global Ocean Physics Analysis and Forecast database, there is an 
underestimation of the currents compared to in situ measurements 
carried out using drifters. The underestimation is 20% for strong cur
rents and 60% for weak currents. For waves, the QID of the Global Ocean 
Waves Analysis and Forecast database reports an average bias of 2 cm 
and a scatter index of 13.8% on wave height. For winds, the European 
Centre for Medium Range Weather Forecasts Technical Memo n◦ 918 
(Evaluation of ECMWF forecasts) reports a RMSE of 1–3 m/s for the 
wind speed. These constraints may reduce the accuracy of current and 
wind estimates close to the coastline; however, satellite-derived prod
ucts remain the most reliable and spatially consistent data source 
currently available for hydrodynamic assessment in Bali Island.

3. Results and discussion

3.1. Characterization of MPs synthetic polymers

This study was designed as an exploratory baseline assessment of 
MPs occurrence in beach sediments, with an emphasis on spatial pat
terns and hydrodynamic controls rather than exhaustive quantification 
of MPs. Given the field constraints associated with coastal sampling in a 
tropical environment, the analytical strategy prioritized the recovery 
and confident identification of the larger MP size fraction (>212 μm) 
using dry sieving, visual screening, and ATR-FTIR confirmation. 
Consequently, the reported MP concentrations represent an estimate of 
the detectable size range and should be interpreted as indicative of 
relative spatial variability among beaches rather than absolute con
centrations. MPs were detected in eight out of the seventeen sampling 
sites, with a total of ten particles (Tables S2 & S3). The MPs differed in 
their material composition, with polystyrene (PS) being the most 
frequently identified polymer. Other common synthetic polymers, 
including PP, polyvinyl alcohol (PVA), and polymethyl methacrylate 
(PMMA, or commercially known as acrylic), were also detected. Inter
estingly, three particles were identified as copolymers.

The size distribution of the MPs was dominated by particles in the 
2.5–5 mm range, followed by those in the 1–2.5 mm range. Fragment- 
type MPs constituted the majority (8 out of 10 particles), whereas 
foam- and bead-type MPs occurred less frequently. In terms of color, 
green and white particles were predominant, while purple, yellow, and 
red particles appeared less abundantly. The concentrations of MPs (per 
kilogram of dry sand) of all sampling sites on each beach are shown in 
Table 1. Among the studied sites in Bali, KB exhibited the highest MP 
concentration, with a mean of 2.54 ± 2.30 MPs/kg dry weight (dw), 
followed by NNB (2.04 ± 2.49 MPs/kg dw). The lowest concentration 
was recorded at BB, averaging 0.61 ± 1.37 MPs/kg dw. Notably, there is 
low variability in MP abundance among sites within each beach, with 
the observed pattern typically consisting of one to two particles in the 
sediment samples where MPs were present. Consequently, low de
viations in MPs abundance are observed on these beaches.

The concentrations of MPs across sites from the three beaches in this 
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study were substantially lower than those reported in previous in
vestigations of MP contamination in nearshore sediments from Bali and 
nearby islands (Table 2). In another part of Bali Island, sediment MP 
concentrations have been reported to reach approximately 90 MPs/kg 
dw. A study documented an average of 90.7 ± 59.1 MPs/kg dw in 
Badung (Mauludy et al., 2019). Similarly, a 2024 study reported com
parable levels in Benoa Bay, with concentrations ranging from 9.51 to 
90.60 MPs/kg dw (Suteja et al., 2024). Sediments from Gili Trawangan 
in neighboring Lombok Island exhibited relatively low MP concentra
tions, ranging from 6.00 ± 8.49 to 22.00 ± 30.84 MPs/kg dw 
(Chairunnisa et al., 2025); however, these values were slightly higher 
than the concentrations measured in this study.

Much higher levels have been reported across Java Island. In the East 
Canal Flood (ECF) and Babon River estuaries of Central Java, MP 

pollution reached an average of 22,710 MPs/kg dw (Tjahjono et al., 
2024). In Banten Bay and Jakarta Bay, concentrations exceeded 100 
MPs/kg dw, with reported values ranging from 182 ± 82.97 to 346 ±
144.24 MPs/kg in Banten Bay and 166.8 MPs/kg in Jakarta Bay 
(Takarina et al., 2022; Noor et al., 2025). Along the eastern coast of 
Java, which is geographically close to Bali, four beaches recorded con
centrations between 54.7 ± 48.6 and 103.3 ± 4.7 MPs/kg dw (Yona 
et al., 2023), while sediments near Bama Resort at Baluran National Park 
averaged 116.41 ± 80.78 MPs/kg dw (Asadi et al., 2019).

Beyond Indonesia, a study in Singapore reported MP concentrations 
ranging from 9.2 to 59.9 MPs/kg dw along the coastal regions of the 
Johor Strait-Singapore Strait (Curren and Yew Leong, 2023), which 
remain higher than the values observed here. Further north, beaches in 
Sabah, Malaysia, exhibited even greater concentration, with Tanjung 
Aru Beach (857 MPs/kg dw total MP concentration) far exceeding both 
UMS ODEC (Universiti Malaysia Sabah Outdoor Development Center) 
Beach (160 MPs/kg dw) and the concentrations measured in this study 
(Zahari et al., 2023). Overall, findings from regional studies consistently 
show that the MP levels detected here are among the lower concentra
tions reported in regional studies. A similar observation of a relatively 
low proportion of particles being classified as microplastics has been 
reported in Auckland, New Zealand, with only 22% of the recovered 
particles confirmed as microplastics (Bridson et al., 2020).

Figs. 1 and 2 show an approximation of the sampling points in 
photographs of two of the most polluted beaches, showing the types of 
MPs, colors, and the linear trend of each of the colors. The results are 
visually clear: the sampling points with the highest presence of these 
MPs are concentrated in the vicinity of tourist facilities and near the 
beach.

Meanwhile, Fig. 3 illustrates the distribution of MP fragments on Bali 
beaches. Overall, the findings emphasize the influence of land-based 
human activities on the distribution of coastal MPs, highlighting 
spatial variation in MP contamination, with stronger pollution signa
tures observed in more urbanized or touristic beaches.

FTIR spectroscopy was used to confirm the chemical identity of MPs 
recovered from the beach sediments, with a minimum hit quality of 627. 
Previous microplastic work has demonstrated that a minimum spectral 
matching score of 60% with a reference library provides reliable 
confirmation of polymer identity, particularly for smaller-sized micro
plastics where spectral distortion and surface weathering are more 
pronounced. A matching score exceeding this threshold has been shown 
to adequately validate polymer classification while minimizing false- 
positive assignments (Rathore et al., 2023). Therefore, the threshold 
values applied in this work are consistent and sufficient for confident 
microplastic identification.

Fig. 4 displays the representative FTIR spectrum of an MP sample 
identified as PS. The identification was validated using a spectral library 
match with a hit quality score as guidance, spectral confirmation by an 
expert spectroscopist, and cross-checking against the Open Specy online 
database. Among these MPs, PS was the most frequently detected 
polymer, particularly in BB and NNB. The acquired FTIR spectrum of PS 
exhibits several prominent C–H stretching vibrations between 3024 
and 2920 cm− 1. In addition, IR absorption peaks attributed to C=C–H 
bending of the aromatic is observed at approximately 1450 cm− 1. 
Notably, aromatic C––C stretching vibrations appear at 1601 cm− 1, 
further confirming the presence of PS. On top of these PS signals, the 
ATR-FTIR spectrum of the PS samples obtained from the beach sedi
ments yields several major new features in the 3800–3100 cm− 1 (O–H 
stretching) and 1100–900 cm− 1 (C–O/C–C stretching) regions. Despite 
small peak shifting, the spectral features of the samples are in very good 
agreement with reference data for a pure PS sample, with a known 
density of 1.05 g/cm3 (Aouissi et al., 2023). The clear alignment of 
spectral features with known reference materials strengthens the con
fidence in polymer identification and supports the reliability of FTIR as a 
non-destructive tool in environmental MP studies.

Figs. S1-S3 show the comparison between the raw FTIR spectra of 

Table 1 
MP concentrations for each beach with mean ± standard deviation.

Beach/ 
site

Total 
MPs

MP concentration per site 
(MPs/kg dw)

MP concentration per beach 
(MPs/kg dw)

Mean Range SD

KB/01 1 3.05 2.54 0.00–6.11 2.30
KB/02 1 3.05
KB/03 2 6.11
KB/04 1 3.05
KB/05 0 0.00
KB/06 0 0.00
BB/01 1 3.05 0.61 0.00–3.05 1.37
BB/02 0 0.00
BB/03 0 0.00
BB/04 0 0.00
BB/05 0 0.00
NNB/01 0 0.00 2.04 0.00–6.11 2.49
NNB/02 0 0.00
NNB/03 1 3.05
NNB/04 1 3.05
NNB/05 2 6.11
NNB/06 0 0.00

SD – standard deviation.

Table 2 
Comparison of MP concentration from nearshore sediments between this study 
and neighboring regions.

Reference Location Concentration 
(MPs/kg dw)

Curren and Yew 
Leong (2023)

Coastal regions along Johor & 
Singapore Straits, Singapore

31.1 to 59.9 (Johor 
Strait) 
9.2 (Singapore 
Strait)

Zahari et al. 
(2023)

Tanjung Aru Beach & UMS ODEC 
Beach, Kota Kinabalu, Sabah, 
Malaysia

56 to 352 (Tanjung 
Aru Beach) 
17 to 34 (UMS 
ODEC Beach)

Tjahjono et al. 
(2024)

East Canal Flood & Babon River, 
Semarang, Indonesia

22,710

Noor et al. (2025) Banten Bay, Indonesia 182 ± 82.97 to 346 
± 144.24

Takarina et al. 
(2022)

Jakarta Bay, Indonesia 166.8

Yona et al. (2023) Eastern Java Island, Indonesia 54.7 ± 48.6 to 
103.3 ± 4.7

Asadi et al. (2019) Bama Resort, Baluran National Park, 
Indonesia

116.41 ± 80.78

Chairunnisa et al. 
(2025)

Gili Trawangan, Lombok, Indonesia 6.00 ± 8.49 to 
22.00 ± 30.84

Suteja et al. (2024) Benoa Bay, Bali, Indonesia 9.51 to 90.60
Mauludy et al. 

(2019)
Coastal beaches in Badung, Bali, 
Indonesia

90.7 ± 59.1

This study Keramas Beach (KB), Balangan Beach 
(BB), Nyang Nyang Beach (NNB), Bali, 
Indonesia

0.61 ± 1.37 to 2.54 
± 2.30

UMS – Universiti Malaysia Sabah; ODEC – Outdoor Development Center.
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three samples from this study and their corresponding spectral library 
match results (Manap, 2024b). While the quality of the acquired spectra 
varied, most exhibited medium to strong signal intensities.

3.2. Study on ocean currents, wind, and wind waves

A study of ocean currents, winds, and wind waves should be 
considered, as these factors may influence the distribution of MPs in 
beach or ocean environments. The study was conducted in accordance 
with the methods outlined in Section 2.2. The aforementioned methods 
were further augmented by incorporating the database from Meijer et al. 
(Meijer et al., 2021a). The database is available on Figshare (Meijer 
et al., 2021b), online (TheOceanCleanup, 2017), and aggregates data on 
plastic inputs (in kg/km2/year) from the world's major rivers. Data were 
aggregated into three categories (Fig. 5): green (0.50 kg/km2/year), 
yellow (3.80 kg/km2/year), and red (over 3.80 kg/km2/year). This 
configuration enabled the immediate identification of the most 

impactful sources.
In order to gain insight into the currents that could potentially 

transport particles to the sampled beaches, a methodology was 
employed in which files were downloaded as described in methodolo
gies for the area of the world around the island of Bali and for the months 
from January 2024 to July 2024 This approach enabled comprehensive 
coverage of the entire time pre-sampling time interval and facilitated a 
nuanced understanding of the changing currents.

Fig. 5 illustrates a comprehensive examination of current trends in 
the region surrounding Bali Island from January to July 2024. Fig. 5G(a) 
provides a detailed view of the area near the coastal zones. During the 
winter months of January, February, and March, the currents, as rep
resented by the monthly average direction, exhibit a consistent move
ment pattern. At the western beaches (NNB and BB), these currents 
originate from Java Island and move eastwards. In contrast, at KB Beach 
in the east, the prevailing current moves in a north-south direction 
during this period. Although the trend at KB is less pronounced, a 

Fig. 1. Approximate sampling analysis for KB, illustrating the frequency of MP fragments and the linear trends of plastic colors across the sampling sites.

Fig. 2. Approximate sampling analysis for NNB, illustrating the frequency of MP fragments and the linear trends of plastic colors across the sampling sites.
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southward current movement is still discernible along this coastline. 
Since April, a seasonal change has begun to manifest. In the western 
region of Bali Island, including NNB, the currents migrate northwards. 
Meanwhile, KB Beach exhibits a more intense and persistent north-south 
current, similar in direction to that observed in winter, but with 
increased magnitude. The only significant change during the summer 
months occurs again in the western part of the island. Here, the currents 

reverse direction, moving from Bali toward Java, as illustrated in 
Fig. 5G. These western beaches may receive plastics transported from 
the southern coast of Java. As a result of prevailing current directions, 
the currents that flow from the direction of Java toward western Bali 
beaches suggest potential transport pathways of MPs. During the spring, 
the current flow from Java decreases in intensity and gradually reverses 
direction. Consequently, the anthropogenic impact from the northern 

Fig. 3. MP fragment distribution on Bali beaches in MPs/kg dw.

Fig. 4. ATR-FTIR spectrum of a sample identified as MP of PS.
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region of the island of Bali may prevail on the beaches situated to the 
west. During the summer months, there is a complete reversal of the 
flow. The eastern beach is influenced by flows from the Lombok Strait 
during the winter. During spring and summer, the beach is affected by 
an increasing flow from the Lombok Strait. However, the beach itself is 
an area where rivers have a significant local impact.

Quantitative and graphical representations of the main oceano
graphic parameters considered in this study for the three sampled bea
ches are shown in Table 3 and Figs. 7 and 8.

The table presents the predominant direction, period, and height of 
wind waves, as well as the direction and magnitude of surface currents 
and the corresponding components of the wind vector during the sam
pling days (3 and 5 August 2024). These parameters enable a direct 

comparison between the eastern (KB), central (NNB), and western (BB) 
coasts of Bali. The interplay of these factors exerts a profound influence 
on the retention, redistribution, or export of floating MP particles along 
each coastline.

Fig. 6 presents a comprehensive depiction of the currents (as the 
monthly average in July 2024 and as the daily average of the sampling 
days, indicated by red, blue, and green arrows) that arrived on the 
beaches, with the sampling stations highlighted. These currents remain 
constant within the selected time intervals. It should be noted that the 
absence of arrows in KB is due to the fact that the satellite resolution 
does not cover areas close to land; however, the movement of the cur
rents can be deduced from those in adjacent areas. Magnitude in m/s 
shows that in the KB area, currents have a velocity of around 1.2 m/s, in 

Fig. 5. Surface current trends from January to July 2024 (A to G) and sources of impact (river discharge in kg/km2/year). Figure G(a) represents a zoom of G to 
better visualize the beach location on Bali Island. Currents are represented as monthly time averages, with arrows indicating both direction and magnitude; the length 
of the arrows is proportional to current intensity. Magnitude is also represented by a color scale. In areas near the coast, current values are missing due to the satellite 
resolution of the currents database (about 8 km). Current data comes from the Global Ocean Physics Analysis and Forecast by CMEMS (CMEMS, 2024a) has a 
horizontal resolution of 1/12◦ (~0.083◦), corresponding to approximately 8 km. In this database, surface currents of the mid latitudes are underestimated on average 
with respect to in situ measurements of drifting buoys. The underestimation ranges from 20% in strong currents to 60% in weak currents. Plastic river discharge is 
from Meijer et al. (Meijer et al., 2021a).

Table 3 
Wind wave direction, period, and height, currents, and wind direction and magnitude on 3 and 5 August 2024. Direction is expressed as degrees, considering the 
originating point for waves and the direction point for currents and wind. Magnitude is expressed in m/s and height in m.

Beach Wind wave direction 
(◦)

Wind wave period 
(s)

Wind wave height 
(m)

Current direction 
(◦)

Current magnitude (m/ 
s)

Wind direction 
(◦)

Wind magnitude (m/ 
s)

KB 19.7 
151.7 
252.2

1.2 0 240.66 1.12 276.56 2.56

BB 126.2 1.8 0.34 186.65 0.31 276.56 4.81
NNB 126.2 2.0 0.21 183.39 0.27 276.56 4.81
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the south area (NNB and BB), velocities are much lower, around <1 m/s, 
as summarized in Table 3.

As previously mentioned, CAMS allows users to download wind data 
at different altitudes on a daily or hourly basis. As illustrated in Fig. 7, 
the two winds are represented by pink and black arrows, respectively. 
There is a negligible difference between the two days. This map facili
tates the evaluation of wind direction and magnitude along the shore
line, and Table 3 summarizes those parameters: the wind has a direction 
of around 276◦ and an intensity between 2.5 and 4.8 m/s. At the eastern 
beach (KB), the wind blows toward the shore, potentially moving MPs 
released into the environment from Lombok Island and keeping those 
emitted by local sources in place. Conversely, on the beaches located on 
the western side of the island of Bali, the wind blows toward the sea, thus 
potentially carrying potential MPs emitted by sources of impact located 
behind them, on the mainland, to the beaches. Wind on the day of 
sampling ranged from a maximum of 5–7 m/s.

Another parameter that has been considered is wind waves, as 
illustrated in Fig. 8, which summarizes its three descriptive parameters: 
direction, wave height, and period. The direction is expressed in degrees 
from the point of origin. The area in proximity to KB exhibited negligible 
wave motion, with the satellite-measured height recorded as 0 m and the 
wave period also reported as minimal. This suggests that the sea con
ditions in the immediate period prior to sampling were of a very calm 
nature. In contrast, the wave motion exhibited greater consistency in BB 
and NNB, despite the heights being less than 1 m and the period 

measuring approximately 2 s (s).
The integrated interpretation of current, wind, and wind wave data 

(Table 3, Figs. 6–8) provides qualitative insight into the hydrodynamic 
processes that may contribute to the accumulation of MPs along the 
beaches studied. These data suggest possible retention and dispersion 
events at each sampling site, which may contribute to the observed 
variability in MP concentrations.

At KB, the observed ocean current direction (~240◦) and relatively 
high intensity (~1.1 m/s) are consistent with the seasonal circulation 
associated with the Lombok Strait. During the sampling period, the wind 
(~277◦, ~2.6 m/s) was directed toward the coast, while wave condi
tions were characterized by short periods (1.2 s) and variable directions 
(20–250◦). This hydrodynamic configuration may favor the nearshore 
retention of floating debris, particularly under conditions of limited 
offshore transport. Accordingly, the relatively higher MP concentrations 
observed at KB (2.54 ± 2.30 MPs/kg dw) could reflect a retention-prone 
setting in which onshore wind stress and persistent currents promote 
accumulation in the surf and breaking zones.

At BB, surface currents were weaker (~0.31 m/s) and oriented 
southward (~187◦), while winds were stronger (~4.8 m/s) and directed 
offshore (~277◦). Waves approached from 126◦, with moderate periods 
(1.8 s) and heights (0.34 m). The combined influence of weaker currents 
and offshore-directed winds may enhance dispersion and resuspension 
of floating particles, facilitating their export away from the shoreline. 
This hydrodynamic setting could contribute to reduced MP retention on 

Fig. 6. Surface currents on the individual beaches. Detailed sampling sites are highlighted, and the current direction and magnitude (as arrow length) are repre
sented as monthly time averages for July 2024 and daily averages for 3 and 5 August 2024. The July 2024 current magnitude is also represented in scaled colors: 
magnitude 0 (white) is due to missing data resulting from satellite resolution of the currents database, Global Ocean Physics Analysis and Forecast by CMEMS 
(CMEMS, 2024a): horizontal resolution of 1/12◦ (~0.083◦), corresponding to approximately 8 km. In this database, surface currents in the mid latitudes are, on 
average, underestimated relative to in situ measurements from drifting buoys. The underestimation ranges from 20% in strong currents to 60% in weak currents. Note 
that for current, the direction in degrees indicates where the current is flowing.
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the beach surface, consistent with the lower MP abundance measured at 
BB (0.61 ± 1.37 MPs/kg dw).

At NNB, the dominant wave and current directions (~126◦ and ~ 
183◦, respectively) were approximately parallel to the coastline, while 
wind conditions (~277◦, ~4.8 m/s) imposed oblique forcing under 
relatively low wave energy (h ≈ 0.21 m; t ≈ 2 s). These conditions may 
promote the development of a weak but persistent longshore drift 
(~0.27 m/s), favoring lateral redistribution of floating material along 
the shoreline rather than strong cross-shore transport. Such a regime 
could explain the intermediate MP concentrations observed at NNB 
(2.04 ± 2.49 MPs/kg dw), potentially reflecting localized zones of 
accumulation along the beach.

Overall, the comparison among the three beaches suggests that MP 
retention may be influenced by the balance between current intensity, 
wind stress, and wave energy, with onshore-directed forcing favoring 
accumulation and offshore-directed components enhancing dispersion. 
Under this framework, KB may function as a convergence-prone envi
ronment, BB may represent a more dispersive coastal setting, and NNB 
may exhibit transitional behavior characterized by alongshore 
redistribution.

In addition to hydrodynamic controls, spatial variability in MP 
abundance is likely also modulated by anthropogenic pressures. KB is 
located in a highly touristic area and is bordered by multiple small rivers 
and drainage channels, which may increase local MP inputs through 
urban runoff and recreational activities. NNB experiences lower direct 
urban influence; however, intermediate MP levels could be associated 
with regional transport from riverine sources along northern Bali, where 

several moderate to high plastic discharge rivers have been identified 
(Meijer et al., 2021b). The prevailing southward coastal currents may 
facilitate the redistribution of river-derived plastics along the western 
coastline. BB, situated along a less developed coast with limited local 
sources, exhibited the presence of PS fragments, which may indicate 
external inputs, potentially linked to fishing activities, shipping routes, 
or episodic long-range transport from Java during seasonal current 
reversals.

3.3. Policy and management implications

Indonesia continues to experience substantial challenges in man
aging plastic waste, despite the presence of national and regional policy 
frameworks. The country generates an estimated 64 million tonnes of 
plastic waste annually and remains one of the largest global contributors 
to marine plastic pollution (Idris et al., 2024). Bali, which relies heavily 
on tourism and coastal-based economic activities, is particularly 
impacted due to high waste generation and intensified consumption 
patterns (MacRae, 2012). The National Waste Management Policy and 
Strategy (2017) outlined targets to reduce waste generation by 30% and 
ensure that 70% of waste is properly managed by 2025 (Sumaryana 
et al., 2025). However, progress toward these goals has been uneven, 
primarily due to weak institutional coordination, insufficient infra
structure, and limited regulatory enforcement (Subekti, 2023; Apriadi 
et al., 2024).

At the provincial level, Bali has implemented several notable policy 
measures, including the prohibition of plastic bags, drinking straws, and 

Fig. 7. Winds at 1000 hPa on 3 and 5 of August 2024 on the individual beaches. Detailed sampling sites are highlighted, and wind direction and magnitude (as arrow 
length) are represented for 3 and 5 August 2024 as the 12:00 hourly average. Magnitude is also represented in scaled colors: greens for 3 August and blues for 5 
August. Note that for wind, direction in degrees indicates where the wind is headed. Wind data are derived from CAMS Global atmospheric composition forecasts 
(CAMS, 2024b), with a satellite resolution of approximately 40 km, the wind speed RMSE is 1–3 m/s.
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Styrofoam products, supported by community-based waste management 
initiatives involving government authorities, non-governmental orga
nizations, and local businesses (Sumaryana et al., 2025). Despite these 
interventions, challenges remain in sustaining compliance and ensuring 
continuous monitoring and evaluation. Limited accountability mecha
nisms and gaps in enforcement reduce the long-term effectiveness of 
these policies (Ain et al., 2021).

Therefore, future strategies should emphasize active community 
participation and educational engagement. Integrating environmental 
awareness programmes at the school and community levels, and 
involving both local residents and foreign visitors in waste monitoring 
activities, could help increase public understanding of MP pollution in 
coastal areas. In addition, regular river and beach clean-up initiatives, 
specifically targeting the removal of synthetic polymer residues, could 
be strengthened through partnerships with tourism industry stake
holders and corporate sponsors. Sustained collaboration and shared 
responsibility among governmental bodies, the private sector, and local 
communities are essential to achieving substantial and long-lasting 
improvements in plastic waste management across Bali and Indonesia.

Future work may also benefit from developing a more comprehen
sive mathematical model that combines satellite-derived hydrodynamic 
information, such as currents, wind patterns, and wave conditions, with 
field-based measurements of MP concentrations on beaches. Integrating 
these datasets would allow more realistic simulations of MP transport 
and deposition, improving our ability to predict where accumulation is 
likely to occur. Such a model could also provide useful guidance for 

management efforts by helping identify priority areas for mitigation and 
targeted beach clean-up activities.

4. Conclusion

This study provides an integrated spectroscopic–oceanographic 
assessment of MP contamination across three beaches in Bali between 
January and July 2024, combining ATR-FTIR polymer characterization 
with satellite-derived hydrodynamic data from CMEMS and CAMS. 
Within the sampling period, the abundance of MPs in the beach sedi
ments was relatively low (<10 MPs/kg dw), yet clear spatial patterns 
emerged. KB exhibited the highest MP concentration (2.54 ± 2.30 MPs/ 
kg dw), followed by NNB (2.04 ± 2.49 MPs/kg dw), while BB showed 
the lowest levels (0.61 ± 1.37 MPs/kg dw). FTIR analysis revealed PS as 
the dominant polymer, followed by PP, PVA, PMMA, and three other 
copolymers. Fragments were the most abundant form, and particles in 
the 2.5–5 mm size class predominated. The correspondence between the 
sampled MPs and reference library spectra, reflected by characteristic IR 
absorption bands, indicates that ATR-FTIR can be used for polymer 
identification in complex coastal matrices, within the limitations of 
spectral quality and sample heterogeneity. The spatial heterogeneity of 
MP distribution was strongly governed by seasonal variability in ocean 
currents, wind fields, and wind wave energy. Hydrodynamic patterns 
indicated that KB experienced aligned onshore winds and moderately 
strong southwestward currents originating from the Lombok Strait, 
promoting MP retention and deposition. In contrast, BB was influenced 

Fig. 8. Wind waves on 3 and 5 August 2024 on the individual beaches. Detailed sampling sites are highlighted, and wind waves direction, magnitude, and height are 
represented for 3 and 5 August 2024. The color-based layer represents the period, and arrows indicate the direction. Note that for waves, direction in degrees in
dicates where the wave is coming from. Wind waves data comes from the Global Ocean Waves Analysis and Forecast by CMEMS (CMEMS, 2024b), that has a spatial 
resolution of 1/12◦ (~0.083◦), corresponding to approximately 8 km, temporal averaging is 3 h, and uncertainty declared by CMES on significant wave height is 
Global average of bias: 2 cm and Global average of normalized scatter index: 13.8%.
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by weaker currents and strong offshore winds, creating a dispersive 
environment unfavorable for MP accumulation. NNB received oblique 
winds and longshore currents that redistributed particles laterally, 
producing intermediate MP concentrations. These findings underscore 
the importance of coastal hydrodynamics as drivers of MP transport, 
retention, and export at fine spatial scales, while also reflecting the in
fluence of local anthropogenic pressures, including riverine discharge, 
tourism activity, and shoreline infrastructure. Overall, this work high
lights that even beaches with relatively low MP loads can exhibit distinct 
contamination signatures shaped by the interplay of polymer sources, 
coastal morphology, and seasonal oceanographic processes. By inte
grating physical oceanographic data with MP distribution, the study 
provides a more mechanistic understanding of MP transport pathways in 
the coastal system of Bali. This combined approach strengthens the 
foundation for future predictive modeling efforts and supports the 
design of targeted mitigation strategies. Incorporating hydrodynamic 
simulations with expanded temporal sampling and higher-resolution 
riverine input data will be crucial for forecasting MP accumulation 
hotspots and informing policy interventions aimed at reducing plastic 
pollution in the coastal environments of Indonesia.

Beyond these scientific insights, the study outcomes hold practical 
relevance for regional management. The GIS-based mapping framework 
is a tool that local environmental authorities can use to manage and 
monitor target areas. This framework facilitates the prioritization of 
sampling and cleanup efforts at beaches that are particularly affected by 
convergent current systems, such as KB and NNB. The seasonal current 
reversals identified through satellite analysis are a great opportunity to 
adjust waste management strategies seasonally, with intensified shore
line cleanup and waste interception at river mouths prior to the onset of 
the northwest monsoon, when eastward transport from Java is domi
nant. From a policy perspective, integrating remote sensing tools with 
routine beach surveys has the potential to establish a cost-effective, 
semi-automated early warning system for plastic accumulation zones 
around Bali. Such a system could be progressively developed by 
repeating studies like this one several times throughout the year and 
systematically combining MP monitoring with satellite observations. 
These findings provide essential baseline information to support 
evidence-based pollution management strategies aimed at Bali.

4.1. Limitations and future work

The detection capability of the present study is constrained by the 
minimum sieve mesh size of 212 μm; consequently, MPs smaller than 
this threshold were not captured or reported. This limitation reflects 
methodological constraints rather than the absence of smaller MPs in the 
environment, and the results should therefore be interpreted as repre
sentative only of the larger MP size fraction.

A major methodological limitation is the absence of field blanks and 
explicit airborne contamination controls. Given the relatively low 
number of particles recovered (n = 44), potential contamination during 
field sampling, sample handling, and laboratory processing cannot be 
fully excluded. Such contamination may influence reported particle 
counts, size distributions, and polymer identification, particularly for 
small fragments. Accordingly, the reported MP abundances should be 
regarded as conservative estimates rather than absolute concentrations.

The density separation procedure relied exclusively on seawater, 
introducing a systematic bias toward the recovery of low-density poly
mers. Higher-density polymers are therefore likely underrepresented, 
and observed polymer dominance patterns may not accurately reflect 
true environmental proportions. Consequently, conclusions regarding 
polymer composition and relative abundance should be interpreted with 
caution and framed as baseline or exploratory observations.

Additional constraints arise from the limited sample size and sam
pling strategy, which restrict the dataset's representativeness and limit 
broader spatial generalization across beaches in Bali. Polymer identifi
cation relied on existing spectral libraries, which may not fully capture 

the spectral variability of weathered or environmentally aged MPs, 
potentially leading to ambiguous or conservative classifications. 
Furthermore, the hydrodynamic analysis is based on satellite-derived 
products with relatively coarse spatial resolution in nearshore environ
ments, which may reduce the accuracy of current and wind estimates 
close to the coastline. Although satellite observations provide the most 
spatially consistent datasets available for the region, the lack of exten
sive in situ validation data constrains full calibration and verification of 
MP transport interpretations. Consequently, the mechanistic relation
ships inferred between hydrodynamic drivers and MP deposition should 
be regarded as plausible but provisional hypotheses requiring further 
experimental or inferential validation.

Taken together, the relatively low confirmed MP concentrations 
(0.61 ± 1.37 to 2.54 ± 2.30 MPs/kg dw) across a broad spatial scale 
limit statistical robustness and reduce the ability to detect subtle spatial 
gradients or confidently generalize observed patterns. Variability esti
mates and mean concentrations are therefore sensitive to individual 
particle detections, increasing uncertainty in abundance metrics and 
polymer distribution patterns. As a result, the findings should be inter
preted as indicative of relative spatial trends and hydrodynamic in
fluences rather than definitive or comprehensive assessments of MP 
contamination along Bali's coastline.

Future studies should address these limitations by incorporating 
procedural, field, and airborne blanks to minimise contamination- 
related uncertainty; adopting higher density separation solutions (e.g., 
CaCl2 or NaCl) to improve recovery of denser polymers; and employing 
finer mesh sizes to capture smaller MP fractions, including pathways 
toward nanoplastic investigation. Expanding sample numbers and 
spatial coverage will enhance statistical robustness, improve represen
tativeness, and allow more reliable spatial comparisons.

Polymer identification of smaller than the current limit can be 
strengthened by integrating complementary analytical techniques such 
as optical photothermal infrared (OPTIR) spectroscopy, Raman spec
troscopy, and pyrolysis-GC/MS, particularly for weathered, mixed, or 
ambiguous particles. The development and use of spectral libraries that 
explicitly include environmentally aged MPs would further enhance 
classification accuracy and confidence in polymer assignments.

To improve understanding of MP transport processes, future research 
should prioritize in situ validation of satellite-derived hydrodynamic 
products, addressing a key limitation of remote-sensing-based MP 
studies. Building on this, the development of a robust mathematical 
model integrating satellite-derived hydrodynamic data with field-based 
MP measurements would provide a quantitative framework for simu
lating MP transport, accumulation, and fate. Such a model could 
improve predictive capability, identify accumulation hotspots, and serve 
as a valuable decision-support tool for targeted MP management and 
mitigation strategies in coastal environments.
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