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Preface

Dr. Edmond Dounias 
Representative of IRD for Indonesia and Timor Leste

Dr. Emmanuel Baudran 
Director of AFD Indonesia

 Indonesia is the largest archipelago in the world with nearly 13,550 islands and the 6th Exclusive Economic Zone. 

The country has always designed its development and its international integration on its unique relationship with its surrounding oceans. At the same time, the 
location of the Indonesian maritime domain, right in the middle of the Coral Triangle, makes Indonesia one of the most important reservoir of marine and coastal biodi-
versity (coral, fish, mangroves, seagrass, marine mammals…). 

Unfortunately, human activities and their incidence on climate change threaten this amazing biodiversity. Plastic pollution is a particularly worrying issue for the coun-
try – the second largest producer of plastic after China – as more than 6.5 million people are employed in fisheries and aquaculture sectors. 

Hence, the Indonesian government has made sustainable management of marine biodiversity and resources a national priority, and adopted an ambitious national 
action plan to mitigate marine debris and to reduce plastic debris by 70% before 2025.

In 2019, the Indonesian Government, through the Ministry of Marine Affairs and Fisheries (MMAF), called on AFD's support to improve the monitoring and modelling 
of marine debris nationwide. The project will provide equipment and research to monitor the distribution and movement of marine debris, particularly in rivers, which 
carry plastics out to the ocean. What will follow are recommendations for treating and reducing this pollution – and for trying to avoid it in the future. 

AFD has provided a 500,000 € grant for this project, which relies on a partnership between MMAF and the French National Research Institute for Sustainable Devel-
opment (IRD). In addition to helping the Indonesian government to meet its plastic reduction targets, this collaborative research between France and Indonesia will 
also contribute to the valorization of French expertise in oceanographic research and the commitments of the French State in initiatives such as the Global Plastic 
Action Partnership. 

MMAF and IRD have partnered with the French company Collecte Localisation Satellite (CLS) to implement the project. This pilot program should allow the creation 
of a marine debris monitoring system at the Indonesian level, generate knowledge and raise awareness about the impact of marine debris, but also provide recommen-
dations for the marine debris collection program and conduct appropriate communication actions. The present atlas is the first deliverable, which maps marine debris 
stranding along the Indonesian coasts. 

This very operational project clearly illustrates the leading role of Indonesia within APEC on plastic pollution reduction, and the great potential for extending the 
study to a broader regional scale, with a particular focus on reinforced collaborations between Indonesia and less advanced countries of the Southeast Asian region.

 
We hope that the results of this project will strengthen Indonesia's image as a country actively leading innovative projects to combat global marine pollution and 

preserve its unique natural marine resources.



Preface

Prof. Ir. Sjarief Widjaja, Ph.D.
Chairman of the Agency for Marine and Fisheries Research and Human Resources

Ministry of Marine Affairs and Fisheries

Like most countries in the world, Indonesia suffers from the hazardous impact of marine debris. The negative ecological and socio-economic impacts of marine 
debris bring severe threats to the marine and coastal environment and human livelihoods, adversely affecting habitats, species, and ecosystem services  human health 
and safety  as well as vital economic sectors such as fisheries, tourism, and navigation. 

Responding to this problem, President Joko Widodo at the Leaders Retreat, G20 Summit, Hamburg-Germany, Friday, July 7, 2017, stated that Indonesia would reduce 
waste through 3R (reduce-reuse-recycle) by 30% and set a national target to reduce marine plastic waste by 70% by 2025. To support the achievement of this target, 
Presidential Regulation No. 83 2018 concerning Marine Debris Management and realized through collaboration between 16 Ministries  Agencies (2016 - 2018) has 
been passed and enacted. In addition, the government has compiled five strategies to reduce marine debris, with 59 activities comprising the National Action Plan (NAP) 
to reduce marine debris. 

Through the Agency for Marine and Fisheries Research and Human Resources (BRSDM), the Ministry of Marine Affairs and Fisheries has a mandate in the Research 
and Development strategy to understand marine debris pollution and its impacts. Research of modelling and monitoring of marine debris in Indonesia implements the 
collaboration between BRSDM and the French National Research Institute for Sustainable Development (IRD) and the Agence Française de Développement (AFD) in 
2020. In this joint research, numerical model development and Lagrangian model development for marine waste trajectory, observation, capacity building, and communi-
cations are carried out. This atlas on marine debris strandings is one of the results generated from this joint research.

The atlas is expected to complement the various marine debris studies that Indonesian experts have carried out. It provides benefits for the Indonesian government 
to understand the source of marine debris, the amount of waste load that has been washed into the sea, and its fate. Using information in this atlas, the Government 
of Indonesia can determine a waste mitigation strategy to reduce marine debris stranded in coastal areas. Mitigation is prioritized to handle waste from its source and 
capture waste at specific meeting points before the waste is stranded back to the mainland. Furthermore, this atlas is expected to facilitate dialogue on solutions 
brought together with stakeholders, enhance public awareness, and promote co-responsibility for marine litters in Indonesia, not only improving individuals' percep-
tions about the problem effectively but also commitment to be part of the solution.

Finally, I thank scientists, researchers and all concerned for their valuable participation in this collaborative project and for their contributions as authors and editors 
to make this atlas possible. I understand that this atlas is not free from limitations, therefore I certainly hope this atlas can become a catalyst for more sustainable 
research on marine debris in the future.
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Marine plastic debris has become a major human-induced pollution issue of 
our modern times. This pollution began in the fifties with the rise of the plastic 
age. The plastic production reached 359 million tonnes in 2018 (Plastics Europe, 
2019) and is increasing by roughly 16 million tonnes every year. An important 
part of this production ends at sea: between 4.8 and 12.7 million tonnes in 2010 
according to estimates by Jambeck et al. (2015) (see figure 1); between 1.15 and 
2.41 million tonnes according to other estimates by Lebreton et al. (2017) (see 
figure 2). These estimates were obtained through the computation of diverse 

data regarding waste, waste management, economic status, population density, 
and hydrology.  This pollution is not only a major threat to marine wildlife that can 
be harmed by ingestion, suffocation, congestion, or false satiety (Germanov et al., 
2019; Ryan et al., 2020). Plastic wastes also impact human societies by penetrating 
the food chain, with deleterous consequences on health. Yet, a great range of 
economic activities (shipping, fishing, aquaculture, tourism, recreation) are heavily 
compromised (Jang et al., 2014). The plastic pollution has been identified as one of 
the seven main concerns during by the 2015 G7 in Berlin (Williamson et al., 2016). 

Introduction

11Introduction

"Global map with each country shaded according to the estimated mass of mismanaged plastic waste [millions of metric tons] generated in 2010 by populations living within 50 km of the coast. We considered 192 countries. 
Countries not included in the study are shaded white" (excerpt from Jambeck et al., 2015)

Figure 1:
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Plastic pollution at sea is induced by both maritime and inland sources. The 
contribution of the latter is often estimated to be 80% (UNEP, 2016). Plastic 
pollution from inland sources mostly enters the ocean through rivers (Lebreton 
et al., 2017) and a large part is coming from South-East Asian countries (Jambeck 
et al., 2015; Lebreton et al., 2017). Once at sea, some of these debris travel over 
large distances to join one of the five main accumulation areas located inside the 
subtropical gyres (Martinez et al., 2009; Maximenko et al., 2012; van Sebille et al., 
2012; Maes et al., 2018; Dobler et al., 2019), some of them are degraded into 
smaller pieces, can be biofouled and sink, and some of them end up stranded 
(Maes and Blanke, 2015).

Floating Marine Debris Along Indonesian Coasts Introduction

"Mass of river plastic flowing into oceans in tonnes per year. River contributions are derived from individual watershed characteristics such as population density (in inhab/km2), mismanaged plastic waste (MPW) production 
per country (in kg/inhab/day) and monthly average runoff (in mm/d). The model is calibrated against river plastic concentration measurements from Europe, Asia, North and South America." (excerpt from Lebreton et al., 
2017)

Figure 2:

Jambeck et al. (2015) ranked Indonesia as the second most polluting country. Even 
if this rank should be nuanced, several factors justify that Indonesia is severely 
impacted by this pollution: 

a high population density, especially on Java Island (figure 3) 
one of the highest level of rainfall in the world (320 mm/yr, figure 4), with an 
interannual variability linked to the El-Nino Southern Oscillation (ENSO) 
a shoreline particularly jagged with approximately 13,550 islands of different 
sizes (Andréfouët, 2020), many narrow straits and a total coastline length of 
more than 81,000 km
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13Introduction

Population density for year 2015 in inhabitant per square kilometer. Upper panel shows popula-
tion densities for the whole world. Lower panel is a zoom view on Indonesia.  Values below 100 
inhab/km2 are shaded in grey. From the NASA Center for International Earth Science Information 
Network - CIESIN - Columbia University (2018) dataset

Figure 3:

Total rainfall over land in mm/month. Upper panel shows rainfall averaged over 2009-2020. 
Middle panel is a zoom view on Indonesia.  Values below 20 mm/month are shaded in grey. 
Lower panel shows the rainfall time variability averaged over the Indonesian region as 
defined in the middle panel. From the GloFAS (2019) dataset

Figure 4:
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14 Floating Marine Debris Along Indonesian Coasts

In this context, two Indonesian presidential decrees (No. 97/2017 and No. 
83/2018) were adopted in 2017 and 2018 respectively. The first decree addresses 
home and general waste management whereas the second decree addresses 
marine debris management.  These decrees gave rise to a plan of actions (Ministry 
of Environment and Forestry, 2020) whose objectives are to reduce by 30% the 
waste production, to reach 70% of correctly managed waste by 2025 and to 
improve cleaning actions. The present atlas aims at supporting these initiatives 
through the modelling and the identification of hotspots of stranded marine 
debris, for a better decision-making regarding waste management (paragraph 4.3 
from Ministry of Environment and Forestry, 2020). More specifically, it also aims 
at statistically quantifying the fate of the marine plastic pollution coming from 
Indonesian rivers, their stranding locations along the coasts of Indonesia and of 
the surrounding countries and the spatio-temporal variability of these strandings. 

To understand the trajectories of floating marine debris and the zones of 
strandings, a Lagrangian numerical experiment was performed. The floating plastic 
debris were modelized as numerical particles of no size, no shape and neutral 
density, assuming that stranded debris came mainly from debris drifting in the 
surface layer of the Ocean. Complex processes of plastic fragmentation and 
sinking were not considered in this study. These numerical particles were 
advected by surface currents from an Ocean Global Circulation Model (OGCM). 
The choice of the Surface Current product was driven by the intense regional 
dynamics: Indonesia is indeed a pathway between the Pacifc and Indian oceans, 
located along the Equator, with many ocean dynamics such as: 

the monsoon which, for example, reverses oceanic flows from northeastward 
to southwestward in the South China Sea and from northwestward to south-
eastward in the Java, Flores and Banda seas (Wyrtki, 1961) 
the tidal currents that may reach very high values locally (up to 1 m/s in some 
straits) 
ENSO modulation having impacts on both currents (Gordon et al., 2012) and 
rainfalls influencing river discharges 
the surface Stokes drift, which contributes to the surface drift of floating marine 
debris 
extreme events, such as typhoons, earthquakes and potentially associated 
tsunamis

The stranding probabilities in the Indonesian region were numerically investi-
gated to provide a probabilistic atlas of stranding time and locations. Moreover, 
the specific impact of tidal surface currents and surface stokes drift were 
assessed.  

The first section of this atlas is dedicated to the data materials, the second 
section presents the methodology, the third section presents general results and 
the forth section presents detailed strandings of floating marine debris for each 
subzone. 

Map of the Indonesian region adapted from Gordon et al. (2012): Schematic of the South 
China Sea throughflow (dashed red arrows) and the lndonesian throughflow (solid red arrows) 
circulations. Topographic sill depths are given in black italics

Figure 5:
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17Materials Floating Marine Debris Along Indonesia Coasts 

Materials

Surface Current products 

Description 
Surface Merged Ocean Currents (SMOC) product (distributed by the Coper-

nicus Marine Service, https://resources.marine.copernicus.eu) was adopted as a 
means to consider the importance of the tides in the region (up to 1m/s in the 
straits) and of the Stokes drift effect at global scale (Ardhuin et al., 2009; Dobler 
et al., 2019). The downloaded data covered the period from the 1st of April 2016 
to the 31st of May 2020. The SMOC product provides three types of surface 
current datasets interpolated on the same spatio-temporal grid  (regular 1/12° 
spatial grid and hourly outputs):

 

The surface current outputs from the OGCM were produced by Mercator 
Ocean (https://www. mercator-ocean.fr). A NEMO 3.1 model was run using a 
PSYS4V3R1 configuration. The model original grid is a tripolar ORCA 1/12° 
C-grid with hourly outputs. This model neither includes tides nor waves. The 
GEBCO8 (30 arc-second resolution) topography product was used above 200 m 
depth and ETOPO1 (60 arc-second resolution) below 200 m. The model was 
forced by ECMWF forecast winds, by runoffs from Dai et al. (2009) (computed 
using in-situ gauge data coupled with a land surface model and atmospheric 
observations to fill in gaps) and assimilated in-situ and remotely sensed data.

The tide-induced surface currents were generated using FES2014 software. 
This software is distributed by AVISO (https://www.aviso.altimetry.fr). All 
available tidal components were selected (Carrere et al., 2015).

The surface Stokes drift dataset is produced by Meteo France and originally 
distributed on CMEMS as GLOBAL_ANALYSIS_FORECAST_WAV_001_027 
product. The Meteo France Wave Model (MFWAM) was run on a regular 1/12° 
grid with 3 hours-instantaneous outputs. The frequential resolution was 24 direc-
tions, 30 frequencies from 0.035 to 0.58 Hz. The model was forced by 
IFS-ECMWF winds and assimilated significative wave height from altimetry data.

In the atlas hereafter, the addition of these three components will be referred 
to as "SMOC currents". According to the validation report ( UID internal docu-
ment from CMEMS), using SMOC currents globally improves by 18.7% the sepa-
ration distance at three days between simulated particles and drifting buoy 

surface current outputs from an Ocean Global Circulation Model (OGCM) 
tide-induced surface currents 
surface Stokes drift 

trajectories. This improvement is smaller in regions of high mesoscale activities 
(e.g. Gulf stream, Kuroshio), and accuracy is difficult to estimate in the Indonesian 
region because of the lack of circulating drifters. 

The main tidal components of the Indonesian region are M2, S2, N2, K2 
(approx 12h), K1, O1, J1 (approx 24h), Mm (approx 27 days), Mf (approx 14 days) 
and M4 (approx 6h) (Tranchant et al., 2016). Thus, hourly outputs are needed to 
assess the impact of tides on particle trajectories.

Energy and current property diagnostics 
A few energy and current property diagnostics were computed on the 

regional domain: Mean Kinetic Energy (MKE), Eddy or turbulent Kinetic Energy 
(EKE) and DIVergence (DIV) with respect to the mean flow of year 2018 and 
time evolution of Surface Kinetic Energy (SKE) for the four years of simulation. 
These diagnostics were applied to each component of the SMOC product: 
OGCM surface currents, tide-induced surface currents, and surface Stokes drift.

Mean Kinetic Energy and Eddy Kinetic Energy 
Maps of MKE and EKE for the OGCM surface currents (figure 6, left panels) 

are consistent with the expected mean flows and Eddy-rich locations of the 
region, as can be observed with the drifters from the Global Drifter Program 
(Todd et al., 2019, figure 7).

Tidal MKE is almost null (figure 6, middle panels), which can be expected from 
this oscillating component. However tidal EKE can reach high values (more than 
500 cm2/s2) in shallow waters.

On the other hand, surface Stokes drift MKE has features of larger scales with 
a moderate value range between 50 and 100 cm2/s2 poleward of 10° but its EKE 
is very weak (figure 6, right panels).
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Figure 6:

OGCM surface currents Tide-induced surface currents Surface Stokes drift
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Upper panels: Kinetic Energy of the mean flow (MKE) for 2018 in cm2/s2. Lower panels: Eddy Kinetic Energy (EKE) (with respect to the annual mean flow) for 2018 in cm2/s2 (please notice that 
different scales are used). From left to right panels: OGCM surface currents, tide-induced surface currents and surface Stokes drift components of the SMOC product



"Trajectories and nearsurface velocity estimates from Global Drifter Program drifters in the western Pacific and marginal seas. Over 1.2 million discrete measurements from 1982 to 
2014 are included. Paths of various boundary currents are clearly visible, as is the rich Eddy field in the region of the Subtropical Countercurrent around 18-24'N. NEC North Equatorial 
Current, NECC North Equatorial Counter Current, SEC South Equatorial Current, SCS South China Sea" (excerpt from Todd et al., 2019)

Figure 7:
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OGCM surface currents Tide-induced surface currents Surface Stokes drift
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Divergence 

The divergence of the OGCM surface currents shows different patterns 
depending on the subregion: the deep waters of the Indian and Pacifc oceans as 
well as the deep waters of  the South China Sea are marked with relatively small 
values, whereas Indonesian internal seas are marked by high values of both 
convergence (negative values, red shades) and divergence (positive values, blue 
shades) and with features of smaller scales (figure 8, left panel). 

The tidal component shows thin divergent lines (blue lines) at the limit 
between shallow and deep waters. These lines are clearly visible in the South 

Divergence of the mean flow (DIV) for 2018 in 10−8s−1. From left to right panels: OGCM surface currents, tide-induced surface currents and surface Stokes 
drift components of the SMOC product

Figure 8:

Time series from January to January of the following year of the Surface Kinetic Energy (SKE) spatially averaged over the regional domain in cm2/s2. From 
left to right panels: OGCM surface currents, tide-induced surface currents and surface Stokes drift components of the SMOC product

Figure 9:

OGCM surface currents Tide-induced surface currents Surface Stokes drift
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China Sea between the coasts of Borneo and Vietnam, in the northern entrance 
of the Malacca Strait and south of the Timor passage in the Timor Sea (figure 8, 
middle panel). These thin divergent lines are associated with nearby convergent 
areas (negative values, red shades) in the adjacent shallow waters.

The surface Stokes drift has features of much larger scale with zones of conver-
gence (negative values, red shades) between 0°S and 15°S on the western part of the 
domain, and between 0°S and 15°N on the eastern part of the domain (figure 8, right 
panel). The other regions are mainly divergent (positive values, blue shades).
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Surface Kinetic Energy 
The time evolution of the surface kinetic energy shows a seasonal signal for the 

OGCM surface currents with greater values between May and November, which is 
linked to the monsoon signal (figure 9, left panel). Some interannual variability can 
also be observed: The August to December period is less energetic in 2016 than 
during the other years. This singularity is likely linked to an El-Nino event. Indeed, 
El-Nino impacts water mass circulation and notably increases the flow of surface 
water from the South China Sea, through the Sulu Sea and into the northern 
Makassar Strait. It also reduces the tropical Pacifc surface water injection into 
Makassar Strait (Gordon et al., 2012).

Only one year has been drawn for the tidal component in order to have a better 
view of the signal oscillation (figure 9, middle panel). Periods larger than 14 days are 
clearly visible and the daily oscillation is only visible through the line thickness in this 
plot. There is no clear interannual variability. The surface kinetic energy derived from 
the surface Stokes drift also shows a seasonal variability with slightly greater values 
in December and January and smaller values in April and May (figure 9, right panel). 
However there is no clear interannual variability over the years considered here.
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Upper panel: 2018 average of GloFAS discharge in m3/s. Values below 10 m3/s are shaded in 
grey. Lower panel: Time evolution of discharge in m3/s along the Indonesian coast in red 
(computed as the sum of the values for the Indonesian coastal cells, i.e. the earth cells 
adjacent to a sea cell with an Indonesian mask), superimposed with the pluviometry in 
mm/month as shown in figure 4 in dashed blue

Figure 10:

River discharges
In the numerical experiments, the release of particles follows the river discharge 

evolution at the river mouths. River discharges are taken from the River discharge and 
related historical data from the Global Flood Awareness System dataset provided by 
the Copernicus Emergency Management Service (GloFAS, 2019). This dataset has 
been generated by a hydrological river routing model using runoff data from a global 
reanalysis. The model has been validated using measurements performed on stations 
of 1,801 catchments located around the world (Harrigan et al., 2020). The spatial 
resolution of the model is 1/10°, and its temporal resolution is 1day. The highest 
discharges in the Indonesian region are for rivers located in Borneo, Papua and eastern 
Sumatra (figure 10, upper panel). The total Indonesian river discharge represents 
between 50 thousands and 150 thousands of m3/s with a strong seasonal signal. This 
signal is correlated and dephased by approximately a month with the total land precipi-
tation (figure 10, lower panel).

Data and Applications Center (SEDAC) dataset (Center for International Earth 
Science Information Network - CIESIN - Columbia University, 2018). This dataset 
is a human population density estimate (number of persons per square kilome-
ter) based upon counts that are consistent with national censuses and population 
registers, for the years 2000, 2005, 2010, 2015, and 2020. Values associated to 
year 2020 were computed by extrapolation. This is the reason why 2015 values 
were used for this atlas (see figure 3 in the introduction section).

Population Density
The choice for the location of particle release is partly driven by the popula-

tion density at river mouths or upstream (see methodology section for a full 
explanation). The population density was extracted from the NASA Socioeconomic 
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Lagrangian analysis 

To understand the marine debris pathways and strandings, a Lagrangian point 
of view was considered (van Sebille et al., 2018). The Lagrangian software Ariane 
was used to compute the trajectories of numerical particles advected by ocean 
currents. The strength of the Lagrangian method is in the possibility to store and 
get access to the full history of the particle trajectory and, in particular, to the 
connectivity patterns between regions. Another strength is in the possibility to 
advect particles backward in time and assess where particles can possibly come from. 

The Ariane software of Lagrangian advection has been developped, released, 
and upgraded under CeCill License since 2006 (Blanke and Raynaud, 1997). This 
Lagrangian tool is used to analyze global ocean currents. It computes 3D trajecto-
ries of particles and builds transport diagnostics. Initially, it was developped to 
evaluate water masses transports. Trajectories are constructed by a 1D-linear 
formulation from U, V and W transport fields. The 3D non divergence is locally 
preserved, but velocities are discontinuous in space and time. This scheme has 
been validated for trajectory estimation. For the present atlas, a special 2D 
version of Ariane was used, in which particles remain at the same depth by 
prescribing a null vertical velocity. 

Spatio-temporal characteristics of the experiment 

Only Indonesia and its immediate neighbour countries are considered, in a 
regional domain as defined by [90, 145]°E x [-25, 35]°N (figure 11). The spatial 
domain will be enlarged in future works to assess the fate of the floating marine 
debris that leave the regional domain into the Indian and Pacific oceans. 

The experiments were performed from the 1st of April 2016, which corre-
sponds to the beginning of the SMOC product availability, to the 30th of April 
2020. Seasonal variability can be investigated thanks to the 4 years of simulation. 
The time series will be extended in future works to assess the inter-annual 
variability. 

Marine debris release scenario 

Where and when marine debris are released in the numerical experiments 
have to be defined. Marine debris are simulated by fictive numerical particles of 
no shape, size, or weight. The initial position of a particle is defined by its time and 
space coordinates. Its trajectory is computed by the Ariane Lagrangian software 
using the SMOC surface current outputs (see section Materials). A particle is  

considered as a point, not submitted to any kind of wind drag (i.e., the windage 
impact on an emerged part of the marine debris is not studied here). Only float-
ing marine debris were considered (i.e., no positions are initialized below the 
surface) assuming that stranded debris are mainly coming from surface or very 
close to surface marine debris. Several considerations and assumptions led to the 
final particle release scenario and are explained in the following sections. 

Bathymetry (in meters) of Indonesia and adjacent seas. The blue box defines the boundary of the 
studied domain 

Figure 11:
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because they are known to be polluted (communication from the Indonesian 
Ministry of Marine Affairs and Fisheries, or from the Ocean Cleanup project) 
or because there is a high density of population living at the river mouth or 
upstream 
or because there is a major river discharge even if population density and pollu-
tion are small (this is the case for the Digul and Mamberamo rivers in Papua) 

Horizontal initial position 

Particles were positioned at the mouths of a subset of Indonesian rivers, 
assuming that the main input of marine debris from inland enters the ocean via 
river mouths (Lebreton et al., 2017). 21 rivers were selected (see table 1 and 
figure 12) with the following criteria: 

River mouths selected as marine debris sources. Points in shades of blue are river discharges 
from GloFAS product (2019 average). Values are displayed when above 10 m3/s and are 
saturated at 1,000 m3/s. Shades of orange correspond to population per square meter from the 
Nasa SEDAC product for 2015. Values are displayed when above 1,000 inhab/km2. Upper panel 
shows all selected rivers. Lower panel zooms on Java and Bali rivers

Figure 12:

Characteristics of the 21 selected rivers along with their mouth location, the corresponding 
average river discharge over 2016-2020 from the GloFAS dataset and population density in 2015 
from the SEDAC dataset. Population density are either provided at river mouth or upstream 
depending on the main city location. Upstream cases are indicated with an asterisk 

Table 1:

AMBON
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CISADANE 0
CILIWUNG
CITARUM
SEMARANG
SURABAYA
SOLO
TELUK BENOA
JOGJA

River Name River ID Longitude
[ °E ]

Latitude
[ °N ]

Mean discharge
[ m3/s ]

  Pop Density
[ inhab/km2 ]

PELABUHAN RATU
BATANG KANDIS
DELI
BATANG HARI
MUSI
KAPUAS
BARITO
TALLO
MAHAKAM
KAYAN
AMBON
DIGUL
MAMBERAMO

106.632768 -6.014785 250 19,970
1 106.828585 -6.118554 250 19,970
2 107.33093 -5.97122 648 22,158*
3 110.394308 -6.945955 134 4,589
4 112.844718 -7.304786 612 8,582
5 112.55665 -6.87701 962 1,086
6 115.229959 -8.755988 131 7,161
7 110.204309 -7.982368 279 7,205
8 106.50322 -6.963589 241 868
9 100.34998 -0.93157 112 1,590

10 98.70478 3.78461 312 7,427
11 104.20258 -1.06836 2,819 4,068*
12 104.9225 -2.343611 3,066 5,999*
13 109.10711 -0.165324 7,803 1,947
14 114.50226 -3.50246 576 6,037
15 119.448473 -5.097552 70.9 9,633
16 117.46206 -0.66603 5,953 1,423*
17 117.62 2.98 2,261 1,000
18 128.103 -3.73 13.4 1,498

138.64197 -6.86235 189 6.1
20 137.90108 -1.46669 12,852 0.84
19
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Particles were randomly released within a 30-kilometer radius from the river 
mouths (figure 13). This choice was driven by the observed mean plume exten-
sion in the surface sea salinity fields of the Ocean General Circulation Model.

Time release 

Particles were released following the time evolution of the river discharge at 
river mouths. Indeed, a correlation exists between high discharge and high level 
of inland waste entry into the open sea. A linear relationship is assumed between 
these two parameters. Most (but not all) of the rivers have a marked discharge 
seasonality with a dry season during July, August and September (figure 14).

Time evolution of river discharge, using the GloFAS dataset values at the river 
mouth of the 21 selected rivers. Values have been normalized by the maximum 
discharge value of each river

Figure 14:
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Released particles: Dots represent the position of the particles released the first day of the simulation. 
The colors differentiate the riverine origin. Lower panel is a zoom view on the Java Island

Figure 13:
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As no further information on relative pollution was available, the same number of 
particles was released for each river. This number was set to 90,000 particles by river 
to reach a total of 1,890,000 particles to be statistically representative. With a particle 
release scenario following the river discharge time evolution, 500 to 2,500 particles 
were released each day (figure 15, blue line). It is noteworthy that the 9 rivers from Java 
and Bali islands have a marked dry season in August and September (figure 15, orange 
line close to zero in August and September) compared to the remaining 12 rivers from 
Sumatra, Kalimantan, Maluku and Papua (figure 15, green line close to 500 in August 
and September).           

Time evolution of the sum of released particles for all rivers in blue line and for two subgroups of rivers: The 9 rivers of Java and Bali 
islands in orange line, and the 11 remaining rivers in green line

Figure 15:

Particle strandings 

 

The modelling assumptions need to be reviewed before defining what a "stranding" 
is from a numerical point of view. 

First, the resolution of the surface currents is limited:
close to the shore, surface currents are considerably disturbed and the induced 
fine-scale pertubation can not be resolved by the 1/12° spatial resolution of the 
OGCM numerical model 
waves are considered through the addition of surface Stokes drift to OGCM surface 
currents. However, because these two surface currents result from coupled processes 
(Stoke drift and the Eulerian flow impact each other), simply adding them may induce 
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Illustration of the numerical definition of a stranding in the Sunda Strait. The grid of the numerical 
model is in black. The red lines illustrate the threshold distance to the numerical coast: if a particle 
enters the zone in between the red line and the coast, it will then be considered as stranded. The 
distance expressed on this figure is exaggerated in purpose, to be illustrative. The threshold is in 
fact set to 9 meters or 0.001 grid cell size 

Figure 16:

an overestimate of the Stokes drift impact (Couvelard et al., 2020; van Sebille et al., 
2020)  
similarly, tides are considered through their addition to OGCM surface currents, 
whereas a coupled model would be more accurate. The tidal ebb and flow is not 
simulated either 
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the threshold distance should be smaller than the width of the narrower straits of 
the Indonesian region (i.e. smaller than 1 or 2 grid cell size). Otherwise, particles 
travelling through these straits would be automatically counted as stranded 
some particles have been released at a distance down to a 0.01 grid cell size to coast-
line. Consequently, the threshold distance should be smaller than 0.01 grid cell size
for numerical memory convenience, part of the post-treatment results includ-
ing particle trajectories has been saved in float 32 bits. Thus, the threshold 
should not be set below the precision limit of 0.001 grid cell size 

Percentage of stranded particles from Cisadane river plotted against the distance to the coast 
threshold (in grid cell size unit) below which the particle is considered as stranded. The x-axis 
follows a logarithm evolution. The red dot corresponds to the threshold finally chosen

Figure 17:

Map of the subzones for the stranding evaluation. Seas are colored in black. Definition of 
the identification numbers is provided in table 2. Identification numbers were chosen to 
facilitate visual differentiation between subzones when displaying the map in shades of grey 
with the GIMP software (during the building process), these numbers are recorded inside 
an 8-bits parameter and values are accordingly coded inside a [0,255] range

Figure 18:
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Second, processes leading to particle stranding are complex and difficult to 
parameterize. They depend on several factors such as the beach type (sand, clifs, 
rocks, etc), tidal conditions, coastal currents, wind and waves, sand burying, 
unburying, and subsequent back-release into the sea (Critchell and Lambrechts, 
2016; Lebreton et al., 2019; van der Mheen et al., 2020).

Finally, within the Ariane Lagrangian software, particles are allowed to drift 
along smooth (numerical) coastlines.

Considering the limitations mentioned above, a numerical stranding is hereafter 
simply defined as follows: "a particle is considered as stranded when it drifts 
within a given distance to the numerical coastline" (as illustrated in figure 16). The 
rest of the trajectory computed by the Lagrangian software is not considered 
anymore. Despite its relative simplicity, this definition is consistent with the 
numerical grid used to compute surface currents, and thus consistent with 
surface currents themselves.

Finally, the following features should be considered when setting the threshold 
distance value:
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id

East Sulawesi on Molucca and Banda Sea 
North Sulawesi on Sulawesi Sea 
North Papua 
West Sumatra 
South Java 
South Lombok 
South of West Nusa Tenggara 
South of East Nusa Tenggara 
Sulawesi Entry 
Between Timor, Arafura and Banda 
Maluku 
Papua New Guinea 
East Thailand-Malaysia peninsula 
East Timor 
Australia 
Christmas Isle 
Japan 
Philippines 
Taiwan 
China, Vietnam, Cambodia, Thailand, Myanmar and Bangladesh 
Andaman and Nicobar Isles 
West Thailand-Malaysia peninsula 
Malaysia and Brunei on Borneo Isle 
Palau 
Greater Sunda and Kangean Isles 
South Borneo 
Timor
East Borneo 
Rote Savu and Sumba Isles 
Riau Archipelago in South China Sea 
Riau Archipelago in Malacca Strait Entry 
East Nusa Tenggara and Wetar Isles 
South Papua 
West Sulawesi-Makassar Strait
Selayar Isles 
North of West Nusa Tenggara 
North Lombok 
Bali 
North Java 
East Sumatra 
Mentawai Batu Simeulue Isles 
Bangka and Belitung Isles

To consistently compare the number of strandings from one subzone to 
another, results were normalized by the length of the subzone coastline. This 
length is calculated using the numerical grid. It is noteworthy that the lengths of 
the numerical coastline are smaller than values provided from real topography as 
found by any online search because features below the grid resolution of 9 km 
are smoothed out in the former case. For instance, the Australian Christmas Isle 
in the Indian Ocean has the smallest coastline length of 37 km while it is closer 
to 80 km in "reality". The longest numerical coastline length (17,737 km) is found 
in the Philippines (vs. 36,289 km in "reality"), followed by the multiple country 
subzone of China, Vietnam, Cambodia, Thailand, Myanmar and Bangladesh with 
14,196 km of numerical coastline. The subzone of Australia comes last with 
11,702 km. Additionnal details are synthesized in the table 3 of the results 
section. 

Table 2:  List of the different stranding zones used in this atlas 

stranding subzone description The threshold value could range from 0.0001 grid cell size (90 cm) to 0.01 grid 
cell size (90 m). The sensitivity of the particle stranding rate to the threshold 
value has been assessed for the Cisadane river (figure 17). As expected, the 
percentage of stranded particles increases with the threshold value. The thresh-
old is set to 0.001 grid cell size (9 m), which corresponds to the mean stranding 
rate for the allowed threshold range (red dot in figure 17).

 

To understand the spatial variability of the stranding patterns, 42 subzones 
were defined within the Indonesian regional domain (figure 18 and table 2). The 
subzone definition is driven by both political and geographical considerations. For 
instance, the division of the Sulawesi Island into three subzones is only driven by 
geographical considerations with the western coast on the Makassar Strait, the 
northern coast on the Sulawesi Sea and the southern and western coasts on the 
Flores, Banda and Molucca seas. The division of the New Guinea Island is also 
driven by political considerations with a north-south separation line correspond-
ing to the country boundary between Indonesia on the western part and Papua 
New Guinea on the eastern part. Because this study is focused on the Indonesian 
region, there is a high number of subzones within this region only, and much less 
for the surrounding countries (for instance, no subzone occurs for Australia or 
China). 
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Results

Three secondary pathways are also observed: 
through the North Indian Ocean in a narrow pathway extending from 6°N to 8°N 
at 90°E mostly from January to June. Particles exit through the Malacca Strait 
and follow the Northwest Monsoon Current 
through the North Pacifc Ocean in a narrow pathway extending from 6°N to 8°N 
at 90°E mostly from end of June to December. Particles are often drifting within 
the Halmahera Eddy before being advected away from the Indonesian region 
along with the Pacifc North Equatorial Counter Current 
through the South Pacific Ocean in a narrow pathway extending from 4°S to 2°S at 145°E 
mostly from November to May. Particles follow the Papua New Guinea southeast 
coastal current occurring during the Northwest Monsoon (Cresswell, 2000) 

This section is organized as follows: first, the regional dispersion of particles 
into the Indonesian region is presented, then the spatio-temporal variability of 
stranded particle along the Indonesian and surrounding countries' coasts is inves-
tigated. Finally, the impacts of the physical processes are discussed.

Regional dispersion of particles originating from Indonesian rivers 

To have a synoptic view of the regional dispersion, the average number of 
particles per grid cell (i.e., by approximately 80 km2) was computed over the 
simulation last year (i.e., from April 2019 to April 2020) and over its four trimes-
ters (figure 19). 

Almost all particles are located within a latitude band extending from 15°S to 
12°N. Particles are abundant in the Java, Flores and Banda seas as well as in the 
Malacca Strait. Some of them drift inside the southern part of the South China 
Sea. It is noteworthy that there is almost no particle along the northwestern 
coast of Borneo. During the Northwest Monsoon, offshore Ekman currents seem 
to prevent particles from flowing into this area (Yan et al., 2015) while during the 
Southwest Monsoon the Tanjung Datu cape and the main northeastern surface 
currents prevent them from flowing into it. There is no major dispersion inside 
the Sulu Sea but some particles enter nonetheless through the Balabac Strait and 
the Sibutu passage. Many particles can be found in the Sulawesi Sea, originating 
from both close-by and remote rivers. 

The particles leave the Indonesian regional domain mainly through the South 
Indian Ocean, following a large pathway extending from 15°S to 5°S at 90°E, and 
drifting along with the Indian South Equatorial Current. This pathway is particu-
larly followed in July, August and September (figure 20). 

Upper panel: Average number of particles per grid cell over the last year of simulation (1st of 
April 2019 to 1st of April 2020) using the SMOC product. The colored boxes in the upper panel 
represent the areas used to compute the time evolution of the number of particles leaving the 
Indonesian domain in figure 20. Lower panels show the three-month averages. Straits and cape 
are given in black italics. Acronyms: NMC, Northwest Monsoon Current (Jan-Feb); SMC, 
Southeast Monsoon Current (Jul-Aug); SEC, South Equatorial Current; NECC, North Equatorial 
Counter Current; NGCC, New Guinea Coastal Current (Northwestward during the trade 
winds period and Southeastward during the Monsoon from  November to March)

Figure 19:
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Spatio-temporal patterns of stranded particles 

At the end of the 4-year simulation, 60.4% of the particles are 
stranded in the Indonesian region, 9.7% still drift inside it while 29.9% 
drifted away (87% through the Indian Ocean -13% through the Pacific 
Ocean). In this section, the spatio-temporal variability of the stranded 
particles is investigated.

Regional patterns 

Inside the Indonesian region, the particles mainly strand along the 
Indonesian coasts (92.6%). The remaining 7.4% strand along the coasts of 
surrounding countries included in the defined regional domain (Australia, 
Papua New Guinea, Philippines, Taiwan, Japan, China, Vietnam, Cambodia, 
Thailand, Myanmar and Bangladesh). The subzones supporting most of 
stranded particles are North and South Java (figure 21). West Sulawesi 
and Bali come next in normalized number whereas they are respectively 
ranked 6 and 12 in total number. Results are detailed in table 3. 

Total number of particles leaving the Indonesian region from the four boxes drawn in the upper figure 19: [90,92]°E x 
[20,0]°S for South Indian Ocean in blue, [90,92]°E x [0,15]°N for North Indian Ocean in yellow, [143,145]°E x [5,0]°S for 
South Pacifc Ocean in green and [143,145]°E x [0,15]°N for North Pacific Ocean in red 

Figure 20:

Left panel:  Total number of particles according to the stranding areas. Right panel: Number of particles normalized by the coastline length of the stranding subzone. (*) zone 80 gathers “China, Vietnam, Cambodia, Thailand, 
Myanmar and Bangladesh”. Green bars illustrate particles stranding along the Indonesian coasts. Blue bars illustrate particles stranding along the surrounding countries' coasts  

Figure 21:
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Number of particles according to stranding subzones: Correspondence between the identification 
number (id), the stranding subzone description, the length of the numerical coastline in km at a 1/12° 
spatial resolution, the total number of stranded particles (number of numerical particles drifting within 
9 m to the coast), and the number of stranded particles normalized by the length of the coastline 

Table 3:

Another noteworthy feature is the timing of the stranding process. Although 
the longest drift before stranding is 1,470 days (4 years), most of the particles 
quickly strand: 63% before 3 months, 84% before 6 months and 96% before 1 year 
(figure 22). Only 0.1% of the particles strand immediately. Three rivers clearly 
stand out of the general pattern: Particles released from the Deli river drift the 
longest before stranding and particles from the Jogja and Pelabuhan Ratu rivers, 
which are both located in the south of Java, strand the fastest.

The stranded particles mainly come from local riverine sources. Indeed, while 
the longest distance between the particle initial release position and the strand-
ing location is 5,442 km, 99% are shorter than 3,000 km, 76% are shorter than 
1,000 km (which corresponds to the length of Java Island for instance), and 33% 
are shorter than 100 km (figure 23). Consistently with the particle stranding age, 
particles from the Jogja and Pelabuhan Ratu rivers show the shortest distance 
between the particle initial release position and the stranding location. On the 
other hand, particle drifts from the Citarum river are the longest one in terms of 
distance. 

Spatio-temporal variability 

Floating marine debris strand at any time of the year and originate from all the 
rivers with a close relative contribution: from 1.9 % of the total number of 
stranded particles for the Deli River to 6.7 % for the Ambon River (figure 24). 
Some of the rivers that contribute the most to the total number of strandings are 
located in enclosed bays (such as Surabaya or Ambon). There is a marked season-
ality with two main peaks, one centered on June and July and one centered on 
January and February. This result may seem obvious because of the seasonality of 
the particle release and of the surface currents. However, the time evolution of 
the number of strandings is not a linear function of surface currents and particle 
release scenario. Consistently with this experiment performed with the SMOC 
currents, this seasonal variability also appears through the same experiment 
performed with the  OGCM surface currents only (i.e. : excluding Stokes drift  
and tides), or with surface currents from a reanalysis instead of near-real time 
products (figures not shown). Lastly, the beginning of an inter-annual variability 
can be observed in figure 24. It is probably linked to the ENSO, but the 4 years of 
simulation are too short to fully assert this assumption. 
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Normalized cumulative histogram of the distance between the particle initial release position and the stranding location. The thick black line represents the 
normalized cumulative histogram for all stranded particles, regardless of the riverine origin. The dashed lines correspond to histograms for subsets of 
stranded particles grouped by their riverine origin. The dark purple shaded area corresponds to the histograms standard deviation with respect to the 
riverine origin. The light purple shaded area highlights the minimum and maximum values. Three rivers with extreme patterns are highlighted in the legend 
and their associated dashed lines are colored in green for the Jogja River, in seagreen for the Pelabuhan Ratu River and in purple for the Citarum River

Figure 23:
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Normalized cumulative histogram of stranding age for particles released from the 21 Indonesian rivers. The thick black line represents the normalized cumula-
tive histogram for all stranded particles, regardless of the riverine origin. The dashed lines correspond to histograms for subsets of stranded particles grouped 
by their riverine origin. The dark purple shaded area corresponds to the standard deviation with respect to the riverine origin. The light purple shaded area 
highlights curves with the minimum and maximum values. Three rivers with extreme patterns are highlighted in the legend and their associated dashed lines 
are colored in green for the Jogja River, in seagreen for the Pelabuhan Ratu River and in orange for the Deli River

Figure 22:
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Time evolution of the particle strandings for the whole regional domain. The total number of stranded particles is indicated at the top. The contribution of each river to the total number of stranded 
particles is provided in the legend on the right side   

Figure 24:
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Time evolution of the number of stranded particles along the coasts of East Sulawesi (upper left), North Sulawesi (upper right), North Java (lower left) and West Sumatra (lower right). The subzone identification 
numbers are provided on the left side of the subzone name

Figure 25:
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the eastern coast of Sulawesi has two peaks phased with the regional ones but 
they are shorter and the June-July peak is more intense than the December-
March one in 2018 and 2019 (figure 25) 
the northern coast of Sulawesi only has one peak phased with the regional one 
in December-March 
the northern coast of Java also has two peaks phased with the regional ones
the western coast of Sumatra only has one peak but between August and 
February, out of phase with the regional seasonality 
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Number of riverine sources contributing more than 3% to the number of stranded particles in 
the subzone

Figure 26:

15°S

10°S

10°N

5°N

15°N

20°N

25°N

30°N

5°S

20°S

25°S
100°E 120°E

0°

140°E

1
2
3
4
5
6
7
8
9
10
11
13
14

A seasonal signal is observed for 24 out of the 42 subzones (see the Atlas in 
Appendix A for more details): 4 of them seasonally peak twice (East Sulawesi on 
Molucca and Banda seas, South Borneo, East Borneo and North Java), and 20 of 
them only peak once. Some peaks are easy to identify (for instance, for North 
Java) while others are not (for instance, for North Papua). The peaks are mainly 
centered on January, February and March (for 16 subzones) and on July and 
August (for 7 subzones) which is consistent with the observed peak seasons in 
figure 24. There are a few peaks centered on April, May, June, September and 
December (for 5 subzones) and no peak centered on October and November. 
The remaining 18 subzones do not show a clear seasonal cycle.

Connectivity between river mouths and particle stranding subzones 

As presented above, all rivers contribute to the number of stranded particles 
in the regional domain. The riverine sources of the stranded particles are mainly 
local in time and space, except in some subzones. For instance, particles stranding 
along the northern coast of the Java Island almost exclusively originate from local 
rivers, while particles stranding along the western coast of the Sumatra Island 
also originate from the remote Tallo River and particles stranding along the north-
ern coast of the Sulawesi Island also originate from the remote Kapuas, Barito and 
Musi rivers (figure 25). 

Rivers, as sources of particles, contribute differently to the total number of 
stranded particles. Subzones located around the Flores, Banda and Maluku seas 
show a common pattern of being polluted by more than 9 riverine sources that 
each contribute more than 3% to the local number of stranded particles (figure 
26). On the other hand, Papua, Papua New Guinea and Australia are mostly 
polluted by 2 riverine sources (Mamberamo and Digul rivers).  

This regional seasonality is spatially modulated. For instance:  
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Average number of particles per grid cell for the last year of simulation (1st of April 2019 to 1st of April 2020) using the OGCM surface currents only (left 
panel) and using SMOC product that adds tidal currents and surface Stokes drift to the OGCM surface currents (right panel)

Figure 27:

Impact of physical processes on particle trajectories and strandings 
This section presents and discusses the impact of the surface Stokes drift and 

tides addition on the computation of the particle dispersion and strandings. First, 
considering the regional dispersion of particles, the meridional extension of the 
exit route towards the South Indian Ocean is much broader when only OGCM 
surface currents are used than when surface Stokes drift and tidal surface 
currents are added. This difference is mainly due to the surface Stokes drift 
addition. The surface Stokes drift is convergent (positive values) southward and 
eastward of this domain (figure 8). Consequently, adding surface Stokes drift 
increases the convergence within the Indian South Equatorial Current and limits 
the meridional extension of the South Indian Ocean exit route. More generally, 
the addition of the surface Stokes drift seems to limit the poleward dispersion. 
All these preliminary results warrant further research.

The addition of surface Stokes drift has also a significant impact on the number 
of stranded particles. Indeed, this number increases by at least 13% and up to 
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31% depending on the release scenario (this includes the release scenario 
presented in the Methodology section and other scenarii not presented here). 
On the other hand, the number of stranded particles decreases by at most 3% 
when only tidal surface currents are added. Thus, though tides are an important 
component of the regional dynamics, their addition to the OGCM surface 
currents has a weak impact on strandings.

To understand why tides have such a small impact on particle dispersion and 
strandings and why Stokes drift has such a large one, the currents features were 
investigated (figures 28 and 29). The diverging impact may be due to the fact that 
the tidal currents are negligeable in average (see figure 28 upper left panel) even 
if their velocity can be greater than 0.5 m/s locally in straits, close to some shores 
and in shallow waters (see figure 28 upper right and lower panels). On the other 
hand, the surface Stokes drift maximum is smaller (0.14 m/s) but the direction 
remains quite constant over time following wind patterns and a variability mostly 
driven by the seasons (see figure 29).
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Upper panels: 2017 average of the tidal surface currents (upper left panel) and of the norm of the tidal surface currents (upper 
right panel). Lower panels: Norm of the tidal surface currents (in shades of orange) and streamlines (in black) with direction 
indicated by arrows for the 1st of April 2016 at 00:00 (lower left panel) and 12 hours later (lower right panel)

Figure 28:
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Upper panels: 2017 average of the surface Stokes drift (upper left panel) and of the norm of the surface Stokes drift (upper right 
panel). Lower panels: Norm of the surface Stokes drift (in shades of orange) and streamlines (in black) with direction indicated 
by arrows for the 1st of April 2016 at 00:00 (lower left panel) and four months later (lower right panel) 

Figure 29:
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43Detailed strandings for each subzone

This atlas is given for the regional domain and for each subzone of stranding as 
defined in the methodology section. 

Histograms of stranding age (in days) by riverine source and for the whole regional domainFigure 32:

Localization of stranded particles for the whole regional 
domain, riverine sources are represented by circles

Figure 31:

Number of stranded particles by month of stranding and by riverine source 
for the whole regional domain

Figure 30:

In figures 33 to 73, the upper left panel presents the number of stranded 
particles by month of stranding and by riverine source for the subzone; the lower 
left panel presents the localization of stranded particles for the subzone (the 
subzone is colored in dark grey); the right panel presents histograms of stranding 
age (in days) by riverine source and for the subzone.
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44 Floating Marine Debris Along Indonesian Coasts

Figure 33:  Atlas 180 - North Java
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45Detailed strandings for each subzone

Figure 34:  Atlas 37 - South Java

37 - South Java
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Figure 35:  Atlas 170 - Bali
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47Detailed strandings for each subzone

Figure 36:  Atlas 22 - East Sulawesi on Molucca and Banda Sea

22 - East Sulawesi on Molucca and Banda Sea
82,546 stranded particles
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Figure 37:  Atlas 29 - North Sulawesi on Sulawesi Sea

29 - North Sulawesi on Sulawesi Sea
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49Detailed strandings for each subzone

Figure 38:  Atlas 30 - North Papua
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Figure 39:  Atlas 35 - West Sumatra

35 - West Sumatra
32,959 stranded particles

2000

1500

1000

500

0

Ju
l 2

01
6

Ja
n 

20
17

Ju
l 2

01
7

Ja
n 

20
18

Ju
l 2

01
8

Ja
n 

20
19

Ju
l 2

01
9

Ja
n 

20
20

BATANG KANDIS (61.3%)

TALLO (10.7%)

CISADANE (3.3%)

0

6

4

2

2

4

6

95 100 105

200

160

120

80

40

0

100

80

60

40

20

0

100

80

60

40

20

0

50

40

30

20

10

0

50

40

30

20

10

0

150

120

90

60

30

0

100

80

60

40

20

0

100

80

60

40

20

0

50

40

30

20

10

0

6600

5280

3960

2640

1320

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

50

40

30

20

10

0

50

40

30

20

10

0

450

360

270

180

90

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

50

40

30

20

10

0

20

16

12

8

4

0
0

18
3

36
5

73
0

10
95

14
60 0

18
3

36
5

73
0

10
95

14
600

18
3

36
5

73
0

10
95

14
60

days days days

<10

[10 100[

[100 1000[

>=1000
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Figure 40:  Atlas 42 - South Lombok
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Figure 41:  Atlas 43 - South of West Nusa Tenggara

43 - South of West Nusa Tenggara
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53Detailed strandings for each subzone

Figure 42:  Atlas 44 - South of East Nusa Tenggara
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Figure 43:  Atlas 45 - Sulawesi Entry

45 - Sulawesi Entry
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KAYAN (43.2%)

MAHAKAM (18.8%)

MAMBERAMO (9.9%)

KAPUAS (8.0%)

AMBON (3.2%)

400

300

200

100

0

Ju
l 2

01
6

Ja
n 

20
17

Ju
l 2

01
7

Ja
n 

20
18

Ju
l 2

01
8

Ja
n 

20
19

Ju
l 2

01
9

Ja
n 

20
20

4

2

126 128

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

50

40

30

20

10

0

20

16

12

8

4

0

20

16

12

8

4

0

150

120

90

60

30

0

200

160

12

80

40

0

50

40

30

20

10

0

20

16

12

8

4

0

50

40

30

20

10

0
0

18
3

36
5

73
0

10
95

14
60 0

18
3

36
5

73
0

10
95

14
600

18
3

36
5

73
0

10
95

14
60

days days days

<10

[10 100[

[100 1000[

>=1000



55Detailed strandings for each subzone

Figure 44:  Atlas 50 - Between Timor,  Arafura and Banda

50 - Between Timor, Arafura and Banda
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Figure 45:  Atlas 55 - Maluku
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57Detailed strandings for each subzone

Figure 46:  Atlas 110 - Greater Sunda and Kangean Isles

110 - Greater Sunda and Kangean Isles
8,012 stranded particles
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Figure 47:  Atlas 115 - South Borneo

115 - South of Borneo
79,408 stranded particles

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

9400

7520

5640

3760

1880

0

19400

15520

11640

7760

3880

0

150

120

90

60

30

0

900

720

540

360

180

0

700

560

420

280

140

0

20

16

12

8

4

0

20

16

12

8

4

0
0

18
3

36
5

73
0

10
95

14
600

18
3

36
5

73
0

10
95

14
60

days days days

Ju
l 2

01
6

Ja
n 

20
17

Ju
l 2

01
7

Ja
n 

20
18

Ju
l 2

01
8

Ja
n 

20
19

Ju
l 2

01
9

Ja
n 

20
20

6000

5000

4000

3000

2000

1000

0

0

2

2

4

108 110 112 114 116

BARITO (52.4%)

MAHAKAM (7.0%)

<10

[10 100[

[100 1000[

>=1000

<10

[10 100[

[100 1000[

>=1000
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Figure 48:  Atlas 120 - Timor

120 - Timor
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Figure 49:  Atlas 125 - East Borneo

125 - East Borneo
43,521 stranded particles
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Figure 50:  Atlas 130 - Rote Savu and Sumba Isles

130 - Rote Savu and Sumba Isles
8,624 stranded particles
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Figure 51:  Atlas 135 - Riau Archipelago in South China Sea

135 - Riau Archipelago in South China Sea
7,465 stranded particles
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63Detailed strandings for each subzone

Figure 52:  Atlas 138 - Riau Archipelago in Malacca Strait Entry
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Figure 53:  Atlas 140 - East Nusa Tenggara and Wetar Isles

140 - East Nusa Tenggara and Wetar Isles
11,832 stranded particles
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65Detailed strandings for each subzone

Figure 54:  Atlas 142 - South Papua

142 - South Papua
35,013 stranded particles
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Figure 55:  Atlas 145 - West Sulawesi-Makassar Strait
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67Detailed strandings for each subzone

Figure 56:  Atlas 146 - Selayar Isles
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Figure 57:  Atlas 150 - North of West Nusa Tenggara
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69Detailed strandings for each subzone

Figure 58:  Atlas 160 - North Lombok
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Figure 59:  Atlas 200 - East Sumatra

200 - East Sumatra
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Figure 60:  Atlas 210 - Mentawai Batu Simeulue Isles

210 - Mentawai Batu Simeulue Isles
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Figure 61:  Atlas 230 - Bangka and Belitung Isles

20

16

12

8

4

0

50

40

30

20

10

0

100

80

60

40

20

0

20

16

12

8

4

0

20

16

12

8

4

0

20

40

30

20

10

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

4

0

100

80

60

40

20

0

150

120

90

60

30

0

50

40

30

20

10

0

250

200

150

100

50

0

200

160

120

80

40

0

100

80

60

40

20

0

100

80

60

40

20

0

20

16

12

8

4

0

20

16

12

8

4

0

20

16

12

8

0

0
18

3
36

5
73

0
10

95
14

60 0
18

3
36

5
73

0
10

95
14

600
18

3
36

5
73

0
10

95
14

60

days days days

230 - Bangka and Belitung Isles
7,510 stranded particles

600

700

500

300

100

200

0

400

Ju
l 2

01
6

Ja
n 

20
17

Ju
l 2

01
7

Ja
n 

20
18

Ju
l 2

01
8

Ja
n 

20
19

Ju
l 2

01
9

Ja
n 

20
20

<10

[10 100[

[100 1000[

>=1000

2

4

0

106 108 110

TALLO (28.8%)

BARITO (15.8%)

MAHAKAM (9.5%)

KAYAN (8.1%)

BATANG HARI (6.0%)

CITARUM (4.5%) 
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Figure 62:  Atlas 60 - Papua New Guinea
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Figure 63:  Atlas 61 - East Thailand - Malaysia peninsula
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Figure 64:  Atlas 62 - East Timor
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Figure 65:  Atlas 65 - Australia

65 - Australia
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Figure 66:  Atlas 66 - Christmas isles
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Figure 67:  Atlas 70 - Japan
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Figure 68:  Atlas 72 - Philippines
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Figure 69:  Atlas 75 - Taiwan
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Figure 70:  Atlas 80 - China, Vietnam, Cambodia, Thailand, Myanmar and Bangladesh
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Figure 71:  Atlas 85 - Andaman and Nicobar Isles
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Figure 72:  Atlas 90 - West Thailand-Malaysia peninsula
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Figure 73:  Atlas 95 - Malaysia and Brunei on Borneo Isle
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Figure 74:  Atlas 100 - Palau
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87 Conclusion

Numerical particles advection by surface currents including Stokes drift and 
tides has shown that surface floating marine debris originating from Indonesian 
rivers tend to strand on Indonesian coasts. These strandings rather occur close in 
time and space from the riverine sources. However, some variability exists depend-
ing on the considered subzone of stranding and some of them can receive remote 
contributions. 

On average, a strong stranding seasonal signal has also been enlightened. It is 
linked to the monsoon effect on both surface currents and river discharges. 
These time patterns can be modulated: some subzones can have different season-
ality of stranding or no seasonality at all. The strong seasonality of strandings has 
also been observed by Phelan et al. (2020). These authors point out that the local 
inhabitants observe burst of strandings between January and April in Selayar 
Island (South Sulawesi) and between December and March in Wakatobi Island 
(Southeast Sulawesi). In the numerical simulation presented here, the Selayar 
subzone (zone 146) shows a peak in the number of stranded particles in January 
and February, consistently with observations of Phelan et al. (2020). However, 
complementary validations should be performed by comparing the simulation 
trajectories with real drifters trajectories, currently deployed and operated by 
the Collecte Localisation Satellites (CLS) company. 

The physical processes that drive particle dispersion and strandings require 
further investigation. Surface Stokes drift and tidal surface currents can have a 
strong influence on the fate of particles. This is the reason why these two 
processes have been incorporated in the simulation. The addition of the surface 
Stokes drift to the OGCM surface currents has the strongest impact in terms of 
regional dispersion and number of strandings. On the other hand, the addition of 
the tidal currents has a weak impact. Though the surface Stokes drift seems to be 
the main process impacting particle dispersion and stranding, interactions 
between tides and the topography as well as interactions between Stokes drift 
and the mean flow need to be further investigated. Indeed, internal waves gener-
ated by tidal interaction with the topography can contribute to local accumula-
tion of surface floating material while the impact of the surface Stokes drift can 
decrease because of its interaction with the mean flow through the anti-Stokes 
effect as discussed in van Sebille et al. (2020).

Finally, over the last decade, the spatial resolution of operational models has 
increased from a global 1/4° to 1/12°. Even though this is a great improvement in 

Conclusion 

numerical modelling, it remains insufficient to solve coastal and strait dynamics, 
and a finer resolution would be valuable for such a regional study.
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An atlas of strandings based on Lagrangian modelling
Floa ng marine debris along Indonesian coasts

The book Floating Marine Debris along Indonesian Coasts. An Atlas of 
Strandings based on Lagrangian Modelling was conceived within the frame-
work of a collaborative research project conducted jointly by the Indonesian 
Ministry of Marine Affairs and Fisheries (KKP), Collecte Localisation Satellite 
(CLS), and the French National Research Institute for Sustainable Development 
(IRD), and funded, since early 2020, by the Agence Française de Développement 
(AFD).  The project aims to sustain the monitoring and modelling of marine debris 
in the Indonesian seas and beyond.  The final goal is to strengthen Indonesian agen-
cies in their efforts to rise public awareness about marine pollution by plastics, and 
to implement adapted mitigation strategies. Due to their high durability and 
relatively low-cost production, plastics constitute by far the predominant fraction 
of solid waste products, a substantial proportion of which is eventually discharged 
into the oceans. Emissions and circulation of plastic and marine debris follow 
complex pathways that vary locally according to waste management, population 
density and hydrology, but the majority of litter runs off from rivers.  A major 
priority is to understand the sources of floating plastic debris and their eventual 
beaching locations and to identify potential connectivity patterns at the regional 
and basin ocean scales.  A Lagrangian assessment of the debris dispersion originat-
ing from 21 major rivers in Indonesia was carried out as a means to identify the 
concentration at sea, as well as the geographic and temporal distribution of 
stranding along Indonesian coastlines based on a state-of-art ocean modelling. The 
present atlas detailing the results of this assessment at the regional scales should 
be viewed as a first effort to establish the river connectivity implied in the marine 
dispersion of surface plastic debris in Indonesia.          

Penyusunan buku Floating Marine Debris along Indonesian Coasts: An Atlas 
of Strandings based on Lagrangian Modelling terlaksana atas kerja bersama 
dalam kerangka riset kolaboratif antara Kementerian Kelautan dan Perikanan 
(KKP) — Indonesia, Collecte Localisation Satellite (CLS) dan Lembaga Penelitian 
Perancis untuk Pembangunan (IRD), melalui pendanaan oleh Agence Française de 
Développement (AFD) sejak awal tahun 2020. Penelitian ini bertujuan untuk 
membantu pemantauan dan pemodelan sampah laut dari perairan laut Indonesia 
sampai melewati negara Indonesia. Tujuan akhirnya adalah untuk memperkuat 
kapasitas lembaga-lembaga terkait di Indonesia dalam upaya meningkatkan 
kesadaran publik tentang dampak pencemaran laut oleh sampah plastik, dan 
menerapkan strategi mitigasi yang paling sesuai. Upaya ini dipandang sangat krusial 
untuk dilakukan, mengingat sampai saat ini plastik merupakan bagian utama dari 
produk limbah padat yang memiliki daya tahan yang tinggi dan biaya produksi yang 
murah namun sayangnya sebagian besar produk tersebut bersifat sekali pakai 
kemudian dibuang dan pada akhirnya menjadi sampah di lautan. Pembuangan dan 
sirkulasi sampah plastik di laut memiliki alur yang kompleks dan bervariasi 
berdasarkan pengaruh dari beberapa faktor seperti pola pengelolaan sampah di 
daratan, kepadatan penduduk dan siklus hidrologi, dimana secara umum mayoritas 
sampah tersebut terbawa hingga ke lautan melalui sungai-sungai. Hal yang menjadi 
prioritas utama adalah memahami sumber sampah laut dan lokasi terdamparnya 
sampah tersebut serta untuk mengidentifikasi korelasinya pada skala regional dan 
antar samudera. 0Dalam penelitian ini, pemantauan sebaran sampah di perairan 
laut Indonesia yang bersumber dari 21 sungai besar adalah dengan menggunakan 
pendekatan model Lagrangian sebagai cara untuk mengetahui sebaran sampah di 
laut melalui pergerakannya dan prakiraan lokasi terdamparnya sampah di area 
garis pantai Indonesia. Buku Atlas ini menggambarkan secara detail evaluasi penye-
baran sampah laut dalam skala regional, yang dapat dipandang sebagai langkah awal 
untuk mempelajari peran sungai terhadap penyebaran sampah plastik di laut Indo-
nesia.
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