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Abstract Buoyant marine plastic debris has become a serious problem affecting the marine
environment. To fully understand the impact of this problem, it is important to understand the dynamics
of buoyant debris in the ocean. Buoyant debris accumulates in “garbage patches” in each of the subtropical
ocean basins because of Ekman convergence and associated downwelling at subtropical latitudes.
However, the precise dynamics of the garbage patches are not well understood. This is especially true in
the southern Indian Ocean (SIO), where observations are inconclusive about the existence and numerical
models predict inconsistent locations of the SIO garbage patch. In addition, the oceanic and atmospheric
dynamics in the SIO are very different from those in the other oceans. The aim of this paper is to determine
the dynamics of the SIO garbage patch at different depths and under different transport mechanisms such
as ocean surface currents, Stokes drift, and direct wind forcing. To achieve this, we use two types of ocean
surface drifters as a proxy for buoyant debris. We derive transport matrices from observed drifter locations
and simulate the global accumulation of buoyant debris. Our results indicate that the accumulation of
buoyant debris in the SIO is much more sensitive to different transport mechanisms than in the other
ocean basins. We relate this sensitivity to the unique oceanic and atmospheric dynamics of the SIO.

Plain Language Summary Plastic pollution of the oceans is a serious problem. To better
understand how big the problem is, it is important to know how plastics move in the oceans and where
they end up. Floating plastics move with ocean currents, waves, and wind. Because these interact with each
other in complex ways, the exact movement of plastic in the ocean is hard to predict. From observations
and computer simulations, it is known that plastic collects in subtropical “garbage patches” in the Pacific
and Atlantic oceans, but it is not clear if this also happens in the Indian Ocean. The aim of this paper is to
determine the different influences of ocean currents, waves, and wind on the development of a garbage
patch in the Indian Ocean. Because we cannot track plastics, we use data from over 22,000 GPS-tracked
drifting buoys that have been released worldwide in the oceans since 1979 to simulate the movement
of plastic. Our results show that waves and wind prevent a garbage patch forming in the Indian Ocean.
Because large amounts of plastic waste probably enter the Indian Ocean, an important question for
follow-up research is what happens to these plastics if they do not collect in a garbage patch.

1. Introduction
Buoyant marine plastic debris (“plastics”) is a serious problem affecting the marine environment (Law,
2017). Because plastics do not degrade and are easily transported in the ocean, they can travel across entire
ocean basins. As a result, plastic pollution is now a global problem, and plastics are found in the most
remote locations on Earth (Barnes et al., 2010; Cózar et al., 2017; Duhec et al., 2015; Lavers & Bond, 2017).
To fully understand the impact of this problem, as well as optimize mitigation and clean-up operations, it is
important to understand the dynamics of plastics in the open ocean.

Plastics accumulate in so-called “garbage patches” in the subtropical ocean gyres. Moore et al. (2001) first
observed a garbage patch in the North Pacific Ocean. Since then, several sampling studies have confirmed
the existence of garbage patches in both the North Pacific and the North Atlantic oceans (Lebreton et al.,
2018; van Sebille et al., 2015). There are fewer sampling studies in the Southern Hemisphere, but a sharp
gradient in the measured plastic concentration suggests that there is a garbage patch in the South Pacific
Ocean as well (Eriksen et al., 2013). In the South Atlantic and South Indian oceans, measurements are less
conclusive about the existence of a garbage patch.
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The accumulation mechanism of plastics in subtropical garbage patches can largely be explained by Ekman
dynamics (Kubota, 1994; Kubota et al., 2005; Maximenko et al., 2012; van Sebille et al., 2012). Surface
Ekman currents are driven by a combination of wind stress and the Coriolis force and converge at sub-
tropical latitudes, between 20◦N (◦S) and 40◦N (◦S). Due to mass conservation, Ekman convergence results
in an associated downwelling current. Because plastics remain at the ocean surface, they accumulate in
these regions. So even though the ocean circulation is divergence-free in three dimensions, divergence and
convergence of plastics can still occur in two dimensions.

According to Ekman dynamics, plastic accumulation should occur along the entire basin width in subtrop-
ical latitudes on both hemispheres. However, from observations and numerical modeling studies, it is clear
that this is not the case. Several modeling studies (Kubota, 1994; Kubota et al., 2005; Lebreton et al., 2012;
Martinez et al., 2009; Maximenko et al., 2012; van Sebille et al., 2012), using different numerical methods
and assumptions, all show an increased accumulation of plastic toward the east of the subtropical North
and South Pacific Ocean. This increased eastward accumulation is confirmed by measured plastic concen-
trations. In the North and South Atlantic Ocean, an increased accumulation slightly off-center toward the
east occurs. To explain this, other mechanisms that may transport plastics need to be considered.

In addition to surface Ekman currents, plastics are also transported by geostrophic surface currents (Maxi-
menko et al., 2009), which are driven by a combination of pressure gradients and the Coriolis force. Any
buoyant object may also be transported by Stokes drift due to the nonlinearity of waves (Rohrs et al., 2012),
as well as direct wind forcing or windage (e.g., Abascal et al., 2009; Breivik & Allen, 2008). An object's inertia
may also influence its transport (Beron-Vera et al., 2016). How important each of these transport mecha-
nisms is depends on the specific characteristics of the buoyant object (shape, size, and density; Breivik et al.,
2011). The eventual path of an object drifting on the sea surface is determined by the combination and
interaction of different transport mechanisms acting on different temporal and spatial scales.

Several theories try to explain the increased eastward accumulation of plastics in the subtropics. One of these
theories suggests that plastic is advected eastward by geostrophic currents (Kubota, 1994; Kubota et al., 2005;
Martinez et al., 2009). Another suggests that increased mesoscale eddy activity on the western side of the
ocean basins disperses plastics (van Sebille et al., 2012), which counteracts the accumulation due to Ekman
dynamics. At the moment, there is no consensus which of these theories is correct. This emphasizes that
the understanding of the dynamics of the garbage patches is limited. This is especially true in the Indian
Ocean (IO).

As mentioned previously, measurements of plastic concentrations are inconclusive regarding the existence
of a subtropical garbage patch in the southern IO (SIO; between approximately [25,125]◦E and [0,45]◦S).
In addition, results of numerical modeling studies predict inconsistent locations of a SIO garbage patch.
Some model results show increased plastic concentrations in the center and toward the east of the SIO
(Kubota et al., 2005; Lebreton et al., 2012; Maes et al., 2018), whereas others show an increase toward the
west (Maximenko et al., 2012; van Sebille et al., 2012). Maes et al. (2018) recently also pointed out this
inconsistency, but it has not yet been explained. Because several of the largest estimated coastal (Jambeck
et al., 2015) and riverine (Lebreton et al., 2017; Schmidt et al., 2017) sources of plastics enter the IO, this is a
relevant region to study. The atmospheric and oceanic dynamics of the IO differ significantly from the Pacific
and Atlantic oceans (Schott et al., 2009), making it an interesting region to study for this reason as well.

The IO is bounded in the north by the Asian continent. Because of this, there is no northern subtropical
gyre or garbage patch. Instead, the northern IO is dominated by the seasonally reversing monsoon system
(Schott & McCreary, 2001). In the SIO, there is a wind-driven subtropical gyre similar to the other oceans
(Stramma & Lutjeharms, 1997), but it has several unique features.

The South Indian Counter Current (SICC; see Figure 1b in Lambert et al., 2016) flows eastward through the
center of the subtropical gyre, opposite to the direction expected from Sverdrup theory (Palastanga et al.,
2007; Wijeratne et al., 2018). Subtropical countercurrents exist in the other oceans as well, but they dissolve
halfway through the basin. The SICC flows across the entire width of the SIO and splits into three sepa-
rate branches between the southern tip of Madagascar and the western coast of Australia (Lambert et al.,
2016; Menezes et al., 2014). The SICC is also associated with high activity of westward propagating eddies
(Dilmahamod et al., 2018).
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The eastern and western boundaries of the SIO subtropical gyre also have unique features. In contrast to
all other eastern boundary currents, the Leeuwin Current flows poleward and is driven by an alongshore
pressure gradient rather than wind (Pattiaratchi & Woo, 2009). The eastern boundary also has larger eddy
activity than any other eastern boundary region (Jian & Wu, 2011). At the western boundary, the Agulhas
Current flows poleward and continues to flow poleward after the African coastline terminates around 35◦S
(Beal et al., 2011; Lutjeharms, 2006). This provides a connection between the SIO and South Atlantic Ocean.

The aim of this paper is to determine the influence of different transport mechanisms on the dynamics of
the subtropical SIO garbage patch. To do this, we use ocean surface drifters as a proxy for plastics. How-
ever, the drifters may be equally valid proxies for other types of buoyant objects, so from now on we refer
to “buoyant debris” rather than plastics. Similarly, we refer to “accumulation regions” instead of garbage
patches, because garbage patches are mostly associated with plastics.

We simulate the accumulation of buoyant debris using transport matrices based on observed drifter loca-
tions, which we explain in detail in section 2.2. This method has previously been used to simulate the
evolution and dynamics of subtropical accumulation regions (Maximenko et al., 2012; van Sebille et al.,
2012). Different from previous studies, we distinguish between two types of drifters: drogued and undrogued
drifters. Drogued drifters are transported by ocean currents at a nominal 15-m depth (Niiler et al., 1995).
Undrogued drifters are transported by ocean currents in the uppermost surface layer (0- to 1-m depth) as well
as Stokes drift and windage (Poulain et al., 2009). By distinguishing between these two types of drifters and
creating two separate transport matrices, we can determine the influence of different transport mechanisms
on the dynamics of the SIO accumulation region.

Our results indicate that accumulation of buoyant debris in the SIO is much more sensitive to different
transport mechanisms than the other oceans. We relate this to the unique dynamics of the IO.

2. Data Sets and Methods
2.1. Global Drifter Data Sets: Drogued and Undrogued
We use observed drifter locations from Surface Velocity Program drifters (Lumpkin & Pazos, 2007) deployed
in the National Oceanic and Atmospheric Administration Global Drifter Program. Data from 22,602 drifters
from 1979 until February 2018 are currently available. The drifters transmit their locations through satellite
several times a day. After quality control the locations are interpolated and made available by the National
Oceanic and Atmospheric Administration at 6-hourly intervals (Hansen & Poulain, 1996). Depending on
the position of the Argos or Global Positioning System satellites, drifter locations are accurate within 15-m
to 1-km (Lumpkin & Pazos, 2007). These errors are negligible for transport between 1◦ grid cells (see section
2.2) that we are interested in here (McAdam & van Sebille, 2018). The spatial coverage of the drifters spans
most of the global oceans (Figure 1a).

The drifters are made out of a spherical surface float with a ∼30- to 40-cm diameter, with a “holey-sock”
drogue attached to it (Lumpkin & Pazos, 2007). The drogue is cylindrical with a ∼60- to 90-cm diameter and
∼6 m long. The drogue is centered at 15-m depth. Its purpose is to ensure that drogued drifters follow the
ocean currents at a nominal 15-m depth by minimizing wind slip (Niiler et al., 1995).

Because of constant flexing, the buoy-drogue connection is vulnerable to mechanical failure and all drifters
lose their drogue at some point in their lifetime. Undrogued drifters are transported by ocean currents in the
uppermost surface layer as well as Stokes drift and windage (Poulain et al., 2009). A sensor on the surface
float detects when the drogue is lost, so drogued and undrogued drifters can be distinguished from each
other. However, several studies indicate that the sensor does not always detect drogue loss correctly (e.g.,
Grodsky et al., 2011). Lumpkin et al. (2013) therefore analyzed and corrected the full drifter data set for
drogue presence based on drifter velocities. We use the corrected data set here.

We use separate data sets of drogued and undrogued drifters. Approximately 45% of all observed loca-
tions come from drogued drifters (15,940,545 locations from 22,602 individual drifters), versus 55% from
undrogued drifters (19,407,024 locations from 22,602 individual drifters). These locations are spread
unevenly across the global oceans (Figures 1c and 1e), due to both the uneven deployment (drogued drifters,
Figure 1b) or drogue loss (undrogued drifters, Figure 1d), as well as advection of the drifters.

We are interested in the effect of advection on the distribution of drogued and undrogued drifters, indepen-
dent of the drifter release, drogue loss, or death locations (Figure 1f). In addition, we want to study long-term
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Figure 1. Number of observed drifter location fixes from the National Oceanic and Atmospheric Administration's
Global Drifter Program between 1979 and February 2018 per 1 × 1◦ cells for (a) combined data set of drogued and
undrogued drifters, (c) drogued drifters, and (e) undrogued drifters. Number of (b) release, (d) drogue loss, and (f)
death locations of drifters between 1979 and February 2018 per 2 × 2◦ cells. White signifies areas with no observed
drifter locations.

accumulation patterns (i.e., 50 years; see section 2.2) of drogued and undrogued drifters, but the average life-
time of an individual drifter is only ∼1 year (this includes drifters that beach or are picked up by boats while
they are still transmitting, different from the lifetime analysis by Lumpkin & Pazos, 2007). We eliminate the
effect of drifter deployment locations (Maximenko et al., 2012) and simulate transport and accumulation on
much longer timescales than the lifetime of a drifter (van Sebille et al., 2012) by creating transport matrices
from observed drifter locations.

2.2. Transport Matrices
A range of oceanographic studies have used transport matrices to capture regional and global scale ocean
dynamics (e.g., Cózar et al., 2017; Dellnitz et al., 2009; Khatiwala et al., 2005; Maximenko et al., 2012; Miron
et al., 2019; Sherman & van Sebille, 2016; van Sebille et al., 2012). More specifically, van Sebille et al. (2015)
compared global particle tracking simulations forced by a hydrodynamic model by Lebreton et al. (2012) to
drifter transport matrix simulations by Maximenko et al. (2012). On the basin scale the results were similar
and the drifter transport matrix method is therefore considered adequate to represent the large spatial and
temporal scale transport (McAdam & van Sebille, 2018).
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Figure 2. Example of how to construct a transport matrix from observed drifter locations and run tracer simulations.
(a) Example tracks and observed locations of two drifters. (b) Area divided into n = 6 grid cells of size dx × dx, the
first step to create a transport matrix. (c) Example of the drifter locations at time t0, t0 + dt, t1, and t1 + dt. The solid
and dashed circles indicate how these locations are used to fill the transport matrix shown in panel d. (d) The transport
matrix T. The columns j of T indicate the grid cell that a drifter is in at a time t, and the rows i the grid cell that a
drifter is in at time t + dt. The sum of each column N𝑗 =

∑n
i=1 Ti,𝑗 and each row Mi =

∑n
𝑗=1 Ti,𝑗 is also shown. Nj

represents the total number of observed locations that have left a grid cell, Mi the total number that has entered. (e)
The normalized transport matrix with fixed sink locations in grid cells 3 and 6 to prevent tracer from disappearing
during a simulation. (f) Example tracer simulation of 4 days, assuming that dt = 2 days, and starting with tracer in
grid cell 1. The simulation illustrates how the transport matrix diffuses tracer across grid cells depending on the
number of observed drifter locations.

Several studies describe the construction of transport matrices (e.g., Cózar et al., 2017; Froyland et al., 2014;
Khatiwala et al., 2005; McAdam & van Sebille, 2018; Maximenko et al., 2012; Ser-Giacomi et al., 2015;
Sherman & van Sebille, 2016; van Sebille et al., 2012). Maximenko et al. (2012) give a mathematical descrip-
tion of the construction of a transport matrix from observed drifter locations. McAdam and van Sebille
(2018) give a descriptive overview. We explain step by step how to construct a transport matrix and run tracer
simulations using an example.
2.2.1. An Example
Say that we have two drifters with observed locations as shown in Figure 2a. To construct a transport matrix,
we first divide the ocean into grid cells of size dx × dx (Figure 2b). We end up with a total of n = 6 grid cells,
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which we label successively. The transport matrix T is an n × n matrix, which we fill using the following
method.

We take a drifter's location x⃗ at a certain time t, and the drifter's location a “separation time” dt later. Let us
say that observed locations are returned at 1-day intervals by the example drifters, and set dt = 2 days. The
columns j of T represent the grid cell that a drifter is in at a time t, the rows i of T the grid cell that a drifter
is in at a time t + dt. For the upper drifter track, x⃗(t0) is in grid cell 1, so column j = 1 in T, and x⃗(t0 + dt) is
in grid cell 5, so row i = 5 in T (Figure 2c). In the transport matrix, we therefore note T5,1 = 1. We do this
for all observed locations for all drifters to get the transport matrix T in Figure 2d.

Before we can use T to run tracer simulations, we need to normalize it. The sum of a column j of T, N𝑗 =
∑n

i=1 Ti,𝑗 represents the total number of observed locations that have left a grid cell. To prevent tracer from
being created during a simulation, we normalize T by dividing all columns T∗,j by Nj. So the normalized
transport matrix

TN =
T∗,𝑗

N𝑗

for 𝑗 = [1,n], if N𝑗 ≠ 0. (1)

Grid cells 3 and 6 are sink locations: drifters have entered these grid cells but never left. We will discuss how
we handle sink locations in the transport matrices based on global drifter data sets in section 2.2.2. For now,
we want to run a tracer simulation and we do not want the tracer to disappear from this simulation, so we
set TN

3,3 = 1 and TN
6,6 = 1. The normalized transport matrix with these adjusted “fixed” sink locations TN∗ is

shown in Figure 2e.

The transport matrix can be interpreted as a set of probability density functions for each grid cell. So the
transport matrix gives the probability that a drifter entering a grid cell j will move into any other grid cell
within a time dt. Because drifters mostly move into a limited number of neighboring grid cells, the transport
matrix is very sparse. When we run a tracer simulation, we divide tracer over grid cells based on the proba-
bilities contained in the transport matrix. We will illustrate how this works by running a simple simulation
with the TN∗.

Let us start the simulation with a tracer concentration of 1 in grid cell 1. We store tracer in a vector R⃗, so
the initial condition is given by R⃗t0 = [1 0 0 0 0 0]T, where the superscript T indicates the transpose of the
vector. To simulate tracer advection, we multiply TN∗ with R⃗t0. This gives us the tracer concentration at time
t0 + dt, where dt is the separation time that we used earlier to construct the transport matrix:

R⃗t0+dt = TN∗ · R⃗t0. (2)

If we want to run a simulation for a total time of ttotal, we need to repeat this multiplication ttotal∕dt times. Let
us set ttotal = 4 days, so we run two iterations. Running this simulation results in the tracer concentration
in Figure 2f.
2.2.2. Transport Matrices From Global Drifter Data Sets
To create transport matrices from global drifter data sets and run tracer simulations, we use the same
methodology as described in section 2.2.1. Sink locations in the transport matrix T can be handled in dif-
ferent ways. We can ensure that tracer remains in sinks forever (“fixed sink locations”), as we did in the
example, or we can remove sink locations from T completely. For the transport matrices based on global
drifter data sets, we remove sinks completely for two reasons. First, sink locations in T not only represent
actual sinks (e.g., drifters beached) but also virtual sinks (e.g., drifters ran out of battery). Second, the sinks
in T are not all-inclusive because relatively few drifters move along coastlines or enter the Southern and
Arctic oceans, where most sinks in T are located (supporting information Figure S1).

To determine the influence of our chosen sink handling method on the simulation results, we performed a
sensitivity analysis using transport matrices with both fixed sink locations and with sink locations removed.
Although the simulation results are somewhat sensitive to the chosen sink handling method (supporting
information Figure S2), this does not change our main results and conclusions. We therefore remove sinks
from T for the reasons mentioned above. We find sink locations using the following method.

As defined earlier, the sum of a column j of T, N𝑗 =
∑n

i=1 Ti,𝑗 represents the total number of observed
locations that have left grid cell j. Similarly, the sum of a row i of T, Mi =

∑n
𝑗=1 Ti,𝑗 represents the total
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number of observed locations that have entered grid cell i. In the simplest case, a sink is a grid cell k that
drifters have entered (Mk ≠ 0) but never left (Nk = 0). This was the case for grid cells 3 and 6 in the example
in section 2.2.1. However, drifters can also have several observed locations in a sink grid cell, in which case
Nk ≠ 0. We can still recognize this location as a sink in T because the only observed locations “leaving”
this grid cell enter straight back into it. This means that for these sink locations Nk = Tk,k. This condition
is also satisfied if Nk = 0, so we find that sinks are grid cells k that satisfy the condition

Nk = Tk,k & Mk ≠ 0, (3)

where we add the condition Mk ≠ 0 to exclude grid cells that do not contain any observed locations at all.

Next, we remove sinks from T by setting the entire row k in the transport matrix to 0, T∗,k = 0. This ensures
that no tracer enters the sink locations k. Removing a sink location often only shifts the sink to a neighboring
grid cell. We therefore remove sinks iteratively until there are no more grid cells left in T that satisfy condition
(3). After removing all sinks, we normalize T according to equation (1) and run simulations by iterating the
matrix multiplication (2).

Following van Sebille et al. (2012), we use dx = 1◦ and dt = 60 days to construct transport matrices from
global drifter data sets. The simulation results are sensitive to the choice of dx and dt, which we discuss
further in section 2.2.3. We construct three different transport matrices: (1) A “combined transport matrix”
based on locations from drogued and undrogued drifters combined, which we use to run “combined sim-
ulations.” We run combined simulations for comparison with previous studies. (2) A “drogued transport
matrix” based on locations from drogued drifters only, with which we run “drogued simulations.” We expect
the drogued simulations to represent the ocean dynamics at a nominal 15-m depth. (3) An “undrogued trans-
port matrix” based on locations from undrogued drifters only, with which we run “undrogued simulations.”
We expect the undrogued simulations to represent ocean surface dynamics, which includes the uppermost
surface currents as well as Stokes drift and windage.

We run 50-year simulations starting from a uniform initial condition with tracer spread evenly across the
global oceans (tracer concentration = 1 per 1 × 1◦ grid cell). After 50 years, the amount of tracer in the
subtropical accumulation regions converges to stationary solutions. The uniform initial condition is not a
realistic representation of plastic sources, but we choose it deliberately because we are interested in the
dynamics of buoyant debris independent of the distribution of sources. In other words, we choose this uni-
form condition so that we know that our results are due to dynamics and not influenced by the distribution of
sources in a specific region. The same approach has been used by Maximenko et al. (2012) and McAdam and
van Sebille (2018). In section 4 we discuss the likely implications if we do take plastic sources into account.

Following van Sebille et al. (2012), we define accumulation regions as connected regions where the concen-
tration of tracer in an accumulation region is at least 2 times larger than if the tracer is distributed evenly
across the global oceans, so tracer concentration > 2 per 1 × 1◦ grid cell. We add the condition that accu-
mulation regions should contain at least 50 adjacent grid cells, to capture relatively large accumulation
regions.
2.2.3. Advantages and Limitations of the Transport Matrix Method
There are several advantages and limitations to the drifter transport matrix method. The main advantage is
that the transport matrix captures the statistics of the movement of actual drifting objects without the need
for us to understand the physics behind their movement. This is important because, although we can make
rough estimates about the relative importance of different transport mechanisms that influence drifting
objects (e.g., Abascal et al., 2009; Breivik & Allen, 2008; Poulain et al., 2009), their actual behavior is too
complex for a model to describe (Maximenko et al., 2012).

The main limitation of the drifter transport matrix method is that the quality of the transport matrices
depends on the available drifter trajectories (McAdam & van Sebille, 2018), both spatially and temporally.
Spatially, some areas of the Southern and Arctic oceans, as well as the Indonesian Throughflow have orders
of magnitude fewer, or even 0, observed drifter locations than the subtropical ocean basins (Figures 1a, 1c,
and 1e). These are important regions of exchange between oceans and the relative undersampling of these
regions is a limitation of the drifter transport matrix method. However, the subtropical ocean basins contain
between (102) and (104) drifter locations per 1◦ grid cells, which is sufficient to represent the dynamics
of the subtropical accumulation regions that we are interested in (e.g., Cózar et al., 2017; Maximenko et al.,
2012; McAdam & van Sebille, 2018; Sherman & van Sebille, 2016).
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The number of drifters transmitting their location at a specific time is limited. For example, on 28 February
2018 there were 1,376 active drifters. Using only these drifter trajectories would give us insufficient data to
construct a transport matrix. To solve this problem, we assume statistical stationarity of the underlying flow
field (Maximenko et al., 2012). In other words, we construct a single transport matrix using all observed
drifter locations between 1979 until February 2018. Because ocean currents show variability on different
time scales, this assumption is not strictly valid. However, this does not mean that temporal variations are
unaccounted for in the transport matrix. Instead, variability is present in the transport matrix as diffusion
(Maximenko et al., 2012), which allows simulated tracer to take multiple paths. So the transport matrix
represents the ocean surface circulation from 1979 to 2018 (the current time span of the global drifter data
set) including all temporal variations sampled by the drifters. This means that although the transport matrix
cannot be used to simulate transport of buoyant debris for a specific time period (i.e., a specific day, month,
or year), it adequately represents the dynamics of large-scale and long-term transport (e.g., Cózar et al., 2017;
Maximenko et al., 2012; McAdam & van Sebille, 2018; Sherman & van Sebille, 2016).

The number of observed drifter locations with which we construct transport matrices varies over the years
(supporting information Figure S5, top panels). This might raise concern that the transport matrices are
biased toward a specific season or mode of climate variability. However, the number of observed drogued
and undrogued drifter locations is distributed very uniformly over each month (supporting information
Figure S5, middle panels). In addition, the number of drifter locations as a function of, for example, the
Multivariate El Niño Southern Oscillation Index (Wolter & Timlin, 1993, 1998), matches the occurrence of
the Multivariate El Niño Southern Oscillation Index values between 1979 and 2018 very well (supporting
information Figure S5, bottom panels). It is therefore unlikely that the drifter transport matrices we derive
here are biased toward a specific season or mode of climate variability.

It is also possible to create multiple transport matrices from the global drifter data set that, for example,
represent different seasons. This was done by van Sebille et al. (2012): They created six separate transport
matrices that each represented 2 months. They then ran simulations by alternating the six transport matri-
ces, which allowed them to include the seasonal cycle in their simulations. Unfortunately, separating the
global drifter data set into drogued and undrogued data sets and then into seasons leaves us with insufficient
drifter locations to construct transport matrices. We therefore use a single transport matrix that contains all
seasons, similar to, for example, Lumpkin et al. (2016) and Maximenko et al. (2012). However, we did per-
form a sensitivity analysis using the combined drifter data set to determine the influence of including the
seasonal cycle (supporting information Figure S6). Although the simulation results are sensitive to included
seasonality, the general long-term (i.e., 50 years) behavior of the subtropical accumulation regions does not
change and including seasonality is therefore unlikely to significantly alter our main results and conclusions.

Finally, to construct transport matrices, we use grid cells of finite size dx and finite separation time dt. It is
important to note that dx and dt that we use to construct transport matrices cannot be interpreted in the
same way as the grid resolution and time step of a primitive-equation ocean circulation model (McAdam &
van Sebille, 2018). The drifters are advected by the full flow field, including submesoscale turbulence. As a
result, these effects are present in the observed drifter locations that we use to construct transport matrices,
regardless of the grid cell size dx and separation time dt. However, the discretization into grid cells of finite
size dx and a finite separation time dt can lead to artificial dispersion in the transport matrix (Maximenko
et al., 2012; McAdam & van Sebille, 2018). The reasons for this are explained in detail by McAdam and van
Sebille (2018). As a consequence, the simulation results are sensitive to the choice of dx and dt. We repeated
sensitivity analyses performed by McAdam and van Sebille (2018; supporting information Figures S3 and
S4). In general, the drogued and undrogued simulations are more sensitive to different values of dx and dt
than the combined simulations. This sensitivity does not change our main results and conclusions.

To summarize, the quality of drifter transport matrices is limited by the number of available drifter tra-
jectories. By assuming statistical stationarity of the underlying flow field, we can use all observed drifter
locations between 1979 and 2018 to construct transport matrices. These transport matrices are considered
to adequately represent the large-scale and long-term transport of buoyant debris that we are interested in
here (e.g., Cózar et al., 2017; Maximenko et al., 2012; McAdam & van Sebille, 2018; Sherman & van Sebille,
2016). By using transport matrices derived from observed drogued and undrogued drifter locations, we can
simulate the effect of different transport mechanisms on accumulation patterns of actual drifting objects. As
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a next step, we can then determine which transport mechanisms are responsible and simulate these using
more conventional particle tracking models.

2.3. Global Wind and Current Fields
We use global wind and current fields from 1 January 1993 until 31 December 2015 for several purposes in
this study. We obtain daily wind fields at 10-m height interpolated to 0.5 × 0.5◦ horizontal resolution from
the European Centre for Medium-Range Weather Forecasts ERA-Interim Reanalysis product (Dee et al.,
2011). From the GlobCurrent-v3 product (Rio et al., 2014) we get daily geostrophic, Ekman surface, and 15-m
depth current fields with a 0.25 × 0.25◦ horizontal resolution, and daily Stokes drift data with a 0.5 × 0.5◦

horizontal resolution. We use the daily wind and current fields as a forcing for particle tracking simulations
(see section 2.4). We also calculate global mean fields.

The 15-m depth Ekman currents are derived from satellite altimetry data and velocities of drogued drifters.
This data set is therefore not fully independent from the drogued drifter data set. Because this is the only
data available of 15-m depth Ekman currents, we still continue to use it.

Following Martinez et al. (2009), we calculate the global mean geostrophic component of the eddy kinetic
energy as

EKEg = 0.5 ·
[
(ug − ug)2 + (vg − vg)2

]
, (4)

where the overline denotes the temporal mean and ug and vg are daily, and ūg and v̄g are mean geostrophic
currents between 1993 and 2015 in the zonal and meridional directions, respectively.

2.4. Particle Tracking Simulations
To confirm the results from the drifter transport matrix simulations, we run additional simulations forced by
two different forcing fields: (1) a forcing field that likely transports drogued drifters, consisting of geostrophic
currents and Ekman 15-m depth currents, the “u⃗g + u⃗E15m

simulation”; (2) a forcing field that likely trans-
ports undrogued drifters, consisting of geostrophic currents, Ekman surface currents, Stokes drift, and 1%
windage, the “u⃗g + u⃗E0m

+ u⃗St + 0.01 · u⃗10 simulation.” Windage is calculated as 1% of the wind field at 10-m
height; a value of 1% was suggested for the undrogued drifters by Poulain et al. (2009). We use both daily forc-
ing fields from 1 January 1993 until 31 December 2015 and global mean forcing fields described in section
2.3 to force these simulations. In section 3.3 we explain why we use global mean forcing fields in addition
to the temporally varying fields.

We run Lagrangian particle tracking simulations and use the virtual particle trajectories to create transport
matrices (e.g., Froyland et al., 2014; Khatiwala et al., 2005; Ser-Giacomi et al., 2015), in the same way as from
observed drifter locations. Next, we run 50-year tracer simulations starting from a uniform initial condition.
We do this, instead of running 50-year particle tracking simulations, because the comparison with the drifter
transport matrix simulations is more straightforward.

We use the OceanParcels Lagrangian analysis toolkit (Lange & van Sebille, 2017) to run global particle track-
ing simulations. We interpolate all forcing fields to 0.5 × 0.5◦ horizontal resolution. In the simulations using
temporally varying fields, we release one particle in each grid cell. We reset the particle location every 60
days (e.g., Froyland et al., 2014; Khatiwala et al., 2005), which results in 140 simulations between 1 January
1993 and 31 December 2015. In the simulations using global mean fields, we release 100 particles in each
grid cell. Because in this case we use stationary global mean forcing fields, we only need to run a particle
tracking simulation of 60 days (Khatiwala et al., 2005). This results in roughly 20 million virtual locations in
the temporally varying simulations, and 15 million virtual locations in the global mean simulations to con-
struct a transport matrix: the same order of magnitude as the number of observed drifter locations available
for the drogued and undrogued transport matrices. To construct the transport matrices, we use a grid size
dx = 1◦ and a separation time dt = 60 days.

We force the particle tracking simulations with fields from 1993 until 2015 and compare these simulations
with the drogued and undrogued drifter transport matrix simulations. The drifter transport matrices are
based on drifter data from 1979 until 2018. To confirm that we can make this comparison, we also ran drifter
transport matrix simulations based only on drifter locations observed between 1993 and 2015 (supporting
information Figure S7). There are only minor differences between the two simulations that do not influence
our main results and conclusions, so we go ahead and compare the results of the full drifter transport matrix
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Figure 3. Simulated tracer concentration and locations of the five subtropical accumulation regions using transport
matrices derived from (a, b, c) combined drogued and undrogued drifter locations, (d, e, f) drogued drifter locations,
and (g, h, i) undrogued drifter locations. The simulated tracer density starting from a uniform initial condition is
shown after (a, d, g) 1 year, (b, e, h) 10 years, and (c, f, i) 50 years. Black lines indicate the spatial extent of the
subtropical accumulation regions, defined as regions with at least 50 adjacent grid cells where the tracer concentration
exceeds 2 per 1 × 1◦ cell.

simulations (from data between 1979 and 2018) with the particle tracking simulations forced with current
and wind fields between 1993 and 2015.

3. Results
3.1. Drifter Transport Matrix Simulations
We use the combined, drogued, and undrogued transport matrices to simulate the accumulation of buoyant
debris over a period of 50 years, starting from a uniform initial condition with tracer spread evenly across
the global oceans. In all three simulations (Figure 3), tracer quickly depletes from the equator and converges
in the subtropics after 1 year of simulation, as we expect due to Ekman transport. After 10 years, large-scale
subtropical accumulation regions form in all simulations. After 50 years the accumulation regions in the
Pacific and Atlantic oceans are still present in all simulations and have condensed or increased in tracer
concentration. In the IO accumulation region, the tracer concentration has decreased significantly in the
combined and undrogued simulations.

Our combined simulation is set up using the same methodology as Maximenko et al. (2012). The only differ-
ence is that we have roughly twice as many drifters available to construct our transport matrix. We therefore
expect the results of the combined simulation (Figures 3a and 3b) to be very similar to those of Maximenko
et al. (2012), which they are. The exception is that in our simulation an accumulation region forms in the
Barents Sea. This accumulation has previously been noted in simulations by van Sebille et al. (2012) and has
since been confirmed by sampling studies (Cózar et al., 2017).

We are interested in comparing the drogued and undrogued simulations because they illustrate the
large-scale and long-term effect of different transport mechanisms on the accumulation of buoyant debris.
After 50 years, the subtropical accumulation regions in the drogued (Figure 3f) and undrogued (Figure 3i)
simulations are relatively similar in the Pacific and Atlantic oceans. Although the accumulation regions
vary in shape and concentration between the simulations, their general location is remarkably robust. This

VAN DER MHEEN ET AL. 2580



Journal of Geophysical Research: Oceans 10.1029/2018JC014806

Figure 4. (a) Point-wise linear Pearson correlation coefficient in each grid cell between simulations using transport
matrices derived from drogued and undrogued drifter locations, calculated over a simulation time of 50 years (i.e., 300
two-month values). A correlation value of 1 indicates perfect correlation; −1 indicates perfect anticorrelation.
Correlations that are not statistically significant (within a confidence interval of 95%) are omitted (in white). (b)
Temporal evolution of the size of the subtropical southern Indian Ocean accumulation region over 50 years of
simulation using the transport matrices based on drogued and undrogued drifter locations. The accumulation size is
defined as a region with at least 50 adjacent grid cells where the tracer concentration exceeds 2 per 1 × 1◦ cell (e.g.,
black lines in Figure 3). Tracer is given as a percentage of the total amount of globally available tracer in the simulation.

is confirmed by the strong statistically significant correlation between the drogued and undrogued simula-
tions in the center of the accumulation regions in the Pacific and Atlantic oceans in Figure 4a. In the SIO,
the differences are a lot more pronounced.

The SIO subtropical accumulation region in the drogued simulation (“drogued SIO accumulation”) has
a high concentration of tracer, is centered slightly toward the east, and spans almost the entire basin
width of the SIO (Figures 3e and 3f; between 55–126◦E and 20–39◦S). The tracer concentration between
10 and 50 years of simulation also remains the same in the drogued SIO accumulation region. In con-
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Figure 5. (a) Outlines of the spatial extent of the simulated subtropical accumulation regions after 10 years using
transport matrices derived from drogued and undrogued drifter locations (black lines in Figures 3e and 3h,
respectively). Global mean (b) geostrophic currents, based on GlobCurrent-v3 1993-2015 data; (c) wind, based on
European Centre for Medium-Range Weather Forecasts ERA-Interim Reanalysis 1993–2015 data; and (d) geostrophic
component of the eddy kinetic energy (EKEg) calculated using geostrophic current anomalies based on GlobCurrent-v3
data.

trast, after 10 years the SIO subtropical accumulation region in the undrogued simulation (“undrogued
SIO accumulation”) has a relatively low tracer concentration and is centered toward the west of the basin
(Figure 3h; between 22–91◦E and 24–39◦S). After 50 years most of the tracer has depleted from the SIO
and the undrogued SIO accumulation region no longer exists (Figure 3i). The two simulations have a weak
statistically significant (anti)correlation in the SIO (Figure 4a).

The difference between the drogued and undrogued SIO accumulations is not only spatial but also temporal
(Figure 4b). The amount of tracer in the drogued SIO accumulation quickly increases in the first 5 years of
simulation. After 10 years, it remains stable at about 17% of the global available tracer, which is all of the
tracer available in the IO. The amount of tracer in the undrogued SIO accumulation shows a very different
evolution. It slowly increases to about 5% of the global available tracer in the first 5 years and then decreases,
until after about 20 years no more tracer is left in the undrogued SIO accumulation region. Tracer from the
undrogued SIO accumulation region possibly leaks into the South Atlantic subtropical accumulation region,
we discuss this in more detail in section 4.

Several accumulation regions, other than the subtropical ones, are formed in the drogued and undrogued
simulations as well. Because this paper focuses on the dynamics of the subtropical accumulations, we do
not discuss these in detail, but for completeness we briefly mention them. In the undrogued simulation
additional accumulation regions form in the Barents Sea, the Bay of Bengal, and along the east coast of
Australia. As mentioned previously, the accumulation in the Barents Sea has been confirmed from plastic
sampling studies (Cózar et al., 2017). High concentrations of plastics have also been sampled in the Bay of
Bengal (Ryan, 2013). These plastics likely came from nearby sources, instead of accumulating in the Bay of
Bengal over longer periods of time. Off the east coast of Australia high plastic concentrations, likely coming
from both local and remote sources, have been sampled (Reisser et al., 2013). In the drogued simulation, a
small accumulation region forms in the Mediterranean Sea. However, the Mediterranean Sea is relatively
undersampled by the drifters, specifically by undrogued drifters, so we cannot rule out that this is a model
artifact.

The differences between the drogued and undrogued simulations are due to the different mechanisms that
transport the drogued and undrogued drifters. Our hypothesis is that these differences are especially pro-
nounced in the SIO as a result of the unique dynamics of the SIO. To explain this further, we look at global
oceanic and atmospheric dynamics.
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Figure 6. Simulated tracer density starting from a uniform initial condition, using transport matrices derived from
virtual particle locations forced by (a, b) daily geostrophic currents and Ekman drift at 15-m depth from
GlobCurrent-v3 1993–2015 data, u⃗g + u⃗E15m

; (d, e) daily geostrophic currents, surface Ekman drift, and Stokes drift
from GlobCurrent-v3 1993–2015 data and 1% windage, calculated as 1% of the wind field at 10-m height based on
European Centre for Medium-Range Weather Forecasts ERA-Interim Reanalysis 1993–2015 data,
u⃗g + u⃗E0m

+ u⃗St + 0.01 · u⃗10; and (c, f) global mean fields as specified under (a, b) and (d, e) respectively. Simulation
results after (a, c, d, f) 10 years and (b, e) 50 years are shown.

3.2. Oceanic and Atmospheric Dynamics
We consider global mean geostrophic currents (Figure 5b), associated eddy kinetic energy (EKEg, Figure 5d),
and the global mean wind field (Figure 5c) to explain the dynamics of the subtropical accumulation regions.
The global mean wind field is related to both Stokes drift (through the generation of waves) and windage.

All subtropical accumulation regions in both the drogued and undrogued simulations (10-year outlines
shown in Figure 5a for convenience) occur between 20◦N (◦S) and 40◦N (◦S). We expect accumulation
to occur in these latitudes because of wind-driven Ekman convergence and downwelling. Other mecha-
nisms may also influence the accumulation of buoyant debris through advection or dispersion. We expect
drifters to disperse out of regions with high geostrophic current velocities or EKEg. In the North and South
Pacific Ocean, this is the case: The accumulation regions form toward the east of the Pacific basin, where
geostrophic velocities and EKEg are low. In the Atlantic Ocean, accumulation regions also occur outside
regions with high geostrophic velocities and EKEg. The accumulation regions in the SIO however, behave
differently.

The SICC flows eastward between 22◦S and 30◦S (Figure 5b; Wijeratne et al., 2018; Menezes et al., 2014),
through the northern part of the drogued SIO accumulation region. When the SICC reaches the coast of
Western Australia, it feeds into the Leeuwin Current (LC; Lambert et al., 2016). The LC flows poleward,
wrapping around the southern Australian coastline (geostrophic current velocities in light blue in Figure 5b,
also seen in yellow EKEg in Figure 5d; Pattiaratchi & Woo, 2009; Yit Sen Bull & van Sebille, 2016). We see
this same feature in the outline of the drogued SIO accumulation region (Figure 5a). Our hypothesis is
therefore that, in addition to Ekman currents, the dynamics of the drogued SIO accumulation are related
to the geostrophic SICC and LC. Both the SICC and the LC are associated with high EKEg (Figure 5d), but,
unlike in the Pacific and Atlantic oceans, this apparently does not prevent the accumulation of buoyant
debris.

Besides Ekman and geostrophic currents, we expect that the undrogued drifters are also influenced by Stokes
drift and windage. The undrogued SIO accumulation region is centered uniquely toward the western side of
the ocean basin, which is likely a result of the SIO wind field. There are two possible explanations for this.
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Figure 7. Point-wise linear Pearson correlation coefficient in each grid cell calculated over a simulation time of
50 years (i.e., 300 two-month values) between transport matrix simulations based on (a) drogued drifter locations and
virtual particle locations forced by daily geostrophic currents and Ekman drift at 15-m depth, u⃗g + u⃗E15m

; (b) undrogued
drifter locations and virtual particle locations forced by daily geostrophic currents, Ekman surface drift, Stokes drift,
and 1% windage, u⃗g + u⃗E0m

+ u⃗St + 0.01 · u⃗10. A correlation value of 1 indicates perfect correlation; −1 indicates perfect
anticorrelation. Correlations that are not statistically significant (within a confidence interval of 95%) are omitted (in
white). The outline in black in (a) indicates the spatial extent of the simulated subtropical accumulation region after
50 years using the transport matrix based on drogued drifter locations (black line in Figures 3f). After 50 years the
accumulation region using the transport matrix based on undrogued drifter locations has disappeared (Figure 3i), so no
outline is shown in (b).

First, the Asian monsoon originates in the SIO where it affects the wind field (Joseph & Sijikumar, 2004;
Findlater, 1969). The velocity of the easterly trade winds increases during the southwest monsoon season
(e.g., Schott & McCreary, 2001). This leads to higher mean velocities of the trade winds in the SIO than
in the (South) Pacific and Atlantic oceans (dark red area between approximately 60–90◦E and 15–20◦S in
Figure 5c). The undrogued SIO accumulation region may center toward the western side of the basin because
of these increased easterly winds.
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Second, the geography of the western SIO boundary region is unique: the southern boundary of the African
continent extends until roughly 35◦S, whereas the region of low wind speed extends until roughly 40◦S
(Gordon, 2003). Because of this, the region of low wind speed extends past the southern tip of the African
continent (Figure 5c). This may result in the undrogued SIO accumulation region extending southward of
the African continent as well.

To summarize, our hypothesis is that the dynamics of the drogued SIO accumulation region are a result of
15-m depth Ekman u⃗E15m

and geostrophic currents u⃗g, where we expect that the SICC and LC result in the
accumulation region spanning almost the entire basin width. We expect that the dynamics of the undrogued
SIO accumulation region are a result of surface Ekman u⃗E0m

and geostrophic currents u⃗g but also Stokes drift
u⃗St and windage, 0.01 · u⃗10. We hypothesize that Stokes drift and windage result in the accumulation region
centering toward the west of the basin, due both to the strong mean easterly trade winds and the geography
of the western boundary region. To confirm this, we run additional particle tracking simulations.

3.3. Particle Tracking Simulations
We run two simulations in the IO, forced by u⃗g + u⃗E15m

(which likely represents the flow field of drogued
drifters) and u⃗g + u⃗E0m

+ u⃗St + 0.01 · u⃗10 (which likely represents the flow field of undrogued drifters), for a
period of 50 years and starting from a uniform initial condition. We use temporally varying forcing fields in
these simulations. In addition, we run simulations with global mean forcing fields, to confirm our hypothe-
sis that the dynamics of the drogued and undrogued SIO accumulation regions can largely be explained by
persistent, mean oceanic, and atmospheric features of the SIO. In other words, we remove temporal varia-
tions from the forcing fields because we want to determine the influence of the predominant SIO dynamics
on the accumulation of buoyant debris.

In the temporally varying u⃗g + u⃗E15m
simulation, an accumulation region centered toward the east forms in

the SIO spanning almost the entire basin width (Figures 6a and 6b). This simulation has a high statistically
significant correlation with the drogued simulation (Figure 7a). In the global mean u⃗g + u⃗E15m

simulation, an
accumulation region spanning almost the entire basin width forms as well (Figure 6c). This is again similar
to the drogued SIO accumulation, except that it is much more confined meridionally.

In the temporally varying u⃗g + u⃗E0m
+ u⃗St + 0.01 · u⃗10 simulation, an accumulation region with low tracer

concentrations centered toward the western side of the basin forms (Figure 6d) and fully disappears after
50 years of simulation (Figure 6e). This simulation has a high statistically significant correlation with
the undrogued simulation (Figure 7b). In addition to the subtropical accumulation region in the SIO, an
accumulation forms in the Bay of Bengal as well, similar to, but more extensive than, in the undrogued sim-
ulation. In the global mean u⃗g + u⃗E0m

+ u⃗St + 0.01 · u⃗10 simulation, an accumulation region with low tracer
concentration centered toward the west also forms, similar to the SIO undrogued accumulation region but
more spatially confined.

These simulation results using temporally varying forcing fields confirm the drogued and undrogued drifter
transport matrix simulations. In addition, the simulation results using global mean forcing fields confirm
our hypothesis that the dynamics of the drogued and undrogued subtropical SIO accumulation regions are
a result of persistent features of the IO.

4. Discussion
The aim of this paper is to determine the influence of different transport mechanisms on the dynamics of the
subtropical accumulation regions. We used transport matrices based on observed locations from drogued
and undrogued drifters to do this (drogued simulation and undrogued simulation, respectively). Drogued
drifters are transported by ocean currents at a nominal 15-m depth, whereas undrogued drifters are trans-
ported by ocean currents in the uppermost surface layer as well as Stokes drift and windage. Intuitively
it is easy to understand that there is a difference between the transport of the two types of drifters. How-
ever, the long-term and large-scale effect of different transport mechanisms on buoyant objects has not
previously been shown. Maximenko et al. (2012) noted that drogued and undrogued drifters accumulate in
the same regions, suggesting a remarkable (counterintuitive) robustness of the subtropical accumulation
regions. In our simulation results, we see this robustness in the Pacific and Atlantic oceans. The subtropical
accumulation region in the SIO, however, is very sensitive to different transport mechanisms.
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Figure 8. Standardized measurements of “small” (< 200-mm) buoyant plastics in the Indian Ocean. Measurements
were standardized by van Sebille et al. (2015). Original sampling studies were performed by Morris (1980), Reisser et al.
(2013), Eriksen et al. (2014), and Cózar et al. (2014). Outlines indicate the simulated Indian Ocean subtropical and Bay
of Bengal accumulation regions after 10 years of simulation using transport matrices based on (a) drogued drifter
locations and (b) undrogued drifter locations. The accumulation regions are defined as regions with at least 50 adjacent
grid cells where the tracer concentration exceeds 1, 2, or 5 per 1 × 1◦ cell. Note that in panel b no accumulation region
with a tracer concentration > 5 per 1 × 1◦ occurs.

In the drogued simulation, a persistent, large-scale subtropical accumulation region forms in the SIO that
spans almost the entire basin width. In the undrogued simulation an accumulation with relatively low tracer
concentrations forms on the western side of the SIO basin. This accumulation region is highly dispersive
and disappears completely after 20 years of simulation.

We propose that the sensitivity of the subtropical SIO accumulation region to different transport mecha-
nisms is due to the unique oceanic and atmospheric dynamics of the SIO, specifically, due to (1) the SICC
that flows eastward through the center of the subtropical SIO gyre, which likely results in the drogued SIO
accumulation region spanning almost the entire basin width; (2) the unique poleward flowing Leeuwin Cur-
rent at the eastern boundary of the SIO gyre, which likely results in the drogued SIO accumulation region
wrapping around the southern Australian coastline; (3) the strong easterly trade winds in the SIO that are a
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result of the Asian monsoon system, which likely results in the undrogued SIO accumulation region center-
ing toward the western side of the basin; and (4) the unique geography at the western boundary of the SIO
gyre that provides a connection between the SIO and the South Atlantic Ocean, which likely results in leak-
age of tracer from the undrogued SIO accumulation region into the South Atlantic. Additional simulations
with global mean forcing fields confirm that persistent SIO features are likely responsible for the dynamics
of the subtropical SIO accumulation regions.

Because we are interested in the dynamics of accumulation regions, our simulations start with tracer spread
uniformly across the global oceans. This allows us to analyze the behavior of buoyant debris, independent of
the distribution of sources. However, this does raise the question how our results would be influenced if we
include plastic sources instead of using a uniform initial condition. Most coastal (Jambeck et al., 2015) and
riverine (Lebreton et al., 2017; Schmidt et al., 2017) sources of plastics are estimated to enter the northern IO,
with only a few sources entering into the SIO. Buoyant debris does not tend to cross the equator (Maximenko
et al., 2012), so the amount of plastic that is available to accumulate in the subtropical SIO is probably
limited. This would reinforce our result from the undrogued simulation, which indicates low surface tracer
concentrations in the subtropical SIO.

Ideally, we would like to confirm our simulation results and conclusions with measurements. Unfortunately,
the sampling studies in the IO are too scarce to draw any definitive conclusions. Comparing the accumula-
tion regions after 10 years in the drogued and undrogued simulations with sampled plastic concentrations
is inconclusive (Figures 8a and 8b). Both simulated subtropical SIO accumulation regions overlap with sev-
eral locations where high plastic concentrations (> 105 [#/km2]) were measured. However, they also fail to
capture several other locations.

Our results indicate that it is important to take different transport mechanisms into account when study-
ing drifting objects. For this to be useful in particle tracking studies, we need to understand exactly which
mechanisms are relevant. In our simulations using temporally varying and global mean forcing fields, we
made a first step toward this. We used a simplified linear velocity parametrization to take Stokes drift and
windage into account, which is commonly used (Abascal et al., 2009; Breivik & Allen, 2008; Rohrs et al.,
2012). Although this is sufficient for a first-order approximation and for the purposes of this paper, it unlikely
captures the complex, time-varying dynamics of an individual item of drifting buoyant debris.

We used the drogued and undrogued drifters as a proxy for buoyant plastic debris (plastics). It is unclear
how plastics relate to the drifters. Depending on their rising velocity, and wind and wave conditions (Brun-
ner et al., 2015; Kukulka & Brunner, 2015; Kukulka et al., 2012), plastics drift both on the sea surface and
submerged in the upper ocean (Kooi et al., 2016; Reisser et al., 2015). As a result, both types of drifters
are possible valid proxies. However, we need a more extensive data set of the material properties of plas-
tics (shape, size, density) before we can relate them to drifters. Because most open-ocean studies, with the
exception of the recent study by Lebreton et al. (2018), focus on so-called “microplastics,” this is especially
true for larger plastic items.

We also need to relate material properties of plastics to usuable transport properties, such as windage coef-
ficient or rising velocity. Several studies have reported a correlation between the size of plastics and their
rising velocity (Kooi et al., 2016; Lebreton et al., 2018; Reisser et al., 2015). Chubarenko et al. (2016) deter-
mined the windage coefficient of plastics based on size and density, and Lebreton et al. (2018) derived a
windage coefficient for plastics in the North Pacific garbage patch by using it as a calibration parameter
for their numerical model. Despite these efforts there is no generally applicable method to relate material
properties to relevant transport properties of plastics.

Our results lead to several implications and questions for follow-up research. First, the undrogued simula-
tions show that the subtropical SIO accumulation region disappears within 20 years. A relevant question is
where buoyant debris ends up. A reasonable hypothesis is that debris from the SIO moves into the South
Atlantic Ocean. Interaction between these two accumulation regions has already been shown (van Sebille
et al., 2012), but it still needs to be confirmed if this is enough to explain the emptying of the subtropical
SIO accumulation region. Second, the drogued simulations show a persistent accumulation forming in a
region that is associated with high eddy kinetic energy (Dilmahamod et al., 2018). It is not yet clear why this
accumulation is so stable. Third, large amounts of plastics are estimated to enter the northern IO (Jambeck
et al., 2015; Lebreton et al., 2017; Schmidt et al., 2017). If these plastics do not accumulate in the subtropics
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(because there is no northern IO subtropical gyre and buoyant debris is unlikely to cross the equator), an
important question is what does happen to these plastics.

Finally, our results from the drogued and undrogued simulations may explain previous inconsistent model
results in the SIO. Studies that find high concentrations of buoyant debris toward the western side of the
subtropical SIO (Maximenko et al., 2012; van Sebille et al., 2012) are all based on drifter transport matrices
(from combined drogued and undrogued drifters). Studies that find high concentrations in the center and
toward the east of the SIO all use particle tracking models forced by ocean surface currents from either
satellite products (Kubota et al., 2005) or ocean general circulation models (Lebreton et al., 2012; Maes et al.,
2018). Maes et al. (2018) proposed that the differences between these results are due to a lack of observed
drifter locations in the IO. Instead, we propose that the differences are a result of including undrogued
drifters in the transport matrices used by Maximenko et al. (2012) and van Sebille et al. (2012). Because
of this, surface transport mechanisms such as windage and Stokes drift, as well as a different direction of
the Ekman currents at the surface and at a nominal 15-m depth, are included in these simulations. These
transport mechanisms are not included in the particle tracking methods. The latter simulations therefore
agree better with our drogued simulations.

5. Conclusions
We examined the influence of different transport mechanisms on the dynamics of the subtropical accumu-
lation region in the IO using transport matrices based on observed locations from drogued and undrogued
drifters. Our results indicate that accumulation of buoyant debris in the subtropical SIO is very sensitive to
different transport mechanisms. The unique oceanic and atmospheric dynamics of the SIO have a significant
influence on this sensitivity.

Buoyant debris transported by ocean surface currents at a nominal 15-m depth accumulates in high con-
centrations in the subtropical SIO in a region that spans almost the entire width of the SIO basin and wraps
around the southern coastline of Australia. This is most likely due to the SICC that flows eastward through
the subtropical gyre, and the Leeuwin Current that flows poleward along the western Australian coastline.

In contrast, buoyant debris transported by surface dynamics (ocean surface currents between 0- and 1-m
depth, Stokes drift, and windage) concentrates in a highly dispersive region toward the west of the subtropi-
cal SIO. This is most likely due to the strong easterly trade winds in the SIO as well as the unique geography at
the western boundary of the SIO gyre, which provides a connection between the SIO and the South Atlantic
Ocean.
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