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Abstract: Plastic pollution has been observed in many marine environments surrounding the Iberian
Peninsula, from the surface water to deeper waters, yet studies on their pathways and accumulation
areas are still limited. In this study, a global ocean reanalysis model was combined with a particle-
tracking Lagrangian model to provide insights into the pathways and accumulation patterns of
microplastics originating in southern Portuguese coastal waters (SW Iberian). The study investigates
microplastics floating on the surface as well as submerged at different water depths. Model results
suggest that the North Atlantic Gyre is the main pathway for microplastics in surface and subsurface
waters, transporting the microplastics southwards and eastwards towards the Mediterranean Sea
and the Canary Islands. Currents flowing out of the Mediterranean Sea act as the main pathway
for microplastics in deep waters, transporting the microplastics along western Iberia. An average
residence time of twenty days in the coastal waters suggests that microplastics do not accumulate
close to their sources due to their relatively fast transport to adjacent ocean areas. Notably, a significant
proportion of microplastics leave the model domain at all depths, implying that SW Iberia may act
as a source of microplastics for the adjacent areas, including the Mediterranean Sea, Morocco, the
Canary Islands, Western Iberia, and the Bay of Biscay.

Keywords: microplastics; pathways; accumulation; SW Iberia; numerical model

1. Introduction

Plastic pollution is internationally recognized as one of the most pressing threats
to the ocean due to its persistence, its toxicity, and its effects on marine ecosystems and
humans [1]. In fact, plastic items are estimated to account for up to 80% of marine litter [2],
with the greatest portion of marine plastic items found in microscopic sizes (<5 mm),
known as microplastics [3]. Microplastics originate from the direct release of manufactured
microparticles used in various products (e.g., microbeads), or from the fragmentation of
larger plastic litter in the environment. A primary concern regarding marine microplastics
is their potential risk to marine organisms. Due to their small size, microplastics are easy to
ingest accidentally by a wide range of marine organisms, from plankton to whales, and
they can thus enter and accumulate along the food web [4]. Microplastics also have an
indirect impact on the ecosystem since they adsorb and may concentrate pollutants from
the surrounding water, exposing those who ingest them to harmful substances [1].

After entering the ocean, microplastics are readily transported for long distances due
to the action of winds, waves, and ocean currents. As a result, they can be found in all
oceans, from the poles to the equator, and from the shoreline to the deep sea [4]. According
to recent estimates, there are approximately 51 trillion pieces of microplastic floating in the
world’s upper ocean [5]. Despite this high amount, floating plastics at the ocean surface
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only account for about 1% of the total estimated quantity of global marine plastic [5], with
99% found at the subsurface and at the bottom of the ocean. These plastic particles leave
the ocean surface through several possible pathways, including beaching, sinking, and
settling through the water column to the sea floor [6]. This vertical transport of plastic
particles is controlled by their physical properties (size, shape, and density). However,
these properties can change over time in the marine environment due to a variety of factors,
including biofouling, weathering, mechanical deterioration, and other external variables [7].
Thus, the fates and pathways of microplastic particles that have sunk through the water
column may be affected by various ocean circulations at different depths [8]. Although
the subsurface and deep waters are important regions of microplastic accumulation, the
distribution and transport of microplastics in these areas remain poorly understood due
to a variety of reasons, such as the significant costs and operational challenges associated
with acquiring samples from deep-water environments [6].

Advances in numerical modelling have counterbalanced the lack of relevant field
observations of microplastic pollution in the ocean. Typically, high-resolution ocean models
are employed to provide ocean current fields to particle-tracking Lagrangian models, which
simulate the dispersal of virtual particles, including microplastics originating from known
sources, such as urbanized cities, rivers and fishing areas. Such modelling approaches have
provided useful information on the transport, accumulation zones, and potential origins of
microplastics in marine environments [3,9–15]. However, most of these models focus only
on the transport of microplastics at the sea surface, omitting their dynamic behavior in the
marine environment (e.g., sinking, fragmentation, biofouling) as well as their differentiated
transport at different depths. Few previous studies have considered particle characteristics
such as density, size, and shape in their models, concluding that different classes of plastics
can have different sinks, trajectories, and residence times [13–15].

On the Iberian coast, microplastic pollution is an issue of growing concern [16]. Some
numerical models have been applied to assess the transport and sources of marine plastic
litter items in Iberian coastal waters, whether in their larger or smaller form, and to
make predictions regarding their potential accumulation zones [11,14,17,18]. However,
information on the transport of microplastics along the Portuguese coast remains poorly
described, particularly in the southern region.

In this context, the present study uses a numerical modelling approach as a tool for
assessing microplastic pollution in a broad area surrounding the Iberian Coast, encom-
passing the Madeira and Canaries archipelagos. The approach uses 3D reanalysis of an
ocean circulation model coupled to a particle-tracking Lagrangian model to characterize
the transport and fate of microplastics originating on the southern Portuguese coast over
an 11-year period. The model was applied to evaluate the transport of microplastics at
different depths in order to answer the following research question: how does general
ocean circulation affect the transport and distribution of microplastics originating from the
SW Iberian coast?

2. Methods
2.1. Study Area

The Algarve coast, which stretches along the Iberian Peninsula’s southwestern region,
is an ecologically important region with extensive national parks and high biodiversity.
This coastal region is home to a population of more than 450,000 people and contributes
significantly to Portugal’s seafood production through fishing and aquaculture [19]. Ad-
ditionally, it is one of Europe’s most popular destinations for sun, sea, and sand tourism.
Considerable concentrations of microplastics have been reported in this region at the sea
surface and sea floor, and in coastal zones and biota [16,20–22]. In a recent study on the
Algarve coast, microplastic concentrations were found to be higher in deep offshore water
samples than in coastal surface water samples [22]. However, information about their
sources, how they are transported, and where they accumulate is still largely unknown.
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In terms of oceanic conditions, the surface circulation off the Iberian coast shows a
complex pattern determined by the eastern part of the North Atlantic Gyre, which consists
of three main large-scale currents: the Portugal Current (PoC), flowing from the north; the
Azores Current (AzC), flowing from the west; and the Canary Current (CaC), flowing to
the south [23] (Figure 1). The Portugal Current lies on the upper layers (0–500 m) off the
Iberian west coast and flows southwards year round from 50◦ N to 35◦ N [24]. Only part
of this flow continues southwards into the CaC, while the rest enters the Gulf of Cadiz
flowing towards the Strait of Gibraltar in a shallow surface layer (Figure 1), where it is
known as the Gulf of Cadiz Current (GoC) [25]. Due to the many similarities between the
two, some studies have classified the PoC as a component of the CaC, while others, such
as [23], identify it as a unique current.
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Figure 1. Schematic representation of the general circulation in the Iberian and Canary Cur-
rent system (a) and upper general circulation of the southwest Iberian region (b). AzC—Azores
Current; CaC—Canary Current; GoC—Gulf of Cadiz Current; IPC—Iberian Poleward Current;
MOW—Mediterranean outflow water; PoC—Portuguese Current; UpW—upwelling coastal circula-
tion; CSV—Cape St Vincent.

The Azores Current originates from the southern branch of the Gulf Stream and splits
into two branches around the Madeira Islands; one part continues eastwards entering the
Gulf of Cadiz, while the other turns southwards merging into the Canary Current (CaC).
The CaC flows south along the African coast and through the Canary Islands, from 30◦ N
to 10◦ N, reaching a depth of 300 m [26]. Like the PoC, the CaC is wide (1000 km) and slow,
and it flows year round towards the equator [26].

Moving towards the coast, Moroccan and Iberian surface circulation is mainly influ-
enced by upwelling phenomena driven by seasonal northerly winds. This region is part of
the Canary Current upwelling system, which is one of the four major eastern boundary
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current systems. Upwelling is permanent over most of the Moroccan coast (21–35◦ N);
however, it is less intense and more seasonal north of the Canary Islands (~26◦ N) [27].
Along the Iberian coast, seasonal variability is observed, with a southward upwelling
jet occurring through the spring and summer (May to September) under the influence
of northerly winds [28]. During the winter, the dominant wind direction changes and
poleward flow becomes a conspicuous feature along the Iberian shelf edge and slope at all
levels between the surface, due to the Iberian Poleward Current (IPC), and deeper waters,
which carry Mediterranean outflow water between 500 and 1500 m [28]. Furthermore, ob-
servations have shown highly energetic mesoscale features at the surface, such as filaments
extending off Cape St. Vincent on the southwestern Iberian coast, as well as off Cape Ghir
in Morocco [28,29].

Mediterranean water flows into the Gulf of Cadiz and the Atlantic Ocean through the
Strait of Gibraltar at a depth of 300 m in what constitutes the Mediterranean outflow water
(MOW). This salty and denser MOW cascades down into the Gulf of Cadiz where it divides
into two branches after passing Cape St. Vincent (Figure 1). One branch flows northward
along the western slope of the Iberian Peninsula at a depth of 1000 m, while the second
branch is deflected westwards towards the northeast Atlantic Ocean [29]. Furthermore, the
MOW enters the Tagus Basin (36.5–39◦ N) and turns anticyclonically, generating a water
mass reservoir [29]. The MOW has also been reported southwest of the Iberian Peninsula,
mainly through the influence of Mediterranean eddies, also known as meddies. Meddies
are mesoscale vortices formed by the sharp bend of the bathymetry in the proximity of Cape
St. Vincent and Portimão Canyon, as well as Lisbon and Setubal Canyon. After detachment
from the continental slope, these meddies travel predominantly west-southwest [30].

2.2. Marine Microplastic Model
2.2.1. Lagrangian Model and Forcing

Simulations of microplastic transport were performed with OpenDrift (Release v. 1.5.6),
an open-source Lagrangian model framework developed in Python by the Norwegian
Meteorological Institute [31]. In this work, the particle trajectories are integrated using a
Runge–Kutta second-order scheme based on the combination of ocean currents and atmo-
spheric forces [31]. The position of a particle in each vertical layer is updated horizontally,
as follows:

x(t + dt) = x(t) + u(x, y, t) ∗ dt + Rx ∗
√

2 ∗ Kh
dt

y(t + dt) = y(t) + v(x, y, t) ∗ dt + Ry ∗
√

2 ∗ Kh
dt

where (x, y) define the horizontal position of the particle, dt is the time step, (u, v) are the
current velocities at the designated depth in x, y directions provided by the hydrodynamic
model, Kh is the horizontal diffusion coefficient, and Rx, Ry are random numbers uniformly
distributed between −1 and +1. This last term in the equations approximates the effect of
turbulent diffusion on the particles. Furthermore, this work employed the wind effect on
the upper circulation that is already incorporated in the hydrodynamic model.

2.2.2. Model Settings

Simulations were performed over a period of 11 years (2010–2020), coupling external
hydrodynamic forcing to the particle-tracking Lagrangian model in two dimensions. Daily
mean current data from CMEMS GLORYS12V1 Global Ocean Physics Reanalysis, produced
by the Mercator–Ocean system, was used as the hydrodynamic forcing for the OpenDrift
model. This ocean model was driven at the surface by the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim atmospheric reanalysis [32]. In addition,
the GLORYS12V1 combines observations from satellites and in situ instruments, numerical
modelling, and data assimilation to provide a more accurate past state of the ocean [32].

The model domain covers parts of the northeastern Atlantic Ocean from the Canary
Islands (27◦ N) to the Iberian Peninsula (42◦ N), and from 20◦ W to the Mediterranean Sea
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(5.5◦ W), with a horizontal grid resolution of 1/12◦, which corresponds to approximately
8 km, and 50 vertical levels (from 5500 m deep to the surface) [32]. In this study, a constant
horizontal diffusion coefficient of Kh = 1 m/s was applied in the trajectory of each particle
at each time step. This value has been shown to be well suited for studying the transport of
particles in the study region [17].

The effects of sinking, sedimentation, and biofouling are important for microplastic
transport, since they produce a change in buoyancy, and thus influence the vertical position
of a particle in the water column. In recent years, much effort has been made in estimating
the sinking behavior of microplastics [33–35]. However, how these processes occur in
nature is still not fully understood, and parameterizations are not yet robust enough to be
applied with confidence in microplastic models [7]. As a consequence, vertical movements
were not considered in this work. Instead, a sensibility study was conducted using three
scenarios, each of which used a different predefined depth to simulate the release and drift
of particles (described below).

Three scenarios with different depths were analyzed using a sensitive approach to
study the distribution of the particles in the model. These three depths were selected based
on the distinct ocean circulation pattern of the study area described in the literature. For the
first scenario, particles were discharged in the surface layer of the ocean (up to 1 m depth),
where the circulation of the study area is driven by winds. For the second scenario, called
here subsurface, particles were discharged at a depth close to the thermocline, here defined
as a 30 m depth, following [28]. At this depth, the circulation is affected by a combination
of atmospheric conditions and ocean currents. In the last and deepest scenario, particles
were discharged at a depth of 800 m in order to study the impact of the Mediterranean
outflow water (MOW), the dominant factor affecting circulation over the Iberian Peninsula
between 500 m and 1500 m [29].

Due to the lack of field data on the concentration of microplastics and their horizontal
and vertical distribution in the coastal waters of SW Iberia, the number of particles released
in this case was determined based on a good compromise between computational time
and model accuracy. Therefore, for the surface and subsurface depths, 49 particles were
released daily at 49 locations along the SW Iberian coast (Figure 2a). These discharges
represented microplastics originating from land- and sea-based sources along the coast,
such as ports, as well as from shipping, tourism, and fishing activities. For the 800 m depth
simulation, 48 particles were released from 12 points further out from the coast (Figure 2a)
to ensure that deep-water circulation was the main factor affecting the particle transport.
These particles represented those that sank due to different plastic properties as well as
changes in their buoyancy during physical and biological processes, including biofouling,
aggregation with other particles, and degradation. In total, 186,298 particles were released
over the 11-year simulation for each of the upper two depths, while 182,496 were released
for the 800 m layer. The particle discharges are summarized in Table 1.

Table 1. Configuration of point discharges of particles at each depth layer in the ocean model.

Release Depth (m) 0 30 800

Time step daily daily daily
Horizontal diffusion
coefficient Kh (m2/s) 1 1 1

Source location 49 points of emission 49 points of emission 12 points of emission
Number of particles 49 49 48

To assess the potential accumulation zones, this study used the residence time to
determine the time required for pollutant particles to leave a region of interest. Such
information is critical for gaining a better understanding of potential places with a higher
risk of microplastic threats to the ecosystem. In this study, residence time was defined as
the number of consecutive days a particle spent in each of the five sub-regions depicted
in Figure 2b: southern Iberian coastal waters (S-coast); western Iberian coastal waters
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(W-coast); western Iberian offshore waters (W-Off.); SW Iberian offshore waters (SW-Off.);
and southern Iberian offshore waters (S-Off). These sub-regions were chosen to comprise
the coastal and offshore waters of southern and central-western Portugal.
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Figure 2. (a) Microplastic inputs around the SW Iberian coast for each designated depth: surface and
30 m depth as blue circles and 800 m depth as red crosses. Bathymetry is displayed as black isolines
from 0 to 1500 m, and red isolines for 30 and 800 m. (b) Marine waters of the Iberian Peninsula were
grouped into five monitoring boxes: southern Iberian coastal waters (S-coast); western Iberian coastal
waters (W-coast); western Iberian offshore waters (W-Off.); SW Iberian offshore waters (SW-Off.); and
southern Iberian offshore waters (S-Off.).

3. Result
3.1. Pathways and Travel Times of Microplastics in the Water Column

The potential pathways of microplastics originating on the SW Iberian coast for each
of the three simulated depths (surface, subsurface, and deep-water) are shown in Figure 3.
These pathways are conceptualized as “cumulative particle concentration”: the proportion
of particles detected in each 0.8◦ grid cell and normalized per 100,000 emitted particles.
Normalization was used to make the results independent from the total number of particles
released. Furthermore, the concentration of particles crossing each cell was plotted on a
logarithmic scale for better visualization.

The simulation results shown in Figure 4 represent the travel time of the marine
microplastics originating from the SW Iberian coast. These maps show the time required
for the particles to be transported away from the Iberian coast towards nearby neighboring
regions at three different depths. Here, the travel time was evaluated by averaging the
age of the particles detected in each grid cell of the model with reference to the time of
particle release.

In general, Figures 3 and 4 suggest that the main pathways and travel times of particles
differ between the three simulated depths. These differences were more noticeable in the
deep-water simulation, where most particles traveled northwards along the western Iberian
shelf and particles reached the northern Iberian waters 16 months after their release. In
addition, a large number of particles appeared to concentrate between 36–39◦ N for a few
months before slowly moving westwards and reaching remote Atlantic waters 20 months
after release. Microplastics in the surface and subsurface, on the other hand, moved
predominantly eastwards towards the Strait of Gibraltar, reaching Mediterranean waters
within three (surface) and six (subsurface) months of their release. In addition, it is possible
to observe a southward flow that transported particles towards Madeira Island and the
Canary Islands within 10 months of their initial release, while particles at the subsurface
took twice as long to reach this area.



J. Mar. Sci. Eng. 2022, 10, 1640 7 of 13

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 14 
 

 

particles. Normalization was used to make the results independent from the total number 
of particles released. Furthermore, the concentration of particles crossing each cell was 
plotted on a logarithmic scale for better visualization. 

(a) (b) (c) 

 
Figure 3. Maps showing the cumulative particle concentration per 100,000 particles detected in 0.8° 
grid cell on a logarithmic color scale for particles carried by currents (a) at the surface (left box), (b) 
at a depth of 30 m (middle box), and (c) at a depth of 800 m (right box). 

The simulation results shown in Figure 4 represent the travel time of the marine 
microplastics originating from the SW Iberian coast. These maps show the time required for 
the particles to be transported away from the Iberian coast towards nearby neighboring 
regions at three different depths. Here, the travel time was evaluated by averaging the age 
of the particles detected in each grid cell of the model with reference to the time of particle 
release. 

(a) (b) (c) 

Figure 3. Maps showing the cumulative particle concentration per 100,000 particles detected in 0.8◦

grid cell on a logarithmic color scale for particles carried by currents (a) at the surface (left box), (b) at
a depth of 30 m (middle box), and (c) at a depth of 800 m (right box).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 14 
 

 

(a) (b) (c) 

 

Figure 3. Maps showing the cumulative particle concentration per 100,000 particles detected in 0.8° 
grid cell on a logarithmic color scale for particles carried by currents (a) at the surface (left box), (b) 
at a depth of 30 m (middle box), and (c) at a depth of 800 m (right box). 

The simulation results shown in Figure 4 represent the travel time of the marine micro-
plastics originating from the SW Iberian coast. These maps show the time required for the 
particles to be transported away from the Iberian coast towards nearby neighboring regions 
at three different depths. Here, the travel time was evaluated by averaging the age of the 
particles detected in each grid cell of the model with reference to the time of particle release. 

(a) (b) (c) 

 

Figure 4. Average age of particles (a) at the surface (0 m depth), (b) subsurface (30 m depth), and 
(c) deep-water (800 m depth) levels during the entire simulation period, detected in 0.8° grid cells. 
Color scale is divided into two-month intervals. 

Figure 4. Average age of particles (a) at the surface (0 m depth), (b) subsurface (30 m depth), and
(c) deep-water (800 m depth) levels during the entire simulation period, detected in 0.8◦ grid cells.
Color scale is divided into two-month intervals.

3.2. Residence Time of the Microplastic Particles

The presence of possible accumulation zones of marine microplastics in SW Iberian
waters was explored by determining the residence time of microplastics simulated in
surface, subsurface, and deep waters. According to past studies, residence time is a useful
indicator in Lagrangian models for evaluating the time that particles remain in an area, and
consequently, the accumulation zones of marine litter in different coastal waters [17]. Such
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information is important for assessing the areas that could be more affected by pollution
threats. In this study, the residence time was defined as the number of consecutive days
that a particle remained in a certain region over the 11-year period. Figure 5 shows the
residence times in days calculated individually for each of the five monitoring boxes (i.e.,
S-coast, W-coast, W-Off, SW-Off, and S-Off) in Figure 2.
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Furthermore, the concentration of marine microplastics from the SW Iberian coast
which crossed the western, eastern, northern, and southern boundaries of the model domain
(Figure 6) was used in this study to assess the potential transfer of microplastics from the
SW Iberian coast to neighboring regions, such as the North Atlantic Ocean, the Bay of
Biscay, and the Mediterranean Sea. Table 2 shows the proportion of particles which crossed
each of the model’s boundaries for each simulation depth. These values are expressed as
fractions of the total number of particles released.
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Table 2. The fraction of particles crossing the northern, southern, eastern, and western boundaries of
the model, at the surface, a depth of 30 m, and a depth of 800 m. The boundaries are show in Figure 6.

Release Depth (m) 0 30 800

North 0% 0% 18%
South 20% 1% 0%
West 29% 1% 22%
East 48% 28% 0%

4. Discussion

The model results suggest that the vertical position of the microplastic particles has a
significant impact on their pathways and fates. For example, microplastics with a density
lower than that of seawater, such as polypropylene and polyethylene, the world’s most
common plastics, floated at the surface during the 11-year simulation, being transported
either southwards or eastwards by the North Atlantic Gyre as shown in Figure 1. Within
this system, the Portuguese Current (PoC) and its associated branches acted as the dominant
transport pathways for the microplastics, transporting most of them southwards along the
SW Iberian coast. Some of the particles continued further south into the North Atlantic
Ocean, reaching the Madeira and Canary Islands. Meanwhile, many other particles entered
the Gulf of Cadiz, being transported eastwards towards the Strait of Gibraltar via the
eastern branch of the PoC, known as the Gulf of Cadiz Current, as well as via the eastern
branch of the Azores Current. According to [25], these two branches are the principal
causes of Atlantic water entering the Mediterranean through the shallow surface layer. The
dynamics of this region are complex, being highly influenced by the transient character of
the upwelling regime [23,28,36]. The forcing fields used, being hourly reanalyzed, captured
this transient behavior. Moreover, the predominant export of microplastics at the surface
and subsurface towards the Mediterranean is consistent with previous studies using in
situ data which have shown that eastern Gulf of Cadiz and Western Mediterranean coastal
surface waters have been exposed to higher concentrations of microplastics than other
Iberian coastal regions [37].

The present results suggest that, qualitatively, the pathways of microplastic particles at
the surface and subsurface (30 m depth) follow a similar pattern, with a high concentration
of microplastics drifting eastwards over the southern Iberian shelf. However, models show
that microplastics at a depth of 30 m are less dispersed throughout the NE Atlantic. In fact,
less than 1% of microplastics at the subsurface travelled southwards towards the Canary
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Islands region, compared with ~20% of floating particles (Figure 3a,b). These disparities
in dispersion can be attributed to the exposure of floating microplastics to wind-driven
currents. Wind-driven currents are generally limited to the highest layer of the ocean, above
the thermocline, which in the SW Iberian Peninsula is between 30 m and 60 m deep [28].
Previous studies have reported the importance of the inclusion/absence of wind forces in
the transport of macro and microplastic litter in marine waters [11–14,18]. It is important to
recall that the effect of winds on circulation discussed in this paper is already included in
the global ocean model used in this model (GLORYS12V1).

In deep waters, represented here by a depth of 800 m, a high proportion of microplastic
particles are transported northwards and westwards along the Iberian basin, as depicted in
Figure 3. In general, the buoyancy of microplastics is determined by particle density, and
particles with a density higher than that of sea water tend to sink through the water column
until they reach neutral buoyancy conditions, at which depths they are then transported [38].
For example, plastics such as polyvinyl chloride (PVC) and polyethene terephthalate (PET)
possess densities greater than that of the surface water and are thus more prone to submerge.
In addition, biofouling attached to naturally buoyant plastics may increase their density,
causing them to submerge [34]. Naturally, these high-density particles are exposed to the
Mediterranean outflow water (MOW) circulation, which is a deep current flowing from
the Mediterranean Sea towards the Atlantic Ocean through the Strait of Gibraltar at a
depth between 500 m and 1500 m [29]. Moreover, the simulation results suggest a high
concentration of microplastics in the vicinity of the western Portuguese continental slope
and Tagus Bay, between 33◦ N and 39◦ N (Figure 3c). This high concentration might be
explained by the presence of an anticyclonic gyre, known as the MOW reservoir, centered
in the Tagus Basin [29]. Therefore, this study reinforces the importance of including distinct
circulations at different depths in microplastic models to gain a better understanding of
their spatial distribution and fate.

It is well known that once microplastics are in the ocean, they are subject to a variety of
environmental agents that may change their properties (size, shape, and density) through
fragmentation, biofouling, and other processes (see review in [7]). These changes in the
microplastic properties can lead them to sink through the water column. Consequently,
their dispersion will be affected by differences in circulation at various depths. For example,
microplastics at the surface and subsurface take approximately three and six months,
respectively, to reach the Strait of Gibraltar, and biofouling processes can take six weeks to
cause the particle to sink through the water column, though this time can vary depending
on particle type and seawater properties [39]. It is reasonable to expect that because of the
biofouling process some microplastics may not reach Mediterranean waters, but rather
might be returned and distributed along the Iberian Peninsula via the MOW circulation.
This could explain the high concentration of microplastics of low density observed in deeper
water off the coast of southern Portugal [22]. Given the effect that vertical position has on the
transport of microplastics from SW Iberia, sinking, biofouling, and settling processes must
be included in future microplastic modelling studies. Although estimating these processes
is challenging, many efforts have been made with experimental studies of how sinking and
biofouling processes affect the behavior of microplastics in the natural environment [13].
Studies in this field should continue in order to improve the parameterization of the
physical, chemical, and biological processes (diffusion, degradation, sinking, biofouling,
washing, and deposition) that affect microplastic behavior [33–35], and consequently to
improve the accuracy of their simulated pathways.

Microplastics originating in SW Iberian coastal waters tended to be carried far from
their sources in a short period of time, as illustrated by the travel time of particles in
Figure 4. In fact, the model suggests that microplastics at the surface, subsurface, and
deep-water levels were transported to the open ocean or nearby coastal regions in less than
three months following their release. In addition, once in the open sea, microplastics at the
sea surface take a similar amount of time (~10 months after release; Figure 4a,b) to reach
Madeira and the Canary Islands, despite the fact that the SW Iberian is physically closer to



J. Mar. Sci. Eng. 2022, 10, 1640 11 of 13

Madeira than the Canaries. This similarity highlights the significance of assessing particle
travel time in conjunction with particle paths (Figure 4b), since the combination can reveal
the predominant direction taken by particles. Moreover, microplastics at the subsurface
level take significantly longer (32 months after release) to reach the same archipelagos. This
time discrepancy may be related to the decrease in wind influence and current speed at
subsurface depths [11,12].

The microplastic model predicts that particles that enter the surface waters of the SW
Iberian coast (S-coast, SW-off, and S-off; Figure 2b) remain for an average of 20 days before
being transported away (see Figure 5). Figure 5 also suggests that the residence time is
about 10 days shorter in the western sub-regions (W-coast and W-Off; Figure 2b). Such a
short residence time is likely related to the Iberian coast’s upwelling regime, which is often
more frequent and intense along the west coast than along the south coast [36]. Moreover,
given the short residence time and the large microplastic outflow fluxes shown in Figure 3,
it is reasonable to expect that microplastics would not remain long enough to accumulate in
the SW Iberian surface waters. This finding is consistent with the low levels of microplastics
detected in previous studies along the surface waters of the SW Iberian Peninsula [22].

Particles suspended in the water column at depths of 30 m and 800 m show similar
average residence times of ~20 days in the SW Iberian sub-regions (S-coast, SW-Off, and
S-Off), except for the S-coast sub-region, where the residence time of 10 days in deep
waters is much shorter (Figure 5). This difference in time might be related to the shallow
bathymetry along the coast causing a faster deposition of the particles at the sea floor,
and consequently deactivating them from the simulation. These results imply that a high
number of microplastics in deep waters remain on the seabed. However, a previous study
identified a higher concentration of microplastics in deep waters, and a low concentration
in the sediments along the SW Iberian coast [21,22]. This nonconformity between model
results and field surveys may be related to a variety of parameters that were not taken into
account in this model, including bottom deposition, settling, and resuspension. Further
studies are thus needed.

The potential transport of microplastics from the SW Iberian coast to neighboring
regions is assessed by the results shown in Table 2 and Figure 6. A significant amount of
microplastics were carried far from sources located along the SW Iberian coast into the
open sea and adjacent regions, where high levels of plastic pollution already exist. For
example, 98% of the microplastic released at the surface were transported out of the model
area, 48% of which reached Mediterranean waters and 20% of which reached the region
around the Canary Islands. These results imply that the SW Iberian coast is an important
source of microplastics for the Mediterranean Sea, which is one of the most plastic-polluted
areas in the world, as well as a hot spot of marine biodiversity [40]. On the other hand, the
deep-water simulation results showed that 18% of microplastics originating from SW Iberia
made their way into the Bay of Biscay. A previous study recently described the Bay of
Biscay coast as being exposed to marine litter from distant sources transported by poleward
alongshore circulation [17]. These results support that argument. The opposite effect, i.e.,
the impact of SW Iberian waters on microplastics released outside the domain, was not
addressed in this study and will be the next focus of our investigations.

5. Conclusions

In this study, a Lagrangian modelling framework was established to track microplastics
originating from the SW Iberian coast over the 2010–2020 period, focusing on three depths:
the sea surface, subsurface (30 m depth), and deep water (800 m). Despite the model
limitation, this study provides useful information on the pathways and fate of microplastics
originating from the SW Iberian coast. Model analyses conclude that microplastics at
different depths follow different pathways. Most of the microplastics in the surface and
subsurface levels were quickly transported offshore, where many of them eventually
reached Mediterranean waters, while many others reached the Canary Islands. In contrast,
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microplastics suspended in deep waters were partially transported northwards over the
western Portuguese continental slope.

Due to this dynamic, no permanent accumulation zones (hot spots) were identified.
Nevertheless, regions around the Iberian Peninsula may present temporal accumulation of
microplastics originating from the SW Iberian coast, in particular at subsurface and deep
water levels close to the western Portugal shelf. Overall, the model also predicted that
a considerable proportion of particles escaped far from the SW Iberian coast, implying
that the study area is an important microplastic source for the Northeast Atlantic, western
Mediterranean Sea, and to a lesser extent for the Bay of Biscay.

Author Contributions: Study concept, E.R., F.M. (Flávio Martins), J.J. and M.T.; simulations and
analysis, E.R.; supervision, F.M. (Flávio Martins); numerical model and analysis, M.T., F.M. (Fernando
Mendonça) and L.M.; writing—original draft preparation, E.R.; writing—review and editing, F.M.
(Flávio Martins), J.J., F.M. (Fernando Mendonça), L.M. and M.T.; funding, F.M. (Flávio Martins). All
authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the following projects: PlasticSea project funding
from Fundo Azul, under grant number FA_06_2017_046; CIU3A project, which has received funding
from the EU’s INTERREG POCTEP program, under grant agreement GA 0754_CIU3A_5_E; NAUTI-
LOS project, which has received funding from the EU’s H2020 RIA program, under grant agreement
No 101000825; and ASTRiiS project, which has received national and EU funding from the COMPETE
program, under Project 46092—AAC 14/SI/2019. Furthermore, this work had the support of national
funds through Fundação para a Ciência e Tecnologia (FCT), under the project LA/P/0069/2020
granted to the Associate Laboratory ARNET and UID/00350/2020 CIMA.

Acknowledgments: The authors wish to give special thanks to the Centre of Marine and Environment
Research (CIMA) in the Ualg for providing the necessary resources for the numerical simulations
and data processing. Furthermore, we acknowledge the OpenDrift team for making the Lagrangian
model framework available (https://opendrift.github.io, accessed on 20 February 2022) and for their
technical support. We also thank the three reviewers for their helpful and constructive comments on
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chatterjee, S.; Sharma, S. Microplastics in Our Oceans and Marine Health. Field Actions Sci. Rep. 2019, 54–61. Available online:

https://journals.openedition.org/factsreports/5257 (accessed on 18 March 2022).
2. Barnes, D.K.A.; Galgani, F.; Thompson, R.C.; Barlaz, M. Accumulation and fragmentation of plastic debris in global environments.

Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 1985–1998. [CrossRef] [PubMed]
3. Eriksen, M.; Lebreton, L.C.; Carson, H.S.; Thiel, M.; Moore, C.J.; Borerro, J.C.; Reisser, J. Plastic pollution in the world’s oceans:

More than 5 trillion plastic pieces weighing over 250,000 tons afloat at sea. PLoS ONE 2014, 9, e111913. [CrossRef] [PubMed]
4. Lusher, A. Microplastics in the Marine Environment: Distribution, Interactions and Effects. In Marine Anthropogenic Litter;

Springer: Cham, Switzerland, 2015; pp. 245–307. [CrossRef]
5. van Sebille, E.; Wilcox, C.; Lebreton, L.; Maximenko, N.; Hardesty, B.D.; van Franeker, J.A.; Eriksen, M.; Siegel, D.; Galgani, F.;

Law, K.L. A global inventory of small floating plastic debris. Environ. Res. Lett. 2015, 10, 124006. [CrossRef]
6. Kane, I.A.; Clare, M.A.; Miramontes, E.; Wogelius, R.; Rothwell, J.J.; Garreau, P.; Pohl, F. Seafloor microplastic hotspots controlled

by deep-sea circulation. Science 2020, 368, 1140–1145. [CrossRef] [PubMed]
7. Khatmullina, L.; Chubarenko, I. Transport of marine microplastic particles: Why is it so difficult to predict? Anthr. Coasts 2019, 2,

293–305. [CrossRef]
8. Koehler, A.; Anderson, A.; Andrady, A.; Arthur, C.; Baker, J.; Bouwman, H.; Gall, S.; Hidalgo-Ruz, V.; Law, K.L.; Leslie,

H.; et al. Sources, fate and effects of microplastics in the marine environment: A global assessment. In Reports and Studies-
IMO/FAO/Unesco-IOC/WMO/IAEA/UN/UNEP Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection
(GESAMP); International Maritime Organization (IMO): London, UK, 2015; Volume 90, p. 96. [CrossRef]

9. Tsiaras, K.; Hatzonikolakis, Y.; Kalaroni, S.; Pollani, A.; Triantafyllou, G. Modeling the Pathways and Accumulation Patterns of
Micro- and Macro-Plastics in the Mediterranean. Front. Mar. Sci. 2021, 8, 1389. [CrossRef]

10. Mountford, A.S.; Maqueda, M.A.M. Modeling the Accumulation and Transport of Microplastics by Sea Ice. J. Geophys. Res. Ocean.
2021, 126, e2020JC016826. [CrossRef]

11. Cardoso, C.; Caldeira, R.M.A. Modeling the Exposure of the Macaronesia Islands (NE Atlantic) to Marine Plastic Pollution. Front.
Mar. Sci. 2021, 8, 653502. [CrossRef]

https://opendrift.github.io
https://journals.openedition.org/factsreports/5257
http://doi.org/10.1098/rstb.2008.0205
http://www.ncbi.nlm.nih.gov/pubmed/19528051
http://doi.org/10.1371/journal.pone.0111913
http://www.ncbi.nlm.nih.gov/pubmed/25494041
http://doi.org/10.1007/978-3-319-16510-3_10
http://doi.org/10.1088/1748-9326/10/12/124006
http://doi.org/10.1126/science.aba5899
http://www.ncbi.nlm.nih.gov/pubmed/32354839
http://doi.org/10.1139/anc-2018-0024
http://doi.org/10.13140/rg.2.1.3803.7925
http://doi.org/10.3389/fmars.2021.743117
http://doi.org/10.1029/2020JC016826
http://doi.org/10.3389/fmars.2021.653502


J. Mar. Sci. Eng. 2022, 10, 1640 13 of 13

12. Zhang, Z.; Wu, H.; Peng, G.; Xu, P.; Li, D. Coastal Ocean dynamics reduce the export of microplastics to the open ocean. Sci. Total
Environ. 2020, 713, 136634. [CrossRef] [PubMed]

13. Jalón-Rojas, I.; Wang, X.H.; Fredj, E. A 3D numerical model to Track Marine Plastic Debris (TrackMPD): Sensitivity of microplastic
trajectories and fates to particle dynamical properties and physical processes. Mar. Pollut. Bull. 2019, 141, 256–272. [CrossRef]
[PubMed]

14. Raimundo, G.I.; Sousa, M.C.; Dias, J.M. Numerical Modelling of Plastic Debris Transport and Accumulation throughout
Portuguese Coast. J. Coast. Res. 2020, 95, 1252–1257. [CrossRef]

15. Collins, C.; Hermes, J. Modelling the accumulation and transport of floating marine micro-plastics around South Africa. Mar.
Pollut. Bull. 2018, 139, 46–58. [CrossRef]

16. Prata, J.C.; da Costa, J.P.; Lopes, I.; Duarte, A.C.; Rocha-Santos, T. Environmental status of (micro) plastics contamination in
Portugal. Ecotoxicol. Environ. Saf. 2020, 200, 110753. [CrossRef]

17. Pereiro, D.; Souto, C.; Gago, J. Dynamics of floating marine debris in the northern Iberian waters: A model approach. J. Sea Res.
2018, 144, 57–66. [CrossRef]

18. Rosas, E.; Martins, F.; Janeiro, J. Marine Litter on the Coast of the Algarve: Main Sources and Distribution Using a Modeling
Approach. J. Mar. Sci. Eng. 2021, 9, 412. [CrossRef]

19. INE. Algarve in Figures—2018. 2020. Available online: https://www.ine.pt/ine_novidades/RN2018/algarve/index.html
(accessed on 25 March 2022).

20. Antunes, J.; Frias, J.; Sobral, P. Microplastics on the Portuguese coast. Mar. Pollut. Bull. 2018, 131, 294–302. [CrossRef]
21. Frias, J.; Gago, J.; Otero, V.; Sobral, P. Microplastics in coastal sediments from Southern Portuguese shelf waters. Mar. Environ. Res.

2016, 114, 24–30. [CrossRef]
22. Lechthaler, S.; Schwarzbauer, J.; Reicherter, K.; Stauch, G.; Schüttrumpf, H. Regional study of microplastics in surface waters and

deep sea sediments south of the Algarve Coast. Reg. Stud. Mar. Sci. 2020, 40, 101488. [CrossRef]
23. Barton, E.D.; Steele, J.; Turekian, K.; Thorpe, S. Canary and Portugal currents. Ocean. Curr. 2001, 330–339. [CrossRef]
24. Fedoseev, A. Geostrophic circulation of surface waters on the shelf of north-west Africa. Rapp. PV Reun. Cons. Int. Explor. Mer.

1970, 159, 32–37.
25. Peliz, Á.; Dubert, J.; Santos, A.M.P.; Oliveira, P.B.; Le Cann, B. Winter upper ocean circulation in the Western Iberian Basin—Fronts,

Eddies and Poleward Flows: An overview. Deep. Sea Res. Part I Oceanogr. Res. Pap. 2005, 52, 621–646. [CrossRef]
26. Batteen, M.L.; Martinez, J.R.; Bryan, D.W.; Buch, E.J. A modeling study of the coastal eastern boundary current system off Iberia

and Morocco. J. Geophys. Res. Earth Surf. 2000, 105, 14173–14195. [CrossRef]
27. Cropper, T.E.; Hanna, E.; Bigg, G.R. Spatial and temporal seasonal trends in coastal upwelling off Northwest Africa, 1981–2012.

Deep Sea Res. Part I Oceanogr. Res. Pap. 2014, 86, 94–111. [CrossRef]
28. Relvas, P.; Barton, E.; Dubert, J.; Oliveira, P.B.; Peliz, A.; da Silva, J.; Santos, A.M.P. Physical oceanography of the western Iberia

ecosystem: Latest views and challenges. Prog. Oceanogr. 2007, 74, 149–173. [CrossRef]
29. de Pascual-Collar, Á.; Sotillo, M.G.; Levier, B.; Aznar, R.; Lorente, P.; Amo-Baladrón, A.; Álvarez-Fanjul, E. Regional circulation

patterns of Mediterranean Outflow Water near the Iberian and African continental slopes. Ocean. Sci. 2019, 15, 565–582. [CrossRef]
30. Bashmachnikov, I.; Neves, F.; Calheiros, T.; Carton, X. Properties and pathways of Mediterranean water eddies in the Atlantic.

Prog. Oceanogr. 2015, 137, 149–172. [CrossRef]
31. Dagestad, K.-F.; Röhrs, J.; Breivik, Ø.; Ådlandsvik, B. OpenDrift v1. 0: A generic framework for trajectory modelling. Geosci.

Model Dev. 2018, 11, 1405–1420. [CrossRef]
32. Fernandez, E.; Lellouche, J.M. Product User Manual for the Global Ocean Physical Reanalysis product GLOBAL_REANALYSIS_PH

Y_001_030. EU Copernicus Marine Service 2018. Available online: https://resources.marine.copernicus.eu/product-detail/
GLOBAL_MULTIYEAR_PHY_001_030/INFORMATION (accessed on 5 January 2020).

33. Song, Y.K.; Hong, S.H.; Eo, S.; Jang, M.; Han, G.M.; Isobe, A.; Shim, W.J. Horizontal and Vertical Distribution of Microplastics in
Korean Coastal Waters. Environ. Sci. Technol. 2018, 52, 12188–12197. [CrossRef]

34. Van Melkebeke, M.; Janssen, C.; De Meester, S. Characteristics and Sinking Behavior of Typical Microplastics Including the
Potential Effect of Biofouling: Implications for Remediation. Environ. Sci. Technol. 2020, 54, 8668–8680. [CrossRef] [PubMed]

35. Khatmullina, L.; Isachenko, I. Settling velocity of microplastic particles of regular shapes. Mar. Pollut. Bull. 2017, 114, 871–880.
[CrossRef] [PubMed]

36. Fiúza, A.F. Upwelling patterns off Portugal. In Coastal Upwelling its Sediment Record; Springer: Boston, MA, USA, 1983; pp. 85–98.
37. Tanhua, T.; Gutekunst, S.B.; Biastoch, A. A near-synoptic survey of ocean microplastic concentration along an around-the-world

sailing race. PLoS ONE 2020, 15, e0243203. [CrossRef] [PubMed]
38. Zhang, H. Transport of microplastics in coastal seas. Estuar. Coast. Shelf Sci. 2017, 199, 74–86. [CrossRef]
39. Kaiser, D.; Kowalski, N.; Waniek, J.J. Effects of biofouling on the sinking behavior of microplastics. Environ. Res. Lett. 2017, 12,

124003. [CrossRef]
40. Soto-Navarro, J.; Jordá, G.; Compa, M.; Alomar, C.; Fossi, M.; Deudero, S. Impact of the marine litter pollution on the Mediter-

ranean biodiversity: A risk assessment study with focus on the marine protected areas. Mar. Pollut. Bull. 2021, 165, 112169.
[CrossRef]

http://doi.org/10.1016/j.scitotenv.2020.136634
http://www.ncbi.nlm.nih.gov/pubmed/32019021
http://doi.org/10.1016/j.marpolbul.2019.02.052
http://www.ncbi.nlm.nih.gov/pubmed/30955734
http://doi.org/10.2112/SI95-242.1
http://doi.org/10.1016/j.marpolbul.2018.12.028
http://doi.org/10.1016/j.ecoenv.2020.110753
http://doi.org/10.1016/j.seares.2018.11.007
http://doi.org/10.3390/jmse9040412
https://www.ine.pt/ine_novidades/RN2018/algarve/index.html
http://doi.org/10.1016/j.marpolbul.2018.04.025
http://doi.org/10.1016/j.marenvres.2015.12.006
http://doi.org/10.1016/j.rsma.2020.101488
http://doi.org/10.1006/rwos.2001.0360
http://doi.org/10.1016/j.dsr.2004.11.005
http://doi.org/10.1029/2000JC900026
http://doi.org/10.1016/j.dsr.2014.01.007
http://doi.org/10.1016/j.pocean.2007.04.021
http://doi.org/10.5194/os-15-565-2019
http://doi.org/10.1016/j.pocean.2015.06.001
http://doi.org/10.5194/gmd-11-1405-2018
https://resources.marine.copernicus.eu/product-detail/GLOBAL_MULTIYEAR_PHY_001_030/INFORMATION
https://resources.marine.copernicus.eu/product-detail/GLOBAL_MULTIYEAR_PHY_001_030/INFORMATION
http://doi.org/10.1021/acs.est.8b04032
http://doi.org/10.1021/acs.est.9b07378
http://www.ncbi.nlm.nih.gov/pubmed/32551546
http://doi.org/10.1016/j.marpolbul.2016.11.024
http://www.ncbi.nlm.nih.gov/pubmed/27863879
http://doi.org/10.1371/journal.pone.0243203
http://www.ncbi.nlm.nih.gov/pubmed/33290395
http://doi.org/10.1016/j.ecss.2017.09.032
http://doi.org/10.1088/1748-9326/aa8e8b
http://doi.org/10.1016/j.marpolbul.2021.112169

	Introduction 
	Methods 
	Study Area 
	Marine Microplastic Model 
	Lagrangian Model and Forcing 
	Model Settings 


	Result 
	Pathways and Travel Times of Microplastics in the Water Column 
	Residence Time of the Microplastic Particles 

	Discussion 
	Conclusions 
	References

