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Abstract

The 3D dispersion of marine litter (ML) over the Mediterranean basin has been simulated using
the velocity fields from a high resolution circulation model as base to run a 3D lagrangian
model. Three simulations have been performed to mimic the evolution of ML with density
lower, similar, or higher than seawater. In all cases a realistic distribution of ML sources was
used. Our results show that the accumulation/dispersion areas of the floating and buoyancy
neutral particles are practically the same, although the latter are distributed in the water
column, 90% of them found in the photic layer. Regarding to the densest particles, they rapidly
sink and reach the seafloor close to their source. The regions of higher temporal variability
mostly coincide with the ML accumulation regions. Weak seasonal variability occurs at a sub-
basin scale as a result of the particles redistribution induced by the seasonal variability of the

current field.

Keywords: Marine pollution, Marine litter, Mediterranean Sea, Plastic pollution, Lagrangian

models, 3D circulation.

1. Introduction

The pollution of the oceans due to plastic waste generates great concern for both the scientific
community and society as a whole. In recent years, both political (national and international)

and scientific initiatives have been developed to mitigate the consequences of the massive use
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of plastics and its presence in the marine environment (see Maximenko et al. (2019) for a
complete summary). The United Nations Environmental Program (UNEP) defines marine litter
(ML) as any persistent, manufactured or processed solid material that is discarded, disposed of
or abandoned in the marine or coastal environment (UNEP, 2009). These materials accumulate
in both shallow and deep waters, and especially in closed basins such as the Mediterranean Sea
(Barnes et al., 2009; Cdzar et al., 2015). The most recent estimates show that between 4.8 and
12.7 million tons of plastic waste were dumped into the ocean in 2010, an amount that is
expected to increase by one order of magnitude by 2025 if no measures are implemented to
improve the waste management systems. In the case of the Mediterranean, it is estimated that
around one hundred thousand tons of plastic waste enter each year (J. R. Jambeck et al., 2015).
Despite legislative advances in prevention, illegal dumping as well as waste transportation to
the open ocean from coastal areas and river mouths is a problem that is still far from being

solved (UNEP / MAR, 2015)

This is an ecological concern as plastic waste is easily mistaken for food by marine animals
causing important health problems, including death. Several studies have confirmed the
harmful effects of ingestion of plastics in fish (Carson, 2013), turtles (Lazar and Gracan, 2011),
cetaceans (Baulch and Perry, 2014) and seabirds (Azzarello and Van Vleet, 1987; Ryan and
Jackson, 1987). In the Mediterranean Sea, coastal and offshore biodiversity has been reported
to ingest plastics from micro to macro size (Deudero and Alomar, 2015; Compa et al.,, 2019). In
addition to the direct effects on individuals, floating macro debris (> 25 mm) can become
“vehicles” or “rafts” that are used by invasive species to travel long distances, accelerating their
dispersion speed hence increasing their rate of invasion of new habitats and altering the
recipient ecosystems (Aliani and Molcard, 2003; Barnes D. K., 2002). Furthermore, micro-
plastics (< 5 mm) can contain contaminants added during their manufacturing processes or
incorporated to their surfaces once in the marine environment (Koelmans et al., 2016). These
contaminants associated to plastic ingestion by marine animals can be incorporated into food
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webs and could eventually be transferred to humans causing toxicity, carcinogenesis, endocrine
disruption and physical harm (Laist, 1997; Wright et al. 2013; Koch and Calafat, 2009; Mato et
al., 2001). To these biological and ecological effects, we must add the socioeconomic impacts
that the accumulation of waste on beaches and coastal areas has in the regions where the local

economy strongly depends on coastal tourism (Compa et al., 2019b).

In the global ocean, studies based on both observations and numerical models have identified
large areas of accumulation of floating debris located in each of the subtropical gyres on both
sides of the equator (Eriksen et al., 2014; Law et al., 2014; Lebreton et al., 2012; Maximenko et
al., 2012; Van Sebille et al.,, 2015). In the case of the Mediterranean, the observed
concentrations are one of the highest in the world, comparable to the values found in
subtropical gyres (Cozar et al., 2015). Unfortunately, at present a full description of ML
distribution in marine environments solely based on observations is unfeasible. Due to the
technical difficulties involved, measurement campaigns are usually restricted to regions near
the coast, and are not carried out systematically, but during specific periods in which weather
conditions are favorable for navigation (Arcangeli et al., 2018; Cézar et al., 2015; Faure et al,,
2015; Gajst et al., 2016; Ruiz-Orejon et al., 2016; Schmidt et al., 2018; Suaria and Aliani, 2014;
van der Hal et al., 2017). Moreover, observational strategies are carried out by different teams
using different techniques, so results are not always comparable. For these reasons, numerical
modelling is needed to get insight in the mechanisms and patterns of ML dispersal in the

Mediterranean.

Zambianchi et al. (2014) made a complete summary of the physical mechanism driving the ML
dispersion in the Mediterranean basin and the scientific efforts carried out to analyze and
understand this problem since the early 1980s. The concentrations of plastics estimated by the
global models in the Mediterranean considerably differ from the observations, both in terms of

quantified values at field and in the spatial distribution (Van Sebille et al., 2015). This is partially
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due to the fact that the Mediterranean basin has its own thermohaline circulation, and a
complex mesoscale field that includes fronts, filaments and eddies that the global models are
not able to reproduce (Calafat et al., 2012; Millot, 1999; Poulain et al., 2012). Therefore, in this
region it becomes mandatory to use high resolution regional models that are able to resolve
those processes to accurately reproduce the circulation of the basin (Beuvier et al., 2012, 2010;

Escudier et al., 2016; Herrmann et al., 2008; Sannino et al., 2015).

In recent years, few modeling studies on the concentration of marine litter in the
Mediterranean have been carried out, primarily implementing lagrangian models of particle
dispersion based on current fields obtained from regional high resolution circulation models.
These works include those analyzing the whole basin (Liubartseva et al., 2018; Macias et al,,
2019; Mansui et al., 2015) and also specific regions such as the Adriatic, Ligurian, Tyrrhenian or
Aegean seas (Fossi et al., 2017; Liubartseva et al., 2016; Palatinus et al., 2019; Politikos et al.,
2017). Zambianchi et al. (2017) followed a different approach, using a large database of
lagrangian drifters over the basin to infer the probability of dispersion between adjacent
regions, thus not using any numerical model. The results of all those studies are disparate, and
highlight the difficulty of a task jeopardized by the lack of accurate information on the sources
and total amount of marine litter that is discharged into the basin. In this sense, Liubartseva et
al. (2018) is the only work to date that tries to make a realistic approximation of ML distribution
for the entire basin, considering different sources (population centers, river discharge and
maritime traffic). Additionally, it is worth commenting that most studies only focus on the
modelling of floating particles, which is only a fraction of the total amount of ML released into
the sea. A large fraction of polymers used to manufacture the more commons plastics items are
denser than the average sea water (GESAMP, 2019). Therefore, it is expected that a large
fraction of ML will not remain at the surface. In fact, several studies focused on the
measurement of sedimented ML have found important amounts of marine litter in the seafloor
of the basin at different depths from coastal to offshore seafloor habitats under different
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human pressures (Alomar et al., 2016; Garcia-Rivera et al., 2017; loakeimidis et al., 2014; Pham
et al.,, 2014; Sanchez-vidal et al., 2018). Furthermore, there is also a significant fraction of
polymers with densities within the range of the seawater density, thus behaving as neutral
particles subject to the vertical currents. These particles can move along the whole water
column and, particularly, along the photic layer, where most marine organisms live (Ventero et
al.,, 2019). Only Liubartseva et al. (2018) consider the sedimentation process, although not
explicitly resolving the vertical displacement of the particles but using a statistical approach.
Consequently, plastics within a wide range of densities are present from the sea surface to the
seafloor in marine environments being available for marine biota with different ecological
habits (Deudero and Alomar, 2015). Given that many organisms present daily vertical
migrations feeding in the photic layer, it is important to study ML vertical distribution,
integrating a wide range of the feeding habitat of species which are susceptible to plastic

ingestion (Compa et al., 2019a; Rios-Fuster et al., 2019).

In this context, the objective of this work is to characterize the spatial and temporal variability
of the 3D dispersion of ML in the Mediterranean Sea, using a realistic distribution of the input
sources and high resolution ocean currents. For this aim, a lagrangian dispersion model is
implemented using the current field obtained from a very high resolution regional circulation
model. In contrast with previous works that only simulate floating particles on the sea surface,
our modeling system solves the 3D motion of three types of particles (floating, neutrally
buoyant and sinking). This will allow for the first time, an analysis of the vertical distribution of
ML, which is very relevant from an ecological and biological perspective. The article is organized
as follows. Section 2 describes the modeling system, the simulations and the data analysis
methodology. The results of the different simulations are presented in section 3 and discussed

in section 4. Finally, the main conclusions are summarized in section 5.

2. Methodology
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2.1. Modeling system

The modeling system used is based on two components, a regional high resolution circulation
model (RCM) reproducing the 3D current velocity field in the Mediterranean (NEMOMED36)

and a lagrangian model that simulates the evolution of floating particles (Ichthyop 3.3).

Regional circulation model

The circulation model used to simulate the Mediterranean currents field is NEMOMED36. It is a
very high resolution regional configuration of the core model NEMO, with 1/36 x 1/36 degrees
resolution (~ 3 km), covering the period 2003 — 2013 with daily resolution (Arsouze et al., 2013).
It has 50 stretched z-vertical levels (from Az of 1 m at the surface and 460 m at the bottom)
with partial step parameterization for the bottom level. The model is initialized with a 3D
temperature and salinity climatology provided by MEDATLAS-II for the period 1958-1986. The
boundary is only open on the west side since the model covers the whole Mediterranean Basin.
Moreover, in the Atlantic there is a buffer zone where temperature and salinity are restored
towards the climatology of Levitus et al. (2005). In addition, a damping of Sea Surface Height
(SSH) is done in this area towards prescribed SSH, given by previous version of the model that
assimilates satellite altimetry data, to ensure volume conservation. River runoff is simulated as a
freshwater increase near the grid points where the river is supposed to be with values of the
main rivers obtained from RivDis database (Ludwig et al., 2009). The Black Sea is considered a
river with its entrance at the Dardanelles Strait. The model is forced by ARPERA (Herrmann and
Somot, 2008), a dynamical downscaling done by spectral nudging using the atmospheric model
ARPEGE-Climate; Déqué and Piedelievre 1995), where scales above 250 km are spectrally driven
by ECMWF fields (https://climatedataguide.ucar.edu/climate-data/era40) and small scales are
allowed to freely develop. Several work using NEMOMED36 and previous versions have proven

its ability to properly reproduce the main characteristics of the basin circulation, including
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complex processes such as the deep water formation in the Eastern Mediterranean Transient

(Beuvier et al., 2010) or the deep water formation at the Gulf of Lions (Beuvier et al., 2012).

Lagrangian model

The Ichthyop 3.3 model is an Individual Based Model (IBM) designed to study the effects of
physical factors on the dynamics of fish eggs and larvae (Lett et al.,, 2008) (available at
http://www.ichthyop.org/). It uses an eulerian model velocity field to infer the 3D particles
trajectories resolving the movement equations through a fourth order Runge — Kutta
integration scheme. The advective velocities from the eulerian model (U,V,W) are tri-linearly
interpolated in space and linearly interpolated in time to the position of the particles. Then the

particle evolution is estimated using the following equations:

Ax(x,y,z,t) =U(x,y,z t)At + u, (1)
Ay(x,y,z,t) =V (x,y,z t)At + v, (2)
Az(x,y,z,t) = W(x,y,zt)At (3)

where Ax, Ay and Az are the particle displacement after a time step At. The effect of the
horizontal diffusivity is included by adding a random component to the horizontal velocities, u,

and v,, estimated as:

wv)y=96 /ZKhx’y/At (4)

Here & is a real uniform random number (6 € [-1,1]), and K}, is the lagrangian horizontal diffusion

imposed, of the form:

Khx,y = 81/31;’/; (5)
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Where [, are the unresolved horizontal sub-grid scales (taken as the cell x and y sizes) and € =
10° m*s?, is the turbulent dissipation rate (Peliz et al., 2007). Note that the vertical diffusivity is

not considered in the computation of the vertical displacements.

In the boundaries and the coastal areas of the eulerian model domain, the particles behavior is
set to “bouncing”, meaning that when the particle finds a coastal or a boundary pixel it bounces
and moves back to the ocean part of the domain. Beaching effects have not been taken into
account due to the existing uncertainties in the modelling of this process, especially with
models that cannot explicitly reproduce the coastal boundary layer for which resolutions of
0(10m) would be required. The integration time step is 15 minutes and daily outputs are stored.
The Ichthyop model has been satisfactorily applied in physical and biological studies focused on
pollutants transport (Millet et al., 2018), particle dispersions in harbor areas (Jouanneau et al.,,
2013), fisheries distribution (DZoi¢ et al., 2017) and ecosystem connectivity (D’Agostini et al.,

2015).

2.2. Simulations

Neutral particles simulation

Following the previous work of Jambeck et al. (2015) and Liubartseva et al. (2018), we assume a
total input of 100k tons of plastic per year into the whole Mediterranean Sea. This total amount
is distributed in three different types of sources: cities, rivers and maritime traffic or ships -

lanes, according to the ratio 50:30:20% respectively.

The 50k tons of plastic per year corresponding to the cities are redistributed in proportion to
their population. The cities have been selected as those with a population higher than 25k
inhabitants, according to The Database on City Population (http://www.citypopulation.de). A
total of 480 coastal cities are considered, most of them located along the shores of Spain,

France and ltaly (fig. 1). The 30k tons per year of the rivers are distributed among the fifteen
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main rivers of the basin in proportion to their mean discharge between 1980 and 2012,
estimated by the OCHIDEE River Flow model (Ducharne et al., 2003). The Black Sea input is not
considered because the plastic concentration that leaves the Black Sea through the Dardanelles
Strait is not clear. Assuming that all plastic dumped into the Black Sea reaches the Aegean Sea
leads to a large overestimation of concentrations in the Aegean Sea, while having no significant
effect for the rest of the domain (figures not shown). The position of the coastal sources (cities
and river mouths) is selected as the model ocean grid point closer to its actual location. The 20k
tons corresponding to the shipping lanes are uniformly distributed over the regions where
concentrations of higher maritime traffic are found (Marine Traffic, 2015). Figure 1 shows the

position of the different sources.

The modelling period covers ten years, between 2003 and 2013. Due to computational
limitations, it has been divided in 120 simulations, each one running one year and starting the
first day of each month. The distribution of particles has been carried out according to the
previous considerations. A total of 41872 particles are released every month, which for the
complete experiment makes a total of more than 5 million particles. The initial concentrations

at the different sources location are represented in figure 1.

It is important to point out that the particles released in this simulation are defined as neutral
(NP hereinafter), which means that their density is exactly the same as the density of the
seawater surrounding them. In consequence, their vertical movements only depend on the
vertical velocities given by the circulation model. Therefore, this simulation should be
interpreted as an experiment describing the evolution of the fraction of ML that (a) behaves like
neutral particles either because of their density or their shape and (b) reaches the open sea (i.e.
not retained in the coastal area). Unfortunately, there are no estimates of what fraction of the
total ML release falls in these two categories. In order to give dimensional concentration maps

we assume that all the 100k released per year reach the open sea and have neutral density.



©CO~NOOOTA~AWNPE

Nevertheless, due to the uncertainties on the actual amount of plastic that reaches the open
sea, the absolute value of the concentrations should be taken with caution, and rather focus on

the relative differences among regions or simulations.

Figure 1. Spatial distribution of initial marine litter concentrations (in kg/km?) for the three
simulations. Circle filled points indicate cities, diamonds indicate rivers and points over the sea

indicate the ship lines.

Floating and sinking particles simulations

The effect of the density of the ML particles in their evolution along the basin has been analyzed
by carrying out two complementary simulations using floating and sinking particles (referred as
FP and SP hereinafter). The objective of these simulations is to analyze dispersion of these ML
particles to assess how the density of the particles modify their spread across the basin and

consequently their availability for marine biota.

The set-up of these experiments is similar to that of the experiment with neutral particles. The
same number of particles are released using the same ML sources distribution and over the
same time period. The difference is that in these runs the vertical motion of the particles is
constraint. For the floating particles, vertical velocities are set to zero, so they are restricted to
the surface layer. For the sinking particles, a nominal sedimentation velocity of the particles of -
10 m/s is considered. It has to be noted that this sedimentation velocity is lower than the
those obtained in laboratory experiments for particles with densities slightly higher than the
water density (Khatmullina and Isachenko, 2017). These authors estimated sinking velocities
between 0.005 and 0.127 m/s for items in the density range of 1130 — 1168 kg/m>. We have
selected a sedimentation velocity lower than the observed in laboratory in order establish an
upper limit for the horizontal dispersion of sinking ML. In any case, this experiment should not
be considered as an exhaustive representation of the ML sedimentation process, but as an

approximation to the upper range of the possible evolution of the denser ML particles. In
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summary, the three types of particles correspond to ML manufactured with polymers with
densities lower than seawater (<1020 km/m?, Floating particles), in the range of seawater
(1020-1040 kg/m?, Neutral particles) and denser than seawater (>1040 kg/m?, Sinking particles.

The main characteristics of the three experiments are summarized in table 1.

Simulation Short name Integration time Vertical velocity

Given by the circulation

Neutral particles S-NP 120 sim of 1yr
model
Floating particles S-FP 120 sim of 1yr 0
-10° m-s™ added to the
Sinking particles S-SP 120 sim of 1yr vertical velocity field from

the circulation model

Table 1. Summary of the main characteristics of the three simulations analyzed.

2.3 Data analysis

The results of the numerical experiments have been processed to produce average ML
concentration maps over the Mediterranean basin. These maps are computed by dividing the
Mediterranean basin in a regular grid of 0.252 x 0.2592 cells. The average concentration is
estimated as the number of particles in each cell, divided by the cell surface, at each time step.
Along with the concentration, the average depth of the particles at each grid cell is also

computed.

For the neutral particles simulation, the concentration has been estimated in two separate
depth layers: above and below the photic layer. The aim of this division is to analyze the fraction
of the ML particles that will interact with pelagic organisms, whose distribution in depth is
limited by light availability. The depth of the base of the photic layer has been obtained from

SeaWifs satellite images. Monthly estimates downloaded from
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https://oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/Monthly/9km/Zeu_lee/  have  been
averaged for the period 1997-2010 to obtain a 12-month climatology for the region. The

average depth of the base of the photic layer ranges between 2 and 140 m depth.

3. Results

3.1 Average marine litter concentration

The maps of the averaged concentration for the neutral particles, above and below the base of
the photic layer (BPL), the floating particles and the sinking particles are reproduced in figure 2.
In the photic layer the average concentration of NP for the whole basin is 2.3 kg/km”(~80% of
the total concentration). The regions of higher concentration in the Western Mediterranean are
located in the Gulf of Lions and the northeastern slope of the Iberian Peninsula, with values
reaching 6 kg/km? (fig. 2a). In this sub-basin, the regions with lower particle accumulation are
located in the southern Tyrrhenian Sea (southeast of Sardinia), Ligurian and the Alboran Sea,
with average concentrations lower than 1.5 kg/km®. North of the Algerian current and in the
Balearic Sea the average concentrations are moderate, with values between 2 and 4 kg/kmz. In
the Eastern Mediterranean, the higher concentrations (>6.5 kg/km?) are found in the
proximities of the Sicily Strait and the Gulf of Gabes, the Adriatic Sea and the slopes of the
Levantine basin from Egypt to Turkey. On the other hand, the northern Aegean, northern lonian
and center region of the Levantine basin show the lowest concentrations (< 1.5 kg/km?).
Throughout the rest of the Eastern Mediterranean, the concentrations range between 2 and 3
kg/km®. The number of neutral particles found below the photic layer is very small in

comparison, lower than 20% for the whole Mediterranean except for a small region in the
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Aegean (not shown) (note that the color scale in figure 2b is different for this layer). The
concentration is lower than 1 kg/km? in the whole basin except in the Northern Current region,
the southern Adriatic, the Aegean and the coasts of the Levantine basin. There are large areas
of the lonian and Tyrrhenian Seas where the concentration is practically zero below the base of
the photic layer. The depth distribution of the particles will be examined with more detail in the

following section.

The spatial distribution of the floating particles is very similar to those of the neutral particles
inside the photic layer. The regions with higher/lower concentrations coincide (fig. 2c). The
most significant difference is an increase of the average concentration in the central Western
Mediterranean, particularly noticeable in the Balearic Sea where the concentration increases up
to 3 kg/km? north of Minorca Island. Conversely, the results for the sinking particles are
completely different from for the other two simulations (fig. 2d). Even though the
sedimentation speed added to the particles is relatively small, the particles sink very quickly and
most of them remain roughly at the same location where they were released. As a result, the
average concentration map for the sedimented particles highly resembles the initial

concentrations at these positions (Compare fig. 2d with fig. 1).

Figure 2. Average marine litter concentration for the three simulations: a) Neutral particles
above the base of the photic layer. b) Neutral particles below the base of the photic layer. c)
Floating particles. d) Sinking particles, the black thin line indicates the 400 m isobath. Units are

kg/km®. Note that the range of values in (b) is different.

An interesting point in the analysis is to determine the contribution of each of the pollution
sources to the ML concentrations. Figure 3 depicts the contribution of each type of ML source
(cities, rivers and ships) to the average concentration of neutrally buoyant particles. In the
Western Mediterranean, the main contribution comes from city inputs, with values higher than

60% practically over the whole region (fig. 3a). The rivers contribute to less than 20% and is
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limited to the northwestern area of the sub-basin (except for a small region close to the Rhone
mouth, where it reaches 60%) (fig. 3b). The contribution from the shipping lanes is also lower
than 30% and is rather uniform throughout the whole sub-basin (fig. 3c). In the Eastern
Mediterranean, the contribution from the cities, although still the most important, only exceeds
50% in the proximity of the Strait of Sicily, the Gulf of Gabes and the northern Aegean (fig. 3a).
In this sub-basin the large Nile and Po rivers inputs contributes with more than 50% in the slope
of the Levantine basin and the Adriatic Sea, respectively (fig. 3b). On the other hand, the
contribution from shipping lanes in the Levantine basin and the lonian Sea can reach 60% (fig.
3c). These are the areas that are less affected by the input of the other two sources, and hence

where the average concentration is lower (fig. 2a).

Figure 3. Contribution of the three marine litter sources. a) cities, b) rivers and c) ships, to the

averaged marine litter concentration showed in Figure 2a.

3.2 Temporal variability of ML concentration

In order to identify the areas of the basin with higher/lower temporal variability of ML
concentration, the percentile maps of the daily values are computed for the neutral particles
(fig. 4). The range of moderate variations is estimated using the interquartile range (p75th —
p25th), which characterizes the range of values that are obtained at a certain location 50% of
the time (Fig 4a). The results show that the regions with the highest variability are those with
the highest average concentrations (i.e. compare with fig. 2): The Northern Current area, Gulf of
Gabes, Adriatic Sea and the northeastern coast of the Levantine basin. In these regions, the
interquartile range is almost of the same magnitude as the average value and variations of the
order of 4 — 5 kg/km” are expected (fig. 4a). In addition, the regions with very strong variability
can be identified by the extreme percentiles (p5th, and p95th, fig. 4b, c, respectively). For
instance, in the central Western Mediterranean, the Adriatic or the Southern Aegean Seas, we

can find minimum values below 1 kg/km2 and maximum values above 6 kg/kmz. On the other
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hand, in the southern Tyrrhenian, northern lonian and northern Aegean the lowest variability is

observed, where the concentration range between 0.5 and 2.5 kg/kmz.

Figure 4. Quantiles of the marine litter concentration. a) Interquartile range (p75th — p25th), b)

p05th and c¢) p95th.

Regarding the time variability, it is also interesting to analyze if there is a significant seasonal
cycle in the variability of the ML concentration in different regions of the Mediterranean. Of
course, for the whole basin the number of particles is constant as the particles are not allowed
to leave the basin and we have not considered any seasonality in the particles input from the
different sources. Thus, the seasonal variability in our simulations is only the result of the

seasonality of the current fields.

The spatially averaged seasonal cycles of the neutral and floating particles concentration for the
main sub — basins of the Mediterranean are represented in figure 5. In general, the shape of the
cycle for the FP and NP is very close, with larger amplitudes for the former due to the higher
variability of the surface currents (not shown). For this reason, the analysis focuses on the FP
hereinafter. The seasonal variability in the whole Eastern and Western sub-basins is negligible
(fig. 5). That is, the amount of particles moving from one basin to the other is very small.
Conversely, in the smaller sub-basins a clear seasonality is found due to the seasonality of the
current filed. In the Western Mediterranean, a marked seasonal cycle is observed in the
Balearic Sea, with an amplitude of 1.9 kg/km? peaking in August and with its minimum in
February, and in the Gulf of Lions, with an amplitude of 1.2 kg-km™ peaking in February and with
its minimum July. For the Tyrrhenian Sea the seasonality is very low, with an amplitude lower
than 0.5 kg-km™ peaking in May and its minimum in October. In the Eastern basin, the Adriatic
and Aegean Seas show significant seasonality, with similar amplitudes of 1.4 kg-km™. In the two
regions the particle concentration reaches its maximum in late spring (April — May) and its

minimum between late summer and fall (August — September). Conversely, in the lonian Sea
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and the Levantine basin the amplitudes are lower than 0.4 kg-km"2 and the cycle is of opposite

phase, with maximum in late summer and minimum in spring.

Figure 5. Seasonal cycles of the ML concentration in the different sub-basins: Eastern
Mediterranean (EMed, dark blue), Western Mediterranean (WMed, red), Levantine Basin (Lev,
purple), lonian Sea (ion, light blue), Aegean Sea (Aeg, cyan), Adriatic Sea (Adr, green),

Tyrrhenian Sea (Tyrr, orange), Gulf of Lions (GoL, yellow) and Balearic Sea (Bal, salmon).

3.3 Vertical distribution of the particles.

Figure 6 shows the maps of average depth for the ML with neutral buoyancy. The mean depth
across the whole basin is 22 m. In the Western Mediterranean the depth distribution is quite
homogeneous, with values close to the whole basin average [20 — 30 m] (fig. 6). In the Eastern
Mediterranean the mean depth distribution is more heterogeneous with regions as the
southern Aegean, offshore the slope of the Gulf of Gabes and some areas of the lonian Sea and
the Levantine basin where the average depth reaches values higher than 45 m. Below the BPL
the number of NP is very small (less than 10% of the total, not shown) and their depth
distribution is very variable. The average depth is 177 m, but could reach up to more than 200
m in the north of the Balearic Islands, the Adriatic and the Aegean Sea. For the sinking particles
the average depth map basically reproduces the model bathymetry at the position of the ML
sources. As commented in the previous section, these particles quickly sink and reach the
bottom with almost no time to be dispersed by the horizontal currents (fig. 2d). In
consequence, the fraction of ML coming from cities and rivers that is denser than seawater

sinks close to the coast, at depths lower than 400 m for the whole basin (see isobaths in fig. 2d).

Figure 6. Average of the vertical distribution of neutral particles (in meters (m)).
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A more detailed description of the neutral particles depth distribution is obtained by analyzing
the histograms in different regions (fig. 7). They represent the frequencies of the neutrally
buoyant particles average depths in different regions of the Mediterranean basin. It should be
recalled that the particles have neutral density and are released at the sea surface, so its vertical

location is the result of the vertical motion of the water parcels.

The average depth of the NP for the whole basin is 35 m but a large number of them can be
found above and below this depth (fig. 7a). Throughout most of the Western Mediterranean,
the ML depth rarely exceeds 60 m (figs. 7c, h), and only in the Gulf of Lions a significant amount
of particles reaches depths above 70 m (figs. 7i). In comparison, a large amount of particles
reaches depths deeper than 60 m in the Eastern Mediterranean (fig. 7b). In the Adriatic and the
Levantine basin a large number of particles can be found between 50 and 80 m (figs. 7d, g)
while in the Aegean Sea most particles are located below 70 m depth, with a significant fraction
reaching more than 100 m depth (fig. 7f). The exception is the lonian Sea region, where most
particles remain in shallower depths (< 40 m). In light of these results, it is clear that marine
litter with a density range equal to the seawater density will not remain at the surface, but

transported by the currents to the sea interior to depths ranging from 0 to 120 m.

For the interpretation of these results, it should be taken into account that figures 6 and 7
represent the average depth of the particles at each 0.252 x 0.252 bins. The fact that most
particles remain near the surface limits the average value, but there is a small fraction of
particles that sink to deeper depths (for clarity this has not been shown in the histograms).
However, is important to remember that, due to limitations in the computational resources, the
integration period of each simulation is one year, which limits the depths reached by the
particles. One year is not enough time to allow the particles to spread along the whole water
column. The stratification of the basin, where the ventilation of the intermediate and deep

layers only takes place in very specific regions, also limits the capacity of the NP to reach deeper
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layers. It is also relevant to point out that, as described in section 2.1, the lagrangian model
does not include the effect of the vertical turbulent diffusivity in the computation of the vertical
displacements, only the advective term derived from the eulerian current field is considered.
Therefore, the effect of the vertical diffusion in the particles’ vertical transport is neglected, but
it is assumed that this would have a significant effect on time scales much longer than those
considered here. Moreover, despite these limitations, the objective of the experiment with NP
is to show that this fraction of marine litter extends all aver the basin along the photic layer very
fast (in less than one year), and not only over the surface, building on previous modelling

methodologies which have so far only considered the sea surface fraction.

Figure 7. Histograms of the average depth distribution of particles in the different sub-basins. a)
Mediterranean Sea, b) Eastern Mediterranean, c) Western Mediterranean, d) Levantine Basin,
e) lonian Sea, f) Aegean Sea, g) Adriatic Sea, h) Tyrrhenian Sea and i) Gulf of Lions. For clarity,

only the first 120 m are shown as far as the contribution below is very small.

4. Discussion

4.1. Concentration/dispersion areas in the Mediterranean basin

The results exposed in section 3.1 show that in most parts of the Western Mediterranean, and
especially along the Catalan Coast, Balearic Sea and the Gulf of Lions, the ML concentration is
very high due to the combination of the surrounding large cities and, to a lesser extent, the
pollution coming from the Rhone and Ebro rivers (fig. 2, 3). In the Eastern basin, the
accumulation areas are the Adriatic, the surroundings of the Strait of Sicily and the Gulf of
Gabes, and the coastal area of the Levantine basin from Egypt to Turkey. In this case, in addition
to the cities input, a large fraction of the ML contribution comes from the rivers Nile and Po (fig.
3). On the other hand, the dispersion areas (i.e. areas with lower than average concentrations)
in the Western Mediterranean are found in the Alboran, Ligurian and Tyrrhenian seas. In the

Eastern basin, the central part of the Levantine basin and the Northern lonian Sea are the areas
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with lower concentrations. These results are similar for the simulations using neutral and
floating particles although for the latter the concentration in the surface of the Balearic Sea,

Strait of Sicily and Gulf of Gabes are higher than for neutral particles (fig. 2a, c).

Previous studies based on global models show disparity in the identification of
concentration/dispersion zones in the Mediterranean. Lebreton et al. (2012) point to the lonian
Sea and Levantine basin as the regions with higher concentration while Maximenko et al. (2012)
obtained higher values in the Western Mediterranean. In Van Sebille et al. (2015), their
simulation showed high ML concentrations over practically the whole Mediterranean, with the
exception of the Tyrrhenian Sea. It must be noted that all these studies define very wide
accumulation regions in the Mediterranean Sea as a direct consequence of the coarse
resolution of the global models used. In fact, it is well stablished in the modeling community
that, due to the complexity of the Mediterranean thermohaline circulation and the importance
of the mesoscale activity in the basin, to accurately resolve the basin circulation high resolution
ocean climate models are needed (Li et al., 2012; Somot et al., 2008), forced by high resolution
atmospheric forcing (Herrmann and Somot, 2008) and taking into consideration river evolution
(Skliris and Lascaratos 2004, Adloff et al. 2015). For this reason, the results based on global
simulations, unable to resolve the basin mesoscale field, are most likely inaccurate in their

description of the accumulation/dispersion regions of the basin.

Up until now, and to our knowledge, there are only three previous studies that have dealt with
the simulation of ML dispersion across the whole basin using regional circulation models
specifically adapted to the Mediterranean, and one work that used a velocity field derived from
lagrangian drifters data. Mansui et al. (2015) performed a 1 — year simulations repeated every
day and covering the period 2001 — 2010, all starting from a homogeneous ML distribution over
the basin. The authors found four main accumulation zones: the central Western

Mediterranean, the Tyrrhenian Sea, the Adriatic Sea and the southeast lonian Sea. Similarly,
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Macias et al. (2019) carried out a 18 — year long simulation also starting from a homogenous ML
distribution. Their results show a different pattern with two main accumulation areas located in
the eastern lonian Sea and the central Levantine basin. Zambianchi et al. (2017) also started
from a homogeneous distribution of passive tracers over the whole basin, identifying a main
accumulation zone also in the central and coastal regions of the Levantine basin. The
discrepancies of those studies with our work could be due to the initial distribution of particles.
Therefore, in order to compare our results with them, a new simulation was carried out starting
from a homogeneous distribution of floating particles over the whole Mediterranean (1 particle
every three model grid points; a total of 47942 particles in each run). The temporal coverage is
the same as for the rest of the simulations (120 simulations running one year and starting the
first day of each month, between 2003 and 2012). The spatial distribution of the average
concentration for this simulation is showed in figure 8. Similar to Mansui et al. (2015), we also
find high concentration areas in the southwest lonian, Adriatic and Tyrrhenian seas. Moderately
high concentrations are also found in the northeastern lonian, in agreement with Macias et al.
(2019). On the contrary, the accumulation areas over the central Levantine basin (Macias et al.,
2019; Zambianchi et al., 2017) and the central Western Mediterranean (Mansui et al. 2015) are
not present. Conversely, high concentrations are found in the easternmost slope of the
Levantine basin, the Aegean Sea and the northern current, which are not present in Mansui et
al. (2015) and Macias et al. (2019), but agrees with the findings of Zambianchi et al. (2017) in
the slope of the Levantine basin. As the starting point of the four simulations is the same one,
the observed differences can be attributed to the differences in the representation of the
current field used on the four studies. Mansui et al. (2015) used a lower resolution version
(~9x9 km) of the NEMOMED RCM (NEMOMED12), with similar configuration and forcing than
NEMOMED36. Macias et al. (2019) used a configuration the GETM model also with lower
resolution (~9x9 km) but with a different parameterization and atmospheric forcing than

NEMOMED12/36. Zambianchi et al (2017) derived the velocity field from the analysis of a large
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dataset of drifters released all over the Mediterranean basin during the period 1985 — 2014.
The density of the drifters is far from homogeneous, with most of them concentrated in the
northern half of the basin, and very low densities in the lonian and Levantine sub-basins. The
comparison with the two studies based on numerical models current fields shows that our
results are closer to those of Mansui et al. (2015), meaning that the RCM and the atmospheric
forcing plays a very significant role in the final spatial distribution of the particles. On the other
hand, the higher resolution of our model is the main difference with respect to the model used
by Mansui et al. (2015), and our results are in better agreement with Zambianchi et al. (2017),
in which the velocity field is derived from observations. This highlights the improvements

achieved by increasing the model horizontal resolution.

Additionally, if we compare our results for S-FP simulation (fig. 2c¢) with the ones obtained
starting from a homogeneous distribution (fig. 8) we also see significant differences. In
particular, the concentrations in the eastern basin and in the Tyrrhenian Sea are much larger
than in the later, while the concentrations over the continental shelf are larger starting the

simulation with realistic sources of ML.

Figure 8. Average concentration for the simulation starting from a homogeneous particle

distribution over the whole basin. Units are kg/kmz.

Liubartseva et al. (2018) carried out a 4.5 — year simulation analogous to S-FP of this study,
starting with a realistic ML distribution but also including beaching and sedimentation processes
in the particles evolution. These two processes remove particles from the simulation and are
essential to understand the differences between their results and ours. In their work the
authors estimate a half-life of the plastic particles between 7 and 80 days depending on the
location of the source. It is important to differentiate the sedimentation mechanisms
implemented in Liubartseva et al. (2018) from the simulation with sinking particles analyzed in

this study. The authors simulate the sedimentation using a Monte Carlo algorithm that removes
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particles from the surface by defining a probability of sedimentation that is proportional to the
time. This way, the longer the time a particle is in the water, the most likely it will sediment, but
not all the particles reach the seafloor. In other words, they analyze how the “age” of the
particles leads to sedimentation by increasing its density (e.g. by biofouling), but the heavy
particles that would sink almost immediately after entering the sea are not considered, so their
results cannot be compared to our run with sinking particles. Comparing the other two
simulations with the results from Liubartseva et al. (2018) we find that the results for the
Western Mediterranean are in good agreement, with higher concentrations in the Catalan
Coast, moderate in the central area of the sub — basin and lower in the Tyrrhenian Sea. For the
Eastern Mediterranean more discrepancies are found. Both simulations agree in finding
accumulation zones in the North Adriatic and North of Cyprus, but Liubartseva et al. (2018) also
find an area of relatively high concentration in the central lonian Sea that is not present in our
simulation. Furthermore, their results show very low concentrations in the Aegean Sea in

contrast with our estimates.

The seasonality of ML distribution was only previously analyzed by Macias et al. (2019). They
found that particles concentrated more in the central months of the year (April — August),
especially in the Balearic Sea, the Gulf of Gabes and the Nile mouth area, where values can
double the mean concentration. In our case we do not find such big changes and seasonality
only represents, at most, a 16% of the mean value. The same applies to our simulation starting

from a homogeneous particle distribution (not shown).

In order to analyze the origin of the seasonality found in the simulations, Figure 9 shows the
intensity of the NEMOMED36 velocity field averaged for the summer (JJA) and winter (JFM)
months. The seasonal variability of the currents intensity over the basin can be used to explain
the seasonality of the particles concentration. For instance, we can see that the northern

current is stronger during winter and weakens in summer. Less intense currents allow a larger
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fraction of particles to detach from the high concentration areas along the French and Iberian
slopes and to travel towards the Balearic Sea. In consequence the concentration in summer
increases in the Balearic basin while decreasing in the Gulf of Lions. We can also see that the
intensity of the currents in the Adriatic and Aegean seas is higher in summer (fig. 9). This could
explain the minimum in the seasonal cycle reached there in August — September (fig. 5).
Stronger currents likely favors the transport of particles from these relatively enclosed regions
towards the adjacent lonian Sea and Levantine basin. Conversely, the cycles in these two
regions are in opposite phase, as they are receiving the particles coming from the Adriatic and

the Aegean.

Figure 9. Model average current intensity for a) summer and b) winter months. Units are m/s*

4.2 Vertical distribution of the ML

One of the main novelties of this study is that, for the first time, the dispersion of marine debris
in the Mediterranean has been analyzed using a 3D approach that allows the description of the
vertical distribution of the ML particles according to their density. The composition of the most
commonly used plastic items includes polymers with densities lower (i.e. plastic bags or bottles
caps), similar (i.e. fishing nets, ropes or textiles) and higher (i.e. bottles or cigarette filters) than
that of seawater (GESAMP, 2019). Our results show that the particles with densities higher than
seawater rapidly sink and reach the seafloor near their sources (figs. 2d). Therefore, the ML
concentration at the bottom is directly dependent on the inputs from the different sources. This
is consistent with recent observations of ML in the seafloor (Spedicato et al., 2019). In the case
of the particles with neutral density, our results show that the regions of higher/lower
concentration of neutral and floating particles are basically the same ones. This is not surprising
considering that most NP remain in the first 120 m, where the circulation patterns are very

similar to those at the sea surface. In consequence the fraction of marine litter comprised by
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polymers with densities close to the sea water density spread all over the Mediterranean
following the same paths than the floating litter, but distributed across the water column. In
fact, the analysis shows that most of them remain in the photic layer and only 20% reach depths
below it along the 1-year periods of the simulations (fig.7). Furthermore, the averaged depth is
35 m, meaning that most of this type of plastics are out of range of the usual sampling
mechanisms used in the observational campaigns (visual census and surface net trawling, i. e.,
manta trawls). This result is crucial to be considered if a quantification of the actual amount of
plastics in the Mediterranean is needed. As stated in the introduction, many authors have
studied the interaction of macro and micro plastics with a broad diversity of marine species and
most studies of marine litter distribution are limited to the surface, where only a fraction of all
plastics will remain. In consequence, it is expected that the actual concentrations of plastics in

the sea will be much larger than the values estimated from surface observations.

4.3 Concentration variability and sampling strategies

The description of ML dispersion using numerical simulations has two main limitations: the
accuracy of the RCM to properly resolve the basin circulation and the definition of the initial
concentrations of the different sources. In the first case, although far from being perfect,
regional circulation models have proven their skills to satisfactorily reproduce complex
processes of the Mediterranean circulation ( Herrmann et al., 2008; Beuvier et al., 2012, 2010;
Sannino et al., 2015; Soto-Navarro et al., 2015; Escudier et al., 2016). In the case of the initial
particle concentrations, the actual amount of plastics that ends-up in the open sea is still
unknown. All of the studies trying to use realistic ML inputs base their initial concentration on
indirect estimations. In our case and in the study of Liubartseva et al. (2018), the initial
concentrations are based on the work of Jambeck et al. (2015). These authors infer the amount
of plastic entering the ocean by analyzing socio-economic indicators of the production, use and

management of plastic items. As a consequence, the initial conditions of the simulations are
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subject to large uncertainties, so a direct comparison with observations can be challenging. In
other words, trying to match observations obtained in a given date is challenging if no
information is available about the concentrations of the previous days/weeks to initialize the
model. Nevertheless, the model results provide useful information about the average patterns
(i.e. climatological-type fields), and the expected temporal variability of ML concentrations. In
turn, this information could explain the large scattering of observed values reported in the

literature.

A good example is the effect of the seasonality of the ML concentration in the results of the
measuring campaigns. One of the main bias present in the studies of ML distribution based on
observations is that most of them collect their samples only in the spring-summer months,
when the meteorological conditions are favorable. As previously discussed, in some regions
there is a considerable seasonality in the ML concentration derived from the current field
variability. For instance, in the Balearic Sea the concentrations are higher in summer, what
could have influenced the results of several works that find high levels of ML concentration
sampling in that region between May and October (Compa et al.,, 2019b; Cézar et al.,, 2015;
Ruiz-Orejon et al., 2016; Suaria et al., 2016; Suaria and Aliani, 2014). As previously commented,
the simulations only consider the variability resulting from the evolution of the current field.
Changes of the ML distribution derived from the variability in the inputs from the sources are
not included and could largely affect the observed concentrations (Arcangeli et al., 2018; Baini

et al., 2018; Compa et al., 2019b).

With respect to the spatial distribution, strong differences are also found between the different
observational studies. For instance, Cozar et al. (2015), Suaria and Aliani (2014) and Suaria et al.
(2016) found very small concentrations in the south Adriatic and the Tyrrhenian Sea (in
agreement with our results) while Arcangeli et al. (2018) found high values over these regions

during the same periods. In the Eastern Mediterranean, the relatively low values found by Cozar
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et al. (2015) in the lonian Sea also coincide with our model estimation, while the higher values
observed in the Levantine basin disagree with the simulations results. In addition, the spatial
patterns observed in most studies are very noisy, with large differences between very close
observation points and among studies. This could be explained by a sampling difficulties linked
to the high temporal variability of ML concentration. In other words, the simulations suggest
that time variability of ML concentration can be very high. Thus, the observational results are

strongly dependent on the exact time the observations where obtained.

Taking into account all the previous considerations, the variability of the particle concentration
summarized in figures 4 and 5 can be used to identify the regions and time periods where/when
higher/lower values are expected and use that information in the design of sampling strategies.
For instance, the Balearic and Adriatic Seas can be considered highly variable regions, where the
average concentrations are relatively high and show strong variability. In these areas the ML
observations will drastically change depending on the time of the year in which the campaign is
carried out. An adequate sampling strategy should include measures throughout the whole
year, or, at least, during the months where the seasonal cycle reaches its maximum and
minimum. By doing this the seasonal bias would be reduced and the observations would be
more representative of the actual concentration along the year. In other regions, like the
northern lonian, southern Tyrrhenian or the Ligurian Sea, the variability and seasonality are
relatively low (fig. 4, 5). Therefore, the result of summer/winter campaigns would not be largely

affected by the current field variability.

In addition, the sampling strategies should also consider the vertical distribution of the neutral
particles discussed in the previous section. In order to understand how marine plastic interacts
with the different Mediterranean ecosystems it is necessary to assess its presence throughout

the water column, and especially within the photic layer.

5. Conclusions
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The dispersion of marine litter particles over the Mediterranean basin have been simulated
using high resolution (2-3km) 3D current fields that have fed a lagrangian model. Three
simulations have been carried out, all starting from a realistic initial distribution of ML sources,
and covering a ten-year period (2003 — 2013). The evolution of particles with positive, neutral
and negative buoyancy has been studied allowing, for the first time in the Mediterranean, the
study of the vertical distribution of ML. The three types of particles correspond to ML
manufactured with polymers with densities lower than seawater (<1020 km/m?), in the range of

seawater (1020-1040 kg/m’®) and denser than seawater (>1040 kg/m°).

The results show that the accumulation/dispersion areas of the floating and neutral particles
are very similar although in the latter the particles are distributed across the upper 120 m with
an averaged depth of 35 m. The highest concentrations of neutral particles are found in the
Catalan continental shelf, the proximities of the Strait of Sicily and the Gulf of Gabes, the
Adriatic Sea and the easternmost slope of the Levantine basin. For the floating particles large
concentrations are also found in the Balearic Sea. On the other hand, the particles with negative
buoyancy rapidly sink and reach the seafloor close to their sources, with no time to disperse.
The analysis of the temporal variability of the ML concentration due to the variability of the
currents shows that the regions of higher variability mostly coincide with the accumulation

regions.

The comparison among different studies suggests that the main limitation of the modeling
studies is linked to the lack of accurate information about the amount of ML released into the
sea from different sources. Additionally, there are several issues that could be explored in the
future. One of them would be to include the effects of population fluctuation in the coastal
areas due to, for instance, the touristic seasonality, as well as the seasonal variability of the river
discharge. Another one would be to improve the model representation of the vertical

displacements, through the inclusion of the vertical diffusivity and extending as much as
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possible the integration time. In this way the vertical displacements of the NP will be more
accurately represented and the particles will have enough time to spread along the whole water

column, leading to a better estimate of the cumulative effects of ML in the deeper layers.

The results presented in this work can also be used in the design of field campaigns to study
marine litter distribution. The sampling strategies should consider at least the seasonal
variability of each region (i.e. by sampling in different seasons in places with strong seasonality).
Also, if the campaign aims at a quantification of the total amount of plastics, measurements of

the vertical distribution of the ML would also be necessary, in particular across the photic layer.
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Figure 1. Spatial distribution of initial marine litter concentrations (in kg/km?) for the three
simulations. Circle filled points indicate cities, diamonds indicate rivers and points over the sea

indicate the ship lines.

Average concentration NP in the photic layer
3 ; v
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Figure 2. Average marine litter concentration for the three simulations: a) Neutral particles
above the base of the photic layer. b) Neutral particles below the base of the photic layer. c)
Floating particles. d) Sinking particles, the black thin line indicates the 400 m isobath. Units are

kg/km?. Note that the range of values in (b) is different.
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Figure 3. Contribution of the three marine litter sources. a) cities, b) rivers and ¢) ships, to the

averaged marine litter concentration showed in Figure 2a.
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Figure 4. Quantiles of the marine litter concentration. a) Interquartile range (p75th — p25th), b)

p05th and ¢) p95th.
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Figure 5. Seasonal cycles of the ML concentration in the different sub-basins: Eastern
Mediterranean (EMed, dark blue), Western Mediterranean (WMed, red), Levantine Basin (Lev,

purple), lonian Sea (ion, light blue), Aegean Sea (Aeg, cyan), Adriatic Sea (Adr, green),

Tyrrhenian Sea (Tyrr, orange), Gulf of Lions (Gol, yellow) and Balearic Sea (Bal, salmon).
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Figure 6. Average of the vertical distribution of neutral particles (in meters (m
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Figure 7. Histograms of the average depth distribution of particles in the different sub-basins. a)

Mediterranean Sea, b) Eastern Mediterranean, c) Western Mediterranean, d) Levantine Basin,

e) lonian Sea, f) Aegean Sea, g) Adriatic Sea, h) Tyrrhenian Sea and i) Gulf of Lions. For clarity,

only the first 120 m are shown as far as the contribution below is very small.
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Figure 8. Average concentration for the simulation starting from a homogeneous particle

distribution over the whole basin. Units are kg/kmz.

Figure 9. Model average current intensity for a) summer and b) winter months. Units are m/s
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Tables

Tables
Simulation Short name Integration time Vertical velocity
Neutral particles S-NP 120 sim of 1yr Given by RCM
Floating particles S-FP 120 sim of 1yr 0
-2 -1
Sinking particles S-SP 120 sim of 1yr 107 ms " added to RCM

vertical velocity field

Table 1. Summary of the main characteristics of the three simulations analyzed.
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