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Concern about marine litter has been rising in the last decaas, triggered by the discovery
of the great mid-ocean garbage patches. The Mediterranean & is strongly affected by
the presence of oating litter, as it has a very high amount ofvaste generated annually per
person that eventually ends up in its waters, with plastic ojects accounting for a large
percentage of all manmade debris. In principle, the basin tiks very vulnerable to possible
accumulation of oating debris, since its dynamics is charaterized by an inward surface
ow of water from the Atlantic hampering surface oating itens from being ushed out.

Yet, no evidence of permanent litter accumulation areas halseen reported so far in the
Mediterranean. In this paper we utilized the largest avabiée set of historical Lagrangian
data gathered in the Mediterranean Sea to estimate the proHality of debris particles
to reach different subareas of the basin, with the main objdese of singling out possible
retention areas. Climatological reconstructions of thertie evolution of litter distribution
in the basin carried out on the basis of observed Lagrangian idplacements suggest
a general tendency of oating matter to collect in the southen portion of the basin,
and in particular a long term accumulation in the southern ahsoutheastern Levantine
basin, areas not yet sampled by marine litter observation e¢apaigns, whose targeted
organization we strongly recommend at the end of this paper.

Keywords: near-surface drifters, plastics, marine pollution
debris, garbage patch

, Mediterranean, circulation, marine litter, oating

INTRODUCTION

Marine litter in the Mediterranean Sea, which only recentlgéme the object of extensive studies,
is avery sensitive issue from several standpoints (ecallpgrcial, and economic, séelgani et al.,
2019. Concern about marine litter has been rising in the lastatiss, triggered by the studies on
the great mid-ocean garbage patche®(re et al., 2001; Law et al., 2010; Lebreton et al., 2012;
Maximenko et al., 2012; van Sebille et al., 2012; Eriksen, &0dl4; Cozar et al., 2015; van Sebille
etal., 201p

The current state of knowledge of this issue, with a partictiteus on the Mediterranean
Sea, was assessed in a dedicated workshop in June 2014 edgayizzhe Mediterranean
Science Commission (or CIESM, i.e., Commission Internatierpour I'Exploration Scienti que
de la Méditerranée), resuming previous knowledge and enginganew studies. The aspects
treated in the workshop were sources, composition and abnoeaf litter and its degradation
and transformation, particle transport by marine circulatiompacts on marine life and legal
instruments CIESM, 2011
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The Mediterranean region is one of the world areas
characterized by the highest amount of man-generated sol
waste (Galgani et al., 2034 In particular, the Mediterranean
Sea is vulnerable to plasticsa(i Sebille et al., 20):5while
they typically do not constitute a high percentage of discdrde
waste, they are the most important part of marine litter,
constituting over 80% of oating itemsalgani, 2014; Suaria
and Aliani, 201). This particular pollutant is ubiquitous—due to
its extensive worldwide use—and extremely persistent adigg
slowly into tiny piecesKarnes et al., 20091t can travel very
far from its sources, because time scales of degradation a
transformation of plastics are much longer than the scales of I ] depth (m)
transport Barnes et al., 2009; Andrady, 2Q.1lt harms marine -5000 -4000 -3000 -2000 -1000 O
species and ecosystems: threating biodiversity, favorirg t _ _ _
spreading of invasive alien species and entering the fooshehai | T/GURE 1 | Bathymetric map of the Mediterranean. — Black circles -

. .. _ R correspond to key places (subbasins, straits, islands) exjgitely mentioned in
thrOUgh which it is transferred to Iarger predators |nclug|n the paper (Ad, Adriatic Sea; Ae, Aegean Sea; Al, Alboran Sej;lonian Sea;
humans pPeudero and Alomar, 20)5 Attempts to quantify Lg, Ligurian Sea; Sr, Gulf of Sirte; G, Strait of Gibraltar;, Sicily Strait; Cr,
plastic debris in the Mediterranean date back to 1980, when |aCrete Island; Cy, Cyprus Island). Colored circles indicate keplaces mentioned
quantitative visual survey reported around 1300 plastic EW in the paper and §peci c Iocatiops §ampled to build time evolition of Iocall

. . . . . tracer concentration, as shown inFigure 12 (A, Algerian Basin; B, Balearic
square kllometer Ina centra}l reglon_of the basiqris, 1980. Sea; L, Levantine Basin; M, Middle Eastern coast; T, Tyrrhé@n Sea).

The Mediterranean Se&igure 1) is not only surrounded by Bathymetry is based on the ETOPOS5 5-min gridded elevation da (Edwards,
a massively waste-generating coastal zone and inland,cstbje | 1989) provided in the Generic Mapping Tools packageV{essel et al., 2013.
a heavy anthropic, urban, and industrial pressure; the stmect | Foramap of the main features of the Mediterranean surfacerciulation we
of its circulation, as well as its being embedded in the dloba efer readers to Figure 12 of the paper by>oulain et al. (2012)
ocean conveyor belt, may promote retention of oating maaéri
inside the basin. The Mediterranean circulatioiglanotte-

Rizzoli et al, 1999; Robinson et al., 2P@ characterized by (Lebretonetal., 2012; Mansui et al., 2))105 statistical methods
an inward surface ow of waters from the Atlantic Ocean,that use observed surface drifter trajectories as input t@agr
with no signi cant outward ow anywhere along its coastline; particles forward in time I[{laximenko et al., 2012; van Sebille
the return ow into the Atlantic happens at the subsurface,et al., 201}, which is the approach we also selected.

thus hampering surface oating items from being expelled Regional studies on litter transport are very few compared to
from the basin and destinating them to accumulating withinlarge scale ones; they are limited to the East Asian margess

it. At the global ocean level, the Mediterranean's possibland the ocean surrounding Hawaiian Islands (among the most
sink role for oating particles of global origin was shown by recent, respectively;arson et al., 2013; Kako et al., 2))14
Lebreton et al. (2012)who used a global numerical model the Mediterranean, several studies investigated the ameela
simulating 30 years of input, transport, and accumulationof debris (see agait|ESM, 2014for comprehensive reviews),
of debris in the world ocean; their estimate is that thewhile studies on its transport are scarceiani et al. (2003)
Mediterranean potentially retained between 6 and 8% of akind Ramirez-Llodra et al. (2013)ave hints about the possible
particles introduced into the model, thus achieving one aé th transport mechanisms that could have led to the observed gebri
highest concentrations of marine litter in the world ocearetyY density, i.e., remote and local three dimensional oceaayayc

no evidence of permanent litter accumulation areas (“gagbagconditions. More recentlyiansui et al. (2015used numerical
patches”) has been reported so far in the Mediterranean, asodels and simulations of particle spreading, identifying fues
discussed by 6zar et al(2015 see Section Conclusions on thisretention areas in the Mediterranean.

point). In the present paper, along the lines drawn lg\aximenko

Zambianchi et al. (2014rovided a review of previous studies et al. (2012for the global ocean, we utilized the largest available
on transport and dispersion of debris due to marine circulatio set of historical Lagrangian data gathered in the Meditegem
the main methods used as well as ndings at large and region&ea to estimate the probability of oating litter to reach dient
scales and in the Mediterranean Sea. Transport of particldgin t subareas of the basin, with the main objective of pointing out
ocean is generally investigated making use of Lagrangiditigar possible retention areas. As will be seen, our results suggest
models that describe the ow as formed by two componentsmarine debris accumulation in the southern and southeaster
a large scale adjective mean eld and a smaller scale ilmegulLevantine basin. However, it should be noted that our stugly i
eld. Numerical models or velocity data from drifters dralwe  fairly idealized, and that in reality the plastic distributianight
former component with high con dence, while the latter is nfuc be modulated by the basin inter- and intraseasonal varigbili
more complicated to investigate and quantify, and thus tyljca which we do not resolve.
parameterized in various ways (egpmbianchiand Gri a, 1994, The method is illustrated in Section Lagrangian Data Analysis,
Haza et al., 20)2Previous works employed numerical modelswhile results are presented in Section Results and Discussion
to simulate both ocean circulation and the spread of particlealong with their comparison with direct litter observations
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in the basin. Conclusions and recommendations for futur
investigations follow in Section Conclusions.

LAGRANGIAN DATA ANALYSIS

Preliminary Data Treatment

The data utilized in this work come from the Mediterranean
Drifter Data Base, which gathers virtually all near-suefddfters
deployed in the Mediterranean in the last 30 years in the
framework of the most diverse experiments (efgpulain et al.,
201?' fV:\I-/ZZlJQquﬁdriftelg qf?ta spannfinr? from 198? toé(?ﬁ]:g for a m 840 960 15;0 1320 1440 1560 1moda‘a/bm
total o rifters. Drifters are of three types, liste m

the more to the less abundant: Surface Velocity Program [SVR g c?
Coastal Ocean Dynamics Experiment (CODE), and Compact <
Meteorological and Oceanographic Drifters (CMOD). g g 6
SVP drifters are equipped with a holey-sock drogue centered s s -
at a 15 m depthl(umpkin and Pazos, 20).7CODE and CODE- g % 70 ==
modi ed drifters are 70 cm to 1 m long plastic or aluminum 2 . g . — —_
cylinders with four perpendicular sails, whose verticalratignt 0 100 200 "f;?geéggs) 500 600 & §§§§§§

is provided by four small oaters [favis, 1985 for their
water following C.haraCtenStlcs.See' elysano et al., 201én.d FIGURE 2 | Six hourly data density for the whole drifter dataset (A);
references therein). CMOD drifters are 60 cm long aluminum histogram of drifter lifetime (B); drifter lifetime averaged over 5-year
tubes with a 35 cm-diameter buoyancy collar, drogued with @ periods (c).
tether of variable length (4-100 m, the latter case beinghmu
more frequentSelsor, 1993

These three types of drifters have di erent water-following
capabilities, the CMOD being more a ected by windage as wethe programmed transmission time to around 90 days, in order t
as SVP drifters that happen to lose their drogéeafan, 1996 avoid wasteful expenditures in case of instruments beingptea
Such a variety of drifter designs could facilitate, in prineighe  on land.
simulation of di erent kinds of debris dragged by winds and Data are not su cient to look at inter-annual variability,
currents in various ways. However, the relative paucity @& thbut they allow the study of seasonal variations. A rst step
available data did not allow us to distinguish among di erentto study seasonality has been to consider four seasons of the
kinds of behavior in a statistically reliable way, and fastleason same duration: autumn (October—-December), winter (Jagpdar
we used all data together, as a bulk of undi erentiated items.  March), spring (April-June), and summer (July—September).

The Mediterranean drifter data are processed and archivetlhe total amount of data in each season is approximately the
by the Istituto Nazionale di Oceanograa e di Geo sicasame; however, data density in the eastern basin is very low
Sperimentale in Trieste, Italy, and are accessible through summer, with <30 observations in “2longitude by %
the MedSVP website (http://nettuno.ogs.trieste.it/sirefftavp). latitude subregions for the most part of the area, while in
They were ltered to remove high frequencies; positions andhe western basin it is lower during winter, especially in the
velocities are subsampled every 6 h (Beelain et al., 2014or  Alboran, Algerian, and Tyrrhenian Sea. As a consequence, a
further details about dataset and data treatment). winter and a summer season of 6 months each were considered

As to the temporal and spatial distributions of the data, @nift a better choice to ensure statistical signi cance of the ltesu
days were<500 before 1990, nearly 2000 from 1990 to 1998n previous studies of the Mediterranean Sea circulation using
and doubled on average thereafter (not considering the syeadrifter data two extended seasons were also considered, clgoosi
2000, 2001, and 2014 when they were agaii®0). Figure 2A  two opposite periods so as to maximize the di erences between
shows the 6-hourly data density within the basin. The maximu the resulting elds Poulain and Zambianchi, 2007; Rinaldi et al.,
concentration of drifters is in the Adriatic Sea and inthetiern  2010; Poulain et al., 20).2n particular, the choice of the starting
areas of the western basin. Other regions of high data deasit and ending times of the seasons was here optimized considering
the central Tyrrhenian Sea, the Sicily Strait, the Aegean®&®& two di erent con gurations: one with an extended summer
the sea area south of Cyprusgure 2Breports a histogram of starting in May and ending in October and another one stagtin
the drifter lifetime in the Mediterranean; the average life¢ is in June and ending in November. In both cases dierences
72 daysFigure 2C shows the time evolution of drifter lifetime between extended winter and summer spatial distributions of
averaged over ve-year periods. Besides intrinsic failutes  drifter density for each con guration are larger than betwve
main reasons why drifters “died’Lgmpkin et al., 201 are the two con gurations of the same seasdfigures 3A-D. This
stranding and being picked up by shing boats; however, on thémplies that the choice of the starting and ending time of the
basis of the limited average lifetime shown by earlier disftafter two seasons will likely not have a large impact on subsequent
the turn of the millennium several investigators starteditnit ~ analysis in terms of statistical signi cance. The mean \gloc
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FIGURE 3 | Data density for extended winter (A) and summer (B) de ned from October to March and from April to September; for extende d winter (C)
and summer (D) de ned from November to April and from May to October

eld and the eddy kinetic energy (EKE) pattern obtained usingMethodology Used to Study Transport
the two con gurations are also almost identical; howevée t In this study, we implemented a method proposed by
total amount of data per season is more evenly distributedgusi Maximenko et al. (2012p investigate litter transport on the basis
the second con guration and therefore only those obtainsthg  of the Mediterranean drifter dataset. Starting from a prdsed
the second con guration (i.e., with an extended summer letwv  initial distribution, this method reconstructs the evolati of the
June and November and an extended winter between Decembeéensity of a passive tracer representing an adimensional proxy
and May) are presented in this paper. for oating litter (indicated as FLP, i.e., oating litter mixy, from
The description of the near-surface circulation in thenow on), using a probability density function obtained frometh
Mediterranean as derived from the drifter data was carrietl oudrifter trajectories.
using the so-called pseudoeulerian description (églco and The process consists of two phases: rst, the existing drifter
Zambianchi, 201}t the basin was sudivided into 4ongitude by  data are utilized to estimate the probability for them to move
% latitude subregions (bins) and the ow eld was described inbetween two bins in a xed time; then the probability is used to
terms of velocity averages and residuals computed on atedrif estimate the evolution of litter over the basin in the samedx
passes within each individual bin (on more sophisticated vtays time.
build such statistics sdeumpkin, 2003; Lumpkin and Garra o, In particular, the number of times that a drifter moves from
2005; Peng et al., 2015; Lumpkin et al., 2047d references one bin to another within a determined time span (hereafter
therein). The bin size was chosen so as to be able to e ectivetie ned “travel time”), once normalized over all switches, i
separate the mean circulation from its variable portion whileassumed to represent the probability for a drifter to move
retaining a su cient number of data points in each bin, thus between the two bins. This allows to build a probability
ensuring a statistical signi cance of the results. density function of particle displacement over di erent travel
In particular, for each bin we estimated the mean ow, de nedtimes.
as the average velocity vector, the kinetic energy of thenmea For simplicity, the calculation of the probability for a deft
ow per unit mass (mean kinetic energy, or MKE), the meanto move between two points in a xed time assumes drifter
kinetic energy of the velocity residuals per unit mass (eddgpreading as a statistically stationary process, so that pildlpa
kinetic energy, or EKE). For a formal de nition of these $$éital  depends only on travel time and not on the start time.

quantities sedrani et al. (2014)They are displayed iRigure 4 In practical terms, we gridded the domain spanned by the
for the whole data set, and iRigures 5 6 for the two extended 1429 drifter trajectories into %latitude by %2 longitude bins.
seasons. Then we used all pairs of 6-hourly locations along the same
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FIGURE 4 | Pseudoeulerian climatological elds of mean veloci ty (A),
MKE (B), and EKE (C) obtained from the drifter data set.

FIGURE 5 | Pseudoeulerian mean velocity elds for extended win ter (A)
and extended summer (B).

The probability distribution obtained from the drifter
trajectories was then used to initialize a procedure thaaiteely
computes a reconstructed evolution of FLP density in each bin
over 4 days: it sums up in each arrival bin the densities of
the starting bins at the previous time multiplied by the relativ
probabilities of reaching that bin in 4 days (see agdaximenko
et al.,, 2012Equation 2). Bins where at least one drifter ends
and from which no drifters exit are considered as sinks. Thus
we obtained an estimated FLP density in each bin every 4 days;
these multiples of the 4-day travel times were chosen on lbésis
the characteristics of the Mediterranean Sea circulatiaheddy
structures (e.g.Rio et al., 2007; Poulain et al., 20)1HBere we
show the resulting distributions at di erent nominal targeétnes,

trajectory separated by the chosen travel time to compute theamely after a week, a month, 3 months, 1, 3, and 10 years(sinc

probability for a drifter to move between bin pairs. We testeg

target times have to be multiples of the 4-day travel time, ezt

di erent travel times: 3 days, that is the typical Mediterranea targettimes are 8, 28, 100, 364, 1096, 3648 days).

Lagrangian time scales@arcia-Olivares et al., 20035 days, the

Two input scenarios have been considered, with two di erent

time used byMaximenko et al. (2012)and 2, 4, and 6 days initial distributions. Initial conditions were: a homogenus
were also tested. Travel time has to be slightly higher tinen t distribution of FLP densityD 1 per bin (the homogeneous

Lagrangian time scale, but close to the time taken by a drifte
travel a distance close to the bin size (this is to limit casfes
“false” zero probability in bins that drifters cross withaetaching
them at exactly the travel time). The travel time values iested
counting the bins with a non-zero probability: results provaet

initial distribution is indicated as HID from now on), and a
distribution localized along the coasts based on the amaint
coastal population (coastal initial distribution, or CID), thedter
choice being motivated by the fact that main sources ofrlitte
in the basin are land-baseds@lgani, 201y Data of coastal

4 days was the best choice, with a number of non-zero bins vepopulation along the Mediterranean coasts have been extracted
close to that obtained with 3 days where the maximum numbefrom the dataset provided by NCEAS Ocean Health Index project

is achieved.

It is worth underlining that, as explained bllaximenko

(Halpern et al., 2008 Raw data were provided in the Mollweide
WGS84 symmetric projection therefore they were reprojeated t

et al. (2012 Appendix A), the qualitative outcome of our longitude and latitude in the WGS84. Subsequently, allesia
reconstruction in terms of FLP distribution in corresponden bins of size % latitude by % longitude were summed together
of its maxima is not crucially a ected by the initial one, bt i and normalized to express each value in a bin as a fraction of the

mainly due by the local ow regime at di erent scales.

total.
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FIGURE 6 | Pseudoeulerian kinetic energies: extended winte  r MKE (A) and EKE (B); extended summer MKE (C) and EKE (D).

The total (non-dimensional) density of our FLP in the HID and e ectiveness of particle attraction areas in the worldaoce
case was 1174, corresponding to the number of bins populatezh the basis of synthetic Lagrangian trajectories integutan
by the drifters utilized to build the probability matrix; ime CID  a Markovian approximation. Here we will limit ourselves to the
case it was 1556, i.e., as close as the original drifter nuage most straightforward accumulation de nition, i.e., a medi-
allowed by the constraint of following the coastal population.and/or long-term local increase of FLP density (see also helow
These values are given here for the sake of completeness, Bgction Lagrangian Transport Reconstruction).
we want to reiterate that our FLP density is an adimensional
quantity, thus they do not have to be misinterpreted as the

number of litter items oating in the basin, which is order§ o RESULTS AND DISCUSSION

magnitude larger (see references in the Introduction). . . :
The probability distributions and the resulting FLP Traits of the Mediterranean Near-Surface

displacement reconstructions were obtained using the wholeirculation Reconstructed by the Drifter
drifter dataset—hereafter called climatological patteeme-the Data
seasonal, i.e., the extended summer and winter, data. Figure 4Ashows the pseudoeulerian mean velocity derived from
Our ultimate goal in this paper is to identify possible areas ofhe drifter data, averaged over the whole period (climatilal).
litter accumulation. Di erent de nitions of such a processear The binned current eld displays the main, well-known currents,
available in the literature, typically related with tracentide  and semi-permanent eddy structures, consistently with the
Lagrangian displacement described as a stochastic process, &iased pseudoeulerian statistics Byulain et al. (2012)who
spanning through quite dierent dispersion scenarios: e.g.ysed a subset of the same drifter dataset, limited to 2010
particle trapping in porous media (e.dg{pch and Brady, 1995 data. Our analysis clearly shows the surface, eastward branch
in convective cells (e.gGuyon et al., 1997 in anomalous of the Mediterranean circulation Malanotte-Rizzoli et al,
diusion situations (Young, 198R% In oceanographic ows, 1999; Robinson et al., 20Q%aking Modi ed Atlantic Water
particle retention has been assessed with tools derived frofrom the Strait of Gibraltar all the way to the Middle East
dynamical systems theory (e.Gastiglione et al., 1999; Cencini Mediterranean coasts. The most evident feature is the swift
et al., 199y the attractive properties of Lagrangian coherentcurrent represented by the subsequence of the Algerian @yrre
structures may play an important trapping rol®€acock and of the Atlantic lonian Stream, of the articulated and vat&ab
Haller, 2013 for a Mediterranean application seossi et al., Mid-lonian Jet and of the Mid-Mediterranean Jet, from which
2019. Froyland et al. (2014quantitatively assessed the locationa number of side branches depart: the cyclonic circulations i
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FIGURE 7 | Starting (A) and ending (B) points of all drifters; s tarting points of winter trajectories (light brown dots) an d of summer trajectories (red
dots, C); ending points of winter trajectories (green dots) and summer trajectories (blue dots, D).

the Algero-Provencal basin and in the Tyrrhenian Sea, whickthe whole basin, with the exception of the Sicily Strait and
merge in the Northern Current, owing in the Ligurian Sea the out ow toward the Levantine basin; however, it must be
and along the northern coasts of the Western Mediterranearconsidered that they only refer to the geostrophic portion of
a series of alternating anticyclonic and cyclonic eddiesnfr the near-surface circulation?oulain and Zambianchi (2007)
the south of the Peloponnese to the southeast of Crete and allso found a strong seasonal variability of the circulatiothe
the way to the middle eastern Mediterranean coasts; a syste®icily Strait, furthermore stressing the crucial role ofdbwind
of strong coastal currents owing cyclonically along theasts forcing. Since the purpose of this work is to study transport
of Egypt, Israel, Lebanon, Syria, and Turkey. The predominardf objects at the surface, the role of the wind-driven part of
mean ow is shown in the map of near-surface MKE drawnthe currents and of its variability is extremely importanus
from the drifter data, where the inow of Atlantic waters seasonality is expected to play some role, at least in thei¢rans
through the Alboran Sea and its rst circulation branch a@pn behavior.
the Algerian coasts (Algerian Current) reaching the centra
Mediterranean is particularly evident, as its MKE-values ar¢ agrangian Transport Reconstruction
much higher than for the rest of the basin interior circutati ~ Seasonal Transport Patterns
(Figure 4B). The distribution of the EKE suggests that theBefore using drifter trajectories to study transport and disjEn
Mediterranean circulation is strongly a ected by varialyilitas  properties of the mean and eddy current elds brie y described
EKE maxima falthfully retrace the main near-surface branchp the former section, maps of the starting and ending points
of the Mediterranean circulation, from the Strait of Gibmalt of trajectories were produced, and are showrFigure 7, they
eastwards, clearly mirroring the Algerian Current, theaktlic  clearly suggested that the e ect of the near-surface velocity
lonian Stream, the Mid lonian Jet, while in the Levantine basineld was stronger than that of the drifter initial deployment
the variability is strongly prevalent in correspondence oé th distribution, and moreover gave indications of a noticeabl
major, persistent, well documented recirculations suchfes t seasonal behavior. The majority of drifters were deployetthén
lerapetra, Rhodes, Mersa-Matruh gyres, and the Shikmona eddéyrthern sub-basins and in the Sicily Strait. The tenden€y o
(Figure 40). trajectories is to end along the coasts, but there is also eehig
Winter and summer velocity elds and the relative MKE and collection in the lonian Sea and Balearic Sea with respedteo t
EKE patterns showed di erences in some areas that are worthumber of releases, while very few drifters end at the Cretan
considering Figures 5 6). During winter, the eddy structures are passage and in the Levantine basin center despite the sativ
more energetic than in summer, the two branches of the midhigh number of releases.
lonian current are weaker and the Algerian current is streng The comparison of the seasonal maps of starting and ending
Poulain et al. (2012noticed a scarce seasonal variability amongoints con rmed the appropriateness of the choice of using
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FIGURE 8 | FLP density distribution for the homogeneous initia | distribution (HID, left panels) and the coastal population initial distribution (CID, right
panels) at different target times in the extended summer season.

two seasons of 6 months rather than four. Maps obtaineanonth, and 3 months, shown iRigures 8§ 9. On both gures left
for the four seasons showed two, rather than four, di erentpanels refer to results obtained with the HID, right panels with
distributions of ending points despite the release locatimese the CID.
similar in all seasons (data not shown). Ending points werigequ  The subsequent FLP distributions for those target times
homogeneously distributed in all the Mediterranean in autum resulted quite di erent from one another, showing a strong
and winter, while they crowded the coasts in spring and summetransient character of accumulation zones in the initial ipdr
No signi cant di erences were observed between autumn andA combination of some of these characteristics was also faund
winter nor between spring and summer distributions. the climatological reconstructions, as will be discusadtie next

Even though the deployment point distribution was similar section.
in both extended seasons, the pattern of ending points resulte In the summer reconstructions, maxima of FLP density were
quite di erent. As can be seen, in the eastern Mediterranerd, a located in the Algerian basin and o the Libyan and Egyptian
in particular in the Levantine basin, the distribution of énd  coasts for the HID case, while in the CID case they were con ned
points during summer was markedly di erent from winter ones. very close to the coast, with a maximum transiting cyclolyca
Namely, a higher tendency of drifters to group toward thestoa in the Western Mediterranean and another maximum brie y
in summer was evident. In the western basin, such di erenceppearing in the northeastern corner of the Levantine basihe T
was less clear, though some regions showed a similar behaviwinter situation for the HID was similar to the summer one, iteh
namely the Ligurian and the Balearic Sea. On the contranthe CID case was characterized by an accumulation in thed@ulf
in winter the distribution of ending points was sensibly more Sirte, which also appears in the HID case at 3 months, and persists
homogeneous throughout the entire Mediterranean. Such afor both initial conditions at least up to 1 year (not showar the
important seasonal character was also displayed by the transpseasonal cases obviously one-year long reconstructionsoére n
reconstruction results. meaningful).

This is conrmed by a rst glance at the evolution of In these short-term seasonal reconstructions the initial
reconstructed FLP density after the three target times oé&kyl condition is clearly bound to play an important role; this is why
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FIGURE 9 | Same as in Figure 8 for the extended winter season.

both CID reconstructions return similar results. On the eth This allowed us to describe the transient initial displacemen
hand, the HID accumulation in the Gulf of Sirte in winter and (up to 3 months) and the subsequent, asymptotic FLP behavior.
0 the Algerian coasts in summer can be interpreted looking atThe initial behavior is di erent in the two cases (as it was
the mean current and EKE elds. In winter, strong currentdan also in the seasonal cases, see above): while HID FLP by
high EKE along the Algerian coast can contrast accumulatiorde nition populated the interior of the Mediterranean right

in summer, currents are weak even though the EKE maintainafter deployment, the CID FLP distribution after 7 days still

a certain intensity. In the Gulf of Sirte, the surface cutrenters  showed large gaps; after a month, the HID case showed a
from the north in the summer and proceeds westward along theelatively widespread FLP aggregation pattern, with maxima i
Libyan coast, preventing retention of FLP there; in wintee th the Algerian basin, in the northern Tyrrhenian Sea and, more
current from the north is weak, an eastward current along themportantly, in the southern lonian and Levantine basin. The
Libyan coast enters the gulf and, in addition, the EKE isVeny ~ former relative maxima faded in the turn of another 2 months,

causing retention of FLP. showing a weak increase of the FLP density with respect to the
background, while the maximum in the Levantine basin was
Asymptotic Accumulation Patterns at this point well de ned, o the eastern Libyan and western

Figures 1Q 11 show results obtained with the climatological Egyptian coasts. In the CID case, the FLP distribution after 1
pattern for the two initial conditions:Figure 10 displays the month was still a ected by speci ¢ source locations, combined
evolution from the HID andFigure 11the evolution from the with the current eld: this was the case of the westernmost
CID at target times of a week, a month, 3 months, 1, 3, angbortion of the western Mediterranean subbasin and of the
10 years. Just like in the seasonal case, the color scalateslic easternmost part of the Levantine basin; after 3 months a
the FLP density. The same color range is used in all snapshomaximum in the Algerian basin was still present, while another,
stretched so as to cover the di erent intervals of FLP deesiti Wweak relative maximum o the Lybian/Egyptian coasts statted
spanned at di erent target times. The changing maxima provideappear.

an indication of the increasing FLP density in the accumolat One year after deployments, both HID and CID FLP
regions, further illustrated ifrigure 12 distributions showed a similar behavior, which proved to be
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FIGURE 10 | FLP density distribution for the climatological pa  ttern with the homogeneous initial distribution (HID) at dif ferent target times.

an asymptotic tendency to accumulate in the southern and/editerranean; the FLP density o the Middle Eastern coast (M
southeastern Levantine basin, with an absolute maximum oin the gure) steadily increases in the HID case, while in the
the eastern Libyan and western Egyptian coasts and a furth&ID case it reaches its absolute maximum after the very rst
relative maximum widespread o the entire Middle Easternfew weeks, as may be expected since it is a coastal location,
coast. This is further illustrated blyigure 12 which shows the then decreases and later increases again, reaching afeare y
time evolution of the local FLP density in di erent locationd its asymptotic value, of the order of one half of the absolute
the Mediterranean: colored circles indicate key places maati  maximum attained in L. The presence of a transient maximum
in the paper and speci c locations sampled to build the timeat di erent initial times is also noticeable for the Algeriaiagin
evolution of local tracer concentration, as showrFigure 1[A, (A in the gure) where, however, the FLP density vanishes at
Algerian Basin; B, Balearic Sea; L, Levantine Basin; M, Midd&symptotic times. In addition to locations L, M and A, presehte
Eastern coast; T, Tyrrhenian Sea]. for both the HID and CID caseskigure 12 shows the time
Upper panels refer to the HID initial conditions, lower panels evolution of the FLP density in the Tyrrhenian Sea for thevier
to the CID one; left panels show the evolution over the rst 2initial condition, and in the Balearic Sea for the latter (fidaB
years, right panels the evolution over 10 years, clearly digigay in the gure). With the HID, the Tyrrhenian behavior is quite
its asymptotic character. In particular, the southern/saghktern similar to the Algerian one, even though the FLP density range
Levantine basin (L in the gure) shows a monotonic increasdés more con ned; with the CID, the FLP density in the Balearic
of FLP density which reaches its asymptotic values aftersixe- attains two subsequent initial relative maxima, as a consecg!
years. of its coastal location in a reconstruction dominated at ghor
Figure 12 displays dierent, typical FLP density trends time scales by coastal population e ects, and then vanishes at
revealed by our analysis: the southern and southeasteasymptotic times.
Levantine basin (L in the gure) is characterized by a monoto The maxima of the color scale dfigures 10 11 and the
increase followed by an asymptotic plateau reached after 5 tome history of FLP densities ofFigure 12 show that the
6 years, with the absolute maximum FLP density in the wholsouthern/southeastern Levantine basin is indeed a place of
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FIGURE 11 | Same as in Figure 10 with the coastal population ini

tial distribution (CID).

sustained enhanced local increase of FLP. Maxima, howegwer,
not exceed a 25-fold increase of the initial value over 1@syea
Such a gure is of the same order found Byaximenko et al.
(2012)for the northern Atlantic and the southern Indian ocean,
but far from the values attained in the Paci c. Whether these
high FLP density areas may be considered as potential “garba
patches” depends on patch de nition, really. Since the FLRahit
density was set to 1, values attained by its distribution arent
target times roughly correspond to the Tracer Ampli cation
Factor (TAF) introduced bywan Sebille et al. (201;2however,
their threshold value TAB 2 to de ne patches would most likely
not be appropriate for the Mediterranean, as at least in the shor
term transient we see strong positive and negative variatin
features with a FLP density larger than 5 or 10. This leads (
to consider the latter, i.e., a 10-fold increase of FLP derisi
the long-term reconstruction, as a valid threshold valuetfe
Mediterranean.

Comparison with In Situ Litter

Observations

The comparison of our outcomes with the results iof situ
litter observations is far from straightforward; this is imly due
to the sporadic character of observations, strongly coimstch

«

IS

FIGURE 12 | Time history of reconstructed FLP density in differ
areas de ned in Figure 1.

ent key

by research vessel time and routes, and inevitably not symopt
(see, e.g., the review of observations providedbydero and

Alomar (2015) which displays the presence of large gaps in
the coverage of the Mediterranean). A proper validation would
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call for systematic in space and repeated in time measurement Other ndings in the Sardinia Channel, along with
campaigns that are currently not even planned (we will return taobservations in the southern portion of the Algerian basin,
this point in the conclusions). are reported bySuaria and Aliani (2014@and discussed by
In particular, our results suggest the presence of asymptoticambianchi et al. (2014and resemble very closely our results
accumulation in the southeastern portion of the Levantineiba obtained for the case of litter sources located in correspoice
Unfortunately, gathering detaileid situ data along the southern of the most populated coastal areas, in particular the 1-month
coasts of the Mediterranean is very di cult for a number of distribution for both extended seasons and for the climagidal
reasons, particularly in speci c areas. This causes obsengt reconstructions.
in those regions to be episodic and with coarse resolution; A short-term FLP-populated area appears in our results in the
however, a strong presence of oating debris o the southernnorthern Tyrrhenian Sea, but does not represent an accunaunat
Mediterranean coasts is suggested by the most overarchiagea, as its signal is present only up to 1 month and disappears
recent observational work in the Mediterranean, ®yzar et al. in the longer reconstructions. Observations in the Tyrrkeam
(2015) which shows high concentrations south-east o Creterather suggest more abundance in the southern portion of the
in a position roughly corresponding to our HID and CID basin, characterized by very slow, basically stagnatingrdics
climatological long-term reconstruction maxima. (Rinaldi et al., 20L(for a discussion seeambianchi et al., 2034
Eriksen et al. (2014eport results from 24 expeditions (2007 this is also in agreement with the modeling results Mginsui
2013) across the world ocean, including coastal Austrétie, et al., 201p and in the Corsica ChannelSQaria and Aliani,
Bay of Bengal and the Mediterranean Sea, and use those date?tel4; Cozar et al., 20)L5The former is not to be seen in our
calibrate a Lagrangian debris dispersion model in the samasar reconstruction, while the latter is compatible with the 1-ntlon
Their perspective is global and much coarser than ours, but eesults for the CID FLP distributionKigure 10. It has to be
clear zonation of debris in the Mediterranean Sea is visibld, a underlined that the Corsica Channel represents the chokepoin
their results agree with the outcomes of our analysis, shgwinfor waters passing from the Tyrrhenian to the Ligurian Seasth
relative maxima in the southern portion of the basin, bothpossibly inducing an enhanced concentration of oating méter
in the western and in the eastern Mediterranean. Their longtransiting through, but not accumulating in, the strait.
term predictions nicely mirror, in an integrated manner, our  Further indications can be provided by observations of the
asymptotic distributions, as well as our intermediate (1atl)  bottom distribution of debris. However, also in this case polgsi
ones. comparisons are constrained by the strongly uneven samgmg,
Again at a coarser resolutionan Sebille et al. (20165e three  shown by the maps displayed in the paperskymirez-Llodra
di erent, pre-existing global ocean circulation models to spy et al. (2013 see their Figure 4)Pham et al.(2014 see their
interpolate a global dataset of plastic marine debris obs@na  Figure 1), Tubau et al(2015 see their Figure 12 and the studies
after a careful preprocessing. Their outcomes, in particther t summarized in it).
microplastic distributions based on thebreton et al. (2013nd The results of the comparison are quite interesting: obvipusl
the (van Sebille et al., 2012; van Sebille, 3Ghiddels, appear the observed distribution at the sea bottom is largely in ued
clearly compatible with our results in terms of an asymptotichy the vertical detail of the Mediterranean circulation, ttia
increased density of FLP in the southeastern Levantin@basi oy study based on near-surface drifters cannot be accaunte
Finally, but in terms of model-only results, it is worth for, at least in terms of asymptotic zonation. However, on
underlining that the southern coastal strip of the easternyne hand observations con rm a relatively stronger longate
Mediterranean was identi ed bjlansui et al. (2015)if not as  reqence of litter in the southern Algerian basin and soushea
an accumulation area, as a prt_aferenual beach_lng destmatio .0 Crete. At the same time, our short-term distribution agee
As far as the ot.her regions, charactgnzed by tranaené_g_’ with observations in areas characterized by bottdter li
accumulatlon gcgordlng to our reconstruction, for the a’d@' bundance corresponding to the presence of canyons and other
ment|one_d logistic reasons we cannot n_d any observ_auonagreas in uenced by strong sinking patterns, such as the Gulf
con rmatl_on of the high debris concgntratlon ex_pected in the of Lyons. This is shown byigure 10 for the CID case at 1
GF'” of Sirte, C'ea”Y shown to b_e a I|_kely retenthn argahat week and 1 month for the northern Ligurian Sea and Algero
drifter datz.a'byP(.)uIa[n and Zambianchi (2097()onta|ned in .the Provencal basin, in which we clearly observe the signatutieeof
dataset utilized in this work, and representing one of thre§an ., 1hern Current which might be at least partly at the origif o
retention areas resulting from the modeling study blansui 4 cqincident bottom abundance. In other words, in such erea

etal. (2015) e asymptotic distribution is the result of horizontal adtien

. . . t
Floating debris have been observed in the Algero Provencg| 4 sinking, and the nal destiny of debris is at the sea botto
basin by all recent samplings: see the above mentioned study '

by Cozar et al. (2015)in the Sardinia Channel and south of

the Balearic Island, with further high concentration ardas CONCLUSIONS

the north, associated with the Northern Current or with the

northward propagation of Algerian eddies/{llot, 1999; Salas The largest available near-surface drifter dataset for ttea a
et al., 2001, 2002; Salas, 2003; Isern-Fontanet et al;, 0@ has been utilized to study transport of marine litter in the
very recent census of eddies in the Mediterranear.sééu etal., Mediterranean Sea. The drifter data have been rst processed
2014. to provide Lagrangian displacement probabilities; from these
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probabilities we have then drawn estimates of the evolution Our results clearly indicate the need for a systematic
throughout the basin of the density of a passive tracer, dmmed  oating litter observation activity, that may shed light on
as a proxy of oating litter. Two kinds of sources havethe likely accumulation in the southern and southeastern
been considered, an initial homogeneous distribution and devantine basin; the outcomes of our study lead us to stgongl
more realistic one, simulating land-based coastal sounfes recommend the organization of regular, synoptic campaigns
pollution. The distribution of our oating litter proxy has ben  enabling the assessment of marine litter distribution ovee t
reconstructed for di erent travel times, in the climatolagil case whole Mediterranean Sea.
and for two opposite extended seasons, a 6-month summer and a As a general remark, it has to be pointed out that the lack
6-month winter. of solid observations, so far, of localized accumulaticallgiot

Decadal reconstructions of Lagrangian trajectories fag thanyway suggest a lack of an environmental problem, and should
climatological case showed a quite clear asymptotic pattérn oot decrease our concern: among the marginal basins of the
accumulation of our litter proxy (in terms of a local increaske world ocean the Mediterranean is one of the most a ected by
density) in the southern and southeastern Levantine badiis  marine litter and plastics, and a strong and continuous e @t i
was true for both initial distributions (homogeneous ovédret required to contain the deployment of garbage into its waters
basin vs. based on coastal population), the asymptotic behavio
being achieved from 5 to 6 years on. AUTHOR CONTRIBUTIONS

As is well known, no evidence of localized permanent debris
accumulation (“garbage patch”) has been reported so far ikZ: Contribution to the main structure and contents of all
the Mediterranean. However, as pointed out byzar et al. sections, experiment design, result analysis, draftingeve and
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