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Abstract : 
 
The aim of the present study is to evidence the role of a boundary current and meteorological conditions 
in the transport and stranding of floating marine debris. The used data are from a beach survey and an 
inter-annual unique effort of marine debris sightings along the French Riviera in the North-Western 
Mediterranean region. Offshore data have been collected during oceanic cruises while beach surveys 
were performed around Antibes city. Debris were found on 97% of the ocean transects, with a large 
spatial and temporal variability, showing contrasted areas of low (~ 1 item/km2) and of high (> 10 
items/km2) debris densities. Results suggest that the debris spatio-temporal distribution is related to the 
Northern current (NC) dynamics, the regional boundary current, with accumulation patterns in its core 
and external edge. By playing a role in the alongshore transport, such a boundary current can form a 
cross-shore transport barrier. Stranding events can then occur after strong on-shore wind bursts 
modifying the sea surface dynamics and breaking this transport barrier. It is also shown that episodic 
enhancement of the stranding rate can be explained by combining the NC dynamics with the wind 
forcing and the rainfall effect via the local river run-off. Conversely, off-shore wind bursts could also free 
the marine litter from the boundary current and export them towards the open sea. 
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► Role of a boundary current in the transport and stranding of floating marine debris. ► The boundary 
current forms a cross-shore transport barrier. ► Stranding events can occur after strong on-shore wind 
bursts. ►Off-shore wind bursts can also export the marine litter towards the open sea. ► The wind 
forcing and the river run-off modify the boundary current role. 
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Abstract:
The aim of the present study is  to evidence the role of a boundary current and meteorological
conditions in the transport and stranding of floating marine debris. The used data are from a beach
survey and an inter-annual unique effort of marine debris sightings along the French Riviera in the
North-Western  Mediterranean region.  Offshore  data  have  been collected  during  oceanic  cruises
while beach surveys were performed around Antibes city. Debris were found on 97% of the ocean
transects,  with  a  large  spatial  and  temporal  variability,  showing  contrasted  areas  of  low  (~  1
item/km²)  and of  high (>10 items/km²)  debris  densities.  Results  suggest  that  the debris  spatio-
temporal  distribution  is  related  to  the  Northern  current  (NC)  dynamics,  the  regional  boundary
current,  with  accumulation  patterns  in  its  core  and  external  edge.  By  playing  a  role  in  the
alongshore transport, such a boundary current can form a cross-shore transport barrier. Stranding
events can then occur after strong on-shore wind bursts modifying the sea surface dynamics and
breaking this transport barrier.  It is also shown that episodic enhancement of the stranding rate can
be explained by combining the NC dynamics with the wind forcing and the rainfall effect via the
local river run-off.  Conversely,  off-shore wind bursts  could also free the marine litter  from the
boundary current and export them towards the open sea.

1. Introduction:

   Floating marine debris (FMD hereafter) is nowadays recognized as one of the most pervasive
problems affecting the marine  environment.  This  growing danger  for  the ecosystems (Gregory,
2009) mainly results from a perpetual and worldwide production increase of plastic items, which
account for a majority of the floating debris encountered at sea (Derraik,  2002 ;  UNEP, 2009).
Several  studies  have  demonstrated  the  existence  of  large-scale  accumulation  regions  of  plastic
debris in the oceans (Kubota, 1994;  Moore et al., 2001), with materials gathering in convergence
zones corresponding to subtropical gyres. High abundances of FMD were further reported in many
regions of the world,  particularly in semi-enclosed seas associated to densely populated coastal
areas.  In  this  context,  the Mediterranean Sea has  been identified as  one of the most  important
accumulation zone in the world (Lebreton et al., 2012 ; Eriksen et al., 2014 ; Cózar et al., 2015). It
is however worth noting that most studies have been performed for small sized particles, and that it
is not necessarily true that large and small to very small particles follow the same paths during the
accumulation process. 
   The first observation of plastic debris floating in the Mediterranean waters (south west of Malta)
was reported by Morris (Morris, 1980) and is associated to an abundance of approximately 1300
items/km². This very high value should be considered cautiously as the observation was based on a
single  quantitative  visual  survey of  one  hour.  Since  then,  various  studies  have  shown that  the
Mediterranean basin is impacted in various degrees by FMD. In the eastern Mediterranean Sea, two
previous surveys (Mc Coy, 1988 ; Topçu et al., 2010) on large FMD, that were visually observed,
reported estimates of FMD densities lower than 2.5 items/km².  A first large-scale survey using the
same methodological approaches in the central and western parts of the Mediterranean Sea was



carried out by Suaria and Aliani (2014). Observed mean densities were in this case about one order
of  magnitude  higher  (mean  densities  of  24.9  anthropogenic  marine  debris/km²  and  6.9  natural
marine debris/km²), with a great variability. These latest observational studies converge to a similar
order of density, but it must be kept in mind the difficulty in merging them as survey methods are
never  identical.  In  this  sense,  the  data  used  in  the  present  study  are  not  treated  as  strictly
quantitative  observations  as  absolute  numbers  might  be  argued.  However,  we  use  consistent
methodologies  and  our  data  set  has  a  robust  repeatability.  For  instance,  we  consider  that  the
numbers are less important than the difference between two neighbouring observation sites.
   On the numerical side, Lebreton and co-workers were first to actually model the transport and
distribution of floating debris in the Mediterranean Sea (Lebreton et al., 2012). In this global scale
simulation, between 6% and 8% of the particles introduced in the model were finally retained by the
Mediterranean basin. A total plastic load in the basin of 23.150 tons (surface) has been subsequently
estimated by Eriksen et al. (2014) thanks to a calibration of this model using a global data set.
However, one needs to be cautious about such calibration of model distribution since low agreement
was found between measurements and model predictions. A recent estimate made by Cózar et al.
(2015), and based on a set of 72 net tows analysed with a gridded approach, is indeed one order of
magnitude lower.
   Mansui et al. (2015) also proposed in another modelling paper a schematic view of the general
behaviour  of  marine  debris  in  the  Mediterranean  Sea,  with  three  potential  non-permanent
aggregation zones. Two of these zones, namely the north-western and Tyrrhenian sub-basins, appear
as a result of the rotating behaviour of the general surface circulation, while the third aggregation
zone, near the gulf of Sirte, is probably due to the weak dynamics of the area.   Some visual surveys
confirmed the presence of high debris densities in these potential aggregation zones, such as the
campaigns conducted by Suaria and Aliani (2014) in the north-western and Tyrrhenian zones.
   We assume that part of the FMD from these aggregation areas can be transported over long
distances  by surface circulation and can supply the Ligurian Sea and the French Riviera.  High
debris densities have been already observed in the Ligurian Sea from 18 shipboard surveys (Aliani
et al., 2003a, 2003b) and a global aerial campaign over the north-western sub-basin (Pettex et al.,
2014), but a strong spatio-temporal variability in the local concentration of debris was also reported.
Aliani et al.  (2003b) suggested that different meteorological conditions were responsible for the
variability observed during shipboard surveys. Such an accumulation of floating debris is also likely
related to local urban discharges and river outflows.

In  the  Ligurian  Sea,  and  more  generally  in  the  north-western  sub-basin,  the  major
oceanographic  feature  of  the  surface  layers  is  a  permanent  coastal-density  current  named  the
Northern Current (NC) (see section 2.1). This current has recently been identified by Berline et al.
(2013) as the main driver for the alongshore transport of jellyfish (Pelagia noctiluca). The Pelagia
distribution in time and space depends on the interplay between population dynamics and dispersal
by currents. A NC position close to the coast and the presence of alongshore winds are the key
factors underlying major arrivals of jellyfish on the beaches (Berline et al., 2013). Since Pelagia is
mainly transported by horizontal currents, its fate may be comparable to the transport of FMD.
Consequently, the NC may also affect the transport of marine litter along the French Riviera, as well
as stranding events.
   The objective of this paper is to study the role of the NC and the meteorological conditions in the
transport and stranding of FMD. Our approach is based on the analysis of an original data set of
ship sightings and stranding surveys. This is the only data set in western Ligurian Sea merging
visual observations (offshore) and collected items (beaches). A similar approach approach has  been
used by Thiel  et  al.  (2013) in Chilean coastal  waters to reveal the spatio-temporal dynamic of
anthropogenic marine debris and to identify the main sources of this debris in the study area.

2. Materials and methods:

2.1 Study area:



    The study area is  the western Ligurian Sea extending westward to  the French Riviera and
southward to the Corsica island (Fig. 1). An uneven bathymetry can be found at the northern part of
the area, with a continental shelf very narrow and an abrupt continental slope close to the coast. The
surface layers are characterized by a predominant circulation pattern, the NC, resulting from the
merging of the Eastern Corsican Current (ECC) and the Western Corsican Current (WCC). This
circulation flows westward along the shelf (Millot, 1999), being topographically guided by the 1000
m isobath, and follows the French coast from the Ligurian Sea down to the Spanish coast as part of
the general cyclonic circulation of Mediterranean waters in the western basin. The NC behaviour in
the area is  well understood and widely documented in terms of trajectory, magnitude (Bethoux et
al., 1982 ; Taupier-Letage and Millot, 1986 ; Albérola et al., 1995) and spatio-temporal variability
(Sammari  et  al.,  1995  ;  Guihou  et  al.,  2013).  The  NC is  characterized  by   a  strong  seasonal
variability and mesoscale activity.  In summer,  a quite steady and weak flow (<0.5 m/s) can be
observed with a width around 40 km (Albérola et al., 1995  ;  Conan and Millot, 1995). The NC
onshore branch can be located as far as 40 km away from the coast (Niewiadomska et al., 2008 ;
Ourmieres et  al.,  2011).  In winter,  a stronger ECC leads to an acceleration of the NC (surface
velocities up to 1 m/s) (Taupier-Letage and Millot, 1986 ; La Violette et al., 1994), a narrowing (25
km) and a position closer to the coast (around 5 km). The alongshore general circulation of the NC
is  not  favourable  to  a  cross-shore  transport  of  floating  marine  debris  to  the  coastal  zone.
Nevertheless,  the  strong  mesoscale  activity  associated  to  the  current  instabilities  leads  to  the
generation of meanders or eddies, especially in winter (Millot, 1999) but not only (Guihou et al.,
2013). In such particular cases, the NC can occasionnally transfer offshore waters to the coast, but
this  aspect has been more evidenced downstream (in the Gulf of Lions) than along the French
Riviera (Barrier et al., 2016). Finally, episodic wind bursts in the alongshore direction can move the
NC to the coast (Berline et al., 2013), also inducing an intense, but temporary, cross-shore transport
in surface.

2.2 Observations:

   Large FMD and stranded debris were respectively sampled in the framework of the participative
science activities of EcoOcean Institute (www.ecoocean-institut.org)  and Mer-Terre association
(www.mer-terre.org).  Observations  were  carried  out  respectively  between  2006  and  2008
(ecoocean) and in 2010 (mer-terre) with specific protocols described hereafter. The gathering and
the analysis of this data set represent the only attempt so far for the study area to describe the spatial
distribution of large FMD in semi-quantitative terms (see below), as well as stranding events using
a qualitative approach.
   The data set on FMD was collected for the Marine Strategy Framework Directive (MSFD) initial
assessment  (Gerigny et  al.,  2011).  It  is  contituted of 801 counts along 67 transects   performed
between years 2006 to 2008. It gathers multiple days of observations for several months during this
interval, but with no regular periodicity. The method was based on the principle of strip transect
(Buckland et al., 2001) without strip-width modelling but real counts related to surfaces covered
between 2 positions calculated from GPS starts and stops. Observations and related distances of
debris were initially validated during preliminary experiments using parametric binoculars. These
experiments  allowed  the  EcoOcean  team to  define  a  total  bandwidth  of  100  m,  stalling  on  a
bandwidth of 50 m on each side of the strip, as controlled by binoculars, that enabled a consistent
discrimination of all floating debris.  Subsurface debris were not considered in the assessments.
Sightings were performed only under calm seas (wind speed ≤ 2 Beaufort) in order to minimize the
effect of the wind-induced vertical mixing of the marine debris, and at a speed around 6 (±0.5)
knots.  Visual  observation  of  surface  synthetic  debris  was  focused  on  large  objects,  without
consideration of small (less than 5 cm) debris or their colours. Three observers from the bearing
deck covered continuously a 180° range in front of the ship.  Unfortunately, the size of each litter
and perpendicular distances from the observer were not recorded, but Suaria et al. (2014)  have
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shown that the size of the majority of anthropogenic marine debris, visually observed with the same
methodological approaches in the central and western parts of the Mediterranean Sea, is between 10
and 50 cm. Data from each observer cannot be considered here as replicates because only the total
number of floating marine debris  observed during each count  is  available.  Acknowledging this
potential  source  of  error  in  the  data  set,  the  present  work will  focus  on  large  spatial-temporal
gradients rather than on a strictly quantitative use, thus reducing possible misinterpretations. Other
variables that could impact visibility (e.g. rain) or detectability (e.g. shape) of debris were ignored
because surveys occurred during daylight  hours  under  good weather  conditions,  only when the
detection probability within the transect width was not compromised. The survey effort (transects)
was split into 30-min sections (mean length around 5 km), each of them being associated with one
mean position (calculated from GPS starts and stops) and a debris density  d given in items/km²,
representative of the local debris distribution observed in the section. The density d is expressed as

, where W is the transect width equal to 0.1 km, dist the distance in km covered by the
section, and n the total number of items observed inside the surveyed bandwidth. The gathering of
these multiple transects will then be used to infer the general spatial distribution of FMD in the
covered area. Additional information on the dataset can be found in a recently published work from
Di-Méglio and Campana (2017), for which a larger dataset has been used but includes the one
presented in our study. 
   Concerning beach surveys, observations of marine litter stranded on 3 beaches of Antibes (Fort
Carré, Ponteil and La Salis) were carried out by the technical department of the city from June 1 to
27 (2010), using a method defined by the Mer-Terre association. Figure 2 shows the local coastline
set up and indicates the beaches locations. The global situation of these beaches along the French
Riviera can be found on figure 3 (indicated by a black star along the coastline). Litter collection was
manually performed every day, between 6 and 8 in the morning, by 10 municipal officers in order to
estimate the daily intake of synthetic stranded items in terms of volume. The approach used here is
not intended to make an accurate evaluation of daily volumes, as several tens or hundreds of cubic
meters can strand on each beach in one day during a major event, but rather to assess an order of
magnitude  of  these  volumes.  The  timing  of  sampling  was  not  tied  to  tidal  cycle  because  the
Mediterranean Sea is a microtidal sea (tidal range of 20.8 ± 5.6 cm in the sampled sites). The survey
effort can be then be assumed as continuous over time. Litter was picked along a 3-m strip from the
shoreline with the aim to only collect stranded waste. The sampled section was 2450 m in length,
for a total sampled area of 7350 m². The daily volume of stranded litter picked on the beaches was
estimated from the total volume of trash bags used to enclose all collected items. Items were sorted
in 4 categories (plastic, wood, seaweed and others) before being stuffed in trash bags (only for the
plastic item category). Very small  items (e.g.  resin pellets) were not considered, and centimeter
scale items were recorded only when they were identifiable to the naked eye (e.g. cigarette butts or
bottle caps). Generally, every collected items in the plastic category could easily be enclosed in
trash bags. No awkwardly or very large shaped items were encountered, in such a way that the
volume of items which are stuffed in a trash bag may be approximated by the volume of this bag,
even if some empty space still exists. It must be kept in mind that the goal is to identify major
stranding  events,  involving  huge  volumes  of  stranded  items,  and  to  relate  them  to  the  ocean
dynamics and meteorological conditions.

2.3 Numerical tools:

   The position of the NC and its dynamics were inferred from an Oceanic General Circulation
Model  (OGCM) and  compared  to  the  FMD observations.  The  model  used  is  the  Nucleus  for
European Modelling of the Ocean (NEMO) (Madec, 2008) in a realistic regional high-resolution
configuration (GLAZUR64, Ourmieres et al., 2011) over the gulf of Lion and the western Ligurian
Sea  (2.09°E-7.97°E,  41.26°N-43.90°N).  The  numerical  model  solves  the  primitive  equations
assuming the hydrostatic equilibrium, the Boussinesq approximation and a free surface formulation.



Adaptative boundary conditions (Cailleau et al., 2008 ; Guihou et al., 2013) and free slip conditions
are respectively used at the open boundaries and the coast. The resolution on the horizontal is 1/64°
on a regular mesh. The vertical dimension is unevenly spaced with 130 Z-levels from the surface
(ΔZ = 1 m) down to the bottom (ΔZ = 30 m). 43 levels are in the first 100 m to better represent the
upper boundary layer. The atmospheric data used to force the GLAZUR64 configuration comes
from the Météo-France (the French weather forecast center,  www.meteofrance.com) operational
regional  model  ALADIN   and  is  available  every  3-hr  on  a  9.5  km  by  9.5  km  grid.  This
meteorological  model  includes  data  assimilation  and  generally  provides  a  valid  picture  of  the
meteorological  regimes  in  the  north-western  Mediterranean  Sea  (Herrmann  et  al.,  2011).  The
oceanic  open  boundaries  are  provided  by  the  NEMO  PSY2V4R4 Mercator-Ocean  simulations
(http://www.mercator-ocean.fr). Previous studies (Ourmieres et al., 2011 ; Guihou et al., 2013) have
shown that the GLAZUR64 configuration realistically simulates the NC mesoscale variability. The
model dynamics include the Ekman drift, the baroclinic motion, the inertial currents as well as the
Stokes drift induced by waves. Ourmieres et al. (2011) showed that such a configuration is suitable
for coastal  process studies.  Here,  we have only considered the surface velocity fields over two
periods, from October 2006 to October 2008 (shipboard observations) and in June 2010 (stranding
surveys).
   The Finite Time Lyapunov Exponents (FTLEs) (Haller and Yuan., 2000 ; Tallapragada and Ross,
2013) have also been calculated in this paper using June 2010 velocity fields (GLAZUR64), and
with a 6-day integration time, to study the transport dynamics due to the NC, possibly linked to the
FMD stranding dynamics. The FTLEs are a useful tool to identify transport barriers defined by
Lagrangian Coherent Structures (LCSs, see for example (Haza et  al.,  2007  ;  Haller,  2011)), i.e.
ridges  of  FTLEs.  They  measure  the  average  local  stretching  around  reference  trajectories  and
provide a simplified and integrated skeleton of the overall dynamics of the system. This Lagrangian
metric exploits both spatial and temporal variability of a given field, and highlights regions with
different  dynamical  behaviour,  detecting  avenues  and  barriers  to  transport.  Computations  were
performed here using the OceanFTLE Matlab package written by D. L. Volkov.

2.4 Hydrological and satellite data:

   The NC position relative to the coast has also been inferred from Sea Surface Temperature (SST)
satellite data because of its thermal signature different from the neighbouring waters. The data set
used is the SST product from the MyOcean-2 project (www.myocean.eu) and corresponds to daily
reprocessed maps of the Mediterranean Sea at high resolution (Level 4 products at 0.04° resolution,
refer to Buongiorno Nardelli et al. (2013) for further details). However, the major limitation of this
method occurs for episodic wind bursts such as strong westerlies, very typical in the region, that
cool  the  surface  and  avoid  NC detection.  Nevertheless,  shipboard  observations  could  only  be
carried out with a calm sea state condition excluding any major wind burst, so that a comparison
between FMD locations and NC position can be considered in the majority of cases. Nevertheless,
at-sea surveys have been sometimes carried out after a wind event, when the NC thermal signature
is not yet visible. In this particular case, SST maps were not used for the analyses.
SST maps were coupled to model outputs velocity maps to get the best possible confidence in the
NC vein position. The FMD locations were then compared to the envelope of westward alongshore
velocities superior to 20 cm/s and SST gradient. Finally, daily averaged run-off of the Var river and
3-hour rainfall (from the ALADIN model) were used in order to assess the potential role of the river
in these events. Run-off data were produced by the “Direction Régionale de l'Environnement et
Aménagement  du  Logement”  (DREAL)  PACA  and  are  freely  available  via
www.hydro.eaufrance.fr/.

3. Results:

3.1 Coastal and offshore debris distribution:

http://www.hydro.eaufrance.fr/
http://www.myocean.eu/
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   FMD were observed on 97% of the transects with a very high spatial and temporal variability,
with densities ranging from 0 to about 51 items/km².  Although the sightings protocol has been
thouroughly prepared, it is however impossible to consider it as fully quantitative, as already stated
in section 2.2: sighting errors are inevitably present and the protocol itself,  although covering a
large area and a long period cannot be considered as fully representative due to its spatial  and
temporal  scattering.  The  following  results  are  then  based  on  indicators  such  as  high  or  low
occurrence instead of relying on the absolute numbers. However, all observations are listed in table
1, provided as supplementary material. 

Relatively high abundances of floating debris were recorded from May to June 2007 and
2008 as well as during October 2008,  when compared to the other months of the survey: maximum
FMD densities were very frequently recorded  higher than 10 items/km² and up to 51 items/km²
when most of the sightings period were significantly lower, around 1 item/km². Figure 3 shows
these results and highlights these facts by differentiating area of low densities (< 10 item/km²) and
of  high densities  (> 10 items/km²).  Hence,  the contrast  being  large enough,  the results  can  be
exploited to provide information on the spatial and temporal FMD dispatching. Low FMD densities
were mostly observed near the coast or very far offshore, while high densities were simultaneously
found on the NC external edge, 20 to 40 km from the coast (Fig. 4). This result significantly differs
from the coastal-offshore increasing trend of micro-plastic reported in previous papers for this area
(Pedrotti et al., 2016) or in other regions (Thiel et al., 2003, 2013). 

If the FMD observations and the simulated NC general position are superimposed (Fig. 3),
it appears that about 75% of high debris densities are located inside the NC general path or in the
immediate vicinity of its external edge. The accuracy of the NC position during daily shipboard
observations  was improved by comparing the positions of the FMD counts to  composite  maps
created by superposing the corresponding daily GLAZUR64 circulation outputs to the daily satellite
SST maps. More precise NC path daily positioning and accurate spatial-temporal matching between
the local ocean dynamics and the FMD distribution were obtained. A review of all  these maps
shows that two constrasting scenarios come out. 

The  first  typical  case  corresponds  to  high  debris  densities  found  inside  the  boundary
current path: 67% of the total transects have been performed in the NC path vicinity, and among
these transects, 78% of them showed a high debris density. The NC path area has been defined as
the envelope of westward alongshore velocities superior to 20 cm/s, according to  Guihou et al.
(2013). Only a few transects cross totally the NC from the coast to the open sea, but 66% of them
show a gradual increase of debris density when moving off shore. In such cases, the NC external
front appears to be the preferred area for debris accumulation, as can be observed for example in
October 2006 (Fig. 5a).

The second typical case corresponds to high debris densities in offshore waters and low
debris densities between the coast and the NC external edge as shown for example in (Fig. 5b):  this
case represents 18% of all the transects. It appears that most of these cases can be explained by their
recent  meteorological  and  hydrological  history.  For  example,  a  strong  offshore  wind  (Mistral)
occurred in  May 2007, one week before the FMD surveys (Fig. 6b). With a wind speed ranging
from 10 to 15 m/s, this Mistral event is sufficiently long and strong to impact the surface currents
and export floating marine debris to offshore locations. When examining the wind conditions one
week before all  offshore observations  of litter,  it  appears that  seven out of the twelve affected
transects have been actually preceded by such an offshore wind regime. Conversely, transects with a
maximum debris density located on the NC external edge are not preceded by strong offshore winds
(e.g. in October 2006, Fig. 5a for the FMD density and Fig. 6a for the wind conditions), or these
short offshore wind events are directly followed by onshore winds. It can also be inferred that the
remaining unexplained cases with high debris density spots located far offshore are probably linked
to  the  same  kind  of  transport  dynamics  but  maybe  with  a  strong  unsteady  meteorological
conditioning, making difficult to trace back their journey. However, the frequency and the average
strength of the offshore winds in the area, the Mistral, lead us to think that this offshore export of



floating debris is realistic. This assertion is also strengthen by observations (not published) of the
surface current obtained by HF radar measurements in a coastal portion of the area (see Marmain et
al. , 2014 for the HF radar set up) . These data show that in the case of a significant Mistral event,
the  NC surface  layer,  flowing more  or  less  westward,  disappears  and a  strong offshore  south-
eastward surface current sets in during the wind burst. This strong temporary surface current can
then be supposed to be responsible for the FMD export far off the coast.   

3.2 Litter stranding:

   In June 2010, a low stranding rate of floating marine litter was recorded during the entire month at
the three sampled sites (0-4 m³/day), apart from June 11 (E1 event) and 16 (E2 event) for which
total volumes of collected items are one order or two orders of magnitude higher than during the
rest of the month (Fig. 7). The debris volumes collected each day on the beaches, excluding these
two events, are very low in regard to the surveyed beach section while the touristic beach use
remains in general very high. So, we assume that only specific ocean and/or weather conditions can
be responsible for these distinctive stranding events. A strong and moderate easterly wind event is
evidenced on Fig. 8 before E1  and E2 respectively. The first wind event appears to be twice longer
than the second (48h vs 24h).  This is  an important  point to  make because the total  volume of
collected debris at the three sites during E1 is higher too. So, in order to determine to what extent
easterly winds do affect the dynamics of the surface currents, FTLEs were calculated for the beach
survey  period  (Fig.  9).  It  is  recalled  that  the  FTLE  calculation  allows  to  identify  LCSs
corresponding to the studied flow: these structures help identifying transport barriers in the velocity
field (dark contours in fig. 9). The LCSs observed before (Fig. 9a), between (Fig. 9d, 9e and 9f),
and after (Fig. 9h and 9i) the easterlies are associated to alongshore lines, suggesting that the NC is
playing the potential role of a cross-shore transport barrier. This is not the case during easterlies
(Fig. 9b, 9c and 9g), for which LCSs are different: alongshore lines bend and become clearly cross-
shore  oriented.  In  these  particular  cases,  it  can  be  assumed  that  the  appearing  cross-shore
component  of the velocity  field is  likely to favour the stranding events.  This  combined action,
coupled  with  the  orientation  of  the  coast,  enhances  the  stranding of  marine  litters  and can  be
considered as the main reason why a huge amount of debris was collected on Antibes beaches, on
June 11 and 16. A similar offshore shift of the NC can also be observed during meander or eddy
events as can be seen on figure 10,  showing the time-latitude evolution of the surface current.
However, LCSs are not necessary cross-shore oriented in this case, which can explain the fact that
no major stranding event occurred starting from June 23, whereas the NC moves closer to the coast
due to the appearance of a meander in front of Antibes.
Hence, it can be inferred that at such a scale, the NC, acting as a FMD carrier (and collector), is a
dominant actor in the presented cases of massive FMD stranding events on the surveyed beaches.
However, additional elements show that local factors such as the river run-off can also have to be
accounted for. Indeed, the change in the surface dynamics allowed by the easterly wind event in
June 15 (Fig. 8) might not be the only reason for the second stranding event (E2). The wind effect
on the NC is actually less intense during E2, with a NC core far away from the coast, than it is
before E1 from June 9 to 10. GLAZUR64 simulations also show a very strong secondary onshore
branch flowing westward before E1 (Fig. 10), that totally disappears before E2, and a faster change
of LCSs can be deduced from the FTLE snapshots (Fig. 9b, 9c and 9g). Nevertheless, the collected
debris volumes were of the same order of magnitude during both stranding events. There are two
possible explanations for this: first, the density of floating marine debris transported by the NC is
higher  during  the  second  event,  and  counterbalances  the  shortness  of  the  easterly  wind  event.
Second, there is a possible dramatical increase in the input of a local source of marine debris. In this
sense, the Var river, located 10 km from the sampled sites, with its mouth directly facing them (Fig.
2), is the second most important French Mediterranean river in terms of annual water flow rate. Its
particular  situation  in  a  densely-populated  area  makes  this  river  a  significant  actor  for  the
transportation  of  debris,  in  particular  during  strong rainfall  leading  to  important  soil  leaching.



Several accumulation areas on the deep sea floor were already located in front of the Var mouth by
Galgani et al.  (1996) who analysed various diving observations in canyons located off the Nice
area. More generally, a previous study conducted in southern California has already demonstrated
that plastic quantity flowing in urban rivers are significantly higher during wet periods (Moore et
al., 2011). For our case, an analysis of the meteorological conditions in June 2010 shows that only
one strong rainfall event was recorded during the 15th-16th night and has impacted the Var river
watershed (Fig. 11). This rainfall event is connected to a sudden increase in the Var river run-off, as
evidenced by looking at the  daily average run-off on June 16 (172 m³/s), twice higher than the
monthly average (91 m³/s). Because the debris collection on this day directly followed the storm,
and the river location is upstream of the three surveyed beaches, the Var river must be considered as
another important source of marine litter during the second stranding event. But again for E2, the
coastal dynamics conditioned by the easterlies were favourable for the trapping of debris along the
coast and not for an export off-shore, as a Mistral event could do. Hence, even if for E2 the main
source might be the coast and not the NC, it can be assumed that the boundary current can also
indirectly impact the fate of the floating debris. 

4. Conclusion:

   In the present work, a boundary current was identified as the main factor affecting the coastal
distribution  of  FMD. The  proximity  of  land-based  sources,  linked to  densely  populated  zones,
appears in this particular case as a secondary factor since the mesoscale activity of the boundary
current prevents long-term accumulation of macro-debris in the 10-km water strip adjacent to the
coast (accumulation previously reported by Thiel et al. (2003) in South-East Pacific). 
This is the first attempt to study the transport and stranding of FMD in a general boundary current
context, but also in the Mediterranean Sea, from a data set composed of at-sea and shore-based
observations. Despite a scattered distribution in time and space of the shipboard observations as is
frequently  encountered  in  such data,  this  data  set  is  currently  the  only  one  in  this  part  of  the
Mediterranean Sea with such a spatio-temporal coverage. Our approach, based on the study of the
NC case, was designed to highlight the role of a boundary current and the meteorological conditions
on the spatial  distribution of floating marine litter  in  coastal  areas and the triggering of major
stranding events. It  could be applied similarly in other areas since the dynamic of the NC, the
weather forcing and offshore/coastal water exchanges can be found in numerous coastal to regional
ocean areas. Mistral and easterly winds are the predominant wind regimes encountered along the
French Riviera coastline. Previous studies (Bethoux et al., 1982 ; Berline et al., 2013 ) have shown
that these wind regimes interact strongly with the ocean surface, in particular with the NC. Berline
et al. (2013) already evidenced that jellyfish stranding in Nice (18 km west to Antibes) are greatly
influenced by the NC position and the alongshore wind (i.e. easterly winds). Jellyfishes follow the
NC flow and can be carried in the surface layer by Ekman currents, oriented 45° to the right of the
wind direction, which are directed onshore for north-easterly winds. A similar interaction between
easterly wind events and FMD stranding can be assumed here, and has been already demonstrated
in other areas in the world (Vauk and Schrey, 1987 ; Galgani et al., 2000 ; Thiel et al., 2011), even if
the NC role in the alongshore transport was not considered.

   The EcoOcean data set cannot be fully considered as quantitative for protocol reasons . It has then
been used with care regarding this issue, focusing on large spatial and temporal variations instead of
local  density  alone.  However,  the densities of FMD observed during the EcoOcean cruises  are
typical of this part of the Mediterranean Sea according to the few other campaigns of large debris
visual  surveys,  conducted in  the  Ligurian Sea in  1997 and 2000 by Aliani  et  al.  (2003b),  and
showing mean debris densities between 1.5 and 25 items/km², despite not using a perfectly similar
protocol.  On a  larger  spatial  scale,  Suaria  and Aliani  (2014)  reported  observations  based  on a
comparable methodological approach in the western Mediterranean Sea with debris densities one



order of magnitude higher. Such a difference in the detection rates can mostly be explained by the
spatial  heterogeneity  of  marine  litter  distribution,  and  to  a  lesser  extent,  by  the  experimental
conditions. Although shipboard surveys were made in both cases by scanning the sea surface during
the same seasons, they were also done from various research vessels with different deck heights,
which could indeed affect the detection rate.
   Locations of high debris densities are generally found in good agreement with the NC path and
indicate that the distribution of floating marine debris off the French Riviera is strongly conditioned
by this permanent circulation pattern. It has however to be reminded that observations were made
during good weather conditions, i.e. not during strong easterly winds that could have pushed the NC
on shore, possibly leading to an input of FMD along the coast. It is interesting to note that the recent
sampling of micro-plastics in the region by Pedrotti et al. (2016), combined with data previously
reported for the Mediterranean Sea (Lucia et al., 2014 ; Cózar et al., 2015), did not show a similar
pattern, but rather the presence of high micro-plastic densities in the 1-km water strip adjacent to
the coast and in distant waters (around 100 km). No accumulation of micro-plastics in the NC path
was observed by this study, maybe as a result of the very few observations carried out inside the
NC. This antinomic results  might point here again the fact that FMD and micro-plastic do not
behave similarly in oceanic currents. 
Several observations of high debris densities were also directly reported near the external front. The
fact that high abundances of marine debris were encountered in a frontal zone is another interesting
point. The only other study on this topic was conducted by Acha et al. (2003), who reported the
efficiency of the Rio de la Plata (South America) bottom salinity front in trapping marine debris.
This should be investigated in future works as frontal zones are very sensitive areas hosting a high
biological  productivity  induced  by  vertical  transfers  of  nutrients  (Boucher  et  al.,  1987  ;
Niewiadomska et  al.,  2008). For instance,  Ferraris et al.  (2012) have observed, during repeated
campaigns, the regular increase of Pelagia noctiluca jellyfish distribution from the coast to the NC
external front.
   Offshore high debris densities were sometimes also encountered far away from the NC external
edge. Analyses of the meteorological condition history before each of these observations show that
Mistral events (blowing seaward) can be seen as a reasonable hypothesis for the offshore export of
FMDThe FTLE fields confirm this hypothesis, as well as verifying the fact that such a boundary
current is playing the role of a cross-shore transport barrier under calm sea conditions. Another
reason could be found in the Mediterranean mesoscale  dynamics,   such as NC large meanders
(Albérola et al., 1995 ; Sammari et al., 1995) or eddies (Rubio et al., 2005 ; Guihou, 2013), even if
none of these physical processes were observed on modelled velocity fields or SST maps during the
EcoOcean cruises.
   The stranding of floating marine litter along the Antibes coastline can be explained by the quasi-
permanent presence of marine debris in the NC branch, at least during summer, combined with on-
shore easterly wind bursts, and potentially modulated by land-based inputs from the Var river. In
this case, strong wind bursts alter the sea surface dynamic in such a way that the usual alongshore
transport  of  FMD induced by the boundary current  actually  gives  way to  a  strong cross-shore
component of the surface velocity allowing stranding events. It should however be kept in mind that
small scale coastal currents, not modelled by the GLAZUR64 configuration due to its resolution,
were not considered in this study and can also partly explain stranding events, together with the
possibility of a temporary high density mixture of debris in the water close to the coast that moves
in and out of the beaches daily.
Finally, further studies are required to improve our understanding of all these transport mechanisms
in coastal areas impacted by the presence of a boundary current. For instance, high debris densities
were  reported  in  May/June  2007  and  2008  during  the  EcoOcean  cruises,  possibly  suggesting
variations  in  the  number  of  floating  marine  debris  transported  by  the  NC,  but  the  data  set  of
shipboard  observations  is  not  robust  enough to  adequately  study this  process.  More  consistent
observation  campaigns  are  in  fact  required.  Such  campaigns  should  include  regular  transects
throughout the year, and not only during the summer to autumn season, giving priority to transects



that cross the boundary current branch. Continuous beach surveys should also be carried in parallel
to shipboard observation periods with a daily frequency during bad weather conditions and with a
1-week or 2-week frequency during low wind conditions, when the stranding of floating marine
debris is generally lower. Such an approach will provide the advantage of minimizing the number of
beach surveys while targeting the potential interesting events.
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Fig.  1:  Map of  the north-western Mediterranean Sea. Major  surface currents  are  identified with the
acronyms specified in the text and the French Riviera is highlighted by an orange line.



Fig. 2: Location of the three beaches sampled in June 2010 and the Var river. The Var river run-off was
recorded at the Napoleon-III bridge station (blue star).



Fig.  3:  Map  of  floating  marine  litter  distribution  observed  along  the  French  Riviera  during  the
EcoOcean cruises  (October 2006 –  October 2008). Coloured  circles  mark  the  positions  and dates  of
shipboard surveys. Debris densities are broken down in two categories in order to highlight the position of
high values: low densities (< 10 items/km², small circles) and high densities (> 10 items/km², large circles).
The NC general path was determined from GLAZUR64 surface mean velocity fields. Black star denotes the
location of the beach surveys in Antibes (June 2010).



Fig. 4: Number of debris high densities (> 10 items/km²) observed during shipboard surveys in relation
to the distance to the coast. We considered spatial ranges of 5 km, from 0 to 115 km, to count the number of
high debris densities.



Fig. 5: Floating marine litter distribution observed on October 2006 (a) and May 2007 (b). The mean
surface velocity was calculated by averaging daily modelled velocity fields of the upper vertical level on
October 8 to 12 for (a), and May 23 and 24 for (b). In both cases, SST maps are rather similar for each period
of  floating  marine  debris  observation,  and  only  SST  maps  on  October  10  (a)  and  May  23  (b)  were
superimposed to surface velocity fields and debris survey locations.



Fig. 6: Stick diagram of ALADIN wind speed in October 2006 (a), and May 2007 (b). The direction of
the upward (downward) sticks is North (South). The diagram was plotted at the 43°02N – 6°46E location
(nearest  shore position representative of the mean wind regime).  Since it  is  difficult  to provide a direct
estimation of the wind speed on the stick diagram, the wind magnitude has been plotted above for the two
cases.

Fig. 7: Debris volume levels collected on three beaches of Antibes (m³) in June 2010: (grey) Fort Carré,
(white) Ponteil and (black) La Salis.



Fig. 8: Stick diagram of ALADIN wind speed at Antibes location (43°60N – 7°10E). E1 (June 11) and E2
(June 16) stranding events are respectively indicated by blue and red dotted lines.

Fig. 9: Snapshots of FTLEs forward in time from June 8 to 17, 2010. Each FTLE field was based on a 6-
day integration time and a tracer resolution of 1/256°. Black arrows show the main wind direction for each
day, and numbers below refer to mean wind speed.



Fig. 10: Time-latitude diagram of the GLAZUR64 modelled upper layer velocity field along a 7°23.44
section. For each latitudinal section, a current core location (white line) is defined as the position where the
current is maximum.

Fig. 11: 3-h rainfall from the ALADIN model at Antibes location (43°60N – 7°10E), presented with
daily run-off of the Var river (embedded figure) in June 2010.


