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Management of plastic litter in Marine Protected Areas (MPAs) is expensive but crucial to avoid harms to critical
environments. In the present work, an open-source numerical modelling chain is proposed to estimate the sea-
sonal pathways and fates of macro-plastics, and hence support the effective planning and implementation of sea
and beach cleaning operations. The proposed approach is applied to the nearshore region that includes the MPA

of Capo Milazzo (Italy). A sensitivity analysis on the influence of tides, wind, waves and river floods over the year
indicates that seasonality only slightly affects the location and extension of the macro-plastic accumulation
zones, and that beach cleaning operations should be performed in autumn. Instead, the influence of rivers on
plastic litter distribution is crucial for the optimal planning of cleaning interventions in the coastal area.

1. Introduction

The issue of marine plastic litter has recently gained more attention,
due to increasing records of plastics reported in different environmental
matrices such as water, sediment, and biota as well as in drinking water
and foods (Nunes et al., 2022). The so-called macro-plastics (i.e. single-
use plastics or fragments with size above 25 mm) and meso-plastics (i.e.
fragments with size between 5 mm and 25 mm), which are generally
quite easy to see and remove from the environment, increase their
bioavailability by breaking down into micro and nano-plastics (i.e. size
below 5 mm and 1 x 10~* mm, respectively), as a result of a variety of
actions associated with UV radiation, mechanical transformations, and
biological degradation processes (Thompson et al., 2004; Soares et al.,
2020). Indeed, micro and nano-plastics derived from macro-plastic
breaking, together with the so-called primary micro-plastics (e.g.
micro-beads in cosmetics, plastic pellets) are ingested by animals which
populate the sea, thus entering the food chain, and in the end hurting
human health (Coppock et al., 2019; Claro et al., 2019; Shen et al.,
2020). It is important to point out that micro and nano-plastics are likely
to absorb and hence transport organic pollutants and other hazardous
contaminants, because of their high surface area to volume ratio (Peng
et al., 2020; Kiran et al., 2022).

In Europe, about 500,000 tons of plastic litter are released into the
sea every year (Interreg Europe, 2021). Most plastic litter is produced
inland by agricultural, industrial and urban activities, whose waste is
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transported by rivers towards the sea (Lebreton and Andrady, 2019).
Moreover, the COVID-19 pandemic has led to an increased demand for
single-use plastics (Alfonso et al., 2021; Al-Salem et al., 2022), which
globally caused more than 25,000 tons of pandemic-associated plastic
waste entering the global ocean, about 11 % of which is transported by
European rivers (Peng et al., 2021). The Mediterranean Sea is particu-
larly affected by the marine litter problem, not only because of the huge
inland plastic waste production, but also due to the limited water ex-
changes with other oceans, to the intense offshore maritime traffic, and
to the high temperatures accelerating plastic spreading into the envi-
ronment (Fossi et al., 2020). On the one hand, the reduction of plastic
waste entering the coastal environment should be pursued through the
development of a greater environmental awareness based on education
and dissemination of scientific knowledge (Soares et al., 2020), as well
as through the implementation of circular economy management
models. Such models are based on the so-called “3R”, i.e. on the concepts
of reduction, reuse and recycling (Wang et al., 2022), and they can be
supported by a credit system (Lee, 2021). On the other hand, the
removal of existing marine plastic litter through both beach cleanup and
technologies operating on the water, e.g. booms and skimmers (Brouwer
et al., 2023), should be effectively planned and implemented.

In order to legally bind measures to ensure Good Environmental
Status (GES) in European marine waters, legislation and specific
Regional Seas Conventions (RSCs) against plastic pollution have been
developed, i.e. the Marine Strategy Framework Directive (MSFD, 2008/
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56/EC) and the four RSCs OSPAR Commission for the North-East
Atlantic region, HELCOM (Helsinki Commission - Baltic Marine Envi-
ronment Protection Commission), Black Sea Commission (BSC), and
UNEP/MAP Barcelona Convention for the Mediterranean Sea. The
MSFD Technical Group on Marine Litter and the four RSCs pays specific
attention to the plastic litter monitoring strategies, which are funda-
mental for the assessment of the current state of marine waters and of
the risk related to plastic pollution, as well as of the effects of mitigation
measures (Gonzalez-Fernandez and Hanke, 2020). In particular, stan-
dardized criteria for monitoring and sampling macro and micro-litter on
the beach, the sea surface, the seafloor as well as in biota are provided, in
terms of spatial distribution and timing of monitoring, size and material
categorization of the samples, observation and sampling protocols, data
reporting, required equipment, and costs. For the Mediterranean Sea,
several local investigations have been carried out applying the MSFD
and the UNEP/MAP criteria, with reference to beached (e.g. Poeta et al.,
2016; Lots et al., 2017; Vlachogianni et al., 2018; Mandic et al., 2022),
floating (Zeri et al., 2018; Campanale et al., 2019; Garcia-Garin et al.,
2020; Galli et al., 2023), sea floor (e.g. Spedicato et al., 2019; Consoli
et al., 2018; Saladié and Bustamante, 2021; Angiolillo et al., 2023) and
biota (e.g. Alomar and Deudero, 2017; Valente et al., 2022) plastics.
The removal of existing marine plastic litter should be performed
according to strategic and efficient intervention schemes based on the
knowledge of its trajectories, destinations and fates (Critchell and
Lambrechts, 2016; Van Sebille et al.,, 2020; Guerrini et al., 2021).
Despite numerical modelling of the complex physical and biochemical
processes that influence the transport of marine plastic litter still needs
improvements (Liubartseva et al., 2018; Hinata et al., 2020), it repre-
sents the only existing tool for the prediction of the likely plastic path-
ways and the identification of possible accumulation zones, once the
sources and quantities of released plastics are known. The simplest nu-
merical models of marine plastic transport are based on the Lagrangian
tracking of the particles due to winds, waves and currents (e.g. Isobe
et al., 2009; Kako et al., 2014; Iwasaki et al., 2017; Rosas et al., 2022).
Such an approach consists on the solution of the advection and diffusion
equations for each released particle, for known values of drag and tur-
bulence coefficients. The above-mentioned studies consider marine
plastics to be neutral particles, neglecting washing-off and re-suspension
phenomena, as well as degradation and biofouling processes. A more
comprehensive representation of all the phenomena influencing marine
plastic transport is provided by the so-called hydrodynamic and process-
based models (Uzun et al., 2022), which combine the traditional
Lagrangian tracking with more or less sophisticated formulations
describing biological and physical effects on particle behavior. For
instance, some advanced Lagrangian particle tracking models include a
module to simulate the beaching phenomena, based on the identifica-
tion of those particles that reach the land domain (e.g. Delandmeter and
Van Sebille, 2019; Macias et al., 2019; Cardoso and Caldeira, 2021;
Dobler et al., 2022; Castro-Rosero et al., 2023), eventually including
washing-off processes through site-specific formulations (e.g. Wisha
et al., 2022) or more sophisticated probabilistic approaches (e.g. Alo-
sairi et al., 2020; Sousa et al., 2021; Onink et al., 2022). With reference
to the degradation processes from macro to micro-plastic, Chassignet
et al. (2021) combined the model Parcels v2.0 (Delandmeter and Van
Sebille, 2019) with a simple, hypothetical exponential decay function
for the weight of the particles. Also the Second-generation Louvain-la-
Neuve Ice-ocean Model (SLIM; www.climate.be/slim) employed by
Critchell and Lambrechts (2016) is able to take into account beaching,
settling, re-suspension/re-floating, degradation into micro-plastics and
topographic effects on the wind in nearshore waters. Similarly, Liu-
bartseva et al. (2018) proposed a 2D Lagrangian model integrated with
algorithms of beaching and sedimentation of plastics to be solved using a
Monte Carlo technique. Jalon-Rojas et al. (2019) introduced the 3D
numerical model TrackMPD, which is able to include also the effects of
the biofouling process on the micro-plastic buoyancy, using as repre-
sentative parameters the biofilm thickness, density and growth rate.
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Instead, Tsiaras et al. (2021) modeled the increase of micro-plastic
density due to biofouling through a simplified estimation of the bio-
film growth as a function of bacterial abundance. Further studies on
micro-plastics behavior are still needed to enable the numerical simu-
lation of other processes, such as hetero- and homo-aggregation,
agglomeration, weathering and photodegradation (Bigdeli et al., 2022).

The issue of plastic litter pollution is particularly challenging for
Marine Protected Areas (MPAs) (Wang et al., 2023). MPAs are meant to
preserve local biodiversity and support the growth and conservation of
marine animal and plant species, thus ensuring the protection of natural
habitats from the impacts of human activities (Balbar and Metaxas,
2019). Due to their importance, MPA represent the majority of protected
areas that cover almost 21 million km? and have been established
worldwide since 2010 (UNEP-WCMC and IUCN, 2021). Nowadays, the
strategic management of MPAs is mainly based on the maintenance of
ecosystem services (Maestro et al., 2019), also considering the need for
resilient responses to the effects of climate change (Wilson et al., 2020).
However, biodiversity of MPAs is threatened by environmental
contamination due to toxic organic chemicals and plastic waste.

In the present paper, a numerical investigation on marine plastic
litter transport in the coastal region that includes the MPA of Capo
Milazzo (Italy) is presented. The aim of the work is to propose an open-
source modelling chain to quantify the effects of seasonality on marine
plastic transport in coastal areas and derive useful information for the
management of cleaning operation in the study area. Moreover, the
work contributes to the scarce state-of-art on the numerical modelling of
marine litter trajectories and fates in coastal regions. Indeed, research
mainly focused on the modelling of global oceans (e.g. Chassignet et al.,
2021; Klink et al., 2022; Li et al., 2023), open seas (e.g. Kako et al., 2014;
Critchell and Lambrechts, 2016; Iwasaki et al., 2017; Cardoso and Cal-
deira, 2021; Allison et al., 2022), enclosed seas (e.g. Carlson et al., 2017;
Liubartseva et al., 2018; Li et al., 2018; Baudena et al., 2022; Murawski
et al., 2022), and gulfs (e.g. Alosairi et al., 2020; Zayen et al., 2020). To
the authors' knowledge, only few numerical investigations have been
carried out for coastal waters, and in particular for estuaries (Sousa
et al., 2021; Cloux et al., 2022; Pilechi et al., 2022), lagoon systems
(Cardoso-Mohedano et al., 2023), small bays (Wisha et al., 2022), and
narrow straits (Tong et al., 2021).

Since micro-plastics spreading throughout the sea originate from
land-coming macro-plastics, here we focus on circulation patterns to
identify locations where early removal, before offshore dispersion,
would be strategic to mitigate the overall marine and coastal plastic
contamination risk (Cloux et al., 2022). Therefore, a coupled hydrody-
namic and Lagrangian particle tracking model is employed, to simulate
the transport of buoyant and non-buoyant macro-plastics in the coastal
area, including the beaching and washing-off processes, and considering
the effects of seasonal circulation due to the combination of tide, waves
and wind, which represent the main contributors to the plastic transport
on the inner marine shelf (Alsina et al., 2020; Feng et al., 2022; Passa-
lacqua et al., 2023), as well as the influence of river floods. The position
of the release points and the physical and chemical characteristics of
macro-plastics are derived from the outcomes of a field survey and of the
laboratory analysis of collected plastic samples. The results of the nu-
merical simulations provide insights on the plastic pathways and
possible accumulation zone, which give fundamental indications for the
optimal planning of removal interventions.

2. Materials and methods
2.1. Marine Protected Area of Capo Milazzo

The MPA of Capo Milazzo, which was established on March 2019 and
hosts a variety of landscapes, cliffs and beaches of great environmental
and panoramic value, is located in North-Eastern Sicily, in the middle of
the Mediterranean Sea (Fig. 1a). The Mediterranean Sea is a very sen-
sitive and vulnerable area (Interreg Europe, 2021), and retains most of
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Fig. 1. Characterization of the study area: (a) geographic location of the MPA of Capo Milazzo; (b) satellite view (Google Earth, 2022) and the bathymetry of the
study area, with indication of the wind and wave data points (coordinate system WGS84), of the main towns and rivers, and of the places of the field survey; (c) data

on sediment drift derived from PRCEC (2020).

the released plastic waste because of its almost closed nature (Fossi
et al., 2020; Baudena et al., 2022). As shown in Fig. 1b, the study area
belongs to the about 30 km-long physiographic unit between Tindari
and Capo Milazzo, which is characterized by fine gravel beaches, with
the exception of the rocky coast of Capo Milazzo. The MPA encloses the
Capo Milazzo promontory and the two adjacent areas which include the
shallow beach that winds towards West up to Testa d'Impiccato, and the
rocky coast of the Eastern sector up to Punta Cirucco (Fig. 1b). The fine
gravel beach South of the MPA is about 26 km long, with a constant
emerged slope of about 10 % and a variable cross-shore extent in the
following ranges: 4570 m between the MPA and the Termini river,
30-+50 m between the Termini and Mazzara rivers, 15+-35 m between
the Mazzara river and the town of Tonnarella, 2040 m between the
towns of Tonnarella and Tindari. The Eastern stretch of coast is char-
acterized by the presence of some rubble-mound breakwaters and groins
for coastal protection. The bathymetry of the study area is shown in
Fig. 1b.

The vulnerability of the MPA to plastic pollution is likely to be
mainly connected to the intense inland urbanization and to the local
touristic activities. Indeed, the results of several field campaign revealed
that the percentage of beached (Prevenios et al., 2018; Vlachogianni
et al.,, 2018; Asensio-Montesinos et al., 2021; Corbau et al., 2023),
floating (Campana et al., 2018) and seafloor (Saladié and Bustamante,
2021; Scotti et al., 2021) plastics in the Mediterranean Sea coming from

shoreline sources, mismanaged waste on land, and tourism-recreation
activities reaches values up to 62 %, 23 % and 66 %, respectively.
More specifically, the analysis of sea floor litter collected during the
years 2011-2019 in the area between the MPA of Capo Milazzo and the
Eolian Islands presented by Scotti et al. (2021) shows that 60 % of the
sea floor plastics comes from the above-mentioned sources, whereas the
remaining 40 % is equally distributed among fishing and aquaculture,
sanitary and sewage related sources, fly-tipping, and shipping. Such
results are in accordance with the outcomes of the monitoring activities
of the INTERREG Med Plastic Busters MPAs project carried out in the
period 2020-2021 (Argyropoulou and Papaioannou, 2022; ISPRA et al.,
2022). Shoreline, tourism and recreational activities are found to pro-
duce from 25 % to 82 % of beach macro-litter of the MPA of Capo
Milazzo. Moreover, fly-tipping, fishing and aquaculture, and sanitary
and sewage related sources generate no more than 18 %, 14 % and 10 %
of the observed beach macro-litter, respectively. Finally, the combina-
tion of shipping, agricultural waste and medical waste is responsible of
less than 10 % of the observed beach macro-litter. Also numerical
studies demonstrate that most of the plastic pollution of almost every
Mediterranean country's coastline is caused by its own terrestrial sources
of plastics (Liubartseva et al., 2018), with about 30 % to 55 % of all
particles likely arriving at the coast after traveling less than 30 km
(Macias et al., 2022). In particular, the Milazzo plain is densely urban-
ized. There are productive activities linked to the citrus, horticultural



M. Stagnitti and R.E. Musumeci

and agropastoral traditions, as well as a complex mobility hub repre-
sented by the Port of Milazzo, by important refineries, and by the local
railway and motorway nodes. Furthermore, the gravel beaches between
Tindari and Capo Milazzo are a major tourist attraction thanks to their
considerable extension, water quality and valuable landscape, housing
several tourist facilities. Finally, a small harbor has been constructed in
the area near Tonnarella (Fig. 1b).

Plastic waste produced by the above-mentioned activities can be
directly thrown into the sea, or transported from the inland areas by
rivers. The mouths of three rivers, namely Mazzara, Termini and Mela
rivers, are located in the study area South of the MPA (Fig. 1b). As
described by the “Piano per 1'Assetto Idrogeologico - P.A.L.” (i.e. a plan to
manage hydrogeological and hydraulic risk) of the Sicilian Water Dis-
trict Authority, the three corresponding watersheds, which are broad-
leave-shaped, are characterized by a rugged morphology, with narrow
valleys having steep slopes, deeply engraved by short thalwegs with
significant bed slope, alternating with mountainous elevations which
often reach heights greater than 1000 m above mean sea level (P.A.L,
2004a, 2004b, 2004c). Table 1 reports some geomorphological char-
acteristics of the three watersheds, namely the surface area (A), the
length and the mean bed slope of the main reach (L and i, respectively),
the concentration time (t.) calculated using the Kirpich (1940) formula,
and the runoff coefficient (C), which depends on the soil morphology,
the slope of the main river and the land use according to the indication of
the Frevert table (Diaconu and Serban, 1994). Moreover, the number of
towns located inside each watershed and the corresponding number of
residents are also provided.

The pluviometric regime characteristic of the three watersheds is
described by the following rainfall depth-duration-frequency (DDF)
curve:

h=at €))

where h is the rainfall depth, t is the rainfall duration, and a and b, which
vary with the return period (T,), are the empirical coefficients calibrated
on the hourly rainfall data acquired during the years 1959-2004 by the
Milazzo station of the rain gauges network managed by the Water Ob-
servatory of the Sicilian Region. The widely used rational method allows
the estimation of the peak flow rates Q, 1, corresponding to the return
period T; for each of the three watersheds:
0y, = A @
where hr, (t;) is the rainfall with duration equal to t, for the return period
T, calculated through Eq. 1, and C and A are the watershed Frevert
runoff coefficient and surface, respectively (Table 1). Table 2 reports the
empirical coefficients of the rainfall DDF curve and the corresponding
peak flow rates for T, equal to 2, 50 and 100 years.

When plastic litter is released into the sea, whether directly or by the
rivers, it spreads according to the local hydrodynamic circulation pat-
terns, which may cause large sea surface plastic concentration, as
demonstrated by the numerical investigation of Liubartseva et al.
(2018). As shown in Fig. 1c, the mean direction of the sediment drift
estimated from the analysis of the mean annual wave motion energy is
about 50°N (PRCEC, 2020), right towards the MPA. Therefore, the MPA
appears seriously threatened by plastic flows coming from South-West.

Table 1
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Table 2

Coefficients of the rainfall depth-duration-frequency (DDF) curves calculated for
the study area and corresponding peak flow rates estimated by applying the
rational method.

T, [years]  a[mm/h]  b[-] Q7 [m®/s]
Mazzara river Termini river Mela river
2 28.4 0.246 237.7 230.5 123.4
50 66.2 0.189 525.2 507.1 271.6
100 74.0 0.181 583.5 563.0 301.6

2.2. Wind, wave and sea level data

Time series of wind, wave and sea level are required to characterize
the local wind and hydrodynamic conditions. As regards wind, the
reanalysis dataset ERA5 from 1979 to the present day (Hersbach et al.,
2018) is employed. Such a dataset, which is characterized by temporal
resolution of one hour and spatial resolution of about 30 km, contains a
huge number of global climate descriptors, including components of
wind velocity at an elevation of 10 m above sea level. Among the
available grid points, the ones with coordinates 38.3710°N - 15.2327°E,
38.3710°N - 14.9827°E, and 38.1210°N - 14.9827°E are the closest to
the study area (Fig. 1b).

The characterization of the local offshore wave climate is based on
the reanalysis dataset MEDSEA_ MULTIYEAR_ WAV_ 006_ 012 (Korres
et al., 2021), which covers the period from 1993 to present day. The
dataset is composed by time series of several wave descriptors, such as
significant wave height (H;), peak wave period (T,) and mean wave
direction (Dy,), with temporal resolution of one hour and spatial reso-
lution of 4 km along the WE direction and 5 km along the NS direction.
For the site of interest, three offshore grid points are considered
(Fig. 1b), namely point 1 (latitude: 38.2292°N; longitude: 15.0833°E;
depth: 400 m), point 2 (latitude: 38.2708°N; longitude: 15.1250°E;
depth: 600 m) and point 3 (latitude: 38.3125°N; longitude: 15.1667°E;
depth: 800 m), in order to propagate wave data up to 20 m water depths
through a SWAN simulation, thus obtaining a horizontal spatial reso-
lution close to the coast of about 250 m.

Finally, sea level variations due to astronomical tides is calculated
using the harmonic components provided by the Italian National Sea
Monitoring Network for the Strombolicchio station (latitude:
38.8174°N; longitude: 15.2516°E).

2.3. Field survey

A field survey was performed on the 15th of February 2022, in order
to acquire information on the polymer types mainly present in the study
area. This analysis has been useful for the characterization of the plastic
particles in the tracking model described in Section 2.4.2. Since the
study area appears quite homogeneous in terms of beach morphology,
climate forcing and land use, the stretch of coast between the MPA of
Capo Milazzo and the Mela river mouth was selected as representative of
the entire area. In particular, the following locations were visited
(Fig. 1b): i) stretch of coast near the beach entry 4; ii) stretch of coast
near the beach entry 9; iii) area of the Mela river mouth.

During the field survey, 22 plastic samples were collected and several
pictures of beach litter were taken. The sampling methodology, which is

Characteristic parameters of the watersheds located inside the study area (A = watershed surface area; L = length of the main river; i = mean bed slope of the main
river; t, = time of concentration; C = Frevert runoff coefficient). Data elaborated from (P.A.I., 2004a, 2004b, 2004c).

Watershed Geomorphology Demography

A [km?] L [km] i[%] t. [hours] C No. of towns No. of residents
Mazzara 119.23 24.54 4.91 2.48 0.50 10 25,795
Termini 102.2 26.00 4.50 2.68 0.60 6 115,080
Mela 64.97 24.62 4.18 2.64 0.50 9 96,237
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inspired by the European guidelines (European Commission, 2013),
consists in the following steps: i) identification of a W-wide stretch of the
beach; ii) partition of such a stretch in zones (Fig. 2), namely dune/
backshore (D), central beach (C) and swash zone (S); iii) collection of
representative macro-plastic samples, with dimensions not lower than
0.02 m. Each collected sample is identified by a code containing infor-
mation about the beach entry, the stretch of coast and the zone of the
beach where it was picked up. The mentioned information relative to the
geometrical characteristics of the stretch of coast and to the identifica-
tion of the plastic samples were reported in on-purpose designed data-
sheets, together with notes of the operators. The collection of plastics
was based on a preliminary visual inspection of each zone of the visited
stretch of coast, which allowed the identification of the representative
items found on the considered portion of beach.

Table 3 reports the characteristics of the beach stretches where the
samples were collected. For entry 4, two adjacent stretches were
considered, both 20 m wide. Instead, for entry 9 three adjacent stretches
were chosen, the first two 20 m wide and the third one 150 m wide. The
Mela river mouth cannot be characterized by the quantities W, D, C and
S employed for the beach stretches. It should be noted that all the
considered stretches of beach are characterized by sediments with
diameter (d) between 2 and 10 mm, belonging to the class of gravels.
The summary of the samples is presented in Table 4, where the beach
entry, stretch and zone where they were collected are indicated. More-
over, for each sample a brief description is provided. For instance, Fig. 2
shows the plastic samples collected in the stretch of coast no. 1 of the
entry 4.

Although the field survey was not specifically performed to assess
plastic litter sources, it provided useful insights for their characteriza-
tion. The typology of litter observed in the study area, which was mainly
made up by plastic bottles and caps, envelopes, and remains of beach
equipment (e.g. slippers, balls, fragments of beach furniture), is
coherent with the main plastic sources identified by Scotti et al. (2021)
and by the monitoring activities of the INTERREG Med Plastic Busters
MPAs project (Argyropoulou and Papaioannou, 2022; ISPRA et al.,
2022), i.e. shoreline sources including mismanaged waste on land, and
tourism-recreation activities and beachgoers. Moreover, the huge
amount of plastic litter observed at the Mela river mouth confirmed that
it is a plastic inlet. Finally, during the field survey a poorly managed
landfill was found in the backshore near the Mela river mouth, from
which plastic fragments can be moved by wind, rain water run-off or sea
storms, thus crossing the protection fence and reaching the sea.

As briefly shown in Fig. 3a, no plastics were found in the central
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Table 3

Characterization of the stretches of coast where the plastic samples have been
collected (W = longshore width of the stretch of coast, D = cross-shore width of
the backshore, C = cross-shore width of the central beach, S = cross-shore width
of the swash zone, d = diameter of the sediments).

Site Stretch W [m] D [m] C [m] S Beach sediments
[m]

Entry 4 1 20.00 15.00 29.00 6.00 Gravels
2 20.00 15.00 29.00 6.00 (d =210 mm)
3 20.00 6.40 38.00 5.60
4 20.00 6.40 38.00 5.60 Gravels

Entry 9
5 20.00 6.40 38.00 5.60 (d =210 mm)
6 150.00 6.40 38.00 5.60

Mela river Gravels

mouth B B a B a (d=2+10 mm)

beach zone. About 60 % of the collected plastics was accumulated in the
backshore, whereas the remaining part were picked up in the swash
zone. Considering that beach cleaning operation are not performed
during the winter season in the study area, the observed spatial distri-
bution of beach litter was produced only by natural forcing. Although
wind can certainly relocate items on the beach, it seems not realistic that
a single wind gust has homogeneously leveled about 7 km of beach and
pushed all the litter, including relatively heavy objects and wood debris,
towards the backshore. Instead, this was more likely due to the action of
sea storms occurred during the period antecedent to the field survey.
Indeed, intense storm events typical of winter and autumn seasons can
be an important driver of marine litter and natural wrack accumulation
(Menicagli et al., 2022). The analysis of the time series of significant
wave height relative to point 2 (Section 2.2) revealed that a total of 14
minor and major storms occurred between December 2021 and the date
of the field survey, with peak significant wave height up to 4.15 m. The
observations concerned only the surface of the beach, thus we cannot
exclude that buried plastics could be present in the lower layers of the
beach material. The Mela river was dry when the field survey was per-
formed, and hence the presence of a concentration of plastic waste was
observed in the area of the mouth. It is worth to point out that samples
were collected only on the banks of the mouth, as the central area was
not accessible.

Specific laboratory analyses were performed to determine the poly-
mer type and densities of the collected plastic samples. The results reveal
that PP (polypropilene), PET (polyethylene terephthalate) and HDPE
(high-density polyethylene) represent the larger portion of collected
plastics (Fig. 3b), with density (p) values ranging from 0.9 to 1.4 g/cm®

Entry 4 — Stretch 1

D
: Central beach :
1 1
1 1

c 1 1
1 1
1 1
1 1
1 1
I I

S | Swash zone |

Fig. 2. Sketch of the partition of a generic stretch of beach employed for the collection and classification of the plastic samples. Examples of collected plastic samples

are also shown.
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Table 4
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Summary of the collected plastic samples, with indication of materials (HDPE = high-density polyethylene; LDPE = low-density polyethylene; PET = polyethylene
terephthalate; PLA = polylactic Acid; PMMA = polymethyl methacrylate; PP = polypropylene; PS = polystyrene) and densities (p).

Site Stretch Sample Zone of the beach Description Polymer p [g/cm3]
1 S Little envelope PP 0.92
2 D Bottle PET 1.35
1 3 D Double layer cap PP 0.93
Entry 4 4 D Irregular piece PS 1.02
5 D Various fragments PP 0.93
2 1 S Irregular piece PP 0.93
3 1 D Irregular piece HDPE 0.95
4 1 D Various fragments HDPE 0.95
Entry 9 2 S Irregular piece HDPE 0.95
Ty 5 1 S Irregular piece PMMA 1.19
6 1 S Bottle PET 1.35
2 D Fragment of black bag LDPE 0.91
1 - Irregular piece HDPE 0.95
2 Irregular piece HDPE 0.95
3 - Irregular piece PLA 1.25
4 - Irregular piece PP 0.93
. 5 - Irregular piece LDPE 0.91
River Mela mouth - 6 - Irregular piece HDPE 0.95
7 - Irregular piece PS 1.02
8 - Irregular piece PP 0.93
9 - Bottle PET 1.35
10 - Bottle HDPE 0.95
(a) (b)
27%
32%
m Backshore / Dune = Central beach  Swash zone PP = HDPE = PET mPMMA, PLA m LDPE mPS

(c)

70%

=p>p,

P<Py

Fig. 3. Laboratory characterization of the collected plastic samples: (a) spatial distribution along the beach cross-section (the samples collected in the vicinity of the
Mela river mouth are excluded); (b) constituent polymers; (c) percentage of collected samples with density higher or lower than the water density.

(Table 4). Fig. 3c shows that the collected plastics are mainly non-
floating objects, being p of the 70 % of the samples higher than the
water density p,,.

2.4. Numerical modelling

Three-dimensional numerical simulations of macro-plastic transport
in the coastal area adjacent to the MPA of Capo Milazzo are performed
by combing the hydrodynamic model Delft3D Flexible Mesh (Deltares,
2021a, 2021b) and the particle tracking model TrackMPD (Jalon-Rojas
et al., 2019). In the following, a brief description of the employed nu-
merical models and of the simulated scenarios is provided.

2.4.1. Hydrodynamic model

The hydrodynamic circulation in the study area is simulated by using
the open source software Delft3D Flexible Mesh, which is able to carry
out simulations of hydrodynamic flow, waves, water quality and ecol-
ogy. The Delft3D Flexible Mesh Suite is composed of several modules,
grouped around a mutual interface, while being capable to interact with
one another. In the present work, the D-Flow FM and D-Waves modules
are employed through an online coupling, in order to create an inte-
grated model able to simulate the currents induced by both winds, sea
level variations, and wave energy fluxes.

The module D-Flow FM (Deltares, 2021a) solves the two-
dimensional (2DH, depth-averaged) or three-dimensional (3D) un-
steady shallow water equations, which consist of the horizontal equa-
tions of motion, the continuity equation, and the transport equations for
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conservative constituents. In the present work, a depth-averaged
approach is employed because the fluid can be assumed vertically ho-
mogeneous. The choice of a 2D depth-averaged hydrodynamic model is
in accordance with the state of the art on numerical modelling of
nearshore circulation (Nielsen, 1992; Svendsen, 2005), as it allows the
reduction of the computational times without significant loss of the
physics. The unsteady shallow water equations are solved for unstruc-
tured calculation grids, under the Boussinesq assumptions, which are
derived from the three-dimensional Navier-Stokes equations for
incompressible free surface flow. The flow can be forced by tide at the
open boundaries, wind stress at the free surface, pressure gradients due
to free surface gradients or density gradients. Source and sink terms are
included in the equations to model the discharge and withdrawal of
water. The effects of surface waves on the flow are modeled by including
wave forcing through radiation stress gradients, Stokes drift and mass
flux, derived from the outputs of the D-Waves module (Deltares, 2021b),
which is based on the third-generation spectral model SWAN (Booij
et al., 1999).

Fig. 4 shows the numerical domain used in the present work. Such a
domain follows the shape of the coast, which is about 30 km long,
expanding towards offshore by about 1.20 km, thus covering an area of
37 km?. The domain includes water depths between 0 and 400 m. The
calculation grid, constructed using the RGFGRID software (Deltares,
2021c), contains 66,296 rectangular cells, whose size decreases along
the onshore direction. In particular, the cell size in the longshore and
onshore directions ranges between 1470 m and 745 m, respectively.
The choice to use a variable cell size allows us to ensure a high resolution
at the lower water depths (see the bathymetry in Fig. 4), also minimizing
computational costs. The time step during the simulations is dynami-
cally adjusted ensuring a Courant number not higher than 0.7, and the
temporal resolution of the simulation outputs is one hour. Using a pro-
cessor Intel Core i7-9700 3.00 GHz, five days are simulated in 1+2 h,
depending on the open boundary condition and external forcing.

Open boundary conditions and other forcing have to be set, in order
to induce the generation of the currents. Fig. 4 shows the location of the
open boundaries for the employed numerical domain. In the D-Flow FM
module, the lateral and offshore boundaries are forced by the

x 108
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astronomical tide, whose signal is calculated through the harmonic
components. A constant and uniform wind field whose characteristics
are derived from the analysis of the dataset ERAS5 (Section 2.2) is set, in
terms of wind velocity and direction. The river floods are included by
specifying the discharge time series. For the present model, constant
river discharges are considered.

As regards the wave boundary conditions, they are set in the D-
Waves module at the offshore boundary. A Jonswap spectrum with peak
enhancement factor equal to 3.3 is employed to characterize the wave
forcing. For 11 almost equally spaced points (spatial step of about 3 km)
located along the offshore boundary (Fig. 4), the following wave pa-
rameters are extracted by analyzing propagated waves at 20 m water
depths (Section 2.2): Hy, Ty, D, and the directional spreading factor.

2.4.2. Particle tracking model

Transport and fates of macro-plastics are simulated through the
TrackMPD model (Jalon-Rojas et al., 2019), using as hydrodynamic
input the outcomes of the coupled D-Flow FM and D-Waves modules,
which are properly processed to ensure compatibility between the two
numerical models. TrackMPD is a three-dimensional particle-tracking
model for the transport of marine plastic debris in oceans and coastal
systems, which extends the traditional Lagrangian modelling of advec-
tion and diffusion processes by adding more-complex and realistic par-
ticle behaviors and physical processes, i.e. particle beaching and
washing-off, sinking and deposition, windage, degradation from macro
to micro-plastics, and biofouling growth on micro-plastics surface.

The three-dimensional particle displacement dX = (dX,dY,dZ) is
calculated by solving the following vectorial equation:

dX(7) = dXuay (1) + dXaisr (1) + AXini (1) = U(x, y, z, 1)dr + dX (1) + dXgnic (7)
3

where the advective displacement dXaay = (dXagy, AYady, dZaay) is given
by the Eulerian velocity field U = (u,v,w) provided by the hydrody-
namic model, the turbulent diffusion term dXair = (dXair, dY air, AZgir)
at the scale of the particle motion is reproduced by a random component
dX = (dX,dY,dY’), and the sinking displacement dXgu = (0, 0, —w;dt)

400

350

Depth [m]

512 514 5.16 518 52 5.22

<10°

Fig. 4. Numerical domain used to model the marine plastic transport in the study area, with representation of the bathymetry, definition of the boundary conditions
and forcing employed in the hydrodynamic model, and indication of the plastic sources set for the particle tracking simulations (coordinate system WGS84 UTM zone

33 N).
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depends on the settling velocity of the particles w;(t).

The numerical solution of Eq. 3 requires the identification of the grid
cells in which each particle is located and the subsequent interpolation
of the water properties, such as current velocity, sea surface height and
horizontal and vertical diffusivities. Then, a Runge-Kutta scheme of
order 4/5 in both space and time is used to calculate the term dX,q, Of
Eq. 3, whereas a random-walk model is used to simulate the turbulent
particle motion dXgir as a function of horizontal and vertical diffusiv-
ities (K, and K, respectively). As regards the term dXgnk, the settling
velocity ws can be set by the user or calculated by TrackMPD according
to the particle physical properties (i.e. particle density, shape and size),
including the effects of biofouling and degradation processes.

About beaching and washing-off processes, a particle that has
reached the land is considered beached, and it can be washed-off only by
high tide. In particular, particles at high tide are washed-off with a
probability P calculated through a Monte Carlo approach as follows:

P=05"" )

where t is the time step from the last beaching and T, is the half-life for
debris to remain on the beach before being washed-off again. Beached
particles are washed-off from the coast at high tides if a randomly
generated number between 0 and 1 is lower than the calculated P.

In the present work, 3D trajectories are computed considering that
U = (u,v,w) is a depth-uniform 2D velocity field, where w is considered
null. Therefore, dZ.s, and dZgy in Eq. 3 are null, and the particle
displacement along the z direction is calculated considering only the
contribution of the particle settling velocity, without possibility to
refloat settled particles. Such a simplification derives from the
assumption that settling plastics reach the sea bottom quickly enough to
neglect the effect of the vertical component of current transport. Specific
particle shape and size are not set because only the case of macro-
plastics with known w; (equal or greater than zero mm/s) in the
absence of biofouling and degradation processes is considered. Forward
simulations are performed to obtain the particle pathways from fixed
sources with an hourly time step and their final fate (i.e. final position in
water, on the beach or out of the numerical domain).

2.4.3. Simulations

Existing studies reveal a marked seasonal variability in the distri-
bution of marine plastic litter in the Mediterranean Sea, caused by the
seasonal weakening of some coastal and offshore currents (Macias et al.,
2019; Mansui et al., 2020). Therefore, as reported in Table 5, hydro-
dynamic scenarios representing the four seasons (i.e. winter from

Table 5
Summary of the performed hydrodynamic simulations.
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December to February, spring from March to May, summer from June to
August and autumn from September to November) are defined instead of
sequences of real events, considering five days runs to ensure the sta-
bilization of the results. For each one of the four seasons, different
combinations of external forcing are tested, in order to separately
analyze the effects of astronomical tide, waves and wind on current
velocities. In particular, the astronomical tide is defined through its
harmonic components. The choice to force the open boundary of the
model domain with harmonic tidal elevation and the surface boundary
with a wind field is a commonly employed approach for coastal regions
as in the present work (e.g. Sousa et al., 2021; Wisha et al., 2022; Car-
doso and Caldeira, 2021). Compared to previous studies, we also set a
wave open boundary condition to include the wave-generated longshore
currents and the Stokes drift, and point river discharges. In this regard,
the effects on the particle vertical displacement and mixing of the saline
gravity current generated at the river mouth should be also considered,
because they may be significant, as demonstrated by experimental (e.g.
Robinson et al., 2013; Musumeci et al., 2017; Stancanelli et al., 2018a;
Marino et al., 2023) and numerical studies (e.g. Stancanelli et al., 2018b;
Viviano et al., 2018; Cui et al., 2022) on gravity currents in marine
environments. However, since here the focus is on the nearshore plastic
transport, the detailed modelling of the estuary processes is out of the
scope of the present work.

Stationary wind and wave fields representative of each season are
computed on the basis of the reanalysis datasets described in Section 2.2,
and then combined with stationary river floods and periodic astro-
nomical tide. Concerning wave conditions, for each of the fixed 11
boundary points (Fig. 4), a representative mean sea state is calculated
for each season. The representative significant wave height is the one
which corresponds to the averaged total mean wave energy calculated
for the considered season. The total mean wave energy per surface unit
(E) is calculated using the following formula:

1
E= gﬂ»t=1'1.s2 ®

where p,, is the water density. The peak wave periods associated to the
representative H; are calculated using an empirical relationship. In
particular, the formula proposed by Boccotti (2004) is adapted to the
wave data of the study area:

HY
T, = 1482m [ 6

The direction of wave propagation for the representative sea state is

Simulation Season Astronomical tide Wave conditions Wind conditions River discharges
Winter_ 01 X Mean Mean -

Winter_02 X Mean - -

Winter_03 - Mean - -

Winter_04 Winter X - - -

Winter_05 X Mean Mean T, = 2 years
Winter_06 X Mean Mean T, = 50 years
Winter_07 X Mean Mean T, = 100 years
Winter_08 X T, = 100 years T, = 100 years T, = 100 years
Summer_01 X Mean Mean -

Summer_02 Summer X Mean - -

Summer_03 - Mean - -

Summer 04 X - - -

Spring 01 X Mean Mean -

Spring 02 . X Mean - -

Spring 03 Spring - Mean - -

Spring_04 X - - -

Autumn_01 X Mean Mean -

Autumn_02 Autumn X Mean - -

Autumn_03 - Mean - -

Autumn_04 X - - -
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set equal to the one corresponding to the highest percentage of events.

Concerning wind conditions, the preliminary comparison between
the wind velocity time-series at the three ERA5 grid points indicated in
Fig. 1b showed that the study area is characterized by a uniform mean
wind climate. Therefore, magnitude and direction of a constant wave
field are calculated for the four seasons, considering the mean wind
velocity and the direction corresponding to the highest percentage of
events relative to the closest grid point to the MPA.

In addition to the representative seasonal sea state, the 100-year
return period wave condition, which is more likely to occur in winter,
is considered. The 100-year return period significant wave height for the
11 boundary points (Fig. 4) is derived from the extreme value analysis of
the available wave data, which is performed by applying the peak over
threshold (POT) method for the identification of sea storms, with a
threshold equal to 2.00 m and a minimum time interval between inde-
pendent events equal to 12 h (Boccotti, 2004). The peak wave periods
corresponding to the 100-year return period significant wave heights are
calculated using Eq. 6. The wave direction is assumed equal to the one
with the highest frequency of occurrence of sea storms at the site.
Similarly, the 100-year return period wind conditions are calculated on
the basis of the extreme value analysis of wind data time-series. The
ranges of the wave boundary conditions and the velocity and direction
of the uniform wind (U, and D, respectively) are shown in Table 6.

As reported in Table 5, the peak flow rates of Mazzara, Termini and
Mela rivers corresponding to return periods of 2 years (i.e. with a high
frequency of occurrence), 50 years and 100 years (i.e. with a low fre-
quency of occurrence, Table 2) are included in four of the simulations
performed for the winter season. The combination of astronomical tide,
representative winter mean wave and wind conditions and river dis-
charges with different occurrence frequency is also simulated (i.e. sim-
ulations Winter_05, Winter_06 and Winter_07). Moreover, since a direct
correlation between extreme marine events and rainfall is expected
(Zheng et al., 2013; Xu et al., 2014; Camus et al., 2022) simulation
Winter_08 is performed considering a worst-case scenario, where the
100-year return period river floods, significant wave height and wind
velocity occur simultaneously.

Five plastic release points are considered (Fig. 4): i) R1 (latitude:
38.1502°N; longitude: 15.0551°E; water depth: 8.00 m) and R2 (lati-
tude: 38.2597°N; longitude: 15.2253°E; water depth: 60.00 m) simulate
the marine plastic litter coming from the sea; ii) R3 (latitude:
38.1392°N; longitude: 15.1327°E; water depth: 4.90 m), R4 (latitude:
38.1519°N; longitude: 15.1676°E; water depth: 16.70 m) and R5 (lati-
tude: 38.1838°N; longitude: 15.2064°E; water depth: 30.00 m) corre-
spond to the mouths of Mazzara, Termini and Mela rivers, respectively.
Even if the river discharges are null, we assume that beached plastics
close to the mouth reach the sea under the action of wind and waves.
Four-days long preliminary simulations are performed by releasing 10
particles at each seeding site for a total of 50 particles, which is a suf-
ficient number to ensure the significance of sensitivity analyses (Jalon-
Rojas et al., 2019) as well as acceptable computational times (i.e. about
one hour using a processor Intel Core i7-9700 3.00 GHz). Additionally,
further simulations are performed by releasing 1000 particles at each
source for a total of 5,000 particles (computational time of about 80 h)
to identify marine plastic accumulation zones.

Table 7 summarizes the input data of the performed particle tracking
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simulations. The four hydrodynamic scenarios corresponding to winter,
summer, spring and autumn in the presence of astronomical tide, waves
and wind (i.e. Winter 01, Summer 01, Spring 01 and Autumn_01) and
the ones which include the 2-year and 100-year return period discharge
of the Mazzara, Termini and Mela rivers (i.e. Winter_05, Winter_07 and
Winter_08) are employed as input data for the particle tracking simu-
lations. A total of 84 particle tracking simulations with 50 particles are
performed, i.e. 12 scenarios for each hydrodynamic condition. More-
over, 14 particle tracking simulations with 5,000 particles are run
considering scenarios 3 and 10 of Table 7. Two particle behaviors are
considered, i.e. macro-plastics with density higher or lower than the
water density, which are both representative of the plastic samples
collected in the study area (Fig. 3c). The difference between the two
behaviors is that macro-plastics having p greater than p,, can settle and
reach the sea bottom. The tested settling rates (w;) ranges between 5
mm/s and 50 mm/s, in accordance with Chubarenko et al. (2016) and
Kowalski et al. (2016). It is worth to point out that the effect of the in-
ertial Stokes drift on the settling velocity is weaker for larger particles
(De Leo et al., 2021; DiBenedetto et al., 2022), and hence is negligible
for the macro-plastics considered in the present study. Different values
of K; were assumed, following the indications of Jalon-Rojas et al.
(2019). All the simulations include the beaching process, whereas
different particle refloating conditions are tested, i.e. no washing-off and
washing-off with T,, equal to 1 and 2 days. Degradation and biofouling
processes were not modeled, because the time scale of the simulations is
not sufficiently long for the development of such processes. Finally, the
hydrodynamic simulations are performed considering a uniform and
constant wind field, thus the effect of the latter on plastic transport is
indirectly included.

3. Results
3.1. Coastal currents

The velocity field recorded at the end of each simulation is plotted as
color map, where the color scale indicates the velocity module and the
arrows its direction (e.g. Fig. 5). First of all, the effects of astronomical
tide on coastal currents are investigated. The analysis of the obtained
velocity fields for simulations Winter_04, Summer_04, Spring 04 and
Autumn_04 reveals that the astronomical tide generates cyclic onshore
and offshore currents, which are able to transport sediments or floating
objects, alternatively towards and away from the coast. Therefore, the
astronomical tide does not contribute to the net longshore transport. As
regards the module of the current velocity produced by the astronomical
tide, it is of the order of 1072 m/s.

Longshore currents are mainly generated by the shore-parallel
component of the radiation stresses associated with the breaking pro-
cess of obliquely incoming waves. The velocity fields of simulations
Winter_03, Summer_03, Spring_03 and Autumn_03 (i.e. of simulations
with only representative mean wave motion) allow the quantification of
the velocity of such longshore currents. For instance, Fig. 5 shows the
velocity field at the end of simulation Winter_03, with a zoom on the
region of the MPA. The highest current velocities develop near the shore,
and they are of the order of 107! m/s, i.e. one order of magnitude higher
than the ones associated with the astronomical tide. However, the

Table 6
Ranges of wave and wind boundary conditions employed for the hydrodynamic simulations (the ranges indicate the variability of the 11 points of the boundary).
Season Condition Waves Wind
H; [m] Ty, [s] Dy, [°N] Uy, [m/s] Dy, [°N]
Winter Mean 0.91+1.27 6.85+-7.88 275.5+332.9 4.84 270.0
T, = 100 years 4.22+7.44 15.26+-20.00 281.25+326.25 19.03 270.0
Summer Mean 0.67--0.84 6.01--6.62 280.3+331.8 2.87 293.0
Spring Mean 0.82+1.10 6.53+7.37 261.5+333.3 4.09 276.0
Autumn Mean 0.79+1.09 6.45+7.34 279.8+341.5 3.72 274.0




M. Stagnitti and R.E. Musumeci

Marine Pollution Bulletin 201 (2024) 116191

Table 7
Summary of the performed particle tracking simulations.
Hydrodynamic simulation Behavior  No. of particles ~ Scenario  Kj [m?/s]  Beaching T, [days]  w; [mm/s]
50 1 1 yes - -
50 2 1 yes 1 -
P <Py 50 and 5,000 3 5 yes 1 -
50 4 10 yes 1 -
50 5 1 yes 2 -
. . . . . 50 6 1 yes - 5
Winter_01, Winter_05, Winter_07, Winter_08, Summer 01, Spring 01, Autumn_01 50 ” 1 ves 1 5
50 8 1 yes 1 10
P> Py 50 9 1 yes 1 50
50 and 5,000 10 5 yes 1 5
50 11 10 yes 1 5
50 12 1 yes 2 5
6
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Fig. 5. Velocity field at the end of simulation Winter_03, with zoom on the region of the MPA of Capo Milazzo.

direction of the longshore currents over the whole domain is not unique.
Indeed, several macro-vortexes are generated, due to the bottom
morphology. Since these are potential debris accumulation zone, their
localization is fundamental for the strategic planning of interventions
for the removal of marine plastic litter. In Fig. 5, the macro-vortexes
identified for simulation Winter 03 are highlighted. In particular, the
circulation cell in the region of Capo Milazzo is likely to significantly
influence the plastic litter transport near the MPA. Such a macro-vortex
and the one detected immediately South of Tindari are observed also
during summer, spring and autumn conditions. The analysis of the re-
sults of the simulations with both astronomical tide and representative
mean wave motion (i.e. simulations Winter_02, Summer_02, Spring_02
and Autumn_02) confirms that the influence of astronomical tide on
longshore currents velocity module is negligible compared to the action
of wave motion. However, the astronomical tide may induce a different
spatial distribution of the macro-vortexes. In any case, the macro-vortex
generated in the vicinity of the MPA is present also when the contri-
bution of the astronomical tide is considered.

10

Wind blowing towards a certain direction is expected to enhance the
coastal current velocity along such a direction. In order to quantify the
contribution of wind on coastal currents for each season, maps of the
differences between the velocity fields generated by astronomical tide,
waves and wind (i.e. of simulations Winter_01, Summer_01, Spring 01
and Autumn_01) and by only astronomical tide and representative mean
wave motion (i.e. of simulations Winter_02, Summer_02, Spring_02 and
Autumn_02) are reported in Fig. 6. A general positive variation of the
velocity module (AU,,q) is observed, with a maximum of +0.11, + 0.05,
-+0.08 and +0.06 m/s for winter, summer, spring and autumn, respec-
tively. Such a result is due to the fact that the wave-generated longshore
currents have a prevalent component along the same direction of the
wind. A reduction of the velocity module due to wind occurs only in the
correspondence of limited recirculation zones characterized by veloc-
ities opposite to the wind direction.

The effects of river floods on the velocity fields are also analyzed,
using the outputs of simulations Winter_05, Winter_06 and Winter_07 (i.
e. simulations for the winter season with astronomical tide, represen-
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Fig. 6. Difference between the velocity fields at the end of simulations with and without wind field for the four seasons. The horizontal and vertical components of
the wind velocity included in simulation Winter_01, Summer_01, Spring_01 and Autumn_01 (U, and Uy, respectively) are also plotted.

tative mean wave conditions, wind and river discharges corresponding
to T, equal to 2, 50 and 100 years, respectively). For the sake of
simplicity, Fig. 7 shows only the velocity field of simulation Winter_07,
with reference to the coastal areas near the mouths of the rivers
Mazzara, Termini and Mela. The color maps reveal a general increase of
the longshore current velocity close to the river mouths with respect to
simulation Winter_01, up to 1.89, 2.52 and 2.78 m/s for return periods
equal to 2, 50 and 100 years, respectively. Such maximum velocities are
reached in the region of the river Termini, confirming the significant
role of river floods in the transport of plastic litter. Indeed, rivers not
only drive the plastic waste produced inland by agricultural, industrial
and urban activities into the sea, but also enhance its longshore
spreading, above all during the most extreme flow events. The longshore
and cross-shore widths (i.e. Wipy and Weyos5) of the regions where ve-
locity is larger than the results of simulation Winter 01 (equal to or
greater than 0.10 m/s) are measured in order to give a measure of the
extension of the area of influence of each river (Table 8). The areas
influenced by the river floods expand along the longshore direction
almost symmetrically, reaching width up to about 7 km for the 100-year
return period event of the Mazzara river. Along the offshore direction,
the width of the areas influenced by the river floods is limited, with
values of the order of hundreds of meters.

Similarly to simulation Winter_07, simulation Winter_08 includes the
effects of astronomical tide, wind, wave and 100-year return period river
floods. Wind and wave conditions are representative of less frequent but
more intense events, having the same return period of the river floods.
As a consequence, the velocity field of simulation Winter_08 presents

11

higher current velocities than the ones of simulation Winter_07, about 7
% larger on average. Concerning the current directions, for simulation
Winter_08 a clear longshore orientation is observed not only close to the
coast like in simulation Winter 07, but over the whole numerical
domain.

3.2. Sensitivity analysis of the particle tracking model

The relative influence of different processes on macro-plastic tra-
jectories and fates is assessed by combining qualitative and quantitative
analyses. Since similar results are found for all the tested hydrodynamic
conditions, in the following only the outputs of the particle tracking
simulations performed with 50 particles under hydrodynamic condition
Winter 01 are compared and discussed. Moreover, for the sake of
simplicity only the most significant results relative to scenarios 2, 4, 5, 7,
9, 11, and 12 are discussed, using as benchmark scenarios 1 and 6
(Table 7) for the case of buoyant and non-buoyant particles,
respectively.

Fig. 8 shows the particle trajectories and fates for the above-
mentioned scenarios under hydrodynamic condition Winter 01. The
comparison between buoyant and non-buoyant particles for the same
values of K and T, i.e. between scenarios 2, 4 and 5 (Fig. 8a) and 7, 11
and 12 (Fig. 8b), reveals that the sedimentation process significantly
influences the transport of plastic litter, to a greater extent for particles
released by R1, R3 and R4 sources, which are located at the lower water
depths. Such a result is due to the fact that particles settle faster in lower
water depths, thus accumulating at the bottom near the release point
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Fig. 7. Velocity field at the end of simulation Winter_07 for the regions highlighted in panel (a): (b) Mazzara river; (c) Termini river; (d) Mela river.

Table 8

Longshore and cross-shore widths of the regions where velocity increments due
to the peak flow rates are equal to or greater than 0.10 m/s, in the presence of
winter representative mean wave and wind conditions.

River Width T, = 2 years T, = 50 years T, = 100 years
[m] (Winter_05) (Winter_06) (Winter_07)

N Wi 4544.70 5081.78 6951.47
Mazzara "% 304.57 300.16 347.72
Termini Wiong 3116.33 4631.93 4261.24

Weross 142.43 151.43 201.07
Mela Wiong 4661.45 6060.71 4845.03
Weross 118.65 142.03 480.22

and stopping earlier their spreading into the sea. The comparison be-
tween scenarios 7 and 9 highlights that, for macro-plastics with p > p,,,
higher values of w; significantly reduce the particle traveled distance
from the release point and enhances the number of settled particles
(Fig. 8b).

The effects of horizontal dispersion and washing-off processes on the
particle tracking results are also investigated. For increasing Kj, tra-
jectories followed by particles with p < p,, are characterized by nar-
rower spreading areas and by a less linear progression (scenarios 2 and 4
in Fig. 8a). As a consequence of the increased turbulent dispersion, the
number of particles that move near the coastline and reach the land is
higher. Moreover, for higher K}, the refloated particles are more likely to
move away from the coastline. The same results are found for particles
with p > p,,, by comparing trajectories and fates of scenarios 7 and 11
(Fig. 8b). It should be noted that the transport of particles that
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immediately settle in the vicinity of their source is not affected by
changes in the horizontal modelling of the dispersion process.

As regards the washing-off process, small changes in trajectories and
destinations are found for both buoyant (scenarios 2 and 5 in Fig. 8a)
and non-buoyant particles (scenarios 7 and 12 in Fig. 8b) for different
values of T,,. In particular, despite of the value of Ty, no difference are
observed for the trajectories and fates corresponding to the release point
R2 (i.e. in the vicinity of the MPA). For the other plastic sources, buoyant
refloated particles, which in some cases suffer repeated beaching and
washing-off processes, travel short distances, thus remaining close to the
first beaching area.

The above qualitative results are confirmed by the quantitative
comparison between the particle trajectories as well as by the calcula-
tion of the number of macro-plastics for each possible fate. The first
analysis is based on the calculation of the skill score, which is a measure
of the differences between two trajectories. If the two trajectories are
identical, it is equal to 1, otherwise it assumes positive values as smaller
as the discrepancies increase. In particular, it is defined as follows (Liu
and Weisberg, 2011):

ss:{(l)ic/n

where n is a tolerance threshold here assumed equal to 1 (Liu and
Weisberg, 2011; Jalon-Rojas et al., 2019), and c is the normalized cu-
mulative Lagrangian separation distance between the reference and
analyzed trajectories (i.e. the ratio between the cumulative Lagrangian
separation distance and the cumulative length of the reference trajec-
tory). The skill score has been widely employed for the comparison

(c<n)

(c>n) 2
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Fig. 8. Sources, trajectories and fates of 50 macro-plastics under hydrodynamic condition Winter_01: (a) buoyant particles (scenario 2: K, = 1 m?/s, beaching/
washing-off on, T,, = 1 day; scenario 4: K, = 10 m?/s, beaching/washing-off on, T,, = 1 day; scenario 5: K, = 1 m?/s, beaching/washing-off on, T,, = 2 day);
(b) non-buoyant particles (scenario 7: K, = 1 m?/s, beaching/washing-off on, T,, = 1 day, w; = 5 mm/s; scenario 9: K, = 1 m?/s, beaching/washing-off on, T,, = 1
day, w; = 50 mm/s; scenario 11: K, = 10 m?/s, beaching/washing-off on, T,, = 1 day, ws = 5 mm/s; scenario 12: K; = 1 m? /s, beaching/washing-off on, T,, = 2
days, ws = 5 mm/s). Different color shades are employed to distinguish trajectories originated from different plastic sources.

between observed and modeled trajectories of oil spills at sea (Liu and
Weisberg, 2011; Rohrs et al., 2012; Liu et al., 2014; Sayol et al., 2014).
Moreover, such an index has been recently used to perform the sensi-
tivity analysis of particle tracking models (Jalon-Rojas et al., 2019).

In the present work, the skill score of the trajectory of each released
particle with respect to a reference scenario is calculated, and then the
corresponding mean value (ss,,) for each plastic source is estimated.
Scenarios 1 and 6 of Table 7 are selected as reference scenarios for the
assessment of the influence of the horizontal dispersion and washing-off
processes on the particles trajectories and fates, to distinguish between
buoyant and non-buoyant particles. Moreover, scenario 6 is the bench-
mark for the investigation of the effects of w; variations on the particle
tracking results. Fig. 9a-b shows the mean skill score (ss;;) for scenarios
2,4,5,7,9,11 and 12 under hydrodynamic condition Winter_01, which
is calculated as the average of the ten skill scores obtained for each
plastic source. The mean skill score calculated for scenarios 2 and 5
(Fig. 9a) and scenarios 7 and 12 (Fig. 9b) is equal to 1 for all the macro-
plastic sources with the exception of R3 releasing buoyant particles, for
which ss;, is about 0.50 for scenarios 2 and 5. In such a case, macro-
plastics that under scenario 1 beached in the vicinity of the release
point travel distances not longer than 2 km, moving parallel to the shore
towards the MPA. Therefore, the washing-off process is confirmed to
influence only slightly particle tracking results. Fig. 9a-b also shows that
ssm calculated for scenarios 4 and 11 assumes values ranging between
0.29 and 0.69, which are different from the ones corresponding to sce-
narios 2 and 7, respectively. The only exceptions are observed for
sources R3 and R4, for which all the particles settle as soon as released,
despite of the employed Kj. Such a result confirms that the horizontal
dispersion process significantly influences the plastic transport, above
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all when the particle settling is not included. The lowest values of ss,, are
found for the case of buoyant particles released at the river mouths (i.e.
R3, R4 and R5 release points). Concerning the sedimentation process,
Fig. 9b shows that ss;, ranges between 0.55 and 1.00 for scenarios 8 and
9, which are characterized by higher w; than scenarios 6 and 7. It should
be noted that ss, is equal to 1 when the particles settle as soon as
released regardless of the assumed w;.

The outcomes of the second quantitative analysis of the difference
between the simulated scenarios are showed in Fig. 9¢c, which reports the
percentage of particles that at the end of the simulations are in the water,
on the beach, refloated from the beach, at the sea bottom or out of the
numerical domain, with reference to the hydrodynamic condition
Winter_01. The simulations with buoyant macro-plastics (i.e. scenarios
1, 2, 4 and 5) end with about 50 % of the particles out of the numerical
domain, whereas for the ones with non-buoyant plastics (i.e. scenarios 6,
7,9, 11 and 12) the most frequent fate is the sedimentation at the bot-
tom, with percentages between 64 % and 100 %. Despite of the
employed T, the washing-off process causes the release of some
buoyant beached particles, thus implying the reduction of the percent-
age of beached macro-plastics from 34 % of scenario 1 to 8 % of scenario
5. The total number of floating particles, both refloated or not, increases
accordingly. Instead, when non-buoyant particles are considered (i.e.
scenarios 6 and 12) the washing-off process does not affect the final
destination of the particles, which are almost all at the bottom or out of
the domain. The enhancement of the horizontal dispersion process
produces the increase of the percentage of refloated buoyant particles,
from the minimum 26 % of scenario 2 to the maximum 44 % of scenario
4. For the cases of non-buoyant particles (i.e. scenarios 7 and 11), the
influence of K, on particle fates is less evident, because of the most
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Fig. 9. Comparison between 50 macro-plastic trajectories and fates under hydrodynamic condition Winter_01: (a) mean skill scores of the trajectories followed by
buoyant particles released by R1, R2, R3, R4 and R5 sources, having scenario 1 as reference (K, = 1 m?/s, beaching/washing-off on); (b) mean skill scores of the
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ws = 5 mm/s); (c) fates of the particles (scenario 2: K, = 1 m?2/s, beaching/washing-off on, T,, = 1 day; scenario 4: K;, = 10 m? /s, beaching/washing-off on, T,, = 1
day; scenario 5: K =1 m?/s, beaching/washing-off on, T,, = 2 day; scenario 7: K5 =1 m?/s, beaching/washing-off on, T,, = 1 day, w; = 5 mm/s; scenario 9: K, =
1 m?/s, beaching/washing-off on, T,, = 1 day, ws; = 50 mm/s; scenario 11: K, = 10 m?/s, beaching/washing-off on, T,, = 1 day, ws = 5 mm/s; scenario 12: K; =

1 m?/s, beaching/washing-off on, T,, = 2 days, w; = 5 mm/s).

relevant role of the sedimentation process.

3.3. Trajectories and fates of macro-plastics

3.3.1. Effects of seasonadlity on plastic transport

Seasonality of coastal currents is assessed through the comparison of
the velocity fields in the presence of astronomical tide, waves and wind
obtained for summer, spring and autumn (i.e. simulations Summer 01,
Spring 01 and Autumn_01) with the one calculated for winter (i.e.
simulation Winter_01). In particular, for each grid point of the numerical
domain, the winter current velocity module is subtracted to the summer,
spring and autumn one, thus obtaining maps showing the difference
AUyinger (Fig. 10a). The obtained maps reveal that within about 95 % of
the domain the absolute value of AU,inr is lower than 0.05 m/s, thus
demonstrating that the differences between winter and summer, spring
and autumn are modest when mean wave and wind conditions are
considered. However, significant decrease of the current velocity mod-
ule with respect to the winter season are observed near the coastline, to a
greater extent for summer. In particular, reductions of the current ve-
locity up to about —0.40 m/s are detected. Such a result is in agreement
with the fact that winter and summer are characterized by the most and
the less energetic wind and wave climate, respectively. Only some small
regions are characterized by summer, spring and autumn current ve-
locities slightly higher than the winter one. Such a phenomenon is
probably due to peculiarities of the bathymetry, which influences the

wave transformation processes. It should be noted that, on the basis of
the results discussed in Section 3.1, the astronomical tide contribution to
the current velocity seasonality is negligible.

The maps showing the difference A8 between the velocity di-
rections corresponding to summer, spring and autumn and the ones
obtained for the winter season are also calculated over the whole
domain (Fig. 10b). Over about 80 % of the domain, a general tendency
to clockwise (i.e. positive) or counter-clockwise (i.e. negative) not
greater than 60° is observed for all the three seasons. In the rest of the
domain, both clockwise and counter-clockwise A6y are found, up to
about +180°. The greatest deviation of the current direction with
respect to the winter season occurs in summer. Since Afyyr never
overcomes +180°, a complete reversal of the direction of coastal cur-
rents with respect to winter does not occur.

The effects of current seasonality on pathways and fates of macro-
plastics are here discussed with reference to hydrodynamic conditions
Winter_ 01, Summer_ 01, Spring 01 and Autumn_0l. For the sake of
simplicity, only trajectories and fates calculated for buoyant particles
with K equal to 5 m3/s and T,, equal to 1 day and non-buoyant particles
with K, equal to 5 m3/s, T,, equal to 1 day and w; equal to 5 mm/s (i.e.
considering scenarios 3 and 10, respectively) are compared. Indeed, the
same conclusions can be drawn from the analysis of the outputs of each
scenario of Table 7. Fig. 11 shows sources, trajectories and fates of 50
macro-plastics, distinguishing their origin through different color shades
and their fate through different marker shapes. For the case of buoyant
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Fig. 10. Comparison between the velocity fields at the end of simulations Summer_01 (summer), Spring_01 (spring) and Autumn_01 (autumn) and the one at the end
of simulation Winter_01 (winter): (a) difference between the velocity modules; (b) difference between the velocity directions.

particles (Fig. 11a), the released plastics move following similar patterns
under all the four hydrodynamic conditions. Particles coming from the
release point R1 tend always to reach the beach South of Tindari. Macro-
plastics released by source R2 are transported towards the South without
leaving the region of the MPA. The relatively short route of such parti-
cles is likely due to the macro-vortex originated close to the MPA.
Finally, macro-plastics coming from the release points R3, R4 and R5
move towards the MPA under all the considered hydrodynamic condi-
tions. Seasonality influences only the length of the pathways of such
particles, which gradually decreases for winter, spring, autumn and
summer. In particular, the winter pathways can be about two times
longer than the summer ones. The observed trajectories are consistent
with the results on the current seasonality represented in Fig. 10. Indeed,
the area close to the sources R3, R4 and R5 are characterized by higher
AUyineer With respect to the regions of release points R1 and R2. More-
over, the detected variations in current direction are so limited they do
not cause relevant changes in plastic pathways.

The above-discussed findings are valid also for the case of non-
buoyant particles (Fig. 11b), even if the tendency of plastics to reach
the sea bottom softens their implications. Despite the considered season,
particles released by source R1 settle close to it, whereas the ones
originated from source R2 move towards the South, ending their path on
the beach or at the sea bottom. Particles released by sources R3 and R4
sink close to the origin points. Finally, plastics coming from the release
point R5 are always transported towards the MPA, following routes of
decreasing length for winter, spring, autumn and summer respectively.

Fig. 12 shows sources, final spatial distribution and fates of 5,000
macro-plastics under each of the four seasons. In the case of buoyant
particles (Fig. 12a), beached macro-plastics cover almost the whole
coastline under each hydrodynamic condition. However, it is possible to
identify stretches of the coast where a greater concentration of beached
particles is observed. The results indicate that, the MPA of Capo Milazzo
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is a macro-plastic hot-spot, independently from the considered season.
The same holds for Torretta beach and the Northern part of Caldera
beach, which are located immediately North and South of the mouth of
the Mela river, respectively. Also Marchesana beach is a macro-plastic
accumulation zone under each season, particularly the Southern part
near to the mouth of the Mazzara river. Finally, the beach between the
mouth of the Mazzara river and Oliveri is another hot-spot for beached
particles, despite of the considered season. In summer and autumn, also
the beach between Oliveri and Tindari captures a huge number of
macro-plastics. The distribution of floating particles, both refloated or
not, appears to be significantly influenced by seasonality. Indeed, during
winter floating macro-plastics are concentrated North of the mouth of
the Mela river and near the mouth of the Termini river. Instead, during
summer and spring, also the area between the mouths of the Mela and
Termini river is covered by floating particles. Finally, in autumn floating
particles accumulate North of the mouth of the Mela river or exit the
domain.

In the case of non-buoyant particles (Fig. 12b), beached plastics are
concentrated in the MPA of Capo Milazzo and in Torretta beach under
each hydrodynamic condition. In winter and spring and autumn, the
Northern part of Caldera beach is also a macro-plastic hot-spot. Floating
particles are always concentrated North of the mouth of the Mela river.
Finally, as already observed in Fig. 11b, at the smallest water depths
particles immediately settle near their origin. This is the case of the
seeding points R1, R2, and above all R3 and R4.

Fig. 13 summarizes the results regarding the macro-plastic fate at the
end of simulations performed for the four seasons with 5,000 released
particles. For the case of buoyant macro-plastics, the percentages of
particles that end their pathway in water, beached or out of the nu-
merical domain suffer slight modifications due to seasonality, with the
exception of autumn. In particular, for the case of buoyant particles
(Fig. 13a), the percentage of beached macro-plastic suffers contained
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Fig. 11. Sources, trajectories and fates of 50 macro-plastics under four hydrodynamic conditions representing winter (Winter_01), summer (Summer_01), spring
(Spring_01) and autumn (Autumn_01) with representative mean wave and wind conditions: (a) buoyant particles, scenario 3 (K, =5 m?/s, beaching/washing-off on,
Ty, =1 day); (b) non-buoyant particles, scenario 10 (K, = 5 m2 /s, beaching/washing-off on, T,, = 1 day, w; = 5 mm/s). Different color shades are employed to

distinguish trajectories originated from different plastic sources.

increments in winter, summer and spring, ranging between 7 % and 14
%. On the contrary, the percentage of beached macro-plastics corre-
sponding to autumn is significantly higher than the values calculated for
the other three seasons, i.e. equal to 32 %, at the expense of the per-
centage of particles out of the domain. The percentage of floating par-
ticles, both refloated or not, remains almost constant under all the
season and ranges between 38 % and 44 %.

The final fate of non-buoyant particles is less affected by coastal
current seasonal variability, because most of them (i.e 64+70 %) settles
to the sea bottom despite the considered hydrodynamic regime
(Fig. 13b). The percentage of beached macro-plastic ranges between 2 %
and 4 % in winter, summer and spring, whereas it is equal to about 16 %
in autumn. The overall percentage of particles which end their path in
water, both refloated or not, varies in the range 9-+11%.

3.3.2. Effects of river floods on plastic transport

The effects of river floods on trajectories, spatial distribution and
fates of macro-plastics are investigated through the comparison between
the results corresponding to the winter hydrodynamic conditions which
include the peak flow rates of rivers Mazzara, Termini and Mela, namely
Winter_05, Winter 07 and Winter_08, and the one with only astronom-
ical tide and mean representative wind and wave climate, namely
Winter_01. For the sake of simplicity, in the following only the cases of
buoyant particles with Ky, equal to 5 m3/s and T,, equal to 1 day, and
non-buoyant particles with K; equal to 5 m®/s, T,, equal to 1 day and w
equal to 5 mm/s (i.e considering scenarios 3 and 10, respectively) are
considered. Anyway, the same findings can be obtained from the anal-
ysis of the outputs of each scenario of Table 7.

Fig. 14 shows pathways and final destinations of 50 macro-plastics
under Winter_05, Winter_07 and Winter_08 hydrodynamic conditions.
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For the case of mean representative wind and wave climate and 2 and
100-year return period river floods (i.e. hydrodynamic conditions
Winter 05 and Winter_07, respectively), trajectories of both buoyant
and non-buoyant macro-plastics released by sources R1 and R2 are quite
similar to the case Winter_01 reported in Fig. 8. However, macro-plastics
released by sources R1 tend to stop their routes further from the mouth
of river Mazzara with respect to the benchmark. Similarly, macro-
plastics released from source R2 travel shorter distances, thus concen-
trating in the region of the MPA. Instead, the transport of buoyant
particles coming from release points R3 and R4 totally change its di-
rection with respect to the benchmark. When significant river floods
occur, macro-plastics move not towards the MPA, but towards Tindari,
with higher velocity corresponding to the 100-year return period. For
the case of non-buoyant particles, no differences between the results
found for Winter_ 05, Winter 07 and the benchmark Winter 01 are
observed, because all the particles settle as soon as released. Finally,
both buoyant and non-buoyant macro-plastics released by source R5
have a greater tendency to move towards the MPA and exit the nu-
merical domain when the river discharges are included.

The final spatial distribution of 5,000 macro-plastics under the ef-
fects of river floods is shown in Fig. 15. The results relative to hydro-
dynamic conditions Winter_05 and Winter_07 reveal that both buoyant
and non-buoyant beached macro-plastics are more concentrated
compared to the benchmark Winter 01. In particular, the MPA of Capo
Milazzo is always a macro-plastic hot-spot. Instead, Torretta and Caldera
beaches and the beach between Tindari and Tonnarella accumulate less
buoyant particles as the magnitude of the river floods increases. The
other portions of the coast are free from beached plastics. The few
floating particles, both refloated or not, are mainly distributed between
the MPA of Capo Milazzo and the mouth of the Mela river. Finally, the
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Fig. 13. Fates of 5,000 macro-plastics under seven hydrodynamic conditions representing winter (Winter_01), summer (Summer_01), spring (Spring_01) and autumn
(Autumn_01) with representative mean wave and wind climate, winter with representative mean wave and wind conditions and 2-year and 100-year return period
river floods (Winter_05 and Winter_07, respectively), and winter with 100-year return period wave and wind conditions and river floods (Winter_08): (a) buoyant
particles, scenario 3 (K, = 5 m?/s, beaching/washing-off on, T,, = 1 day); (b) non-buoyant particles, scenario 10 (K; = 5 m?/s, beaching/washing-off on, T, = 1
day, wy = 5 mm/s).

spatial distribution of sea floor particles is not influenced by the numerical domain. The percentage of beached macro-plastics is lower
occurrence of river floods. than the one calculated in the absence of river floods, being in the range

Fig. 13 shows that under Winter_05 and Winter_07 hydrodynamic 0.2+2 % for both buoyant particles and non-buoyant particles. The
conditions, about 85 % of floating particles end their route out of the percentage of settled macro-plastics is not affected by the river floods,
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Fig. 14. Sources, trajectories and fates of plastics under three hydrodynamic conditions representing winter with representative mean wave and wind climate and 2-
year (Winter_05) and 100-year (Winter_07) return period river floods, and winter with 100-year return period wind, waves and river floods (Winter_08): (a) buoyant
particles, scenario 3 (K; = 5 m?/s, beaching/washing-off on, T,, = 1 day); (b) non-buoyant particles, scenario 10 (K, = 5 m?/s, beaching/washing-off on, T,, = 1
day, ws = 5 mm/s). Different color shades are employed to distinguish trajectories originated from different plastic sources.

being almost constant and equal to 65 %.

Trajectories, spatial distribution and fates of macro-plastics calcu-
lated under the hydrodynamic conditions Winter_08 result from com-
pound extreme events, namely the 100-year return period river floods,
wind and wave climate. Fig. 14, Fig. 15 and Fig. 13 reveal that particles
tend to exit the numerical domain, to a greater extent in the case of p
lower than p,,. The beaching phenomenon is less frequent with respect to
the benchmark Winter_01, and the few beached particles in the region of
the MPA of Capo Milazzo and between the mouths of the Mela and
Termini rivers are almost all refloated. Also the percentage of settled
non-buoyant particles is lower when the combination of extreme river
floods, wind and wave climate is considered, decreasing from 66 % of
hydrodynamic condition Winter_01 to 52 %.

3.3.3. Summary of the results

The application of the proposed numerical modelling chain to the
coastal area adjacent to the MPA of Capo Milazzo provides useful in-
sights for the identification of typical directions of marine litter dis-
placements and location of relevant beached or seafloor plastic
accumulation areas in the nearshore zone, considering the effects of
seasonality. The above-mentioned insights are obtained through the
simulation of stationary wind and wave fields representative of each
season as described in Section 2.4.3, and then combined with stationary
river floods and periodic astronomical tide.

The numerical results reported in Fig. 11 show that macro-plastics
released from the mouths of the Mela, Termini and Mazzara rivers in
the absence of floods which do not immediately settle are transported
along the North-East direction, i.e. towards the MPA of Capo Milazzo,
despite of the considered season. Also sea plastic litter released in the
Western and Eastern parts of the domain follows trajectories whose
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direction is not influenced by the seasonality, moving towards the beach
belonging to the towns of Oliveri and Falcone and to the MPA, respec-
tively. Indeed, seasonality is only responsible of the length of the particle
pathways, which gradually decreases for winter, spring, autumn and
summer. As a consequence, location and extension of beached or
floating macro-plastic accumulation zones are slightly different for the
four seasons (Fig. 12). The effects of the Mela, Termini and Mazzara
river floods on macro-plastic transport are more evident, because they
cause a total shift of the particle trajectories (Fig. 14) as well as a
modification of the macro-plastic accumulation zones (Fig. 15). There-
fore, for the studied site, seasonality of longshore currents is less crucial
than the effects of river floods for planning interventions for the removal
of macro-plastics.

In the absence of river floods, operations for the collection of floating
macro-plastics should focus on the area between the mouth of the
Termini river and Torretta beaches. As a matter of fact, the occurrence of
river floods causes that macro-plastics exit the coastal region, moving
offshore. Concerning the beached macro-plastics, they are distributed
along almost the whole coastline despite of the considered season.
However, the following four accumulation areas can be identified: i) the
MPA of Capo Milazzo; ii) Caldera beach and northern part of Torretta
beach; iii) Marchesana beach; iv) the beach between the mouth of the
Mazzara river and Oliveri. Moreover, in summer and autumn the beach
between Oliveri and Tindari is also a macro-plastic hot-spot. It should be
noted that the MPA of Capo Milazzo is the only area which receive
macro-plastics even if river floods occur. Beach cleaning operations
should be carried out preferably in autumn, when the largest quantities
of beached macro-plastics are observed (Fig. 13). In accordance with
Menicagli et al. (2022) and the observations of the performed field
survey, such cleaning interventions should focus on the backshore zone,
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Fig. 15. Sources, final spatial distribution and fates of 5,000 plastics under three hydrodynamic conditions representing winter with representative mean wave and
wind climate and 2-year (Winter_05) and 100-year (Winter_07) return period river floods, and winter with 100-year return period wind, waves and river floods
(Winter_08): (a) buoyant particles, scenario 3 (K, =5 m?/s, beaching/washing-off on, T,, = 1 day); (b) non-buoyant particles, scenario 10 (K, =5 m?/s, beaching/

washing-off on, T,, = 1 day, wy; = 5 mm/s).

where most of the marine litter is accumulated by intense sea storms
typical of autumn and winter seasons. Finally, the position of sea floor
macro-plastics appears strongly influenced by the location of the release
points. Indeed, non-buoyant particles usually settle near their origins
due to the relatively small depths of the study area. The only exception is
represented by the particles released by the Mela river, whose mouth is
located in the region with the deepest sea bottom.

Documented periodic beach clean-up campaigns in the accumulation
zone derived from the numerical results (i.e. MPA of Capo Milazzo,
Torretta and Caldera beaches, Marhcesana beach, and the beach of the
towns of Falcone and Oliveri) demonstrate that the hydrodynamic
conditions simulated in the present work are effectively representative
of the study area. The presence of a relevant plastic accumulation zone
in the MPA of Capo Milazzo is highlighted by the fact that beach
cleaning campaigns organized by volunteer of the MPA itself or by the
municipal administration were in often included in the #EUBeach-
Cleanup program of the European Commission. The fact that MPA of
Capo Milazzo is a litter accumulation area is also confirmed by the re-
sults of the monitoring activities carried out during the years 2020-2021
in the context of the INTERREG Med Plastic Busters MPAs project and
presented at the project final conference (Argyropoulou and Papaioan-
nou, 2022; ISPRA et al., 2022), according to which beach macro-litter
density reach values up to 230 items/100 m, whereas seafloor macro
litter density is equal to 0.7 items/100 m? on average.

4. Discussion and conclusions
Besides providing the site-specific findings on macro-plastic trans-

port in the coastal area adjacent to the MPA of Capo Milazzo discussed in
Section 3, the present work contributes to the scarce existing literature
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on the numerical modelling of marine litter trajectories and fates in
coastal regions. The velocity field forcing marine plastic displacement in
coastal regions is usually generated considering the effects of tidal
elevation, and in some cases wind action (Tong et al., 2021; Cloux et al.,
2022; Wisha et al., 2022; Cardoso-Mohedano et al., 2023), fluvial flows
(Sousa et al., 2021; Cloux et al., 2022; Pilechi et al., 2022), and atmo-
spheric forcing (Sousa et al., 2021; Tong et al., 2021; Cloux et al., 2022;
Cardoso-Mohedano et al., 2023). In addition to existing studies, in the
present work a wave boundary condition is also imposed, in order to
include the wave-induced longshore currents, as well as the effects of the
Stokes drift experienced by particles in the direction of wave propaga-
tion, which up to now has been considered only in some non-coastal
numerical investigations (Liubartseva et al., 2018; Mansui et al., 2020;
Baudena et al., 2022; Castro-Rosero et al., 2023; Dobler et al., 2022).
The shore-parallel component of the radiation stresses associated with
the breaking process approaching the coastline at an oblique angle
significantly contributes to the marine plastic transport in coastal areas
(Hanes, 2022). In particular, the numerical results obtained for the
coastal area adjacent to the MPA of Capo Milazzo presented in Section
3.1 reveal that the wave-induced current velocities reach values of the
order of 107! m/s close to the coast. Moreover, both experimental and
numerical studies demonstrated that also the Stokes drift plays a crucial
role in floating marine litter transport (Delandmeter and Van Sebille,
2019; Bosi et al., 2021; Calvert et al., 2021; Castro-Rosero et al., 2023).
Existing numerical investigation on marine plastic transport in coastal
regions mainly focused on floating particles subjected to current
advection and turbulent diffusion, in some cases including a parame-
terization of the beaching processes based on the definition of a constant
probability of beaching (Sousa et al., 2021; Cloux et al., 2022) or on the
residence time of marine plastic on beach from field measurement
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(Wisha et al., 2022). Only Wisha et al. (2022) included the windage
effects on buoyant plastic transport, whereas Cardoso-Mohedano et al.
(2023) considered the case of non-buoyant plastics subject to a settling
velocity calculated using the Stokes' law. In the present work, where
both buoyant and non-buoyant macro-plastic are considered, a more
comprehensive representation of the process pathways marine plastic
items undergo is provided. In particular, besides beaching, which occurs
when the particle exits the domain reaching the land, tidal washing-off is
also simulated, based on the probabilistic approach described in Section
2.4.2.

The results on marine plastic transport presented in Section 3 should
be read considering the limitations due to the modelling choices made in
the present work, and in particular that:

e offshore litter sources such as commercial fishery, navigation ac-
tions, waste disposal, and shellfish/fish culture (Thushari and Sen-
evirathna, 2020) are not included in the Lagrangian simulations;

e only yearly averaged and extreme hydrodynamic conditions are
simulated, considering a statistically significant number of moving
particles.

Concerning the choice not to simulate the offshore plastic release, it
descends from the scarce available information on the possible location
of sea-based litter sources close to the study area, as well as from the
modest estimated number (i.e. less than 20 %) of seafloor (Scotti et al.,
2021) and beached (Argyropoulou and Papaioannou, 2022; ISPRA et al.,
2022) offshore originated plastics at the study site. However, several
studies suggested that the assessment of plastic quantities should be
done by weight rather than by numbers of items, since this can signifi-
cantly change the perspective of the contribution of each source type, as
well as the pattern of beach loading along the coast (Eriksen et al., 2014;
Smith and Turrell, 2021; Allison et al., 2023). This is due to the fact that
fishery waste is usually bigger and/or heavier than the land based one.
The possible presence of massive litter coming from offshore may be
crucial for the optimal beach clean-up planning, and hence the simula-
tion of offshore plastic sources together with the land-based ones could
produce interesting outcomes.

Many existing numerical investigations adopted different combina-
tions of multiple plastic sources, also including the sea-based ones. For
instance, Lebreton et al. (2012) and Eriksen et al. (2014) took into ac-
count three types of plastic sources for the global ocean, which are
shipping lanes, rivers, and cities. Similarly, Liubartseva et al. (2018),
Soto-Navarro et al. (2020) and Baudena et al. (2022) employed a
multiple-source approach to model plastic transport in the Mediterra-
nean Sea. For the Eastern Ionian Sea, Politikos et al. (2020) also included
ports and sampling sites as plastic sources. Instead, Guerrini et al. (2021)
considered plastic waste released in the Mediterranean Sea by coastal
cities, rivers and the most active fishing grounds, thus neglecting the
shipping lanes. On the contrary, Critchell et al. (2015) simulated plastic
release in the area of the Great Barrier Reef (East coast of Australia)
ignoring the contribution of cities and fishery and considering only the
inputs from urban rivers and shipping activities. Finally, Ruiz et al.
(2022) numerically investigated only the transport of fishing-related
floating marine litter in the Bay of Biscay (between France and Spain).

In order to assess the effect of neglecting offshore plastic sources in
the final plastic distributions and fates discussed in Section 3, further
simulations with three additional seeding points close to the offshore
boundary of the domain are run, considering the hydrodynamic condi-
tion Winter_01, i.e. winter representative mean wave and wind climate
(Table 5) and the case of buoyant (scenario 3: K, =5 m?/s, beaching/
washing-off on, T,, =1 day) and non-buoyant (scenario 10: Kj
5 m?/s, beaching/washing-off on, T, = 1 day; w; = 5 mm/s) macro-
plastics. A total of 80 particles are released, equally distributed among
the eight seeding points. The results reveal that the offshore-released
particles exit the numerical domain or reach the accumulation zones
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already found in the absence of sea-based sources. Moreover, the pro-
portion between the possible plastic fates including the offshore sources
is the same as that found without considering the latter. Therefore, in the
present case the decision not to include offshore sources seems not to
significantly affect the final outcomes of the plastic transport modelling.

The choice to simulate the transport of a statistically significant
number of particles (i.e. from 50 to 5,000 particles) under yearly aver-
aged and extreme hydrodynamic conditions allows the identification of
representative plastic pathways and fates in the study area. Other nu-
merical investigations focused on the effects of non-stationary wind and
wave fields and river floods, by simulating time series of real hydrody-
namic events. For example, a short temporal scale was considered to
investigate plastic transport due to circulation patterns typical of
particular periods of the year (e.g. Alosairi et al., 2020; Wisha et al.,
2022), whereas at least two years were simulated to obtain results on
average annual and seasonal marine litter displacement (e.g. Macias
et al., 2019; Baudena et al., 2022). Moreover, some existing studies
provided realistic quantitative characterization of plastic bulk following
two main approaches: i) estimate of the number of particles to be
released from cities, rivers and sea-based sources based on empirical
relationships between plastic production and quantitative features of the
corresponding source, such as population density, economic status of the
individual region, index of plastic waste per inhabitant, surface runoff in
the watersheds, and daily fishing effort (Guerrini et al., 2021; Tong
etal., 2021; Tsiaras et al., 2021; Baudena et al., 2022; Li et al., 2023); ii)
release of a statistically significant number of particles and conversion of
such a number by applying a correction factor based on the estimate of
the annual plastic input in the study area and the average weight of a
plastic item (Turrell, 2020; Allison et al., 2022).

Another limitation of the present work is linked to the employment
of a 2D velocity field, whereas a 3D hydrodynamic approach would
provide a more accurate description of the sinking process (Sousa et al.,
2021; Pilechi et al., 2022; Cardoso-Mohedano et al., 2023). The limi-
tations due to the assumptions of the Lagrangian model are mainly due
to the fact that shape, size and density of macro-plastics are not
accounted for. Moreover, the parameterization of beaching and
washing-off processes, and of bed load and bottom particle refloating is
still at an early stage of development (Jalon-Rojas and Marieu, 2023).
Finally, the particle hetero- and homo-aggregation, agglomeration,
weathering and photodegradation are not considered by any of the
existing particle tracking models.

Future numerical investigations on plastic transport in the coastal
region of the MPA of Capo Milazzo will focus on the definition of more
realistic plastic inputs in terms of location and quantity of produced
plastic, based on the results of new monitoring campaigns covering the
whole study area. Indeed, the outcomes of the already performed field
surveys are not sufficient for a comprehensive characterization of litter
that can be found over the investigated beach. Furthermore, time series
of real hydrodynamics events will be employed to obtain information
about the effects of seasonal circulation patterns. Together with the
improvement of plastic sources characterization, this would also enable
the accurate validation of the model outputs.

In general, further research is needed for a more comprehensive
representation of marine plastic pathways in coastal areas, which should
consider a 3D velocity field together with the inclusion of degradation of
macro-plastic and biofouling. Moreover, the parameterization of the
beaching and washing-off processes should be improved in order to take
into account the combined effects of tides, waves, and winds, also
considering the peculiarity of the coastline and the possible presence of
trapping structures such as groins and breakwaters.
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