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The high-resolution Campania Regional Ocean Model (CROM), coupled with an online Lagrangian particle
tracking algorithm, is used to investigate the horizontal and vertical behavior of different (in terms of size and
density) plastic polymer types during February and August 2016 in the Gulf of Naples. The transport of passive
particles is evaluated based on the three-dimensional Eulerian velocity fields provided by the ocean model. The
virtual particles are released in several hot spot areas in the Gulf of Naples where most of the marine debris is

supposed to come from. A sensitivity analysis on the vertical sinking for negatively buoyant particles is carried
out. The sinking behavior is determined by the settling velocity, which depends on the physical properties of the
individual litter item as well as on the hydrodynamical features of the marine environment. Different numerical
experiments are carried out to evaluate the effect of marine dynamics on three-dimensional transport.

1. Introduction

Plastic debris is currently the most abundant type of litter in the
ocean (Derraik, 2002; Topc¢u and Oztiirk, 2010; Fossi et al., 2020; Erni-
Cassola et al., 2019; van Sebille et al., 2020). According to the Inter-
national Union for Conservation of Nature (IUCN), the main sources of
plastic debris found in the ocean are land-based, coming from urban and
stormwater runoff, inadequate waste management, and industrial ac-
tivities (Cooper and Corcoran, 2010; Schmidt et al., 2017; Zambianchi
etal., 2017). Ocean-based plastic pollution originates primarily from the
fishing industry, nautical activities, and aquaculture (Derraik, 2002;
Thushari and Senevirathna, 2020; Galgani et al., 2015).

Once they reach the marine environment, the fate of plastic particles
will depend on several factors: their nature (size, density, and shape)
will determine either their sinking (and therefore, probably, their sedi-
mentation on the seabed) or their floating at the sea surface with po-
tential beaching in coastal regions. However, the situation is much more
complex than this, since changes in the physical properties, e.g., frag-
mentation, degradation (Andrady, 2017) or the interaction with biota
(Law and Thompson, 2014) as well as turbulent and chaotic sea motions,
can greatly influence plastic particles transport, thus limiting our ability
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to predict it.

This study aims to analyze the horizontal and vertical transport of
different plastic polymer types for two reference months, February and
August 2016, in a coastal area of the Tyrrhenian Sea, Western Medi-
terranean, the Gulf of Naples (GoN), during which model data are
available. The choice of a winter (February 2016) and a summer month
(August 2016) in our simulations aims to understand how seasonality,
and thus the different hydrological features of the marine environment,
affect the 3D transport of plastic particles.

Due to the presence of numerous tourist attractions, the high popu-
lation density, and the intense maritime commercial activity, the GoN is
strongly affected by marine pollution, thus its coastal waters present
hydrographic and biological properties reflecting anthropic stress
(Ribera d’Alcala et al., 1989; Zingone et al., 2010; Cianelli et al., 2012;
Castagno et al., 2020). A study by Angiolillo et al. (2015) shows that
deep marine layers are also heavily polluted, debunking the common
idea that these areas are less impacted by anthropogenic activities
(Hinderstein et al., 2010). Thanks to the use of ROVs equipped with
digital cameras, the main pollutants of the seabed in Campania, Sicily,
and Sardinia were analyzed (Angiolillo et al., 2015). The study shows
that the highest median value of debris abundance was found in
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Campania while the lowest value was recorded in Sardinia, emphasizing
the relationship of debris abundance with the average human popula-
tion density in the analyzed regions (429, 196, 68 habitants per km?, for
Campania, Sicily, and Sardinia, respectively). Regarding the class of
pollutants, the study shows that fishing gears were the dominant source
of debris (89 %) while plastic and other debris were occasionally found,
representing respectively 5 % and 6 % of the samples. However, the data
from Angiolillo et al. (2015) indicate that the evidence of this type of
debris can be biased on the kind of explored sea bottom and the
employed methods (Watters et al., 2010). For this reason, observation
surveys and monitoring networks in coastal areas should be increased.

The use of an ocean model coupled with a Lagrangian particle
tracking algorithm allows us to fill the observational gap and define
scenarios to test possible pathways, main sources, and potential accu-
mulation zones of plastic debris (van Sebille et al., 2020; Zambianchi
et al., 2014). Observations allow us to set the stage for our simulations
(e.g., defining release areas, choice of pollutant type, concentration,
etc.) to produce targeted analyses.

Here, we use the high-resolution Campania Regional Ocean Model
(CROM, de Ruggiero et al., 2016), coupled with an online Lagrangian
particle tracking algorithm. The virtual particles are released in several
hot spot areas in the GoN, where most of the marine debris is supposed
to come from, and a sensitivity analysis on the vertical sinking for
negatively buoyant particles is carried out.

We organized our study as follows: in Section 2 the CROM, the
adopted particle-tracking algorithm, and the numerical simulation setup
(description of the chosen type of polymers and definition of the release
area) are discussed. In Section 3 the numerical simulation results are
provided. Finally, conclusions are drawn in Section 4.

2. Model and methods
2.1. The circulation model

The CROM (de Ruggiero et al., 2016) is implemented on a domain
that includes the Campania Coastal System (CCS, see Fig. 1a) with a
horizontal spatial resolution of 1/144° (Ay ~ 772 m, Ax ~ 579-591 m).
It is based on the Princeton Ocean Model (POM, Blumberg and Mellor,
1987; http://www.ccpo.odu.edu/POMWEB/) and is one-way nested
with the NEMO-OPA (Nucleus for European Modeling of the Ocean-
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Ocean Parallelise, Madec, 2008) implemented over the whole Mediter-
ranean Sea with a 1/16°-horizontal resolution and 71 vertical layers (see
Oddo et al., 2009 for model configuration). The POM adopts the mode
splitting technique; here the time step for the external (internal) mode is
At = 1s (At = 60s) (as in de Ruggiero et al., 2016).

The momentum, heat, freshwater, and radiative fluxes are computed
by bulk formulas with atmospheric parameters provided by the non-
hydrostatic SKIRON/Eta atmospheric modeling system (http://forecast
.uoa.gr/forecastnewinfo.php) of the National and Kapodistrian Univer-
sity of Athens with 5 km-horizontal resolution. The nesting technique
and the bulk formulas used are described in detail in de Ruggiero et al.
(2016). Twelve monthly hindcasts referring to the year 2016 are pro-
duced (de Ruggiero et al., 2020; Gifuni et al., 2022).

2.2. Particle-tracking model

The 3-dimensional particle trajectories are computed by the sub-
routine TRACE of the Princeton Ocean Model and integrated with ver-
tical settling velocity; for a description of the algorithm see Berntsen
et al. (1994). The particles motion is described by Lagrangian equations:

dx,
Ttp = u(xp7yp7zp) 1)
dy,
7: = (%, ¥, 2) 2
dz
Tlp = W(x)nypvzp) 3)

where (xp, yp, 2p) is the 3-dimensional position of the particle, and (u,v,
w) is the 3-dimensional velocity Eulerian current velocity field provided
by CROM. The algorithm applies a bilinear spatial interpolation to
obtain the current field in particle position and a linear interpolation in
time to obtain the velocity values at any Lagrangian timestep. The
vertical coordinates z, are transformed into the sigma coordinates (¢) of
the Eulerian model before the tracer particles are propagated, and after
propagation, they are transformed back to z,. The vertical trans-
formations are computed with this expression:
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Fig. 1. (a) CROM Domain of integration and bathymetry. (b) A, B, and C are the particles release points of our numerical investigations in the GoN.
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where ¢ is the vertical coordinate of the 3-dimensional current field
calculated by the CROM, H is the bathymetry of the CROM domain and 5
is a free surface simulated by the CROM.

Egs. (1)—(3) are solved with a first-order forward Euler scheme (in
the current implementation of TRACE, it is not possible to choose a high-
order numerical scheme).

The coupling of CROM with a more advanced Lagrangian particle
tracking algorithm and the validation of the numerical results will be the
subject of future works.

Particles are prevented from crossing the bottom or free surface, as
well as horizontal boundaries, as adopted by Beletsky et al. (2006) and
Beletsky et al. (2007).

We have incorporated in the subroutine TRACE a settling velocity
(ws) as a function of the size and density of the particle with the formula
suggested by Zhiyao et al. (2008) which applies to all particle Reynolds
numbers (R, see Zhiyao et al., 2008; de Leo et al., 2021; de la Fuente
et al., 2021) <2 x 10° defined according to Eq. (5):

_4ds

R, =—
3A

(5)

—n/2
e 2/n 3B , 1n
WS_ZRd* {<4> + 4d* (6)

where the coefficients A and B are evaluated by Zhiyao et al. (2008)
using a trial-and-error procedure to minimize the error-predicted data
computed with Eq. (6) and several experimental data provided by
Engelund and Hansen (1967) and Cheng (1997). This leads to A = 32.2;
B = 1.17 and n = 1.75 and to Eq. (7) adopted in our numerical
simulation:

Ws = a3 (38.1 +0.93d K %)
STaRT\Y o

where v is the kinematic viscosity coefficient of seawater (1.15 x 107°
m?/s), R is the radius of the spherical particle, and d- is the dimen-
sionless diameter of the particle estimated as:

d-=2R(g(p, - p,.) [p,*)"" ®)

where g is the gravity, p, is particle density and p, is the seawater
density.

Finally, in the present study, we model marine plastics motions as
Lagrangian transport with vertical settling. In the horizontal, plastics
travel with the simulated horizontal ocean currents i.e., they are
passively advected by the flow. In the vertical, their motion is driven by
2 components: (i) w, the vertical component of the Eulerian current field
provided by the CROM, and (ii) ws, the local settling velocity of the
plastic material (Zhiyao et al., 2008). An implicit assumption is thus of
quasi-staticity, i.e., the material is assumed to reach the settling velocity
immediately (Lermusiaux and Coauthors, 2019). Thus, the total vertical
velocity (wy) governing the displacement of particles in the water
column is the algebraic sum of w and ws. We recall that CROM de-
termines w from the continuity equation using the horizontal velocity
and surface elevation (Blumberg and Mellor, 1987).

To detect the influence of w on the vertical dynamics of the plastic
materials and the final fate of the trajectories, we performed a sensitivity
analysis by comparing the results obtained by taking into account w in
the computation of wy,, with the ones obtained by neglecting it.

Here we emphasize that, once a particle reaches the seabed (settling)
or a cell adjacent to a coastal cell (beaching), that is, in those locations
without velocity data, it remains fixed at its last valid position for the
residual run period.
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2.3. Configuration of numerical simulations

We performed a 3D numerical simulation (3DS) referred to February
and August 2016 using the CROM coupled with TRACE integrated with
the vertical settling velocity provided by Zhiyao et al. (2008).

As pointed out by de la Fuente et al. (2021) the variation of the
seawater density also plays a critical role in the particle settling dy-
namics. As particles move in the ocean, they experience different values
of the ambient fluid density, which could increase or decrease the
settling rate. So, the choice of a winter month (February 2016) and
summer month (August 2016) in our simulations aims to understand
how seasonality, and thus the very different vertical stratification, affect
the 3D transport of plastic particles. As to the release area, we have
identified 3 hotspot (HS) areas (Fig. 1b) from which we assume that the
largest marine plastic debris spills come: the Sarno River mouth, the
harbor of Naples, and the coastal area of Bagnoli.

This choice is consistent with the study of Tornero and Ribera
d’Alcala (2014), in which they analyze the metal contamination in the
Campania region. The Sarno River estuary (point A in Fig. 1b) is strongly
affected by several pollution sources and is one of the main contributors
to metal loads into the GoN and the Tyrrhenian Sea. In the harbor of
Naples (point B in Fig. 1b), all the chemical elements considered in the
study (such as Pb, Zn and Hg) exceed the Italian legal thresholds. Most of
the metal pollution in the area is anthropogenic and linked to the
different industrial and commercial activities of the harbor. Concen-
trations of metals tend to diminish as one moves away from this area,
reaching levels close to the background near the bay entrance (Baldi
etal., 1983; Griggs and Johnson, 1978; SiDiMar, 2005). As to the coastal
area of Bagnoli (point C in Fig. 1b), despite industrial activities being all
shut down between 1990 and 2000, the elevated chemical concentra-
tions are suggestive of an active source of contamination (Albanese
etal., 2010). Therefore, although Tornero and Ribera d’Alcala (2014) do
not refer directly to plastic waste pollution, it is evident that the defined
areas suffer particularly from the influence of anthropogenic activities,
thus we can assume them as our HSs.

Once the release areas were defined, the type and size of the plastic
particles had to be chosen. Here we wanted to focus on negatively
buoyant rigid polymer classes, with a density greater than the nominal
density of the seawater equal to 1025 kg/m>. In detail, based on the
density classification of different polymer types reported in Horton and
Dixon (2018) three transport case studies were carried out: one involved
Polystyrene (PS — with a density of 1050 kg/m?>); one Polyamides (PA —
with a density of 1130 kg/m®); the last one Polyethylene terephthalate
(PET - with a density of 1350 kg/m®). Moreover, a sensitivity study was
carried out to evaluate the influence of w on the particle trajectory.
Table 1 also shows the common uses of these plastic types.

Once the polymer types were defined, we needed to evaluate the
maximum particle size for which ws (Eq. (7)) was verified. As previously
described, ws is valid for R, <2 x 10° (Eq. (5)) and this range of appli-
cability imposes some constraints on the choice of particle size. Fig. 2
shows the evolution of R, as a function of the size (diameter) and density
of the particle. It should be noted how R, (black line in Fig. 2) increases
with the increase of the diameter length and density of the chosen
polymer types. The horizontal red dashed line (Re = 2 x 10°) and the
vertical red dashed line (max. Diameter size) in the figure highlights the

Table 1
Polymer types and their common use.

Polymer type Common use

Polystyrene (PS) Food containers, plastic tableware, disposable cups,
plates, cutlery, CDs, and audio tape boxes.

Polyamides (PA) Fibers, toothbrush bristles, fishing lines, wear pads,

(Nylons) wheels, gloves, electrical connectors, and tennis racket
strings.
Polyethylene Carbonated drinks bottles, peanut butter jars, plastic

terephthalate (PET) film, microwavable packaging, plastic bottles
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Fig. 2. Particle Reynolds number increment for (a) 1050 kg/m3 (PS), (b) 1130 kg/m3 (PA) and (c) 1350 kg/m3 (PET) particle density. The shadow area defined from
the horizontal and vertical red dashed lines marks the range of applicability of the settling velocity equation. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

applicability range (shaded area in Fig. 2) of Eq. (7). Table 2 also shows
the maximum particle diameter size, as a function of the polymer density
(PS in Fig. 2a, PA in Fig. 2b, PET in Fig. 2c), that we can adopt in our
simulation to ensure the validity of Eq. (7). However, if we chose a
particle diameter size equal to half of the maximum diameter (so that the
constraint defined by Eq. (7) is respected), we would obtain the settling
rates given in Table 3. Moreover, if we considered the depth of the
seabed in HS areas (about 60 m), the particles would reach the bottom
very quickly and would not be affected by the horizontal transport
contribution.

To reproduce slowly sinking plastic particles, with the density
defined by the chosen polymer types, it is necessary to reduce the par-
ticle diameter size, thus falling within the microplastics (MPs thereafter)
category (< 5 mm; Rocha-Santos and Duarte, 2015). We chose a radius
of 0.03 mm in such a way that it was possible to evaluate both the
contribution due to horizontal transport and the variation in the settling
velocity due to changes in seawater density. The number of particles
involved in the simulations was 500 for each HS area, released at the
beginning of each month. Since particles were completely immersed in
the water column, the windage effect was not considered.

Typically, different Lagrangian transport algorithms include a
random walk component to take into account the sub-grid scale turbu-
lent particle motion both in the horizontal and vertical direction (de la
Fuente et al., 2021; Jalon-Rojas et al., 2019; Liubartseva et al., 2018).
However, in our simulation, the turbulent nature of the flow was
neglected. We refer the reader to Cianelli et al. (2013) where a sensi-
tivity study is done to identify the weight of the diffusive component in
the transport of passive tracers within the GoN. In the work, in addition
to advection by surface currents and wind drift, a stochastic component
to particle motion, in the form of a random walk (e.g., Csanady, 1980)
parameterized by eddy diffusivity, was also included. The analysis
shows that in most of the analyzed scenarios, the diffusive component
does not lead to meaningful differences in the results, proving that the
advective component is the main driver of the transport processes in the
GoN. However, although this is particularly true in the case of relatively
stable dynamic regimes or strong current fields, in weak or null wind
conditions, the diffusive component starts to become important, influ-
encing e.g., the residence times of the passive tracers released in the
area.

Table 2
Maximum particle diameter for which the settling velocity equa-
tion was verified.

Density (kg/: m3) Max. diameter size (m)
1050 0.0298
1130 0.0185

1350 0.0127

Table 3
Sinking rates as a function of polymer types for half the maximum diameter size.

Polymer type Radius (m) Settling velocity (m/min)
PS 0.007 3.6
PA 0.0045 5.4
PET 0.003 8.4

A sensitivity study will be carried out in future works to assess how
different parameterizations of the diffusive (both horizontal and verti-
cal) processes affect the 3D fate of passive tracers. The implementation
of this component will enable us to provide more realistic simulations.
Limitations of the model are acknowledged in Section 4.

We adopted the same configuration (as to the particle number and
distribution, and as to the size and type) for both February and August
simulations. Following Duran et al. (2018), the computational time step
was chosen to satisfy the CFL condition.

VAR + Ay?
c

where c is the maximum velocity simulated by CROM in the investiga-
tion period and C = O(1) is the dimensionless Courant number (here
assumed to be equal to unity). As Duran pointed out, if the CFL condition
is not satisfied one tracer particle could overshoot through one or more
grid cells without taking into account the information within the grid
cell (such for example the fluid velocity). In this case, the resulting
trajectory would be spurious and therefore not error-free. We set At =
10’ as the results from the CROM grid resolution (Ax ~ 579 — 591 m, A
y ~ 772m) and maximum velocity (c) of ~ 0.57 m/s. Moreover, we
tested the sensitivity of our results using several lower Lagrangian
integration time steps (not provided). We found that going below this
sampling time (10") does not bring any advantage in the tracer trajectory
but, on the other hand, highly increases the computational cost (espe-
cially in our case, in which all the CROM simulated three-dimensional
fields are involved to properly compute the particle trajectories).

We would like to emphasize that, considering the uncertainties
resulting from the lack of observed data in the area (both in the input
sources and the nature of the pollutants) our purpose is to provide a first
attempt to study the three-dimensional dispersion of negatively buoyant
plastic polymers and how the different hydrodynamical conditions of
the two test periods affect their vertical and horizontal dynamics. Thus,
we aim to assess the importance of sub-surface advection for the trans-
port pathways of marine debris and lay the basis for future works that
will also help the interpretation of measurements.
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3. Results and discussion
3.1. Dynamical conditions and reconstructed trajectories

Here we analyze the different transport scenarios, according to the
configuration described in the previous section (2.3), regarding
February and August 2016. An initial assessment of the different results
obtained by considering (or neglecting) the effect of w in the numerical
configuration will also be analyzed. We will therefore indicate with PSV-
PAV-PETV the three scenarios obtained by considering w in the vertical
dynamics (w,,; = w+ ws, for PS, PA, and PET respectively); with PSN-
PAN-PETN the scenarios obtained by neglecting it (in other words, the
vertical dynamics will be driven by ws alone).

First of all, we will briefly describe the monthly mean-basin scale
circulation pattern for the analyzed period (readers should refer to de
Ruggiero et al., 2020 for more detail about the hydrodynamical model
results).

Fig. 3a-b-c (Fig. 3d-e-f concern the summer scenario) show the
monthly mean current at the surface (Fig. 3a-d), at 50 m depth (Fig. 3b-
e) and at 100 m depth (Fig. 3c-f) superimposed on the magnitude of the
current field. With regards to the winter periods and focusing on the
surface layer (Fig. 3a), it should be noted how the northward Tyrrhenian
current leads the sea surface waters through the “Bocca Piccola” (the
passage between Capri and the Sorrento peninsula) and the “Bocca
Grande” (the main passage of the gulf between Ischia and Capri islands)
straits. Overall, the sea surface current is directed towards the coast. At
50 m and 100 m depth (Fig. 3b e 3c), we observe a rotation of the current
field, with an offshore current near the coastline. While in winter the
Tyrrhenian current off the “Bocca Grande” opening is mainly directed
northwards (see Fig. 3a), in August it is directed southwards (Fig. 3d),
allowing the Tyrrhenian Sea water to enter through the Ischia and
Procida channels and exit through the “Bocca Piccola” straits. In addi-
tion, while a surface cyclonic structure drives the water masses inside
the GoN (Fig. 3d), a reverse flow is observed at 50 and 100 m depth
(Fig. 3e and f). MP particle trajectories will evolve under these
dynamical conditions.

Let us now analyze the PSV, PAV, and PETV simulated results. Fig. 4a
(4b) show the fate of the trajectories of PS, PA, and PET spherical par-
ticles for the winter (summer) period. In this case, w also plays a role in
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the vertical dynamics. In winter, based on the analysis of the average
trajectories (not provided), we saw that the particles are originally
driven by an inshore current field, in all the release areas. During the
sinking, the offshore current carries them far from the coastline.
Regarding the summer scenarios, the sub-surface anticyclonic structure
affects the PS particle’s evolution paths. In B (see Fig. 1), the particles
are horizontally driven by a south-easterly coastal current which dis-
places them along the shoreline. This is also the case of the Sarno River
mouth (A, see Fig. 1b), where the south-westerly sub-surface current
displaces the particles along the shoreline. In C (see Fig. 1), the particles
are involved in low horizontal transport and the sinking is almost ver-
tical. In both cases, as the density of the chosen polymer types increases
(with fixed radius size), ws became stronger with the resulting decrease
of the settling time and covered distance. In other words, under these
conditions, the settling point will be very close to the release site for
polymer types with a higher density like PA (PAV scenario) or PET
(PETV scenario). Fig. 4c (4d), on the other hand, provide the endpoint of
the MPs particles for those simulations in which the contribution of w is
neglected (PSN-PAN-PETN) for the winter (summer) periods. From an
initial assessment, it should be noted that in the winter case (Fig. 4c) the
westward particle advection is reduced compared to the previous sce-
narios (Fig. 4a). At the same time, in the summer case (Fig. 4d) the
horizontal transport of particles is inhibited, resulting in sedimentation
that occurs closer to the release site.

3.2. Sensitivity of the microplastics distribution to 3D hydrodynamical
conditions

In Section 3.1 we have provided an initial overview of the results
obtained for the different scenarios, already highlighting some differ-
ences between the summer and the winter case, as well as among the
scenarios in which w is activated (neglected) in the vertical dynamics.
Here we go into the details of the discussion.

Table 4 provides the average distance covered by the particle cluster,
derived from Haversine’s formula. It is interesting to note that, under the
winter conditions, the trajectories reach the largest distances (about 12
km for PS particles) in the harbor of Naples (area B) and the horizontal
displacements are greater than the vertical ones according to de la
Fuente et al. (2021) and Siegel and Deuser (1997) since the particles are
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Fig. 4. trajectories for winter (5a-5c) and summer period (5b-5d). Fig. 5¢ and d shows the trajectories without taking into account w (PSN-PAN-PETN scenarios).

Table 4
Covered distance by the particles for PSV-PAV-PETV scenarios and PSN-PAN-
PETN scenarios.

February A B C August A B C
(distance km) (distance
km)

PSV 3.32 1198 6.01 PSV 10.45 5.40 5.01
PAV 3.11 4.69 1.73 PAV 2.02 135 1.16
PETV 1.38 1.71 0.80 PETV 0.64 0.59 0.42
PSN 4.41 210 5.12 PSN 9.06 4.10 3.43
PAN 2.55 2.73 1.67 PAN 1.83 1.48 1.25
PETN 1.43 195 0.83 PEIN 0.65 0.61 0.43

sinking sideways. On the other hand, in the summer scenario, in A we
observe the largest covered path (about 11 km) as reported in Table 4.
Again Table 4 highlights the fact that, as mentioned in Section 3.1, as the
density of the chosen polymer types increases, the settling velocity rises
with the resulting decrease in the settling time and covered distance.
From the comparison of the two scenarios, an overall decrease in the
horizontal distances covered by the particles during the summer case (if
we exclude the PSV scenario for the Sarno estuary) should be noted. The
reason for this behavior is the following: first, the low-intensity surface
and sub-surface current field during the summer period reduces the
horizontal transport, thereby enhancing the potential sedimentation in
sea areas close to the release zone. In addition, under the dynamical
pattern of this investigation period, the particles are displaced not far

from the coastline, where the current field is weak. However, the
observed evolution at the Sarno estuary for PS polymer types, allows us
to highlight the important role of w in the vertical particle dynamics.
Here, w allows the resuspension of several particles by enhancing their
lifetime in the water column and therefore their horizontal transport.

Finally, regarding the winter case, for PS (PSN scenario) and PA
(PAN scenario), we observe an overall decrease in the traveled distances
with the exclusion of the PS particles in the Sarno estuary (4.3 km
compared to 3.2 km obtained in the PSV scenario), while for PET (PETN
scenario) the distances are approximately the same. Regarding the
summer case, the results reported in Table 4 again reflect an overall
reduction in the cluster distances (when we neglect w) for PSN scenarios
while for PAN we observe a slight increase in B and C.

The evolution of the depth reached by the particles in the three
release areas is shown in Fig. 5. (Fig. 5a-b-c concern the winter sce-
narios; Fig. 5d-e-f concern the summer ones). The shaded area shows the
range of depths reached by all involved particles, while the solid line
shows the mean depth. Here we notice the larger shaded area for the
slower sinking particles such as PS (red line in Fig. 5a-b-c), especially in
the B area (red line in Fig. 5b), which means high particle displacement.
In other words, some particles were advected over greater distances by
the mean horizontal and vertical currents, reaching areas where the
seabed is deeper. On the other hand, other particles reach a grid cell
close to a land cell (in this case the final depth is lower) and will no
further be involved in the transport.

To give a more comprehensive overview of the findings, we provide
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in Fig. 6 both the time series of w (Fig. 6a-b-c) for the three polymer
types (red line for PS, blue line for PA, and black line for PET particles) in
each HS areas, and the evolution of the wy, (Fig. 6d-e-f) for the winter
case. For the sake of clarity, here we assume that positive values of w
(wyop) are associated with downward motion (sinking), and, on the other
hand, negative ones are associated with upward movement (rising).
Moreover, it should be noted that the time series length changes in
agreement with the times over which all the involved particles reach the
ocean floor. Therefore, longer time series are expected for the less dense
PS particles, while shorter ones are expected for particles that sink faster
(i.e., PA and PET).

In the simulations involving PA and PET particles, it has been
observed that the contribution of the ws on the vertical behavior is
crucial. The evolution of wy, (Fig. 6d-e-f) clearly shows that ws shifts w
towards positive values, thus suppressing the horizontal transport and
reducing the settling time. Under these conditions, PA particles take an
average of 6 days to reach the seafloor, while PET particles take only 2
days (see also Table 4). Meanwhile, although ws promotes sinking also
for PS particles, its intensity is almost near to w. Therefore, the vertical
dynamics of these particles will be mainly driven by the behavior of w.

As done for the winter case, in Fig. 7 we show the average evolution
of w (7a-7b-7c) and wy, (7d-7e-7f) over the paths covered by the
involved particles (red line for PS, blue line for PA, and black line for
PET). Again, it is worth underlying that the time series length changes in
agreement with the times over which all the involved particles reach the
ocean floor, decreasing as the density of the involved polymers in-
creases. The PS particles, which on average remain within the water
column for longer times due to their physical properties, will be greatly
affected by w. Moreover, the presence of negative (upward) vertical
motions inhibits their settling by enhancing their lifetime in the water
column.

In this context, Table 5 provides for the winter (summer) scenario the
mean final depth and the residence time (t; and 75, see de la Fuente
et al., 2021) during which the MPs particles are found in the water
column before reaching the seabed. Here, t; is calculated as the ratio
between the mean final depth of the seabed reached by the particles and
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Table 5
Mean final depth and residence time of the different plastics polymer types. In
brackets, the results for the summer scenarios.

PS Mean final depth (m) 77 (days) T, (days)
A 48 (57) 17 (29) 21 (24
B 69 (44) 26 (29) 29 (18)
C 72 (71) 22 (24) 31 (30)
PA

A 58 (63) 5(7) 6 (6)

B 75 (65) 5(6) 7 (6)

C 70 (66) 6 (6) 7 (6)
PET

A 59 (61) 2(2) 2(2)

B 66 (64) 2(2) 2(2)

C 68 (66) 2(2) 2(2)

Wior (the sum of ws and w), which varies according to the chosen polymer
types and the marine dynamics encountered by the particle trajectory,
while 5 is computed as the ratio between the mean depth and the ws
(thus we neglect w). The influence of w on the residence times is clear. In
winter, for low-density PS particles, when w is involved in the sinking,
the associated residence times are reduced (11 < T2). This means that w
acts in phase with ws (is mainly downward directed) and the sink is fast.
The contrary occurs in the summer scenario: in this case, t; > T, thus w,
now dominated by upward-directed (rising) motions, decreases the
sinking speed, and consequently, the average residence times are
greater. Although the influence is clear for low-density PS particles
where we observe a decrease (among the three HS areas) of the average
residence time of 7 days (in the winter case) and an increase of 10 days
for the summer release, its effect is strongly reduced for PA particles,
becoming completely negligible for PET ones. To evaluate areas of flow
contraction and expansion where vertical flux could be significant, the
monthly mean horizontal divergence at the sea surface (not provided)
was calculated. Positive surface divergence is generally indicative of
convergence at deeper levels and subsequent upward vertical motion of
the sea. On the other hand, regions of negative surface divergence (i.e.,
convergence) are associated with a downward motion to lower levels.
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Therefore, to unveil localized areas of upward and downward condi-
tions, maps of horizontal divergence were computed. This analysis
confirms that in February 2016 there were convergence zones of the
flow localized in the HS areas, which are associated with downward
motions, leading to an increased sinking and shorter residence times,
according to the results provided in Table 4. On the other hand, during
August of 2016, a broader positive divergent situation occurred,
resulting in an upward vertical component of the sea therefore associ-
ated with a decrease in the particles sinking.

Finally, to evaluate the role of seawater density variability on settling
velocity, we follow the approach of de la Fuente et al. (2021). Fig. 8a
(Fig. 8b, concerning the summer scenario) shows the normalized prob-
ability histogram of the seawater density at the positions of the 1500 PS
particles at t = 0, 15, and 28 days after the release. In this case, the water
column is well mixed (as is usually during the winter period), with
average values around 1028 kg/m°. This condition will generate ws
roughly constant and slightly slower sinking than the summer release.

During the summer release the water column is highly stratified as
we can see from Fig. 8b. In this case, the particles are initially confined in
a surface layer where the density is about 1025 kg/m>. Under this
condition, the settling velocity will be slightly higher than the winter
case and the horizontal transport will be more constrained. As they sink,
the density rises, and the ws decreases, thus allowing for a weaker
horizontal transport.

4. Conclusions

The goal of this study was to provide an initial assessment of three-
dimensional transport scenarios that may occur when several plastic
polymer types reach the marine environment of the GoN. The choice of
winter and summer release conditions allowed us to understand the
effect of the seasonal hydrodynamic features on particle dynamics.

In the case of particles like PA or PET, the sinking is very rapid, thus
the summer and winter scenarios are similar since the horizontal
transport and the contribution of the vertical component of the sea are
limited. Under these conditions, we may expect a potential particle to
settle in areas close to the release zone if we neglect the re-suspension
due to turbulent motions. On the other hand, the fate of the particles
like PS will depend on the advective features of the horizontal and
vertical current field, as well as on the hydrological features of the
marine environment.

If we focus on the sea dynamical conditions, the low-intensity surface

0.35 — ; , : .
- t =0 days
(a) pm [ y
0.3 - [ Jt=15day
’ ] [ Jt=28days
20.25f —
=
3 o2} []
[ -
o
So15F —
=
©
® 01f
0.05 ]
o IS .
1028.2  1028.22 1028.24 1028.26  1028.28
p (kg/m®)

Relative probability

Marine Pollution Bulletin 193 (2023) 115259

and sub-surface current fields during the summer period reduce the
horizontal particle transport (compared with winter scenarios), thereby
enhancing the potential sedimentation in sea areas close to the release
zone. In addition, under the dynamical pattern of this period, the par-
ticles are displaced not far from the coastline, where the current field is
weak.

On the other hand, as a result of the winter mixing of the water
column, in that period we observe slightly slower settling rates than in
the summer period (according to de la Fuente et al., 2021, see also
Fig. 8a and b in Section 3.1). In the latter case, the particles are initially
in a surface layer where the density is about 1025 kg/m® and, under
these conditions, the density difference between the sea field and the
plastic polymer is greater than in the winter case, resulting in a higher
settling rate. As they sink, the sea density rises, and the settling velocity
decreases thus allowing for a weaker horizontal transport.

However, the influence of the vertical component of the sea current
field on particle sinking makes the situation more delicate. Through a
sensitivity analysis carried out by activating or neglecting w in the
vertical particles equation, we highlighted how the re-suspension due to
an upward vertical component of the Eulerian current field increases the
lifetime of the particles, thus enhancing the horizontal transport
contribution and the sedimentation further away from the release zone.
This condition occurs, for example, in the summer period, where vertical
upward motions due to positive surface divergence fields decrease the
particles sinking (especially for PS particles), thus increasing both the
residence times and the horizontal transport. In the winter case, on the
contrary, although the vertical component works in phase with the
settling velocity for the effect of the surface convergence fields, the
horizontal transport appears to be greater than in those scenarios where
w is not involved in the vertical dynamics. This situation, which
certainly needs to be investigated in further detail, could be explained by
the fact that, while in the absence of w and under inshore current fields a
particle could reach the coastal cell and remains fixed thereafter, the
increase of the settling rate that could occur when we take into account
w may not allow the beaching but yields a transport over greater dis-
tances. In other words, the particles are involved in different dynamical
regimes that promote their horizontal transport.

In this context, however, it is necessary to emphasize several issues.
In our simulations, we have neglected the effect associated with the
turbulent nature of the flow field, which could potentially produce
different transport scenarios. The turbulent sea motions could enhance
or inhibit the sedimentation rate, thereby increasing or reducing the
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Fig. 8. Normalized probability histogram of the seawater density at the positions of the 1500 PS particles for t = 0, 15 and 28 (30) days after the release for February

2016 (a) August 2016 (b) respectively.
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particle residence time in the water column (see also Cianelli et al.,
2013).

In addition, other physical and biological processes that we have
neglected in these simulations, such as the washing-off from the beach,
the fragmentation of the plastic polymer types, and the biofouling
(Hardesty et al., 2017; Zhang, 2017) may also play a critical role in the
particles’ evolution.

At the same time, the uncertainty in the release sources, pollutant
quantities, and category due to the lack of observed in situ data does not
allow to validate our simulations. However, it is worth noting that our
aim here was to provide a first attempt at simulating the 3D dynamics in
the area, emphasizing the importance of the sub-surface advective field
and underlining the importance of monitoring the study area. Indeed,
here it is worth highlighting that the building of a careful monitoring
network in the GoN could certainly allow us to parameterize these
physical and biological processes with a greater degree of detail and
realism.

Finally, the use of surface drifters, as well as the deployment of
innovative technologies for in-situ observation (such as Unmanned
Aerial Vehicles, optical satellite sensors, or the use of ROVs for sea
bottom monitoring), would allow us to validate our transport simula-
tions as well as to provide more targeted analyses.
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