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Abstract

The Ocean Surface Boundary Layer is where the atmosphere and the ocean interact and where
the main exchanges of energy and matter take place. This layer is of considerable interest from
an environmental point of view, as it is the area richest in flora and fauna, but in pollutants. In
particular, among these, the study of the dispersion of plastic fragments with dimensions
smaller than 5 mm defined as microplastics is crucial. In fact, in recent years, the growing
consumption of single-use plastics, the low recycling rate and the improper disposal of waste
have resulted in a serious threat to the marine ecosystem and to human health. Moreover,
considering that there is a large mismatch between the estimates of the amount of plastic that
enters the oceans and the total amount of plastic sampled at sea surface, for this particular
pollutant, the study cannot be limited to the surface, but must also be extended to the entire
water column.

The study of microplastics dispersion in the mixed layer is tackled by the scientific community
with numerical models, laboratory experiments and in situ measurement campaigns.
Lagrangian models are very commonly used for this purpose, because they can explicitly take
into account the different scales of turbulence and they are very often combined with
parametric laws directly related to the travel time of the particles.

The aim of this work is to develop a methodology to deduce the marine turbulence, usable for
calculating the dispersion of pollutants in the marine environment; in particular, an innovative
parameterization of the vertical turbulent diffusivity have been developed with the aim to
consider the sub-grid turbulence occurring in the mixed layer, which is not completely resolved
by oceanographic models. This similarity law is based on characteristic scales calculated from
meteorological and operational oceanographical models. This parametrization of the vertical
turbulence has been implemented in a 3D Lagrangian dispersion model (Wiener3D v6).

The model has been validated by comparison with microplastics sampling data deriving from
marine monitoring campaigns.

With this Lagrangian model, long-term simulations have been conducted in a domain
comprising the Tyrrhenian Sea. The simulations allowed investigating the role of mean
currents, sub-grid turbulence and, along the vertical direction, a rising/settling velocity in the
microplastics displacements. Thus, the model allowed the analysis of the vertical distribution
of microplastics along the water column as well as of beaches or seafloor zones subjected to
accumulation. The results showed that vertical turbulent diffusivity is an essential factor for
the vertical dispersion of microplastics within the mixed layer. Finally, it is observed that the
settling/rising velocity assumes a key role in determining the accumulation of pollutants on the
seafloor or on the surface, respectively.
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1. Introduction

Oceans are the world largest ecosystem and they have a significant role in the regulation
of global climate; humans are interested in studying their physical, chemical and biological
characteristics in order to exploit their economic potential.

Even though a lot of effort have been put into it, there are still many unknowns about the marine
environment. For example, oceans exhibit a huge range of turbulent motions, spanning scales
from millimetres to several kilometres (van Sebille et al. 2018) and these turbulent structures
are still under investigation.

Nowadays oceans are considerably threatened by human pressure and seriously polluted;
therefore, in the last decades the study of the turbulent dynamic of the marine currents gained
particular attention, with the intention to investigate the 3D transport of pollutant particles in
the marine environment.

This environmental problem is currently faced by means of experimental studies both in
laboratories and in situ campaigns, as well as by means of physical based models. Ocean Global
Circulation Models (OGCMs) are commonly used to resolve the 3D turbulent field of the sea
currents and to model the distribution of density, temperature, salinity or passive tracers, such
as pollutant particles. The main advantage of OGCMs is that they can simulate and make
predictions relative to the dispersion of pollutants, with a considerably lower cost compared
with experimental campaigns.

On the other hand, OGCMs calculate only the main scales of the turbulent dispersion; often,
horizontal eddies have a length scale ranging from meters to thousands of kilometres, while
the turbulent motions that occur along the vertical evolve in a layer of the order of one hundred
meters or so. They have low resolution representation of the Ocean Surface Boundary Layer
(OSBL), in fact, vertical turbulent processes act on much smaller scales than those explicitly
resolved in OGCMs, but this is the part of the ocean where most of the flora and fauna and
pollutants are concentrated.

Therefore, turbulence in the OSBL has a crucial role in the particle dispersion in the marine
environment; in fact, pollutants are dispersed in the upper ocean by mixing processes
predominantly forced from the state of the atmosphere directly above it; more in detail, the
daily and seasonal cycle of heating and cooling, wind, rain and changes in temperature and
humidity associated with mesoscale weather features produce a hierarchy of physical processes
that interact to stir the upper ocean (Moum and Smyth 2001).

So, Lagrangian Stochastic Models (LSMs) could be an essential tool to study the 3D particles
dispersion, because they can simulate sub-grid turbulence by means of stochastic processes and
therefore model turbulence mixing in the OSBL; in addition they have a significant advantage:
they use the 3D velocity field calculated by OGCMs and subsequently they model the
dispersion of pollutant particles offline, with a lower computational cost. Most of the LSMs
are dedicated to the calculation of the dispersion due to accidental oil spills, motivated by the
events that have caused the greatest environmental disasters in the marine sector (Liu et al.
2011).

Recently, the exponential increase in plastic consumption, especially single-use plastic, and the
consequently plastic pollution of the marine ecosystem have caused an even more relevant
global environmental damage. A particular concern is the occurrence of smaller pieces of
plastic debris including those not visible to the naked eye, referred to as microplastics (MP).

Everyone has seen photographs of the Great Garbage Patch of plastic accumulating on surface
of the world oceans, but there is a large mismatch between the estimates of the amount of
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municipal solid plastic waste generated on land that enters the oceans (5-12 million tonnes per
year (Jambeck et al. 2015)) and the total amount of plastic sampled at sea surface (less than 0.3
million tonnes (Cozar et al. 2014; Eriksen et al. 2014)); in fact, recent estimates suggest that
between 70 and 90% of the MPs particles are accumulated into sediment profiles (Uddin et al.
2021). This highlights that this problem is 3D and this could provide a significant reason for
the development of specific models, which can investigate the 3D dispersion of MP.

The aim of this work is to study the 3D turbulent dispersion of MP in the marine environment,
with a specific attention to the OSBL. For this purpose, an innovative parameterization of the
vertical turbulent diffusivity has been developed and it has been implemented in a LSM
specifically devoted to the study of the 3D dispersion of MP, developed by the research group
headed by Prof. Giovanni Leuzzi (hereinafter Wiener3D v6).

The domain analysed is a sub-basin of the Mediterranean Sea, i.e. the Tyrrhenian Sea; this is a
semi-closed and densely populated basin and it has been estimated that the MP concentration
in the Mediterranean Sea is comparable with that of the famous Great Garbage Patches
(Zambianchi, Trani, and Falco 2017).

Compared to the state of the art, this model is based on important innovative elements.

Currently, MP sources estimation models do not explicitly consider the correlation between
the flow rate of the MP emission sources and the inhabitants of the region (Liubartseva et al.
2018). In this work, on the other hand, a proportionality is assumed between the population
that discharges into the basin investigated and the flow rate of the MP sources. The
proportionality factor is the average per capita plastic leakage in the Tyrrhenian Sea, which has
been provided by Boucher and Billard 2020. In order to have a greater accuracy of the method,
for each river source the population living in the corresponding water catchment area have been
considered; while for the coastal cities, the load of MP is proportional to the number of
inhabitants of the cities their self.

A second innovative aspect introduced by this work is represented by the scheme used to model
the turbulence of the MP trajectories. In the model Wiener3D v6, assuming that velocities are
uncorrelated in time, the instantaneous velocity of the MP particles is calculated as the sum of
the average component (obtainable from operational oceanographic models) and the turbulent
fluctuation (calculated with a stochastic process), both in the horizontal and in the vertical
plane. This approach is commonly known as zeroth-order Markov process (Monti and Leuzzi
2010). In the stochastic process, the vertical turbulent diffusivity has been parameterized,
because the measure of this parameter is extremely complicated along the water column. This
has been derived with an innovative scheme evaluating other turbulent quantities: the vertical
velocity variance and the mixing length. In this work, they are calculated by means of similarity
laws based on operational oceanographic or meteorological data, such as the friction velocity
and the mixed layer depth. The main advantage of this parameterization is that it is based on
the vertical velocity variance and the Lagrangian time scale, which are Lagrangian quantities.

The LSM has been validated comparing the simulated MP concentrations profiles with field
data. Considering that in the Mediterranean Sea only MP surface concentration have been
sampled, the comparison has been carried out with MP concentration profiles obtained during
campaigns in the world oceans.

Furthermore, the comparison with these experimental data gives the opportunity to develop a
similarity law, which describe the MP vertical distribution. It allows an estimation of the MP
profile by means of the average concentration on the mixed layer and the mixed layer depth.
In case of lack of experimental data, this could be a useful tool for the study of the turbulent
dispersion of MP in the marine environment, in particular within the water column.
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This work is organised in three main parts: in the Background chapter, the theoretical
background behind the 3D dispersion of MP in the marine environment will be presented. In
particular, an overview on the marine environment, the statistical behaviour of marine
turbulence and the state of the art of its parameterizations implemented in OGCMs and LSMs
will be introduced. Furthermore, a brief overview of the MP pollution of the marine
environment as well as the features of the models currently used to describe that will be
presented. The Materials and Methods chapter is devoted to the conceptual scheme of the 3D
dispersion of MP in the marine environment and all the information about the domain, the input
and output data, as well as the equations that govern the dispersion in the 3D LSM will be
introduced; in addition, in this chapter the original parameterization of the vertical turbulent
diffusivity will be presented. Finally the Results chapter is dedicated to the main results of the
3D dispersion of MP in the Tyrrhenian Sea presenting MP concentration maps and profiles,
with a particular attention to the comparison of the simulated MP concentration with
experimental data, with the intention to validate the 3D LSM Wiener 3D V6.
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2. Background

In this chapter, the theoretical background behind the 3D dispersion of MP in the marine
environment will be presented. In particular, an overview on the marine environment, on the
statistical behaviour of the marine turbulence and its parameterizations in OGCMs and LSMs
will be introduced; furthermore, a brief review about MP pollution of the marine environment
as well as the features of the models currently used to describe that will be presented.

2.1 Marine environment

70% of the Earth surface is covered by water. Oceans are home of 94% of all life on
Earth, they are the world’s largest living ecosystem. In addition, oceans and seas feed world
population, support industry, regulate Earth climate and generate most of the oxygen human
breathe. So, human economics and survival depend on it (Mendler de Suarez et al. 2014).

But, nowadays the human exploitation have exposed the marine environment to degradation,
pollution and alteration even of the pristine areas; the marine complex ecosystem, has been
seriously damaged (Mendler de Suarez et al. 2014).

Oceans are vulnerable, thus, in the environmental research framework, the study of the
pollution of the marine environment should be a critical topic for researchers, with the purpose
to assess how the various physical and biogeochemical processes have been altered, its relation
with climate changes, how flora and fauna interact with pollutants, how these particles disperse
and accumulate in this environment; the objective of these researches should be elaborating a
strategy to remediate and to prevent further damages.

This specific work is focused on the study of the 3D dispersion of MP in the marine
environment.

2.1.1 Global circulation and sea currents

The ocean circulation is largely studied; the movements of the water masses occur over
a wide range of spatial and temporal scales, for example, horizontal currents range from large
scale to mesoscale, whereas vertical structures could be less than one meter. But, sea currents
are partially unpredictable because of turbulent and chaotic motions.

Oceanic currents characteristics depends on the interaction with the atmosphere; in fact, winds,
rainfall, evaporation, heat exchange, seasonal and day-night cycles are held responsible for the
global circulation, the stratification of the water column, as well as the formation of eddies and
other turbulent structures.

Globally, ocean circulation could be distinguished in two types:

- wind-driven circulation forced by wind stress on the sea surface, inducing a momentum
exchange;

- thermohaline circulation driven by the variations in water density imposed at the sea
surface by exchange of ocean heat and water with the atmosphere, inducing a buoyancy
exchange.

These two circulation types are not fully independent.

Wind stress induces a circulation pattern that is similar for each ocean, with specific
characteristics at different latitudes.

At the Equator, the currents are mostly directed toward west (Lumpkin and Johnson 2013).
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Subtropical gyres extend from the equatorial current system to 50° of latitude; they are
anticyclonic structures and the Ekman transport within these gyres forces surface water to sink.
Western boundary currents of these gyres, like the Gulf Stream, are narrow geographically,
they are fast, about 100 km per day (Schmitz and McCartney 1993), they also have very large
transport and a very sharp boundary; in this waters, geostrophic- and eddy-driven upwelling
drive increased primary productivity (Todd et al. 2019). On the other hand, eastern boundary
currents of these gyres are wide geographically, they are slow, about 10 km per day, they have
small transport and a very diffuse boundary not very well defined (Carr 2001); the eastern
boundary currents cause a lot of coastal upwelling, so they are very productive (Carr 2001).

Among the western boundary currents, the Kuroshio of the North Pacific is perhaps the most
like the Gulf Stream, having a similar transport and array of eddies. The Brazil Current and the
East Australian Current are relatively weaker. The Agulhas Current, which flows in the south
Indian Ocean, has a transport close to that of the Gulf Stream (Lutjeharms 2007). Their
respective eastern boundary currents are the Canary Current, the California Current, the
Benguela Current, the Peru Current and the west Australian Current. These currents are
represented in Fig. (1).

T . Ca aI’y . e . —
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Figure 1. Western and eastern boundary currents of the sub-tropical gyres in global oceans. Source:
weather.gov/jetstream/currents_max.

The subpolar gyres extend poleward from the region of the westerlies and they have a cyclonic
circulation; so, the Ekman transport within these features forces upwelling and surface water
divergence (Koszalka and Stramma 2019).

On the other hand, the thermohaline circulation is largely driven by water density gradients,
and thus its temperature and salinity. It acts on the ocean as a whole and has a major influence
on the abyssal properties, where wind-driven circulation has no effect. This large-scale
circulation is relatively stable on long timescales (Wunsch 2002). At some very specific
locations, mainly in the Northern Atlantic and around Antarctica, surface waters become denser
and sink. Surface waters are then pulled up to replace the sinking ones. The density increasing
of the sea water occurs due to both cooling surface waters and increasing salinity, the latter as
a result of the removal of freshwater and the formation of ice (Wunsch 2002).

Moreover, water masses could experience tides because of the interaction of Earth, sun and
moon. Tidal currents occur in conjunction with the rise and fall of the tide. The vertical motion
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of the tides near the shore causes the water to move horizontally, creating currents, which
modify local circulation, particularly in funnel-shaped bays which can dramatically alter tidal
current magnitude (Yang, Wang, and Copping 2013).

Finally, it worth mentioning the submesoscale currents, which occur on lateral scales of 100
m-10 km in the ocean and are associated with density fronts and filaments, vortices and
topographic wakes at the surface and in the ocean’s interior. Recent studies have revealed that
horizontal density differences on scales of 0.1-10 km are ubiquitous in the surface mixed layer
and play an essential role in its evolution (Chrysagi et al. 2021). In most cases, submesoscale
processes do not directly contribute to mixing, however they have an important role in
cascading energy and tracer variance from the largely adiabatic mesoscale down to the scales
at which diapycnal mixing can occur (Gula et al. 2022). Submesoscale currents re-distribute
water properties, including buoyancy, momentum, heat, freshwater, and biogeochemical
tracers (Poje et al. 2014).

2.1.2 The Ocean Surface Boundary Layer

The water column, in synthesis, could be described citing Victor Hugo: ‘water!
Pretending to be pure, thou false friends! Thou art warm at the top and cold at the bottom’.
So, examining the vertical profile of the temperature, see Fig. (2), it has its maximum value on
the top, and then below the sea surface it decreases slowly until a strong gradient occurs.

In fact, it has been observed that the first layer of the water column is characterized by an
almost homogeneous trend of temperature, salinity and, therefore, density due to the effective
mixing action; for this reason it takes the name of mixed layer.

Furthermore, below the mixed layer, there is a layer, which extends up to about 500 m,
established by strong vertical gradients of temperature and/or salinity. It is called thermocline
if it is considered the gradient of temperature, halocline for salinity or pycnocline for density.

This layer separates efficiently the OSBL from the deep ocean. In fact, below about 500 m, the
temperature decreases slightly until it reaches low values, while the density increases.
Increasing Temperature (C) —» Increasing Salinity (°%/oc) = Increasing Dansity (G/cm?)
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Figure 2. Typical water properties in the open ocean. Source: hurricanescience.org/science/basic/water.

It is worth to notice that the first tens of meters of the water column have a significant role in
the regulation of the global climate; in addition, they worth a particular attention in the
framework of the dispersion of pollutants in the marine environment; in fact, in this layer of

19



the ocean, there are high light levels, so it’s populated by most of flora and fauna species living
in the oceans, as well as nowadays by pollutants.

Oceanographers use loosely this term to describe the region of the ocean that responds most
directly to surface processes. Late in the day or following periods of strong heating from the
atmosphere, the mixed layer may be quite shallow, a few meters or less. During the cold season
or following series of strong winds and storms, the mixed layer may extend vertically to
hundreds of meters, marking the depth of the seasonal thermo-cline at midlatitudes (Moum and
Smyth 2001).

Thus, the OSBL could be considered a quasi-homogeneous region in the upper ocean where
there is little variation in temperature or density with depth (Kara, Rochford, and Hurlburt
2000). In addition, in situ data have been clearly revealed the presence of approximately
uniform vertical regions of temperature, salinity and, therefore, density starting at the ocean
surfaces (Moum and Smyth 2001).

For this particular reason, the mixed layer depth is defined as the water column depth where
the density increases at least by 0.01 kg/m? (de Boyer Montégut et al. 2004).

The vertical uniformity of the OSBL owes its existence to turbulent mixing generated from the
energy input by the action of wind stress and heat fluxes at the ocean surface.

In fact, pollutants are dispersed in the upper ocean by mixing processes predominantly forced
from the state of the atmosphere directly above it, see Fig. (3). In brief, turbulence in the OSBL
is produced either by the mean shear (loss of mean-flow kinetic energy) or by unstable
stratification (loss of potential energy) (Burchard et al. 2008). More in detail, the daily and
seasonal cycle of heating and cooling, wind, rain and changes in temperature and humidity
associated with mesoscale weather features produce a hierarchy of physical processes that
interact to stir the upper ocean (Moum and Smyth 2001).
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Figure 3. Turbulent processes that contribute to mixing the upper ocean in association with surface cooling and winds.
Source: Moum and Smyth 2001.

Winds produce a surface stress and a sheared current profile; this profile, if the sea surface was
solid, could be described with a classic wall-layer law, but the ocean’s upper boundary is free
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to support waves, ranging from centimetre-scale capillary waves to tens of meters in case of
swell.

At the sea surface, there is a thin skin layer of a few millimetre thickness that is controlled by
molecular viscosity and diffusivity (Burchard et al. 2008). This isolating skin layer is disrupted
by breaking surface waves. At low to moderate wind speeds this occurs mainly in form of
micro-breaking; while at strong wind speeds, the wave breaking is evidenced at the surface by
whitecapping and surface foam; this process disrupts the ocean’s cool skin and enhances the
injection of bubbles and particles beneath the sea surface (Moum and Smyth 2001).

Winds could provoke also Langmuir circulation (LC); this turbulent process has been
parameterized and described for the first time by Craik and Leibovich 1976, then it has been
further investigated in many studies, see Belcher et al. 2012, McWilliams, Sullivan, and Moeng
1997, Sullivan and McWilliams 2010. LC is triggered when the Stokes drift interacts with the
wind-driven currents and the surface mixed layer is not too deep. LC is constituted by coherent
structures within the mixed layer that produce counterrotating vortices with axes aligned
parallel to the wind; LC is visible as characteristic surface windrows that are caused by bubble
clouds in horizontal.

As mentioned before, turbulence in the OSBL could be generated by mechanical and/or thermal
processes; thus, the cooling at the sea surface creates parcels of cool, dense fluid, which later
sink to a depth determined by the local stratification in a process known as convection (Moum
and Smyth 2001). Cooling occurs almost every night and also sometimes in daytime in
association with weather systems such as cold air outbreaks from continental landmasses, every
cold season, depending on the latitude and it is enhanced by the formation of ice. Convection
may also be caused by an excess of evaporation over precipitation, which increases salinity,
and hence density, at the surface; moreover, winds aid convection disrupting the viscous sub-
layer and permitting a rapid transfer of heat through the surface. Therefore, convection is a
turbulent process which acts to increase the mixed layer depth in particular during night time
or cold seasons; on the other hand, when the water column is heated from above, stratification
rules.

In addition, it has been found by means of field measurements that submesoscale features can
restratify the water column (Boccaletti, Ferrari, and Fox-Kemper 2007) and shallow the depth
of the mixed layer. In fact, submesoscale restratification tends to counteract the destratification
effect caused by atmospheric forcing, yielding stably stratified patches (Chrysagi et al. 2021).

So, the interaction of all these turbulent processes modify the depth of the OSBL; but, close to
the shores its lower boundary is the seabed, on the other hand, offshore, it is a pycnocline
established by vertical gradients of temperature and/or salinity.

In case of a pycnocline, internal waves may be generated. So, at the bottom of the OSBL there
is a turbulent zone where underwater oscillations with an amplitude from 10 to 100 m (Klemas
2012) are triggered by a disturbance of the interface between water layers of different density.

The turbulent processes mentioned in this paragraph have been widely investigated by means
of sampling campaigns and many schemes have been tested to model them (e.g. Kraus and
Turner 1967; Large, McWilliams, and Doney 1994; Li et al. 2019; Pacanowski and Philander
1981), a detailed description of the mixing in the OSBL is fundamental for the study of the 3D
dispersion of pollutants in the marine environment.
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2.2 Marine turbulence

Winds and marine currents are turbulent, nearly all environmental flows are turbulent.
As mentioned before, within the Earth’s ocean and atmosphere, turbulence sets the mass,
momentum and heat transfer rates involved in pollutant dispersion and climate regulation.

Turbulence is a state of the flows, it involves fluctuations that are generally unpredictable and
not yet full described by OGCMs. Therefore, it is not easy to define precisely, but since the last
century, physical intuition, dimensional arguments, direct numerical simulations, or empirical
models and computational schemes have been carried out by researchers and their findings will
be briefly reported in the next chapters.

Following Kundu and Cohen 2008, the generic characteristics of turbulence are:

- fluctuations: turbulent flows contain fluctuations of velocity, pressure, temperature and
other quantities; they appear to be irregular, chaotic and unpredictable;

- non-linearity: turbulence occurs when the Reynolds number, Re, exceeds a critical
value. Once the critical parametric value is exceeded small perturbations can grow
spontaneously and may equilibrate as finite amplitude disturbances. However, the new
equilibrium state can become unstable to more complicated disturbances, and so on;

- vorticity: turbulence is characterized by fluctuating vorticity. A turbulent flow is
constituted by streaks, strain regions and swirls constantly moving and evolving.
Identifiable structures in a turbulent flow are called eddies; it involves a range of eddy
sizes and the size range increases with increasing Reynolds number. The characteristic
size of the largest eddies is the width of the turbulent region; in the Ocean Surface
Boundary Layer, this is the thickness of the layer;

- dissipation: in a turbulent flow, energy is transferred to smaller and smaller scales via
non-linear interactions, until velocity gradients become so large that the energy is
converted into heat and dissipated by the action of viscosity and the motion of the
smallest eddies;

- diffusivity: due to the presence of eddies, turbulent flows are characterized by a rapid
rate of mixing and diffusion of species, momentum, and heat.

A useful and common approach in the study of the turbulent flows is to analyse and describe,
for example, the velocity components of the sea currents, pressure, temperature and the other
variables using the theory of stochastic processes and random variables. In particular, following
the Reynolds decomposition, a turbulent field quantity a is expressed as the sum of its first
moment, a, and its fluctuation, a’, which have zero mean:

a=a+a 1)

The moments of a random variable are important to describe its behaviour, but they do not give
information about the temporal duration or spatial extent of fluctuations, or about the
relationships between one or more variables at different places and times. So, in the study of
turbulence, correlations and spectra are commonly used to further characterize fluctuations.

Assuming for simplicity a temporally stationary random variable a; sampled at the same point
in space, or a spatially stationary random variable sampled at different points at the same time;
in 3D, the correlation function of a; at location x4 and time t; with the random variable a; at
location x, and time ¢, is:

Rij(x1,t1, X2, t3) = a,(x1, t1)a;(xz, t3) (2)
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Eq. (2) specifies how similar are a;(xq,t;) and a;(x,,t,) to each other. If R;; =0, these
variables are uncorrelated; R;; could be either positive or negative, if R;; ~ 1, the variables are
correlated, while if R;; ~ —1, the variables are anticorrelated. When i = j in Eq. (2), the
function is called autocorrelation function, while if i # j the function is called cross-
correlation.

For statistically stationary processes that are sampled at the same point in space, the statistics
are independent of the time origin, so, defining t; = t, — t;, EqQ. (2) can be rewritten as:

Rij (ts) = al(t)a’](t +t5) (3)

The integral time scale is determined from the autocorrelation function. The integral time scale,
T, is a generic specification of the time over which a turbulent fluctuation is correlated with
itself. In other words, T}, is a measure of the memory of the turbulence and it can be expressed
as in the following equation, with i = j:

T—;ij (ty) dt 4
L_Rij(o) o ij\ts S ()

2.3 Modelling turbulent dispersion in the marine environment

The study of the dispersion of pollutants in the marine environment is generally divided
into two phases: the first is the calculation of the velocity field, the other is constituted by the
evaluation of the pollutant concentrations. This is possible, i.e. the two problems could be
decoupled, if the presence of the pollutant does not perturb the fluid dynamics.

The velocity field of the marine currents is commonly calculated by hydrodynamic models,
which could integrate the experimental data or make predictions.

2.3.1 Hydrodynamic models: estimation of the velocity field

The governing principles in fluid mechanics are the conservation laws for mass,
momentum and energy and the fundamental equations describing the fluid motions have been
derived from these principles.

In the hydrodynamic models, the 3D marine velocity field and the other hydrodynamic
variables are calculated by means of a set of non-linear partial differential equations: the
Navier—Stokes equations, which are a statement of the budget law for momentum in a viscous
fluid on the rotating earth, together with conservation laws for mass, heat and salt.

These equations are usually simplified considering the following hypothesis:

- Spherical Earth approximation: the geopotential surfaces are approximated by spheres;

- Thin-shell approximation: the ocean depth is neglected compared to the Earth’s radius;

- Turbulent closure hypothesis: the effects of smaller scale motions are represented in
terms of large-scale patterns to close the equations, as presented in paragraph (2.3.1.2);

- Boussinesq hypothesis: only the direct effect of density differences on buoyancy term
are considered; see Eq. (5);

- Hydrostatic hypothesis: the vertical momentum equation is reduced to a balance
between the vertical pressure gradient and the buoyancy force, see Eq. (8);
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- Incompressibility hypothesis: the three dimensional divergence of the velocity field u
is assumed to be zero, see Eq. (12);

- Neglect of additional Coriolis terms: the Coriolis terms that vary with the cosine of
latitude are neglected.

Thus, considering the ‘incompressibility hypothesis’, which imply that the density of fluid
particles does not change, the conservation of mass or ‘continuity equation’ becomes:
V-u=0 5)

The conservation of momentum equation is derived from the Newton’s second law. It states
that the rate of change of momentum, per unit volume, for a fluid particle is equal to the sum
of the surface and volume forces. In the horizontal plane, it is:

Du 1 dp
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where u, v, w are the component of the sea currents along the three directions x, y, z; p, is the
reference density, p is the pressure, and v is the kinematic viscosity; f = 2Q is the Coriolis
acceleration, Q represents the components of the Earth's angular velocity in a local coordinate
reference.

While in the vertical direction, considering the hydrostatic hypothesis, the conservation of
momentum equation becomes:

op (8
9z —pPg

where g is the gravity acceleration. In addition, the heat conservation equation is:

DT _ kp
Dt pC,

V2T )

where T is the temperature, C,, is the specific heat and k- is the thermal diffusivity coefficient.

Considering the Boussinesq hypothesis, the constitutive equation for seawater is expressed in
the following way:

p = poll—a(T —T,) + B(S —So)] (10)

where p, = 1028 kg/m?®, T, = 10°C is the average seawater temperature, S is the salinity, S, =
34.7 g/kg is the average seawater salinity, « = 1.7 * 10~1 K is the coefficient of thermal
expansion and B = 7.6 x 10~ kg/g is the saline contraction coefficient (I0C and IAPSO
2010).

Finally, the salt conservation equation is expressed in the following way:

DS
— =k V?S 11
Dt~ % (1)
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where kg is the diffusivity coefficient for salinity.

Eqg. (5-11) form a set of 7 equations and 7 unknowns, they are commonly known as the
governing equations for moving fluids. In fact, the turbulent motions in the ocean are fully
described by this system of equations.

2.3.1.1 Averaged equations of motion (RANS equations)

As it has been said in paragraph (2.2), the environmental flows are turbulent, so even
the marine currents are. Thus, considering that turbulent motions are non-stationary, 3D and
highly random, a statistical approach is necessary. In this paragraph, starting from the Eq. (5-
11) presented in the previous paragraph, the equations of motion for the mean state in a
turbulent flow are derived.

To obtain that, the state variables, such as velocity, pressure and salinity, are decomposed by
means of the Reynolds decomposition:p =p+p,u=u+u,v=v+v,w=w+w',p=
p+p ., T=T+T and S =S+ S'. Thus, the equations for the mean state are derived by
formal substitution of the Reynolds decomposition into the governing equations, and ensemble
averaging the result. Following these steps, the next equations have been obtained:

ou v 0w _
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where @ = T'(p,/p) is the potential temperature.

The new set of Eqg. (12-18) is commonly known as the Reynolds Averaged Navier-Stokes
(RANS) equations and it is formally equivalent to the Navier—Stokes equations, but contains
now several new unknowns, such as u'v’, v'@’and v'S’. These unknowns represent the
turbulent fluxes of the corresponding quantity.

At this point, the number of unknowns is higher than the number of the equations. In order to
solve this problem, there are three approaches (Kundu and Cohen 2008). The first involves
additional equations (closures) developed from dimensional analysis, intuition, symmetry
requirements and experimental results; this approach will be further discussed in the next
paragraph. The second, known as direct numerical simulations (DNS) involves numerically
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solving the time-dependent equations of motion and then Reynolds averaging the
computational output to determine mean-flow quantities. The third, known as large-eddy
simulation (LES), involves some modelling and some numerical simulation of large-scale
turbulent fluctuations.

2.3.1.2 Turbulence modelling

The aforementioned Eq. (12-18) are usually solved at larger scales: the specified grid
spacing and time step of the OGCMs. The effects of smaller scale motions (coming from the
advective terms in the Navier-Stokes equations) must be represented entirely in terms of large-
scale patterns to close the equations. Thus, the turbulent fluxes of momentum, temperature and
salinity respectively, are solved by means of a closure scheme. In fact, assuming an analogy
between molecular-motion-based laminar momentum and scalar transport and eddy-motion-
based turbulent momentum and scalar transport, the purpose of a turbulent-mean-flow closure
model is to relate the turbulent fluxes to the mean field of the turbulent quantity by means of a
coefficient, i.e. the eddy or turbulent diffusivity.

For instance, the vertical turbulent closures for momentum, temperature and salinity could be
expressed as in the following equation:

u'w’ = —K} a—;; we =-— —;; WS = —k§ 2 (19)

where KU is the turbulent diffusivity for momentum, KT for temperature and K5 for salinity,
and the subscripts X, Y, Z indicate the direction.

Unfortunately, the molecular-dynamics-to-eddy-dynamics analogy is imperfect. In fact,
molecular sizes are typically much less than fluid-flow gradient length scales while turbulent
eddy sizes are typically comparable to fluid-flow gradient length scales. So, averages over
eddies may be unsuccessful because turbulent eddies are so much larger than molecules (Kundu
and Cohen 2008).

In Eq. (19), KU is not a property of the fluid, but of the flow. So, from dimensional
considerations, it is m?/s and it should be proportional to the product of a characteristic
turbulent length scale L and a characteristic turbulent velocity U:

KV L*U (20)

A very common approach in turbulence modelling contemplates that the random character of
turbulence is represented with a statistical method; so, the RANS equations are solved using
additional equations or parameterizations.

Horizontal turbulence can be roughly divided into a mesoscale turbulence associated with
eddies, which can be solved explicitly if the resolution is sufficient since their underlying
physics are included in the primitive equations, and a sub-mesoscale turbulence which is never
explicitly solved even partially, but always parameterized. Gent and McWilliams 1990
proposed a parameterisation of mesoscale eddy-induced turbulence which associates an eddy-
induced velocity to the isoneutral diffusion. The main ones sub-mesoscale parameterisations
are: Laplacian and bilaplacian operators acting along geopotential or iso-neutral surfaces and
various slightly diffusive advection schemes (Gent and McWilliams 1990).

Considering vertical turbulence, the model resolution is often not sufficient to solve all the
eddy structures. The simplest-level closure model for vertical turbulence is known as ‘zero-
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equation model’. This approach was firstly introduced by Taylor 1915, but fully developed by
Prandtl 1925. In this case, the turbulent diffusivity could be derived considering the length
scale, L, as the mixing length, [(z), which is the cross-stream distance travelled by a fluid
particle before it gives up its momentum and loses its identity. For a wall-bounded flow, I(z) =
k * z, where k = 0.4 is the von Karman constant, and the horizontal velocity, , is described
by a logarithmic profile:

71
ui* = ~In(z/2,) (21)

where z, is the roughness length.

In this case, no balance equation is solved, but the unknowns are expressed directly as semi-
empirical functions of time and space.

Alternatively, the turbulent diffusivity could be obtained from an algebraic specification of the
turbulent length scale and the determination of the velocity scale from the Turbulent Kinetic
Energy (TKE) transport equation, as Kolmogorov and Prandtl suggested. The TKE equation is
one additional second-order partial differential equation, hence this approach is named ‘one-
equation model’.

In this case, the dissipation rate, &, could be modelled in the following way:

£= B/, (22)

where C, is a constant, E = %(u’2 + v'2 + w'?) is the Turbulent Kinetic Energy and [, is the
dissipation length scale.

In the oceanic case, Gaspar, Grégoris, and Lefevre 1990 developed a model based on these
assumptions and it is an option for the calculation of the turbulent diffusivity used in NEMO
model (Madec et al. 2019). The time evolution of E is described in the following equation and
it is the result of the production of E through vertical shear, its destruction through
stratification, its vertical diffusion and its dissipation:
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where K, = Cy * Ez x 1(z) is the vertical turbulent diffusivity, C, = 0.1 and C, = 0.7, N2 is
the Brunt-Vaisala frequency; P, is the Prandtl number and it can be set to unity or be a function
of the Richardson number.

Furthermore, the ‘two-equation models’ calculate the turbulent length scale by means of two
additional partial differential equations.

The first additional partial-differential equation is for TKE, see Eqg. (23). In the framework of
the ‘k - e model’ (Jones and Launder 1972), further developed by many other researchers such
as Rodi 1987, the second additional partial-differential equation is an empirical construction
for the dissipation:
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where P = KY (Z—Z Z—Z)Z—Z is the shear production and G = agKZU% is the buoyancy
production, C;, = 1.44, C,, = 1.92 and C5, = 0 = 1, which depends on the state of the flow,
are empirical constants.

On the other hand, Mellor and Yamada 1982 have criticized the use of Eq. (24), because they
believe that £ is a quantity describing small-scale turbulence; so, they have developed a ‘k — kL
model’, which was further modified by Galperin et al. 1988, and it is widely used in
oceanography. In this model, the second additional transport equation is for the variable EL,
which is the product of the Turbulent Kinetic Energy and the turbulent length scale, and it is
expressed in the following way:

3
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where S; = 0.2, E; = 1.8, E, = 1.33 and B; = 16.6 are empirical constant and L, is a measure
of the distance from the wall.

Another length-scale related quantity is the turbulence frequency w = &/E used in the ‘k - ®
model’ (Wilcox 1988), which has been extended for geophysical applications by Umlauf,
Burchard, and Hutter 2003.

In the framework of the second moment closure models, to reduce the number of transport
equations, a local equilibrium is assumed for the second moments, so any non-local processes
are neglected, such as counter-gradient fluxes that may occur in convective boundary layers.
Furthermore, the effect of the earth’s rotation on turbulent motions is neglected, leading to
some inaccuracies for deep oceanic convection (Burchard et al. 2008).

Besides, parameterizations based entirely on empirical knowledge, are a useful alternative for
statistical turbulence models. In fact, large-scale ocean and climate models are incapable of
explicitly resolving the complex physics of the upper ocean, and it will remain so for the near
future.

This approach allows to represent physical processes without the use of additional transport
equations; on the other hand, the main drawback in using the empirical models is that they
depends on the quality of the observations used to parameterize the turbulent fluxes.

The earliest empirical models have treated the boundary layer as a slab, one of them is the
Well-Mixed boundary layer model (WMBL) implemented by Kraus and Turner 1967.

In this scheme, the transported scalar is assumed homogeneous in the mixed layer. Following
the analytical approach of Niiler & Kraus (1977) presented in Gaspar 1988, the turbulent flux
of a generic scalar a at the base of the mixed layer can be expressed with the following relation:

aw' =—-w,Aa (26)

where w, is the entrainment velocity, i.e. the growth rate of the mixed layer, and Aa denotes
the variation of the scalar across the base of the mixed layer. The surface fluxes of temperature
and salinity are derived from the heat fluxes and precipitation and evaporation rates,

respectively.

The velocity w, is the only turbulent quantity that requires a closure and it can be obtained by
integrating the TKE equation, written in the case of horizontal homogeneity; after the
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integration along the vertical direction and the parametrization of its terms, the TKE equation
leads to the following algebraic equation (Reichl and Hallberg 2018):

H H
iweAb =mud —n, 730 (27)

where H is the depth of the mixed layer, u, = \/7;) is the friction velocity, 7 is the shear stress,
b is the buoyancy, m, is a mixing coefficient due to the turbulent phenomena generated by the
wind action on the sea surface, n, is a buoyancy coefficient and B, is the surface buoyancy
flux. n, assumes a unitary value in the case of a stratified water column, alternatively, in the
case of convection, it is less than one (Schumann and Gerz 1995); while m,, in the presence of
wind-forced turbulent structures and stratification, can be parameterized with m, =
Cs1(BEh/ul|f])¢s2, where |f| is the Coriolis parameter, Cg; = 0.2 and Cg, = 0.4 are
parameters (Reichl and Hallberg 2018).

Another well-known scheme is the K-Profile Parameterization (KPP) developed by Large et
al. 1994, which is distinguished from other empirical models by the inclusion of non-local
fluxes, as in the next equation:

a'w' =a'w, +a'wy (28)

The local component, a’wy, is given by the gradient closure, as in Eq. (19); where, following
Onink, van Sebille, and Laufkétter 2022, KY (z) is calculated with the next equation:

KU, |z|
KE @) = (55°0) Uzl +20) (1- | + K 29)
) H
where ¢ = 0.9 is the stability function of the Monin—Obukhov boundary layer theory; z, =

0.1 = H, is the roughness scale of turbulence, where H; = 0.96g‘1ﬁ*3/2u3a is the significant

wave height, which is defined as the average height of the highest third of surface displacement
maxima, a few meters is generally regarded as a large value; S, = c,/u., is the wave age, c,
is the characteristic phase speed of the surface waves and u,, is the friction velocity of air;
following Kukulka et al. 2012, in a fully developed sea state 8, = 35. Finally, below the mixed
layer, KY(z) = Kz = 3+ 10~5 m?/s. In addition, 6 is a Langmuir circulation enhancement
factor and different values have been tested: Boufadel et al. 2020 examined a case where LC-
driven turbulence was considered negligible and thus & = 1. However, the presence of LC can
increase turbulent mixing by a factor 8 = 3 + 4 (McWilliams and Sullivan 2000) and it has
been shown to strongly affect the vertical concentration profiles of buoyant microplastic
particles in LES experiments (Brunner et al. 2015; Kukulka and Brunner 2015).

Moreover, non-local fluxes, a’wy,, may be written in terms of local variables by making various
approximations to the flux budget, in fact they depends only on surface fluxes and on the mixed
layer depth. Large et al. 1994 established the parameter values for non-local fluxes of heat and
salt. Parameterization of non-local momentum fluxes has been undertaken more recently by
Smyth et al. 2002.

A further approach to close the turbulent fluxes is the OSMOSIS scheme (Li et al. 2019), which
combines a bulk model of the surface boundary layer (e.g. WMBL) with a turbulence model
based on non-local flux-gradient relationships (e.g. KPP). The bulk model is used to determine
the evolution of the depth of the boundary layer, while the turbulence model determines the
mean profiles within the boundary layer (Damerell et al. 2020). In addition, this
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parameterization allows considering Langmuir turbulence. In this scheme, the turbulent flux of
a generic scalar a can be expressed with the following relation:

da
aw’ =—KY 5, T Ne+ Ny + N, (30)

where N, N, and N, are the non-gradient terms: N, represents the effects that the Stokes shear,
N, the effect of buoyancy and N, the effect of the turbulent transport.

In unstable conditions, the boundary layer is assumed to deepen through entrainment due to
the combination of Langmuir turbulence and convection. The vertical turbulent diffusivity is
parameterized in the following way:

KY(2) = 0.3w.z(1 ‘ 5a 1(Z>2 (31)
where Sy is a parameter, w, = (v3 + 0.5w3.)1/3 is the velocity scale in unstable conditions,
where v, = (u3(1 — e~05Lat)) + w3 )/3 is the velocity scale in stable conditions, La, =
u, /ug, is the Langmuir turbulent number, which is the ratio between the friction velocity and
the stokes drift, uy,; the Langmuir turbulence velocity scale is w,; = (u?uy,)'/?® and the

convective velocity scale is w,c = (BoH,,)Y/3. Finally, H,,; is the well-mixed layer thickness,
i.e. the mixed layer depth, H, without the pycnocline layer.

The prognostic equation for the mixed layer depth is given by:

OH _ w'bgy 30
E =w — —AB ( )

where w'b,,,, is the buoyancy entrainment flux and AB is the difference between the buoyancy
averaged over the depth of the mixed layer and the buoyancy just below the base of the mixed
layer.

In stable conditions, the turbulent diffusivity is:

5 z 1/ z \?
KY(2) = 0.375v,ze(-28(H/L1)?) (1 - —) 1- —(—) (33)
2 ) ¢ "2\, )

In Eq. (33), K/ (z) depends on the Langmuir turbulence, in fact L, is its length scale.
In this case, the prognostic equation for the mixed layer depth is given by:

2 3
w \ 0H ( H)W*L N
—|—=10. 52— 'h! 34
maX<AB'H>6t OO6+052LL H+(Wb)L (34)

where (w’b’), is the mean turbulent buoyancy flux averaged over the mixed layer.

A recent parameterization has been proposed by Reichl and Hallberg 2018 and it is called
energetic based Planetary Boundary Layer (ePBL). In this scheme, the turbulent mixing has a
relatively weak dependence on model vertical resolution and time step, because the integral of
the vertical turbulence buoyancy flux, that describes potential energy change associated with
turbulent mixing, i.e. the mixing coefficient and the depth of the boundary layer are explicitly
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constrained to satisfy the potential energy change due to turbulent mixing imposed, using the
next equation:

0
M, = mus — n*f KY min(N?,0) dz (35)
—H

where the turbulent diffusivity profile KY(z) = C,U(2)L(z) is the product of a turbulent
velocity scale, U(z), and a length scale, L(z); C, is a coefficient.

In this scheme, the scales are defined as it follows:

1

U(z) = Cy, <IOW)§ + (C,?)%u* (1 — a * min (Lll-lil))
z (36)

Lo — L, (H—|z|\"
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where C,,, and C; are empirical coefficients; with n = 2 providing a similar shape to KPP and

[, being a bottom length scale, which is dependent on bottom roughness or interior
stratification and prevents L(z) from becoming zero at the base of the OSBL (Li et al. 2019).

Further parameterizations of the turbulent diffusivity have been yielded essentially from
empirical quantities and similarity laws.

For instance, the Richardson number, Ri, can be considered as a valuable parameter to assess
turbulence in the water column, because it expresses the ratio of the buoyancy term (N?2) to the
flow shear term (52), i.e. the ratio between the production of the thermal Turbulent Kinetic
Energy and the mechanical Turbulent Kinetic Energy:

= (37)

Considering that, Pacanowski and Philander 1981 (hereinafter P&P81) developed a
parameterization where K (z) essentially depends on Ri, as it follows:

KT

KY(z)=——=+K 38
7 (2) (1+mRi)+ B (38)
where KT is the thermal vertical turbulent diffusivity and it is given by:
KT
KT = ric KT 39
(1 + mRi)® T 85 (39)

where K. = 10~* m?/s is its critical value and KF = 1.2 « 10~° m?/s is its background value;

Kz = 1.2 x 10~* m?/sis the vertical turbulent diffusivity background valueand m = 5andn =
2 are parameters.

Another parametric law aiming to estimate the vertical turbulence diffusivity has been
proposed by Kukulka et al. 2012 and it has been extended by Poulain et al. 2019 (hereinafter
SWB). Following Onink et al. 2022, SWB estimates K/ (z) in this way:
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v K 4Ky, z < sHs
Kz (2) = surf 3/21.,13/2 (40)
K;'" (sH)3/?|z|3/? + K3,  z > sHg
where K5/ = 1.5u,kHj is the near-surface vertical diffusivity as in Kukulka et al. 2012, and

different values of s have been tested, which is a multiple of Hs that sets the depth to which
KY(z) is constant; this increases KY(z) for z ~ 0 and allows to investigate the influence
which the higher near-surface mixing would have on the vertical turbulent dispersion. Kz =
3 % 107> m?s is the diffusivity background value. This parameterization defines a constant
KY(2) in the first meters of the water column in order to consider turbulence generated by
breaking surface waves; after that KY (z) decreases with |z|3/2. SWB does not provide any
information about the stratification of the water column.

Furthermore, in random walk simulations, Visser 1997 implemented the next parameterization
of KY (2):

KY(2)=ay xz*e bv? (41)

where a;, = 6 * 1073 m/s and b, = 0.5 m™ are parameters. In this parameterization, K} (2)
behaves as an exponential function.

An estimation of the turbulent diffusivity coefficient related to Lagrangian statistics has been
carried out by Yamazaki and Kamykowski 1991; in this scheme, K (z) is expressed in the
following way:

E@Z)V

KY () = 275 (42)
N

Even if KY (z) is a function of the same quantities, i.e. dissipation and Brunt-Vaisala frequency,

this parameterization is considerably different from the empirical one suggested by Osborn

1980, because it starts from Eulerian assumptions. In this, KY () is expressed as:

£(2)
KY(z) =0.2 ~7 (43)
Finally, as it has been pointed out in this paragraph, the turbulent closure schemes are various,
but the choice will depend on the application.

2.3.2 Dispersion models: estimation of the particle concentration

Once the velocity field has been obtained from the RANS equations combined with one
of the turbulence closure schemes presented in the previous paragraph, the study of the
dispersion of pollutants in the marine environment continues with the definition of the pollutant
concentrations.

Thus, estimating pollutant pathways and accumulation zone in the marine environment is
possible by means of in situ campaigns with tracers; besides, another and more feasible
approach involves the use of models, Eulerian or Lagrangian.

In the Eulerian framework, the values of the particle velocities, u(x, t), in fixed points of the
field at the same instant t are determined. However, the Eulerian study of dispersion permits
to solve the problem completely by determining both the velocity field and the concentration.
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On the other hand, the Lagrangian models employ an ensemble of virtual passive particles
whose trajectories are determined by a mean velocity field and a stochastic process. The
velocity fields that are used to move the particles often come from OGCMs, or rarely from
observational-based velocities. The trajectories of the virtual particles follow the path lines of
the velocity field, often including the effect of sub-grid scale diffusion. Then, the statistics of
the trajectories define the particle pathways and their associated time scales.

These models are based on the pollutant mass balance equation, written for a fixed reference
system with respect to the Earth. This can be obtained by equating the Lagrangian derivative
of the mass of pollutant, contained in a volume of moving fluid, to the molecular flow through
the boundary surface and the result is:

Dc 0 (D aC) (44)
Dt N axi axi

where c is the pollutant concentration and D is the molecular diffusivity.

2.3.2.1 Eulerian models

In the marine environment, fluxes are very often turbulent; so, using the Reynolds
decomposition for the pollutant concentration, ¢ = ¢ + ¢’ has been imposed and considering
that molecular diffusion is far weaker than turbulent diffusion, Eq. (44) can be updated as:

ac ac ou,'c’

— i ——=—
laxi axi

o (45)

In the Eulerian framework, the classical ‘k-model’ have been developed, where a gradient
closure could be adopted for the turbulent flux; so, using explicit notation, Eq. (45) can be
rewritten as:

ac ac ac _65_6( ac-) 6( 66) G(K 66)

T I S - _ — (k. = _
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(46)
EQ. (46) is called ‘diffusion equation’ and in order to get the particles concentration, it could
be solved with a finite-differences method.

In Eq. (46), K, K,, are the horizontal turbulent diffusivities and K, is the vertical turbulent
diffusivity. It is worth mentioning that these turbulent diffusivities have been calculated from
Eq. (45), so they are calculated for the particle mass, which is a scalar. KY and K have different
origins, but they have the same dimension, i.e. m?/s. They are related by means of the turbulent
Schmidt number, which is a property of the flow defined as the ratio of the eddy diffusivity of
momentum to the eddy diffusivity of mass (Di Bernardino et al. 2020). The Schmidt number
is o(1); in the mixed layer, KY and K are similar, while they differ mostly at the interface.

2.3.2.2 Lagrangian models
In the Lagrangian framework, the attention is on the pollutant particles trajectories.

Taylor 1921 studied the turbulent dispersion using Lagrangian coordinates and he calculated
the rate at which a particle moves away from its initial location. He assumed that the particles
are emitted into a stationary and homogeneous turbulent medium in which the mean velocity
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is zero; with this hypothesis, the Lagrangian velocity variance is equal to the Eulerian velocity
variance: W? = w?, where W(t) = 0Z(t)/dt is the Lagrangian velocity and Z(t) is the
Lagrangian displacement of a particles.

The Lagrangian correlation function, R, (), can be expressed in the following way:

R.(t) =W(®O)W(t —1) 47)
and its correlation coefficient is:

pu(¥) = R, (1)/W? (48)

So, the average rate at which the magnitude of Z(t) increases, i.e. the particle displacement
variance Z2(t), can be calculated from the next equation:

t

1d —
3320 = WOZD = W7 | pu@de (49)

Integrating by parts, it has been obtained:

t
72(t) = 2W? f (t — 1)p,(7)dT (50)
0
From Eq. (50) it is possible to examine two limiting cases:
720t = W22
{ 2 =W’ t-0 (51)
Z2(t) = 2W2T (t — ty), t—> oo

where t; = fooo tp,(T)dt/T}.

So, as highlighted in Eg. (51), the plume generated by a pollutant source in a homogeneous and
stationary turbulent flow with mean horizontal velocities will have a conical shape close to the
source and will approximate a paraboloid at large distances. In addition, the plume behaviour
at longer time is similar to the behaviour in a random walk with uncorrelated velocities. This
similarity is due to the fact that, far from the source, the fluid particles have forgotten their
initial behaviour.

Thus, the particle trajectories can be simulated by means of stochastic processes which have
statistical properties analogous to the fluid motion; the more statistical parameters that are
reproduced, the more realistic are the trajectories generated. These stochastic processes can
describe the motion of particles, i.e. of ensembles of particles independently launched in
different realizations of the turbulent flow (Griffa 1996), and the particles concentration
corresponds to the ensemble average concentration of them.

Some models based on these assumptions have been developed and they have a hierarchy of
increasingly detailed descriptions of particle motion. These models are Markovian, i.e. they
describe processes whose conditional probability density at time t,, depends only on the process
value at the earlier time ¢,,_,.

These models are based on the following non-linear equation:

dSi = hl-(x, t)dt + gl-’j(x, t)duj (52)

34



where s; is a stochastic process, with i = 1, N; du; is a random increment with zero mean, h;
and g;; are continuous functions. Eq. (52) states that the behaviour of stochastic processes
depends both on a deterministic and a random contribution. Furthermore, the behaviour of
stochastic processes such as s; is characterized by their probability density function I1. The
evolution equation for the probability density, I1, of a Markovian process as Eq. (52) is called
the Fokker-Planck equation.

A zeroth-order Markov model corresponds to the classic random walk model and it assumes
that the particle position is a Markov variable; it is also known as Wiener process. This model
assumes also that the correlation scales of the turbulence velocity are infinitesimal and it is
equivalent to the advection-diffusion description.

In this model, the equations that describe the particle motion in the z-direction can be written,
in incremental form, as:

dK.
dz = (w + d;) dt + K, du, (53)

where, according to Taylor 1921, the turbulent diffusivity in the z-direction, K,, can be
calculated as the product of the vertical velocity variance, ¢;2, and the Lagrangian integral time
scale, Ty, as in the following equation:

K,(2) = 04,(2) * T,(2) (54)

The drift term, dK,/dz, in Eq. (50), can be obtained by comparing the Fokker Plank equation
with the diffusion equation. This term ensures the well-mixed condition, when the diffusivity
tensor is not spatially uniform.

This scheme is reusable for the other directions.

Physically, Eq. (53) describe the displacement of a particle as resulting from two contributions:
the mean flow, represented deterministically by the term wdt, and the turbulence, which is
represented as a stochastic process uncorrelated from one time step to the next. This means that
the particle moving through the fluid receives at each time step a random impulse due to the
action of the incoherent turbulent motions and it loses memory of its previous turbulent
momentum.

The Fokker-Planck equation associated with a zeroth-order Markov model is:

oN(zt) I@@N(G) _ 0*(KHN( D) (55)
at 0z 0z?

where T(z,t) = [TI(z—dZ,t — dt)dlI(dZ|z — dZ) is the probability density function,
where dI1(dZ|z — dZ) gives the probability that a particle moves to z from z — dZ.

Eqg. (55) is equivalent to:

oll(z,t) 0 (/_ 0K, (z) 0 oll(z,t)
=~ +£<(W(z)— < )H(z,t)>=&<KZ(z) = ) (56)

A first-order Markov model, which is sometimes referred to as a ‘random flight” model,
assumes that the particle position and the turbulent velocity are jointly Markovian; it is also
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known as Langevin process. In this model, the equations that describe the particle motion in
the z-direction can be written, in incremental form, as:

dz = (w+w')dt (57)

1 doy,(2) 055 (2)
= | — ! _ 58
dw <TLW + 17 dt+ |2 T, duy, (58)

The deterministic part of this equation consists of two terms: the first ensures an exponential
decay in the autocorrelation of the particle's velocity, regulated through the Lagrangian integral
time scale, T;, and a drift correction which ensures the well-mixed condition. The stochastic
forcing term consists of the Wiener increment, du,,, related to the ratio of the turbulent velocity
variance and the Lagrangian integral time scale.

The first-order Markov model differs from the zeroth-order in the treatment of the turbulent
velocity, which is not assumed to be uncorrelated from one time step to another. Rather, at each
time step the particle loses only a fraction of its momentum, and in turn receives a random
impulse. As a consequence, the particle conserves the memory of its initial turbulence velocity
during a finite time of order of T, (Griffa 1996).

The zeroth-order and the first-order Markov model have been compared in Lagrangian
simulation of the MP dispersion in the marine environment (Onink et al. 2022; Reijnders,
Deleersnijder, and van Sebille 2022). In this comparison, it has been obtained that the zeroth-
order Markov models provide good model performance, while first-order Markov models do
not consistently improve model performance relative to zeroth-order Markov models and
require an additional parameter that is poorly constrained.

Finally, a second-order Markov model assumes that the position, the velocity and the turbulent
acceleration are jointly Markovian.

2.4 Plastic pollution of the marine environment

Plastic pollution is a worldwide issue; no landscape or seascape, not even the mountain
peaks or remote islands, has escaped (Boucher and Billard 2020). This problem is known since
long time, but it has gained considerable attention in the recent decades.

It has been confirmed that the plastic contamination of the marine environment is closely linked
to anthropic activities; so, it is widely assumed that most plastic debris derives from land-based
sources, mainly from densely populated continental areas, although sea-based sources, related
to the fishing industry or transportation, play an important role too (Boucher et al. 2020).

The widespread nature of plastics in the marine environment is generally believed to result
from their longevity in the environment and relatively high buoyancy, which facilitates long-
distance transport from source areas (Andrady 2011).

Nevertheless, there is a large mismatch between the estimates of the amount of municipal solid
plastic waste generated on land that enters the oceans (5-12 million tonnes per year (Jambeck
et al. 2015) and the total amount of plastic sampled at sea surface (less than 0.3 million tonnes
(Cozar et al. 2014; Eriksen et al. 2014)); in fact, recent estimates suggest between 70 and 90%
of the MP particles are accumulated into sediment profiles (Uddin et al. 2021).

At this moment, the knowledge about the processes involved in the plastic pollution of the
marine environment is still incomplete; in order to fill this gap, physical processes that govern
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the dispersion, biological processes, fragmentation, beaching, sedimentation and particles
characteristics need a more detailed description.

In particular, for a complete analysis of the phenomena involved, the first step consists in a
correct estimation of the plastic sources and the load of the pollutant particles discharged. It is
recognized that they come from coastal and inland mismanaged waste or fishing activities;
also, plastic debris already in microformat can come from cosmetics, tyre dust or road and ship
paintings. It has been estimated that 12 million tonnes per year is the global yearly marine
plastic leakage (Boucher et al. 2020).

The particles entering the oceans can also be transported at great distances by the turbulent
marine currents and they can accumulate in particular areas, such as beaches or ocean canyons.
Nowadays, they also accumulate in correspondence of the sub-tropical gyres, presented in par.
(2.1.1), forming the famous Great Garbage Patches.

As itis visible in Fig. (4), during their journey, the plastic debris are subjected to fragmentation
due to UV-radiation, oxidation and higher temperatures or embrittling (Kaandorp, Dijkstra,
and van Sebille 2021); their sedimentation rate can be enhanced because can aggregate and
form bigger objects or because they are subjected to biofouling (algal growth on a substrate)
(Lobelle et al. 2021). Furthermore, seabirds or other aquatic organisms can ingest plastic
particles and so they enter the food chain, exposing even humans.

Figure 4. Physical processes that affect the transport of plastic (pink items) in the ocean. Source: van Sebille et al. 2020

2.4.1 Physical properties of the plastic debris

Plastic debris entering the marine environment in various size and shapes and they are
made by different polymers.

Erni-Cassola et al. 2019 established that the most abundant plastic polymers discharged into
water bodies are PE (polyethylene), which have density between 850 + 920 kg/m?, and PP
(polypropylene), which have density between 890 - 980 kg/m?, so they are both positively
buoyant polymers; but, also polyesters, polyamide and acrylics have been found in the marine
environment, on the other hand all of them have a density greater than seawater.

While considering the size of the particles, it is possible to have a range from um to m.
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In particular, microplastics are the particles with dimensions less than 5 mm. Moreover, they
can be distinguished between primary microplastics, which are plastic fragments entering the
ocean already in micro format, and secondary microplastics, which result from the
fragmentation of bigger plastic objects.

Furthermore, plastic debris are commonly founded in a wide range of shapes, such as
fragments, spheres, films, filaments and fibres.

2.4.2 Modelling of the 3D microplastic dispersion

The complexity of this phenomenon can be investigated both by means of experimental
campaigns and modelling. But given the sparsity of observations, numerical simulations can
both fill in the gaps between these observations and test hypotheses about how plastic particles
behave in the marine environment (van Sebille et al. 2020). Lagrangian stochastic models are
commonly used in oceanography for modelling both the 3D transport of seawater and the
pathways and distribution of plastic particles in the ocean (Lebreton, Greer, and Borrero 2012).

In the framework of the modelling of the 3D microplastic dispersion, on the horizontal plane
particles are advected by mean currents and transported far from sources; while how
microplastics behave within the water column needs a further attention, because turbulent
mixing processes, physical and biological phenomena could modify sedimentation rates and
they are not immediate to understand and model.

In general, there are not many numerical models developed exactly for the study of the
dispersion of MP, but very often models developed for other applications and re-adapted for
MP dispersion being used to investigate this environmental problem.

An exhaustive review is presented in van Sebille et al. 2018.

Recently, the Ariane 3D model (Blanke and Raynaud 1997) has been employed in the works
of Durgadoo et al. 2019, van Gennip et al. 2019 and Maes and Blanke 2015 for the study of
MP dispersion in the marine environment; this model provides only an advection scheme for
the dispersion of pollutant particles, so no diffusion is modelled.

The Connectivity Modelling System model (Paris et al. 2013), for the study of MP dispersion,
proposes a series of modules to describe the vertical movements of the particles, also taking
into consideration the biological phenomena, the interactions with the benthic layer of the
bottom and the beaching.

The OpenDrift model (Dagestad et al. 2018) describes the phenomenon of dispersion using a
random walk scheme, so velocities are considered uncorrelated and turbulence is modelled
with the scheme developed by Visser 1997. This model was used in the study of Réhrs et al.
2018 to analyse the role of vertical mixing in oil dispersion, but it could be borrowed to
investigate how the mixing processes affect MP vertical distribution.

The Parcels model (Delandmeter and van Sebille 2019) has recently been used by Onink et al.
2019 to study the role of Ekman currents, geostrophic currents and Stokes drift in MP
dispersion in the North Atlantic Ocean and North Pacific Ocean. This model uses a zeroth-
order Markov process to close turbulent fluxes.

Finally, the TRACMASS model (D86s, Jonsson, and Kjellsson 2017) is also based on a zeroth-
order Markov process and is has been widely used to study marine turbulence.
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2.4.2.1 Microplastic vertical distribution

Considering that the seabed is the destiny for many plastic debris entering the marine
environment from the sea surface, negatively buoyant particles imminently start to settle upon
entering the ocean, but there is substantial evidence of positively buoyant particles in the water
column and in marine sediments (Song et al. 2018).

In particular, the sedimentation of microplastics particles is due to various processes, such as
entrapment with organic detritus to form sinking aggregates, incorporation into sinking faecal
pellets from plankton, fishes, seabirds and marine mammals, carriage by giant larvaceans,
zooplankton and mesopelagic fishes, aggregation with suspended inorganic particles and
biofouling. The relative importance of all these processes is generally unclear in different
regions of the ocean.

For example, De La Fuente et al. 2021 investigating the sinking of microplastics in the water
column evaluated the importance of inertia, Coriolis force, sub-grid turbulence and variable
density of the particles. A standard modelling approach for the transport of noninteracting
sinking particles has been used in this recent study, in which the vertical velocity of the particle
results from the combination of the ambient fluid flow and a rising/settling velocity, w, g,
characteristic of the particles, as in the following equation:

Wy s = (1 - ﬁp)gTP (59)

where B, =3p/(2pp + p) is a parameter depending on the fluid density and the particle
density, pp; so, particles heavier than seawater have g, < 1, B, = 1 in the case of neutrally
buoyant particles, while positively buoyant particles have g, < 1. In addition, 7, = r2/3[5’pv
is the Stokes time, i.e., the characteristic response time of the particle to changes in the flow,
where r is the radius of the particle, assuming spherical particles.

Another, but very significant tool to investigate the vertical distribution of MP are similarity
laws based on observational data. For instance, Kukulka et al. 2012 developed the following
one-dimensional model, accounting for wind-driven mixing of buoyant plastics at the sea
surface, so the vertical distribution of the MP concentration can be expressed as:

c(z) = Cg * exp(zw,, /K;*'7) (60)

where C; is the surface concentration, w, = 0.01 m/s is the rise velocity of plastic pieces which

depends on plastic size, shape and density and Kzsurf = 1.5u,kH; is the near-surface vertical
turbulent diffusivity as in Eq. (40).

Another similarity law has been proposed by Egger, Sulu-Gambari, and Lebreton 2020, the
vertical plastic concentration is calculated as a function of the water depth, according to:

c(z) = 10@E*108)+bE) 4 CF (61)

where ag and by are parameters derived from the comparison between experimental data and
simulations, CF is a correction factor.

2.4.3 Microplastic pollution in the Mediterranean Sea

The Mediterranean Sea, which is a semi-enclosed basin, is under significant pressure
due to plastic pollution, as a result of high population densities, lack of consistent waste-
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management schemes and large influxes of tourists and strategic merchant navigation (Boucher
and Billard 2020).

The total plastic accumulated in the Mediterranean Sea is estimated in the order of magnitude
of one million tonnes. Boucher and Billard 2020 estimates also an annual plastic leakage of
two hundred thousand tonnes, made up 94% macroplastics and 6% microplastics. Moreover,
according to the same report, the top three countries contributing to plastic leakage are Egypt,
Italy and Turkey.

This basin has been subject of many oceanographic field studies and plastic sampling
campaigns, their main characteristics are summarized in Tab. 1. These investigations are often
focused on a particular sub basin of the Mediterranean Sea. The period analysed spans from
2010 to 2020. The most common instrument used is the manta trawl with a 0.333 mm mesh

size, but this can be used only to sample the surface particles.

Table 1. MP sampling campaigns in the Mediterranean Sea.

Source

Domain

Period

Measurement approach

Collignon et al. 2012
Fossi et al. 2012
Collignon et al. 2014

de Lucia et al. 2014

Suaria and Aliani
2014

Faure et al. 2015
Cézar et al. 2015
Panti et al. 2015

Pedrotti et al. 2016
Suaria et al. 2016
Gajstet al. 2016

Giindogdu 2017

Gilindogdu and Cevik
2017

Given et al. 2017

van der Hal, Avriel,
and Angel 2017

Fossi et al. 2017

Di-Méglio and
Campana 2017

Vianello et al. 2018

Baini et al. 2018

Ruiz-Orejon, Sarda,
and Ramis-Pujol
2018

Western basin

Tyrrhenian Sea
(Pelagos Sanctuary)

Bay of Calvi (Corsica)

Gulf of Oristano
(Sardinia)

Western basin

Western basin

Mediterranean Sea

Tyrrhenian Sea
(Pelagos Sanctuary)
Tyrrhenian Sea
(Pelagos Sanctuary)

Western basin

Adriatic Sea

Bay of Iskenderun
(Turkey)
Bay of Iskenderun and
Mersin (Turkey)

Levantine basin

Levantine basin

Tyrrhenian Sea
(Pelagos Sanctuary)

Western basin

Adriatic Sea

Tyrrhenian Sea

Balearic Islands

July - August 2010

June - July 2011

August 2011 - August
2012

July 2012 - July 2013

May - October 2013

September 2011 and
August 2012

May 2013
July 2012-2013

July - August 2013

May - June 2013

December 2012 -
August 2014

February 2017

October - November
2016

July - August 2015

Summer 2013 -
Spring 2015

September 2014
2006 - 2015
March - April 2014

November 2013 —
May 2014

Summer 2014

manta trawl net
(0.333 mm mesh size)
WP?2 standard net
(0.2 mm mesh size)
floating WP2 net
(0.2 mm mesh size)
manta trawl
(0.5 mm mesh size)

visual survey

manta trawl
(0.333 mm mesh size)

neuston net (0.2 mm mesh size)

WP2 standard ring net
(0.2 mm mesh size)
manta trawl
(0.333 mm mesh size)

neuston net (0.2 mm mesh size)

epineuston net
(0.3 mm mesh size)
manta trawl
(0.333 mm mesh size)
manta trawl
(0.333 mm mesh size)
manta net
(0.333 mm mesh size)
manta net
(0.333 mm mesh size)
High Speed Manta Trawl
(0.33 mm mesh size)

visual survey

manta trawl
(0.333 mm mesh size)
manta trawl (0.333 mm mesh
size) and standard ring net (0.2
mm mesh size)

manta trawl net
(0.333 mm mesh size)
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Schmidt et al. 2018

de Lucia et al. 2018
Zerietal. 2018

Arcangeli et al. 2018

de Haan, Sanchez-
Vidal, and Canals
2019

Palatinus et al. 2019
Caldwell et al. 2019

Jemaa et al. 2021
Adamopoulou et al.

Gulf of Lyon

Tyrrhenian Sea and
Adriatic Sea

Adriatic Sea

Western basin

Western basin

Adriatic Sea

Tyrrhenian Sea

Levantine basin

February 2014 - April
2016

July - September 2015

Autumn - Winter
2014-2015; Spring -
Summer 2015
October 2013 -
September 2016

March - June 2015

April 2015

May - June 2018
Spring - Autumn 2019

manta trawl
(0.78 mm mesh size)
manta trawl and plankton net
(0.333 mm mesh size)

visual survey and manta net
(0.333 mm mesh size)

visual survey

manta trawl net
(0.335 mm mesh size)

visual survey and manta net
(0.308 mm mesh size)
manta trawl net
(0.333 mm mesh size)

manta net (0.2 mm mesh size)

2021 Levantine basin 2014-2020 manta net (0.333 mm mesh size)

Sayed et al. 2021 Levantine basin Septembze(;Z—OOctober -
Fagiano et al. 2022 Western basin Summer 2019 manta net (0.335 mm mesh size)
Pedrotti et al. 2022 Mediterranean Sea June —lelcl):l/ember manta net (0.333 mm mesh size)

Furthermore, this basin has been investigated by means of many modelling studies; their main
characteristics are summarized in Tab. 2. Most of them analysed the all Mediterranean Sea,
while very few are focalised on a particular sub basin, such as the Adriatic or the Tyrrhenian
Sea. Most of these studies examined only the surface dispersion of plastic debris; the studies
of Coppini et al. 2018; Kaandorp, Dijkstra, and van Sebille 2020; Soto-Navarro et al. 2020 and
Tsiaras et al. 2021 have tried to investigate even the particles dispersion in the vertical
direction. The modelling framework is based on a hydrodynamic model, very often currents
data are provided by the Copernicus Marine Environment Monitoring Service (CMEMS),
which have been calculate by means of NEMO (Nucleus for European Modelling of the Ocean)
(Madec et al. 2019), and a dispersion model. Moreover, for a more accurate analysis, some of
these works have compared the numerical simulation results with experimental data.

Table 2. MP dispersion in the Mediterranean Sea. Modelling studies.

. Hydrodynamic  Dispersion  Comparison with
Source Domain -
model model experimental data
Eriksen et al. 2014 world oceans 2D HYCOM Pol3DD yes
Mansul, !\{Iolcard, and Mediterranean Sea 2D NEMO Ariane no
Ourmiéres 2015
. Ligurian & generic
Fossi et al. 2017 Sardinian Sea 2D ROMS LSM yes
Carlson et al. 2017 Adriatic Sea 2D ROMS PaTATO yes
Zambianchi, Trani, .
and Ealco 2017 Mediterranean Sea 2D - - no
Liubartseva et al. . generic
2018 Mediterranean Sea 2D NEMO LSM no
Coppini et al. 2018 Mediterranean Sea 3D NEMO girée'\r/:c no
Shchekinova and -
Kumkar 2018 Sicily Channel 2D NEMO LEEWAY no
Guerrini, Mari, and Ligurian & generic
Casagrandi 2019 Sardinian Sea 2D NEMO LSM no
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Macias et al. 2019
Pini et al. 2019

Politikos et al. 2020

Soto-Navarro et al.
2020

Kaandorp et al. 2020

Mansui et al. 2020

Guerrini, Mari, and
Casagrandi 2021

Tsiaras et al. 2021
Baudena et al. 2022

Mediterranean Sea

Tyrrhenian Sea
lonian Sea
Mediterranean Sea
Mediterranean Sea
Mediterranean Sea

Mediterranean Sea

Mediterranean Sea
Mediterranean Sea

2D
2D

2D

3D

3D

2D

2D

3D
2D

GETM
NEMO

POM

NEMO
(MED36)

NEMO

NEMO
(MED12)

NEMO

POM
NEMO

Ichthyop

generic
LSM

generic
LSM

Ichthyop

Ocean
Parcels

Ariane

generic
LSM

PollaniOl
TrackMPD

no

yes

no

no

yes

yes

no

yes
yes
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3. Materials & Methods

In this chapter, the conceptual scheme adopted to study the 3D dispersion of MP in the
marine environment will be presented; in addition, all the information about the domain
investigated, the input and output data, as well as the equations that govern the dispersion in
the 3D LSM Wiener3D v6 and the original parameterization of the vertical turbulent diffusivity
will be introduced.

3.1 Domain

The domain studied is the Tyrrhenian Sea (TYS) (longitude from 7.79° E to 16.5° E;
latitude from 36.18° N to 44.81°N), which is a sub-basin of the Mediterranean Sea (see Fig. 5).

Western

Med Sea

Levantine
basin

Figure 5. Mediterranean Sea. The Tyrrhenian Sea is highlighted in the yellow box.

It has a delicate coastal and marine ecosystem, considering that it is a densely populated basin
which washes the western shores of the Italian peninsula as well as Sardinia, Sicily and Corsica
Islands. The complex bathymetry of the Tyrrhenian Sea is displayed in Fig. (6).
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Figure 6. Bathymetry of the Tyrrhenian Sea.

The detailed physical characteristics and the circulation of this basin are extremely well
described in lacono et al. 2021. In synthesis, the Corsica and Sardinia Channels (to the North
and southwest, respectively), connect the Tyrrhenian Sea to the westernmost part of the western
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Mediterranean, while the Strait of Sicily (to the South), allows the communication between the
western Mediterranean and the eastern sub-basin, i.e. Levantine basin.

The surface water mass of the Tyrrhenian Sea results from the inflow of Atlantic waters in the
South-western part of the Mediterranean basin, through the Strait of Gibraltar: these currents
after following the African coastline, crosses the southern part of the Sardinia Channel and
bifurcates twice before reaching Sicily, the remaining current, from late Autumn to the
beginning of Spring, enters the Tyrrhenian Sea; this stream then makes a wide cyclonic path
along the Sicilian and Italian coasts, and finally outflows into the Ligurian Sea through the
Corsica Channel; only a small fraction of it recirculates towards the South, exiting through the
northern part of the Sardinia Channel. In the transition between Winter and Spring, the presence
of an instability leads to the formation of anticyclones along the coast and cyclones on the
offshore side of the current. During Summer, the region between the northern end of Corsica
and the Elba Islands is now occupied by an anticyclone, denoted as the Ligurian anticyclone,
which appears to separate the Tyrrhenian Sea circulation from that of the Ligurian Sea. At the
same time, in the southern Tyrrhenian Sea, the Atlantic water stream is very weak, this allows
the anticyclonic eddies formed near the coast in Spring to grow, becoming dominant elements
of the local circulation, also sustained by the strengthening of the negative wind-stress curl pole
present to the North of Sicily. The sea surface circulation in the Tyrrhenian sea described above
is visible in Fig. (7).

1382022

0.1 0.2 0.3 m/s
Sea water velocity

Figure 7. Sea surface currents circulation in the Tyrrhenian Sea during 2022.

44



The intermediate water masses have different origins: the Tyrrhenian Intermediate Water is of
local origin from local Winter convection processes and it is found between 100 and 200 m;
the Levantine Intermediate Water comes from the Levantine basin, enters the Tyrrhenian Sea
through the Sicily Channel and occupies a deeper and wider layer (200-700 m).

Below 1000-1500 m, deep waters are formed during the processes of deep convection in the
Gulf of Lion, and more generally in the Liguro-Provencal basin, and enter the Tyrrhenian Sea
after crossing the Sardinia Channel. Little is known about the deep circulation, the scheme of
the deep circulation is similar to that for the intermediate circulation, characterized by a
cyclonic path along the coasts of the basin, controlled by the topography.

This basin has been chosen as test case, but the conceptual scheme adopted in this work for the
simulation of the dispersion of MP could be extended to other basins, to the Mediterranean Sea
or even in different world seas or oceans.

3.2 Input data

The inputs to the 3D LSM, used in this study, are: the bathymetry, the 3D daily velocity
fields of the sea currents, the mixed layer depth and the friction velocity. They are provided by
the CMEMS and by the European Centre for Medium-Range Weather Forecasts (ECMWF)
and they are calculated by means of operational oceanographic and meteorological models.
More in detail, three databases have been used in this study.

The 3D daily velocity fields of the marine currents and the mixed layer depth have been
extracted from the MEDSEA_ANALYSISFORECAST_PHY_006_013 database (Clementi et
al. 2021), with 1/24° (~4.5 km) horizontal resolution, 141 vertical levels and with a temporal
coverage ranging from 01/05/2019 to present. This database allows short-term simulations.

The variables included in this database are: potential temperature, salinity, zonal and
meridional velocity, sea surface height, mixed layer depth, seabed temperature. These
oceanographic variables are calculated with the model NEMO version 3.6 (Madec et al. 2019).
The model covers the whole Mediterranean Sea.

Following the quality information document of this database, the advection scheme for active
tracers, temperature and salinity is a mixed up-stream/MUSCL (van Leer 1979). The vertical
diffusion and viscosity terms are parameterized as function of the Richardson number as in
Pacanowski and Philander 1981. The model iteratively computes air-surface fluxes of
momentum, mass, and heat. The vertical background viscosity and diffusivity values are set to
1.2 * 107® m?/s and 1.0 = 10~7 m?/s, respectively. A quadratic bottom drag coefficient with a
logarithmic formulation has been used. Tidal waves have been included. The model is forced
by momentum, water and heat fluxes interactively computed by bulk formulae using the 1/10°
horizontal-resolution operational analysis and forecast fields from ECMWF and the model sea
surface temperature. The water balance is computed as Evaporation minus Precipitation and
Runoff. The evaporation is derived from the latent heat flux, precipitation is provided by
ECMWEF as daily averages, while the runoff of the 39 rivers implemented is provided by
monthly datasets.

The wave dynamic is solved by a Mediterranean implementation of the WaveWatch-111 (WW3)
code version 3.14 (Tolman 2009), which is coupled with NEMO v3.6.

The data assimilation system is based on the 3D variational ocean data assimilation scheme
OceanVar, developed by Dobricic and Pinardi 2008 and later upgraded by Storto, Masina, and
Navarra 2016. The observations that are assimilated are: along-track sea level anomaly from
CLS SEALEVEL-TAC and in-situ vertical temperature and salinity profiles from Voluntary
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Observing Ship-eXpandable Bathythermograph and ARGO floats.

Alternatively, the 3D daily velocity fields of the marine currents and the mixed layer depth
have been extracted from the MEDSEA MULTIYEAR_PHY _006 004 database (Escudier et
al. 2020), with the  same spatial resolution and coverage of
MEDSEA_ ANALYSISFORECAST_PHY_006_013 database, but it has a different temporal
coverage ranging from 1987 to 2019. This database allows long-term simulations.

The variables included are: temperature, salinity, sea surface height, currents, mixed layer
depth and eddy kinetic energy. These oceanographic variables are calculated with NEMO v3.6
and assimilated with OceanVar.

Moreover, the friction velocity has been extracted from the ECMWF ‘ERAS hourly data on
single levels from 1959 to present, Copernicus Climate Change Service (C3S) Climate Data
Store (CDS)’ database (Hersbach et al. 2020). ERAS data is available from 1950. The
reanalysis combines model data with observations from across the world into a globally
complete and consistent dataset. ERAS provides hourly estimates for a large number of
atmospheric, ocean-wave and land-surface quantities. Data has been regridded to a regular
latitude-longitude grid of 0.25° for the reanalysis and 0.5° for the uncertainty estimate (0.5°
and 1° respectively for ocean waves). There are four main sub sets: hourly and monthly
products, both on pressure levels (upper air fields) and single levels (atmospheric, ocean-wave
and land surface quantities).

3.3 MP sources estimation method

As explained in the paragraph (2.4.1), MP could be distinguished between primary or
secondary, depending on their generation process. Primary MP are plastic pieces entering
oceans already in microformat, such as fibres of synthetic clothes, tyres, city dust or pellets
from cosmetics; on the other hand, secondary MP result from the fragmentation of bigger debris
(Boucher and Friot 2017).

MP generation is directly related to human daily activities. Thus, in this study, the definition
of MP sources has been carried out through an estimation method (Pini et al. 2020), that
considers the population as a main factor.

Two types of sources have been considered: rivers and coastal cities.

The river contribution is proportional to the amount of the population resident in the entire
water catchment basin, so even people living inland could contribute to MP discharge in the
sea. This contribution has been calculated by overlapping the map of the main hydrographic
basins, provided by the Institute for Environmental Protection and Research (ISPRA), with that
of the resident population, provided by the Italian National Statistical Institute (ISTAT); the
mouth of the rivers has been considered as the source point. On the other hand, coastal cities
have been treated as direct inputs, also adding the contribution of the population living in
smaller towns nearby.

The output of this estimation method is an unevenly spaced distribution of the MP sources
along the Italian shores. In the Mediterranean Sea, 135 sources have been estimated, as it is
visible in Fig. (8), between rivers and coastal cities, to which a load of 0.06 kg of MP per person
per year (Boucher and Billard 2020) have been assigned.
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Figure 8. MP sources estimated in the Tyrrhenian Sea.

3.4 3D Lagrangian Stochastic Model

The 3D Lagrangian Stochastic Model Wiener3D v6 faces the MP dispersion in the
marine environment calculating pathways, concentration fields and accumulation zones of MP.
It needs as input the mean field of the sea currents, the mixed layer depth and the friction
velocity and it gives back the MP concentration.

As presented in paragraph (2.3.2), this model is based on the mass balance equation. It
calculates the concentration of the particles, ¢, (which in this case study are microplastics, but
they could be any passive pollutant) by integrating the number of particles in a cell.

Along the three directions, particle trajectories are due to contribution of the mean field of the
sea currents and the sub-grid turbulence, which is represented by a stochastic process; in
addition, the physical characteristics of the particles have a role in the vertical dispersion.

More in detail, the displacement of the particles in the domain is described by the Wiener
process, which is a zeroth-order Markov model. Among the various possible Markov processes
presented in paragraph (2.3.2.2), it has been chosen because it provides a good model
performance (Onink et al. 2022); in fact, many LSMs use this approach to describe the 3D
dispersion of MP in the marine environment, e.g. Parcels (Delandmeter and van Sebille 2019;
Lange and van Sebille 2017), TRACMASS (D606s et al. 2017), OpenDrift (Dagestad et al.
2018).

Developing Eqg. (52), the displacement of the MP in the 3D is described by the Wiener equation
in the following way:
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dY = vdt + 2Ky duy (63)
_ dK,
dZ = (w + 17 )dt + /2K, duz + wy g (64)

where u, v and w are the components of the mean currents; Ky and K, are the horizontal
turbulent diffusivity coefficients and they are set equal to 30 m?/s (Pini et al. 2018), K, is the
vertical turbulent diffusivity, it is variable and it is parameterized as in the next paragraph; du
is a random variable, uncorrelated over time, with zero mean and variance equal to dt.

In the Eq. (62-64), the first term on the right describes the mean field of the sea currents and it
is provided by CMEMS, as described in paragraph (3.2). In particular, the vertical component,
w, has been obtained by the continuity equation.

The second term is a stochastic process which represents the sub-grid turbulence.

Furthermore, in the vertical direction, to ensure mixing, the equation also provides a drift term,
(dK,/dz) dt, to avoid anomalous accumulations in areas of low turbulence. On the other hand,
in the horizontal direction the drift term is null because the turbulent diffusivity has been
assumed constant.

As pointed out in Pini et al. 2018, in the horizontal direction a variable turbulent diffusivity is
necessary only in the first steps of the dispersion and close to the source; for longer time steps
and far away in the domain, as in this case, the mean field of the sea currents have the major
contribute in the dispersion, so it is possible to use a constant horizontal turbulent diffusivity.
In the framework of the study of the MP dispersion in the marine environment, other works
have uses a costant horizontal turbulent diffusivity, e.g. Liubartseva et al. 2018.

Moreover, to study the MP dispersion in the water column, it is important to take also into
account the characteristics of the MP, such as density, size and shape, so in the vertical direction
a rising/settling velocity term, w;, ;, has been added.

As described in paragraph (3.3), each MP source is identified by its position and the number
of inhabitants which determines its contribution. MP particles, released in the TYS from the
anthropogenic sources, all have the same mass (i.e. 560 g), but they are released in a number
proportional to the less populated source.

The releasing of MP during the simulation is continuous, with a time step of 600s.

In addition, some MP removal processes have been modelled: beaching and sedimentation on
the bottom; in fact, the 10% of the MP particles hitting the shores or the bottom remain trapped
on the coasts of Italy or lie definitely on the sea floor. This value has been chosen considering
that MP lying on the beaches or on the bottom could also be washed away or resuspended. The
biofouling process have not been modelled yet.

As output, the model gives the 3D concentration fields of microplastics.

The simulated MP concentrations have been studied analysing their statistical moments and by
means of surface maps, vertical sections, temporal series and profiles. In particular, MP
concentration profiles have been analysed in 60 points unevenly spaced in the simulated basin,
i.e. the Tyrrhenian Sea, and they are shown in Fig. (9).
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Figure 9. Unevenly spaced points investigated in the Tyrrhenian Sea.

3.4.1 Vertical turbulent diffusivity parameterization

In this work, to face the problem of choosing the vertical turbulent diffusivity
parameterization as accurate as possible for the representation of the vertical turbulence and as
suitable as possible for LSMs, different possibilities have been tested.

As first attempt, it has been assumed K,(z) = 0 m?/s, but it means that no turbulence occurs
within the water column; this disagrees with the experimental evidences: as it has been pointed
out in the paragraph (2.1.2), many turbulent phenomena affect the dispersion in the marine
environment, especially in the OSBL, so it is mandatory to model them. The 3D LSM Ariane
(Blanke and Raynaud 1997) uses a null vertical turbulent diffusivity.

As second attempt, it has been assumed K, (z) as constant. More specifically, it has been set
K,(z) = 1.2 * 10~* m?/s, which is the background value of the parameterization developed by
Pacanowski and Philander 1981. Considering that means that the vertical turbulence has not a
seasonal variability; actually, the vertical turbulent phenomena during the cold season, due to
stronger winds blowing on the sea surface or due to the cooling of the water masses from the
atmosphere, are more intense than in the warm season, where on the contrary the water column
is stratified. In addition, a diurnal, but weaker, cycle happens because the sea water is warmed
during the day enhancing the stratification of the water column, while during the night it loses
its heat in favour of the atmosphere, so convection and mixing start. Therefore, the different
atmospheric conditions depending on the period of the year directly affect the mixing or the
stratification of the water column.

So, assuming K, (z) as constant is not a realistic option, but in order to obtain a more physically
based parameterization for the vertical turbulent diffusivity, the physical characteristics of the
sea water have been analysed: temperature, salinity and density. These results are presented in
paragraph (4.1).
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Since the mixed layer depth varies as the density varies, Ri can be considered as a valuable
parameter to assess turbulence in the water column, as third attempt, it has been assumed that
K, (z) essentially depends on Ri, as in the parameterization of Pacanowski and Philander 1981,
as it has been described in paragraph (2.3.1.2) by Eq. (38).

This parameterization is implemented in NEMO v3.6 and it has been used to calculate the
oceanographic data provided in the MEDSEA_ANALYSISFORECAST _PHY_006 013
database.

In Fig. (10), it is possible to notice that K,(z) calculated with the P&P81 parameterization is
of the order of magnitude of 10~* m?/s, it has its maximum value close to the surface, but in
general K,(z) has a very low variability in the mixed layer; below the mixed layer K,(z) =
1.2+ 10~* m?/s. These characteristics are not able to represent adequately the vertical
turbulence in the mixed layer: first of all, close to the surface it has been expected a non-zero
value, but not the maximum value, because turbulent eddies do not have enough space to
develop (Wang et al. 2016); furthermore, the very low variability of K,(z) within the water
column cannot describe mixing in this boundary layer, in fact measurements carried out by
Sloyan 2005 in the southern hemisphere oceans have shown that turbulent mixing is vertically
and spatially non-uniform.

K, (m?/s) K, (m?/s)
1.0E-04 2 3E-04 1.0E-04 1.6E-04
0 : 0
- )
2
78
20 < 20
a0 | 40
E | E
N N
60 60 —9.75°E
10°E
10.25° E
80 80 18 505 .
10.75° E
100 — 100 11°E

Figure 10. Vertical turbulent diffusivity profiles calculated in the Tyrrhenian Sea with the parameterization developed by
Pacanowski and Philander 1981 (Latitude: 39.6° N; Longitude from 9.75° E to 11° E, each 0.25°). Left panel represents the
variability of the vertical turbulent diffusivity during Winter (i. e. 21/03/2019), while right panel represents a Summer case

(i. e. 21/09/2019).
Following these arguments and with the aim of obtaining a parameterization for the vertical
turbulent diffusivity physically based and suitable for LSMs, in this work, the vertical turbulent
diffusivity K,(z) has been described starting from the Taylor theory, as already mentioned in
par. (2.3.2.2), which states that:

K,(2) = 05(2) * To(2)

The vertical velocity variance, 0.2 (z), has been measured in realistic conditions and the results
are reported in few studies, such as D’Asaro 2001 and Tseng and D’Asaro 2004; few other
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studies approached this topic using LES simulations, such as Li, Garrett, and Skyllingstad
2005. The characteristics of these works are summarized in the Tab. (3).

Table 3. Vertical velocity variance measurements in world oceans.

Source Domain Period Measurement
approach
D’ Asaro 2001 North Pacific Ocean January 1995 Neutrally buoyant

Lagrangian floats
Neutrally buoyant

Tseng and D’ Asaro 2004 North Pacific Ocean September — November 2000 .
Lagrangian floats

Gargett and Grosch 2014 North Atlantic Ocean May — October 2003 ADCP 5 beam
Scully et al. 2015 North Atlantic Ocean October — December 2013 ADVs
Jarosz et al. 2017 North Pacific Ocean October 2012 — March 2013 ADCPs

Wijesekera et al. 2017 North Pacific Ocean October 2012 — March 2013 ADCP 4 beam

In Fig. (11) are represented the experimental profiles of the vertical velocity variance of the
studies mentioned in the Tab. (3); specifically, the vertical velocity variance is scaled with the
friction velocity and the depth with the mixed layer depth.

In this figure, two different relative maximum are visible almost in all the curves, except that
of Wijesekera et al. 2017, one close to the surface and the other below the half of the mixed
layer depth. It is possible to suppose that two sources act to enhance turbulence at different
depths: the first could be related to shear turbulence, in fact the wind blowing on the sea surface
enhance mixing in the first meters of the water column, while the other could be due to an
unknown forcing.

The analysis of these profiles highlights that it is important to represent both these peaks.
3
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Figure 11. Vertical velocity variance, scaled with the friction velocity, profiles measured during sampling campaigns in the
Atlantic (Gargett and Grosch 2014; Scully et al. 2015) and Pacific ocean (D’Asaro 2001; Jarosz et al. 2017; Tseng and
D’Asaro 2004; Wijesekera et al. 2017).

Among these research work, in this study, the vertical velocity variance has been parameterized
using the experimental data reported in Tseng and D’Asaro 2004. This work has been chosen
because their measurements are Lagrangian, in fact they were performed with Lagrangian

floats in the North Pacific ocean. Lagrangian floats are designed to follow accurately the three-
dimensional motion of the water surrounding them in turbulent flows (D’Asaro et al. 1996).
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As it is visible in the Fig. (12), these data have been well fitted with a function which results
from the sum of a Gauss and Rayleigh distribution.
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Figure 12. Vertical velocity variance profile measured by Tseng and D’ Asaro 2004 described by Eq. (65).
In detail, it has been obtained a novel relationship:

2 (Z-w? 72
Oy 1 -5 Z --3
=g e 25 +y,—e 25% (65)
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In Eq. (65), Z = z/H; while the best fit has been obtained with these parameters: 8, = 0.24,
Yo = 0.94,u = 0.66, S; = g;/H = 0.12 and Sy = or/H = 0.26, where o, and oy are the
standard deviation of the Gauss and Rayleigh distribution, respectively.

The sum of these two different functions allows to consider both peaks evidenced in Fig. (11).

So, the vertical velocity variance has been calculated with a similarity law based only on the
mixed layer depth and the friction velocity as scaled parameters, these data are usually
calculated with operational oceanography and meteorological models.

The Lagrangian integral time scale, T, (z), is the second term in the Eq. (54), it is the integral
of the autocorrelation of the vertical velocity fluctuations. As it has been pointed out in
paragraph (2.2), it is a key parameter in the framework of the study of the turbulent dispersion
from a Lagrangian point of view. Since no field data about the spatial-temporal dimension of
the vertical turbulent eddies are available, the Lagrangian integral time scale has been obtained
thanks to its connection with the Eulerian integral time scale Tz (z), adapting the study of the
atmospheric turbulent boundary layer by Hay and Pasquill 1959 to the marine turbulence. So,
T, (z) could be expressed as in the following equation:

T, (z) = BrTe(2) (66)

where By = y/i, vy is an experimental coefficient which depends on the thermal stratification
and i = a,,/u is the turbulence intensity, where u is the average velocity of the sea currents.
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In the frozen turbulence hypothesis, Tz (z) = Lg(z)/u, where Lg(z) is the Eulerian length
scale, and considering that Lg(z) could behave like the mixing length [(z) (Li et al. 2017), the
relation between the two time scales could be expressed in the following way:

T.(2z) = (67)

where, in case of neutral boundary layer, y = 0.4 (Anfossi et al. 2006).

The mixing length in the Prandtl boundary layer is [(z) = k * z. In this work, the mixing length
is described by the following bilinear law (Craig & Banner, 1994):

kK(zo+2z), z<H/2

K(zo—z+H), z>H/2 (68)

I(2) ={

where z, = 0.1 m is the rugosity scale. [(z) =0.04 m at the sea surface, so, this
parameterization accounts for surface wave breaking turbulent mixing. Moreover, Eq. (68)
assumes that [(z) is minimum at the boundaries, at both the sea surface and at the bottom of
the mixed layer, and maximum at the half of the mixed layer, where eddies have much more
space to develop. The fact that the size of the eddies at the boundaries is smaller, is confirmed
even by the fact that there the dissipation, which occurs at small scales, is maximum (Stacey,
Monismith, and Burau 1999).

So, combining the Eq. (65 and 68), it has been obtained the following parameterization for the
vertical turbulent diffusivity within the mixed layer:

K,(z) =y x 0w (2)  1(2) (69)

Hereinafter this parameterization will be called ZPL, from the surnames of the researcher that
worked on that (i.e. Giovanni Leuzzi, Agnese Pini and Simone Zazzini).

In addition, the value of K,(z) at the sea surface has been set equal to the value at the second
level of the water column, according to that at the sea surface the drift term in Eq. (64) should
be null.

Furthermore, below the mixed layer, it has been assumed that K,(z) = 1.2 * 10~* m?/s,

As example, in Fig. (13) are represented the vertical turbulent diffusivity, the mixing length
and the vertical velocity variance profiles calculated in the Tyrrhenian Sea with the ZPL
parameterization. It is possible to see that within the mixed layer, the order of magnitude of
K,(z) ranges between 10~* and 102 m?/s, either in Winter and in Summer. The maximum of
vertical turbulence is at the half of the mixed layer due to the fact that the eddies have much
more space to develop, but at this depth K, (z) could be twice higher in Winter than in Summer;
also I(z) has his maximum at the same depth and it could be of the order of 10 m in Winter
and 3 m in Summer. On the contrary, K,(z), l(z) and g,,(z) are minimum at the boundaries.

ZPL parameterization, due to its dependency on the friction velocity and the mixed layer depth,
brings information about both shear and eddy length scale. In fact, during the warm season, the
water column is stratified and the values of the friction velocity and the mixed layer depth are
similar, so the profiles do not have significant differences in their form and in their order of
magnitude, as it is visible in the bottom panels of Fig. (13). On the other hand, during the cold
season, the mixing processes enhance the mixed layer depth and it means an higher value of
the mixing length; also the vertical velocity variance have a direct proportionality with the
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friction velocity, for example the blue curve in the top panels of Fig. (13) has the maximum
value of the vertical velocity variance and the maximum value of u,, i.e. 2.36 * 10~* m/s.
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Figure 13. Vertical turbulent diffusivity, mixing length and vertical velocity standard deviation profiles calculated in the
Tyrrhenian Sea with the ZPL parameterization (Latitude: 39.6° N; Longitude from 9.75° E to 11° E, each 0.25°). Top panels
represent the variability of the vertical turbulent diffusivity, of the mixed layer and of the vertical velocity standard deviation

during Winter (i. e. 21/03/2019), while bottom panels represent a Summer case (i. e. 21/09/2019).

3.4.2 Simulation configurations

The domain investigated during the simulations of the dispersion of MP with Wiener3D
v6, described in the previous paragraph, has a 210x208 horizontal grid with spatial resolution
of 1/24° (= 4 km) and 120 vertical levels with depth ranging from 1 m to 3710 m.
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The characteristics of the simulations have been summarized in the next Table.
Table 4. Simulation configuration performed with the LSM Wiener3D v6.

Lagrangian Stochastic Model Wiener3D v6

Domain Tyrrhenian sea
210x208 horizontal grid, spatial resolution: 1/24° (= 4 km)
120 vertical levels with different depth (from 1 m to 3710 m)

Temporal coverage 10 year (2010-2019) (3652 days)

Integration time step: dt = 600 s

Inputs 3D daily mean fields of sea currents, CMEMS (1/24°) (Escudier et al. 2020)
2D daily fields of mixed layer depth, CMEMS (1/24°) (Escudier et al. 2020)
2D daily mean fields of friction velocity, ECMWF (1/4°) (Hersbach et al. 2020)

Turbulent diffusivity ~ Horizontal turbulent diffusivity: 30 m?/s
Vertical turbulent diffusivity parameterized by means of Eq. (66)

MP sources 135 (70 rivers, 65 coastal cities)
0.06 kg of MP per inhabitant per year
4-106 per year released particles

Constant emission, every 10 minutes

MP characteristics Neutrally buoyant: w,. s = 0 m/s; pp = p = 1025 kg/m?
Positively buoyant: w,, = —0.0005 m/s; pp = 900 kg/m3< p
Negatively buoyant: w, = 0.0005 m/s; pp = 1040 kg/m*> p

MP removal processes Beaching

Sedimentation on the bottom

Outputs 3D daily, monthly, seasonal and annual fields of MP concentration

Vertical profiles of MP concentration, turbulent diffusivity and vertical velocities

Furthermore, with the aim to execute a sensitivity analysis, five different simulations have been
performed with the version 3 (v3) of the LSM Wiener3D v6, investigating the role of the mean
currents, the sub-grid turbulence and the rising/settling velocity in the dispersion of MP in the
water column.

Wiener3D v3 is a basic version of the LSM utilized only with the purpose to study the role of
the mean currents, the sub-grid turbulence and the rising/settling velocity in the dispersion of
MP in the water column. In fact, in Wiener3D v3 each MP source discharge in the Tyrrhenian
Sea the same number of MP particles, but with a mass proportional to its population. The
release is every 20 min, with an integration time step of 1200 s. In addition, Wiener3D v3 does
not model any MP removal processes.

The characteristics of the simulations with Wiener3D v3 have been summarized in the next
Table.
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Table 5. Simulation configuration performed with the LSM Wiener3D v3 - sensitivity analysis.

Lagrangian Stochastic Model Wiener3D v3

Domain Tyrrhenian sea
210x208 horizontal grid, spatial resolution: 1/24° (= 4 km)
120 vertical levels with different depth (from 1 m to 3710 m)

Temporal coverage 3 year (2019-2021) (860 days)
Integration time step: dt = 1200 s

Inputs 3D daily mean fields of sea currents, CMEMS (1/24°) (Clementi et al. 2021)
2D daily fields of mixed layer depth, CMEMS (1/24°) (Clementi et al. 2021)
2D daily mean fields of friction velocity, ECMWF (1/4°)

Turbulent diffusivity ~ Constant horizontal turbulent diffusivity: 30 m?/s
Variable vertical turbulent diffusivity
MP vertical W, K,(z2)=0,w, 5 =0
trajectories
! W= 0,K,(2) =¥ *0,(2) * 1(2), Wy = 0
w,K,(z) =12 %107* m?s, w, s = 0
w, K,(2) =y * 0,,(2) *1(2), w, s = 0
w, K,(z) =y *a,(2) *(z), ws = 0.0005 m/s
MP sources 135 (70 rivers, 65 coastal cities)
0.06 kg of MP per inhabitant per year

4.10° per year released particles

Constant emission, every 20 minutes
MP removal processes None

Outputs 3D daily, monthly, seasonal and annual fields of MP concentration

Vertical profiles of MP concentration, turbulent diffusivity and vertical velocities

3.5 Field data

As it has been highlighted in Tab. (1), in the Mediterranean Sea the sampling campaigns
were carried out almost exclusively with manta trawl, so only MP surface concentration data
are available. Considering that, MP vertical concentration simulated with the 3D LSM v6 in
the Tyrrhenian Sea has been compared with MP concentration profiles sampled all over the
world oceans.

A dataset of vertical microplastics concentration profiles collected across the entire water
column have been compiled to validate the simulated concentration profiles; it is constituted
by a total of 113 profiles and 479 data points. For the sampling stations the date, the
coordinates, the mixed layer depth and the MP concentration have been considered.

The main characteristics of the sampling campaigns are summarized in Tab. (6) and (7).
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Table 6. Field data characteristics ().

Measurement Instrument  Sample analysis

Source Domain Period approach mesh method
Kukulka et al. North Atlantic multi-level
2012 Ocean June - July 2010 trawl 333 um not reported
Bagaev et al. . October 2015 - 10-1 Niskin .
2018 Baltic Sea September 2016 bottle 174 um microscope 40x
South Korea July - August uFTIR imaging
Song et al. 2018 Sea 2016-17 pump 20 um system
Pabortsava and Atlantic September - um 55 um FTIR imaging
Lampitt 2020 Ocean November 2016 pump H system
Egger et al. - November - multi-level .
2020 Pacific Ocean December 2018 trawl 333 um visually
Indian Ocean ;
. . ' November 2018 - visually +
Lietal. 2020 We(s;[CIZZﬁlflc April 2019 pump 60 pum stereomicroscope

Table 7. Field data characteristics (l1).

Number of Number of Number of

Source sampling  concentration sampling Unit _Partlcle Averagg
Cruises profiles points size range  concentration
Kukulka et al. 3 not 3
2012 13 13 46 MP/m specified 0.1 MP/m
Bagaey etal 4 35 81 MPI  05-5mm 400 MP/m®
Song et al. 2018 8 41 123 MP/m? 2g hm = 871 MP/m®
Pabortsava and 32-651 3
Lampitt 2020 12 12 141 MP/I um 2000 MP/m
Egger et al. MP/m® 500 um — 3
2020 5 6 53 g/m? £ om 0.04 MP/m
Li et al. 2020 6 6 35 MP/m3 0'0?11}7?'33 2 MP/m®
tot 48 113 479

The samples were collected in the Atlantic Ocean (Kukulka et al. 2012; Pabortsava and Lampitt
2020), in the Pacific Ocean (Egger et al. 2020; Li et al. 2020; Song et al. 2018), in the Indian
Ocean (Li et al. 2020) and in the Baltic Sea (Bagaev et al. 2018).

The measurements were collected with multi-stage trawls that consecutively sample fixed
depths or depth ranges (Egger et al. 2020; Kukulka et al. 2012). These nets have mesh sizes of
0.33 mm and generally sample high- and medium-buoyancy particulates. Bagaev et al. 2018
filtered samples collected via Niskin bottles with a 0.8 um filter and thus was able to filter out
smaller particulates with lower rise velocities. A pump with a finer mesh size was the
measurements approach of Li et al. 2020, Pabortsava and Lampitt 2020 and Song et al. 2018.
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4. Results

The results of the study of the turbulent dispersion in the OSBL with the 3D LSM
Wiener3D v6 will be presented in this chapter.

It is divided in two parts: the first one is devoted to the comparison of the original
parameterization of the vertical turbulent diffusivity with others already used; moreover, the
second part summarises the main results of the simulations of the 3D dispersion of MP in the
Tyrrhenian Sea presenting MP concentration maps and profiles. A special attention was paid
to the comparison of the simulated MP concentration with experimental data, with the intention
to validate the LSM Wiener3D v6.

References are made to ‘Summer’ and ‘Winter’ as shorthand for the periods of heating and
cooling respectively.

4.1 Physical characteristics of the sea water

In this work, the density has been calculated following the UNESCO formula (Millero and
Poisson 1981), in which it depends on temperature, salinity and pressure. The data of
temperature and salinity have been extracted from the
MEDSEA_ANALYSISFORECAST_PHY_006_013 database (Clementi et al. 2021).

In particular, as displayed in Fig. (14), during Winter, in the Tyrrhenian Sea, the sea surface
temperature could be around 14°C, the salinity 38.2 g/kg and the density 1028.7 kg/m®. These
values remain constant until a strong gradient occurs, which highlights the depth of the
pycnocline. During Winter, the mixed layer could be even 100 m deep.

On the other hand, during Summer, the sea surface temperature could be 26°C or so, the salinity
38.3 g/kg and the density 1025.8 kg/mq. In this case, the pycnocline is very shallow; during
Summer, it is very common in the world oceans to have a mixed layer 10 m deep. After this
depth, the water column is strongly stratified and poorly mixed.
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20 20 20
—9.75°E
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Figure 14. Temperature, salinity and density profiles calculated in the Tyrrhenian Sea (Latitude: 39.6° N; Longitude from
9.75° E to 11° E, each 0.25°). Top panels represent the physical characteristics of seawater during Winter (i. e. 21/03/2019),
while bottom panels represent a Summer case (i. e. 21/09/2019).

In Fig. (15), as example, it is visible the behaviour of the mixed layer depth and its seasonality.
The mixed layer depth has been calculated as the water column depth where the density
increases at least by 0.01 kg/m? (de Boyer Montégut et al. 2004) and it has been extracted from
the MEDSEA_ANALYSISFORECAST_PHY_006_013 database (Clementi et al. 2021). The
mixed layer deepens each Winter, while during Summer it becomes shallower. In particular, in
the Tyrrhenian Sea, it is around 10 m deep when the water column is stratified; while during

Winter when the mixing phenomena happen, its depth could enhance even to 100 m.
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Figure 15. Mixed layer depth seasonal cycle in a point in the Tyrrhenian Sea (Latitude: 39.6° N; Longitude: 11° E).

Following these arguments, it could be useful to use a parameter which can represents the
seasonal cycle of the mixed layer depth, as key parameter representing the turbulent state of
the water column. Thus, the stratification of the water column is commonly represented by the
Richardson number, Ri, which is a dimensionless number that expresses the ratio of the energy
produced by the buoyancy term (N?) to that produced by the flow shear term (S?), as in Eq.
(37).
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As shown in Fig. (16), shear prevails over buoyancy in the mixed layer during Winter, Ri <
0.25 and it means that vertical turbulence could mix efficiently this layer; on the other hand,
below the mixed layer depth the stratification overbears turbulence and Ri grows
significatively. The value of Ri below which the seawater column becomes dynamically
unstable and turbulent is usually taken as Ri = 0.25, although suggestions in the literature
range from 0.2 to 1 (Zaron and Moum 2009).
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Figure 16. Buoyancy, Shear and Richardson number calculated in the Tyrrhenian Sea (Latitude: 39.6° N; Longitude from
9.75° E to 11° E, each 0.25°). Top panels represent the stratification of the water column during Winter (i. e. 21/03/2019),
while bottom panels represent a Summer case (i. e. 21/09/2019).
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4.2 Comparison between different vertical turbulent diffusivity parameterizations

The ZPL parameterization, developed in this work, has been compared with others
already used in literature. In particular, the P&P81 (Pacanowski and Philander 1981), the KPP
(Large et al. 1994) and the SWB parameterization (Kukulka et al. 2012), extended by Poulain
et al. 2019, have been considered. These parameterizations have been well enough described
in paragraph (2.3.1.2).

In Fig. (17-18) are displayed the K,(z) profiles calculated with the aforementioned different
parameterizations, but in the same days and the same locations in the Tyrrhenian Sea.

Analysing K, (z) calculated by P&P81, it is possible to notice that it is of the order of magnitude
of 10~* m?/s, it has its maximum value close to the surface, but in general K,(z) has a very
low variability in the mixed layer; below the mixed layer K,(z) = 1.2 * 10~* m?/s. These
characteristics are not able to represent adequately the vertical turbulence in the mixed layer:
first of all, close to the surface it has been expected a non-zero value, but not the maximum
value, because turbulent eddies do not have enough space to develop; furthermore, K,(z) has
a very low variability within the water column.

Furthermore, K,(z) evaluated by means of KPP rises from a small non-zero value at z = 0 to
a maximum at z = 1/3H, before dropping to K,(z) = Kz forz < H.

Moreover, SWB allows the estimation of the surface breaking waves turbulence defining a
constant K,(z) in the first meters of the water column. On the other hand, SWB does not
provide any information about the stratification of the water column, in fact it is impossible to
have an estimation of the mixed layer depth from Fig. (17-18); the profile of K,(z), after the
first meters, decreases as |z|3/2.

Thus, comparing these four parameterizations, it is possible to affirm that within the mixed
layer K,(z) estimated by P&P81 is two order of magnitude lower than the others. Moreover,
below the mixed layer, the background value of K,(z) parameterized by P&P81 and ZPL is of
the order of 10~*; while KPP has a background value of the order of 1075,

The behaviour of K,(z) calculated by SWB is consistently different than the others K,(z)
profiles, either because it is constant in the first meters either because it does not have any
specification about the mixed layer depth, so the entire water column is treated in the same
way. Moreover, as it has been mentioned earlier, K,(z) profile by P&P81 has a very low
variability in the mixed layer failing to represent the heterogeneity of turbulence.

Finally, comparing these four K,(z) parameterizations is possible to say that, ZPL and KPP
are both physically based and their K,(z) profiles look like similar, but the main advantage of
ZPL is that is directly related to LSMs via ¢2(z) and T, (z). In fact, these quantities are
essential input for LSM: 62 (z) is a measure of turbulence, which can be directly obtained by
means of field measurements (e.g. Tseng and D’Asaro 2004) or estimated with
parameterizations; T, (z) gives information about the dimension of the eddies and, since no
measures of T, (z) have been performed, it can be estimated with empirical laws. In ZPL
parameterization, o2 (z) depends only on u, and H, as in Eq. (65) and T,,(z) can be estimated
from the mixing length.
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Figure 17. Vertical turbulent diffusivity profiles calculated in the TYS with the P&P81, ZPL, SWB and KPP param., during
Winter (i. e. 21/03/2019). Left panel coord.: 39.6° N; 9.75° E. Right panel coord.: 39.6° N; 11° E.
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Figure 18. Vertical turbulent diffusivity profiles calculated in the TYS with the P&P81, ZPL, SWB and KPP param., during
Summer (i. e. 21/09/2019). Left panel coord.: 39.6° N; 9.75° E. Right panel coord.: 39.6° N; 11° E.
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4.3 3D MP dispersion in the Tyrrhenian Sea

The ZPL parameterization of K,(z) has been implemented in the 3D LSM Wiener3D
v6, presented in paragraph (3.4); with this model, several simulation with different settings
have been carried out, in order to investigate the 3D MP dispersion in the Tyrrhenian Sea. In
this paragraph, the validation of the model, by means of a comparison with experimental data,
will be presented; in addition, a detailed attention will be given to the results of the simulations
investigating the role of the mean currents, the sub-grid turbulence and the physical
characteristics of the particles in the dispersion of the MP within the water column.

4.3.1 3D MP dispersion testing different values of K,

In this paragraph, the results of the sensitivity analysis with the LSM Wiener3D v3 will
be presented. With the intention to simulate the 3D dispersion of MP in the Tyrrhenian Sea,
MP particles have been discharged from each source with a mass proportional to its population;
the releasing of MP was continuous, every 1200s, all MP have been considered as passive
tracers and neutrally buoyant (except case E). No MP removal processes have been modelled,
such as beaching, sedimentation on the bottom or biofouling.

The period simulated ranges from 06/05/2019 to 11/09/2021.

Five different simulations have been performed with the aim to investigate the role of the mean
currents, the sub-grid turbulence and the rising/settling velocity in the dispersion of MP within
the water column. All the details of the simulations are summarized in Tab. (8).

Table 8. Simulation configuration with Wiener3D v3.

Simulation Mean currents Sub-grid turbulence Rising/settling velocity
A yes K,(z) =0 Wy =0m/s
B no K,(z) = LPZ Wy =0m/s
C yes K,(z) =12 x107* m%/s w5 =0 m/s
D yes K,(z) = LPZ Wy =0m/s
E yes K,(z) = LPZ w, = 0.0005 m/s

In Fig. (19) are represented the statistical moments (average, standard deviation and skewness)
of the depth of the all particles dispersed in the Tyrrhenian Sea. The analysis of these graphs
allows to evaluate the statistics of the dispersion of the MP particles within the water column.

The common characteristics of the all different simulations are that the depth of the particles
averaged over the entire Tyrrhenian Sea increases progressively during the simulation period,;
also the standard deviation grows and confirms that the pollutant cloud progressively widens;
finally, the asymmetry coefficient, after about 200 days from the start of the simulations,
remains constant, indicating that the plume during the sinking widening maintains its shape.

More in detail, considering the simulation B, where no mean vertical currents or rising/settling
velocities have been considered, so, particles are vertically dispersed by means of only the sub-
grid turbulence occurring on the water column (see Eq. (69)), they sink but they are unable to
disperse over the entire water column and they remain confined into the first 100 m. On the
other hand, in the case E where the mean currents, the sub-grid turbulence and the
rising/settling velocity interact and transport the particle, they can exceed even 1000 m.

These two are borderline cases. The other cases (A, C or D), where different values of K,(z)
are tested, as reported in Tab. 8, give similar results. On average terms, after some weeks, case
C, where K,(z) = 1.2« 10~* m?/s, and case D, where K,(z) is obtained by means of ZPL
parameterization, behave the same. The MP dispersion in case A, in which the sinking of the
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particles is due only to the vertical currents velocities, given that the diffusivity has been set
equal to zero, is weaker during the first days of the simulation, but after about 200 days the
particles have the same behaviour.
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Figure 19. Statistical moments of the depth of all the particles dispersed in the Tyrrhenian Sea (the average value is
represented in the top panel, the standard deviation in the centre panel and the skewness in the bottom panel). The period
simulated ranges from 06/05/2019 to 11/09/2021. The different curves refer to the results of the simulations presented in

Tab. 8.
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Further information can be obtained from Fig. (20-21), where are shown the average MP
surface concentration maps in the Tyrrhenian Sea during Winter and Summer seasons,
respectively. The MP concentrations are averaged over the period from 06/05/2019 to
11/09/2021. These maps highlight the difference between the distinct simulation configuration,
i.e. the different role of the vertical mean currents, the sub-grid turbulence and the
rising/settling velocity in the dispersion of MP in the water column, and the features of the
dispersion during different periods of the year.

In general, surface MP concentration is higher during Summer, this could be of the order of
10~* g/m?3 or greater, because the water column is stratified; for the same reason the horizontal
transport is enhanced, so it is possible to notice accumulations of the particles even in the
middle of the basin. On the other hand, during Winter, more intense mixing processes disperse
more efficiently the particles vertically, so MP surface concentration are lower than in Summer
and they have their maximum close to the Italian coasts, where the sources are.

More in detail, in case A, when K, (z) = 0, a great accumulation of MP could be spotted in the
centre of the basin, because MP are transported in all the directions by the mean currents, but
sub-grid vertical mixing processes are neglected.

Furthermore, comparing the results of the simulation C, where K,(z) = 1.2 * 10~* m?/s, and
D, where vertical turbulence is parameterized as function of the mixed layer depth and the
friction velocity, it is possible to see that using a constant vertical diffusivity means to
underestimate vertical mixing during Winter, while to overestimate it during Summer. In fact,
MP surface concentration is higher in case C than case D, either offshore either onshore, but
the opposite happens during Summer. So, the parameterization used in case C is unable to
represent the turbulent phenomena that mix the particles on the water column.

So, even though on average terms simulations A, C and D have similar results, a more accurate
parameterization of the vertical turbulence allows to consider the variability of the turbulent
phenomena that occur on the water column and therefore how differently these disperse the
particles. Thus, an appropriate parameterization of the vertical turbulence gives a better
description of the dispersion of the MP in the Tyrrhenian Sea.

As it has already said, in case E, where all of the particles have a settling velocity equal to
0.0005 m/s, MP sink rather quickly close to the sources and they tend to accumulate on the
continental shelf, both in Summer and in Winter. Thus, MP surface concentration in the middle
of the basin is lower than 10~¢ g/m®. This contribution to the vertical advection changes
completely the behaviour of the particles and thus it will be further deepen in the next
paragraph.
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Figure 20. MP surface concentration maps of the Tyrrhenian Sea during the Winter season. The MP concentrations are
averaged over the period from 06/05/2019 to 11/09/2021. The different maps refer to the results of the simulations
presented in Tab. 8.
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Figure 21. MP surface concentration maps of the Tyrrhenian Sea during the Summer season. The MP concentrations are
averaged over the period from 06/05/2019 to 11/09/2021. The different maps refer to the results of the simulations
presented in Tab. 8.

The 3D simulations allow to study what happens below the sea surface. Thus, in Fig. (22) are
represented the MP vertical concentration in the Tyrrhenian Sea at Latitude 41.78°N.
Comparing left and right panels, it is possible to notice the different mixing processes that

transport the MP during Winter and Summer, respectively.
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These vertical sections confirm what has been already said about the two borderline cases: B
and E. In fact, it is worth noting that if MP are dispersed in the water column only by means of
the sub-grid turbulence (case B), they remain confined in the first 200-300 m; on the other
hand, if particles are negatively buoyant (case E), they sink close to the coast and accumulate
on the seafloor, both during Winter and Summer.
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Figure 22. Vertical MP concentration in the Tyrrhenian Sea at Latitude 41.78°N. The MP concentrations are averaged over
the period from 06/05/2019 to 11/09/2021. Left panels concern to the Winter period, right panels to the Summer period. The
different vertical sections refer to the results of the simulations presented in Tab. 8.
Furthermore, analysing Fig. (23), the comparison between case A, C and D, where different
parameterizations of vertical turbulence are considered, is more clear. In fact, for a more
specific analysis of the mixed layer, Fig. (23) is focused on the first 150 m of the water column.

Again, in case D, vertical dispersion seems to be modelled more accurately compared with case
A and C, where K, = 0 m%s and K,(z) = 1.2 * 10~* m?/s, respectively. In fact, in case D, it
is evident the mixed layer depth and its role on the MP vertical dispersion. It could be about 10
m deep during Summer, so particles could remain trapped in the first meters of the water
column, on the contrary during Winter, it could reach 100 m, so MP are dispersed deeply with
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the highest concentrations close to the coast. On the other hand, considering no vertical mixing
(case A) means that MP tend to disperse horizontally rather than vertically and to accumulate
in the first meters of the water column.

In addition, considering a constant K,(z), as in case C, means that MP dispersion is not
influenced by different mixing processes happening in different period of the year, so MP sink
far below the mixed layer depth during Summer, while in Winter anomalous accumulation of
particles close to the surface occurs.
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Figure 23. Vertical MP concentration in the Tyrrhenian Sea at Latitude 41.78°N, where only the first 150 m are highlighted.
Left panels concern to the Winter period, right panels to the Summer period.

Finally, the analysis of the profiles, shown in Fig. (24), gives information about the order of

magnitude of the MP concentration at different levels of the water column. These profiles refer

to the average concentration of profiles calculated in 60 locations unevenly spaced in the

Tyrrhenian Sea.

In case A (blue curve), it is noticed the highest surface concentration of the order of 10~* g/m?®,
but then it drops more quick than the other cases, both during Summer and Winter. Case B and
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D have similar values: during Winter MP concentration is on average of the order of 10~° g/m3
with the maximum at the sea surface, during Summer MP concentration have a maximum at
the bottom of the mixed layer with a value one order of magnitude higher than Winter
concentration. Case C have a profile similar to case A, but with lower concentration values.
Finally, in case E, MP concentration is of the order of 10~> g/m? in the first 150 m of the water
column, but higher values could be spotted at lower levels where they accumulate (even though
they are not represented in Fig. (24) for graphical reasons).
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Figure 24. MP concentration profiles in the Tyrrhenian Sea. The MP concentrations are averaged over the period from
06/05/2019 to 11/09/2021. Left panel concerns to the Winter period, right panel to the Summer period. The different curves
refer to the simulations presented in Tab. 8.

4.3.2 3D MP long-term dispersion of different polymers

Given the results presented in the previous paragraph, in order to have a finer
representation of the 3D dispersion of MP in the marine environment, it is necessary to consider
the combined contribution of the mean currents, the sub-grid turbulence and even of the
rising/settling velocity characteristic of each particle. So, in this paragraph, to test the 3D
dispersion of MP in the Tyrrhenian Sea of different MP polymers, long-term simulations with
the Wiener3D v6 have been performed. The period analysed is: 01/01/2010 - 31/12/2019.

MP particles were released in the Tyrrhenian Sea every 10 min; all of them have the same
mass, but they are released in a number proportional to the less populated source.

In these simulations, some MP removal processes have been modelled: beaching and
sedimentation on the bottom; so, MP particles could remain trapped on the coasts or could lie
on the sea floor. The biofouling process have not been modelled yet.

Three different simulation have been carried out, in order to study how different MP polymers
behave in the water column. More details are summarized in Tab. (9).
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Table 9. Simulation configuration with Wiener3D v6.

Simulation Particle density Rising/settling velocity
Positively buoyant particles pp =900 kg/m® < p w, = —0.0005 m/s
Neutrally buoyant particles pp = p = 1025 kg/m? Wys = 0m/s
Negatively buoyant particles pp = 1040 kg/m®> p w = 0.0005 m/s

Considering the statistical moments (average, standard deviation and skewness) of the depth
of the all particles dispersed in the Tyrrhenian Sea, represented in Fig. (25), it is possible to
affirm that diverse polymers of MP behave in different ways.

The average depth of the neutral particles in the entire Tyrrhenian Sea increases progressively
during the simulation period and it is possible to notice a seasonality of the sinking of the
plume, with a period of one year; this can be explained by the fact that during Winter the mixing
phenomena are more intense than in the Summer, where on the contrary the water column is
stratified. Moreover, the standard deviation grows and confirms that the pollutant cloud
progressively widens. Finally, the asymmetry coefficient, after about one year, oscillates
around a constant value.

The seasonality of the dispersion of the plume is even more visible in the case of positively
buoyant particles; in this case, during Winter there is progressively deeper mixing of the
average depth of the particles with increasing wind speeds and decreasing buoyancy. On
average, the particles remain confined in the first 10 m of the water column but the skewness
is very high, so the plume is very asymmetric.

Finally, considering negatively buoyant particles (orange curve), it is possible to say that most
of the particles sink quickly and on average in the basin the centre of the pollutant plume is at
depth greater that 1000 m. The skewness seems to be constant describing a steady asymmetric
cloud.
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Figure 25. Statistical moments of the depth of all the particles dispersed in the Tyrrhenian Sea (the average value is
represented in the top panel, the standard deviation in the centre panel and the skewness in the bottom panel). The period
simulated ranges from 01/01/2010 to 31/12/2019. The different curves refer to the results of the simulations presented in

Tab. 9.

The distinct characteristics of the dispersion of MP with different densities are even more clear
looking at the MP surface concentration maps of the Tyrrhenian Sea, Fig. (26).

Neutral particles (Fig. 26, panels a-b) are distributed throughout the domain with an average
surface concentration of the order of 107¢ g/m?3, but the highest concentrations are close the
Italian coasts, where the anthropogenic sources are. In addition, it is possible to notice that
during Summer, when the mixed layer is shallow, particles are mainly spread horizontally by
the mean currents; during Winter, while the mixed layer depth could reach 100 m, vertical
turbulent phenomena are more intense so they provoke a stronger vertical dispersion.

Similar considerations could be done talking about the dispersion of positively buoyant
particles (Fig. 26, panels c-d), but in this case, either in Summer either in Winter, surface MP
concentrations are higher than neutral particles. For instance, the highest concentrations could
be spotted in the Ligurian Sea or in front of the Lazio and Campania coasts, they are of the
order of 10™* g/m?.

Finally, negatively buoyant particles (Fig. 26, panels e-f) settle rather quickly and appreciable
surface MP concentrations are only near the coast, while most of the MP are sedimented; these
particles have a sedimentation rate of about 40 m per day, so they reach the bottom not far from
the coastal source and the surface concentration is practically zero throughout the basin.
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Figure 26. MP surface concentration maps of the Tyrrhenian Sea. The MP concentrations are averaged over the period
from 01/01/2010 to 31/12/2019. Left panels concern to the Winter period, right panels to the Summer period. Panels (a-b)
represent the surface concentration of neutrally buoyant MP, panels (c-d) positively buoyant MP and panels (e-f) negatively
buoyant MP. Note: MP concentration ranges are different!
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The vertical dispersion of MP is appreciable looking at the vertical sections of the Tyrrhenian
Sea at latitude 41.78° N, represented in Fig. (27).

Neutral particles (Fig. 27, panels a-b) can be found at the all depths of the water column: higher
concentration can be noticed in the first 100 m, MP concentration in the middle levels of the
water column is an order of magnitude lower, while in the last levels it is very small.

Furthermore, positively buoyant particles (Fig. 27, panels c-d) are confined close to the sea
surface. On the other hand, particles denser than seawater (Fig. 27, panels e-f) sink close to the
coastal sources and they accumulate on the sea floor.

In addition, Fig. (27), especially in panels e-f, allows to appreciate the quantity of MP spilled

by the Tevere river and how they spread into the water column.
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Figure 27.Vertical MP concentration in the Tyrrhenian Sea at Latitude 41.78°N. The MP concentrations are averaged over
the period from 01/01/2010 to 31/12/2019. Left panels concern to the Winter period, right panels to the Summer period.
Panels (a-b) represent the vertical concentration of neutrally buoyant MP, panels (c-d) positively buoyant MP and panels
(e-f) negatively buoyant MP. Note: MP concentration ranges are different!

Fig. (28) confirms what has been said about Fig. (27), but a specific attention is deserved to
Fig. (28, panels c-d), where is clearly visible the role of the stratification on the dispersion of
positively buoyant MP in the water column, in fact, only the first 150 m of the water column
are represented.
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MP get mixed below the sea surface, but they remain trapped in the first layers. The mixed
layer depth behaves as a boundary in same way: during Summer, particles remain confined in
the first 10 m with a concentration of the order of 10~* g/m?3; this layer is also abundant of
flora and fauna, so fish or sea birds could ingest these particles. During Winter, the mixed layer
depth could be between 60 and 80 m, MP settle within the water column, so the concentration
decreases from the sea surface.
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Figure 28. Vertical MP concentration in the Tyrrhenian Sea at Latitude 41.78°N, where only the first 150 m are
highlighted. Left panels concern to the Winter period, right panels to the Summer period. Panels (a-b) represent the vertical
concentration of neutrally buoyant MP, panels (c-d) positively buoyant MP and panels (e-f) negatively buoyant MP.

4.3.3 LSM validation: comparison with experimental data

The 3D LSM has been validated comparing the results of the simulations of the MP
dispersion in the Tyrrhenian Sea with the field data presented in paragraph (3.5).

As it has already been said, the field data belongs to six different experimental campaigns with
a total of 113 profiles and 479 sampling points in the water column.

These data have been a priori elaborated in order to have a more general comparison; in
particular, if necessary, the concentration values have been converted in items/m?3 (i.e. MP/m?);
moreover, many profiles have few sampling points in the mixed layer, thus the missing values
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on the water column have been linearly interpolated on the same vertical grid of the
simulations.

Finally, these profiles have been divided in two groups with similar mixed layer depth; in fact,
this could be considered a parameter which makes possible to analyse different turbulent cases.
In the case of stratified water column, the mixed layer depth is on average close to 10 m;
instead, during the cold season, the mixed layer is deeper, on average in the considered
campaigns it is between 30 and 40 m.

Furthermore, the simulated concentrations refer to the long-term simulation presented in
paragraph (3.4.2), so, the dispersion of different polymers of plastic have been analysed in 60
profiles unevenly spaced in the Tyrrhenian Sea, as in Fig. (9). The MP concentration in these
60 profiles have been studied considering two different period of the year with similar mixed
layer depth; in particular, a seasonal average concentration of each profile have been
calculated: during Summer, when the water column is stratified and the mixed layer depth is
about 10 m, and during Winter when the mixed layer depth is on average 50 m. Then, the
average concentration of different MP polymer profiles have been arranged by means of a
linear combination with the weights presented in Tab. (10), reported in Bello et al. 2022, and
an average profile for each location and for the two period of the year have been obtained.

Kooi and Koelmans 2019 presented three different discrete probability functions of size,
density and shape of the particles based on a very large database of field and laboratory data,
combining them a discrete probability function for the rising/settling velocity have been
derived (Bello et al. 2022). From this function, it was obtained that approximately 15% of the
particles are positively buoyant, while 67% are negatively buoyant, this result confirms that
about 70 to 90% of MP are accumulated on the seafloor (Uddin et al. 2021).

Table 10. Weights considered in the linear combination of the simulated concentrations of different MP polymers in the TYS.

Simulation Rising/settling velocity Weight
Positively buoyant particles w, = —0.0005 m/s 15%
Neutrally buoyant particles wys = 0 mfs 18%
Negatively buoyant particles wg = 0.0005 m/s 67%

Before the comparison, in order to obtain a generalizable behaviour, both measured and
simulated concentration profiles have been normalized; in detail:

e the depth of the water column has been normalized with the mixed layer depth, H;
e the MP concentration have been normalized with the average value within the mixed
layer, which have been calculated in the following way:

1
cmed =f c(é)dé (70)
0

where & = z/H. In synthesis:

e 39 experimental profiles with a relatively deep mixed layer have been compared with
60 simulated MP profiles in the Tyrrhenian Sea, where the MP concentration results
from the linear combination of the average concentration of different MP polymers
during the Winter season;

e 74 profiles sampled in periods with a shallow mixed layer (H = 10 m) have been
confronted with 60 simulated MP profiles in the Tyrrhenian Sea, where the MP
concentration results from the linear combination of the average concentration of
different MP polymers during the Summer season.
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The comparison between the experimental profiles of MP concentration and the simulated
profiles is presented in Fig. (29). In general, in the left panel, where profiles have a relatively
deep mixed layer, there is a good agreement between the data and the shape of the profiles is
very similar; but, the maximum value of the simulated data seems to be shifted closer to the
sea surface than the experimental maximum value. Moreover, in the right panel, where profiles
have a mixed layer 10 m deep, there is an even better agreement between the field and the
simulated data and the order of magnitude of the normalized MP concentration is similar at the
different depths analysed.
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Figure 29. Comparison between the experimental profiles of MP concentration, represented in black marks where different
marks belong to different sampling campaigns, and the simulated profiles, represented in light blue points. The MP
concentration is scaled with the average concentration in the mixed layer, as in Eq. (70), while the depth is scaled with the
mixed layer depth. Left panel refers to profiles with a relatively deep mixed layer; while in the right panel, profiles have a
mixed layer 10 m deep.

With the intention to obtain a more precise analysis, the simulated data have been compared
with the better detailed sampling campaigns. In fact, in some campaigns few points are
provided in the mixed layer depth and the linear interpolation adopted could alter the
experimental results and therefore also the comparison. Thus, in Fig. (30-31) the simulated MP
concentration profiles have been compared separately with the sampling campaigns of Egger
et al. 2020, Kukulka et al. 2012 and Song et al. 2018.

In the left panel of Fig. (30), 60 simulated MP profiles are compared with 6 profiles sampled
in the North Pacific ocean by Egger et al. 2020; in the right panel of Fig. (30), 60 simulated
MP profiles are compared with 11 profiles sampled in the North Atlantic ocean by Kukulka et
al. 2012. As it is possible to notice in Fig. (30), during the cold season, the simulated
concentrations fit pretty well the experimental data, especially considering the second part of
the mixed layer, on the contrary the simulated concentrations overestimate the field data at the
sea surface and underestimate the field data at the level just below.
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Figure 30. Comparison between the experimental profiles of MP concentration and the simulated profiles, represented in
light blue points, during the cold season. In the left panel the experimental profiles, represented in black squares, belong to
Egger et al. 2020 campaign in the Pacific Ocean; in the right panel, the experimental profiles, represented in black
triangles, belong to Kukulka et al. 2012 campaign in the Atlantic Ocean.

Furthermore, as it is possible to notice in Fig. (31), when the mixed layer is shallow, there is a
nice agreement between the simulated concentrations and the experimental data of Song et al.

2018, which sampled 41 MP concentration profiles in the Pacific ocean. This confirms what
has been said about the right panel of Fig. (29).
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Figure 31. Comparison between the experimental profiles of MP concentration sampled during the Song et al. 2018
campaign in the Pacific Ocean close to the Korean shores, represented in black points, and the simulated profiles,
represented in light blue points, during the warm season.
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Finally, it has been developed a similarity law which could describe the profile of the
normalized concentration of MP in the mixed layer. Considering that MP concentration is
maximum at the sea surface, then it decreases exponentially in the mixed layer, the
experimental data have been fitted, by means of the least square method, with a negative
exponential function, which could describe the MP concentration profiles of the two different
cases presented previously, at the same time. The result is visible in Fig. (32).
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Figure 32. Experimental profiles of MP concentration, represented in black marks, described by Eq. (71), represented with a
red curve. Left panel refers to profiles with a relatively deep mixed layer; while in the right panel, the profiles have a mixed
layer 10 m deep.

Besides, the similarity law obtained is:
c(z) = cmed[3.2 x exp(—2.8 *x z/H)] (71)

As presented in paragraph (2.4.2.1), other similarity laws which describe the MP vertical
distribution have been obtained in a similar way (e.g. Egger et al. 2020; Kukulka et al. 2012).
Kukulka et al. 2012 developed a one-dimensional model where c(z) depends on the surface
concentration, the rise velocity of plastic pieces and the near-surface vertical diffusivity. Egger
et al. 2020 proposed a law where the vertical MP concentration is calculated as a function of
the water depth.

The similarity law presented in this work, Eqg. (71), depends only on two scale parameters:
cmed and H. Since most of the sampling data have been collected on the sea surface, cmed
could be obtained with Eq. (71) using the c(0) value coming from sampling campaigns; while,
the mixed layer depth is commonly calculated with operational oceanographic models.

In addition, the agreement between the simulated profiles and Eq. (71) has been tested.

In general, as it is visible in Fig. (33), the accordance is good: the profile shape behaves nearly
the same and the order of magnitude of the MP concentration is similar. But in particular, as it
has already been said, during the cold season, the simulated data are described pretty well by
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this function especially when z/H > 0.25; while at the sea surface, the simulated
concentrations are higher than the experimental MP concentrations. On the contrary, when the
mixed layer is shallow, there is a good agreement between the simulated concentrations and
Eq. (71), especially in the first half of the mixed layer depth.
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Figure 33. Simulated (blue marks) and experimental (black marks) MP concentration profiles described by Eq. (71),
represented with a red curve. Left panel refers to profiles with a relatively deep mixed layer; while in the right panel, the
profiles have a mixed layer 10 m deep.
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5. Conclusions

This work is focused on the study of the 3D turbulent dispersion of MP in the marine
environment, with a specific attention to the OSBL. An innovative parameterization of the
vertical turbulent diffusivity has been developed and it has been implemented in a LSM
specifically devoted to the study of the 3D dispersion of MP.

More in detail, the study of the turbulent mixing in the OSBL and the intention to model it
produced an original vertical turbulence parameterization. This is based on the Taylor 1921
theory and the vertical turbulent diffusivity has been derived evaluating other turbulent
quantities: the vertical velocity variance and the Lagrangian integral time scale.

Compared with other parameterizations, the main advantage of ZPL parameterization is that is
based on Lagrangian quantities: the vertical velocity variance is a measure of the turbulence
and the Lagrangian time scale is an indicator of the dimension of the eddies, so this turbulence
parameterization is directly related to Lagrangian model parameters. In addition, it allows to
have an estimation of turbulent diffusivity by means of similarity laws that can be easily
generalized because they are mainly based on two parameters: the friction velocity and the
mixed layer depth.

A further development of the ZPL parameterization could concern the study of the horizontal
variability of the vertical turbulent diffusivity; in addition, a detailed analysis on the important
role of LC and how the ZPL parameterisation behaves under strongly convective forcing
without wind stress will be carried out.

The validity of ZPL parameterization in modelling turbulent dispersion in the OSBL have been
evaluated through several simulation of the 3D MP dispersion with the LSM Wiener3D V6.
The domain analysed was a sub-basin of the Mediterranean Sea, i.e. the Tyrrhenian Sea, which
is a semi-closed and densely populated basin.

Different simulations have been performed with the intention to test the role of the mean
currents, the sub-grid turbulence and the rising/settling velocity in the 3D dispersion of MP in
the marine environment.

The results have shown that, on average, it is possible to point out that the role of the mean
currents is predominant over sub-grid turbulence, even in the vertical direction, as it happens
on the horizontal plane; in fact, it seems that the vertical dispersion is not conditioned by
different vertical turbulence diffusivity values. More in detail, analysing the surface MP
concentration maps and the vertical section of the Tyrrhenian Sea, it caught the eye that MP
disperse differently in the basin, considering diverse simulation with different vertical
turbulence diffusivity schemes. In particular, if K, is null, anomalous surface accumulations of
MP could be spotted in the centre of the basin. Furthermore, if K, is constant, MP concentration
are affected by the fact that this assumption underestimates vertical mixing during Winter,
while overestimates it during Summer. So, if vertical dispersion is not modelled, and it is
neglected in many LSM, a partial representation of the mixing in the OSBL could be obtained.
So, even though on average terms different parameterizations of the vertical turbulent
diffusivity give similar results, a more accurate parameterization of the vertical turbulence
leads to a better description of the sea surface dispersion.

Furthermore, it has been shown that the MP physical characteristics can determine how they
disperse; in fact, if a settling velocity is assigned to the particles, they sink rather quickly and
they tend to accumulate on the continental shelf, both in the warm and in the cold season. This
contribution to the vertical dispersion cannot be neglected and this result gave rise to the need
to simulate the dispersion of different plastic polymers.
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In particular, analysing the vertical dispersion of MP with a density similar to the seawater, it
has been found that they are spread throughout the water column: higher concentrations can be
noticed in the first 100 m, MP concentration in the middle levels of the water column is an
order of magnitude lower, while in the last levels it is very small. Furthermore, it has been
found that positively buoyant particles are mainly confined close to the sea surface; on the other
hand, particles denser than seawater sink soon after their release from the coastal sources and
they accumulate on the sea floor.

The analysis of the results of these simulations have also highlighted how mixing phenomena
happening in different period of the year influence the MP dispersion in the marine
environment. In fact, during Winter the vertical mixing is more intense than in the Summer, so
MP tend to disperse and sink at greater depths; on the contrary, when the water column is
stratified, during the warm season, MP remain confined in the first 10 m or so, and they are
transported mainly on the horizontal plane.

The LSM Wiener3D v6 has been validated comparing the simulated MP concentrations
profiles with field data. Considering that in the Mediterranean Sea only MP surface
concentrations have been sampled, the comparison has been carried out with MP concentration
profiles obtained during campaigns in the world oceans. This comparison has been possible
because the data are representative of the MP distribution through the water column. In general,
when profiles have a relatively deep mixed layer, there is a good agreement between the data
and the shape of the profiles is very similar; but the maximum value of the simulated data
seems to be shifted closer to the sea surface than the experimental maximum value. Moreover,
when profiles have a mixed layer 10 m deep, there is an even better agreement between the
experimental and the simulated data and the order of magnitude of the normalized MP
concentration is similar at the different depths analysed.

Furthermore, the comparison with these experimental data gives the opportunity to develop a
similarity law which describe the MP vertical distribution. It allows an estimation of the MP
profile by means of the average concentration on the mixed layer and the mixed layer depth,
as scale parameters. Thus, in the cases of lack of experimental data on the vertical direction,
this could be a useful tool for the study of the turbulent dispersion of MP in the marine
environment, in particular within the water column.
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