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Abstract

Abstract

Marine pollution is a growing global issue. Following the proof of the
significant impacts of marine debris on the ecosystem worldwide, in the last
decades, the scientific community has focused the efforts on monitoring and
detection to assess more effective management strategies. The first efforts
were focused on the quantification and characterisation of pollutants, mostly
performing in-situ campaigns both in the beach and sea environments. Up
to now, the characterisation of the debris fractions has shown that the most
commonly portion is represented by plastic items. These polymers are
characterised by long residence times and the predisposition to be degraded
in smaller items, causing even greater impact on several marine fauna
species and, consequently, on humans. Recently, due to the difficulties to
perform intensive in-situ sampling campaigns especially over large areas,
the growing of new observation technologies has driven the scientific
community to develop remote sensing technigques for marine litter detection.
Several applications carried out using unmanned aerial vehicles and satellite
data highlighted that there is a lack of knowledge about the spectral response
of marine litter and plastic items. Additionally, their detection could be also
more difficult by considering their temporal evolution due to degradation
processes in the marine environment.

The issue concerns marine pollution is even worse considering that once
at the sea marine litter debris could be drifted by the sea currents to areas
which can be very far from the source points. Thus, there is high uncertainty
about the areas which can be more impacted by these kinds of pollution both
at the sea (accumulation areas) and at the coast (beaching). In this

framework, the existing monitoring actions (i.e. in-situ or remote detection)
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could be not enough to study and thus deal with the marine litter pollution
problem.

In this context, this thesis has been designed to test, and then to provide
new insights into the marine litter issue through an integrated approach
which include the in-situ monitoring campaigns, the application of remote
sensing techniques following a bottom-up approach, the setup of numerical
Lagrangian models to determine areas were these kinds of pollutions could
be severe (accumulation and beaching areas). A monitoring campaign
conducted in two urban beaches, with different management, allowed to
guantify and characterise the pollution status of those areas. Results show
the need to manage the beaches, organising frequently beach cleaning
activities.

Some of the samples collected during the monitoring, have been
spectrally characterised via a Laboratory experiment, and the
wavelengths/bands useful for the detection as well as the best sensors to use,
were identified. Some bands in the visible, red-edge, and in some infrared
bands, appear effective for the beach litter detection. WorldView-3 resulted
the sensor more useful for this purpose among the nowadays operating
satellite platforms.

Furthermore, the interconnection between sea and beach environments
was studied applying Lagrangian hydrodynamic models able to identify
accumulation and beaching area. Outcomes of the models have confirmed
as the marine litter is a transboundary issue that only a joint action of the
countries can mitigate.

Finally, the potentiality of hyperspectral satellite data was tested
analysing PRISMA images evaluating the capability to detect an artificial
floating target deployed at the Aegean Sea. Results showed that satellite
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hyperspectral images represent a useful tool for marine litter detection,

although their spatial resolution limits their applicability.

Keywords: marine litter, beach litter, in-situ monitoring activities, spectral

signatures, remote sensing detection, hydrodynamic models
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Chapter 1 Introduction

Chapter 1

Introduction

Marine litter is defined by the European Commission as “any persistent,
manufactured or processed solid material discarded, disposed of or
abandoned in the marine and coastal environment” (European Commission,
Joint Research Centre 2015). This definition includes the beach litter.
Marine and beach litter are extremely interconnected because one can affect
the other. Indeed, debris left in coastal areas can be sources of marine litter
(becoming sources and discharge points) and vice versa.

Marine litter is raising global concern due to the negative impacts firstly
observable on the marine ecosystems and then on human health and socio-
economic activities.

Organisms may encounter and then be affected by marine pollutants in
different ways: through entanglement, ingestion, chemical transfer. Those
can cause considerable suffering and often the death of the exposed fauna
(Gall and Thompson 2015). Human welfare is also affected by marine
pollution at different scales. Economic losses at both individual, enterprises
and communities levels were registered in different productive sectors like
tourism, fisheries, aquaculture, navigation and energy (Wemer et al. 2016).

Marine and beach litter are composed by a heterogeneity of materials.
The most common are plastics, wood, metals, glass, rubber, clothing, and
paper. Plastic items are usually the most abundant elements, as resulting
from an increasing production in the last decades. An incrementing of more
20 Mt (millions of tons) of plastics has been recorded between the 2019 and
2021, reaching a total mass of 390.7 Mt produced in 2021 worldwide.
Despite the European Community is trying to reduce the production and
dispersion of plastic items amending several laws, in 2021 a total of 52.7 Mt

plastic items were manufactured (Plastic, the fact 2021). Most plastic objects
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produced, once became waste, are used to produce energy while a small
portion is recycled or dispatched to landfill. Unfortunately, part of the plastic
waste is deliberately dispersed in the environment. In order to facilitate the
monitoring and data comparison on collected plastic items, the scientific
community has suggested to classify plastic items by categories based on
their sizes: mega- (> 1 m diameter), macro- (between 2.5 cm and <1 m),
meso- (between 5 mm and <2.5 cm), micro- (between 0.1 um and <5 mm)
and nano- (<0.1 um) plastic (Kroon et al. 2018). The impacts of these
fractions to the marine environment are different. Specifically, mega- and
macro-plastics often cause the entanglement of marine species such as
turtles, seals, whales, and some species of marine birds (Kihn, Bravo
Rebolledo, and van Franeker 2015). Instead, microplastics could be ingested
by various marine species (Gola et al. 2021) causing the introduction of
plastic polymers into the food chain (Gruber et al. 2023). Another reason of
concern is connected with the release of chemical compounds, like
additives, into the sediment and tissues of organisms, having a dangerous
impact on the organisms and human health (Browne et al. 2013).

The research interest on marine litter globally grew from 1960s, with a
peak recorded at the beginning of this century (Ryan 2015; Thompson et al.
2004). Several impacts on the environment have been already underlined
between the 1970s and 1980s. The first activities that allowed to monitor,
quantify/characterise the beach and marine litter were the in-situ campaigns,
operated by trained operators, regulated by different sampling
guides/manuals (one of the first was written in 1992; Ribic 1992).
Considering the variety of habitats in the coastal environment (sandy and
rocky beaches) and the sea depths to be sampled (deep sediment and/or
water column) different monitoring protocols, specific for each aera, have
been developed. These manuals are also differentiated according to the

fraction being studied: for examples, macrolitter items can be sampled
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directly using clamps; instead, microlitter (in sandy beaches) can be sampled
by collecting sand samples inside standard sampling surface (i.e. quadrats)
which are then sieved isolating the debris. Mega- and macro-litter at sea can
be detected by sighting surveys that allow to collect information regarding
the distribution and the amount of floating litter. Finally, micro-litter which
usually float in the water column, are usually quantified by using different
kind of nets (e.g. Manta net or Neuston net).

In-situ beach/marine litter surveys are time-consuming, expensive, and
require a high number of operators (COBSEA & CSIRO 2022) regardless
the sampling protocols applied. Furthermore, the surveyed areas are often
very limited which contrasts with the boundless nature of this kind of
pollution which is rapidly spread by the sea currents circulation.

In this context, recently, the scientific community is trying to overcome
some of the in-situ monitoring limitations by implementing new approaches,
like the application of hydrodynamic models and the use of remote sensing
technologies. Hydrodynamic models represent useful tools to track and
predict the particles position allowing to detect accumulation and beaching
areas. Instead, remote sensing methods, such as the use of images collected
by drones and satellites, allow to detect and quantify marine litter more
quickly and over a larger area compared to the in-situ campaigns. Despite
remote sensing tools have several benefits, some limitations were
underlined in the literature, like the lack of knowledge on plastic spectral
signatures and the low spatial resolutions of sensors (especially when using
satellite data) that allow only the detection of areas characterised by high
litter accumulations.

This thesis considers all these factors and analyse the opportunity to
study the marine/beach litter through the application of a multi-disciplinary

approach.
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Beach litter was studied jointly in-situ monitoring activities and remote
sensing techniques. Italian beaches are characterised by various
management practices that can be broadly categorised into two types:
beaches where access is regulated by beach resorts (entrance allowed under
paid subscription), and free access beaches.

In particular, sampling campaigns have been conducted focusing on
examine the different quantities and categories of macro-litter (in terms of
material, shape, dimensions, etc.) collected on beaches with the final aim to
detect patterns to be correlated with the respective beach management
practices — when existing —and with the existing human activities or marine
protected areas more in general. The study areas were selected to achieve
these goals. Furthermore, once the litter was categorised according to
different materials and objects, the most abundant were identified.
Additionally, a specific analysis was performed considering only plastic
items.

A selection of the debris, collected during the in-situ campaign, based on
the samples most commonly found on the beaches and those with peculiar
characteristic in terms of colour, shape, etc. was spectrally characterised via
an indoor experiment to achieve the following main goals: i) build a spectral
library refereed to harvested marine-debris; ii) provide data and information
to develop a standardise protocol for spectral data acquisition; indeed, the
absence of it is cause of uncertain concerning the methodologies to adapt
for the laboratory measurements; iii) evaluate distinguishability of the
samples from the sand background via the application of an appropriated
index iv) identify which are the most useful wavelength bands and the more
promising remote sensing platforms (already available) for marine litter
detection and plan future remote sensing detection tools; v) evaluate the
possibly to identify the polymers of which the plastic debris are composed.
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Beaches and marine litter are deeply connected, indeed the waste
released on the beach can reach the sea and/or the debris released directly
into the sea can end up on the beach. This interconnection was studied
through the application of Lagrangian Hydrodynamic models, considering
the coastal area as source of macroplastics, and examining the establishment
of sea surface accumulation and beaching areas. The identification of these
areas represents an important information for marine litter detection and
mitigation.

It is known that beach litter is easier to detect and quantify compared to
marine litter. Indeed, debris at sea is exposed to wave motion, wind action,
and it can float or sink in the water column thus making its detection a more
complex (or impossible) task. Considering all these negative factors, the
marine litter detection was explored focusing on an experimental setup
carried out within the Plastic Litter Project (PLP) 2021. A floating plastic
target has been deployed on the sea surface in the coastal area of the Aegean
Sea and considering it as a plastic accumulation area, it was tested the
capability to detect plastic item using the PRecursore IperSpettrale della
Missione Applicativa (PRISMA) hyperspectral satellite images, jointly with
the in-situ data.

A synthetic description of each chapter is reported in following:

e Chapter 1: introduces the marine litter issue and defines the main
goals of this thesis.

e Chapter 2: provides the state of art concerning beach and marine
litter with a particular focus on topic related to the main goals of the
thesis research.

e Chapter 3: defines the case studies conceived and designed to
achieve the main goals.

e Chapter 4: provides a detailed description of the materials and

methods adopted for each case study.
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e Chapter 5: reports the scientific evidence gathered by the analyses
carried out.

e Chapter 6: collates the discussions relative to the results achieved.

e Chapter 7: synthetises the main conclusions and presents some of

the potential future developments of the present research.
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Chapter 2

State of art: beach and marine litter

2.1 Beach litter

2.1.1 Beach litter: sampling campaigns

The increasing quantity of litter in the environment, especially in the
marine environment, is a cause for concern. Different sources can be
identified as cause of marine litter. Approximately 80% of marine litter
originates from terrestrial sources and is composed mostly of plastic items
(Allsopp et al. 2016; Bergmann et al. 2015). Often the litter encountered on
the beaches is discharged by tourists, especially during the summer season.
In some touristic area, during the summer season, more than 75% of the
annual waste production is generated (Galgani et al. 2013). Litter can also
be introduced in the beaches by the action of marine currents, which can
lead to its stranding (Solbakken, Kleiven, and Haarr 2022). The proximity
with major rivers or municipalities characterised by ineffective urban waste
collection systems can highly influence the presence of litter on the beaches
(Fazey and Ryan 2016).

The estimation of beach litter quantities is not easy to get, mostly because
different phenomena are involved such as the action of currents and waves,
the time of permanence on the beaches, the discharge rate by citizen and the
presence of local cleanup activities (Portman and Brennan 2017; Nachite et
al. 2019).

A wide knowledge baseline already exists on the variety of impacts
caused by beach litter affecting both the ecological and economic systems.

Despite over the years, several protocols have been drafted with the aim to
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guide the sampling campaigns, often data on occurrence of marine litter are
collected without referring to existing rigorous scientific protocols of data
collection. As a result, it is sometimes difficult to compare data across
temporal and spatial scale, with difficulties emerging when dealing to local
complex patterns of occurrence.

To both investigate the existing state of art of beach litter analysis and
the different protocols useful for the monitoring sampling campaigns on
global scale, a preliminary scoping review exercise was performed. The
search was performed by using a complex search string:

((“beach*") AND ("litter" OR "*plastic*" OR '"plastic debris") AND
("sand*") AND ("monitor*" OR "protocol*"))

The wildcard asterisk (*) following a search word has been used allowing
the search engine to consider, and accept, the word variation in the search;
guotation marks around word indicate the exact word allowed in the search
results. The search string was set to identify the different existing protocols
for the monitoring of beach litter, particularly dealing with sandy beach and
focusing on plastic debris. It was searched at TITLE-ABS-KEY level on
Scopus scientific literature database. The search was conducted in 2021,
before the sampling activities to have a clearly known about the issue and
the protocols that must be adhered to. Furthermore, it was performed
without applying temporal and spatial restriction. A total of 197 scientific
articles were retrieved from the research, but after a first screening, only 106
of them were considered suitable for the purpose of the review (or rather
reflecting the key items of our main research questions). Most of the collated
scientific articles have been published from 2015 showing a steady
increasing trend, testifying how much actual the issue of beach litter is, and
an associated increased scientific interest. The review highlighted the

following main protocols drafted to analyse the issues of beach litter in the
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most rigorous and replicable possible manner: UNEP (2009), OSPAR
(2010), MSFD TSG-ML (2013), NOAA (2013-2015), GESAMP (2019).

The listed protocols differ each other’s mainly in terms of type of litter
monitored, morphologies of the beaches etc.; consequently, it is often useful
to consult several of them and integrate the information from each to be able
to cover a wider range of data collection.

Interestingly, the analysis of the scoping literature review highlights that
many monitoring studies do not adhere to standard (from official protocols)
sampling procedures. For meso- and macro-fractions, approximately half of
the surveys follow standard sampling procedures, while only a quarter do so
for sample processing. This represents a relevant issue because the non-
adoption of protocols prevents from data comparisons (Cesarano et al.
2023).

2.1.2 Beach litter: detection through remote sensing
techniques

The in-situ campaigns for beach litter monitoring are time consuming
and difficult to manage especially over large areas (due to the high number
of operators to be employed) and during warm seasons. Thus, a more
efficient monitoring can be achieved through remote sensing applications.
Recently, several surveys were realised using the Unmanned Aerial
Vehicles (UAV) (Manfreda et al. 2018) which have numerous benefits, such
as the much less human effort required in the field and its feasibility for
detecting and mapping litter on different environments like as beaches,
dunes, rivers, and sea or lake waters (Andriolo et al. 2022). In Escobar-
Sanchez et al. (2021) the possibility to complement the OSPAR protocol by
drone-based monitoring was evaluated. Four different beaches located in

the Southern Baltic Sea (three in Germany and one in Lithuania), were
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mapped acquiring aerial images under different weather conditions. The
data collected were classified by using both unsupervised and supervised
techniques. Only litter characterised by a size > 2.5 cm was detectable as
several of the smaller items were misclassified. Furthermore, only an
estimation of the abundance and distribution of the debris was provided due
to the high variety of shapes, sizes, colours, and materials of the plastic
items. Several studies (e.g. Egorov et al. 2015) underlined the need to know
the spectral signatures of marine litter (also in wet or submerged conditions)
to train adequately the supervised classification algorithms. A lack of
knowledge regarding these data is evident and needs to be filled (Knaeps et
al. 2021). Indeed, despite the spectral signatures of dry virgin polymers are
already known and often used in the industry of material recovery to identify
the plastic items by others waste (Serranti and Bonifazi 2019) and to
distinguish the nature of polymers (Masoumi, Safavi, and Khani 2012),
spectra of marine plastic debris both in dry and wet conditions are not
available, driving the scientific community to fill this gap.

In Garaba and Dierssen (2018) the reflectance of marine-harvested
macro- and micro- plastics were acquired outdoor using the PANalytical
Boulder ASD FieldSpec 4 spectroradiometer (in the range from 350 to 2500
nm, at 1 nm of spectral resolution). Spectra of debris commonly found in
the beach environment (macroplastics) were collected and compared with
the spectra of the virgin microplastics to evaluate the similarities. The
spectra acquired were published online with the aim to create a spectra
library, available to the scientific community.

In Acufia-Ruz et al., (2018) monitoring campaigns have been conducted
in the beach environment with the aim to collect samples and spectrally
characterise them in the sun-range wavelengths. The experimental setup of

this application is not in-depth explained, not allowing the replicability of
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the measurements. However, thermal infrared data of the same samples were
acquired, describing in depth the experimental setup (Garaba, Acufia-Ruz,
and Mattar 2020).

In the framework of the Hyperspectral Remote Sensing Of Marine
Plastics (HYPER) project (Knaeps et al. 2021), the spectra of marine-
harvested and virgin plastics in different conditions were acquired both in
dry (using the ASD FieldSpec 4 spectroradiometer) and in wet conditions
(using the SEV SR-3501 hyperspectral spectroradiometer). The dry
experiment was carried out in a dark laboratory room by illuminating the
samples with two halogen tungsten lamps.

Following the acquisition of the spectral data, one of the main scientific
question regards the methodology and the algorithms to implement in order
to identify the main spectral differences between the different kind of
polymers dispersed in the environment (Samokhin et al. 2015). For example,
in Garaba and Dierssen (2018) it was used the spectral contrast angle (Wan,
Vidavsky, and Gross 2002), instead in other studies (Van Der Meer, 2006)
the performance of other indexes like as the spectral angle mapper (SAM)
or the vector distance (Euclidean distance measure, ED) was evaluated.

Finally, one of the main scientific gap concerning the marine spectral
data regards the absence of a standardised protocol that causes a non-
homogeneity of the dataset (often acquired with different technigques or with
different instruments).

2.2 Marine litter

2.2.1 Tracking models

The use of a numerical model is essential to figure out where and how
marine litter, once at the sea, can be accumulated in a specific sea area and/or

reach coastal zones. Indeed, tracking marine litter is fundamental as its
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detection using remote sensing is quite difficult and in-situ campaigns,
which are expensive both economically and in terms of staff employed,
provide only point-based information.

In this framework, the use of the hydrodynamic tracking models
represent an important instrument to evaluate the trajectories of marine
litter, identify possible accumulation areas at sea and beaching zones thus
addressing remote sensing detection and in-situ operations. Indeed, knowing
the particles’ accumulation area, it is possible to focus on a specific domain
using the suitable remote sensing data. Additionally, hydrodynamic tracking
models allow to simulate different discharging scenarios, in terms of
guantity, initial discharge points, and discharging temporal dynamic; thus,
providing spatio-temporal distributions of litter.

From the literature review Lagrangian and Eulerian schemes, often
jointly employed, are the most used in fluid-dynamics (Batchelor 2000,
Bigdeli et al. 2022). These approaches allow to model the advection-
dispersion-reaction process of the pollutants once they are in the sea
environment (e.g. van Sebille et al. 2018). The main difference between
Lagrangian and Eulerian models lies in the distinct approach used to build
the equations with respect the considered coordinate system (Guerrini, Mari,
and Casagrandi 2021). Punctual elements following an instantaneous flow,
such as the litter particles, can be tracked by the Lagrangian models. These
models allow to track particles’ positions (in time and space) individually,
also quantifying their concentrations, by adopting a movable coordinate
system and considering particles as discrete (Zhang and Chen 2007). On the
other hand, the description of the motion of substances at a fixed locations,
like the nodes of a computational grid, is usually done using an Eulerian
scheme (Guerrini, Mari, and Casagrandi 2021). With this approach, the
particles position is known at fixed points (computational nodes) in
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continuum (Van Utenhove 2019). Eulerian models were applied to different
case studies (Nordam et al. 2023). For example, to track suspended particles
in water, like as nanoparticles in rivers (Saharia et al. 2019) or microplastics
in the oceans (Mountford and Morales Maqueda 2019). However, Eulerian
approaches are frequently applied to simulate vortex flow fields (Azarpira,
Zarrati, and Farrokhzad 2021). Examples of ocean circulation models using
the Eulerian scheme are ROMS (Shchepetkin and McWilliams 2005) and
NEMO (‘NEMO Ocean Engine’ 2024). Lagrangian approaches are
frequently applied to track the movement of the particles in the ocean (van
Sebille et al. 2018) that are moved by the sea currents considering also a
random further displacement of them due to turbulent diffusion phenomena.
Several Lagrangian models were employed to simulate the fate of plastic
items (Delandmeter and van Sebille 2019; de la Fuente et al. 2021,
Liubartseva et al. 2018) but also the transport of dissolved gases
(Wimalaratne et al. 2015). The possibility to consider each particle
independently by the others, is one of the main advantages of the Lagrangian
approach as, in principle, it is possible to assume specific properties for each
particle or groups of particles which are to be tracked (Nordam et al. 2023).

The Lagrangian “Track Marine Plastic Debris” (TrackMPD) model,
explained in Jalon-Rojas, Wang, and Fredj (2019) simulates plastic particles
transport tacking into account the geometric characteristics of the items,
such as the size, shape, density, and the physical process like advection,
beaching, deposition, diffusion, sinking and washing-off. The model also
counts the influence of different kind of phenomena, such as biofouling and
degradation which play an important role in the fate and transport of the
particles; indeed, both these phenomena can affect the status and the
behaviour of the particles themselves. When released, plastic debris have

usually regular shapes (e.g., beads or spherules) that, after their exposition
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to degradation actions can be altered creating various shapes, often
characterised by smoother boundaries (Khatmullina and Isachenko 2017).
These changes have direct effects on the transport of the particles. Thus, in
this framework, the residence time in the sea environment can play a role in
the motion of plastic particles (Doyle et al. 2011). Also, the biofouling plays
an important role in plastic transport. Biofilm developed by the
microorganisms causes an increase of plastics’ weight which can in some
cases lead to the sink of the particles (Li, Zhang, and Tang 2020).

In this work, two different Lagrangian models were applied: the TrackMPD
(developed by Jalon-Rojas et al., 2019) and the “Simple tracking model”
(STM) developed by the remote sensing group of the Diparimento di
Ingegneria - Universita degli Studi di Palermo (ltaly).

TrackMPD is specifically tailored to track plastic litter; it takes into account
several phenomena that influence the position of the particles like as
beaching, washing-off etc. Considering these phenomena, the model can
require high computation time.

STM was developed to address the need to rapidly track a huge number of
particles, aiming to assess the tendency of the sea current fields to
accumulate/spread floating debris. The model is based only on the advection
phenomenon tracking virtual points (no mass, no volume). The minor
complexity of the STM model makes it a valid tool in case of ecological
disasters as it can provide real time outcomes.

Due to the different simulated phenomena, the two models could differ
significantly. This necessitates a comparison of the simulations results
obtained using TrackMPD and STM.

Both models are developed in MATLAB® and, specifically, the TrackMPD
is based on the Particle Tracking and Analysis Toolbox (PaTATO, Fredj et
al. 2016). Both are compatible with sea currents data from different sources
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and need to know the coordinates of the discharge points. This implies that
unless the study is focus on a specific case study, it is necessary to assume
the release points. To this aim, were investigated the main sources of marine
litter. It is demonstrated that rivers are one of the main sources of plastic
debris in the oceans (Martinez-Vicente et al. 2019; Lebreton etal. 2017; Van
Emmerik et al. 2022). Additionally, Xia et al. (2020) underlined the strong
correlation between rainfall and microplastic concentration at sea. Thus, one
possibility is to build a discharge scenario using data provided by the
hydrological service (specific for each region). Indeed, the discharge
scenario could be based on the rivers’ mouths position (discharge sources)
and their runoff volumes (magnitude and temporal distribution). A different
source of information could be the interactive map of the Ocean cleanup
organisation, available in the company’s website

(https://theoceancleanup.com/). The Ocean cleanup is a non-profit

organisation, founded in 2013, focused on rid the plastic pollutants
dispersed in the ocean and it is involved in important projects whose goals
are the cleaning of the ocean through the develop of new technologies. The
data, produced by a model and reported in the available maps, indicate the
plastics’ presence at the coast which are discharged by the rivers.

Despite several data are available in the scientific literature as input for
hydrodynamic models, an integrated approach with the data acquisition on
site is a useful methodology to apply/validate the models.

2.2.2 Detection of floating plastic litter on sea surface
using remote sensing

Detection of marine litter through remote sensing is crucial to identify
areas where plastic pollution represents an hotspot and to determine

activities that could be undertaken to address the problem.
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One of the main problems connected with the marine plastic detection is
the presence of various plastic elements (in terms of shape, size, and colour)
and their spatial variabilities along the water column (Papatheodorou et al.
2012). Several approaches have been explored in the studies of marine
plastic detection through remote sensing. In many instances, drones
equipped with RGB cameras, were employed for applications related to
plastic detection (e.g., Papakonstantinou et al. 2021) jointly with the use of
deep learning algorithms. Despite the economic benefits of the use of these
cameras, as pointed out by Freitas, Silva, and Silva 2021, their effectiveness
in marine plastic detection is hindered by challenges related to spatial
resolution and surface water reflections.

Notable successes in the localisation, identification, and quantification
of debris in coastal areas have been demonstrated through the utilisation of
very-high spatial resolution images collected by Unmanned Aerial Vehicles
(UAV) (Merlino et al. 2020). Also, Fallati et al. (2019) applied deep-
learning algorithms to UAV data, successfully detecting plastic objects on
the shoreline. The main limitations of using aerial surveys for marine litter
detection are related to different operational challenges such as the need of
specialised operators, the presence of restricted areas (not flyable zones) and
the high cost of frequent flight scheduling (Unger et al. 2021).

These issues are resolved using satellite images which, however, have
some limitations in both temporal and geometric resolutions. In Biermann
et al. (2020) a method for detection of plastic litter using Sentinel-2 images
was developed using the Floating Debris Index (FDI). The problem of not
knowing the spectral signature of plastic materials in the sea is addressed
through the use of non-linear unmixing techniques. Topouzelis et al. (2020)
applied this methodology to Sentinel-2 images, obtaining a plastic spectral

signature similar to that retrieved by using UAV data. Benefits of the use of
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non-linear unmixing were confirmed also in Papageorgiou et al. 2022, where
this technique was applied to Sentinel-2 images for detecting artificial
targets in the sea of Lesvos Island (Greece). However, due to the low
spectral resolutions of Sentinel-2 the authors highlighted the need to test the
detection capabilities of hyperspectral data. In this framework, laboratory
measurements (Corbari et al. 2020) and hyperspectral UAV surveys (Balsi
et al. 2021) demonstrated the advantages of use hyperspectral data for
detection of marine litter. The main limitations of these data are related to
the low spatial resolution inherent in this type of sensor if mounted on
satellite platforms. Some authors suggested the use of pan-sharpening
technique to enhance the spatial resolution of hyperspectral band (Kremezi
etal. 2021). In different studies (e.g., Freitas, Silva, and Silva 2021), various
plastic targets were deployed on the sea surface, and hyperspectral images
were collected through manned and unmanned aerial platforms. Machine
learning algorithms, specifically Random Forest (RF) and Support Vector
Machines (SVM), were applied to classify the targets, revealing promising
results in terms of detection.

To assess the most effective techniques for marine litter detection, it is
important to understand how pollutants interact with the marine
environment and how their spectral behaviours change. A bottom-up
approach is certainly useful to know the spectral signatures of the litter
discharged on the sea environment confirmed by two laboratory
experiments (Corbari et al. 2020; Garaba and Dierssen 2018) focused on the
spectral characterisation of plastic litter.

Due to the difficulties to detect debris dispersed in the marine
environment, ad-hoc experiments were carried out in the framework of the
series of projects called “Plastic Litter Project”, conducted by the University

of the Aegean and financed by ESA. These projects allow to advance the
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study of plastic litter detection through the implementation of remote
sensing. In particular, the main goals of the PLP projects were:
e To expand the spectral signature database to incorporate floating
marine litter.
e To evaluate the capability and limitation of the Sentinel-2 and
Unmanned Aircraft System (UAS) for detecting marine plastic.
Over the years (from 2018 to 2023), various types of targets (in terms of
material, shape, etc.), have been deployed at sea, particularly in the Gulf of
Gera (Lesvos Island, Greece), and detected using satellite and drone
imagery. Sentinel-2 images were used and shown promising results in terms

of detection of targets.
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Chapter 3

Study areas

The study areas selected in this research activity were chosen to address
the main scientific questions. In this Chapter these areas are described,

focusing both on beach and marine litter.

3.1 Beach litter

The choice of the study areas in which perform the beach litter
monitoring campaigns was guided by the necessity to achieve the main goals
of this activity. Two study areas located along the north-west Sicilian coasts

(Italy), were selected: Mondello and Isola delle Femmine (Figure 3.1).
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Figure 3.1- In-situ sampling area. The study area of Mondello is represented by the
black dot and the one of Isola delle Femmine by the blue dot.

Both areas are characterised by flat sandy beaches and by the presence
of bathing lidos and free access zone. To correlate beach management with

quantity/kind of litter, in Mondello were sampled areas with different
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management; instead, in Isola delle Femmine free access beaches were

chosen.

These two beaches shared several characteristics (e.g. sand based, high
tourist pressure each summer season, due to their proximity to Palermo city)
as well as management distinctions, such as the presence of cleaning
activities and a variety of in use patterns.

In the following the sampling areas are described more in details.

3.1.1 Mondello beach

Mondello beach (38.20° N, 13.32° E) is located in a small bay close to
the municipality of Palermo and is targeted by both citizens and tourists.
The population of Mondello is around 4200 inhabitants, but its increases
significantly on summer season (City Facts, 2020).

This beach is a typical example of coastal area characterised by
management measures in which the entrances and permanence — human
pressure — is regulated by a variety of existing entrance subscription options
(where it is possible to stay only by paying the expected cost for the rental
of umbrellas, deckchairs or sunbeds, and even small rooms). Indeed, the
majority of this coastal area is managed by a private company “Mondello
Italo Belga” and a section is free access for the citizen. The company
managed different kind of bathing establishment that differ in the type of
subscription that citizens can pay for: seasonal, daily and low-cost. These
differ in the frequency with which citizens can access on the beaches,
respectively: for the entire summer season, daily or for a few hours.

The areas covered by the sampling activities for the different sectors, are
reported in Figure 3.2.
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Figure 3.2 — Mondello sites sampled with different management: Seasonal (M-S1,
M-S2, M-S3), Daily (M-D1, M-D2, M-D3), Low-cost (M-L1, M-L2).

The beach resorts in which the surveys were conducted are characterised
by different length and width, and consequently different size square. In
each site, only the shoreline immediately close to the sea was used as free
access zones.

All the beaches are maintained by the managers that offer a daily
cleaning up (regulated by regional law e.g. by means of a beach cleaning
machine at the beginning of the summer and every day during the summer
season by operators using a net with 0.5 - 1 cm mesh), lifeguards and
services as bar and restaurants are provided of waste bins.

All the sampling activities were carried out during the summer of 2021,
in the very early morning (to avoid the presence of many bathers). Table 3.1
reports the collection date jointly with the square meters extension of each
beach.
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Table 3.1 — Geometric characteristics of sampled sites in Mondello and collection
date.

Beach - code | Collection date | Square (m?)

-~ M-D1 51 July 2021 4754

T 0 M-D2 2" August 2021 4559

g| ° M-D3 | 20" September 2021 3738
g T M-S1 260 July 2021 3040
g § n M-S2 13" September 2021 5262
2| & M-S3 27" September 2021 4305
& g M-L1 26" July 2021 1794

L

% M-L2 20" September 2021 4115

Total

31567

3.1.2 Isola delle Femmine

Isola delle Femmine beach (38.20°N, 13.24°E) is located 20 km faraway
from Palermo city. The population census in Isola delle Femmine is around
7000 inhabitants (City Facts, 2022). The beach is mostly targeted during the
year by local citizens (that conduct fishing activities) with an increase of
users during the summer season when it is targeted by both tourists and
citizen from the neighboring municipality (main from Palermo city).

Isola delle Femmine is partially located inside the Marine Protected Area
(MPA) of “Capo Gallo — Isola delle Femmine” that covers a sea area of
2.173 ha and a coastal area of 16 km (from Palermo to Isola delle Femmine).
The MPA is divided in three main zones, depending on the different
protection levels:

e The A zone (77 ha) is characterised by the maximum level of
protection. In this area bathing is forbidden.

e The B zone (242 ha) in which bathing is allowed but the anchoring
of the boats is allowed only through the buoys provided by the
managing body.
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e The C zone (1854 ha), in which human activities like swimming,
diving, and fishing (small scales ones) are allowed.

The MPA was established in 2002 and different studies focused on the
importance of this area in terms of biodiversity. Crosti et al. (2020) studied
the conservation status of the area and underlined that more than 44
protected species are hosted in the Capo Gallo MPA.
Figure 3.3 reports the MPA zones.
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Figure 3.3 — Marine protected area (MPA) of Capo Gallo - Isola delle Femmine.
(Source: https://www.mase.gov.it/pagina/area-marina-protetta-capo-gallo-isola-
delle-femmine).

Despite some of the areas in Isola delle Femmine beach are managed
through the establishment of private lidos, the sampling activities were
performed in portions characterised by free access for users. The sampled

areas are reported in Figure 3.4.
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Figure 3.4 — Isola delle Femmine sampled sites.

All the monitored areas are sandy beaches apart from the so called I-1

that is characterised by the presence of a few rocks close to the sea.
Importantly, it should be noted that only 1-1 beach portion falls within this
designated C zone of the MPA.
In all selected beaches there are no scheduled beach cleaning activities
(organised by private companies or by the municipality) but only during the
summer season and on a voluntary basis, a group of citizens removes macro-
litter on the beach surface. In addition, all the beach portions sampled in
Isola delle Femmine are interested by the presence of a small fishing and
touristic port.

Table 3.2 reports the sampling date and the square meters of each
sampled beach. All the sampling activities were carried out in the early

morning, as was done for the case study of Mondello.
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Table 3.2 — Geometric characteristics of sampled sites in Isola delle Femmine beach
and collection date.

Beach - code Collection date Square (m?)
I-1 28" July 2021 8 September 2021 1374
-2 4™ August 2021 | 22™ September 2021 2592
I-3 1"d September 2021 | 15" September 2021 3365
Total
1331

3.2 Marine litter: tracking and detection

The transport of marine litter particles dispersed on the sea surface was
studied through the application of two hydrodynamic Lagrangian models.
Three different areas were chosen to this purpose: the Tyrrhenian Sea, the
Strait of Sicily and the West Africa Coastal areas. The simulations
conducted in each domain differ in methodology, source points, and
outcomes’ analysis. Detailed descriptions are reported in the Material and
Methods section.

On the other hands, the marine plastic detection through the use of
hyperspectral PRISMA satellite sensor was focused on the large plastic
target deployed on the sea surface in the Aegean marine area.

In the following, a general overview of the Mediterranean basin main
circulation patterns will be described with a focus on Tyrrhenian Sea and
the Strait of Sicily study areas. Then the West Africa Coastal study areas are
described. Finally, for the remote sensing plastic detection activity, the

Aegeas Sea study area is described.

3.2.1 TrackMPD - STM models application areas:
Mediterranean basin

Mediterranean basin is one of the most populated area with the 10% of
the global coastal population (Jones, O’Neill, and Gao 2020). The
considerable production and dispersion of the plastic elements and the
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morphology of this area cause long waters’ residence time (Lacombe H,
Gascard JC, Gonella J, Bethoux JP, 1981). In the last decades, different
campaigns were carried out in the Mediterranean basin to quantify the
presence of plastic pollutants. A monitoring campaign was conducted by
Cozar et al. (2015) in May 2013, sampling the sea surface water in 28 sites
of the Mediterranean sea using neuston nets. Around 3900 plastic items were
found out in the nets and five different shapes have been identified:
fragment, film, foam, fishing thread, pellet/granule. The quantifications
from the monitoring campaigns are comparable with the accumulation zone
of floating plastic debris predicted at global scale using a global surface
circulation model (Cozar et al. 2015). The concentrations of the global
plastic waste are reported in Figure 3.5. In this map, the dark and grey areas
represent the modelled accumulation zones, considering the five subtropical
gyres, while the white oceanic areas represent the non-accumulation zones.
This research clearly highlighted the presence of a hotspot of concentration
in the cross-border area between the Sicilian coast and Malta island.
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Figure 3.5 — Concentrations of plastic elements on sea water surface in the
Mediterranean Sea compared with the quantity on global ocean. (Source: Cozar et
al. 2015).

Within the international experimental bottom trawl surveys (MEDITS),
on August 2019, a sampling campaign was accomplished on board the
commercial stern trawler (Pegaso S.B. - UE 7826) in the South of Sicily
(Monique et al. 2022) allowing to quantify the microplastics items ingested
by the shark Scyliorhinus canicula. The study reported that 80.3% of the
shark’s stomachs present plastic items including both macroplastics and
microplastics, confirming the presence of a hotspot of accumulation on the
South of Sicily cross-border area.

With more than 8500 species of macroscopic marine organisms -
between 4% / 18% of the world marine species - the Mediterranean basin
represents a global hotspot of biodiversity (Bianchi and Morri 2000). The
study of marine litter’s impacts is of crucial relevance into the basin, as
marine litter represent another layer of human disturbance that is exerted on
the marine ecosystems on the area, which detrimental effects may have an
additive and synergistic effects on the already recorded negative effects due

to overfishing (Bennema and Rijnsdorp 2015; Consoli et al. 2016), marine
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traffic (La Loggia et al. 2011), oil and gas extraction (Mangano and Sara
2017). Specifically, due to the structure of semi-enclosed basin, then the
peculiar water circulation, the study of the particles of marine litter cannot
disregard the sea currents that occur in the area (Figure 3.6) that have then
integrated into the models used (see the list of currents in Table 3.3 and
Table 3.4).
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Figure 3.6 — Mean surface circulation in the Sicily Channel and Southern

Tyrrhenian Sea. The Black arrows represent permanent sub-basin and mesoscale

structures; dashed red/blue lines are referring to the seasonal summer/winter

structures, respectively. These last are superimposed on the black arrows when the

structures are permanent but most intense in summer/winter. (Source: Menna et al.
2019).
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Table 3.3 — Main Sea currents in the Sicily-Malta Channel.
Sea currents

Acronyms Description

AC Algerian Current

AIS Atlantic lonian Stream
ALC Atlantic Libyan Current
ATC Atlantic Tunisian Current
ATC Atlantic Tunisian Current

MI1J Mid-lonian Jet

BTC Bifurcation Tyrrhenian Current
BATC Bifurcation Atlantic Tunisian Current
TSC Tyrrhenian Sicilian Current
TSC Tyrrhenian Sicilian Current

Table 3.4 — Main Gyres and Eddies in the Sicily-Malta Channel.
Gyres and Eddies

Acronyms Description

ABV Adventure Bank Vortex
ISV lonian Shelf break Vortex

LSBV Libyan Shelf Break Vortex
MG Medina Gyre

MCC Maltese Channel Crest

MRV Messina Rice Vortex
NSA Northern Sicily Anticyclone
PV Pantelleria Vortex

SCA Sicily Channel Anticyclone
SG Sidra Gyre

SISV Southern lonian Shelf break VVortex
SMG Southern Medina Gyre
SMA Southern Maltese Anticyclone

As is it possible to see in Figure 3.6, most of the sea currents are
permanent but influenced by the season variability. Only TSC and the PV

are seasonal occurring in summer and winter, respectively. The sea currents
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undergo an intensification caused by the wind stress: this is evident
especially for BTC, ATC, BATC, and ALC. In opposite AlS, SG, and the
MCC, are stronger in summer, when the wind stress is feeble. The presence
of different gyres and eddies in the area suggests the possibly accumulation
of debris.

South Tyrrhenian Sea

The model application on the South Tyrrhenian Sea (10.8°W, 16°E;
35.8°S, 43°N) was conducted considering as “sources”, or rather main
discharging points, the two studied beaches of Mondello and Isola delle
Femmine, sampled during the in-situ monitoring campaign specifically

conducted during the summer season in 2021 (Figure 3.7).
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Figure 3.7 — Study area for the South Tyrrhenian Sea application.
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Strait of Sicily

The Strait of Sicily (11.5° W, 16.5° E; 35° S, 37.8°N) was considered as
study area (Figure 3.8) for the importance in the plastic/litter pollution
processes considering that large Sicilian Rivers (Imera Meridionale, Platani,
Verdura, Belice, etc.) have their outlet in this region.
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Figure 3.8 — Study area for the Strait of Sicily application.

Morphologically, this area is narrow and shallow. It is characterised by
an important hydrodynamical processes, including meandering sea currents,
mesoscale eddies, filaments, and recurrent wind-driven upwelling events
(e.g. Basilone et al. 2013; Capodici et al. 2018). The presence of this
oceanographic components allows to maintain an high level of local
biodiversity (e.g. Béranger et al. 2004). The relevance of this area prompted
to the implementation of a dedicated HFR (High Frequency Radar) systems
network within the CALYPSO project (Drago et al., 2015). Three HFR
systems were deployed in the area in 2013 reaching a total of seven HFR in
2021. CALYPSO permits to monitor the sea surface currents for oil spill

dispersion and emergency management. Sea surface current maps provide
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from this network allowed characterising the surface circulation patterns in
the region (e.g., Cosoli et al. 2015) with a very high temporal and spatial
resolution. For the data validation several Lagrangian drifters were deployed
in December 2012 and June, September and October 2013 (Capodici et al.
2019). Other validation campaigns were realised also recently.

Although the CALYPSO data are reliable, these data were not used in
this thesis work as not adequate to be considered as input of Lagrangian
models: HFR data are indeed collected over a limited area and are
characterised by moderate/high data gaps in time and space due to failures
and/or radio frequency interferences. For the above-mentioned reasons, the

CMS data were used to force the tracking models.

3.2.2 TrackMPD model application areas: Liberia/Gulf
of Guinea

The coastal area between Liberia and the Gulf of Guinea was studied
within the GDA AID Marine Environment & Blue Economy project. The
aim of this project, funded by the European Space Agency, in collaboration
with the Asian Development Bank and World Bank, is to assist International
Funding Institutions teams in the framework of the marine environment and
Blue Economy by implementing innovative Earth Observation services. The
study is part of two Use Cases for the World Bank’s PROBLUE and West
Africa Coastal Areas (WACA) programs, which focus on the west Africa
coastal area.

The Gulf of Guinea represents an important source of natural resources
(Banchani 2016; Osaretin 2011) sustaining the economy of the encircled
countries (Annan and Wan 2022). These countries like Cameroon,
Equatorial Guinea, Gabon, Ghana, Ivory Coast, Nigeria are still in the early

phase of development and their infrastructures expansion depends also on
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energy resources available in the Guinea’s area. (Brownfield, M.E. and
Charpentier, R.R. 2006). Focusing on marine economy, it was analysed the
plastic particles circulation on the sea surface using the TrackMPD model,
considering as sources the most important rivers in the Liberian region. The
Liberian Hydrological Services provides the streamflow’s data with daily,

monthly, and annual temporal resolution (https://Ihsliberia.com/hydrology-

for-the-curious/rivers/).

Preliminarily, the main oceanic circulations of the study area were
analysed. In Djakouré et al. (2014) the main oceanic currents and wind stress

directions are schematise as reported in Figure 3.9.

C. Three Points
Cotonou

C. Palmas
-8
Abidjan

Latitude (°)

15" 10w 5w o 5°E 10°e
Longitude (°)
Figure 3.9 — Scheme of the main oceanic currents in the Gulf of Guinea. The solid
lines represent the major surface currents (GC = Guinea Current, NECC = North
Equatorial CounterCurrent, CC = Canary Current, SEC = South Equatorial Current,
EUC = Equatorial UnderCurrent, GCUC = Gabon-Congo UnderCurrent); instead,
the black dotted arrows the wind stress directions.

The major oceanic currents (Ingham,1970 and Bourle’s, 2003) are:
Guinea Current (GC); North Equatorial CounterCurrent (NECC); Canary
Current (CC); South Equatorial Current (SEC); Equatorial UnderCurrent
(EUC); Gabon-Congo UnderCurrent (GCUC). The analyses of the sea
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current patterns showed that a debris accumulation is possible especially in
the north-east area, where the morphology facilitates the build-up.

The study area (-17°W, 12°E; -5°S, 7° N) includes the coastal zone
between the Liberian region and the Gulf of Guinea (Figure 3.10). The
sources of discharge were assumed to be located at the estuarine of the five

main rivers flowing in Liberia (Figure 3.10).
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Figure 3.10 — Study area for the Liberia/Gulf of Guinea application: red box
represents the input zone. The colored lines represent rivers considered as a source
of pollution. The dashed black box represents the area where the outputs of the
model will be displayed.

The dashed black box indicates the area of which the outcomes of the
model have been reported.

3.2.3 Detection of floating target: Aegean Sea study
Area

The study area for the marine litter detection through satellite data is in
the Gulf of Gera (Lesvos Island, Greece) where two artificial targets were
deployed within the PLP 2021 project (Figure 3.11). The Gulf is a semi-

enclosed water body with a surface area of approximately 43 km?, connected
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to the sea through a 200-800 m wide and 6.5 km long channel (Tamvaki and
Tsirtsis 2005).
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Figure 3.11 - Study area for remote sensing application. (Source:
https://plp.aegean.gr/plastic-litter-project-2021/).

One target was made of plastic and deployed the 6" June 2021; the
second, was crafted from wood and deployed the 17" June 2021.
Unmanned aerial vehicle (UAV) surveys were scheduled every five days

to monitor the two targets.
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Chapter 4

Materials and Methods

In this section the main tools and methodologies, applied to achieve the
research’s goals are reported. Beach and marine litter topics are separately

described.

4.1 Materials
4.1.1 Beach litter

4.1.1.1 Sampling campaign

As mentioned, the sampling campaign was realised to collect macro-,
meso- and micro-plastics. As suggested by the protocols adapted, different
tools have been used to collect each fraction. Common to all surveys,
regardless of the collected material, was the essential presence of a team of
trained operators.

In this section, the materials used to collect the macro-, meso-, and

microplastics are described.

Macroplastics
The macroplastics sampling was done considering the “Guidelines for

the monitoring and assessment of plastic litter in the ocean” (GESAMP
2019) protocol. The materials needed were:

e Meters to define the survey area.

e GPS to take coordinates of start and end of section.

e Adequate number of clamps to collect waste.

o Gloves for operators.

e Bags for laying the collected waste.
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e Scale for weighing the waste collected.
e The master list of Categories of Litter Items, drawn up by the “Joint
Research Centre” (JRC), papers and pens to classify the waste

collected.

Mesoplastics
The mesoplastics sampling was done considering the GESAMP protocol
(2019). The materials needed to collect this plastic debris fraction were:
e 1-meter square quadrat.
e Asteel shovel.
e A5 mm stainless steel sieve.

e Glass containers to store the sand.

Microplastics
All the materials used to sample the meso-plastics were used to collect
the microplastics fraction, except the 5 mm stainless steel sieve that was

replaced with a 1 mm one, cause of the smaller dimension of this debris.

4.1.1.2 Laboratory experiment

With the aim to acquire the spectral signatures of the marine samples,
two different experimental setups were carried out. The samples were placed
within a black and white box and the spectral reflectance of each sample
was measured using the FieldSpec 4 Hi-Res spectroradiometer by ASD
(Analytical Spectral Devices). This instrument measures the spectral
signatures across the entire solar-reflected spectrum (i.e. from 300 to 2500
nm) by means a 1.5 m long optical fiber with a field of view of 25°. Because
the samples have limited dimensions (some of them were characterised by
a surface smaller than 1 cm?) an 8° optic was employed to ensure a centred

measurement over the sample. The instrument is composed of three
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spectroradiometers, one operating in the visible range (VNIR, 350-1000 nm)
with a spectral resolution of 3 nm and the other two in different infrared
ranges named shortwave 1 (SWIR-1, 1001-1800 nm) and shortwave 2
(SWIR-2, 1801-2500 nm) having spectral resolution of 8 nm. The
instrument is controlled via a personal computer in which the collected
spectra are stored. The samples positioned inside the boxes were illuminated
using two ASD pro - llluminator Reflectance Lamp Halogen equipped with
Single-Ended Quartz JC14.5V-50WC lamps characterised by an irradiance
curve which approximate that of the sun.

The boxes used have very similar volumes (60 x 70 x 60 cm and 60 x 60
x 60 cm for the black and the white boxes respectively) but different
purposes: the black box absorbs the illumination while the white one reflect
more than 90% of the light radiation. The shape and the paint used for the
boxes were chosen to emphasise these differences. The top of the white box
has a ‘cupola’ shape, to enhance the light diffusion, instead the one of the
black box is horizontal. The paints used to build the two boxes were properly
selected after several tests performed over small wood samples, which were
spectral characterised. The most absorbing and reflecting paints were used
for the black and white box respectively. The height and width of the boxes
are designed to properly place the lamps and samples for performing the
analysis accordingly to the two different planned illumination geometry
(please refer to the 4.2.1.2 section, Figure 4.12). To avoid influences due to
external lights and of the operator, two curtains (matching the colour of the
box) allowed to completely close the boxes during the measures. These were
made with a fabric previously spectrally characterised to confirm their
matching with the white and black, above-mentioned, paints. Figure 4.1
reports the schematisation of the experimental setup conducted using the

white box with the electronic instruments used: the spectroradiometer (with
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the optical fiber), the personal computer and the lamps. It is shown also the
tripod in which the samples were placed for the measurements. The
experiment carried out using the black box differs for the lamps’ orientation
(see Figure 4.12, panel a). Pictures of the experiments are reported in Annex
1.

(b)

Figure 4.1 — Experimental setup: a) personal computer, b) spectroradiometer, ¢) box
(white and black), d) lamps.

To perform the measures, the samples were placed on a black panel
(21 x 15 x 1 cm) (Figure 4.2, panel a) realised by covering a wood board
with a black opaque fabric (the same used to close the black box). In order
to compute the reflectance of the samples (refer to the Section 4.2.1.2), a
reference radiance measures were taken over a barium sulphate panel
(20 x 20 x 1 cm) (Figure 4.2, panel b).
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(@) (b)
Figure 4.2 — Black (a) and white (b) panels used to place the samples to acquire the
radiance.

The transparent plastic samples were excluded from the analysis; the
others were categorised (basing on their colours and sizes), numbered and
finally spectrally characterised. Totally, 136 samples were examined and
some of them are shown in Figure 4.3 (refer to the Annex 1 for pictures of

all other samples).

Samples

Id

Samples

31 131 178 221

Id

Figure 4.3 — Some of the samples collected during the monitoring campaign and of
which the spectral signatures were acquired.

From Figure 4.3 it is clear the wide and high variety of the collected
samples in terms of colour, dimensions, and shape. This is due to the high
heterogeneity of beach litter composition, in which bottle, cups, children's
toys are present; also, some of the items were fragmented making difficult

to determine the original object.
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With the aim of detect the polymers composition of the samples the
following virgin polymers were used (Figure 4.4): ethylene vinyl acetate
(EVA), high-density polyethylene (HDPE), polyethylene terephthalate
(PET), polypropylene (PP), and polystyrene (PS).

(d) ()
Figure 4.4 - Spectrally characterised virgin polymers: ethylene vinyl acetate (EVA)
(a), polyethylene terephthalate (PET) (b), high density polyethylene (HDPE) (c),
polypropylene (PP) (d) and polystyrene (PS) (e).

4.1.2 Marine litter

4.1.2.1 TrackMPD and STM models: general overview

Different input files are required to work with TrackMPD model. These
are following reported:
e The sea currents.
e The bathymetry.
e The sea surface height above geoid (SSH).
e The initial particles’ position.
e The study area.
For the case studies analysed in this thesis work, TrackMPD was adapted
to use the sea currents data in the Network Common Data Form (netCDF)

format provided by Copernicus Marine Service
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(https://data.marine.copernicus.eu/products). In particular, the Eastward

(V) and the Northward (V) Sea surface water velocities were downloaded
from the Copernicus Marine Services in which different temporal and spatial
resolution are available, depending on the geographical area considered. The
bathymetry and the sea surface height above geoid of the study areas were
downloaded jointly with the sea surface current data. Other input data as the
initial particles’ position and the study area (the computation domain) were
properly setup following the recommendations provided by the authors. The
initial particles’ position file (in .txt format) is composed by three columns
reporting the longitude, latitude, and depth. The study area is defined by the
coast coordinates reported in a .dat or .txt file containing two columns
representing the longitude and the latitude of the coastline.

Regarding the STM model, as it is a simplified Lagrangian model
(comparing with the TrackMPD) two only inputs data are required: the input
discharge points and the sea surface currents; whereas the coastline is
automatically computed for the sea current data domain by exploiting the
MATLAB® m_map (https://www.eoas.ubc.ca/~rich/map.html) feature

named ‘m_gshhs’.

All the simulations were conducted on a system characterised by: an
Intel® Core™ i9-13900K processor with 24 cores up to 5.8 GHz; 32 GB
DDR4 RAM at 4400 MHz; an NVIDIA RTX A2000 video card with 16 GB
dedicated memory.

Follows a description of the different dataset used for the case studies

analysed in this thesis.
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4.1.2.1.1 Mediterranean basin

South Tyrrhenian Sea

A realistic discharging scenario was tested in the western Mediterranean
Sea (Tyrrhenian Sea) applying the TrackMPD model. As discharging points
were considered Mondello and Isola delle Femmine in which the in-situ
monitoring were carried out. Different macroplastics quantities were
released, proportionally with the marine debris collected during the in-situ
campaign (Table 4.1).

Table 4.1 — Plastic items/m? found in the beaches of Mondello and Isola delle
Femmine.

Beach - code | Plastic items/m?
M-D1 0.005
M-D2 0.004
M-D3 0.006
M-S1 0.005
M-S2 0.006
M-S3 0.005
M-L1 0.401
M-L2 0.003

I-1 0.401
1-2 0.287
1-3 0.159

The simulation was run using the required fields of the physical variables
(see Section 4221.1) available through the
Mediterranean Sea Physics Analysis and Forecast. E.U. Copernicus Marine
Service Information (CMS). Marine Data Store (MDS). DOI:
10.25423/CMCC/MEDSEA_ANALYSISFORECAST_PHY_006_013_EASS8
(Accessed on 06-02-2024). The product is an outcome of the Mediterranean
Forecasting System (Med-Physics) which coupling the hydrodynamic
model Nucleus for European Modelling of the Ocean (NEMO v4.2) and the
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WaveWatch-111 providing the sea surface currents (computed considering
e.g. tidal waves, the air-surface fluxes etc.) and wave component
respectively. This dataset has a spatial resolution of 0.042° x 0.042° (4-5 km
c.a.) and 141 vertical levels (from 1.02 m to 5646.2754 m); different time
resolutions are available such as 15 minutes, hourly, daily and monthly
mean. Simulations have been computed considering sea surface currents at

daily temporal resolution.

Strait of Sicily

For the Strait of Sicily study area, two different applications were carried
out. For the first one (therefore called as “coastal release application”) both
TrackMPD and STM models were applied, considering a continuous
particles discharge from the Sicilian coastal area (hereinafter this application
is indicated as “STM — coastal release application” or “TrackMPD — coastal
release application™). Instead, for the second one (therefore called “STM —
grid release application”) only the STM model was used, and the discharge
points were considered those in the centre pixel of a regular grid covering
the whole domain. For this last application the TrackMPD was not tested as
the very high number of the discharging points per day to be simulated.

The hydrodynamic models application carried out in this area benefitted
of data gathered by the sampling campaigns conducted by “Agenzia
Regionale per la Protezione ambientale” (ARPA) and “Consiglio Nazionale
delle Ricerche” (CNR) in August 2018 and 2019. TrackMPD and STM
models were run considering macroplastics which are one of the main
sources of the smaller elements (precursors).

For the coastal release application in the Strait of Sicily the number of
discharged points was chosen based on the estimations of the quantity of
plastics discharge at the coast, available in the

https://theoceancleanup.com/sources/ website, described in 2.1.1. This
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website delivers an assessment of the quantity of plastics discharge from the

most important worlds’ rivers as an interactive map (Figure 4.5).

Figure 45 — River plastic emissions to the world’s oceans (Source:
https://theoceancleanup.com/sources/).

The information displayed in Figure 4.5 have been published in Meijer
et al. (2021) in which the probability that plastic waste reach the rivers and
thereafter, the oceans is calculated yearly by a model application that takes
into account the most recent field data on microplastic, the land use, wind,
precipitation, and rivers’ class and size. The results of the model are
calibrated and compared with field data points. The quantity of
macroplastics coming from the rivers was considered proportional to the
size of the rivers itself.

For the grid release application, the particles were discharged on the
basis of a regular grid.

The simulations (coastal and grid release applications) were run using
the Mediterranean Sea Physics Reanalysis. E.U. Copernicus Marine Service
Information  (CMS).  Marine  Data  Store (MDS). DOI:
10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1 current
data (Accessed on 21-09-2023). The details of the product are reported in
this section (“South Tyrrhenian Sea” paragraph).
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The simulations, realised for the 2018 and 2019, were compared with the
data from the campaign conducted by ARPA and CNR. This campaign had
the goal to collect the microplastics particles floating on the sea water
surface, using a Manta net in fixed transects. In Figure 4.6 are reported the

five transects repeated during the monitoring campaign.
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Figure 4.6 — Study area for the Strait of Sicily. The red area represents the area
where the transects (colored lines) were made and where the models were compared
with in-situ data.

The Manta net is characterise by a rectangular aperture (16 cm high and
61 cm wide) connected with a 3 m long net with a 335 um mesh (Eriksen et
al. 2018). A schematic drawing is reported in Figure 4.7.
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Figure 4.7 — Schematic drawing of the AVANI trawl, Manta trawl. (Source: Eriksen

et al. 2018).

The in-situ campaign was conducted in different days for each transects.

Table 4.2 reports the coordinates of the transects and the timetable of the

sampling.

Table 4.2 — Transects coordinates and timetable of the in-situ campaign conducted

by ARPA and CNR in the Strait of Sicily.
Year day* Time (UTC) Station** LON LAT

12 20:45 M3  14.68 36.35
13 00:16 M4 1456 36.18
2018 12 1711 M10  14.84 36.29
11 21:07 M15  15.03 36.27
12 00:20 M17  14.89 35.99
11 21:20 M3  14.68 36.35
11 20:02 M4 14.56 36.18
11 06:21 M10  14.84 36.29
2019 .
10 04:47 M15  15.03 36.27
10 23:50 M17  14.89 35.99
12 00:59 Al 14.10 36.40

* all the samplings were carried out in August
**central point of the transept
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Microplastics collected were analysed and categorised in laboratory by

ARPA which counted and classified the samples basing on their shape and

size (Table 4.3).

Table 4.3 — Number of items per m® sampled in each transects of the in-situ
campaign conducted by ARPA and CNR during the two years campaigns.

Fragments  Filaments Sheets Foams Total
Year Transect (items/m?®)

M3 0.34 0.02 0.10 0.00 0.45

M4 0.59 0.03 0.39 0 1.01

% M10 0.39 0.02 0.12 0.02 0.54
M15 0.97 0 0.01 0 0.99

M17 0.93 0.02 0.29 0.02 1.27

M3 0.22 0.04 0.01 0.02 0.28

M4 0.3 0.01 0.06 0.01 0.38

% M10 0.07 0.06 0.03 0.01 0.17
M15 0.35 0.08 0.01 0.02 0.46

M17 0.57 0.01 0.12 0 0.7

An example of the elements sampled is reported in Figure 4.8.

(

‘.

Figure 4.8 — Samples collected during the in-situ campaign: examples of
fragments (top left), sheets (top center), filaments (top right), foam (bottom left),
granules (bottom center), and pellets (bottom right).
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As it is evident, there is a high heterogeneity in terms of shapes, colours
and sizes highlighting that the detection of these debris at sea is very
complex thus strengthen the need of analyse the problem from a

hydrodynamic point of view.

4.1.2.1.2 Liberia/Gulf of Guinea

For the Liberia/Gulf of Guinea case study, the simulation was performed
for the whole 2021.

Considering, as mentioned in 2.1.1, the high correlation between the
rivers and the presence of marine plastic litter (especially during rainfalls),
the estuaries of the five main rivers in the Liberian region were considered
as continuous plastic discharge points. The selection of these five rivers was
based on the rainfall data provided by the Liberian Hydrological service

(https://Ihsliberia.com/water-data/). Figure 4.9 reports an example of data

available from the Liberian Hydrological services and the main rivers are

represented using green dots.

Figure 4.9 — Data availability from the Liberian Hydrological services
(https://lhsliberia.com/water-data/).
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U, V, SSH and the bathymetry layers were downloaded from E.U.

Copernicus Marine Service Information (https://doi.org/10.48670/moi-

00016). The Global Ocean Physics Analysis and Forecast E.U. Copernicus
Marine Service Information (CMEMS). Marine Data Store (MDS). DOI:
10.48670/moi-00016 (Accessed on 25-02-2023) was used. The global ocean
analysis and forecast model, GLO12v4, uses the version 3.6 of the NEMO
ocean model. This dataset has a spatial resolution of
0.083° x 0.083° (10 km c.a.) and 50 vertical levels (from 0 m to 5500 m);
different time resolutions are available such as hourly, daily and monthly
means. The simulation was performed using the sea surface currents
“GLOBAL_ANALYSISFORECAST_PHY_001_024” at daily temporal
resolution with the aim to track the pathways of the daily constant discharge
of macroplastics from the rivers.

Finally, the domain area was realised in QGIS environment by thicken
the geometry nodes of the “ne 10m_coastline” form the Natural Earth

website  (https://www.naturalearthdata.com) and converting these

coordinates into a text file as required by TrackMPD.

4.1.2.2 Aegean Gulf: detection of floating target on sea
surface

Within the PLP 2021 project two artificial targets were deployed: one
made by wood, useful to simulate natural debris, and a plastic target. The
wooden target, boasting a diameter of 28 meters, was assembled using
planks of the same material, connected by 4 m long and 22 cm wide ropes.
Nine groups of planks were arranged with 30 cm gaps between each,
creating a structured configuration. The plastic target was crafted from high-
density polyethylene (HDPE); it was made employing 23 rows of 1.2 m

wide of white wide HDPE mesh, interconnected by a 4 mm nylon rope. A
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28 m diameter HDPE pipe was used to link these mesh rows, resulting in a
total coverage area of approximately 600 m2 Additionally, to partially
elevate the HDPE mesh from the sea surface, 4 | HDPE containers were
affixed at 2.5 m intervals along the sheet. A picture of the targets is shown
in Figure 4.10.
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Figure 4.10 — Targets of PLP2021 deployed on the sea surface: Plastic target (a);
wooden target (b). (Source: https://plp.aegean.gr/).

The focus of the research was the detection of the plastic target using the
hyperspectral images acquired by the PRISMA satellite. PRISMA has an
orbit repeat cycle of 29 days with a relook capability of 7 days. The sensor
has ~ 250 bands in the spectral range of 400 - 2500 nm with a spectral
resolution of 12 nm and 30 m of spatial resolution. A panchromatic band
acquires images at 5 m spatial resolution. The PRISMA data are provided
by the Agenzia Spaziale Italiana, ASI  (https://www.asi.it/en/earth-

science/prisma/) at different processing levels: 1A (in radiance
radiometrically corrected and calibrated at the Top-of-Atmosphere), 2B
(Geolocated at Bottom-of-Atmosphere, Radiance values), 2C (Geolocated
at Bottom-of-Atmosphere, Reflectance values) and 2D (Geocoded version
of the level 2C products). The PRISMA Level 1A images were used in this
part of the research work. As it was preferred the ACOLITE atmospheric

Laura Corbari 52


https://www.asi.it/en/earth-science/prisma/
https://www.asi.it/en/earth-science/prisma/

Chapter 4 Materials and Methods

processor instead of the standard one (applied by ASI), and it was done a
fine geolocalisation of the images using a PlanetScope multispectral image
and UAV images. The PlanetScope image was acquired the 17" July 2021.
PlanetScope is a multispectral satellite data (4 bands, red-green-blue and
near-infrared) characterised by 3 m of spatial resolution and daily acquiring
capability. The UAV images are RGB data collected by a standard camera
at ~3 cm of spatial resolution. Table 4.4 shows both PRISMA and UAV
images used for this application.

Table 4.4 — Selected pairs of images (in bold the dataset reported in the thesis).
PRISMA UAV
June 29t July 1%
July 16" | July 16"

July 22d July 21%
August 14" | August 20"

Only the UAV image of the 16" July 2021 was contextually acquired to
the PRISMA data, thus, results hereinafter shown will refer to this date
(selected as an example).

4.2 Methods

4.2.1 Beach litter

In this section, the methodology for the collection of macro-, meso-, and
microplastics is described first, followed by the approach used for the
spectroradiometric analysis of the collected samples.

Meso- and micro-plastics were sampled but not analysed in the
laboratory within this thesis work. For this reason, the methodology will be

focus only on the sampling activities.
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4.2.1.1 In-situ sampling: definition of areas and
guantification/characterisation of macroplastics

The literature review conducted (see Section 2.1.1) allows to select the
appropriate sampling protocols and to fix a rigorous and salient scientific
methodology during the sampling thus providing a harmonised set of
outcomes, exploitable from various stakeholders into future monitoring
plans. In particular, the information available in MSFD TSG-ML (2013) and
GESAMP (2019) protocols have been merged. Both incorporate important
information from previous protocols, such as OSPAR. The MSFD TSG-ML
was used for the selection of the study areas; meanwhile, GESAMP has
proven useful for defining the sampling protocol for meso- and
microplastics. The categorisation of the debris in terms of material, shape,
dimensions, etc. was realised using the Joint List of Litter Categories (J-
code list), proposed by the Joint Research Centre, Institute for Environment
and Sustainability, Marine Strategy Framework Directive TSG-ML
(European Commission MSFD) in 2013, and assigning different codes to
the various litter collected. In the following a description of the methodology
applied in the monitoring campaign is reported.

The beaches monitored were chosen according to the protocol. They
respected the following criteria:

e  Minimum length of 100 m.

e Low/moderate slope varying between 15° and 45°.

o Free accessto the sea, i.e. absence of breakwaters or jetties that can
screen the pollutants.

e Accessible to the survey team throughout the entire year.

e Absence of other waste collection activities. In case this is not
verified, it is necessary to know the timing and methods of cleaning
conducted by third parties.
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The activities were conducted without impacting endangered or
protected species such as marine turtles, seabirds or coastal birds, marine
mammals, or vegetation.

In addition to the geometric characteristics of the beaches, explained
before, these have to be selected considering also the kind of beach litter
that can be found out:

e Beaches close to urban area, subject to terrestrial inputs.

e Beachesalong rural area in which is possible to identify background
pollution.

e Beaches near large rivers to assess their influence in the
establishment of beach litter.

The selected beaches satisfy the first requirement.

The protocol also suggests the period in which sample the area, like as:

e Winter: mid-December to mid-January.
e Spring: April.

e Summer: mid-June to mid-July.

e Autumn: mid-September to mid-October.

To evaluate the seasonal variation, four surveys should be conducted
during each season.

The replicability of the analyses at the same site over time, is guaranteed
by memorising the GPS coordinate, as indicated in the “Marine Litter Beach
Documentation and Characterization Module” of the OSPAR Marine Litter
Beach questionnaire (OSPAR, 2010).

The criteria followed to characterise the sampling area (in terms of

length, distance from sea etc.) are described in Figure 4.11.
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Figure 4.11 — Criteria to adopt for the definition of sampling area: 1) distance from
mean low water spring tide, 2) distance from mean high water spring tide, 3) total
length of beach, 4) description of zone beyond intertidal, 5) and 6) GPS coordinates
of 100 m sampling unit, 7) and 8) GPS coordinates of 1000 m sampling unit. The
1000m transect has been discontinued. (Source: OSPAR 2010).

The sampling campaign was conducted during the 2021 summer season
(in the framework of the project SenHAR - Campagne di sensibilizzazione
per una armonizzazione Italo-Maltese per un buono stato dell’ambiente"
INTERREG Italy-Malta V-A Operational Program call n. 02/2019), in
which micro-, meso-, and macro-litter were collected.

One of the goals of this work was to evaluate the connection between the
different beaches management and presence/absence of MPA vs the
quantity/kind of beach litter. Consequently, the length of the beaches was
not 100 m but was constrained by the length of the different beach resort or
by the extension of MPA area.

The macroplastics collected were analysed by dividing them in n. items
per square meters to standardise the values and compare the results. As
suggested by the protocols (GESAMP, 2019; NOAA, 2013), only items
larger than 2.5 cm were collected and considered as macrolitter. To collect
the macroplastics the operators wore gloves and picked up the visible litter

using the clamps and stored them in the bags. The bags were weighted, to
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have an idea about the kilograms of debris found out in each beach. In
Mondello, the operators of the beach resorts were cleaning every day the
beaches. The items collected by them were jointly with the debris collected
by the researchers.

Once the debris have been collected, they were categorised in different
materials and items according with the “Master List of Categories of Litter
Items” by Marine Strategy Framework Directive Technical Group on
Marine Litter (MSFD TSG-ML, 2013). This activity was done by two
operators that worked together: one identified the macro debris, in terms of
material, shape etc and the other searched the items in the list and assigned
a J-code to it. The analyses were performed in November 2021 and the J-
code were updated considering the new list “The Joint List of Litter
Categories for Macrolitter Monitoring” (Joint Research Centre — JRC,
2021). Eight material categories were considered: artificial
polymers/plastic, rubber, clothes/textile, paper/cardboard,
processed/worked wood, metal, glass/ceramics and chemicals. A more
specific analysis could be done considering the different objects within the
categories such as for the plastics fraction the elements J9 “plastic bottles
and containers of cleaning products”, J7 “plastic drink bottles <0.5 1" etc.

As mentioned before, the number of litter found on each beach was
divided per the square meters of the beach. Different analyses were
performed to answer the scientific questions. In particular, the mean of all
items per square meters were calculated for each beach, obtaining from
Figure 5.1 to Figure 5.3. To quantify the presence of each material on every
beach, the average number of items per square meters for each material was
calculated (Figure 5.4, Figure 5.5). A more thorough analysis, considering
various object categories within the materials category, allowed to pinpoint

the top five most recurring 'J-code' elements (Figure 5.6, Figure 5.7). Further
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assessment facilitated the identification of the top five plastic elements at
each site (Figure 5.8, Figure 5.9).

4.2.1.2 Laboratory Experiments

Experimental setups

To evaluate the influence of the illumination geometry on the spectral
behaviour, the spectral signatures of samples were acquired through two
novel and ad-hoc laboratory set up. The realisation of these experimental
setups was necessary because of the absence of a standardised protocol to
adapt for the laboratory measurements.

One set of measures was carried out using a black box (quasi-totally
adsorbing the light inside) where two lamps were rotated downward thus
illuminating directing the samples (Figure 4.12, a). The second set of
measures was realised using a white box (quasi-totally reflecting the light
inside) where the two lamps were rotated upward, thus illuminating the
samples with diffuse light (Figure 4.12, b).

(b)
Figure 4.12 — Schematisation of black (a) and white (b) box used for the indoor
experiment.
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As mentioned in 4.1.1.2, and evident in Figure 4.12, also the shape of the
white box was properly designed to optimise the diffusion of the light inside
the box itself.

Spectral signatures collection

The spectral signature is the reflectance of a material along the
wavelengths. The reflectance, p, (Eq. 4.1) is defined as the ratio between the
density of radiant flux reflected from the target surface, hereinafter named
exitance, M (W/m?), divided by the density of radiant flux incident on the
same surface, hereinafter named irradiance, E (W/m?).

M
E

p==(-) Eq. 4.1

The spectroradiometer allows to acquire the signal through the optical
fiber. This is composed by several small fibers having different diameters
(the smaller diameter conveys the signal in the visible, while the others
convey the signal in the near infrared). The spectroradiometer allows to
acquire not the exitance but the radiant flux per unit area and solid angle,
hereinafter named radiance, L [W - m2- sr ~*] (in a plane perpendicular to
the given direction). Assuming a Lambertian behaviour for the examined
surface (i.e. the reflected radiance is the same in all directions) values of M
could be computed by multiplying L with = (representing, in radiant, the
whole hemisphere).

In this framework, the reflectance of the litter collected was evaluated by
dividing the radiance of the samples (i.e. M/ ) with the radiance of the
barium sulphate white panel (i.e. E/ «t). The barium sulphate white panel is
a quasi-perfect Lambertian surface reflecting almost 100% of the incident
light, while this assumption can note be verified for the marine sample. This
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implies that the two different illumination geometries could led for the same
sample to different reflectance curves.

Although the software allows to speed up the acquisition phase by collecting
in-reflectance measures of the objects, it was preferred to take in-radiance
measurements of the samples and of the white panel, and then compute the
reflectance of samples during the data processing phase. Indeed, in-
reflectance measurements are taken by collecting one ‘white reference’
radiance measure which is assumed constant and automatically used by the
ASD software to perform a measurement cycle (sequence of reflectance
measurements of different samples). With in-radiance measurement method
a number (equal to those of the samples to be spectrally characterised) of
white reference radiance are measured during the measurement cycle; thus,
allowing to verify that the illumination conditions remained constant (or
not) throughout each sampling cycle (the whole spectral laboratory
experiment was carried out in different measurement sessions/cycles per
day, for a total of approximately 20 days). Before starting a new
measurement cycle, the optimisation of the instrument was performed
through the so called "dark current” procedure which allow to measure and
correct the instrument noise floor.

Before acquiring the spectra, it was verified that the 8° optic was pointed
to the samples. Furthermore, to make the measurement for each sample
comparable each other, the distance between the instrument and the samples
was still maintained constant (6 cm) by adjusting the distance between the
optical fiber and the sample by placing this latter over a tripod with a geared
elevator.

Also, spectra of sand samples (of the two study areas) and of some virgin
polymers (EVA, HDPE, PET, PS, and PP) were collected for further

analyses.
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Analysis of the spectra and role played by the illumination geometry

The spectral signatures of the litter were plotted and analysed. The
comparison between the two boxes was conducted computing the average
of the spectral signature of each sample, s, obtaining ppswhite and ppis,black for
the white and black box respectively.

Finally, the samples represented in the scatterplot by points far from the
1:1 line were furtherly investigated as these are those for which their
signatures were strongly affected by the two different illumination

conditions.

The use of the SAM index as a tool for detectability of the litter

All the spectra collected in the laboratory were further analysed via the
calculation of a spectral similarity/dissimilarity index named Spectral Angle
Mapper (SAM) (Kruse et al. 1993; Garcia-Allende et al. 2008). All the
analyses hereinafter described were performed using both the measures
acquired in the white and in the black box. The SAM index, «, is computed

as follows:

nogo
@ = cost| 2=t Eq. 4.2

n 2 n 2
Xt 1/Zi:1ri

in which n is the number of the spectral bands, t; and r; are the two
spectra to be compared. The SAM index is the spectral angle between two
signatures; it is evaluated in radians thus it ranges between 0 and /2. A
small SAM value corresponds to a small angle between the two signatures
which thus exhibit a very high similarity and vice versa. Therefore, when
SAM value is low, the two objects being compared are similar and difficult

to be distinguished one each other.
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Through the SAM index the following scientific questions were

addressed.

Litter on sand detectability using spectral signatures and role played
by the illumination geometry

The SAM was evaluated between the spectral signature of the collected
litter and that of the sand resulting in graphs showing the SAM index values
(for both the white and the black box acquisition); a comparison between
the index calculated considering the two configurations was realised through

a scatterplot.

Best spectral bands suitable for litter detection on sandy beaches
The SAM was evaluated between the spectral signature of the collected
litter and that of the sand (reference) by employing a moving window of 21

nm.

Assessment of the polymers’ composition of plastic litter through
analysis of the spectral sighature

One of the main difficulties encountered during the in-situ sampling
campaign and the laboratory analyses is related to the impossibility of
identifying, without use a specific instrument, the polymers composing the
collected samples. For the chemical characterisation, an attempt was made
by assessing the SAM between the spectra of the plastic litter and those of
some virgin polymers (as already reported in the Section 4.1.1.2, Figure
4.4).
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Detectability performance of different virgin polymers from sand
To this aim, the SAM index was evaluated between the spectral
signatures of the virgin polymers and that one of sand. Results are shown in

a bar graph (for both white and black box acquisitions).

Best currently operating satellite sensors to detect litter on sandy
beaches

To this aim, among the currently operating sensors only those
characterised by a geometric resolution equal or less than 10 m were taken
into account. In particular, were considered PlanetScope (3.2 m,

https://earth.esa.int/eogateway/missions/planetscope), Worldview3 (2 m,

https://earth.esa.int/eogateway/missions/worldview-3), Sentinel-2 (10 m,

https://sentinels.copernicus.eu/web/sentinel/missions/sentinel -2), and
Pleiades (2 m for MS and 05 m for Pan bands,
https://earth.esa.int/eogateway/missions/pleiades). Thus, the SAM values

between the spectral signatures of the collected samples and that of the sand
were computed by considering reflectance values at the centre wavelength
of the bands of the mentioned sensors. As a result, a matrix of the SAM
values of the various sand/sample combinations (in rows) for the different
sensors (in columns) was computed.

Subsequently, some percentiles, p, of the SAM values were calculated
for each sensor. The number, E, of the sand/sample combinations exceeded
the i-th p value was computed. Thus, for each p, only the sensors
characterised by E values higher than the 30% of the total sand/sample
combinations were assumed as suitable for detection including the
evaluation of the best bands. The p values computed are: 50", 75", 90", 98"
and the 99"

All the analyses were performed using the MATLAB® software and the

main results are reported in the dedicated results section.
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4.2.2 Marine litter

4.2.2.1 TrackMPD and STM models: general overview

Macroplastics were tracked by applying two different models:
TrackMPD and STM, written in MATLAB®.
Originally, TrackMPD gives as outcomes the intermediate and the final
particles’ position. Two additional outcomes were produced allowing a
better description of the effects of the simulated pollution at the sea and at
the coastal areas: the density and beaching maps. The former allow to detect
the accumulation areas for each simulation step by counting on a grid basis
(on the pixel’s size of the CMSs’ data) the number of particles felt inside
each pixel. The latter enable to evaluate the impact of macroplastic litter on
the coastline by counting (on a grid basis, as for the density map) the number
of particles felt inside each pixel of a coastline buffer area. Both outcomes
give important information regarding the areas most impacted by plastic
pollution, considering a coastal release. Initially, TrackMPD simulated the
movement of one/more particles released at a specific time instant.
Assuming that rivers discharge particles debris continuously in time, the
TrackMPD was implemented to allow a multiple particles’ releases during
a time interval. From a practical point of view, the model was modified to
run in a loop were several particles from the indicated source points are
continuously released for the entire simulation period. Additionally, it was
modified to use the Copernicus Marine Service Sea currents data.

The TrackMPD model is composed by the following modules (Jalon-
Rojas et al.,2019):

e Advection.
e Behaviour.

e Dispersion.
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e TRAUJstruct (outputs).
e Transformlinputs.
e RunTrackMPD.

These modules are independent, and it is possible to work on each of
them by specifying some parameters. The RunTrackMPD module allows
setting the simulation general parameters. In particular, it is required to
indicate the Hydrodynamic model’s name (a label identifying the
simulation), the domain, the physical processes to be included, the particles’
behaviour and the trajectory setting. This latter regards the simulation mode
(2D or 3D), the date of particle release, the trajectory duration (simulation
temporal window), the time step and the direction of the tracking (forward
or backward). It is also possible to simulate different phenomena such as
beaching, washing off or refloating. These last two processes could be
simulated only in 3D mode. Despite it is well known that wind action
influences the transport of plastic debris cause of the force exerted on the
surface above water (Tong et al. 2021; Critchell et al. 2019), the model does
not allow to consider the wind influence on the simulations.

Regarding the particles’ behaviour, it is possible to set the characteristics
of the particles to which simulate the tracking:

1. Macro or microplastic, plastic density < 1 g/cm?, no biofouling, no
degradation.

2. Macroplastic or microplastic with a known velocity, plastic
density >1 g/cm?, no biofouling, no degradation.

3. Microplastic (defined by shape, size and density), plastic density
>1 g/cm?®, no biofouling, no degradation.

4. Microplastic (defined by shape, size and density), biofouling
(constant parameters over time), no degradation.
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5. Microplastic (defined by shape, size and density), biofouling (no
constant parameters over time), no degradation.

6. Microplastic (shape, size, density), no biofouling, degradation.

For the 2D simulation mode, the particles’ sinking, the washing off and
refloating cannot be simulated. So, in this case is not useful to load the depth
data as input. However, the beaching phenomena can be analysed also in the
2D mode, with the possibly to exclude the biofouling and the degradation
factor.

The model can work in forward mode, allowing individuating the final
particles position once known the initial discharge points, or vice versa in
backward.

In the following the main equations of the phenomena taken into account
during the simulations are reported.

The general equations of TrackMPD are the following:
dX(t) = dXoq, () + dXgipp (t) = U (x,y,2,t)dt + dX'(t)  Eq.4.3
dY (t) = dVaqy (8) + dYgipr () = V (x,y,2,)dt +dY'(t)  Eq. 4.4
dZ(t) = dZaqy (1) + dZgipp (8) + dZginyc () =
=W(x,y,zt)dt +dZ'(t) —w,(t)dt Eq. 4.5

These equations rule the shifts, dX, dY, dZ of a particle at time, t, along
the x, y, z axes as the consequence of the sea current velocities U, V, W
measured in the time interval, dt. Where the first terms are the advective
components (dXuqy, dYaav, dZgqy), the second ones (dXgirr, dYifs,
dZ,i5r) are the diffusive ones; the term “sink™ in Eq. 4.5 refers to the sinking

phenomena (only in the 3D mode) and w; is the settling velocity (m/s).
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Moving to a finite form (where At is the finite time-step) the advection’s

component is evaluated as:

Xpy1 = Xn + UAL; Eq. 4.6
Yn+1 = Yn + VAti Eq 4.7
Zpa = Zp + WAL Eq. 4.8

In Eq. 4.6, 4.7, 4.8 the subscript n + 1 relates to the future position of
the plastics’ particles obtained by the original n position plus the sea current
velocities (U, V, W) multiply by the time step 4t;. The sea current velocities
acting on particles are provided by processing the sea current field data using
the Runge-Kutta assimilation scheme (Schlegel et al. 2009) of order 4/5
working in both space and time. Using this assimilation scheme, the sea
current velocities at the particle location are evaluated using an iterative
process, at each temporal step, by considering the velocities at previous and
future time steps to estimate the trajectory of the particles.

The turbulence is computed through a random-walk model in the

horizontal direction. The equation used is the following:
Xps1 = X + U + R[277 1k, At;]Y/? Eq. 4.9

Where k,, is the constant horizontal diffusivity (equal to 1 m?/s), and R is
a random number with mean equal to zero and standard deviation equal to
1.

In case of 3D model, it is also possible to evaluate the turbulence in the
vertical direction.
The particles’ characteristics influence their movement at sea and,
particularly, their density, shape and size play an important role
(Chubarenko et al. 2016). Noticeably that these characteristics are strongly

connected each other. For example, the density is highly variable depending
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on the particles’ shape; the latter relates to the kind of particles realised
which have also impacts on their degradation. Commonly the plastic debris
are fibres, pellets and fragments characterised by different geometry
(spherically, irregular etc.). The particles shape influences their velocity at
sea. Different studies were conducted to study the parametrization of plastic
particles. In the TrackMPD model the spherical particles are simulated
accordingly to Zhiyao et al. 2008; whereas, the cylindrical particles are
simulated accordingly to Khatmullina and Isachenko (2017).

For the spheres particles is used:

wy = -d3(38.1+0.93d,*7) 77/ Eq. 4.10

Where d, is the dimensionless particle diameter computable considering
the particle density p,, the water density p,,, the water kinematic viscosity
v (m?/s) and the gravity acceleration g (m/s?). R (m) is the radius of the
particles.

The cylinders particles are simulated with:

wy =2 glete X Eq. 411
S 2w pw  55.238L+12.691 T

Where, L is the length of the particles; whereas p,, p,,, v, g,R are the
same variables involved in Eq. 4.10.

Equations 4.10 and 4.11 can be used indiscriminately for short cylinders.

Other shapes of the particles could be considered, and the specific
density can be calculated accordingly to Chubarenko et al. (2016).

The STM model, is a simplified Lagrangian model based only on the
advection phenomenon (Eq. 4.3, 4.4). Beaching and density maps are also
computed.

The main difference with the TrackMPD model lies in the calculation of
the velocity acting on the particles. In fact, it was evaluated applying the
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Inverse Distance Weighted (IDW) method without applying any space-
temporal assimilation scheme (i.e. the Runge-Kutta used in TrackMPD).
The IDW allows to evaluate the velocities, v' with the following:

N wiry;
1= 2z wilnug
v = 2R Eq. 4.12

In which v is the weighted-mean-distance-based velocity, u; the
velocities falling within a search radius, r, and w; the weighting factors

computed according to:

wi(r) = —— Eq.4.13

d(r,rpP

where d(r,ri) is the distance between the point r and the r;, and p is a
coefficient chosen by the user p = 0,1, 2 ...n. Regarding the simulation
time, the model is set to discharge every day a fixed number of particles.
The time resolution is the same of the input sea current used as input by the
model.

For both TrackMPD and STM models the coastline is a closed boundary,
whereas at open sea open boundaries were set. Both models employ a
regular grid calculation mesh characterised by the same spatial resolution of

the sea current data.

42211 TrackMPD and STM applications:
Mediterranean basin — Liberia/Gulf of
Guinea

The Liberia/Gulf of Guinea case study was analysed using only the
TrackMPD. Instead, the Mediterranean basin was studied through the
application of TrackMPD, for the application on the Tyrrhenian Sea, and
using both TrackMPD and STM models for the Strait of Sicily area.
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The application of the two models allows to evaluate the main
differences, in terms of outcomes, determined using hydrodynamic models
with different complexity degree. Furthermore, the necessity to compute a
simulation with several discharging points for the Strait of Sicily case study,
to compered models’ results with the in-situ data, led to apply the STM
model. Indeed, the less complexity of this model, allows to compute the
outcomes in a reasonable time.

In this section the methodologies applied for each area are reported.

South Tyrrhenian Sea

The TrackMPD model was applied in the Tyrrhenian Sea considering a
realistic discharging scenario. In particular, the number of particles to be
released was determined by applying a proportion with the quantities of
macroplastics sampled during the in-situ sampling activities (Table 4.1). It
was hypnotized that 0.4 plastic-item/m?® (the higher quantity sampled)
corresponds to 500 particles; thus, the release quantities for all the other
beaches (Table 4.4) were determined.

Table 4.4 — Quantity of particles discharged from each sampled beach.

Beach - code M;‘;E%F;Laésgécs
M-D1 5
M-D2 c
M-D3 3
M-S1 5
M-S2 8
M-S3 -
M-L1 2
M-L2 p

-1 500
-2 358
-3 199
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Figure 4.13 shows the discharging points; particles were released only
on the 1° November 2021 from all the sampled beaches. The discharging
points were shifted of ~ 20 km from the coastline (according to the spatial
resolution of CMS data) allowing the particles to be moved by the sea
current. The transport of the macroplastics (< 1 g/cm?®) was studied until the
31 May 2022 (before the start of the new summer season) with daily
temporal resolution. The main hypothesis is that the plastic debris
accumulation is generated during the summer season and these debris are
considered source of pollution also in the winter period (once the raining

season started, factor known to facilitate the runoff of particle from coasts

to offshore).
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Figure 4.13 — TrackMPD application in the Tyrrhenian Sea. Discharge points:
red dots represent the particles released from Mondello, instead the blue dots the
ones from Isola delle Femmine.
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Strait of Sicily

As mentioned in the Section 4.1.2.1.1, for the coastal release application
the discharge points were chosen considering the information available in
the Ocean Cleanup website. However, the data available in it are in terms of
kilograms of microplastic/year discharged from the rivers instead both
TrackMPD and STM models need daily/hourly input data in terms of
number of particles. Therefore, after some tests of computational time, it
was assumed that 100 kg of plastic debris discharged from rivers are
equivalent to 2 particles per day. Totally, 144 macroplastics (< 1 g/cm®)
were released every day and tracked with a daily temporal resolution. The
particles were deployed perpendicular to the rivers considering a distance
from the coastline ~ 20 km; this offset from the estuaries was imposed to
ensure the particles fall into the Copericus Sea current field. The discharge

points used to run both models are reported in Figure 4.14.
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Figure 4.14 — STM and TrackMPD - coastal release application. Study area: the
dots are the discharge points.
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The results of the STM and TrackMPD —coastal release application were
compared to test the effects on the particles’ tracking due to the use of
models characterised by two different complexity degree.

For both models, the simulations were realised releasing every day the
same quantity of particles and tracking their position over the time. For the
two models and for the two case studies, the simulations were performed in
2D mode with daily temporal resolution. The trajectory direction considered
is forward mode.

In the following, the specific parameters set for the TrackMPD are
described. The particles simulated were macroplastics with density lower
than 1 g/cm?®. The kn horizontal dispersion coefficient was set at 1 m?/s.
Considering that the model was not set to run in 3D mode, the kv vertical
dispersion coefficient was not considered as well as the parameters
controlling the refloating effect. The beaching, biofouling and degradation
phenomena were considered.

The parameters set for STM model regarded the search radius R that was
chosen 2 times the grid resolution of the CMS data and coefficient p equal
to 2.

The applications on the Strait of Sicily were compared with in-situ data
by quantifying the particles modelled by both the hydrodynamic models
within a buffer from each in-situ transect performed by ARPA - CNR during
a monitoring campaign in 2018 and 2019. Both the TrackMPD and the STM
were applied in the periods between 1% May - 30" September 2018 and
between 1% May - 30" September 2019. Both simulations start in May as it
is supposed that it is the period in which the anthropic pressure on the
beaches starts. The comparison was performed in terms of coefficient of
determination R? evaluated between the models’ outcomes and sampling

(for the whole period, 2018 - 2019). As shown in Table 4.2, the sampling
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campaigns were conducted at different days for each transect. The models’
outputs were filtered considering only the particles located in the buffer area
between the day before and after the sampling campaign.

In addition, as it is unknown the actual discharging period of the debris
recorded by ARPA-CNR the comparison was performed by considering 105
scenarios each one characterised by a different start of the daily releasing of
particles. The longest daily discharge temporal windows are from 1% May -
14™ August 2018 and from 1% May - 14™ August 2019. For all the other
scenarios the discharging temporal windows decrease as the start of the
particles’ discharging is moved forward by one day. The last scenario
includes only 2 days, the first in which the particles are released and the
second one in which it is possible to analyse their movement.

The impossibility to infer the actual sources of discharging, required to
apply Lagrangian hydrodynamic model to the whole sea current fields
allowing assessing the tendency of the sea surface currents to accumulate
floating plastic debris. To this aim there were considered as discharging
points the centre of a regular grid covering the whole study area. Even if it
is not a realistic scenario, in terms of number of items and their deployed,
the application is useful to study the domain area. 336 particles in total were
released every day (Figure 4.15). This simulation was realised only with

STM model, excluding the TrackMPD for the high computation time.

Laura Corbari 74



Chapter 4 Materials and Methods

37.5

37
~—~
N
% 365% o . . . . . . . . . . . . . . . . .
=)
-‘: 3 - - - - - - - - - L - - - - - L - L -
T
—I 3 - - - - - - - - - - - - - L - L - L -
36 r
e« s+ & 8 & s & s & s & s s = & s s = 9
355

3 . - . - L] - L] - . . . . L] . L] . L] . L

35} L] . * . L® . L]} . L L] L] L] . L] . _L#® L3

11.5 12 12.5 13 13.5 14 14.5 15 15.5
Longitude (°)
Figure 4.15 — STM - grid release application. Study area: the dots are the
discharge points.

For the Strait of Sicily case study, the beaching maps were not realised
because the main goal is the comparison of the models using the in-situ data.
However, the density maps were produced to individuate the accumulation
areas at sea.

The Results section reports the main models’ outcomes.

Liberia/Gulf of Guinea

For the Liberia/Gulf of Guinea case study, it was assumed that five
macroplastics particles (< 1 g/cm®) were discharge daily from each river
(Figure 4.16), approximating that the quantities of pollutants from each one
was constant. The total number of macroplastics daily discharged (25) for
the whole 2021 allowed limiting the computation time needed to track these
particles over the very huge study area (210000 km? c.a.). Noticeably that,
within the GDA AID Marine Environment & Blue Economy project (on
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going) in-situ information will be provided from the local institutions (still
not available nowadays) and the quantities of plastics to be discharged will
be changed accordingly. The particles were realised ~20 km far away from

the coastline.

55

Latitude (°)

4.5

4 1 1 1 1
12 11 -10 -9 -8 7
Longitude (°)
Figure 4.16 — Liberia/Gulf of Guinea TrackMPD Application. Study area: the main
rivers from which the particles were realised are represented. The dots are the
discharge points.

4.2.2.2 Aegean Gulf: detection of floating target on sea
surface

The detection of the floating plastic target was achieved using PRISMA
hyperspectral data, characterised by 30 m of spatial resolution. The size of
the target (diameter of 28 meters) was not sufficient to have pure pixels over
it (i.e. 100% covered by the target). As the consequence, several issues
needed to be addressed to achieve a sub-pixel detection. The first challenge
concerned the reliability of the geometric correction of the satellite data.

Indeed, the identification of sub-pixel target positions in data with low
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spatial resolution is particularly susceptible to errors, increasing the
likelihood of misjudging the precise target location. The second issue
regarded the selection of a proper atmospheric correction to be applied in
marine environment. Indeed, the differences between the spectra of pure
water and of mixed water-target pixel could be of the same magnitude of the
atmospheric contribution; thus, the use of the most accurate atmospheric
processor was considered mandatory in this research activity. In this
framework the ACOLITE method was chosen as further explained.
The methodologies applied in this work have been structured to address
the following scientific questions:
i) Exploring the benefits and disadvantages associated with the use of
hyperspectral data.
i) Evaluating the detection feasibility of different band-sets (subsets of
spectral bands).
iii) Finally, to determine if it is possible to reduce computational costs
without compromising detection performance using a specific band-set.
In this framework, the methodologies adopted, encompassing pre-
processing and processing analyses, were focused on the aim to identify the
most reliable target position in the PRISMA images and target fraction

coverage pixelwise; all the steps realised are following explained.

Pre-processing

Pre-processing analyses involved the atmospheric correction of the
PRISMA level 1A images and their geometric correction. Although
PRISMA atmospherically corrected images (level 2D) are available, the
MODTRANG radiative-transfer model is applied; several studies (e.g.
Alevizos, Le Bas, and Alexakis 2022 and Valdivieso-Ros, Alonso-Sarria,
and Gomariz-Castillo 2021) have shown that MODTRANG6 outcomes are
reliable for land applications and one of the best atmospheric correction
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algorithm for the aquatic environments is ACOLITE (Basu et al. 2021;
Valdivieso-Ros, Alonso-Sarria, and Gomariz-Castillo 2021). In this
framework, the level 1A PRISMA images were atmospherically corrected
applying the ACOLITE atmospheric correction algorithm.

As level 1A are not georeferenced, the geometric correction was done
using the software ENVI® (by L3HARRIS™) applying the Geographic
Lookup Table (GLT) to obtain the standard georeferenced images
(geoTIFF), which were used for all subsequent procedures. Furthermore, a
fine georeferencing was done using the following higher spatial resolution
data, closest (in terms of acquisition time) to each PRISMA data: UAV
orthophoto map and PlanetScope’s image (3 m pixel size). The use of the
latter image also allowed the digitalization and the identification of the
targets. At end of the above-described procedures, it was possible to
geolocate the targets in the PRISMA grid and identify a set of possible pixels
covered by the floating plastic target.

Processing

The processing analyses included the application of the nonlinear spectral
unmixing, the SAM index and the linear spectral unmixing techniques
(workflow reported in Figure 4.17). These algorithms chain allowed for the
acquisition of the spectral signature of the plastic target and the computation

of the fraction covered by the target pixel wise.
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Figure 4.17 — PRISMA processing analyses: workflow.

To assess whether some bands combinations (band-set) were more
suitable for the target detection, the workflow was applied to the following
band-sets:

e All the bands of the VIS-NIR range, Bunir.

e All the bands of the SWIR range, Bswir.

e All the bands selected on the basis of a Principal Component
Analysis (PCA), Brca.

e The bands at the centre wavelength of PlanetScope bands Bi.

With regard to the Beca this band-set is composed by all the bands
provided a correlation with the first PCA higher than a threshold, T.

The not known of the target spectral signature represented an issue. This
was addressed by combining the nonlinear spectral unmixing (Dobigeon et
al. 2014) technique with the Spectral Angle Mapper (SAM) (Kruse et al.
1993). In particular, the spectral signatures of the plastic target, Rp, was
iteratively determined and then considered as the endmember of the
unmixing procedure applied to retrieve the fraction covered by the plastic
target pixel wise.

In particular, with varying the plastic fractional cover, f,;, it was
possible to evaluate a set of possible spectral signatures of the plastic target,
Ry, i (1), for each pixel i by inverting the Eq. 4.14.
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Rmix,i (A) = fp,i X Rp,i(l) +fw,i X Rw,i(/l) Eq 4.14

where R,;,;(4) and R, ;(4) are the reflectances of mixed i-th pixel
(composed by plastic and water) and of pure seawater at the wavelengths
(4), respectively; f,, ; is the seawater fraction cover value at the i-th pixel
(with f,, ; the complement to one for each £, ;). The set of R, ; (1), [Ry,], is
thus composed of a number C of fp-fw couples selected within the iterative
process. The Eq. 4.14 was applied to all the pixels which on the basis of the
UAV data were occupied by the target, even with a small percentage.
Having obtained a set of possible R, ;(4), the SAM value was calculated
among these i-th signatures. Taking into account that the SAM allows to
quantify the differences between two spectra (Kruse et al. 1993) and that
low SAM values are evidence of great similarity between spectra. The final
Rp was chosen if the SAM computed among all Ry, ; (1) was under a given
threshold, S. The resulting R, was used as the endmember of the linear
spectral unmixing (Dobigeon et al. 2014) allowing to determine the plastic
fraction within each PRISMA pixel.

A comparative analysis was conducted by applying the linear unmixing
method to the PlanetScope image at its original spatial resolution (3 m) and
at the PRISMA resolution (30 m, resulted from the application of a pixels-
aggregation technique). For this comparative analysis the spectral signature
of the plastic target acquired by the 3 m image was employed. This
comparison allowed the evaluation of the feasibility of a sensor with few
bands but with high (3 m) or low (30 m) spatial resolutions to detect the
floating plastic target.
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Chapter 5

Results

5.1 Beach litter

The results reported in this section focus on the macroplastics
quantification and characterisation in terms of materials and size (according
with the “Joint List of Litter Categories for Marine Macrolitter Monitoring™)
and the spectroradiometric analysis realised in the Remote Sensing
Laboratory at the University of Palermo.

5.1.1 Surveys results

The first results, shown in Figure 5.1, report the different quantities of
debris in all beach portions of Mondello (reported as M) and Isola delle
Femmine (reported as 1) beaches. In this analysis, the beach portions
sampled in both sites were considered together, without any distinction in
terms of access options (then management measures) this in order to
visualize the main hypothesis difference, or rather difference in the amount

of marine litter between a managed and a free-access unmanaged beach.
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Figure 5.1 — Average number of items/m? (mean number items/m? + se) in
Mondello (M) and Isola delle Femmine (1) beaches.

By taking advantage by the subscription options available in Mondello
beach, that reflected into different time of permanence offered to citizen (in
a range of seasonal, daily, and hourly options) the differences in terms of
quantity and typology of debris collected at the various sites were
investigated. This analysis, reported in Figure 5.2, showed the average per
square meter of debris found out in the seasonal beaches (indicated with S,
including M-S1, M-S2, M-S3), in daily (indicated with D, including M-D1,
M-D2, M-D3) and low-cost access (indicated with L, including M-L1, M-
L2).
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Figure 5.2 — Mean of N° items/m? with standard error for all material in all sites of
Mondello.

The mean of items per square meters shows comparable values between
seasonal and daily beaches. Instead, lower values were found on the low-
cost beaches.

While the management of all beaches in Isola delle Femmine was
uniform (no ongoing cleaning), a comparative analysis of debris quantities
was conducted to assess potential variations between the area within the
MPA (I-1) and the others two Figure 5.3. The quantities of litter in 1-1 are
higher than the other sites.

Laura Corbari 83



Chapter 5 Results

0.014 T T T

0.012 |

0.01

0.008 |

0.006 [

n° items/m?

0.004

0.002

I-1 -2 -3
Site

Figure 5.3 — Mean of n° items/m? with standard error for all material in all sites of
Isola delle Femmine.

In Figure 5.4 and Figure 5.5 the quantities of beach litter are reported,
classified into the main categories (artificial polymers plastic, chemicals,
clothes textile, glass ceramics, metal, paper cardboard processed worked
wood and rubber) for the sites of Mondello and Isola delle Femmine
respectively.
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Figure 5.4 — Mean of n° items/m? for each material in all sites of Mondello.

In the seasonal and daily sites, the quantity of the “artificial polymers
plastic” category is higher compared with the others. Instead, in the low-
cost sites the most frequent category is the “paper cardboard”. All the others
quantities are comparable between all sites, with an exception for “glass

ceramics” category that is higher in the daily beaches.
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Figure 5.5 — Mean of n° items/m? for each material in all sites of Isola delle
Femmine.

The “artificial polymers plastic” category was found with higher
frequency than the other litter in the sites 1-1 and 1-2. Instead, the “paper
cardboard” fraction is the most frequent in I-3. All the other quantities are
comparable between the all sites except for the “metal” fraction that is
higher in 1-1. Moreover, the “rubber” category presents higher value in I-1
comparing it with the other sites.

A more detailed analysis was carried out with the aim of identifying the
five most frequent categories on each site. These results are shown in Figure
5.6 and Figure 5.7 and the description of each category is shown in Table
5.1.
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Figure 5.6 — Five categories of litter most frequent in each site of Mondello.
The categories of litter most frequently sampled in all sites of Mondello
is the J27 “tobacco products with filters - cigarette butts with filters”. A
common item found out with high frequency in all sites is the J156 “paper

fragments”.
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Figure 5.7 — Five categories of litter most frequent in each site of Isola delle
Femmine.

The site I-1 at Isola delle Femmine beach is characterised by a high
presence of the J79 “fragments of Non-Foamed Plastic 2.5¢cm > < 50cm”.
Moreover, all sites are characterised by a high presence of the J156 (Paper
fragments”).

The materials and the J-name corresponding to the five categories most
frequently in the two study areas are reported in Table 5.1.

Focusing on the plastic category, the five most common items were
figure out. The results are reported in Figure 5.8 and Figure 5.9 with the

relatives J-code and J-names in Table 5.1.
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Figure 5.8 — Five plastic materials most frequent in each site of Mondello.

The plastic item most frequent in the all sites of Mondello is the J27
“tobacco products with filters - cigarette butts with filters”. The sites S and
L, present high quantity of J79 “fragments of non-foamed plastic 2.5 cm >
< 50 cm” instead the J12 “plastic non-beach use related body care and
cosmetic bottles and containers™ is present in high quantity only in the D

sites.
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Figure 5.9 — Five plastic materials most frequent in each site of Isola delle Femmine.

All sampling sites of Isola delle Femmine present high quantities of J27
“tobacco products with filters - cigarette butts with filters”. In the I-1 sites
there is a high presence of J82 “fragments of foamed polystyrene 2.5 cm >

<50 cm”.
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Table 5.1 — Description (in terms of Material, J-code and J-name) of the most
frequent materials and plastic items.

Materials | > J-name
code
P.A. J7 Plastic drink bottles < 0.5 1
Plastic non-beach use related body care and cosmetic
P.A. J12 .
bottles and containers

P.A. J21 Plastic caps/lids drinks
P.A. J27 | Tobacco products with filters (cigarette butts with filters)
P.A. J30 Plastic crisps packets/sweets wrappers
P.A. J31 Plastic lolly & ice-cream sticks
P.A. J79 Fragments Of Non-Foamed Plastic 2.5 cm > < 50 cm
P.A. J82 Fragments of foamed polystyrene 2.5 cm > < 50 cm
P.A. J93 Plastic cable ties

Paper/Cardb J156 Paper fragments
oard
Metal J178 Metal bottle caps, lids & pull tabs from cans
P.A. J225 | Plastic food containers made of hard non-foamed plastic
P.A. J227 Cups and lids of hard plastic
P.A. J228 Plastic cutlery
P.A. J237 Plastic wet wipes

5.1.2 Laboratory Experiments

Analysis of the spectra and role played by the illumination

geometry

As anticipated, the spectra of litter were acquired considering two

different illumination conditions. Figure 5.10 reports the spectra acquired

within the white box (diffuse illumination) related to the samples in Figure

4.3.
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Figure 5.10 — Spectral signatures of some harvested marine debris, reported in
Figure 4.3, acquired within the white box.

Noticeably several spectra quietly differ in the visible region, instead
have similar behaviour in some wavelengths such as 930, 1200, 1400, and
1700 nm.

The comparison between the average of the spectra acquired inside the
white and the black box, puswhie and puspiack reveals a coefficient of

determination R? equal to 0.43 (Figure 5.11).
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Figure 5.11 — Comparison between the mean of spectral signatures of all samples
acquired inside the white box (x-axis) and the black box (y-axis).

About 70% of the data is within a buffer area of £ 0.1 (10% of the
reflectance) from the 1:1 line (Figure 5.12) and exhibits an R? equal to 0.92.
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Figure 5.12 — Mean of spectral signatures of samples within the buffer aera. In x-
axis are represented the measures acquired inside the white box and in y-axis the
ones acquired in the black one.

The remaining 30% of the samples are those for which the illumination

geometry played an important role (Figure 5.13). In particular, for some of
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the samples the higher reflectance values were measured in the black box
and vice versa.
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Figure 5.13 — Identification of the samples outside the buffer area. In the x-axis are
reported the measures within the white box instead in the y-axis the measures within
the black box. The green dots represent the samples with higher reflectance when
measured in the black box. The blue dots are the samples with higher reflectance
when measured in the white box.

The samples clearly influenced by the different illumination conditions
were further investigated. As an example, the spectra of the sample n. 75
acquired in the white box are shifted upwards compared to the one collected
in the black box. However, both the spectra are characterised by similar
peaks of reflectance (Figure 5.14).

Instead, Figure 5.15 shows the spectral signatures of the sample n. 12
which was inside the buffer area of the 45° line of the scatterplot of Figure

5.12 (less influence of the illumination conditions).
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Figure 5.14 — Spectral signatures of the sample n. 75 acquired in white and black
box.
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Figure 5.15 — Spectral signatures of the samples n. 12 acquired in white and black
box.
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Litter on sand detectability using SAM and role played by the

illumination geometry

The values of the SAM index calculated considering the whole spectral

signatures (whole wavelength range) are reported in Figure 5.16.
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Figure 5.16 — SAM index values (evaluated between samples vs sand) using all
wavelengths of the spectral signatures acquired inside the white (a) and the black
(b) box. In the x-axis are reported the samples. The vertical lines represent the SAM
values for the different samples.

The SAM values of the samples collected both in the white and black
box (in different illumination conditions) are quite similar. Some samples
(18% and 15% of the total, for the white and black box cases respectively)
are scarcely detectable from the sand as they exhibit SAM values lower than
0.2; whereas other samples (21% and 37% of the total, for the white and
black box cases respectively) are moderately-highly distinguishable from
sand as characterised by the highest SAM values (~> 0.5). To determine the
role played by the two illumination geometries the SAM values between
sand and samples for the white and black box were compared in a scatterplot
(Figure 5.17).
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Figure 5.17 — Scatterplot reporting the SAM index values (evaluated between
samples vs sand) collected inside the white box (x-axis) and the black box (y-axis).

Figure 5.17 suggests that SAM values are in general slightly higher if
signatures are acquired inside the black box. Some samples are represented
by points far from the 1:1 line whereas around 20% of them exhibit very

similar SAM values.

Best spectral bands suitable for litter detection on sandy beaches
The SAM matrix computed using a moving window of 21 nm (Figure
5.18) reveals that bands more suitable for beach litter detection are similar

for the white and the black box cases.
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Figure 5.18 — SAM index values (samples vs sand) evaluated considering a moving
window of 21 nm. The analyses were performed considering the data acquired
within the white (a) and the black (b) box. In the x-axis are reported the wavelengths
and in the y-axis the samples.

Although some litter samples need specific bands for their detection, for
the majority of the samples the most suitable bands for the detection (i.e.
those with higher values of SAM) are positioned: i) in the visible (450-630
nm) range; ii) around the red-edge (700-770 nm); and, in some infrared
bands around 1230 nm, 1400 nm 1720nm. It is to point out that the bands
around 1400 nm could not be used operatively as in overlap with one of the
two main atmosphere water absorption bands (1350-1450 nm). On the
opposite, different wavelengths are not useful for detection, like as the ones
between 800-1000 nm, 1250-1300 nm and around 1450-1650 nm. By
sorting the samples for decreasing global SAM (i.e. the SAM computed
using the whole spectral signature) it is noticed that the samples which have
less probability to be detected on sand are those characterised by low or null
SAM in the visible and red-edge bands.
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Assessment of the polymers composition of plastic litter through
analysis of the spectral signature

The evaluation of SAM values between spectra of the virgin polymers
and those of the samples did not reveal a clear identification of the

composition of the plastic debris collected.

Detectability performance of different virgin polymers from sand

The SAM values between the spectra of the virgin plastic polymers
(EVA, HPDE, PET, PP, and PS) and that of the sand (Figure 5.19) revealed
that EVA polymer (used to make beach shoes especially) is the one
exhibiting the higher SAM values (higher detectability) followed by HDPE,
PP, PS, and PET. The same behaviour is found using spectra collected
within the white and black boxes.

08
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SAM (radians)

PET [ PS HDPE EVA PET PP PS HDPE EVA

Microplastics Microplastics

(@) (b)

Figure 5.19 — SAM values evaluated between the spectral signatures of
microplastics and the sand. Measurement realised in the white (a) and in the black
(b) box.

Best currently operating satellite sensors to detect litter on sandy
beaches
The SAM index between spectra of the samples and that of the sand

computed for the bands of the currently operating high spatial resolution
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satellite sensors (Figure 5.20 and Table 5.2) pointed out that the sensors

providing the higher SAM values is the Worldview-3.
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Figure 5.20 — SAM values between the spectral signatures of sand and samples
considering the wavelengths at the canter bands of the various sensors take into
account. White box.

Mode and median values between all sand-sample pairs are reported for

each sensor in Table 5.2.

Table 5.2 — Mode and Median between all sand-samples pairs for each sensor.

PlanetScope Pleiades Sentinel-2 Worldview-3
Mode 0.026 0.010 0.024 0.119
Median 0.262 0.246 0.250 0.475

The number, E, of the sand/sample combinations exceeded the i-th p
value is reported in Table 5.3. The values E higher than the 30% of the total

sand/sample combinations are in bold highlighted.
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Table 5.3 — E values (in %) for the different percentiles (white box experiment).

Percentile PlanetScope Pleiades Sentinel-2 Worldview-3
50 44 40 39 77
75 20 13 13 53
90 10 1 2 27
98 3 1 1 4
99 1 1

These results are reported in terms of percentage of distinct combinations
with the percentile in Figure 5.21.
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Figure 5.21 — Distinct combinations (%) for each percentile - White box.

From this analysis is evident that PlanetScope allows to identify for the
p = 50, the 44% of the samples. Instead, with Worldview-3 it is possible to
potentially individuate 77% and 53% of the samples, for p=50 and p=75
respectively.

The same analysis was done considering the black box (Table 5.4 and
Figure 5.22).
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Table 5.4 — E values (in %) for the different percentiles (black box experiment).

Percentile PlanetScope Pleiades Sentinel-2  Worldview-3
50 45 37 37 81
75 19 11 12 58
90 7 1 1 32
98 1 1 0 6
99 1 0 0

Also using as input spectra collected in the black box PlanetScope (for
p=50 only) and Worldview-3 (for p=50 and p=75) are to be considered the
only sensors suitable for the detection of litter on sandy beaches.
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Figure 5.22 — Distinct combinations (%) for each percentile - Black box.

Once clearly evidenced that the Worldview-3 is the best sensor for the
collected samples detection, a further analysis regarded which of the spectral
bands of this sensor allow achieving the best detectability. This analysis was
carried out for all the percentiles previously mentioned and considering the
centre bands of all Worldview-3 bands. The values E higher than the 30%
of the total sand/sample combinations, for the different percentiles and
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centre bands, are reported in Table 5.5 (considering both white and black

box).

Table 5.5 - E values for the different percentiles and the Worldview-3 bands - White

and black box.

Percentile
50th 75th 90th
Wavelengths White Black White Black White Black
(nm) box box box box box box
425 99 61 - -
480 41 58 - -
545 100 99 98 96 51
1570 78 89 65 70 51
1660 44 - B
1730 48 63 - -
2165 53 - -
2205 60 -
2260 98 86 69 54 -
2330 100 82 62 -

5.2 Marine litter

5.2.1 Hydrodynamics modelling outcomes

In this section, results of the hydrodynamic models applied to the study

areas are shown with a particular focus on the density and the beaching

maps. Furthermore, results regarding the comparison done for the Sicilian

area employing the in-situ data collected during the ARPA-CNR monitoring

campaign is presented.
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5.2.1.1 TrackMPD model results

5.2.1.1.1 TrackMPD model application:
Mediterranean basin

South Tyrrhenian Sea
The model setup and the calculation time are summarised in Table 5.6.

Table 5.6 — Setup of the simulation in the South Tyrrhenian Sea.

Domain area 10.8°W, 16°E; 35.8°S, 43°N

CMS data MEDSEA ANALYSISFORECAST PHY 006 013
Particles number 1105

Spatial resolution 4-5Kkm c.a.

Temporal resolution 1 Days

Simulation period 15 November 2021 - 31* May 2022

Discharging time 1%t November 2021

Source Beaches sampled in the in-situ campaigns
Calculation time 7h

As output of the Tyrrhenian Sea area is reported the position of
macroplastics all over the simulated period (Figure 5.23). From it is evident
that several particles remain close to the Sicily as trapped by an eddy
structure.
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Figure 5.23 — Particles’ map for the simulated period in the Tyrrhenian Sea. Red

dots represent the particles released from Mondello, instead the blue dots the ones
from Isola delle Femmine.

Density maps have been computed for each day of the simulation period.
The most significant ones are shown in Figure 5.24. The trapping by the

eddy structure cause the formation of particles accumulation areas.

Laura Corbari 105



Chapter 5 Results

42

41

40

39

38

37 200

150
100
42

50

Latitude (°)
N. Particles/pixel

41

40

39

38 i

37

Longitude (°)
Figure 5.24 — TrackMPD, Tyrrhenian Sea application. Density maps for four
representative days (year 2018): 71" November 2021 (a), 19"" November 2021 (b),
23" November 2021 (c), 01 December 2021 (d).

Strait of Sicily

The TrackMPD model was applied in the Strait of Sicily by simulating
the particles’ releasing in two periods: from 1% May - 30" September 2018
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and between 1% May - 30" September 2019 (Application — 1, releasing from
the coast).

The model setup and the calculation time are summarised in Table 5.7.

Table 5.7 — Setup of the simulation in the Strait of Sicily.

Domain area 11.5°W, 16.5° E; 35° S, 37.8°N
CMS data MEDSEA_ANALYSISFORECAST_PHY_006 013
Particles number 144
Spatial resolution 4-5km c.a.
Temporal resolution 1 Days
Simulation period 1t May - 30" September 2018
1t May - 30" September 2019
Discharging time Daily
Source Main rivers (Ocean Cleanup source)
Calculation time 1 Day

As the final focus of the application in the Strait of Sicily was the
comparison with in-situ measurements performed in the same area, only the

density maps were analysed. In Figure 5.25 the simulation domain is

reported.
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Figure 5.25 — Domain of the simulations done in the Strait of Sicily.
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The accumulation maps concerning some of the most representative days

for the simulation of 2018 are reported in Figure 5.26.
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Figure 5.26 — TrackMPD, year 2018. Density maps for four representative days
(year 2018): 01t May (a), 26" May (b), 03" June (c), 12" September (d).

From Figure 5.26 is evident how the particles are accumulated in the
central part of the domain in the middle period of the simulation. Also, the
trapping of particles by the ABV eddy is observable. Moreover, it is
noticeable the role played by the Atlantic lonian Stream which move
initially the most part of the particles in the north-west to south-east
direction (parallel to the coast); in May an accumulation in the eastern
Sicily-Malta channel is observable; in June and September the particles,
drifted by the AIS, finally are moved out from the domain.

Concerning the simulations of 2019, the accumulation maps regarding

some of the most representative days are reported in Figure 5.27.
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Figure 5.27 — TrackMPD, year 2019. Density maps for four representative days:
13" May (a), 31" August (b), 16" September (c), 21" September (d).

Similar considerations of the 2018 case study can be done analysing the
density maps computed for the 2019 period (Figure 5.27). From May to
September, two main accumulation areas are found: the first in the north-
western part (Trapani province area, close to Mazara del Vallo); the second
one in the eastern area (Gela-Ragusa-Siracusa areas). Moreover, from
Figure 5.27, panel c, it is evident the formation of a vortex that disperses the
particles few days later (panel d).
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5.2.1.1.2 TrackMPD model application: Liberia/Gulf of Guinea
The model setup and the calculation time are summarised in Table 5.8.

Table 5.8 — Setup of the simulation in the Strait of Sicily.
Domain area 17°W, 12°E; -5°S, 7° N
CMS data GLOBAL_ANALYSISFORECAST PHY 001 024
Particles number 25
Spatial resolution | 10 km c.a.
Temporal 1 Days
resolution
Simulation period | 1% January - 31% December 2021
Discharging time Daily
Source Main rivers (Liberian Hydrological service)
Calculation time 6 Day

The results regard the area represented with the dashed black box in
Figure 3.10 because it is where the particles have mostly accumulated and
beached. This area is reported in Figure 5.28 also indicating the name of the

Regions and of the Island impacted by the plastic particles.
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Figure 5.28 — Regions interested by plastic particles accumulation and beaching.

The density maps were realised for all the simulation period with the

main goal to quantify the presence of macroplastics in the study area.
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Figure 5.29 reports maps of the most significant days in which is possible
to recognise some particles’ displacement patterns and the formation of

accumulation areas.
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Figure 5.29 — TrackMPD. Application in the Liberia/Gulf of Guinea area, year
2021. Density maps for three representative days: 30" July (a), 03" August (b),
13" August (c).

Density maps show an accumulation of particles in the Guinea Gulf
probably caused by the coastal geomorphology and the sea surface current
patterns. The formation of a buildup area is evident as early as a few days
after the start of the simulation. Furthermore, the accumulation area
increases with the simulation time.

Figure 5.30 shows the most significant beaching maps.
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Figure 5.30 — TrackMPD. Application in the Liberia/Gulf of Guinea area, year
2021. Beaching maps for three representative days: 30" July (a), 03" August (b),

13" August (c).

Figure 5.30 confirms that differ particles impact the coastal area; indeed,

a moderate number of particles are found in the west coast of Bioko Island

and at the coast of Nigeria region. Noticeably that beaching and density
maps highlight that the plastic released from the Liberian rivers involved the

all-domain area (boundless problem).
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5.2.1.2 STM model results

This section summarises the results (in terms of density maps)

concerning the STM model run for the coastal and grid release applications.

5.2.1.2.1 STM model application: Strait of Sicily

The model setup and the calculation time are summarised in Table 5.9.

Table 5.9 — Setup of the simulation in the Strait of Sicily.

Domain area

11.5°W, 16.5° E; 35° S, 37.8°N

CMS data

MEDSEA_ANALYSISFORECAST_PHY_006_013

Particles number

336

Spatial resolution

4-5 km c.a.

Temporal resolution

1 Days

Simulation period

1%t January - 31% September 2018
1% May - 30" September 2019

Discharging time Daily
Source Centre of the pixel
Calculation time 10 h

The density maps

relative to STM — coastal release application (144

points discharged from the main Sicilian rivers), referred to 2018 and 2019

are reported in Figure 5.31 and Figure 5.32 respectively.
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Figure 5.31 — STM — coastal release application, year 2018. Density maps for two
representative days: 21" August (a), 12 September (o).
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Figure 5.32 — STM — coastal release application, year 2019. Density maps for two
representative days: 31" July (a), 22" August (b).

The figures highlight the general tendency of the particles to be

accumulated along the south coast of Sicily. In the south-eastern the

particles follow the AIS jet; noticeably in September 2018 (Figure 5.31,

panel b) the presence of an accumulation patch in the north-south direction.

Regarding the STM - grid release application (336 points discharged on

a regular grid basis) Figure 5.33 and Figure 5.34 show the density maps for

the 2018 and 2019 periods respectively.
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Figure 5.33 — STM — grid release application, year 2018. Density maps for four
representative days: 12" May (a), 23" May (b), 23" August (c), 22" September (d).
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Figure 5.34 — STM - grid release application, year 2019. Density maps for two
representative days: 14" June (a), 25" September (b).

It is evident from Figure 5.33 the formation of a stretched accumulation
area from north-east to south-west (in the direction of the Tunisia). Very
strong accumulations are found at coast especially in the Malta islands and
in the east and south-east Sicilian coasts. Similar consideration can be done
for the 2019 (Figure 5.34).
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5.2.1.3 Comparison between the hydrodynamic models and
sampling: Strait of Sicily

The comparison between the number of simulated particles within the in-
situ transect (Figure 4.6) and the number of microplastics collected during
the in-situ campaigns was done considering a total of 105 discharging
scenarios (please refer to Section 4.2.2.1.1). The results concerning this
analysis are reported for two representative days: 01 May 2018, 2019
(following named as “Scenario 17) and 31% July 2018, 2019 (following
named as “Scenario 92”).

The Scenario 1 is characterised by a daily discharge from 01* May to
14™ August 2018 and 2019; instead, the Scenario 92 by a daily discharge
from 31° July to 14™ August 2018 and 2019.

Figure 5.35 and Figure 5.36 report the particles’ position resulting at the
sampling date under two different scenarios for the TrackMPD for 2018 and

2019 respectively. The buffers around the in-situ transect are also over

imposed.
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Figure 5.35 — TrackMPD, year 2018. Particles’ maps for different scenarios. —
Scenario 1: release 01 May—end of simulation 14" August (a). Scenario 92: release
315 July— end of simulation 14" August (b).
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Figure 5.36 — TrackMPD, year 2019. Particles’ maps for different scenarios. —
Scenario 1: release 01% May — end of simulation 14" August (a). Scenario 92:
release 31t July — end of simulation 14" August (b).

As expected, the particles’ number decreases as the scenario’s number
increases. Indeed, the start of the releasing increase by a day from scenario
1 to the last one. Moreover, comparing Figure 5.35 with Figure 5.36, it is
evident that patterns of the particles position are for the same day totally
different as the start of the deployment change. It is also noticed that
particles deployed in the early August 2019 do not fall within the buffers.

Figure 5.37 and Figure 5.38 report the particles’ position for two
different scenarios using the STM model (coastal release application).
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Figure 5.37 — STM - coastal release application, year 2018. Particles’ maps for
different scenarios. — Scenario 1, release from 01% May (a). Scenario 92, release
from 31% July (b).
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Figure 5.38 — STM - coastal release application, year 2019. Particles’ maps for
different scenarios. — Scenario 1, release from 01 May (). Scenario 92, release
from 31%t July (b).

With the STM model the particles’ number within the buffer area is
greater than those found using TrackMPD.

The comparison between the models was realised considering the
simulations performed using TrackMPD and STM (coastal release
application). The sum of the simulated particles within each buffer area was
calculated, for each scenario. The regression between these latter and the
number of particles found during the in-situ campaigns (Table 4.3) was
estimated through the R? (evaluated considering jointly 2018 and 2019
data). Figure 5.39 reports the R? evaluated for each scenario for TrackMPD

and STM (coastal release application) respectively.
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Figure 5.39 — R? coefficient evaluated between models’ output and sampling for
different scenarios. R? computed for TrackMPD / samples (a); R computed for
STM — coastal release application / samples (b).

The coefficient R? is almost constant all over the simulations, for both
models. The higher R? values were found in the TrackMPD simulations for
the filaments, whereas the lower was found for the sheets. The maximum
values of R?for the different kind of plastic debris is reported in Table 5.10
and Table 5.11. The corresponding scenarios are also reported to determine
if there is some scenario which fit better the in-situ observations.

Table 5.10 — Maximum R? coefficient, for relative scenarios, evaluated between

TrackMPD model and sampling data (reported days refer to both years 2018 and
2019).

Samples Fragments Filaments Sheets Foams Total

Scenario 58 1-46 91 88 58
Days 27/06 01/05-14/08 30/07 27/07 27/06
R? 0.079 0.065 0.020 0.058 0.071
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Table 5.11 — Maximum R? coefficient, for relative scenarios, evaluated between
STM - coastal release application and sampling data (reported days refer to both
years 2018 and 2019).

Samples Fragments Filaments Sheets Foams Total

Scenario 81-83 1-78 1-78 96 81-83
Days  20/07-22/07 01/05-17/07 01/05-17/07 04/08 20/07-22/07
R? 0.142 0.296 0.039 0.169 0.107

Noticeably that the unrepresentative R? values found for both STM and
TrackMPD (coastal release application) highlight that the distribution of the
debris found in-situ not match with the releasing mode of coastal release
application.

The failure of the comparison procedure, considering as discharging
points the coastal area, led to analyse the attitude of the sea surface current
to accumulate particles. The amount of discharging points considered, led
to apply the STM model (less complex than the TrackMPD). For this
application, the particles’ position maps were not reported because no
significant information are deductible. Indeed, as expected, the deployment
on the basis of a regular grid produced an increasing of the number of
particles within the whole domain and also within the buffer areas.
Furthermore, no significant patterns could be highlighted. The comparison
with the in-situ data reveals some matching in terms of R? values (Figure
5.40) especially for filaments and foams, with maximum R? values found
considering the start of releasing in July (2018 and 2019).
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Figure 5.40 — R? coefficient evaluated between STM — grid release application
models’ output and sampling for different scenarios.

The variability of R? with the scenario is shown in Figure 5.40. The
maximum R? values and the corresponding scenario are reported in Table
5.12.

Table 5.12 — Maximum R? coefficient, for relative scenarios, evaluated between
STM — grid release application model and sampling data (reported days refer to both
years 2018 and 2019).

Samples Fragments Filaments Sheets  Foams Total
Scenarios 59-63 86 105 87 59-63

Days 28/06-02/07 25/07 13/08 26/07  28/06-02/07
R? 0.138 0.412 0281  0.595 0.079

5.2.2 Results of floating target detection: an
application on Aegean Sea surface

The workflow described in Section 4.2.2.2 allowed achieving the
spectral signatures of the floating plastic target and the target fractional
cover for all the pixels overlapping the target itself. By over imposing, for
all different acquisition times, UAV data with the satellite images it was
possible to identify a number N (i = 1,2...N) of pixels, probably occupied
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by the plastic target (Figure 5.41). Note that the maximum number of pixels

that could be involved is equal to 4.

(N
\J/

Figure 5.41 — Possible target’s position in PRISMA’s pixels.

Figure 5.42 shows the spectral signatures of the floating target by
considering the Bvnir, Bswir and Brca band-sets.
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Figure 5.42 — Spectral signatures of the plastic’s target endmember, the pixels
occupied by plastic and seawater and water. The signatures are calculated for each
band combinations: Bynir (a), Bswir (b), Beca (C).
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In particular, in Figure 5.42 R, is the resulting spectral signature of
plastic target (chosen as the endmember), pR,, is the mean spectral signature
of pixels of water close to the target and pR,,;, is that of the mixed pixels
(LR,, and PR ,;, are reported in the secondary ordinate axis). The trend of
URmiy is the same as R, confirming the good results obtained by applying
the non-linear spectral unmixing method.

The fractional cover maps were obtained by evaluating the spectral
signatures of the plastic target using the Eq. 4.14 for the different band-set.
A number C of ten f;, - fw couples was considered. Starting from the first
value f, = 0 (which implies a fw = 1) ten steps were applied until the value fp
= 1 (which corresponds to fw = 0) was reached.

The Brca were selected considering the first PCA characterised by an
explained variance of 97%. 126 bands composed this band-set (between 531
—2335nm) and were characterised by a correlation with the first PCA higher
than the threshold, T=0.9.

Figure 5.43 shows the fractional cover maps obtained for the different

band-sets.
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Figure 5.43 — Fractional cover occupied by plastic’s target (16/07/2021) calculated
for each band combinations: Bynir (2), Bswir (@), Beca (C), Bpi (d).

The f, maps obtained from PRISMA image by considering the band-set
Bunir, Bswir, and Beca appear quite similar. Indeed, it is possible to identify

four brighter pixels with an average f, of ~10%. Whereas, by using the
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PlanetScope bands, Bei there is an underestimation of the plastic present in
the scene because (the avarege fp is ~7%). By analysing Figure 5.43 it is also
possible to quantify the geolocation error. A sub-pixel error is noticeable by
comparing the f, maps with the plastic target position digitalized using the
UAV data. The resulting f, maps are in agreement with the dimension of the
plastic target (~28 m of diameter) which thus could occupy two or four
contiguous PRISMA pixels. Finally, there is a good match of the f, values
with the actual setup.

For the comparative analysis, the linear unmixing techniques was applied
on the PlanetScope image by taking into account the endmember spectral
signature directly retrieved from a pure pixel of the image (100% covered
by the target due to the enough spatial resolution of PlanetScope data). This
signature is shown in Figure 5.44 where the mean of the water spectral
signature, uR,,, and the mean of the pixels covered, also partially, by the

plastic target, uR,,;,, are also reported.
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Figure 5.44 — Spectral signatures of plastic target R,,, the mean of water uR,,and of
the mixed pixel pR ;-
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Using the endmember signature the fractional cover maps for the
PlanetScope image at the original (3m) and the PRISMA spatial resolution
(pixel aggregated) were retrieved (Figure 5.45).

(b)

Figure 5.45 — Fractional cover occupied by plastic’s target in Planetscope’s image
(17" June 2021) calculated on Planetscope’s resolution (3m) (a) and PRISMA’s
resolution (b).

As expected, the f, retrieved using the PlanetScope image at 3 m of
spatial resolution perfectly allows to detect the plastic target (Figure 5.45,
a). However, at the PRISMA spatial resolution, the f, map shows one
brighter pixel characterised by a f, ~ 60% (Figure 5.45, b). This test allowed
to demonstrate that the target detection with few spectral bands is possible
only by benefitting from a very high spatial resolution (if compared to the

target dimension).
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Chapter 6

Discussion

6.1 Beach litter

6.1.1 In-situ sampling

The present thesis moves from a direct collection of plastic litter from
beach environment, to assess the possibility to detect marine litter through
different monitoring tools. The individuation of source and sinks areas of
marine litter, will allow to address future mitigation/remediation strategies.

The high quantity of debris collected in both the surveyed beaches
confirm the urgency to mitigate the marine plastics pollution. The modelling
efforts of this thesis confirms the cross-border and transnational nature of
the problem (Maland and Staupe-Delgado 2020; Derraik 2002).

The collated database allows to fill the knowledge gaps about the socio-
economic drivers of the marine plastic pollution reflecting a still existing
lack of social perception of this problem, as well a lack of active governance
action in place (both confirmed at the free-access beach).

It is important to point out how the variety of litter items found highlight
that the beach pollution not only concerns plastic but also paper, metal, and
glass even if with plastic being the most frequent items found out in both
areas. The depicted patterns of marine litter across the studied beaches
follow a trend highlighted also by other monitoring campaign conducted,
along the coast of Alicante Province, Spain (Asensio-Montesinos, Anfuso,
and Williams 2019). Plastic remains among the pollutants cause greater
concern due to its high degradation times, negative impacts on the
ecosystem, and the enormous quantities in which it is dispersed (Gall and

Thompson 2015; Genovese et al. 2023). It should also be emphasised that
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its exposure to natural elements, such as sun, wind, and wave action, leads
to material degradation, causing greater difficulty in identification and
consequently in its removal from the environment and proper disposal
resulting in higher environmental associated risk (Salerno et al. 2021;
Berlino et al. 2021).

The comparison between Mondello and Isola delle Femmine study areas,
underlines the importance to implement local management measures about
disposable materials. The plastic generated in Europe amounts to 39.9% of
packaging, and one of the primary sources is tourist and recreational
activities (Chen et al. 2021). The presence of a private company managing
the Mondello beaches may partially explain the lower rate of marine litter
when compared with the unmanaged beaches. Therefore the quantity and
quality of items, especially on areas characterised by highest permanence of
users, underline the need for a higher effort in creating awareness around
the issue of marine litter as well as the need for higher effort in mitigating
the presence of item reinforcing cleaning up actions and support more
initiatives to incentive local retailers and products to enhance models for the
circular-life of Single Use Plastics and improve waste management.

Focusing on Mondello beach litter patterns, it is possible to note that in
low-cost beaches, compared to seasonal and daily ones, there is a higher
presence of paper and metal but a lower presence of glass and ceramic,
which is more prevalent in daily beaches but less in seasonal ones. Low-cost
beaches are the only ones where the "metal bottle caps, lids & pull tabs from
cans" are represent among the top five found items. This may be explained
by a higher presence of young people among users of the hourly entrance
subscription who consume this type of beverages more and prefer daily and
seasonal entrance subscription. Interestingly “daily” entrance beaches are

the only ones showing the presence of "cups and lids of hard plastic" among
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the identified top five items. This may be explained by the presence of users
who spend the entire day at these beaches tending to bring food containers
with them, which they may not dispose of properly but abandon on the sand.
Focusing on Isola delle Femmine beach, the beach portion belonging to
the Marine Protected Area (MPA, zone C), has been characterised by the
highest amounts of pollutants, as potentially resulting by the presence of
services (e.g. bar, shops) and by the proximity to the port hosting a small
touristic marina and a small-scale fishing fleet. However, all beaches’
portions in Isoladelle Femmine are characterised by the presence of fishing-
related waste, confirming the presence of an active fishing fleet in the area.
Beaches off commercial activities, such as ice cream shops, and cafeteria,
shows a significant presence of "plastic caps/lids drinks" confirming the
strong connection between the type of users and/or, in this case, how the
presence of commercial activities influences the type of litter present.
Looking at the top five items of plastic waste found on the beaches of
Mondello and Isola delle Femmine, it is important to note that the
predominant category is “tobacco products with filters (cigarette butts with
filters)” confirming data from others sampling campaigns like those carried
out in the coast of Alicante Province, Spain (Asensio-Montesinos et al.
2019) and in the Romanian Black Sea coast (Golumbeanu et al. 2017).
Another category of waste present on in Mondello and on two over three
sites at Isola delle Femmine is “fragments of Non-Foamed Plastic 2.5cm >
<50 cm” it is highly likely that these elements result from the fragmentation
of larger plastic waste (so-called secondary waste). This category has a
significant ecosystem impact due to the difficulty of detection and the ease
with which they can bury themselves in the sand, remaining underground

for years.
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Lastly, it is important to note that among all the sites, the majority of
plastic waste present is of the 'single-use’ type, such as “plastic cutlery”,
“plastic crisps packets/sweets wrappers”. This trend is, hopefully, expected
to decrease in the coming years with the entry into force (in 2021) in Italy
of Directive 2019/904/EU, which prohibits the production and market
placement of single-use plastics, consequently reducing their abandonment
in marine environments.

All these considerations, suggest how the demography of people and the
uses of the beaches are strongly connected to the beach litter, influencing it
in terms of quantity and quality (type of items). This reveals how the local
policy to cope with the impact of marine litter is insufficient, underlining
the need to involve more in a process of awareness both the local
administration, the local manger, and the citizens to find common and
specific approaches to mitigate and solve it. For example, the
implementation of dedicated bins (currently absent on Italian beaches) for
the proper disposal of cigarette butts could be considered. Capacity
development is recognised as an approach to achieve stakeholders’
relationship improvement, influencing the actors’ attitudes, values and
motivations involved in the process (Stojic and Salhofer 2022). Moreover,
it is demonstrated that a trustworthy knowledge-in-action is a driver to
achieving eco-sustainable transitions across stakeholders (Grodzinska-
Jurczak et al. 2022).

6.1.2 Laboratory experiment

The quantification and characterisation of beach litter is not easy to
obtain. The most common approach used are in-situ monitoring campaigns
which need to be executed according to standardised protocols

(Schernewski et al. 2018). However, this approach has several limitations:
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it is time-demanding, requires a high number of operators, and is difficult to
sample large areas in a reasonable time. To overcome these limits, the use
of remote sensing techniques were recently proposed (e.g., Gongalves et al.
2022) like the UAV to detect beach litter (e.g. Scarrica et al. 2022). These
tools allow to monitor large area by involving a limited numbers of
operators. Indeed, different researches demonstrated that these techniques
could provide fast information regarding abundance and spatial distribution
of beach litter (Escobar-Sanchez et al. 2021). Nevertheless, several
limitations were underlined by different authors. For example it is hard to
identify and characterise the plastic debris due their heterogeneity in terms
of shapes and colours and due the lack of information regarding their
spectral signatures (Andriolo et al. 2021; Taddia et al. 2021). In this
framework, different projects were recently focused on the acquisition of
the spectral signatures of marine debris; thus contributing to increase an
online spectra library (Corbari et al. 2020; Garaba and Dierssen 2020).
Unfortunately, different methodologies were applied to acquire the spectra
and, sometime, a detailed description of the experiment phases is missing;
thus not allowing replicability of the experiments.

In this framework, with the aim to contribute to the formalisation of a
standardised protocol, in this work two different experimental setups were
carried out allowing evaluating the role played by two opposite illumination
conditions. In particular, some litter samples were spectral characterised
implementing: i) a direct light inside a black box and, ii) a diffusive light in
a white box.

The comparison between the spectral data acquired through these two
experimental setups showed that for most of the samples the illumination
geometry did not affect the spectral signatures, whereas it was crucial for

some of them (~ 30% of the total). These latter are those characterised by
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peculiar shapes and are those exhibiting a very smooth surface (not
Lambertian surface samples). The laboratory experiment allowed also to
detect some common absorption peaks in the following ranges: 900-950 nm,
1160-1300 nm, 1380-1430 nm, 1520-1560 nm and 1715-1750 nm. These
results are in agreement with outcomes of other studies (e.g., Garaba and
Dierssen 2018).

Through the laboratory experiments it was not possible to identify the
polymer compositions of the plastic litter collected in-situ comparing them
with the spectral signatures of some virgin polymers. This is probably due
to the fact that the samples collected, as often happens, are not made with
only one polymer but with a mix of them.

Analysis on the spectral signatures collected was performed with the aim
to evaluate the possibility to detect beach litter samples on sandy beaches
through the application of remote sensing techniques. This topic was
addressed by computing a spectral separability index, SAM, between the
spectra of each sample and that of the sand. For this analysis the comparison
between the outcomes data, acquired using the white and black boxes
evidenced that for some of the samples the illumination geometry played an
important role. Indeed, it was evidenced that for some samples higher SAM
were observed using the white box and vice versa. The evaluation of the
SAM index over a moving wavelength window of ~20 nm allowed to select
the most suitable wavelengths for the beach litter detection. It was evident
that for several samples the most useful bands are positioned: i) in the visible
(450-630 nm) range; ii) around the red-edge (700-770 nm) range; and, in
some infrared bands around 1230 nm, 1400 nm 1720 nm. Nevertheless, the
bands around 1400 nm could not be used operatively as in overlap with one
of the two main water absorption bands (1350-1450 nm). Similar results are

reported in Salgado-Hernanz et al. (2021). Finally, a test of detectability of
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litter using the currently operating satellite sensors characterised by high
spatial resolution (equal or less of 10 m) was done. The WorldView-3

resulted the one more promising sensor to detect litter on sandy beaches.

6.2 Marine litter

6.2.1 Hydrodynamical models

Hydrodynamic models are powerful tools for studying the fate and
transport of marine litter in the ocean (Hardesty et al. 2017). The use of these
models helps scientists to predict where debris can accumulate once
discharged in the sea environment. Different models were developed in the
past and most of them use a Lagrangian approach (Jalén-Rojas, Wang, and
Fredj 2019; Mansui et al. 2020; Alosairi, Al-Salem, and Al Ragum 2020).
There are various advantages to using a hydrodynamical model to track the
marine litter on the sea environment. Firstly, most of the models allow to
consider different kind of plastic particles in terms of size, material, shape
and give the opportunity to simulate different scenarios of discharging in
terms of particles quantities, point of source and discharge time-scheduling
(Phan and Luscombe 2023). For the plastic debris specifically, some models
consider different phenomena that influence the residence time and the fate
of the plastic particles in the sea. For example, due to the biofouling,
particles can increase their weight (Tsiaras et al. 2021) and sink in the water
column, reaching the sea bottom. Degradation actions caused by waves,
solar irradiation, and wind actions can change the shape and weight of the
particles also causing their fragmentation in smaller sizes with different
shapes.

The simulation of plastic particles transport in the sea environment
represents a useful tool for marine litter monitoring. Indeed the in-situ

monitoring campaigns are expensive and, also present difficulties for the
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identification and quantification of the debris, that are not all floating at the
sea surface. The use of the remote sensing, which has different benefits, does
not allow to predict the particles movement exposed to the sea currents thus
a combined approach, including hydrodynamic simulations, can provide a
more comprehensive understanding of the marine litter problem. For
example, detection through remote sensing can provide validation data for
the hydrodynamic models (i.e., position and severity of the accumulation at
the sea and/or beaching at the coast); vice versa, results of the hydrodynamic
simulations can provide the positions of area which can be further examined
by applying remote sensing techniques.

Hydrodynamic models, while powerful, do have certain limitations. The
incorrect set of the parameters of the model have an important impact on the
accuracy of the hydrodynamic model results (Karim et al. 2023). There is
often a trade-off between spatial and temporal resolution in hydrodynamic
models (Ganju et al. 2016): high spatial resolution models may lack
temporal detail and vice versa. Also, the computational demand of the
hydrodynamic models can be severe, especially when studying particularly
extensive and complex domains (Vennell et al. 2021). It is often necessary
to reduce the spatial and/or the temporal resolution of the input layers if a
large domain is to be investigated thus leading to non-realistic input
scenarios. Furthermore, the computation demand can limit the applicability
in real-time or in near-real-time of scenarios where rapid results are needed.
In this framework, two different hydrodynamic models were tested. The
TrackMPD, a complex model which allows to take into account several
phenomena, and the STM, a simplified approach that can rapidly (confirmed
by the calculation time reported for each simulation) simulate different
scenarios of discharged pollutants. For the Strait of Sicily study area, both

models were applied considering the same initial conditions. A greater
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number of particles persists during the simulated time using the STM
compared to the TrackMPD model. This is probably caused by the absence
of dispersion effects which increases the probability that particles stay
longer inside of the pixels. Furthermore, in STM application the particles
are not creating a specific vortex, as in TrackMPD.

The impossibility to known the sources of the microplastics collected
thorough the in-situ monitor campaign, conducted by ARPA and CNR,
prompt to use the STM model assessing the tendency of the sea surface
currents to accumulate floating plastic debris. Higher correlations have been
found for filaments and foams considering the start of releasing in July 2018
and 2019.

From the outcomes of this work emerges that the marine plastic pollution
is a transboundary problem. Indeed, for all the case studies examined it is
evident that the marine litter particles are accumulating and/or beaching in
area which can be very far from the discharge points. Noticeably also that
the use of the hydrodynamic models can play an important dissemination
role providing to responsible government entities useful information to plan

future strategies to fight with the marine litter problem.

6.2.2 Detection of floating target on sea surface

The detection of the marine litter using remote sensing is a challenging
issue. Different research studies have been conducted to define the main
limitations in marine plastic detection through remote sensing techniques
and to figure out the methodologies useful for the identification and
quantification of marine debris. One of the main problems relates to the
spectral and spatial resolution of the sensors. The sensor with high spatial

resolution have low spectral resolution and vice versa. Several researchers
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underlined the need to explore the use of hyperspectral data for marine
plastic detection (e.g. Martinez-Vicente et al. 2019).

The aim of this part of the research was to assess the capability to detect
an artificial plastic target placed in a coastal region of Lesvos, Greece, using
satellite remote sensing data. Detection activities were carried out using the
satellite hyperspectral PRISMA (with a spatial resolution of 30 m)
considering different band combinations to evaluate the most feasible one.
Good results were achieved using VNIR and SWIR bands. PCA analysis
was conducted with the aim to reduce the number of computational loads
and use few bands. However, the results did not prove that there is an
advantage using a band-set built on the basis of a PCA (which was time-
consuming).

A comparative detection analysis using a PlanetScope at its original
spatial resolution (very high if compared to the target dimension) and at the
PRISMA spatial resolution (comparable to the target dimension)
demonstrated that the detection with only few bands was possible only by
exploiting the high spatial resolution.

The need to use hyperspectral data is confirmed by different applications.
For example, in Papageorgiou et al. 2022, the same setup of this study was
analysed using Sentinel-2. Despite this sensor a better spatial resolution than
PRISMA, it is underlines the necessity to have a plastic fractional cover
higher than 20% to be detected. Using PRISMA images, this limit seems to
be overcome, as it was possible to identify the pixels covered by a plastic

mesh covering the pixel only for the 30% of its total area.
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Chapter 7

Conclusions and future developments

Marine litter pollution has recently become one of the major focus of
global scientific research, as it is a growing issue that requires public
engagement and behavioural changes for prevention/mitigation. To date,
only localised efforts, in some areas, have quantified its extent and intensity.
Given the urgent, widespread, complex and multifaceted nature of this
challenge, an interdisciplinary approach is mandatory in the near future to
inspire effective solutions. Scientific relevance and data collection must
support decision makers; education must be as a tool to generate changes to
behavioural psychology, consciousness, and responsibility; modelling must
help tailoring management and policy processes; effective prevention
should represent the long-term solution.

The interdisciplinary approach developed in this study highlights the
importance of synergising scientific resources from multiple disciplines for
a better understanding of marine litter pollution. The in-situ data collection
along the coast, in addition to providing useful information about the
quantities and kind of marine litter in different study areas, was useful to
implement two indoor laboratory experiments. The use of two different
experimental setups provided important information for developing future
standard protocols for spectroradiometric acquisition. Additionally the
comparison of the data acquired, allowed to investigate and to conclude that
the illumination conditions play a role on the detectability of some samples
with jagged shapes, particular colour or transparency conditions. These
experiments, represent one of the first study focused on the detection of
marine debris in a sandy background comparing different illumination

conditions. The analyses highlighted that particular wavelengths the VNIR
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and SWIR ranges could be useful for the litter detection and some are
already used by the WorldView-3 which resulted the most promising
nowadays operating sensor (confirming outcomes of other researches).
Future works can include the analysis of images, in which the spectral
signatures of the samples will be acquired jointly with the sand performing
an ad-hoc outdoor experiment. The bottom-up approach adapted in this
study will be useful to carry future UAV beach litter detection activities
(more complex due to changing light conditions, wind action etc.) by
acquiring images with multispectral/hyperspectral cameras. Also, the setup
of a spectral characterisation of floating litter debris will be useful to extend
gather useful information for the detection at the sea using remote sensing
techniques.

The link between beach and marine litter was studied using two
hydrodynamic Lagrangian models with the aim to individuate macroplastics
accumulation area on the sea surface and on the coastal line. The results
suggest the cross-border characteristic of the marine litter phenomena,
considering that macroplastics could be accumulate in areas far away from
the discharging points. Future development of this work will assess the
sensitivity of the hydrodynamic models to different parameters.
Additionally, as a possible future development, the implementation of the
3D Lagrangian models will allow to include different phenomena such as
the biofouling, sinking, particle degradation etc. Also, the model outputs
could be used to address new in-situ surveys and clean-up actions.

Satellite remote sensing techniques were applied to detect a large plastic
target deployed on the sea surface evaluating the potentiality to use
PRISMA hyperspectral data. The detection of this target was possible only
exploiting the hyperspectral capability of the PRISMA sensor as confirmed
by the comparative analysis carried out using the PlanetScope data. As a

Laura Corbari 140



Chapter 7 Conclusions and future developments

future development, outdoor applications could be carried out by planning
the in-situ spectral signature characterisation of the target through the
employment of a spectroradiometer and/or of a UAV equipped with an
hyperspectral sensor. Additionally to the PRISMA images, further analyses
could be carried out by processing other satellite hyperspectral data such as
those acquired by the new Indian HySIS (HyperSpectral Imaging Satellite)
satellite (https://www.eoportal.org/satellitemissions/hysis#eop-quick-facts-
section) and by the incoming “pixxel space hyperspectral constellation”
(https://www.pixxel.space/) which promises the acquisition of 300 spectral
bands at 5 m spatial resolution.

The different tools described in this research activity can be synergically
adopted. Density and beaching maps derived by the hydrodynamic tracking
models could drive in-situ and remote sensing monitoring campaigns at sea
and coastal areas respectively. Vice versa remote sensing detection and/or
in-situ sampling could be considered as discharging areas for hydrodynamic
simulations. Further analysis will be focused on the use of indoor
experimental data as endmember for satellite images classification in coastal

environments.
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Annex

Figure A1 — Experimental setup: (a) Personal computer, (b) Spectroradiometer,
(c) box (white and black), (d) lamps.

(@) (b)
Figure A2 — Black (a) and white (b) panel used to place the samples to acquire
the reflectance.
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Figure A3 —Black (a) and white (b) box used for the experiments.
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Figure A4 — Samples spectrally characterized.
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