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Abstract

This I ndustrial PhD project is a part of
National Strategy of Intelligent Specialization (SNSI) approved by the European
Commission, which defines among the objectives the sector that refers precisely to the
marine extraction industry: activities of extraction of natural resources from the sea, that
can be reported to the ATECO code #A08.12.
clays and kaolin".

The proposal includes research actions aimed atdtelopment of innovative systems
and tools useful to identifgndstudythe area where is higher the probability to detect the
submerged relict sand deposits in some sector of the Mediterraneakdseaver, a

study of sandy beaches walguantificatiorof the shoreline variation is also required.

In order to satisfy these objectives, the research was focused on the study of sediment
flux, a norinvasive method usefwb predict accurately the volume, timing and location

of sediments that are transporfemm an erosional source region into a bad@pocenter

sink. This kind of approach could led to the identification of areas on the continental shelf
where the probability to found relict sand deposits is higher. The other part of the project
wasaimed athe development of a remotely sensed method to estimate and quantify the
shoreline variation useful for understanding which beaches are more subject to erosion

processes and consequently plan targeted nourishment interventions on them.

The identificationand recovery of relict sand from the submerged environment could
become, in the immediate future, a widespread practice to tackle the problem of coastal
erosion.Currently, the beach nourishment technique with the use of marine sands is
highly developed inNorthern Europe where the coasts are monitored regularly and
managed with longerm programs. In Italy, researches for the location of sandy deposits
and their evaluation for a possible extraction activity have been carried out in the
Tyrrhenian and Adrigc Seas. In Sicily, relict sediment deposits have been identified in

the Gulfs of Termini Imerese and Palermo.

The international scientific community and modern coastal engineering indicate the
structural nourishment and periodic maintenance of the ca@stsubmerged sand as

the most suitable eecompatible tools for functional coastal defense. They allow the
reconstruction and conservation of the beach profile (emerged and submerged), restoring

its original ability to dissipate wave energy.
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Chapter 17 Introduction

1.1 Overview

Coastal zones have historically attracted humans and human activities due to the abundant
amenity, aestheticalue and diverse ecosystem services that they provide. As a result, the
coastalreaall over the world has beconmheavily populated and developed

Among several different typesf coaskine typeswhich exist,sandy coasts are highly

dynamic in time and space and constitute a substgnat t of wor | dés coast
coasts are highly developed and densely populated due to the aar@hagsthetics that

they provide, erosion of these coasts over the last few decades is already resulting in
coastakqueeze. Inevitably, climate change impacts on sandy coasts with@adgrbate

this situation

Theltalian sandy coasts an@t an exceptiotto this trendandthe erosion phenomena

mainly linked both to strong human pressure and t@th@ execution of defence works

and port structures. The rigid defence interventmmyg in sporadic cases have produced
positive effects on the protected sector, instead causing erosion processes in the areas
below the flow even several miles awd&yoastaldefencetechniques require correct
preventive technical and environmental analysis well as a careful monitoring

programme.

Among thedifferent typesthe beacmourishment consists in introducing material along
theerodedbeach with particle size and composition compatible with thexisting one,
allowing both the protection dlfie coast and its environmental requalification. The main
obstacle to the diffusion of this method is represented by the scarce availability of the
material to be usedhich must bavith the same characteristics as the sediments currently
present along thieeaches. The recovery of sands from the submerged environment could
become, in the immediate future, a widespread practice to deal with the problem of coastal
erosion. Currently the technique of beach nourishment using marine sand is highly
developed in Mrthern Europe where the coasts are regularly monitored and managed
with long-term programmes. In Italy, researches for the localization of sand deposits and
their evaluation for a possible extraction activity have been carried out in the Tyrrhenian
Sea ad in the Adriatic Sea. In Sicily relict sediment deposits have been identified in the

gulfs of Termini Imerese and Palermo.



Thedetectiorof relict sand deposit$o be useds a nourishmeim thebeach affected by
erosionrepresents newchallenggor marine geologyesearcharswhich could therefore
becomea widespread method with which to face theatmentrend in areas with a

coastal deficit.

To counteract thbeacherosiontrend it is therefore necessary to identify in the simplest
way therelict sanddeposits and to find eosteffective way to monitor theshoreline
position in order to easily identify those sectors that are undergoing heavy erosion and

direct nourishmenactionstowards these
1.2 Research background

1.2.1 &dimentsas strategic resource for the fight against erosion and
beach as the first structure for the defence of the territory from marine

ingression

The importance of the sedimerbr the coastaldefence from erosion and tisémate
changeeffects assumed a strajie value in recent years, especiatiggardingthe
Mediterraneatasin In Northern Europe and the USA the erosion has been tackled with
huge beachnourishment interventions based on the massive use of sediments, with
interventions in some cases involviteyns of millions of Mof sand implemented. In the
Mediterranean Sea, characterized by a reduced continental shelf and a very high coastal
development, the difficulties of tracing and managing considerable sedimentary resources
have led to a significantethy in medium and lonterm coastal adaptation policies. In a
European study on the economic impacts on the coastal areastf, tih@vas estimated

that, around the year 2080, nourishment quantities of the order of Zféamwould be
needed for thetdlian coasts to maintain the curreshiordines (Richards and Nicholls,

2010) in relation to the estimated effects of only the rise in the mean sea level, net of

other local effects such as subsidence and coastal efdsiang et al., 2004)

A part of this erosin can only be compensated with "external” contributions to the coastal
system or with "entries" of quantities from relict marine sediment deposits (DSMR) or
“reintroducing” quantities from the hydrographic system which, for various reasons,
cannot more tdlow naturally on the coasts or, finally, by mobilizing quantities of

sediments from the hinterland from excavations or extractions from quarries.



The reduced extension of the continental shelf in the Mediterranean and consequently the
reduced surface ameavailable forthe DSMRs, entails the need to adopt specific
protection policies for this resource, aimed at its identification and characterization and

at a correct and sustainable management of sediments
1.2.2 DSMRs definition

Relict sand deposits ohé continental shelf are sedimentary bodies formed in sea level
conditions that are very different from the current ones and therefore not currently in
equilibrium with the depositional environmefithe main deposits were formed during
theLastGlacial Maximum (LGM) (20,000 years ago, low eustatic standing) at the edge
of the continental shelf or during the subsequent upwelling (up to 7,000 years ago,
transgression) in mainly fluvial or littoral or internal platform environments with strong

hydrodynamics.

The relict sand deposits on the continental shelves are extremely variable in terms of
characteristics and quantities, depending on various factors such as the extension of the
platform, the presence of watercourses, the morphology of the sddtedver, he
volumes can be huge (many millions or tens of millions of cubic meters for each

individual deposit).

The characteristics of the deposits can be very variable in terms of complexity and
homogeneity, with very different thicknesses and extensions (ffem meters to many

tens of metres, from a few Krto hundreds of kR), in texture (from gravelly to sandy,

with variable percentages of none to predominant pelite), by mineralogy (from
silicoclastics to bioclastic carbonates), by depth (from 120 up tdakang depth of the
littoral system).

Low standing deposits are located at great depths, often of large volume and frequently
bioclastic composition. These leling or transgressive deposits are covered by-high
lying mudstones (formed in the lasillennia) which, if of considerable thickness, can

prevent their cultivation.

In general, fluvial deposits are very heterogeneous, of relatively limited thickness and

with mineralogical characteristics depending on the source area (drainage basin).



The castal deposits are generally more homogeneous, mainly consisting of rfegaium
sands (although gravel deposits can also be found); being generally constituted by the

submerged portion of the coast, the pelitic component can sometimes be very important.

The deposits generated by transport from sea currents are extremely variable but generally
composed of sandy sediment that is not too coarse but well sorted and without a pelitic

component.

The identification of DSMR occurs essentially on a seismic badilstatad by means of
coring targeted for the definition of the lithological and mineralogical characteristics of
the sediment. It follows that the degree of knowledge of the deposit is extremely variable

according to the specifications of the sampling pladopted.
1.2.3The remotely-sensed shoreline extraction

The shoreline is the boundary line between the land and water surfaces and its variations
drive the coastal landscape evolution over multiple spatial and temporal (fxaas

Bijker, 2020; Parrino et al. ii., 2023; Srivastava et al. ii., 2023; Di Steéaral., 2013).
Despite this simple definition, estimating the shoreline's exact position and evolution over
time could be a challenging taGkouiche et al., 2016; Parei®ascual et al., 2012%andy
coasts, 31% of the world's e shoreline, are characterized by significant biodiversity
and a unique gradient of habitats, and often host valuable anthropogenic assets
(Luijendijk et al., 2018) These sedimentary aprons form in a particularly dynamic
geologic enviroment in which the perpetual interaction of sediment, wind, currents,
tides, and waves, triggered by climate, tectonic and anthropogenic forcings controls their
morphology and extensidiParrino et al., 2023a, 2022a; Srivastava et al., 20231®
anthropological, geological, and ecological value of samdgts and their sensitivity to
erosional and accretional processes make the extraction with an@&easing accuracy

of the shoreline position critical to protect coastal areas and improve the designing of the
hosted anthropogenic as¢atharbi et al.2017; Di Stefano et al., 2013; Ahn et al., 2017,
Bouchahma & Yan, 2014; Brown et al., 2011).

Unlike direct field survey methods, the remote sensing approaches offer fast performance
in shoreline extractiorDue to the freely available, and more up tayfgrears old global
coverage dataset, many different remotely sensed shoreline extraction approaches have
been proposed in the last few decades such as the band thresholding approach, in which
a thresholding value is selected either by mechine interaain or by a local adaptive
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strategy(Aedla et al., 2015; Jishuang and Wang, 2002; Kuleli et al., 2011; Liu and Jezek,
2004; Otsu, 1979; Randazzo et al., 2020 the classification approach, which aims to
clusterize the image into ldrand water pixels considering the boundary line between
them as the shoreli®ayram et al., 2015; Costantino et al., 2020; Gao, 1996; Ghoneim
et al., 2015; Hagenaars et al., 2018; Hannv et al., 2013; ktlali, 2011; Masria et al.,
2015; McFeeters, 2013; Ozturk and Sesli, 2015; Rasuly et al., 2010; Sharma et al., 2015)

1.3 Aims and Objectives

The aimsof this thesisconcern both the development of a methodology that allows to
identify the relict sand deposits, and the developmemtshiorelineextraction method
which allows to estimate and quantify the variations that it undergaeguantitatively
address thsegoals, | have outlined three major aims that | will address in this thesis:

- Aim 1. Development of innovative methodologies useful to detect relict sands
deposits on the continental shelf, for the purpose of nourishment of eroding
beaches.

- Aim 2. On the shorée monitoring via earth observation: A radiometiiented
method on sandy beaches

- Aim 3. On the shoreline monitoring via earth observation: time series as a proxy
of sedimentary environment energy

- Aim 4. Development of a GIS databas&h all theresultsproduced during the

project

Aim 1 requires knowledge about teediment fluxesrom the sourceegionto thesink
considering the environmental conditions during the last glatiakimum. The

objectivesof Aim 1 are as follows:

1.1) identify in literature methodologiesuitable for estimating anguantifying the
pastsediment flux both suspended and bedload transport.

1.2) estimate the Last Glacial Maximum (LGM) sediment flux in some sicilian
drainage basins and compare with the volafre weltknow offshore relict sand
deposit.

1.3) considerother external forcings that led to sand deposition

Aim 2 requires knowledge about tllemote sensing techniques, considering several

databases of satellite products available online. The objectives of Aim 2 are as follows:



- 2.1)understanding of the shoreline spectral signature
- 2.2)perform a GNSS validation fieldwork
- 2.3)implement the sulpixel shoreline extraction method
- 2.4)test the accuracy of our method
- 2.5)compare with other methods
Aim 3 requires knowledge about tlseibpixel extraction method and the Shoreline
Change Analysis (SCA)Y.he objectives of Ain8 are adollows:
- 3.1)implement the serrautomatic suipixel extraction method
- 3.2)use it to extract the shoreline from a dataset of different satellite product in
terms of resolution, revisit time and sensor type
- 3.3)perform a multidecadal and a sabnual analsis
- 3.4) quantify the erosion/accretion rate and try to understand the enviromentale
energy
Aim 4 requires knowledge about the GIS environment and how to organise the data
within groups, layers and so onll tkhe procedures were performed on tHglQsoftware
These aims and objectives are addressed in the individual research chapters of this thesis,

outlined below.
1.4 Thesis outline and structure

This thesis hafur research chaptera discussiomndconclusion. Each research chapter
could betaken a standlone contribution to the literature. However, within this thesis
togetherthey integrate and develop our knowledgeD&MRs detection and shoreline
variation understandingith respect to the aimsghlighted in section B. Within each
resarch chapter are extensive literature reviewsraathods pertaining to the relevant
topic of the chapter. Finally, there is an overarchiisgussion which brings together and

synthesises the key findings from the research chapters.



Chapter 2 - Development of innovative methodologies
useful to detect relict sands deposits on the continental
shelf, for the purpose of nourishment of eroding

beaches.

2.1 Introduction

Estimation of sediment flux is an important step in linkingeresionalsource rgions
where sediment is generated, todepositionabasirdepocentesinks Such approaches
can be used to constrain sediment supply controls (e.g., teotodimatic drivers) on
stratigraphic architecture, lithology distributi@md paleogeographyN. A. Michael et

al., 204; Nikolaos A. Michael et al., 2014With potential application to the prediction

of earth resources and to the assessment of sedimentary archpadeaaiimaticand
tectonic changé~ernandes et al., 2019; Lodhia et al., 2019; Watkins, 20a@ever, it

IS typicallyimpossilde to map in full the morphology of ancient souregioncatchments
and the volume of sediment deposited in assocideggbcentersdue to incomplete
preservation and limited age constraimtstead, proxypased methods must be used to
estimatesediment fluxand sediment budgets in ancient sediment routing syswitis.

the necessary approximations, it is therefore possible usingstimeation of sediment
flux, in order to calculate the volume @tlict sand marinedeposits (DSMRS)
accumulatediuring a givertime-interval To date, three main methods have been used to
estimate sedimeifiiux over large spatial and temporal scales in ancient sediment routing
systems:(1) The empirical BQART model, which uses values of draifzagn area,
relief, temperature, lithology and water dischargeestimate suspended load sediment
fluxes (Syvitski and Milliman, 2007)This method was originally developed for modern
systemswhere it has been widely used, but has subsequently been adapfgulit@tion

to ancient sediment routing systdisle et al., 2018; Liu et al., 2019) Empirical
scaling relationships between characteriggomorphological parameters of sediment
routing-systemsegments, which have been developed for modern systems araldtave
been applied to seismically imaged ancient systems to consddiment fluxe¢Sgmme
etal., 2009)(3)The #Aful crumo model, which uses the
trunk river channels to estimate dowystem sediment discharfj¢olbrook and Wanas,

2014) Each of these three methodd&sed on different assumptions and uses different

7



input data to estimatediment flux over the timescale of interest. However, it is currently
unclear which of these methods, and in what circumstances, prtduogost reliable
estimates of timéntegrated sediment supply, aomparison to independently npgal

and dated sediment volumes.

The aim of this part of the work is therefore to understand if the methods for the sediment
flux estimationcan be used to calculate the DSMR voluraed possibly consider other
sedimentsaliquotswhich comingfrom other types of processes, such as those related to
longshore transpartn orderperform this comparatigrwe testedhe methodon two
hydrographic basins of northern Sicibgnsidering as input parameters those that should
have been present duritige Last Glacial MaximunfLGM) and this value was compared

with the known volume of the DSMRcatedin the Termini Imerese offshore.

2.2 Study area and nethods

The choice of the sediment flux method to essentially depends on the type of input
dataavailable, which substantially depends on the age and conservation of theasystem

on the type of sediments we are looking for. Considering that our research concerns
DSMRs, the choice fell on a methadhich calculate the suspended load and whe&ch

calculate the bedloadUnder these circumstance we used differentmodels:
A BQART, to estimate the suspended load;

A Fulcrum, to quantify the bedload

Using these methods could lead to the identification of catchment drainage areas whose
sediment flux isenough to allow thesand depositioron the continental shelf. In
particular, these deposits are those accumulated duribgét@lacial Maximum (LGM)

230001 18000 yBP)in which the sea level was about 120m lower than the current one

These methodologies have been applied to the catchment am@shefestern Sicily
island which representa segment of the NeogeApenninicMaghrebian fold and thrust
belt. Differentstructural units are arranged in a chain se#kbt vergingver impsed on
a forelandmore or less deformedhis range is mainly oriented-& and the highest
peaksdo not exceed 2 000 m above sea leval.a test study area,enselected the
catdiment drainage area of the Milicia River and San Leonardo Rirgr2.1) This

choice was made because in the Southern Tyrrhenian Sea, in the Termini Imerese



offshore, relict sand deposits have been identified at a depth of 120 meters and with a

capacity of about 130 million cubic meters.
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Fig. 2.1: Study area with highlighted the selected drainage basin: 1) Milicia river catch
drainage basin and 2) San Leonardo river catchment drainage basin. The basepnegent
the Digital Terrain Model (DTM) at 2 m of resolution provided by Sicily region.

In this way, it is possible to check whether the amount of deposits present on the
continental shelf can be correlated with the entity of the sediment flux calculated with the

2 methods mentioned above.

The BQART model is empirical and uses topographic and climatic characteristics of the
catchment area, which can be measured directly in modern systems, as input data. In

particular it isnecessaryo establish

Qs FBAPRT



A = catchment drainage area;
R = catchment relief;
T = catchment averaged temperature,

Q = water discharge;

= =2 4 A -

B = anthropogenic, glacial and lithological contribution

In my case studyl,considered these values to be those that must have been gresent
the LGM, where the sea level was 120m lower, the basin area had to be wider and the T
value of about 2°C lower than the current one, according to the most recent

paleoenvironmental reastructions.

Ot her wi s e, the fAifulcrumo model usewer t he
channels to estimatdown systemsediment flux in sediment routing systems, by
assuming that the sediment mass transported through ssexdgs of the tmk channel

(i . e. the Aful crumo) i s b apsgsterraadddeposjtedt h e
down systemThe model relies on preservation of the truvier channel, which links

the upsystem catchment segment to the dsyatem slope and basiloor segments. |
assumed that the position and dimensions of the 4rwek channel are fixed during the
period over which sediment flux is estimatadd | applied the formula perform the
measurements using the DTM 2 m provided by Sicily region and consideriimgu

values those suggestby (Holbrook and Wanag014)
The fulcrum formula is:
Qmas = Qbts (tbd) b

Hot = bankfull channel depth

Byt = bankfull channel width

Dso = median bedload grain size

} sw = submerged density of bedload grains

S = channel slope

= =2 4 4 -4 -2

toa = average annual duration of flood events

10



2.2.1 Last Glacial Maximum climatic and physiographic reconstruction

Environmentaland physiographiconditions of Sicilyisland during the Last Glacial
Maximum, about 20 kyr agwvas profoundlydifferent from today. Sea level was at about
110 m below the preserftambeck and Chappell, 20QXpaking the island wider than
17 000 km2 (front h e t 25888 kndtsL G M @3100 km (Fig. 2.2)

Fig 2.2: physiographic coastline conformation of Sicily during the LGM when the sea

was 120 m lower then the current one.

All the available information confirms that severe cold climatinditions characterized
Sicily 20 kyr ago, evernf only in a few cases absolute temperature estimatese
proposed. Based on the equilibrium line altituote glaciers, the air temperature
reconstruction was lowdhan 7#8°C, with respect to todg¥Kuhlemann et al., 2008Jhe
framework is fully confirmed by &eneral Circulation Model carried out on the last
glacialin Europe. Severe climate and aridity conditions were establesled south of
45°N. In the simulation, temperaturegere lower than 2Z°C, with strong westerly

activity, while precipitation accounted only for 3% mm d(lmcarbabha et al., 2010)
2.2.2Meteo-marine analysis

The knowledge oturrentmarine weather data has made it possible to understand the
general characteristics of the agents affectihg coast todayand make possible
similarities with those present during LGMs regards th&vind direction and intensity,

the data recorded by thede gaugelocated near the port of Palerntmarbour
(www.mareografico.itfluring the period between 01/01/2010 and 11/242@dre taken
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into considerationinstead, fothe wave motion, data relating to the direction its intensity
wererecorded by th€apo Gallo wave bualating to the period between on 29/03/2002

to 03/11/2014. The buoy is located in the immediate vicioftyhe study area and
therefore it was considered acceptable to directly use the wave measurements available

for the characterization of the wave regi(fe. 2.3)

Fig. 2.3: tide gauge an wave buoy used for the aims of this work -
From the analysis of the data acquired bytitle gauge statiofFig 2.4), amain SW

wind direction,between 240° and 255%as found. Mosbf the intense phenomena are
attributable to different dectionssuch as NW and NE when, in conjunction with

especially winter storms, there are the most violent weather and sea events

wind direction

and mtensity

M oo+1ws

14+2ws

22% M 2+aws
4+6ws
M s+12ws

W > 12w

Fig. 2.4: Palermo tide gauge wind direction asdeeddata.

As far as the results relating to theave buoystation, these have been illustrated

graphically in the Wave Rose type polar diagram of Fig. IB.the graph, the radius of
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the circular sectors associated with each directional class is proportionalré&bathe
frequency of each wave height class included in the clHss. prevalence of sea
conditionscomingfrom the fourth quadrant is evident; in particular, the sectors with the
highest annuappearancesequencies, higher than 10%, are centerecherdirections
280-290°N. Overall, more than 50% of the incident waves come from the secters 270
320°N.

Fig. 2.5: Capo Gallo wave buoy wave direction and height data

2.3 Results

The most important thing to check in this contexavaluating whether the total sediment
volume value obtained from the calculation of the sediment flux formulas applied on the
two selected basins, is comparable with the volume of relict marine sediynaepasits

(DSMR) located in the Termini Imerese offshore.

Specifically, thesuspended load for the two basins are shows in tab 2.1, instead the
bedload are in Tab. 2.1.

Milicia river San Leonardo river

A(m?) | 32.66 A (km? | 550.66
R (km) 1.40 R (km) 1.40
T (°C) 15.00 T (°C) 15.00
B 1.00 B 1.00
Q. 1.22 Qu 11.69

W 0.0006 W 0.0006
Qs(km¥s)  0.50 Qs(km¥s)  81.10
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Tab. 2.1:suspended load values calculated on the two drainage basins.

Milicia river San Leonardo rive
Hps (M) 7.00 Hy (m) | 10.00
By (M) 30.00 Byr (M) | 50.00
Ry (M) 4.70 Ry (m) 7.14
D50 (mm) 1.00 D50 (mm) 1.00
[ o 1.71 [ o 1.71
U* bfl501.86 U* b f|5 0.86

Qs(m%s) 6.11*10° Qs(m%s) 1.2*10*

Tab.2.2 bed load load values calculated on the two drainage basins

These valuewas then daulated over an interval of approximately 5000 yeare(val
period of the LGM lowstand providing a total volume of ~ 3108 m? of transported

sedimentslowerthan the 13010 m® of DSMR located in the Termini Imerese offshore.

This result clearly indicates that sedimentary volumes related to other processes must be
taken into accountn particular | decided to consider the sedinmgiply coming from

the Longshore Sediment Transport Rate (LSWRich calculationis based both on the

use of empirical formulas ary instrumentathat allow direct measurements. Given the

impossibility ofapplying direct methods,usedempirical formulas

Dealing with quantitative studies in the coastal environment, understanding the balances
that regulate thesenvironments with variable energy and continuous exchange of
phenomena of different natuterrestrial and marine, modglg in simple mathematical
formulas isa real challenge. dday there are nmauniversal descriptive models but
numerous modsldivided bycoastal environmeriype For instance, wdels applicable

in low energy environments anetsuitable for high energy areas; those used for sheltered
coastscan notbe used for those exposed; models suitable for spadple beachesre

not usablefor those withfine-sandgrain size. Also, the choice of parametapresent
another challengesince the parameters ara part of thiscomplicated environment. For
instance, baracteristics of theeawater, hydrodynamics ofvaves and currents, nature

of the sediment involved imansport and storadgpe
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in particular, the CERC formula (Shore Protection Manual, 1984) was applied, since it

Is the only one in which all the data can be obtained.

The stretches of coast analysed fall into the category of open and mgdiumnergy
ones and assuming that a 8anconfiguration was also present 11,700 years ago, it was
apply the methods for determining the Longshore Sediment Transport Rate (LSTR).

According to the CERC formula, the LSTR is defined by:

Q longshoresediment volume

K constant values related to the flux enedg39;
A=1/0 p--1 )9 (17 p)

1 p sediment densitgkg/m®);

P sediment porosity

1 sea water densitkg/nr);

g gravity acceleratiofm/s);

T wave period$);

Hp wave heigh{m);

| wave incidencangle on the coast line

In order to apply it, an analysis of the meteorological and marine data of the area was
performedsee chapter 2.2.2)sing the tide and wave data of the National Mareographic
Network (RMN) and the National Wave MetNetwork (RON).

Split out the coast into different sectors, identified according to the different elongation
directions they have with respect to the North, it was possible to derive the angles of

i nci dpehatthe waldes have, compared to the cirasidirection(Fig.26).

15



Hs=2m

\315“

T
NO0000ZZy

—— LGM coastline e DSMR

T
NO00SITH

T T I I T
370000E 375000E 380000E 385000E 390000E
Fig. 2.6: coast sector and calculation performed to obtain the incident angle between

and coastal portion.

The calculation of these angles was carried out on the basis of graphic constructions made
using specific software. The angles were only calculated for certain significant heights

(Hs) as only some of them substantially affect the LETadb. 2.3)

Main wave direction

285°  305°  325°  355°

1 55° 66° 72° 80°

2 42° 45° 65° 75°

3 51° 73° 70° 62°

- 4 47° 45° 50° 51°
£ 5 40° 64 37° 75
3 6 39° 47° 49° 60°
7 25° 12° 32° 70°

8 32° 66° 41° 55°

9 21° 10° 50° 48°

10 23° 21° 45° 60°

Tab. 2.3:incident waves and respective angles formed with the 10 LGM coastal s
identified.

Having thus all the data available, the sedimentary transport was calculated and carried

out on the 0 stretches of coast identified. A total value of 16,428year was thus
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obtained. This value, calculated over an interval of approximately 5000 years (LGM
duration), provides a total volume of ~ 80%1@3. In conclusion, by adding the aliquot
coming from the calculation of the sediment flux, with that coming fiteencalculation

of the LSTR, a total volume of sediments of ~ 118 was obtained, even lower than

the real volume present in the Termini Imerese offshore, but with a high margin of error
due to the lack of reliable direct measurements.

2.4 - Discussia and conclusion

The use of sediment flux calculation had not yet been applied in DSMR research contexts.
To use this technique, somewhat forced approximations were used, which nevertheless
led to underestimated values of about 1/3 compared to the DSMRw@gresent in the
Termini offshore. This led to also using the calculation of the possible LSTR present and

to compensate for the amount of missing deposit.

Despite this, this always remains a tool to be used with due precasiticeshe values

used for the calculations come from paleoclimatic and palpbysiographic
reconstructions which, although supported by many scientific data, are always subject to
errormargins which do not make the calculations we have made céftathermoreas

the variableshat intervene in the deposition and conservation of the deposits themselves
are many and therefore defy predictipimss not sure that if the methods were applied in

other drainage basins, the obtained value would be true.
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Chapter 3 - On the shoreline monitoring via earth
observation: A radiometric-contouring approach on

sandy beaches?

CHAPTER ABSTRACT

Shoreline variations drive the coastal landscape evolution over multiple spatial and
temporal scales triggered by climate change|ese variations and tectonic differential
vertical movements. Sandy coasts are the most sensitive to coastal erosion and accretion
processes, and, at the same time, these coasts frequently host valuable anthropogenic
assets. Even for this reason, manyfedént remotely sensed shoreline extraction
techniques have been proposed in the literature, providing valuable tools for improving
coastal management. Despite this broad interest, the water/sediment interface definition
is still poorly investigated from @adiometric point of view. Moreover, most of the
methodologies used by the scientific community are based on apietied approach
whose outcomes must follow the pixel geometry and resolution.

We identified the coastline signature from a radiometracheprofile and proposed a
time-saving, sukpixel resolution approach for the shoreline extraction capable of robust
performance with satellite images as input data through an interpolation method. The
proposed approach, which adopts a radiometric compuand a shorteslistance
algorithm to identify the shoreline, was validated via GN®Sitioned foreshore
beachface from field surveys on three sandy beaches in Sicily (Central Mediterranean)
characterized by similar microtidal conditions. We used lgate@hages with different
pixel-size resolutions to demonstrate that in sandy coasts, even withesoltion
satellite images, we reached an accuracy of up to 8&#ds less than 2 m with respect

to the GNSS&letected shoreline positions. Moreover,explored the limits and strengths

of our approach and compare achieved results with outcomes from the most used methods
in literature demonstrating that although simple, our method offers better performances.
The proposed shoreline extraction method coslgtesent a valuable tool for coastal
management and coastal erosion risk detection and mitigation. Moreover, such a method
could be used for the shoreline evolution tisagies extraction, which could be treated

as proxies to study the climate forcingtbe coastal landscape evolution.
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* A version of this chaptesiunder review ilRemote sensing of environmetd be authored by
Caldareri F., Sulli A., Parrino N., Dardanelli G., Todaro S., Maltese A.

3.1- Introduction

The shoreline is the boundary line between the land and water surfaces and its variations
drive the coastal landscape evolution over multiple spatial and temporal(Ez\esnd

Bijker, 2020; Di Stefano et al., 2013; Parrino et al., 2023b; Srivastava et al., 2023a)
Degite this simple definition, estimating the shoreline's exact position and evolution over
time could be a challenging taGkouiche et al., 2016; Pao-Pascual et al., 2012%andy
coasts, 31% of the world's ifee shoreline, are characterized by significant biodiversity
and a unique gradient of habitats and often host valuable anthropogeni¢lasgetdijk

et al.,, 2018) These sedimentary aprons form in a particularly dynamic geologic
environment in which the peetual interaction of sediment, wind, currents, tides, and
waves, triggered by climate, tectonic and anthropogenic forcings controls their
morphology and extensidiarrino et al., 2023b, 2022b; Srivastava et al., 20Z3&
anthropological, geological, and ecological value of sandy coasts and their sensitivity to
erosional and accretional processes make the extraction with ain@easing accuracy

of the shoreline position critical to protect coastal areas and imphevdesigning of the
hosted anthropogenic as¢ahn et al., 2017; Alharbi and Borogy, 2017; Bouchahma

and Yan, 2014Brown et al., 2011; Di Stefano et al., 2013)

Unlike direct field survey methods, the remote sensing approaches offer fast performance
in shoreline extractiorDue to the freely available, and more up to forty years of global
coverage dataset, manyffdrent remotely sensed shoreline extraction approaches have
been proposed in the last few decades such as the band thresholding approach, in which
a thresholding value is selected either by methine interaction or by a local adaptive
strategy(Aedla et al., 2015; Jishuang and Wang, 2002; Kuleli et al., 2011; Liu and Jezek,
2004; Otsu, 1979; Randazzo et al., 2020 the classification approach, which aims to
cluster the image into land and water pixels considering the boundabetineen them

as the shorelin@Bayram et al., 2015; Costantino et al., 2020; Gao, 1996; Ghoneim et al.,
2015; Hagenaars et al., 2018; Hannv et al., 2013; Kuleli et al., 2011; Masria et al., 2015;
McFeeters, 203; Ozturk and Sesli, 2015; Rasuly et al., 2010; Sharma et al.,.2015)
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Despite the broad interest in the sandy coastline and the remotely sensed shoreline
extraction, the water/sediment interface is not yet clearly defined from a radiometric point
of view. Moreover, most of the proposed shoreline extraction techniques rely on-a pixel
bounded approach that can lead to distorted results as the sawtooth shape shorelines, an
expression of the geometric resolution and the gridding of the used satellitetpbadu

not of its radiometric content. To bridge the knowledge gap on the coast's radiometric
definition and overcome the problems related to pxainded shoreline extraction, we
propose a new subixel resolution shoreline extraction approach. We axplahe
weakness and strengths of the proposed approach using different satellite products and
compared the results achieved with those of two of the most usedpixatied methods

and validated them using the shorelines extracted through the GNSS stovdke

testing and validation of the proposed approach, we selected three natural laboratories
from the 1600 km long coasts of Sicily island (central Mediterranean). The three selected
sandy beaches, Torre Salsa, Balestrate and Vendicari, are locatgdredhree main
coastal directions of the island and are characterized by a wide range of parameters such
as sediment supply, sediment size, inland lithology, primary current and wind intensity

and direction.

3.2 - Settings

Sandy beaches are constantlyflux at multiple temporal and spatial scales depending,
and, for the short temporal scale, their morphodynamics relies on the interaction between
tidal regimes, wind, grain size and the frequencies of parossistic climate events. Despite
the high dynamisrof these environments, the hydrodynamic and sedimentary processes
generally shape sandy beaches into different sectors that can be discriminated through the
use of cros$eaches profilékKomar, 1998 Woodroffe, 2002)

As shown in Fig. 1, moving seaward from the sandy beach emerged portion, it is possible
to discriminate two different sectors hosting different environments and habitats labelled
backshore and foreshore, respectiv@alker, 1992) The backshore is the landward
most elevated portion of the beach limited by a change in slope and sediment grain size
in correspondence with aeolian dunes. Seawardatlkeshore is characterized by a-sub
horizontal surface characterized by at least one slope break labelled stor(h\adker,

1992) Seaward, after the ordinary bernmest (formed in correspondence with the kigh
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tide level) till the low tide terrace (from now LTT, see F#dl), there is the foreshore
sector(Komar, 1998) This sector of sandy beach hosts the shoreline and, thus, is directly
shaped by the hydrodynamic processeshsas currents, tides, and waves and their
interaction with sedimentdviasselink and Puleo, 20Q6)his sector is characterized by
seawaresloping planes that could be interposed between one or multiple berms due to
wave action at different tideslated wéer levels and host intertidal environments and
habitats(Masselink and Puleo, 2006; Nichols, 20Q9bje sector of the beach that is
constantly submerged is referred to as the nearshore. It is delimited landward by the LTT
and seaward by the bar (see Bd.). In such a sector, the interaction between the wave
and seabed starts shaping the shallow water environments and habitat when the
bathymetry equals half of the wavelength. The waves lose speed and modify their path

toward the maximurbathymetric gradient direction.

The sandy beaches investigated in this work are located along the Sicilian co@s2)Fig.
and exhibit different geological and morphological characteristics. The investigated
shorelines belong to Torre Salsa, Vendicari Batestrate beaches, respectively. While
two of the sites chosen lie in a natural reserve, the third site falls in between two harbour

structures.

focus of

this study
1< beach |
| backshore 1 foreshore
1

1€
|
1
1, s | beachface |
berm berm  ordinary I
|
|
t
|
I
|

nearshore —————  —offshore-»
1

crest berm |
restl |
T | breaker zone h.tl
’
swash zone
low tide ™

terrace

edge

Fig. 3.1: Beach profile with a focus on the sector covered by our study.

3.2.1 Torre Salsa beach

The Torre Salsa beach (37°21'53* N8°21'15 "E), oriented with a WNMENE direction,
is located along the southern coast of the island and overlooks the SicilyeChisna
2.2 km long fine sand beach, bordered by two 60 m high headlands, consisting ef marly

calcilutites belonging to the Trubi Fm. cliffs (upper Pliocene, F. 636 AgrigeG#®RG
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Project,www.isprambiente.gov )t The beach is part of the homonymous nature reserve

(Riserva Naturale Orientata di Torre Sals@asi WWF;, and there are no coastal defence
structures or harbours nearby. About 7.5 km northwest of the beach lies the Platani River
mouth, one of the major river networks in Sicily both for its extension and its sedimentary
transport. The tide regime is microtidal (astronomical spring tidal range c. 25 cm), with
prevailing winds from the W, SW, and SSW (Fig. 1b, based on the clodegiauge
station in the Porto Empedocle harb®ulSPRA tidal networkwww.mareografico.jt

According to the data from the nearest offshore buoy, most frequent and severe storms
approach from the W and WNW witigsificant wave heights greater than 5 m (Mazara
del Vallo offshore buoy ISPRA wave buoy networkyww.mareografico.}t Less severe

storms approach from the SE, with maximum significant wave heights of 3 mdters.
these conditions lead to a resulting longshore current with aASEWirection which
consequently generates a solid longshore transport with the same trend. The average
width of the beach is about 40 meters, and there is afoveled system of vegesd

coastal dunes in its most internal part.

3.2.2 Vendicari beach

The Vendicari beach is oriented®along the eastern coast of Sicily island and overlooks
the lonian Sea (36°47'27"-N5°05'53 "E). It is a 3.4 km long sandy beach, bordered by
two rocky terraces about 10 m high. The southernmost headland consists of middle
Pliocene calcarenites, and the northernmost beach is part of the equally labelled nature
reserve Riserva Naturale Orientata Oasi Faunistica di VendicarThe beach is located

4 km soth far from the Tellaro rivers mouth and hosts also the mouth of two ephemeral
rivers. The tide regime is microtidal (astronomical spring tidal range c. 30 cm) with
prevailing winds from the E, ENE, and ESE and, according to the data from the nearest
offshore buoy, the most frequent and severe storm has significant wave heights greater
than 5 meters. The beach is characterized by a longshore current witB airédtion

which consequently generates a solid longshore transport with the same trend. The
averge width of the beach is about 30 meters, and there is domeled system of

vegetated coastal dunes and a vast marsh behind it.
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3.2.3 Balestrate beach

The Balestratbeach (38° 2'75" N 12°58'37" E), oriented with an-®/ trend, is located along

the northern coast of Sicily and overlooks the Tyrrhenian Sea. Itis a 3.2 km long beach composed
of sand and gravel of Pleistocene d§e593 Castellammare del Golfd ARG project). Located

in the central portion of the Gulf of Castellammare, the Balestrate beach is bordered to the east
by a rocky headland of bicalcarenites (Marsal@yntemPleistocene) that ends towards the sea

with the harbour structure of Balestrate. tAe same time, to the West, it continues with the
beaches of Alcamo and Castellammare, which are closed by the homonymous harbour structure
of Castellammare del Golfo. The main rivers that flow in this coastal sectomaredJatq S.
Bartolomeo, besidethree ephemeral rivers. The tide regime is microtidal (astronomical spring
tidal range c. 30 cm) with prevailing winds from W and WNW. All these conditions lead to a
resulting longshore current with a-B/direction which consequently generates a soligdbore
transport with the same trend. The average width of the beach is about 30 meters, and in a wide
area, there is a welbrmed system of vegetated coastal dunes; the grain size varies from sandy

to gravelly depending on the presence of rivers that dlivectly onto the beach.
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Fig.3.2: Geographical setting of the three study sites: the map showing Balestrate beach (A) i
northern sector of Sicily; VendicafB) on the eastern coast and Torre Salsa in the southern sec

().
3.3 - Materials

3.3.1 Satellite images

In this work, various satellite images were tested, characterized by different geometric
resolutions, sensing periods and spectral bands3TIabTo test the proposed shoreline
extraction method, we used level 2 products which are calibrated in thenbuittine

atmosphere (BOA) reflectance (also referred to as surface reflectance, SR).

Tab 3.1: satellite images' geometric and temporal resolutions
Satellite platform or Sensors Image resolution(m) revisit time (days)

constellation

Lnadsat3 to 9 oLl 30 16
Sentinel2A MSI 10(NIR) and20 (RE, NIR, SWIR) 10
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Planet REIS 5 5.5
Dove R and SuperDove 8 1

The Landsat Operational Land Imager (OLI) images we processed belong to the Level 2
Collection 2 Tier 1 that is specifically suitable for thseries analysis (USGS, 2017). For

this kind of image, BOA reflectance science products are dzssexl, producedithin a
standard processing system, and freely available (USGS, 2017, for faftreration

see: https://www.usgs.gov/media/files/landsallection1-vs-collection2-summary.

For thisstudy, 3 different BOA reflectance bantheatinfrared, NIR, and two shortwave
infrared, SWIR1 and SWIR2) were selected to compare the accuracy of the extracted

shoreline.

The Sentinel Multispectral Instrument (MSI) images we processed belong to2ével
products which provide BOA reflectance orthoimages. For our study, we tested six
different spectral bands ranging from red edge to short wave infrared, and two different
gpatial resolutions (10 and 20 m). The PlanetScope satellite products offer high spatial
resolution images. In detail, images acquired by the RapidEye-iBsaging System
(REIS) onboard a constellation of five identical sensors acquiring 5 spectral Gdreds.
sensor is also referred to as JE&atronik Spaceborne Scanvs (JSS56) as well as
Multispectral Imager (MSI) in literature. Orthorectified products are resampled to a5 m
pixel size although images are acquired at a 6.5 m ground sampling destéme@adir.

Also, images acquired at 4 or 8 spectral bands (Dove and SuperDove sensors, or PS2 and
PSB.SD, respectively) at 3 m spatial resolution are available. Within this study, we tested

2 different spectral bands (red edge and-&sared).

In paticular, the 3 different types of satellite images that were tested, were sensed on 3
different dates taking advantage of the concomitant passage of two earth observation
satellites above the study sites. The first one was acquired on 21 July 2022 bgl2enti

and Landsa® and on 19 and 23 July 2022 by Planetscope on the Balestrate beach. The
second one was acquired on 30 July 2022 by Setitinedndsat and Planetscope on
Vendicari beach. The third set of satellite images was sensed on 30 August 2022 by
Sentinel2 and Landsat and on 29 August 2022 by Planetscope on the Torre Salsa beach.
The main characteristics of these images are presented in Table 1.
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3.3.2 Global Navigation Satellite System (GNSS) survey and receiver

As is commonly known, the GNSS survey for shorelines can be conducted in different
ways (PPP, NRTK, static, rapid static), also accordindCrardanelli et al., 2021,
Dardanelli and Maltese, 2022)

Certainly, to achieve high accuracy values aond make the survey quick and
straightforward, in this case study we referred to the transmission of differential
correction via NRTK, and in particular from the Italian CORS GNSS TopNET live station
network, managed by Topcon Positioning Italy (TPI). T network is made up of
more than 200 stations equipped with matinstellation receivers and the station data
are processed with TopNET software to provide users withtireal differential
corrections (NetworRTK or NRTK) and RINEX data for pogtrocessing. Corrections

are available in NET (Virtual Reference Station or VRS type network solution), RTK
(nearest station correction) and DGNSS (eodly correction service) formats for GIS
applications. The protocols used for the transmission otiraalcorrections via NTRIP

are RTCM 3 MSM, RTCM 3.0, RTCM 2.3, CMR and CMR+. RINEX data are available
with sampling at 1, 5 and 30 seconds. The GNSS network is framed in the National
Geodetic System ETRF2000 (epoch 200&RON with a report certified by the mios
important national mapping agency (IGMI, Istituto Geografico Militare). The CORS is
established with GPS and GLONASS, it is also being upgraded to the other constellations
Beidou and GaliledJin et al., 2022)

Specifically for the Sicily area, as in the case under study, Topcon's service makes use of
the implementation on the region's island of eight CORS stations, designed and developed
by researchers at the University of Palermo since 2006, and in particular, the NRTK
differential correction was provided by the Trapani permanent station, which processes
only GPS and GLONASS data. (Dardanelli et al., 202QJetails by the UNIPA CORS
(design, data availability, pliminary studies and analysis involving the GNSS CORS
network, and geodetic framework used) are reported.

GNSS tracks used to validate the extracted shorelines in this study is the result of the
processing of data acquired using 3 different types of Gi¢g&vers. We used the 3
GNSS receivers during the first acquisition to compare the performance results and

understand if receivers working with a different number of satellite constellations have
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comparable results. As discussed below, the receiversctomrr was sent by the nearest
station of Trapani, occupation time 1 second, and thef€angle was fixed to 10 degrees

to reduce PDOP. Once the survey was completed, data processing was outsourced to
Meridiana ver. 2020 software (by GeoPro, Topcon G@jon, Ancona, Italy) to check

for outliers with regard to set tolerances. The data was then imported on QGIS and

processed to evaluate the accuracy of the method that we are presenting.

Tab.3.2: GNSS receivers' main characteristics.

GNSS receiver ES;E;I Technology Tracked satellite signal Positioning precision
Horizontal Network
. Trimble R . RTK 8 mm + 0,5 ppm RMS
Trimble R6 220 Track GPS: L1C/A, L1C, L2C, L2E, L Vertical Network
RTK 15 mm + 0,5 ppm RMS
Horizontal Network
. GPS: L1, L2, L2C
Topcon Hiper V. 226 Universal GLONASS: L1, L2, L2C RTK 10 mm + 1 ppm
Tracking SBAS: L1 L2C Vertical Network
T RTK 15 mm + 1 ppm
GPS: L1 C/A, L1C1 L2C, L2P(Y),
L1C
GLONASS: L1 C/A, L1P, L2C/A, |
L3C22.3C Horizontal Network
Topcon Hiper 226 Universal Galileo: E1/E5a/E5b/ABOC RTK 5 mm + 0,5 ppm
VR Tracking Beidu: B1, B2 Vertical Network
IRNSS: L5 RTK 10 mm + Ohm

SBAS: WAAS: , EGNOS, MSA!
GAGAN (L1/L5 3) 3. L5
QZSS: L1 C/A, LIGSAIF, L2C, Lt

3.3.3 Spectroradiometer
For field spectroradiometric characterizations we employed a
FieldSpec@HandHeldspectroradiometer (manufactured by Analytical Spectral Device

(ASD) Inc., now Malvern Panalytical Ltd), acquiring the spectrum in the visiblear

infrared wavelengths (between 325 and 1075 nm). No foreoptic was attached.

3.4 - Method

In this study, we identified the coastline signature from a radiometric beach profile and
proposed a timsaving, sukpixel resolution approach for the shoreline extraction
capable of robust performance with satellite products as input data through an

interpolation method.

Our approach is divided into eight steps (Big): a spectral band and spatial resolution

accuracy estimation, a beach spectral signature definition, a water depth attenuation
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guantification, a spectral band and spatial resolution georefereamsngacy estimation,
a grain size analysis, the spixel shoreline extraction with a comparison with two of the

most used shoreline extraction techniques and the evaluation of the main criticalities.

Shoreline extraction Tests: Dataset:

method:

Phenomenon Parameters 1 Spatial resolution

| B | Socctral bs Landsat
| On the accuracy for given spectral bands and | | Spectral bands et 3 Specisal bands

Radiomelric contouring 3
¢ spatial resolution | Spatial resolution

2 Spatial resolutions

B Sentinel-2
Contours shortest distance

: 7 Spectral bands
determination

On the behavior of the spectral signature | Spectral bands

1 Spatial resolutions
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Fig. 3.3: workflow of the proposed approach

3.4.1 Sedimentological analyses

The collection of sediment samples was aimed to characterize the beach grain size. We
collected samples along crelssach transects considered representative of the entire
beach and, where necessary, in a portion where the beach showed evident macroscopic
differences. For each transect, we collected four samples: one in correspondence with the
coastal dunes; one in the beach middle position; one on the foreshore; one at 1 meter deep.
The granulometric analysis, by sieving, was carried out according to rifexidan

Society Standard Material (ASTM) D 422/63 standardéASTM, 2007) The
granulometric scale to which the analysed samples refer is the \deetwvorth
expressed both indg (median sediment size in mm) andgn scale(Terry and Goff,

2014; Udden, 1914; Wentworth922) Wherelz [Jis expressed as:

B a € g,
andD represents the sediment particle size wbidas the size of a reference sediment

particle (usually 1 mm)Furthermore, we computed the foreshore average slope values

for the 3 study sites using the equation proposedbjan et al., 2019&as follows:

~
¥

OME AO m™cuL ©
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Where,a= 1T 0.b%52 0. 1c=9.268.nFohally, using the thus determined slope
values we computed the difference in elevation for each of the used satellite products'

pixel geometrical resolution.

3.4.2 Spectroradiometric measurements

Despite the wide interest regarding the coasthia the scientific community has shown
in the last few decades, the water/sediment interface definition is still poorly investigated

from a radiometric point of view.

Therefore we performed a field radiometric acquisition survey in Torre Salsa beach on
2022-08-30.We carried out 5 punctual measurements spaced about 3 metres each, along
the beach profile aimed at its spectral signature identification. Moreover, we performed
measurements on beachedsidonia Oceanic#o differentiate its radiometric signaieu

to the clean beach profile and thus how it can hamper the rersete$ed shoreline
extraction. Subsequently, we compared the obtained values with the surface reflectance
of the satellite products used, in order to identify the extracted shorelingaspect

signature.

34.3 Sub-pixel shoreline extraction from band contouring and

comparisons with some commonly used methods

We propose a simple sydixel shoreline extraction method based on the different
water/land radiometric responses. We tested the methatifferent spectral bands, to
determine the more accurate instantaneous shoreline positioning, quantifying its accuracy
and calculating statistic parameters. Our approach, by avoiding the use of thresholding,
classification, or images segmentation, atmsnake easier and faster remotsgnsed

shoreline extraction, while maintaining high accuracy.

Moreover, we carried out a match between the berm and LTT limits positioned via GNSS
and the shoreline extracted via band contouring on thepeestrming etracted
shorelines: we proceed by generating three contour lines within the GNSS fieldwork path
through which we quantified the shoreline extracted points statistical parameters aiming
to define which GNSS boundary best approximates the shoreline poBitidhermore,

we compared achieved results with those of two of the simplest and most used methods
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in the literature: i) a simple pixéounded method that adopts a thresholding approach
suggested bfOtsu, 1979)ii) a classiication method based on the Normalized Difference
Water Index (NDWI) and an automated threshold appr@bicyenaars et al., 2018;
Kuleli et al., 2011; Ozturk and Sesli, 2015)

The adopted algorithm is focused on the specific band pixel value cogtqlinear)
interpolation, based on the supesolution border segmentation proposed®yolletti

et al., 2012)with the assumption that in correspondence with the water/land interface,
the gradient pixel values is maximum. Under these circumstances, we detected the
shoreline position by identifying the minimum dista between two consecutive isolines

of reflectance, using different satellit
The minimum distance;l, between isevalue lines is obtained by selecting the isoline
between two narrow polygons minimizing the following equation (1):

¢A! OAA ., ., . ..
WDi i 6ame @ (1)

O A0AOCET &OAS

whereHi is the average distance between two consecutive isolines, the $Area is the area
of the narrow polygon delimited by the two consecutive isolines under the hypothesis that
that polygon isssimilable to a rectangle with a height almost negligible if compared with
the basis, $Perimeter is the perimeter of the polygon whose values is almost equal to twice

the basis.

Since the iterative procedure converges after a few iterations, the caleakis
operationally performed by assuming as the distance the value obtained after 5 iterations
(fori=5,"0e "0).

Moreover, we generated regular interval points which are used to quantify the accuracy

of the extracted shoreline position compared to the &pk&h acquired during fieldwork.

The pixelbounded thresholding method is the simplest technique and consists in
identifying the water/land boundary by thresholding the image based on its histogram
values. The approach, proposed ®ysu, 1979)s considered a milestone for this kind of
study. This approach allows the discrimination of pixels having higher and lower values
than the threshold: the edge of the two groups of pixels can be thus identified as the

shoreline of the eemined satellite image band.
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The NDWI classification method takes advantage of two spectral bands, it consists of a
raster calculation applied to the multispectral image to calculate a suitable index, and
then, similarly to the previous approach, a thoéding on the NDWI which leads to the

binary image whose class limits correspond to the shoreline. To test the method at the
highest spatial resolution, we used the RE and NIR bands of the Planetescope Dove

sensor.

3.4.4 GNSS validation technique

The GNSHield survey was aimed to validate the shoreline position extracted from the
satellite products. As we indicate in the foreshore definition (Fig. 2), we conducted the
fieldwork following the ordinary berm crest, identifying as the upper GNSS acquisition
limit and the step in correspondence with the low tide terrace edge as the lower limit. This
led us to create a path through which we quantify the accuracy and the geometric

displacement of the extracted shoreline.

Operations were carried out on 3 differdays, 21 July 2022, 30 July 2002 and 30 August
2022, on 3 of the study sites (to represent the southern, the eastern and the northern
coasts), taking into consideration where possible, the concomitant sensing date of the
satellite constellations.

During the first acquisition performed in Balestrate on 21 July 2022 we used three
different types of GNSS receivers to determine to what extent the number of received
constellations influences the validation accuracy, while, in Vendicari on 31 July 2022 and
Torre Salsa on 30 August 2022 we used just one GNSS receiver. Table 3.1 shows the
sensing parameters adopted during fieldwork.

Tab. 3.3: sensing parameters adopted during field surveys. The adopted coordinate sy:
the WGS 1984 UTM 33N and the points sangpinterval is 3 meters.

GNSS receiver Site ISeL:g;y Pr?rzig;?(i;g Tracked satellite signal AC%LgtS;tion AcquifJitTicg] time
TrimbleRs ~ BUSSAIe ggopy  PPEZT MM GPS 20220721 FOTOTS%AZ 10
L(i);fecro\r/] B%I:ng © eoom o 1198‘;56221 GL%T\JSASS 20220721 Frorgg?g:?sjéls °
R PR o (I IR G/ T
Trimble R6  Vendicari beach 1282m (72235 MM GPS 20220731 1O OSLSTIO
TrimbleRs  1ope S gpnyy  PPSZ0 MM GPS 20220830 1O 0383010
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Moreover, during fieldwork, we collected sediment samples aiming to characterize
beachesd granulometry: in particular, sampl
to represent the entire range of variability and, where necessary, in a portiorthvehere
beach showed evident macroscopic differences. For each transect, we collected four
samples: one in correspondence with the coastal dunes (where present); one in the beach
middle position; one on the foreshore; one-atdter water depth. After that, weoceed

with the granulometric analysis by sieving, carried out according to the American Society
Standard Material (ASTM) D 422/63 standards. The granulometric scale to which the
analysed samples refer is the Udd&antworth expressed both in mm and oals.
Furthermore, the main characteristic statistical parameters were obtained. In fact, particle
size distributions can be treated as the frequency distributions of any statistically variable

character.

To further validate the method, we performed a g®osencing analysis on an anthropic

port structure within the Balestrate harbour. We detected its position by a GNSS survey
using the Trimble R6 receiver. Moreover, we extracted the port structure position using
a satellite dataset with a different geonwatesolution monthly interval over the last three
years, using different bands. We then evaluated the standard deviation and the average
distance between the port structure position extracted and the real position acquired via

GNSS survey through four traects placed at regular distances.

3.5 - Results

In this section we will shows the results of our approach: the first section will concern the
radiometric elaboration results carried out on the clean beach profile; in the second section
will be listed the performances of our shoreline extraction mettmdparing with the
GNSS validation fieldwork, in terms of accuracy and geometric deviation; in the third
section will be shown a method criticality due to the beaélwsidonia Oceanican the

fourth section the results will be compared with other metlogies.
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3.5.1 Sedimentology

The results of the performed grasize analysis listed in the Te®4 shows the By values

both expressed in mm argl, the beach slope obtained using Bigan et al., (2019)
formula, the mean tidal range and the pixel related etmvatifference for each used
satellites products. Thesbvalues show that the beaches have a granulometry which falls
within the range of mediutfine sands, except for some portions of Balestrate beach,
characterized by mediwsized pebbles. The pixel rétal elevation difference values
increase with the pixel size and range from a minimum of 22 cm for the PlanetScope

products (3 meters resolution) to 4.89 m for the Landsat products (30 meters resolution).

Tab.3.4: main beaches characteristics

Beach slope Mean tidal PlanetScope Sentinel2 Landsat
Site D50 (mm) D50 (f) ©) P range (cm) Difference in  Difference in  Difference in
9 height (m) height (m) height (m)
Balestrate 1 0.501 0.92 5.22 30 0.27 0.91 2.74
Balestrate 2 5.124 -2.105 9.25 30 0.49 1.63 4.89
Torre Salsa 0.307 1.583 4.12 25 0.22 0.72 2.16
Vendicari 0.482 1.054 5.14 20 0.27 0.9 2.7

3.5.2 Radiometric interpretation

The radiometric measurements were performed on the Torre Salsa beach and the obtained
values were compared with BOA reflectance values of the satellite images used to identify

the extracted shoreline spectral signature.

The map in Fig.4, shows a sketchtbé Torre Salsa beach with three different grids
related to the pixel size of the satellite products used. The base map shows a graduated
coloured scale based on the BOA reflectance values of the Planetscope with a 3 m pixel
size. The black grid is relatdo the 20 m pixel size Sentin2] the red grid is related to

the LandsaB 30 m pixel size; the green rhombus represents the localization of the
radiometric measurements; the red square, the blue square and the black circles indicate

the pixel central psition.

Results achieved carrying out the field radiometric survey allowed the reconstruction of
the radiometric signature of the beach foreshore, extending from the upstream portion of

the ordinary berm to the downstream portion of the LTT.
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In the TorreSalsa case study, this distance ranges from 4.5 to 5.5 m from the berm limit.
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Fig. 3.4: Landsat, Sentinel 2 and PlanetScapis lines (red squares, black squa
and grey squares, respectively, with positions of the spectroradiometric measul
on Torre Salsa beach (left panel); magnifying zoom of the Planetscope images !
the data interpreted as a regular grid of npmiual samplings with the contour lir
overlapped (top right panel); NIR histogram showing a bimodal distribution indic
of the minimum distinguishing two classes.

The data (imageries) can be treated as a regular grid of simultaneous punctuatradiom
measurements (Fi§.4, upper right panel). The interpolation of these punctual measures
allows for obtaining radiometric iscontours. The shoreline is assumed where the
radiometric spatial domain shows the highest gradient, since at some spauislthe

sea is barely reflective while the beach is very reflective.

A minimum, in the threshold method, distinguishes two classes (the sea and land
domains) (Fig3.4, lower right panel). Since the threshold corresponds to a minimum of
a bimodal histogtm, then the corresponding line in the image has adjacent pixels on its
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sides characterized by (even notably) different reflectances. The threshold method does
not identify a line characterized by a chosen threshold; conversely, the interpolation
method iéntifies a line characterized by a given reflectance (the one showing the highest
gradient), although it is obtained by interpolated values whose corresponding pixels are

not necessarily present in the image.

Fig. 5 shows the spectral reflectances derfveah the spectroradiometer measurements.
In the xaxis is indicated the wavelength expressed in nm, in a range span from the visible

to the Near InfraRed; in theaxis is indicated the BOA reflectance values.

Figba is referred to the measurements caroetlalong the clean beach profile and
linearly averaged every 3 meters (to mimic the behaviour of the highest spatial resolution
satellite images available, Planetscope Dove and SuperDove). The curves represent the
spectral signatures of the different begmrtions, starting from the dry sand up to one
meter away from the coastline. Black, dark grey and light grey curves have a similar trend
and represent respectively dry sand, berm and half the distance between the berm and the
low tide terrace. These atgs have an increasing trend between 320 and 600 nm, have a
peak around 620 nm, and then continue with a weakly increasing trend up to 920 nm.
Light blue and dark blue curves represent the spectral signature of the water edge and the
water respectively. Tése have a similar trend and grow from 320 to 590 nm, have a
decreasing trend from 590 to 600 nm, a trend that is horizontal up to 695 nm, a descending
portion from 695 to 740 nm, a slightly increasing trend up to 810 nm and a further
decreasing trend up 920 nm. The light red area between the two curves was obtained
from interpolation to represent where the spectral signature starts showing a spectral
signature similar to the water one. The coloured bands represent the bandwidth of red,
RedEdge and NIRespectively. The point symbols represent the BOA Reflectance values
obtained on the red, RE and NIR bands in the Planetscope, Séntindl Landsa8

satellite images, extrapolated along a transect that approximates the radiometric

measurements performedthe field. (Fig.3.4).
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Fig. 3.5: Graphs of the spectral signature of Torre Salsa beach. Frame a: clean beach
Frame b: trend graphs of the NIR and RE trend along the transect. The measure point
curves are shown as green rhombus in &y

Fig.3.50 graphs report in the-axis the progressive distance (in meters) along the beach
and in the yaxis the Surface Reflectances (SR). The brown curve represents the trend of
the SR considering the NIR wavelength (865 nm); the red curve represents the trend of

the SR value considag the wavelength of the RedEdge (705 nm).

These graphs can be considered as an expression of the NDWI. Indeed, it is possible to

identify 2 areas:

1 the first one, ranging frorrll.5 to 5 m in frame B, in which the NDWI assumes
positive values;
1 the secondme, ranging from 5 to 12 m in frame A, in which the NDWI assumes

negative values.

3.5.3 Band contours interpolation and performances

Once we investigated radiometrically the shoreline, we applied otpisabextraction
method on different satellite imagbands. Fig3.6 shows some sketches concerning the
elaborations made on Planetscope, Senfin@hd Landsa8. Black lines represent the
contours of the extracted Surface reflectance values, dashed brown line is the upper limit
(berm) and the dashed bliiee is the lower limit (LTT) of the GNSS validation path
performed. The Graphs shows in thaxis the normalized transect distance and in the y
axis the relative contours distance. The red point indicate the minimum distance value
which corresponds tché shoreline position. The orange circle is the minimum value
obtained by processing the interpolated line equation of the curve. As can be seen from
Figure3.8 L-M, Landsat band 4 is the one in which the extracted shoreline is furthest

from the GNSS pathwhich is why it was not used in the subsequent analysis
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Fig. 3.6: elaborations performed on Planetscope, Sentthahd Landsa8. Black lines
represent the Surface Reflectance contours, dashed brown line is the upper limit (berrnr
thedashed blue line is the lower limit (LTT) of the GNSS validation path perforrigd. A
Planetscope Band 7;-O Planetscope Band 8;-E Sentnel Band 5; GH Sentnel Band
8a; I-L Landsai8 Band 4; MN Landsat8 Band 5.
We then compared the shorelines taxacted with the GNSS fieldworks we performed
on three study sites with the aim to quantify and assess: i) performance levels of different
GNSS receivers; ii) extracted shorelines accuracy and horizontal displacements; iii)

quartile test on Planetscopest performing spectral bands.
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35.4 Performance levels of different GNSS receivers and extracted

shorelines accuracy and horizontal displacements

Table3.4 summarizes the accuracy and main statistics parameters (meamjeeod (
standarddeviation §)) obtained from the GNSS acquisition performed on Balestrate
beach, using three different GNSS receivers (a Trimble R6 receiving only the GPS
constellation signal, a Topcon Hiper V receiving GPS and GLONASS signals, a Topcon
Hiper VR potentidly employing multiple constellations including GPS, GLONASS, and
GALILEO). The accuracy represents the percentage of points extracted from the
shoreline, which fall within the GNSS limits. Mean error represents the averaging
obtained from the points out&dGNSS limits and is used to quantify the bias of the

extracted shoreline.

It needs to be highlighted that although the multiple constellations potentialities of the
Topcon Hiper VR receiver, in the tested area the CORS it is currently enabled to send the
corrections only for GPS and GLONASS, thus the potentialities of the multiple
constellations remained unexpressed. For instance, for the same satellite product and
analyzed band, the differences range from a minimum of 0.38% to a maximum of 12.31%

in accuacy.

It is shown that the highest the spatial resolution the best is the matching between
extracted shoreline with GNSS positioned foreshore beachface limits, ranging from a
minimum of 1.62% for the Landsat SWIR band to a maximum of 79.18% for the

Planetsope RedEdge band. Regarding spectral bands RE and NIR bands perform better
than SWIR bands. Finally, no clear improvements are achieved by employing GNSS
receiving multiple constellations. For this reason, the GPS constellation receiver was

employed for tk test in the other two study areas.
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Tab. 3.4: accuracy and main statistics parameters of Balestrate beach extracted shor
The band contours interpolation method was applied on the different bands of the Plan
satellite images sensed on 19 @&3dJuly 2022 and Sentingland Landsat 9 sensed on 21 J
2022.

Trimble Topcon Topcon Trimble Topcon Topcon Trimble Topcon Topcon

% R6  Hiner VR Hiper V R6  Hiner VR Hiper V R6 Hiner VR Hiper V
- é 2 nt?irl;(lrw;:vzrlgilgtr Bandwidth Rs Accuracy Accuracy Accuracy m m m S S S
3 8 (nm) om_(m) (%) (%) (%) m) (m) (m) (m) (m) (m)
5 865 30 30 3855 35.59 43.99 1.45 1.54 1.52 1.11 1.16 1.29
8 6 1610 80 30 6.96 6.29 7.05 4.27 4.45 4.12 2.10 2.15 2.06
7 2200 180 30, 1.90 1.62 2.09 7.59 7.78 7.42 2.70 2.74 2.67
5 704.1 15 20 0.00 0.00 0.00 5.86 6.07 5.68 1.85 1.81 1.82
E 6 740.5 5 201 70.76 67.05 74.86 0.85 0.86 1.03 0.88 1.00 1.35
S 7 782.8 20 20| 68.86 65.90 72.40 0.89 0.88 1.02 0.74 0.77 1.09
§ g 8 832.8 106 10! 56.83 58.55 60.74 0.91 0.97 1.05 0.79 0.80 0.98
N 8A 864.7 21 20| 69.34 67.34 72.59 1.10 1.08 1.27 0.93 0.98 1.27
11 1613.7 91 20| 47.09 42.31 54.44 1.00 1.06 1.12 1.01 1.06 1.38
12 2202.4 175 20 17.56 15.55 19.56 217 2.33 2.09 1.17 1.21 1.17
'§ 7 705 15 3 77.38 77.76 79.18 1.44 1.46 1.65 1.36 1.31 1.44
a % 8 865 40 3 67.65 67.75 69.74 1.05 1.10 1.21 0.88 0.83 1.06
'§ § 7 705 15 3| 5745 57.17 61.73 1.24 1.22 1.37 1.35 1.35 155
Q& 8 865 40 3 70.38 70 70.76 1.05 1.06 1.18 0.96 0.93 1.14
worst performances best performances

Table 5 6ysummarizes accuracy and main statisfiasameters (mean errom(and
standard deviations() obtained from GNSS acquisition performed on Vendicari and

Torre Salsa beach, using one GNSS receiver.

The test was repeated on Vendidaach, where the satellite images of the three different
sensorswere acquired on the same day, simultaneously with the GNSS acquisition.
Results confirm that the highest performance is achieved with the highest resolution.
However, the accuracy achieved is much lower than in the previous case due to beached
P. oceania. The behaviour of the method was tested in a specific experiment, whose

results are reported in sectid®.8.
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Tab.3.5: accuracy and main statistics parameters of Vendioagch
extracted shorelines. The band contours interpolation method was appli
the different bands of Planetscope, Sentthahd Landsat 9 satellite image
sensed on 31 July 2022.

g Trimble R6
- é 2 nSriT)der w:veeTégtr Bandwidth Rs Accuracy m S
e 3 3 (nm) (nm) (m) (%) (m) (m)
5 865 30 30 0.00 7.88 2.64
8 6 1610 80 30 0.00 7.35 3.07
7 2200 180 30 0.00 8.55 3.49
5 704.1 15 20 8.49 4.98 2.37
6 740.5 5 20 18.31 2.98 2.20
§ 'é - 7 782.8 20 20 1090  2.96 1.98
N im = 8 832.8 106 10 13.27 3.34 1.84
8A 864.7 21 20 3.79 4.07 2.50
11 1613.7 91 20 12.02 6.15 2.82
12 2202.4 175 20 8.02 3.49 2.10
% . 7 705 15 3 29.82 1.97 2.28
a 8 865 40 3 16.43 2.19 1.18
Worst performance bestperformances

The GPS positioning was repeated on theé &August on Torre Salsa. In this cate
accuracy achieved by processing the images at 10 and 20 m resolution was higher than
the average accuracy achieved by processing the two images at 3 m spatial resolution;
however, the Sentin@l image was acquired simultaneously with the GPS posjtions
while the closest Planetscope acquisitions were available on the previous day and the
successive day. Finally, no Landsat images were available and thus no accuracy is

reported at 30 m spatial resolution.
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Tab. 3.6: accuracy and main statistics parametefsTorre Salsa beau
for different bands extracted shorelines. The band contours interpc
method was applied to the different bands of the Planetscope s
images sensed on 29 and 31 August 2022 and Se?titNgd Lands:
images were availabldase to the GNSS acquisition ..

% Trimble R6

- é 2 nSr?]rt]Jder ngzrlgnag:ﬂ Bandwidth Rs Accuracy m s

2 3 8 (nm) (nm) (m) %) (m) (m)

5 865 30 30 N.D. N.D. N.D.

al 6 1610 80 30 N.D. N.D. N.D.

7 2200 180 30 N.D. N.D. N.D.

5 704.1 15 20 1.30 3.49 1.14

8 6 7405 5 20 88.90  0.84 0.64

& | 7 782.8 20 20 96.83  0.84 1.19

N 2 8 832.8 106 10 9540 094 0.74

& 8A 864.7 21 20 9769 089 | 113

11 1613.7 91 20 96.39 091 1.12

12 22024 175 20 3367  1.13 0.87

3 7 705 15 3 5624  0.76 0.65

x| s 865 40 3 6499 065 043

88| 7 705 15 3 89.41 | 028  0.22

o 8 865 40 3 4146 065 0.42
worst performances best performances

3.55 Georeferencing accuracy validation

A validation of the images' georeferencing accuracy was performed on a dock of the
harbour of Balestrate by measuring accurately its position via a GNSS NRTK survey (~

20-30 mm in planimetric accurac{Dardanelli et al., 2021fp be conpared with those

extracted from satellite products. Indeed, the dock can be assumed as almost stable in

time. We delimited the dock on three years of monthly images (one per month).
Statistically, each delimitation represents a repetition of a measureamapte that can

be processed to characterize the absolute average distance and the standard deviation from
the GNSS delimitation assumed as the fAtruec
from a geometric point of view, we discriminate concrete douk deep water, while in

the operational case studies, we discriminate sand and shallow water which are

characterized by different spectral reflectances.

A satellite image of the Balestrate dock is shown inFig(frame A), where the GNSS
delimitations & highlighted in black (continuous line), the remotely sensed dock lines
extracted using the NIR band of Planetscope highlighted in red, while the transects used

for quantify the accuracy are highlighted in white.
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Frame B shows a graph which has thaxis the spatial resolution of the bands adopted
and on the yaxis the average distance values between the GNSS detected dock position
and the one extracted from the satellite products. The coloured dots are the average
distance values of the different bamdslifferent resolutions. What emerges is that, as we
would expect, higher resolution bands have lower mean distance values, which therefore
translates into a more accurate position than the true position. At lower resolution, on the
other hand, NIR valueare higher than those of the SWIR bands. This is a trend that

deviates from what we expected but should not be alarming.

Frame C shows a graph which has on tkexis the spatial resolution of the different
bands we used and on thewis the standard dition between the multiple lines of the

pier extracted by remote sensing. The dots in different colours indicate the standard
deviation values of the different bands used (NIR, RE, SWIR1 and SWIR2). What
emerges is that at the Planetscope's high resogjttbe deviation values are lower for

the NIR band than for the RedEdge (1.09 vs. 1.15 m). The NIR band ofZHesS$ a

value of 1.93 m on the NIR band. The 20 m bands of tBéh8ve a value of 3.02, 3.29

and 3.37 m for the RE SWIR1 and SWIR2. The 3r@solution bands of the Landsat 8
show a trend that differs from what is expected as a value of 3.23 m is obtained for the
NIR which is less than the SWIR1 (3.36 m) but is greater than the SWIR2 (2.95 m).

Fig. 3.7: georeferencing accuracy validation performed on Balestrate dock structure. F
A shows the satellite images of the Balestrate dock structure whit the detected GNSS
highlighted in black, the remotely sensed extracted dock lines using the NtRob:
Planetscope highlighted in yellow and the transect used for quantify the accuracy high
in white; Frame B and Frame C show the average distance and the standard deviation
with changing spatial resolutiofframe d shows the extracted limends, using the 3 differer
satellite products, on the same portion of the dock structure in which it abruptly ch
direction. D: Planetscope; R Sentinel2; Ds:Landsat.
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The test highlight a limit of extracting the shoreline via thgiometric interpolation.
Indeed, the method is unable to describe abrupt changes in direction. Although natural
shorelines, and in particular sandy beaches, are characterized by gentle changes of
direction these abrupt variations often characterize meuhe structures. This limitis less

evident the more detailed is the spatial resolution.

3.5.6 Match between berm and LTT positioned via GNSS and shoreline

extracted via band contouring:

Based on the extracted shoreline of the Torre Salsa study siteciedi® explore the
potentiality of our approach with a matching between berm and LTT positioned via GNSS
and shoreline extracted via band contouring on the best performing Planetscope spectral
bands. We generated three contour line within the GNSS ipdibate with 0.25 0.571

0.75in Fig.3.8 and calculated statistical parameters of the extracted shoreline points (Tab.
3.7 38). Moreover, we decided to compare these results with hydrometric level obtained
from the nearest tide gauge, located int@&mpedocle (Fig3.9).

’ —————— Berm GNSS === LTT GNSS contours quartile « shoreline points RE « shoreline points NIR

2022-08-29 s iy e T ‘ 2022-08-31

—
—
~

| Frame A 353500 354000 354500 A A { | - Frame B

Fig. 3.8: Match between berm and LTT positioned via GNSS and shoreline extracted via band
contouring performed on RE and NIR bands on the 29.08 and 31.08 Torre Salsa Planetscope
satellite product. The 0.250.507 0.75 black lines whitin the GNSS path, represeat
generated.contour lines used to calculate the statistical parameters.
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Tab.3.7: Match between berm and LTT positioned via GNSS and shoreline extracted via bar

contouring on 29.08.2022 RE and NIR Planetscope satellite image.

rRE rNIR

Berm 075 05 025 LTT Berm 075 05 025 LTT

Mean (m) 711 524 340 156 -0.24| 697 510 327 143 -0.38
Standard error (m)| 0.06 0.05 005 004 0.04| 005 0.05 004 0.04 0.04
Median (m) 715 528 343 159 -0.17| 6.90 4.94 3.16 1.41 -0.44
Mode (m) 714 597 363 194 012| 659 471 3.09 1.58 -0.63
Sta”da(rr?])de"'a“o” 157 135 119 113 1.17| 144 121 106 1.02 1.09
Asymmetry ) 091 -0.80 -0.63 -0.43 -0.38| -0.21 -0.07 0.3 026 0.26
First quartile (m) | 8.07 6.00 407 223 051| 805 6.10 4.02 2.09 0.34
Third quartile (m) | 6.30 453 275 097 -0.92| 593 427 250 0.75 -1.12

Tab.3.8: Match between berm and LTT positioned via GNSS and shoreline extracted v

band contouring on 31.08.2022 RE and NIR Planetscope satellite image.

Ire I'nR
Berm 0.75 05 025 LTT Berm 0.75 05 0.25 LTT
Mean (m) 655 4.69 285 101 -080| 750 563 3.79 1.96 0.15
Standard error (m) | 0.06 0.05 0.04 0.03 0.03 | 0.06 0.05 0.04 0.03 0.03
Median (m) 656 4.71 291 107 -0.77| 7.38 557 380 198 0.17
Mode (m) 584 430 351 116 -0.74| 7.09 548 391 1.78 0.23
Standard deviation (m 151 1.20 094 0.75 0.70 | 1.55 1.24 0.98 0.78 0.74
Asymmetry €) -0.71 -0.88 -1.22 -1.62 -1.43|-0.28 -0.28 -0.40 -0.4¢ -0.45
First quartile (m) 759 550 343 144 -0.38| 6.49 484 318 142 -0.36
Third quartile (m) 568 4.04 239 0.68 -1.13| 857 6.57 454 255 0.70
Porto Empedocle tide gauge
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Fig 3.9 Porto Empedocle tide gauge hydrometric level
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3.5.7 Water depth analysis

The graph in Fig.10 shows the irradiance valuesaxis) changing with water depth-(y
axis), allowing estimating the emerging irradiance from the water sudssemning a 30
cm bottom depth, as a result of the surface refraction processes, downward and upward

water column attenuation and bottom reflection process.

Ez/Eg, (=) with bottom at 30 cm

0 02 0.4 0.6 08 -
0+ @ ' L B | .
4.9 % at 756 nm
0.05 5.5% at 865 nm
of E,/E,, water leaving
0.1 ® L

z(m)

0i25

OKD=0.89 RB=0.15 at 765 nm
0.3 L) dOe
@ KD=0.74 RB=0.13 at 865 nm

0.35
Fig 3.10: Spectral irradiance changing with water depth. (diffuse attenuation
coefficients); B (Bottom Reflectance).

To perform this calculation, the knowledge of the diffuse attenuation coefficiesjtan(K

the NIR and RedEdge wavelengths is required, asasghe Bottom Reflectance {R

The Kp value was estimated by comparison with previous acquisitions in Mondello beach
and Stagnone di Marsala lago@ardanelli et al., 2021y comparison at 490 nm with

a Kp product derived from OLI/andsat 8 at 4 km resolution at Torre Salsa for 29 August
2022 which shows that the value is very similar (slightly higher) to the value measured
in Mondello. By assuming that the ratio of chlorophyll, suspended solids and yellow

matter remained unchangehe value was interpolated in the NIR and RedEdge.

Regarding the R we took the maximum values of saturated sand in the NIR and
RedEdge measured during the Torre Salsa radiometric survey of 31 August 2022. Indeed,
by analysing the radiometric signaturestbe lower part of the foreshore, it can be seen
that periodically the reflectance decreases to a minimum (maximum water column during
the spectral measurement) or rises to a maximum (when the sand remains without water

above during the downward flux).

With these assumptions, about 5% of the irradiance escapes from the water column.
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If we calculate this value, considering a different height of the water column, we obtain

different % values of irradiance emerging from the water column.

z (m) 0.1 0.2 0.3 0.4
756 nm 0.068 0.057 0.048 0.040

EdEosathigee o0 0.061 0.053 0.045 0.039

Therefore waletermined the approximate height of water where it could be assumed that
the method delimits the shoreline. This is because an altimetric uncertainty linked to the
penetrability of the irradiance in the water column corresponds to a planimetric

uncertainy linked to the slope of the shoreline

The data obtained from the Porto Empedocle tide gauge3El). shows that there was

a 58 cm of high tide during the acquisition. Moreover, data from the Mazara del Vallo
buoy shows that, although offshore, thectp significant wave height was about 17 cm.
Therefore, with all the relevant assumptions, we probably had at the LTT, a water column

varying between 0 and about 25 cm.

Spectral significant wave height (m)
0.35

0.3 0, 0od
0.25 90 o© °
25 7o oo o)

z o ©° ©_oooc®

2 015 A 00 0 06 05 O

0.1 -
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31/08/2022
0

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
GMT (hh:mm)

Fig 3.11: Mazara del Vallo buoy spectral significant wave height

If the pixel wee infinitesimal, in any case, there would be a vertical uncertainty related
to the penetrability of the irradiance in the water, which would turn into a horizontal
uncertainty related to the slope of the foreshore. If we assume a vertical uncertainty of 2
cm we have a horizontal uncertainty for our slope already equal to the Planetscope pixel

size.

3.5.8 Method criticality

During Torre Salsa fieldwork we performed radiometric measurements on bdached

oceanicaaiming to check if thd>. oceanicehampers the shoreline extraction. RB3dL2
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shows the spectral behaviour of dry sand, wet sandPweteanicaand water, with
wavelengths (nm) and surface reflectareggorted in the x and y axes respectively. Black
curves represent the average spectral reflectance, blue curves represerd staoda

noisy spectral bands are highlighted with a grey band. Frame A represent the dry sand
spectral signatures. The curve has an increasing trend from 300 to about 800 nm and then
continues with a weakly increasing trend. Frame B representB.drgeanica spectral
reflectance: the curve has a low increasing trend from 300 to 700 nm where, a knee point,
makes the curve a highly increasing trend to about 900 nm. Frames C and D report the
spectral reflectance of a beached Webceanicaand that of thevater breaking on it,

showing similar spectral behaviour.

0.50

dry sand dry Posidonia Oceanica T
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Fig. 3.12 Frame AD P. oceanica spectral signature; frame E location of the measuremel

Another criticality occurs where the shoreline is close to cliffs or promontories (e.g., in
the northeast part of the Balestrate study area). The shadow generated by the projection
of the promontory onto the beach results in an estimated reflectancealifigcin the
nearinfrared) lower than the actudFig. 3.13) Such that, spatially, the maximum

variation of reflectance occurs in the boundary between shadowed and sunlight pixels,
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leading to large errors in the shoreline position that incorrectly repgsesenboundary

of the shadow.

These errors, however, should be detectable by considering a digital surface model and

the sun's azimuth and elevation at the acquisition time, by modelling the shadow via a
Ahill o shading al gor i t hante mada edd cammonly a mb e r t
implemented in GIS softwaig&lorn, 1981)

(020-02-17]8

(B, NIR bands acquired on the"™a@f February 2020 on the left panel, and on th& @fl
August 2020 on the right panel) in both of which are evident an erroneous delimitation
shoreline (yellow line) due to two different shadowed areas.

Another error that can arise is related to the presence of bodies of water behind the beach
(Fig. 3.14, e.g. in the Vendicari study case). In these contexts, when analysing satellite
images of periods after heavy rainfall, the extracted shoreline merges with the body of
water and digresses towards it. In this case, the algorithm extracts a shbeatldedimits

even the inner waterbody (Figusel4) linked to the beach through the river mouth.
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Fig. 3.14: The Vendicari study area with beach and inner marsh (A): Planetedipbands
(B) acquired over two acquisition times (B). The extracted shoreline (in yellow) is linked
inner marshes in the left image (28f November 2019) sensed after some rainfall events
panel), compared to a shoreline not showing intptians delimited on an image acquired
the 25" of December 2019 (right panel).

Other surface effects could occur that could represent the criticalities of the method
(Figure3.15). Among these, we tested the surface light specular reflection (e.g. internal
waves, panel B), clouds not in the scene but partly shadowing the sea and beach (C),

surface turbidity fronts (D), breaking waves on the shoreline (E) and capillary waves (D).

0 250 500 m

353000

Fig. 3.15 True colour composite of the Torre Salsa (A, Google Earth): Planetescope ¢
RGB composite with sunglint (B, acquired on 15/07/2021); could shadow covering the <
beach (€ 18/07/202); surface turbidity (D, 07/11/2022); breaking wes (E, 29/12/2020) an
capillary waves (D, 12/07/2022). Contours representing extracted shorelines are repre
in yellow,-while contours representing capillary waves and turbidity front are represent
black.
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The reflection on the water surface of internal waves shows many bright patches in the
true colour composite (Frame BYlarmorino et al., 2004)Bright patches could appear
similar to the sun glint specular reflection. The patches also appear in the NIR bands.

Thus, if the bright patches reach the beach face, this blemishdhaline extraction.

Eventually, a cloud external to the scene could throw its shadow on the beach face (Frame
C), the effect is equivalent to that of a shadow of a cliff (or similar morphologies) on the
beach, although in these cases, hill shadingitifge becomes usefulness in detecting the

error.

A turbidity plume shows a brownish patch in the true colour composite (Frame D). This
could be due to the introduction of sediments from an estuary. The effect of varying
suspended sediment concentrationstlte spectral reflectance is dominant in the red
bands (used to map water turbidity, €Maltese et al., 2013nd in the red edge; while

the reflectance slightly changes in the NIR and even to a lesser extent in t(idariue
1997) If the plume detaches from the beach (such as in this study case) it does not

influence the shorelinextraction.

Breaking waves show whitish patterns in the-4rakur composite (Frame E) and in the
NIR are even more reflective than sand. Thus, breaking waves reaching the beach face
markedly damage the shoreline extraction.

Finally, capillary waves showthe typical pattern in the trumplour composite of

concentric wavefronts, eventually interfering with each other (Frame D). Although the

pattern is not visible NIR images before masking the land, the same pattern can be found

in the extracted contour ks. If the reflectance gradient on the beach face is higher than
those characterizing the capillary wavesod |

do not influence shoreline extraction.

3.5.8 Accuracy achieved by some shoreline extractiomethods

After we applied and explored the limits of our methods and performed an accuracy
assessment, we proceeded with a comparison with two widely used methodologies (Fig.
3.16) In particular we applied a methodology based on the histogram segmergatgpn u

the unsupervised classification proposed in (Otsu, 1979) and on the NDWI classification
(Hagenaars et al., 2018; Kuleli et al., 2011).
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Fig. 3.16: Shoreline position extracted from different methods: in green the NDWI sho
using an interpolation method; in yellow the NDW!I shoreline using a threshold; in orang
threshold shoreline; In red the sydixel shoreline extracted through our apprba8rown and

blue dash lines represent the GNSS delimited positions of the foreshore beachface.

In Tab.3.9 some statistics characterizing the tested methods are shown. Two methods
using just the NIR spectral band: shoreline derived by interpolatinylfReeflectance

and determining the shoreline where the isolines are the closest to each other and NIR
reflectance thresholding; and the same approaches evaluated on an index derived by two
spectral bands (NIR and Green) using the NDW!I approach propogelddgnaars et al.,

2018)

Tab.3.9: Accuracy achieved by some shoreline extractiethods

Method Accuracy (%) m(m) s (M

NIR interpolation 64.99 0.649 0.421
NIR Threshold 44.37 1.233 0.805
NDWI interpolation 8.38 4.086 3.273
NDWI threshold 12.46 4.291 3.283

Results (Tab.3.9) show that the thresholding methods are less accuratethigan
interpolation method (lower accuracy). Also, the use of a second spectral band does not
apport an improvement if compared to the thresholding approach. The highest accuracy

is obtained using the interpolation method on the NIR spectral @6&24).

3.6 - Discussion

3.6.1 The foreshore morphology

The shoreline is located in the beach part labelled foreshore (or beachface), which
separates the submerged part from the backshore and is characterized by the intertidal
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environment (Fig.3.2, Short, 1999) Considering that the tidal regimes control the
hydrodynamic processes that determine the morphology of this beach portion (wave
action, impact, uprush, backwash, and in/exfiltrat{@ujan et al., 2019hwe selected

three sandy beaches based on similar microtidal conditions. Such conditions minimize
the hydrodynamic influence on foreshore morplggl making possible to state that the
beach grain size is the most relevant parameter controlling the foreshoréSshogster

and Hsu, 1997; Zenkovich, 1967)

The ability to detect the coastline by radi
electromagnetic absorption the different spectrum wavelengt{@levers et al., 2008;
Lunkenheimer et al., 2017%uch absorption phenomena control the depth of maximum
penetration of electromagnetic waves that, according to the diffuse attenuation
coefficients values reported Maltese et al. (2008computed for two nearby sandy
beaches, can be approximated to 25 cm for the NIR wavelengths (taking into account the
tide level and the significative wave height, see Bi§. and 3.1l Finer sand grains
require lower slope values and therefore, aem®gligible elevation difference between

the upstream and downstream parts of a pixel. Let us assume that thiselpitesl
elevation difference is less than or equal to the maximum penetration depth of seawater
at the NIR wavelengths. In that case, #matial accuracy of the shoreline extraction
becomes the same size as the pixel geometrical resolution, and further efforts toward
increasing the shoreline extraction method's accuracy will be of no use. As described in
Tab 4, the problem of maximum deptt penetration of seawater applies to high
geometric resolution satellite products for the three investigated sandy beaches. In
contrast, this has no impact on shoreline extraction for thehighd and medium

geometric resolution satellite dataset.

3.6.2 The shoreline radiometric signature

The acquired foreshore radiometric signatures (Bi§.and 3.6a) highlight that the
signature of the sand differs from that of water, starting from 580 nm and moving towards
longer wavelengths. This observation aléal us to assume the shorelmeéated
radiometric signature as the one in which the SR values start to show a similar trend to
the water one (light red area in F&6a). Radiometric profiles plotted in Figy6b support

this hypothesis. If interpreted an index of the same form as the NDWI expression, they
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highlight the position of the coastline where the value of the normalized difference
between the two SR values approaches zero.

The interpretation of the diffuse attenuation coefficients measureklditese et al.

(2008 suggests that the specttands generally allowing the most accurate shoreline
extraction should be those of NIR and Red Edge bands. Our performance evaluation (see
Fig. 3.7, Tab.3.4, 3.5 and3.6), in which these two bands perform similarly, support such
findings. Accordingly, most shoreline extraction methods via earth observation proposed
in the literature use the neafrared (NIR) wavelength band which normally provide

high contrast betwedand and watefJensen, 200(nd ttat is historically available on

most imaging satellite platfornfdlicandro et al., 2019; Muzirafuti et al., 2020; Randazzo

et al., 2020)

3.6.3 Weaknesses and strengths of the shoreline extraction method

A sub-pixel resolution characterizes the results of the presented shoreline extraction
method (tab3.7 and3.8). Such results show that the shoreline accuracy from Lai@dsat
(pixel size of 30 m), Sentin& (pixel size of 10 and 20 m) and Planetscope (pixel size of

3 m) are comparable (Tak4, 3.5 and3.6). Moreover, since the standard deviation values

in Tab.34, 35 and3.6 can be understood as the shoreline extraction accuracy, the sub
pixel outcomes of the proposed method increase the resolution of the input images even

by a factor of 11.

Another area for improvement of the proposed method, as shown BiFigelies on the
interpolation approach, which cannot reproduce sudden changes in the shoreline
direction, even if these are significantly more common in anthropic coasts and not in

natural environments.

Despite these high performances obtainediitéhod we proposed has some limitations
mainly related to the different reflectance values which the satellite products assume in

response to different environmental conditions.

As reported for the Vendicari beach, the presence of a large amount of bieastukeohia

Oceanica(Fig. 3.12), has led to the dampening of the hydro dynamism, significantly
reducing the portion of foreshore affectec
radiometric signature of the beached dry Posidonia Oceanica shows a trendawitgo
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opposite to dry sand (Fi§.12a and b). In contrast, the wet Posidonia spectral signature
is quite similar to the spectral signature of water, thus, hampering the radiometric
discrimination of those two. Notwithstanding this limitation, the hariabaccuracy of

the extracted shorelines shows encouraging values and were still significantly lower than
the pixel resolution of the satellite images in Vendicari beach, the only surveyed beach
characterized by the presencePafisidonia as reported iffab.3.5.

Another source of error is highlighted the Figs 3.14 and 3.1%vhere the shadows
generated by the promontories close to the coast and the presence of marsh near the beach
can generate an anomalous trend of the extracted shoreline. To agei@dtioenalies, a

preliminary study of the area is strongly recommended.

3.6.4 Compare and contrast with literature methods

Fig. 3.15and Tab3.9 show that outcomes of the proposed methodology compared with
other shoreline extraction methods proposed ifitkature are characterized by better
accuracy (validated both quantitatively and through the GNSS survey) and are not
characterized by the typical sawtooth morphology. We are aware that sawtooth shorelines
resulting from pixebounded shoreline extrasti methods could be smoothed to reach
similar performances to the proposed method. Notwithstanding this, we believe that this
practice further increases the abstraction level of the resulting shoreline. Increasing the
processing phases in the shorelingamtton raises the difference of each digital number

of the satellite product from the physical level of abstraction, that is, the natural irradiance.
The utility of this smoothing step comes from the necessity to convert the elliptical areas
of the projet i on of each steradian acquired by th
square pixels through a gridding algorithm. Differently, the proposed methodology here
aims to do the exact opposite, moving from the logic level of abstraction (the gridded
dataset)toward the physical level of abstraction and thus, not considering the square
shape of each pixel. In doing this, we believe it is closer to the reality to consider digital
numbers as irradiating from the pixel centroid and then interpolate insteackofliext

the information even at the corners of the pixel that are certainly not covered by the

projection of the steradian on the Earthos
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3.7 - Conclusions

In this portion of projectwe presented a new radiometoidented, sukpixel shoreline
extraction method based on satellite earth observation and interpolation. We quantified
and assessed the accuracy by comparing the extracted shorelines with field GNSS
acquisition surveys in theestudy sites along the Sicily island coasts. With our approach

it was possible to define the spectral signature along a beach transect, identifying that
wavelength ranging from 700 to 850 nm, better approximate the shoreline position. This
was confirmed Y the accuracy and horizontal displacement estimation and quantification
of the different satellite products bands in which we demonstrate that RedEdge and NIR
bands have accuracy values >50% arahds remain below 2 m. Moreover, through a
comparison beteen the extractednhereline and the position of the berm and the low tide
terrace (LTT), we demonstrated that our methodology correctly detects the LTT position.
Thanks to sedimentological analyses, we calculated the slope of the foreshore and
obtained tle difference in elevation for each geometric resolution in pixels of the satellite
products used, demonstrating that further efforts toward increasing the shoreline
extraction method's accuracy would be of no use. Through a direct comparison with other
metodologies, we show that despite the simplicity, our approach maintains and, indeed
improves the accuracy. Thanks to in situ spectroradiometric measurements, we
demonstrated that the beachHedoceanicaends to perturb both the spectral signature
and themotion of the waves which leads to false the real shoreline position as we verified
on Vendicari beach. The other criticalities explored (e.g. shadows, marshes, breaking
waves, glints), can easily be overcome by not considering the satellite produstsférat

from them, in our analyses. However, our method potential remains to be explored in

different contexts for example those with high tidal oscillations.

The proposed shoreline extraction method could represent a valuable tool for coastal
management ahcoastal erosion risk detection and mitigation. Moreover, such a method
could be used for the shoreline evolution tisegies extraction, which could be treated

as proxies to study the climate forcing on the coastal landscape evolution.
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Chapter 4 - On the shoreline monitoring via earth
observation: time series as a proxy of sedimentary

environment energy*

CHAPTER ABSTRACT

Recent developments of remotagnsed shoreline extraction techniques, improved
the investigation of Shoreline Chanénalysis (SCA). These analyses are based on time
series observations and quantify the recent coastal landscape evolution that could be
driven by climate changes, tectonics, and anthropic processes. Improving our
understanding of past evolution could pdwvcritical information for forecasting future
coastal landscape scenarios for better manage and mitigate the natural hazard related to
erosion processes and changes in coastal environments energy.

In this work, we use an ihouse developed sermautomatic geospatial model to
quantify the shoreline evolution using a dataset ranging from a single month up to 40
years with a sulpixel resolution. Shorelines were extracted from a dataset of satellite
images with various geometric, radiometric, and temporal resolutions into sandy coasts
of Sicily (central Mediterranean) affected by similar daily tide excursions ranging from
15 to 35 cm but characterized by a different environments energy and hydrodynamics.

Obtained results demonstrate the high potential of satellite observations to quantify
both the rate of beach accretion and retreatment over roughly 40 weasaccessfully
quantified the differential patterns of beach accretion or erosion along theeste thus
allowing to identify the sectors of the beach that suffer most from the erosion process in
order to direct the nourishment works towards thesmngrelict sandsMoreover, using
monthly shoreline position observations, it is possible to uratedsthe sedimentary

budget variations linked to a different hydrodynamism and environmental energy.
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* A version of this chapter isnder review irRemote sensing of environmettd be authored by
Caldareri F., Sulli A., Parrino N.Dardanelli G., Todaro S., Maltese A.

4.1 - Introduction

Shorelines' shape and position vary across spatial and temporal scales, driven by the
interplay of water level movements, encompassing waves, tides, and relatlegetea
fluctuations(Burningham and Fernand®iinez, 202Q)These highly dynamic processes

give rise to recurring cycles efosion and accretion, influencing the continuous evolution

of coastal landforméLuijendijk et al., 2018; Short, 1999pandy coastlines represent a
significant proportion, approximately 31%f the icefree shorelines found across the
globe and are characterized by continuous interactions between sediment, wind patterns,
currents, waves, and tides. Influenced by climatic, tectonic, and anthropogenic factors,
these processes profoundly shapese dynamic sedimentary environmeffarrino et

al., 2022b, 2022b; Srivastava et al., 2023a)

Recent advancements in remote sensing techniques have pushed the boundaries of
accuracy in shoreline extraction methods for sandy beaches, providing deeper insights
into the evolution of coastlines over time (Caldareri et al. ii 2023 submitted). Unlike
traditional field survey methods and coastal monitoring programs, remote sensing
approaches offer fast and precise results in studying shoreline variations. Consequently,
they play a crucial role in regulating coastal development and planning effecistalco

defence interventions, such as implementing barriers and groynes.

Analyzing satellitederived shorelines has yielded significant findings regarding erosion
and accretion patterns along sandy beaches. Within one of the most heavily urbanized
and expbited regions globally, it is evident that 24% of the sandy beaches experience
erosion at rates exceeding 0.5 m per year. In contrast, 28% of the beaches exhibit
accretion, indicating sediment accumulation. Approximately 48% of the sandy beaches
remain sthle, showing minimal changes over the analyzed peiliogendijk et al.,

2018) These results underscore the dynamic nature of coastal environments and
emphasize the importance of monitoring and managing these areas to mitigate erosion

impacts and maintain a sustainable balance between stability and natural dynamics.

Given the crucial significance of predicting future scenarios of coastal landscape

evolution, particularly in the context of climatically induced extreme events, the use of
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remotely sensed time series data has emerged as a pivotglestieikh et al., 2007,
Gens, 2010; Ghosh et al., 2015; Li and Damen, 2010; Yasir et al., ZD@tjequently,
several recent investigations pertaining to remotely sensed shoreline extraction have
predominantlyconcentrated on assessing the horizontal accyiefxshmawy, 2019;
PardePascual et al., 2018; Wicaksono and Wicaksono, 2@Hjitionally, a noteworthy
emphasis has been p&l on comprehending the temporal variability of shorelines across
different temporal scales, with numerous scholars employing diverse remotely sensed
products for their analysé€hen et al., 2022; Murray et al., 2023; Tamassoki et al., 2014;
Vos et al., 2019)

In this research article, we present a criticallygsis on the outcomes achieved through

an iterative application of the original semitomatic geospatial model developed by
Caldareri et al. (2023, submitted). Our approach focused on employing this model for the
computation of time series to quantify sklmne evolution accurately. We achieved a-sub
pixel accuracy in shoreline extraction by utilizing satellite product datasets with varying
geometric, radiometric, and temporal resolutions spanning up to 40 years. The primary
objective of our analysis wae explore the strengths and limitations of this innovative

technique in a time series context while also investigating its potential applications.

The study was centred around five sandy coasts located in Sicily, situated in the central
Mediterranean regim These coasts exhibited comparable daily tide excursions, ranging
from 15 to 35 cm while showcasing distinct variations in environmental energy and
hydrodynamics. Through meticulous examination of the obtained results, we successfully
quantified the diférential patterns of beach accretion or erosion along these,tbasts
allowing to identify the sectors of the beach that suffer most from the erosion process in
order to direct the nourishment works towards thesing relict sands This
comprehensive atysis provided valuable insights into various processes, including
sedimentary dynamics, anthropogenic influences, and climatic factors, while considering

their spatial and temporal wavelengths.
4.2 Settings and materials

This study focuses on of sandyalsbes along the coast of Sicilian island in the Central
Mediterranean region, as depicted in Figlile These beaches encompass five distinct
study sites that exhibit a diverse range of characteristics. These characteristics include the

geological composion of the surrounding area, the orientation of the beaches and the
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degree of protection they receive from surface currents and prevailing winds.
Furthermore, variations in grain size and the level of anthropogenic influence are evident

among these beache

Despite these variations, all the study sites share a common microtidal regime,
characterized by relatively small tidal ranges from 11 te&ttimetresThis consistent
tidal regime provides a valuable baseline for comparative analysis and &tlows

focused investigation into the specific dynamics of every beach.

In the subsequent chapters of this study, every beach will be examined in detail, providing

comprehensive information specific to the unique characteristics and proass
with each case. Through this comprehensive examination, a deeper understanding of the
complexities and nuances of these coastal environments will be gained, shedding light on

the factors that shape their evolution and resilience.

59



320000 E 322500 E 325000 F

300000 E 400000 E 500000 E

Projected CRS ETRF2000 - RDN2008
UTM zone 33N - EPSG: 6708

4300000 N

N 00ST1T

510000 L

4300000 N

Geocentric CRS RDN2008
EPSG: 6706

N 00SzTLOY

4200000 N

N 0000L0t

4100000 N

N 000S€ 1T

San Giorgio

4127500 N

N 000¥ZTE N 0009TTH

4125000 N

370000 £ 372500 E 375000 E 492500 E 495000 & 497500 & 500000 E

[ Volcanic rocks B Mectamorphic rocks [ Triassic limestones [0 Cretaceous limestones
Clays Messinian salts and chalks Plio-Pleistocene calcarenites . Holocene deposits
Rosc diagram [0 0- 1 m/s 1-2nvs M 2-4nvs 4-6m/s BIG6-12n/s M > 12 nvs

Fig.4.1: Geographical Setting of the Five Study Sites on the Sicily Island: The map illus
the locations of the study sites in Sicily, providing a comprehensive overview o
geographical distribution. Balestrate beach (C) is situated in the neetstern setor, while
Vendicari (D) is positioned along the eastern coast. Moving southward, Torre Salsa (|
Agrigento beach (F) can be found in the southern sector. Lastly, San Giorgio is situate:
north-eastern sector (G). Inset A highlights the predismtions of the tide gauge and wa
buoy, which were instrumental in acquiring essential data for the study. The inset also p
a visual representation of the main surface current circulation. Insets C to G provide add
information, including itdal range and D50 values, offering further insights into
characteristics of the study sites.
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4.2.1 Vendicari beach

The Vendicari beach, located on the eastern coast of Sicily at coordinates 36°47'27" N
15°05'53" E, spans a length of roughly 6 &nd has an average width of 30 meters. It is

a sandy beach oriented in a nesttuth direction and is flanked by rocky coasts composed

of Plio-Pleistocene calcarenites. Notably, this beach is situated within the natural reserve
"Riserva Naturale Orientat@asi Faunistica di Vendicari" and is distinguished by the

presence of a coastal dune system and an extensive marshland located behind it.

The sediment supply to the Vendicari beach is influenced by the Tellaro River and two
ephemeral rivers. Moreover, tipgesence of a longshore current with €&Nlirection
contributes to a substantial longshore transport along the same axis. Analysis of data from
the nearest tide station indicates a microtidal regime, with an astronomical spring tidal
range of approximalg 30 cm. Prevailing winds predominantly originate from the E, E

NE, and ESE directions Www.mareografico.it Fig. 4.1b). During storm events, the

beach is subjected to wave heights exceeding 5 metess.(hareografico.jt

The sediment composition of the Vendicaeach is primarily sandy, while the seabed
exhibits an average granulometry ranging from 0.12 to 2mm. Although the beach has
been classified as stable, it is important to acknowledge that relief data is only available

until 1988, thus limiting our undeestding of more recent changes

4.2.2 Balestrate beach

The Balestrate beach is situated along the northern coast of Sicily within the Gulf of
Castellammare, precisely at coordinates 38°2'75" 12°58'37" E. This sandy beach
stretches for a length of 3.2 kand has an average width of 30 meters. Notably, it features

a vegetated coastal dune system. The beach ha¥\aarientation and is bordered to the
east by a rocky coast composed of Pleistocenedlmarenites from the Marsala System

(F. 593 Castellamnma del Golfo- CARG project). To the west, it connects with the
Alcamo and Castellammare beaches. Additionally, the eastern part of the beach is
influenced by the presence of the Balestrate harbour.

The onshore sediment supply to the Balestrate beachrpyimiaginates from two main

rivers, the Jato and S. Bartolomeo, which flow through the area. However, the presence
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of a longshore current with a wesst direction contributes to a significant longshore
transport along the same trajectory. The beachb#gha 2% average slope from the
shoreline to a depth of 5 meters. It is characterized by sandy particles with a predominance
of fine solid supply. The seabed displays an average granulometry ranging from greater
than 2 mm to a range between 0.18 and 2Wvimle the beach is described as stable, it is
important to note that data collection and monitoring efforts ceased in 1995, limiting our

understanding of more recent dynamics

Based on data obtained from the nearest tide station, the beach experierareidam
regime, with an astronomical spring tidal range of approximately 30 cm. Prevailing winds

typically originate from the W and WW directions ywww.mareografico.jt

4.2.3 Agrigento beach

The Agrigento beach, located along the southern coast oly Siti coordinates
37°16'44.39" N- 13°33'55.91" E, stretches for a length of 5 km with a distinctive NW

SE orientation. The beach is bounded by the harbours of Porto Empedocle and San Leone,
providing anthropic boundaries to its coastal morphology. The dand found on the

beach originates from the erosion of the inland Agrigento Formation, which primarily
consists of calcarenites dating back to the Lower Pleistocene (CARG Project,

www.isprambiente.gov.ithww.isprambiente.gov )t The Akragas river, sittied along

the eastern side of the beach, plays a crucial role in transporting these sands to the
shoreline. Notably, erosion control barriers have been strategically placed in the eastern
section of the beach to facilitate sediment accumulation and eéhcinitigate coastal

erosion.

The Agrigento beach is characterized by a microtidal regime, with a tidal range of
approximately 25 cm during astronomical spring. Prevailing winds predominantly
originate from the W, SE, andS&E directions, as evidenced bdgta obtained from the
closest tide gauge station at the Porto Empedocle harbour within the ISPRA tidal network

(www.mareografico.ithww.mareografico.jt

Analysis of data collected from the Mazara del Vallo offshore buoy, part of the ISPRA

wave buoy netwd (www.mareografico.ithww.mareografico.), reveals the significant

impact of frequent and severe storms originating from the W ail/W\directions, with

wave heights exceeding 5 meters. Additionally, minor storms from the southeast direction
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result in nraximum wave heights of up to 3 meters. These dynamic coastal conditions
contribute to the formation of a robust longshore current with a nortlsweagteast

direction, driving substantial sediment transport along the beach.

The studied coastal area, encompassing the Porto Empedocle and San Leone regions,
exhibits an average gradient of 3.8% from the shoreline to-thetér isobath, indicating

a notable change in elevation along the beach profile. The beach itself is praatbmin
sandy, with sandy solids being the primary constituent of its sediment composition. The
seabed displays an average granulometry ranging from 0.18 to 2mm, showcasing the
diversity of grain sizes present. While the stability of the beach has beeneatdedirit

is important to note that the available findings are limited to the year 1995. Moreover, it
should be acknowledged that port construction activities took place in 1988 at Porto
Empedocle and in 1989 at San Leone, potentially influencing the dgaamics during

those periods

4.2.4 Torre Salsa beach

The Torre Salsa beach, the NW prosecution of the Agrigento beach at coordinates
37°21'53" N- 13°21'15" E, is characterized by several noteworthy features. This sandy
beach spans a length of 2.2 kiletars and is primarily composed of fine sand particles.

Its orientation follows a WNMWENE direction and is flanked by two rocky coasts
comprising marlycalcilutites originating from the Trubi Formation (F. 636 Agrigento

CARG Project, www.isprambiente.gatwww.isprambiente.gov)t The beach has an

average width of 40 meters and is bordered with a vegetated coastal dune system.

A distinctive aspect of the Torre Salsa beach is its location within the Riserva Naturale
Orientata di Torre Sals@Dasi WWF, grotected nature reserve. Consequently, the beach
remains devoid of any humanade structures, preserving its natural state. The sediment
supply to the beach is partially derived from the nearby Platani River, situated
approximately 7.5 kilometers northsteof the shoreline. However, due to the presence
of a persistent longshore current with an MK direction, the dominant sediment
transport occurs parallel to the coastline.

The beach is characterized by a microtidal regime, with tidal variations inflddmc
astronomical spring conditions. The tidal range at Torre Salsa beach reaches
approximately 25 centimeters. Prevailing winds predominantly originate from the W,
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SW, and SSW directions (www.mareograficavi/w.mareografico.itFig. 1b). During

storm eents, the beach is particularly susceptible to wave action from the W and WNW
directions, as well as the SE direction, with wave heights surpassing 3 meters

(www.mareografico.ithww.mareografico.jt

The Torre Salsa beach is characterized by an avergue fston the shoreline to the 5

meter isobath maintaining a value of around 1.6% and its substrate predominantly
consists of sandy materials, with a prevalence of fine solids. The seabed exhibits an
average granulometry spanning from 0.18 to 2mm, witheast §rain size observed within

the range of 0.09 to 0.13mm. Data collection and monitoring activities for Torre Salsa
beach ceased in 1995. Consequently, information regarding recent changes or trends in
beach dynamics is unavailable. However, the histostability of the beach offers
valuable insights into its past behaviour and serves as a foundation for understanding its

evolutionary patterns

4.2.5 San Giorgiobeach

The San Giorgio beach is located along the NE coast of Sicily, precisely situated at
coordinates 38°10'28" N14°56'39" E. This extensive 7 km stretch of shoreline extends
from northwest to southeast, bordering the southern Tyrrhenian Sea. The beach is
predominantly composed of sand and gravel derived from metamorphic sources within
its vicinity (F. 587600 MilazzeBarcellona; 599 PattiCARG project). Enclosed by the

Capo Calava rocky coast on the western side and the Tindari rocky coast on the eastern
side, these ancient headlands showcase metamorphic rocks from the Paleozoic era (F.
587-600 MilazzeBarcellona; 599 PattiCARG project), acting as the primary sediment

contributors to the beach.

The sediment supply to the beach is primarily influenced by the Torrente Fortunato
ephemeral river and the strong longshore currents hampergbsititen of fine sediment
fractions that are transported during river floods. This dynamic current plays a pivotal
role in shaping the intricate beach morphology and perpetuating the continuous interplay

of sediment dynamics.

The San Giorgio beach expere&s a microtidal regime, characterized by the ebb and

flow of tides on a subtle scale. During astronomical spring, the tidal range finely
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oscillates, spanning only 11 cm, while prevailing winds flow predominantly from the
north and northwest directions.

This coastal region exhibits an average slope of 11.3% extending from the shoreline to
the 5meter isobath, resulting in significant variations in elevation along its profile. The
beach itself is distinguished by its composition of sand and pebbles anedthesist
dynamics is characterized by the supply of predominantly fine solid particles with an

average granulometry surpassing 2 mm and a range spanning from 0.18 to 2 mm.

The data available is limited to the year 1995, and the development of port &ailitie
1995, located 13 km west of Capo Calava, may have introduced potential influences on

the coastal dynamics in the surrounding vicinity, necessitating thoughtful consideration

4.2.6 Satellite products

In this analysis, we used remotely sensed earsierobtions to acquire comprehensive
information spanning over a period of more than 40 years ensuring global coverage. Our
analysis encompassed three distinct satellite products, namely Landsat, Seraimel
Planet, each characterized by different gaoimessolutions, sensing periods, and sensor
types. These products, which included the Landsat Thematic Mapper (TM), Enhanced
Thematic Mapper + (ETM+), and Landsat Operational Land Imager (OLI) from the Level

2 Collection 2 Tier 1, offered a geometricokgion of 30 m and were ideal for time

series analysis due to their exceptional longevity (USGS, 2017). We processed Landsat 5
images from 1985 to 2010, Landsat 7 images for 2011 and 2012, and Landsat missions 9
images from 2013 to 2022.

Apart from Landsg our analysis also incorporated imagery derived from the Seidtinel
Multispectral Instrument (MSI). These images, obtained from the {ZAgdroducts,
exhibited a geometric resolution of 10 m and covered the time period between 2019 and
2022. Additionaly, we integrated commercial satellite products from the Planet satellite
program, specifically utilizing the Dove R and JSS 56 sensors. The Dove R satellite
products, offering a geometric resolution of 5 m, were employed for the years 2009 to
2016, while he JSS 56 satellite products, with a geometric resolution of 3 m, were utilized
for the years 2017 to 2022.
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Fig 4.2: The figure illustrates the timeline of satellite products utilized in this study. The
black lines represent the operating period of the satellite missions, while the colored bq
indicate the sensing period of the satellite products employed in ourcbs&eometric
resolution, revisiting time, and sensor information for both public and commercial satel
missions are provided in the right columns for reference.

4.3 Method

This study presents a systematic and iterative application of the shoreline extraction
method proposed by Caldareri et al. (2023, submitted). The main focus of this research is
to generate a time series dataset that accurately describes the spatial @ovdltem
variations of the coastline. Our primary objective is to conduct a thorough analysis of the
discretized results obtained from this method, critically evaluating both the limitations
and potential of the dataset. Through the utilization of this approar aim is to provide
valuable insights into the accuracy and applicability of shoreline extraction techniques

within the context of time series analysis.

The application of our approach resulted in the generation of a series of polylines
representingthe shorelines position at the time of satellite product acquisition. To
facilitate comprehensive analysis and meaningful comparisons, we implemented a
consistent reference point for each case study using the month of July 2022 as a
standardized landmarkLeveraging this reference, we proceeded to construct
perpendicular transects that intersected the landmark shoreline. These transects were
systematically positioned at regular intervals of approximately 100 meters and extended
for a fixed length of 200 mets. Each transect was uniquely identified and labelled with

an increasing numerical value.
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Using the intersection points between the transects and the extracted shorelines, we
conducted along transects measurements to determine the distances betwpemeach
and the established landmark shoreline. As shown indiB3gfollowing a standardized
convention, negative values were assigned to indicate sea transgression, signifying the
movement of the shoreline landward, while positive values indicated sesssien,
representing movement seaward. This convention ensured consistency and facilitated the
interpretation of shoreline changes along the transects with respect to the landmark

shoreline.

In order to identify and emphasize the most significant shittegaobserved along the
analyzed coastlines and, to effectively represent the natural variability present in the data,
a classification of the transects was conducted using the Jenks natural variance
classification algorithnfJenks and Caspall, 197Ihis classification approach aimed to
minimize the variance withieach group while maximizing the variance between groups,

resulting in distinct classes where the similarity within each class is enhanced.
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CE AN
Fig 3: Inset A showcases a section of Torre Salsa beach, where the shorelines extraci
the Landsat satellite product are depicted as black lines. Colored lines denote perpen
transects positioned along the shoreline. The colors of these transectspm d to the
classification derived from the Jenks natural variance classification algorithm. Inset B
a closer view, focusing on a landmark shoreline represented by the black line. This pal
shoreline serves as a reference for calculatingftshobserved in all other shoreline
Regressive shifts are quantified as positive values, indicating accretion or seaward mao
of the shoreline. Conversely, regressive shifts are represented by negative values, in
erosion or landward movemeot the shoreline.

4.3.1 Pair analysis of the obtained shifts
It is worth establishing whether shifts estimated using datasets characterized by different

spatial resolutions are comparable, or if the variability in shift ranges results from

resolutions.
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Fig 4.4: The figure shows how to read the scatter plots. Inthesare shown the shifts valu
(in m) of the low geometric resolution satellite products, and in-#pds/the shifts of the hig
geometric resolution satellite products.

The graph showa confidence band with graduated colors with a value of 0.003, which ¢
positive values in the first quadrant (sea regression) and negative values in the third gt
(sea transgression). Values found at the extremes of the band are those lipaeakyemal
events. The values outside the band are linked to method criticalities and represent ol
(grey area). The dashed red line represents the confidence ellipse at a confidence level «

After extracting the shorelines, we comparedshiéts obtained using 3 types of satellite
products in pairs, namely Landsat vs. Sentinel, Landsat vs. Planet and Sentinel vs.
Planetscope over all 5 beaches, for all transects (spaced 100 meters), considering
simultaneously the images of both safnual ad the multidecadal analyses. The month
of acquisition has been used as a union field to join and compare shifts estimated over

datasets.

To make the comparison more robust, outliers caused by method criticalities should be
considered. However, outlieuld also result from extreme events. Therefore, the

statistical distribution of the shifts was analyzed, and outliers were excluded from the
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comparison and discussed separately. Outliers have been determined using confidence
bands and confidence elligse

4.3.2 Seasonal and Multidecadal variability

Considering that shoreline changes occur at different time wavelengths, two separate
approaches were deemed necessary to capture information regarding significant
variations that extend beyond daily or monttlctuations. These fluctuations primarily
encompass tidal variations, which we thought as not significant for our purposes and, also
incompatible with the revisit time of satellite platforms that are used for our study. In
order to capture both shedm and longterm variations of the coastline, we conducted

a seasonal analysis to observe monthly fluctuations and a-dealddal analysis to

observe changes over a wider time span.

For the seasonal analysis, we acquired one image per month, aimmairitain
consistency in the acquisition day of the month. However, we also took into consideration
factors such as cloud cover and sea conditions to ensure the quality of the acquired

images. This seasonal analysis covered a time span of approximatelydars.

For the multidecadal analysis, we focused on a broader temporal scale. We obtained one
image per year, typically around midly, to capture the coastline's leteggm variations.
Similar to the seasonal analysis, we prioritized acquiring imagiss minimal cloud

cover and favourable sea conditions. This rrdgitadal analysis spanned approximately

40 years. By conducting both the seasonal and detiadal analyses, we aimed to
comprehensively examine the different time wavelengths of coadtlamees and gain a

comprehensive understanding of the shoreline dynamics.

Considering that the revisiting time is a critical factor in satellite platforms for generating
time series datasets, as it enables the acquisition of repeated measurements awer time.
ensure data reliability, it is essential to utilize satellite platforms that offer consistent and
regular measurement intervals. In our analysis, we calculated the percentage of
measurements acquired from each satellite platform individually, as svideaoverall
percentage across all platforms. This analysis allows us to assess the contribution of each
platform to the total dataset and evaluate the reliability and coverage provided by different

satellite platforms in capturing shoreline dynamics dvee.
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4.4 Results

By systematically and iteratively applying the shoreline extraction method proposed by
Caldareriet al. (2023, submitted), we utilized a total of 745 multispectral satellite images,
covering approximately 38 kilometers of the sandy coast of the Sicilian Island in the
central Mediterranean Sea. This extensive time series approach allowed us toaextract
dataset consisting of 745 individual shorelines and obtain a total of 27850 shift
measurements (thus intersection points as per paragrdpl) collected along 377

transects providing valuable insights into the evolution of the coastlines within the

identified study areas over the past 40 years.

Out of the 27850 measurements conducted, a total of 2610 was determined to be incorrect
due to critical issues associated with the method proposed by Caldareri et alii (2023,
submitted). These issues includedidle measurements or other criticalities. As a result,

we were able to perform pair analysis on 25240 pairs of shift measurements. In these
pairs, we identified 448utliers (interpreted as method criticalities), 36&asurements
related to parossistic emts, and 24496neasurements associated with the normal

variability of the coastline for each analyzed site.

By analyzing the shift measurements transect by transect, we obtained two significant
outcomes. Firstly, we categorized the shift values into tiiistgnct Jenks classes based

on variance calculation. This classification resulted in 1076 values assigned to the
maximum variance class, 4032 values to the intermediate variance class, and 7410 values
to the minimum variance class. Secondly, we calcdl#te variation gradient, which
allowed us to determine the rate of change in shoreline position. Our analysis revealed a
maximum averaged positive gradient of 13.15 m/yr, indicating the highest rate of seaward
movement or accretion observed. The meanevafiihe positive gradient was 1.22 m/yr.
Additionally, we identified a maximum negative gradient®B8 m/yr, representing the
highest rate of landward movement or erosion recorded. The mean value of the negative
gradient was-0.63 m/yr. These gradienvalues provide valuable insights into the

magnitude of shoreline changes within the study areas.
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4.4.1 Pair analysis: resolution comparison and values underestimation
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Fig 4.5: The figure compares the shoreline shifts (S) estimated by satellite tvedwifferent
resolutions over the entire investigation period, study areas, and transectsaXiseagpresent:
the shift values estimated at the coarsest resolution, while-élves xepresents the shift valu
at the finest resolution. Three comparis are made in the figure: (A) Landsat vs. Sentingl
Vs. 3); (B) Sentinel vs. Planet 8vs. $9); (C) Landsat vs. Planetscope 3s. $9 satellite
products. The black points correspond to pairs of shifts while the blue points repretiens.
The red and blue lines represent the confidence ellipses, and the confidence bands are
as well; both represent the 0.003 % of confidence. The trend line is shown in black. Addit
the figure provides the total number of shift pgm$, along with the slopes of the confider
band and the slope of the main axis of the outer confidence ellipses.

Analyzing the dispersion of the shifts at different spatial resolutions is essential to
quantify the influence of the resolution on the estimate of shoreline variability. The
dispersions are shown in Figut®. In the yaxis the value of the shifts origination fino

the low spatial resolution, and in theaxis the ones at the higher resolution.

Black points represent shifts that show proportionality, that is to say, shifts that could be
considered congruent at different resolutions. Instead, the blue pointssameedsas
possible outliers and were identified in the portions of the beach in which criticalities of
the method emerge, for instance, due to shadows (for a description of the criticalities see

section3.5.80f this thesis)

Three confidence ellipses atalculated at different confidence levels (0.3173, 0.0455
and 0.003 for the inner thick red line to the outer thin red line, respectively). The
confidence ellipses pointed out a bell shape. Two probability density functions best fit the
shifts determined yoemploying the Landsat, Sentinel 2, and Planetscope datasets: the
normal and the small extreme value (SEV) distributions. The And&ading statistic

is used to determine how closely data follows a specific distribution. The smaller the
value of the ADstatistic, the better the fit between the data and the distribution.
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However, the normal best fits of the coarsest resolution images (Landsat and Sentinel 2,
AD = 248 and 355 for the normal distribution, vs. AD = 550 and 519 for the SEV
distribution), whie the SEV distribution better fits the finest resolution (Planetscope, AD
= 550 for the normal distribution vs. AD = 348 for the SEV distribution). Indeed, in the

extreme value distribution, the probability density function is skewed to the left.

Based orthe slope of the outer confidence ellipses (Fi§), Ssdescr i bess; & 86 %
on average; Sr e pr e s e n t pgson averégey armSch&acterizes 72% of-Son

average, coherently with the ratio of the spatial resolutions characterizing that \asds

Sentinel; Sentinel vs. Planetscope; and Landsat vs. Planetscope datasets, respectively.

With this type of approach, however, even some values on the trend line (black line in the
graph) are excluded, which do not represent outliers but are liokpdints where
extreme events are recorded such as extreme advances or retreats of the beach due to
heavy rainfall or exceptional storm surges. To overcome this problem, we introduced the
confidence bands, calculated considering the total number of Einteean deviation,
standard deviation and a theta value which indicates the slope, and eliminating from the
analysis all the points that are above and below the band itself (identified in blue in the
graphs).

4.4.2 Time series case histories

In our comprehensive exploration of the dataset, obtained through the systematic and
iterative application of Caldareri et al.'s method (2023, submitted), we focused on

examining the evolution of the coastline in the investigated case histories.

The following paragraphs present the significant outcomes achieved, focusing on the
limitations and potential of the dataset. These outcomes consider various parameters,
including the Sicilian coastal sector, satellite products, time series type, beach

morphodynamis drivers, and the specific sandy beaches investigated (s&el].ab

Tab4.1: Time series case histories parameters

Parameterd Localities Vendicari Balestrate Agrigento Torre Salsa San Giorg
Sicilian Coastal Sector E N SSW SSW N
Satellite Products Planetscope Sentinei2 Landsat Landsat Landsa
Time Series Seasonal Seasonal Multidecadal Multidecadal ~ Multidecar
Beachmorphodyramics driver Sediment flux Method criticalities Anthropicand Sediment flux Anthropi

Sedimentary
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Hereafter the Tabld.2 shows the percentage of measurements acquired from different satellite
platforms in both the multidecadal, and seasonal time series computed talassesdribution
of each platform to the total dataset and evaluate the reliability and coveragieg@doydifferent

satellite platforms in capturing shoreline dynamics over.time

Tab 4.2 The percentages of measurements acquired from different satellite platforn
presented for the multidecadal (M), seasonal (S), and total (Tot) time series. Theng
correspond to the satellite platforms: Landsat (LS), Sentinel 2 (S2), and Planetscope (
the various sandy beaches analyzed. The sandy beaches included Agrigento (AG), B
(BL), San Giorgio (SG), Torre Salsa (TS), and Vendicari (VD) hektoh values in each ce
indicate the percentage of measurements obtained from each satellite platform withi
respective time series category.

AG BL
s2 LS S2

M [ 085 0.10 0.34

SG
LS 82

TS
S2

VD
S2

Tot

LS LS S2

PS PS PS | LS PS| LS PS PS

S | 075 0.89 0.92
Tot | 0.81 0.46 0.60

0.88 0.09 0.33
0.67 0.70 1.00

0.79 0.38 0.64

0.86 0.09 0.32
0.69 0.78 0.98
0.78 0.41 0.62

0.86 0.09 0.32
0.86 0.89 0.92
0.86 0.46 0.59

0.83 0.09 0.30
0.59 0.86 1.00
0.72 0.43 0.61

0.86 0.09 0.32
0.70 0.82 0.97
0.79 0.42 0.62

Landsat emerged as the most reliable platform for the multidecadal analysis, while
Planetscopademonstrated superior performance for the seasonal analysis. The data
reveals a significant proportion of measurements acquired from Landsat images,
indicating its widespread usage. In contrast, the number of measurements obtained from

Sentinels was relaely lower in comparison.

4.4.3 Vendicari beach seasonal time series

Vendicari Beach is characterized by significant shoreline variability, as indicated by the
measured values. The maximum variance of 55.83 and the minimum variaA&e46f
highlight therange of changes observed along the coastline. These variations have been
categorized into three distinct classes: Jenks Class 1, Jenks Class 2, and Jenks Class 3,
hereafter J1, J2 and J3 (F&6). J1 shows the highest and lowest values of 23.39 and
1961, respectively, indicating moderate changes while, J2 exhibits a wider range, with a
maximum of 55.83 and a minimum &f3.57, suggesting more substantial shifts in the
shoreline. Class J3 demonstrates a maximum value of 40.48 and a minimum value of

4549, representing the most extreme changes observed in the study.
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z‘ Planet Labs seasonal analysis of the Vendicari beach
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Fig 4.6: Inset A represents the Vendicari beach study site which we analyzed ext
shorelines using Planet Labs satellite products, from July 2019 to July 2022. The perper
transects have a different colour based on the Jenks natural breaks classification vi
which we applied. Inset B shows the matrix with a coloured scale, in which each cell rep
the horizontal shift value measured to the landmark and the blackreptissent criticality
values The date is shown on the vertical axis, while the horizontal axis shows the prog
distance along the shoreline, expressed in hundreds of metres. The vertical black line
the matrix represent the limits of the das obtained by applying the Jenks algorithm.

graph in frame C has in theaxis the transect distance along the coast (hundreds of me
in the yaxis the variance value. The two dashed horizontal lines represent the

classification values. Ehgraph in frame D has in theaxis the transect distance (hundreds
metres), in the-axis the gradient values (m/yr).

The gradient analysis (Fig.7) provides insights into the rate of beach position change.
Vendicari Beach exhibits a maximum postgradient of 13.15, indicating a significant
seaward movement or accretion, while the minimum gradie 9 suggests landward
movement or erosion. The average positive gradient of 2.68 and the average negative
gradient of0.53 provide an overall gierstanding of the average rates of change in beach

position.
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Fig 4.7: The graphs shows the shift variance and the gradient of the Venlzanth seasone
analysis, using Planet Labs satellite products. Frame A has in#xésxhe transect distanc
along the coast (hundreds of metres), in thaxig the variance value @n The two dashe:
horizontal lines represent the jenks classificati@ues. The graph in frame B has in the
axis the transect distance (hundreds of metres), in-#pdsythe gradient values (m/yr). Ti
points within the graphs represent transects and are coloured based on the Jenks classi
dark green for janks tlass; yellow for jenks 2 class and red for jenks 3 class.

Examining the distribution of measurements within each class, we find that Class J1
comprises 888 measurements, Class J2 consists of 1100 measurements, and Class J3
includes 148 measurementshebe numbers give an indication of the frequency and
distribution of shoreline changes within each class. Additionally, the lengths of each class
reveal the spatial extent of these changes, with Class J1 spanning 2300 meters, Class J2
covering 3000 meterand Class J3 extending over 400 meters. The total length of 5700
meters represents the cumulative extent of shoreline changes observed at Vendicari

Beach.

Throughout the study, a total of 37 satellite products were analyzed, and the data was
collected ovea time span of 3 years. These metrics demonstrate the availability of data
and the duration of the study, allowing for a comprehensive assessment of shoreline

dynamics at Vendicari Beach.

4.4.4Balestrate beach seasonal time series
While the gradient agsis at Balestrate Beach provides valuable insights into the rate of
change in beach position, it is important to note that the higher values observed in this

analysis are attributed to method criticalities (&i8A and B). The Pair analysis, on the
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othe hand, highlights the influence of these criticalities on the metrics valued.@€lg
D and E).

‘T‘ Sentinel seasonal analysis of the Balestrate beach
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Fig 4.8 inset A represents the Balestrate beach study site which we analysed ext
shorelines using Sentin@lsatellite products, from July 2019aly 2022. The perpendicule
transects have two different colours based on the presence or not of method criticalitie
B shows the matrix with a coloured scale, in which each cell represents the horizont
value measured to the landmark ahd brange rectangle represent the beach portion affe
by method criticalities. The date is shown on the vertical axis, while the horizontal axis
the progressive distance along the shoreline, expressed in hundreds of metres. The ¢
frame GD-E has in the saxis high resolution shift values and in thaxis the low resolutior
shift values and represent the dispersion analysis scatterplots.

Examining the dataset from Balestrate Beach, we observe significant variations in the

metrics values. ie maximum variance recorded is 15.67, indicating substantial changes
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in acquired shift measurements, while the minimum varianc8®08 represents the
most extreme fluctuations observed. These variations are further classified into three
distinct classg Class J1, Class J2, and Class J3. Class J1 exhibits a maximum value of
5.44 and a minimum value e0.077, indicating relatively moderate changes. Class J2
shows a wider range, with a maximum of 15.67 and a minimurm459, indicating

more significanshifts. Class J3 demonstrates the most extreme changes, with a maximum

value of 4.28 and a minimum value-88.08.

The Pair analysis, considering the method criticalities, sheds light on the observed higher
values in the gradient analysis. It revealst ttheese higher values are influenced by

specific factors inherent to the measurement method employed. While the gradient
analysis provides valuable insights into the rate of change in beach position, it is essential

to consider the influence of method watlities when interpreting the results.

Examining the distribution of measurements within each class, we find that Class J1
comprises 442 measurements, Class J2 consists of 766 measurements, and Class J3
includes 130 measurements. These numbers givediaiion of the frequency and
distribution of changes in the metrics values within each class. Additionally, the lengths

of each class reveal the spatial extent of these changes, with Class J1 spanning 1700
meters, Class J2 covering 2800 meters, and GBestending over 500 meters. The total
length of 5000 meters represents the cumulative extent of changes observed at Balestrate

Beach.

In this study, a total of 26 products were analyzed over a duration of 3 years, providing a
comprehensive understandingf the metrics values at Balestrate Beach. These

measurements and the duration of the study allow for a detailed assessment of the
temporal and spatial variations in beach morphology, considering both the gradient

analysis and the influence of method catities.

4.4.5 Agrigento beach multidecadal time series

Agrigento Beach multidecadal time series, exhibits significant variations in the metrics

values as shown in F§9and4.10
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Fig 4.9 The graphs shows the shift variance and the gradient of the Agrigento

multidecadal analysis, using Landsat diitee products. Frame A has in theaxis the transec
distance along the coast (hundreds of metres), intds/the variance value @n The two
dashed horizontal lines represent the jenks classification values. The graph in frame E
the xaxis he transect distance (hundreds of metres), in thgiy the gradient values (m/yr
The points within the graphs represent transects and are coloured based on the
classification: dark green for janks 1 class; yellow for jenks 2 class and red f&r fedass.

The analysis reveals a maximum variance of 48.49 and a minimum variafi&4f,
indicating substantial fluctuations in beach position over the long ternd(gjigThese
variations are further categorized into three distinct classes: fla€dass J2, and Class

J3. Class J1 shows a maximum value of 12.54 and a minimum vale@2.6fl,
representing moderate changes. Class J2 demonstrates a wider range, with a maximum of
32.42 and a minimum 660.78, indicating more significant shifts. €&J3 displays the

most extreme changes, with a maximum value of 48.49 and a minimum vah@:4a.

The analysis of gradients provides insights into the rate of change in beach position at
Agrigento Beach. The maximum gradient recorded is 0.99, indicagiiatively gentle
slopes or minimal changes, while the minimum gradierit .06 represents steeper slopes

or more significant shifts in beach morphology. The average positive gradient is 0.33,
suggesting an overall upward trend, while the average wmeggtiadient is-0.37,

indicating a general downward trend in beach position.
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TI Landsat multidecadal analysis of the Agrigento beach
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Fig. 4.10Q inset A represents the Agrigento beach study site which we anaytradting
shorelines using Landsat satellite products, from 1985 to 2022. The perpendicular tre
have a different colour based on the Jenks natural breaks classification variance wh
applied. Inset B shows the matrix with a coloured scale,hictweach cell represents tt
horizontal shift value measured to the landmark and the black cells represent criticality \
The date is shown on the vertical axis, while the horizontal axis shows the progressive (
along the shoreline, expressiechundreds of metres. The vertical black lines inside the m
represent the limits of the classes obtained by applying the Jenks algorithm. The graph i
C has in the »axis the transect distance along the coast (hundreds of metres), Haxistlye
variance value. The two dashed horizontal lines represent the Jenks classification valu
graph in frame D has in theaxis the transect distance (hundreds of metres), in-thdsythe
gradient values (m/yr).

Regarding the distribution withimach class (Figt.10, Class J1 comprises 1786
measurements, Class J2 consists of 1254 measurements, and Class J3 includes 152
measurements. These numbers reflect the frequency and distribution of changes in the
metrics values within each class. Furtherepahe lengths of each class provide insight

into the spatial extent of these changes, with Class J1 spanning 4700 meters, Class J2
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covering 3200 meters, and Class J3 extending over 400 meters. The total length of 8300

meters represents the cumulativeeextof changes observed at Agrigento Beach.

Throughout the study, a total of 38 products were analyzed, spanning a duration of 38
years. This extensive dataset enables a comprehensive assessment of the temporal and
spatial variations in beach morphologg, @ptured by the multidecadal time series at
Agrigento Beach.

44.6 Torre Salsa beach multidecadal time series

Torre Salsa Beach, examined through the multidecadal analysis, reveals significant
variations in the metrics values. The analysis highlightsaaimum variance of 37.58,
indicating substantial fluctuations in beach position over the long term 4(HEif).
Conversely, the minimum variance is recordeeb@t81, suggesting significant changes

in shoreline dynamics. The analysis further categorizesdhiations into three distinct
classes: Class J1, Class J2, and Class J3. Class J1 exhibits a maximum value of 30.43 and
a minimum value 0f23.22, indicating notable changes in beach morphology. Class J2
demonstrates a maximum of 37.58 and a minimurBB1, reflecting more pronounced

shifts. Class J3 displays a maximum value of 26.59 and a minimum vahz!.8f
indicating substantial alterations in beach position.

Torre Salsa beach - Landsat multidecadal
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Fig 4.1 The graphs shows the shift variance and the gradient of the Balsa beact
multidecadal analysis, using Landsat satellite products. Frame A has iretkis the transec
distance along the coast (hundreds of metres), in tes/the variance value @n The two
dashed horizontal lines represent the jenks classificavalues. The graph in frame B has
the xaxis the transect distance (hundreds of metres), in-irdsythe gradient values (m/yr
The points within the graphs represent transects and are coloured based on the
classification: dark green for je&ks 1 class; yellow for jenks 2 class and red for jenks 3 cli
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The gradient analysis provides insights into the rate of change in beach position at Torre
Salsa Beach. The maximum gradient observed is 1.12, suggesting relatively steep slopes
or significant shifts in beach morphology. Conversely, the minimum gradieft38,
indicating gentler slopes or minimal changes. The average positive gradient is calculated
at 0.74, indicating an overall upward trend in beach position. In contrast, the average
negative gradient is determined to H&15, implying a general downward trend.

Each class exhibits different frequencies of changes at Torre Salsa Beach. Class J1
comprises 494 measurements, Class J2 includes 456 measurements, and Class J3 consists
of 380 measurements (Fig 13). These numbers provide valuable insights into the
distribution and magnitude of changes within each class. Additionally, the lengths of each
class provide an understanding of the spatial extent of these changes. Class J1 spans 1300
metes, Class J2 covers 1200 meters, and Class J3 extends over 1000 meters. The total
length of 3500 meters represents the cumulative extent of observed changes at Torre Salsa

Beach.

82



W Landsat multidecadal analysis of the Torre Salsa beach
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Fig. 4.12: inset A represents the Torre Salsa beach study site which we analyzed exi
shorelines using Landsat satellite products, from 1985 to 2022. The perpendicular tre
have a different colour based on the Jenks natural breaks classification vavidunce we
applied. Inset B shows the matrix with a coloured scale, in which each cell represe
horizontal shift value measured to the landmark and the black cells represent criticality
The date is shown on the vertical axis, while the hor&axis shows the progressive distar
along the shoreline, expressed in hundreds of metres. The vertical black lines inside the
represent the limits of the classes obtained by applying the Jenks algorithm. The graph i
C has in the saxis thetransect distance along the coast (hundreds of metres), irdRis yhe
variance value. The two dashed horizontal lines represent the Jenks classification valu
graph in frame D has in theaxis the transect distance (hundreds of metres), ig-thas the
gradient values (m/yr).

The analysis is based on a comprehensive dataset comprising 38 products, covering a
time span of 38 years. This extensive dataset allows for a thorough examination of the
long-term variations in beaanorphology, as captured through the multidecadal analysis

at Torre Salsa Beach.
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4.4.7 San Giorgio beach multidecadal time series

San Giorgio Beach, studied through a multidecadal time series, exhibits significant
fluctuations in the metrics values. The s reveals a maximum variance of 174.26,

indicating substantial changes in beach position over the long term. (g

SanGiorgio beach - Landsat multidecadal
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Fig 4.13: The graphs shows the shift variance and the gradient of the San Giorgio
multidecadal analysis, using Landsatedfite products. Frame A has in theaxis the transec
distance along the coast (hundreds of metres), intds/the variance value @n The two
dashed horizontal lines represent the jeakessification values. The graph in frame B has
the xaxis the transect distance (hundreds of metres), in-tie@sythe gradient values (m/yr
The points within the graphs represent transects and are coloured based on the
classification: dark geen for janks 1 class; yellow for jenks 2 class and red for jenks 3 ¢!
Conversely, the minimum variance records a value76f93, suggesting pronounced

dynamics in shoreline evolution. The analysis further divides the variations into three
distinct classes: Class J1, Class J2, and Class J3. Class J1 displays a maximum value of
75.61 and a minimum value €§3.3, reflecting notable shifts in beach morphology. Class

J2 demonstrates a maximum of 94.39 and a minimum70135, indicating more
prominent alterations. Class J3 exhibits a maximum value of 174.26 and a minimum value

of 2.52, portraying significant changes in beach position.

The gradient analysis provides insights into the rate of beach position change at San
Giorgio Beach. The maximurgradient observed is5.38, indicating steep slopes or
substantial erosional processes. On the other hand, the minimum gradient mé&&ires
signifying gentler slopes or minimal variations. The average positive gradient is
calculated at 0.7, suggestiag overall upward trend in beach position. Conversely, the

average negative gradient stand€0a82, implying a general downward tendency.
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Each class manifests different frequencies of changes at San Giorgio Bea¢l18Fig

Class J1 comprises 3800 ma@snents, Class J2 includes 456 measurements, and Class
J3 consists of 266 measurements. These numbers provide valuable insights into the
distribution and magnitude of changes within each class. Additionally, the lengths of each
class offer an understandiof the spatial extent of these variations. Class J1 spans 10,000
meters, Class J2 covers 1300 meters, and Class J3 extends over 700 meters. The total
length measures 12,000 meters, representing the cumulative extent of the observed

changes at San Giorgieach.

A Landsat multidecadal analysis of the SanGiorgio beach
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Fig. 4.14: inset A represents the San Giorgio beach study site which we analyzed ext
shorelines using Landsat satellite products, from 1985 to 2022. The perpendicular tre
have a different colour based on the Jenks natural breassi@ication variance which w
applied. Inset B shows the matrix with a coloured scale, in which each cell represe
horizontal shift value measured to the landmark and the black cells represent criticality \
The date is shown on the verticalssxhile the horizontal axis shows the progressive dist:
along the shoreline, expressed in hundreds of metres. The vertical black lines inside the
represent the limits of the classes obtained by applying the Jenks algorithm. The graph i
C has in the axis the transect distance along the coast (hundreds of metres), Haxietihe
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variance value. The two dashed horizontal lines represent the Jenks classification valu
graph in frame D has in theaxis the transect distance (hundseof metres), in the-gxis the
gradient values (m/yr).
The analysis is based on a comprehensive dataset comprising 38 products, covering a

time span of 38 years. This extensive dataset allows for a thorough examination of the
long-termvariations in beach morphology, as captured through the multidecadal analysis

at San Giorgio Beach.

4.5- Discussion

The obtained results, achieved from the systematic and iterative application of the
shorelhe extraction method proposedChapter 3, provide evidence of its potential for
extracting and analyzing time series data. This approach demonstrates its suitability for
studying the temporal and spatial evolution of sandy beaaktlines. In particular, the
statistical metrics derived from the pair analysis conducted on the entire dataset exhibited
a high level of robustness. These metrics successfully identified the majority of the
outliers, which were subsequently investigaé@d attributed to specific known factors

explained in detail ithe Chapter 3 of thisthesis.

The findings from the seasonal case study conducted on the sandy coast of Balestrate
beach (Fig4.1C and 4.8) effectively illustrate these observations. @esults not only
confirm the overall stability of the entire sandy coast but also provide updated
measurements that align with the findings reported in the Atlas of Italian beaches
Furthermore, the results of this case study provide compeliitpnce of the excellent
performance of the proposed approach in identifying measures that could correspond to
outliers. This is evident not only from the analysis of variance and gradients but also from
the displacement matrix (Fig.8B). Specifically, inthis case study, six transects were
identified with significantly high shift values, thus highlighting their uniqueness within
the dataset. The pair analysis performed @R{, D, and E) successfully classified these
values as outliers allowing the inpeetation of them as method criticalities associated
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with the varying geomorphological configuration of the coast in correspondence with the
six transects exhibiting anomalous values. The anomalous values observed in the
measurements along these transeats be attributed to specific factors related to the
coastal characteristics. These transects are situated along a North looking high and rocky
coast, distinct from the sandy coast littoral in the rest of the beach. The presence of cliffs
in this coastalexction, combined with the different solar declination result in shaded areas,
particularly during the winter months when the sun position is characterized by a lower
zenithally angle. Consequently, we interpreted the measurements taken along these
transecs as methods criticalities related to the presence of shaded areas which distort the

measurement.

In the case of seasonal time series of the Vendicari beach(Hyand 4.6), no values
classified as outliers were observed. However, noticeable shifevare evident,
providing valuable insights for interpreting erosive and sedimentary patterns and
describing the morphodynamics of the beach in that area. These shift values contribute to
a better understanding of the beach's morphodynamics evolutioniraeerFigure 7A
illustrates the distribution of transects classified into Jenks 1, Jenks 2, and Jenks 3 classes.
Transects categorized as Jenks 1 class are positioned at the extrefrtitiedeach.
Transects with intermediate variance (Jenks 2) aratddcwithin the two bays, while

those with high variability (Jenks 3) are found in the cuspidate foreland between the two
bays. Notably, in this particular area, the island of Vendicari can be observed at a short
distance from the coast. In Figut®A, the satellite photo depicts the island lee in front

of a littoral salient along the coast and, in between these two, a sandy tombolo caused by
the wave refraction and diffraction influencing the alongshor&S Nurrent in
correspondence of the littoral salieBetween transects number 26 and 29 (refer to Fig.

4.6A), the coastline variation in this specific coastal segment is prominently depicted.
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Notably, this portion of the beach exhibits the highest values in terms of both variance
and gradient (ashewn in Fig.4.7). The elevated values observed in this area indicate its
heightened sensitivity to sedimentary dynamics, which can likely be attributed to the
relatively shallower depths of the seabed and the increased energy within the sedimentary
environnent at that location. By examining the shift matrix depicted in &£8B from

the top to the bottom, the temporal evolution of the coastline along the corresponding
transects can be observed. In particular, focusing on the central section of the coastline,
it is possible to infer that this portion has undergone and continues to experience a

sedimentation regime, leading to a regression of the coastline.

The two bays flanking the tombolo feature the presence of two marshes situated directly
along the shoreatie. Specifically, as depicted in Figut@&B, transects number 23 and 24
display notable instances of high sedimentation events corresponding to the marsh with
the largest extent. These sedimentation events occurred during the months of February
and March irboth 2019 and 2022, as well as during the months of October and November
in 2019. Despite the sedimentation regime observed in the central littoral portion, the
analysis of the time series reveals that the bay located to the south of the tombolo is
underging an erosive phase. Consequently, this bay exhibits a gradual transgression of
the coastline. In contrast, the bay situated to the north generally experiences
sedimentation, resulting in a slight regression of the coastline. By observing the shift
matrix in Fig.4.6B from left to right or vice versa, the temporal evolution of the coastline
and the occurrence of local transgression or regression phenomena in different sections
of the coast within the same time interval can be investigated. Through thysignal
significant moments of general transgression of the coastline were identified, primarily
observed in the month of December across the three years examined. These shifts can be

attributed to particularly high tide events, including the winter solkigietide, which is

88



known to exhibit some of the highest tide levels in the year. In addition to tidal events
that generally result in a transgression or regression of the coastline, the shift matrices
also provide insights into paroxysmal climatic evertdswever, these events do not
always exhibit a consistent pattern of coastline shift along the entire investigated coast.
This is because climatic events with high energy can lead to sedimentation in certain parts
of the beach while causing erosion in@threas simultaneously. The dynamic nature of
these events underscores the complex interplay between climatic forces and coastal
sedimentary processes.

4.5.1 Multi-decadal variability: an expression of accretion and
regression rate

A relevant aspect which emerge from the mdécadal analysis matrices (Big
4.6,4.8,4.10,4.12,4.24s the possibility to estimating and quantifying the accretion and
erosion rate. Nowadays, where climate geis increasingly making its mark, lesost
shoreline monitoring is important for planning and carrying out both rigid defence

interventions and sandy beach nourishments.

Of the 5 study sites examined in the work, calculating the rates in the sandypbect)

it can be seen that accretion rates are found only on the beach of Torre Salsa considering
the three different satellite products used: 0.7m/yr over a time period of 38 years
(Landsat), 1.03 m/yr over a 13 year period (Planet) and 1.4 m/yr cverear period
(Sentinel 2). The other 4 study sites show retreats ranging from 0.31 m/yr of Agrigento
beach to 0.04 m/yr of Balestrate beach. These trends tend to zero (stable beach position)
in the 13year observation, with the exception of the Balestoatech where the erosion

trend increases to 0.32 m/y, and they all accretion in 4@ad observation, from 0.47

m/yr of Balestrate to 1.91 m/yr of Vendicari beach.
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The 38 years observation values, even if referred to study sites close to each ather, are

line with those indicated byl uijendijk et al., 2018)

4.5.2 Anthropic structures which vary the sedimentary flows

While the variations of the coast line have been widely described as results, the anthropic
structures that can also generate perturbations to the normal longitudinal flow of
sediments have not yet bementioned. For instance, building harbour or coastal defence

rigid structures that could creates barriers to the beach sediments.

To illustrate, from the analysis of Landsat satellite images of the AgrigemtaSan
Giorgio sector, we were able to capttine evolution that tseportion undergone due to
anthropic imprinting. Specifically, it is possible to denote the progressive evolution of the
Agrigentoharbour structure (Fig.45) starting from 1990 till 1995, the year in which the
almost current confonation was obtained. Furthermore, always in the coastal sector of
Agrigento, it is also possible to identify the coastal defence groynes improvements
starting from 1987 (Fig 46). Moreover, in San Giorgio beach portion are evident the
coastal groynes (figd.17) which werebuilt after 2003 and which have caused evident

variations in the shoreline
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Fig 4.15 evolution of the shoreline in thgrigentosectorwith Google Earth basemgplA).
Are shown in bluehie extracted shoreline of ti®89; in whitethat 0f1990 and in yellow the
shoreline of 1995Insets BC and Dshowthe same sector with LandsatNIR band basema
in which is evident the harbour platform construction.
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Fig 4.16 evolution of the sheline in theAgrigentosectorwith Google Earth basemgpl1A).

Are shown in bluehie extracted shoreline of ti®86; in yellowthat 0f1988 Insets Band C
showthe same sector with Landsatbasemap and are evidetie groynes coastal defenc
built in 1988
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Fig. 4.17 evolution of the shoreline in the San Giorgio seatith Google Earth basema
(12A).Are shown in greerhe extracted shoreline of the 2008 yellowthat of2014 and in
red the extracted shoreline of 2028sets Bi1B3 show a zoom of the coastal sector with
Landsat basemap, in which tehorelinechanges resulting from ttgroynes coastal defenc
built since 2003are evident In Insets B486 the same sector is shown with a Google E
basemap

One effect that the shoreline evolution analysis could have is to identifying the
anthropization works that modify the normal longshore sediment drift. As shown in
figures4.15 4.16 4.17 arthropization has affected some sectors of the coast of Agrigento

and San Giorgio

Observing the matrix of the evolution of the shoreline obtained from the Landsat satellite
product analysigFig. 4.10 and 4.12), it can k& possible to see how starting from 1988,

the sector affected by the expansion of the coastal defense groynes begins a progressive
coastal accretion. The opposite case occurs in the sector immediately to east of the
harbour construction; this in fact undees a progressive process of erosion due to the

barrier of the longshore sediment drift.
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