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ABSTRACT 

 

Global climate change is increasingly having an impact on the marine and coastal 

environment, with rising sea levels and a growing frequency and intensity of extreme 

weather and marine events. These phenomena threaten the stability of coastal systems, 

accelerating beach erosion, damaging infrastructure and exposing ecosystems and 

economic activities to significant risks. In this context, integrated coastal management 

strategies become essential, as they play a key role in predicting, mitigating and adapting 

to potential impacts on coastal areas. Therefore, ensuring the long-term resilience of 

coastal systems requires strategic planning grounded in robust scientific knowledge. This 

thesis carries out a multidisciplinary study on the geomorphological, morphometric, 

hydrodynamic and ecological aspects of the microtidal beaches of Southern Sardinia, Italy 

(Western Mediterranean Sea). Given the geomorphological variability along this coastal 

stretch, as well as the differing wave conditions and exposures, an initial morphometric 

analysis and classification was carried out on 79 microtidal beaches (natural or influenced 

by the presence of artificial structures), providing an estimation of their level of 

embaymentisation and the prevailing hydrodynamic circulation in the surf zone. In addition, 

the spatio-temporal variation of the shorelines was investigated to estimate the accretion 

and retreat rates for each identified beach. The results highlighted that, over approximately 

70 years, changes in shoreline position reflect dynamics associated with the levels of 

naturalness or human modification of the beach. In fact, some beaches exhibited more 

pronounced shoreline evolution trends, probably due in part to possible human influence 

(e.g., construction of artificial structures, damage to the Posidonia oceanica meadow, and 

others). From a hydrodynamic perspective, a further contribution of this thesis was the 

numerical modelling of currents circulation within the surf zone of embayed beaches (a 

common beach type along the studied coastlines). Numerical modelling highlighted that 

wind forcing on the sea surface plays a crucial role in the formation and location of rip 

currents, as well as in determining their intensity and their longshore and cross-shore 

extent. Finally, considering the widespread presence of Posidonia oceanica meadow along 

the entire coastline, the role of beach-cast in coastal flooding events was investigated. For 

this purpose, a coastal video monitoring system, located on a microtidal urban beach 

(Poetto), and numerical modelling were used to analyse two storm events and their effects 

on morphodynamic processes, such as the interaction between wave motion and beach-

cast (mainly composed of Posidonia oceanica and Arundo donax remains). 

 

Keywords: Morphometric analysis; Embayed beaches; Shoreline changes; Hydrodynamic 

circulation; Numerical modelling; Posidonia oceanica; Seagrass banquettes. 
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Chapter 1: INTRODUCTION 

 

 

Coastal areas are among the highest dynamic and complex natural environments on 

the planet, continuously changing over time and space (Benavente et al., 2023; Chowdhury 

et al., 2023). As transitional zones between marine and terrestrial environments, they play 

a crucial ecological, economic, and social role (Wright et al., 2019; Gleason et al., 2023). 

Due to the high population density and intense human activity along coastal regions (Small 

and Nicholls, 2003; McGranahan et al., 2007; Bird, 2008), these areas have been subjected 

over time to significant anthropogenic pressures (Williams et al., 2022), including 

commercial activities and the construction of coastal infrastructures, such as harbours, 

marinas, roads, breakwaters, artificial reefs, seawalls, and more. As a result, these human 

interventions have disrupted natural balance and increased the vulnerability of coastal 

areas to degradation and erosion (Prasad and Kumar, 2014; Gomez et al., 2019; Foti et al., 

2022a). Compounding this situation are the intensifying effects of climate change, which 

represent a serious threat by amplifying existing coastal vulnerabilities and criticalities (Bini 

and Rossi, 2021). Among the most evident consequences are sea level rise (SLR), more 

frequent and intense storm events, coastal flooding events and accelerated beach erosion 

(Pang et al., 2023; IPCC, 2023a), factors that potentially compromise the structural and 

functional integrity of coastal environments. In response to these factors, the development 

of integrated and sustainable strategies for coastal planning and management is essential 

to preserve beach resilience and safeguard the integrity of existing ecosystems (Fisichelli et 

al., 2016; Powell et al., 2019; Cabana et al., 2023). 

This thesis aims to improve the understanding of Mediterranean microtidal beaches 

and to fill specific gaps in the scientific literature by adopting a multidisciplinary approach 

that incorporates geomorphological, morphometric, hydrodynamic and ecological aspects. 

In this context, the entire southern coastal stretch of Sardinia Island (Italy) was taken as a 

reference, as it is characterised by a geomorphological heterogeneity of beaches, ranging 

from embayed beaches to open ones. Among these beaches, some retain their natural 

conditions, while others have been strongly affected by human interventions (Biondo et al., 

2020; Porta et al., 2021), altering coastal processes and dynamics, as well as the existing 

ecosystems (Ruju et al., 2022). In addition, the entire study area is characterised by the 

continuous presence of a wide meadow of Posidonia oceanica (L.) Delile (Telesca et al., 

2015). Moreover, the frequent occurrence of banquettes deposits along several studied 

beaches highlights their ecological relevance, offering valuable insight into the interplay 

between ecological considerations and coastal morphodynamics processes. 
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Overall, the structure of the thesis is outlined below: 

• Chapter 2 provide a comprehensive review of the scientific literature relevant to the 

main topics addressed in the thesis. 

• Chapter 3 outlines the main methodologies used to conduct the research in this 

thesis. 

• Chapter 4 presents a morphometric analysis, and a classification comparison, aimed 

at estimating the degree of embaymentisation of 79 Mediterranean microtidal 

beaches. Furthermore, for each beach, the type of hydrodynamic circulation within 

the surf zone was estimates, as well as the type of embayment (natural or artificial) 

based on the presence or absence of engineering structures either within the 

embayment or as artificial headlands. 

• Chapter 5 analyses shoreline movement trends (retreat or accretion) over a period 

of approximately 70 years (1954 - 2022) for the 79 identified beaches along the 

southern coast of Sardinia. The analysis highlighted the shoreline trend of the 

beaches that appear more resilient and stable, as well as those that are more 

vulnerable and affected by anthropogenic pressure (e.g., construction of artificial 

structures and coastal defences, damage to the Posidonia oceanica meadow, and 

others). 

• Chapter 6 presents the results of hydrodynamic and wave modelling for an embayed 

beach (a common beach type observed along the southern coast of Sardinia) under 

different wave and wind conditions. Particular attention is given to the influence of 

wind forcing on surf zone hydrodynamics. Specifically, this chapter highlights the key 

role played by wind forcing in the development, location and spatial extent of rip 

current systems on embayed beaches. 

• Chapter 7 investigates the role of beach-cast, accumulated, deposited and 

sedimented on the backshore, by comparing two intense storm events. More 

precisely, through the use of a coastal video monitoring system, in combination with 

numerical modelling, the morphodynamic conditions during these storm events 

were modelled and analysed, highlighting the protective role of beach-cast in 

limiting backshore flooding. Numerical simulations also showed distinct flow 

circulation pattens for the two storm events, with both developing longshore and 

rip currents. 

• Chapter 8 presents a final summary and overall conclusions of the research 

conducted in this PhD thesis. 
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Chapter 2: REVIEW OF LITERATURE 

 

 

2.1 An overview of coast and beach types 

Beaches are dynamic coastal systems composed of unconsolidated sediments (sand, 

gravel or pebbles) and represent the physical and functional interface between terrestrial 

and marine environments (Short, 1999; Bird, 2008; Davidson-Arnott, 2009). Worldwide, 

their morphology is continuously reshaped by the action of tides, waves, currents and wind 

(Bagnold, 1940; Davis and Hayes, 1984; Wright and Short, 1984; Carvalho et al., 2016). 

Through sediment mobility, beaches maintain a dynamic equilibrium that enables them to 

absorb and dissipate wave energy, especially during storm events, acting as natural barriers 

against coastal erosion and flooding events (Dean, 2019; Agulles et al., 2021; Castelle and 

Masselink, 2023).  

Beaches also represent important ecological habitats, hosting and supporting a wide 

variety of flora and fauna, both in their emerged and submerged zones (McLachlan and 

Brown, 2006; McLachlan and Defeo, 2013). Furthermore, beaches provide essential 

ecosystem services to coastal communities, as well as an important contribution to local 

and regional economies (Orams, 2003; Stronge et al., 2005; Lakshmi, 2021). In fact, coastal 

areas are among the most densely populated regions on the planet (Small and Nichols, 

2003; Bird, 2008; Luijendijk et al., 2018) and have been extensively modified by human 

activities over time (Lotze et al., 2006). Urban development, coastal infrastructure and land-

use changes have profoundly altered the natural dynamics of some beach systems, often 

intensifying erosion and threatening the ecological integrity of these environments (Cooper, 

2022; Zhang et al., 2025). 

Several studies in the scientific literature have proposed different classification 

schemes for coastal and beach systems, aiming to categorise the diverse morphologies 

observed worldwide (e.g., Inman and Nordstrom, 1971; Wright and Short, 1984; Short, 

1999). Over time, these classifications have incorporate a range of key factors, including 

geological controls, morphodynamic processes and sedimentological characteristics, as 

well as wave and tide conditions. 

A first distinction can be made based on the origin of the coastline, as proposed by 

Shepard (1963), by classifying them into primary and secondary coasts:  

• Primary coasts include all those coastal morphologies that developed in non-marine 

environments as a result of predominantly terrestrial morphogenetic processes 

(e.g., tectonic uplift, glacial and volcanic activity, etc.).  
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• Secondary coasts are those primarily shaped by marine morphogenetic processes 

(e.g., waves, tides, currents, etc.).  

From a geodynamic perspective, Inman and Nordstrom (1971) proposed a 

classification scheme based on the location of coastlines relative to tectonic plates at the 

continental scale. According to this classification, coastlines can be divided into three main 

categories (Davidson-Arnott, 2009):  

• Collision coasts, located adjacent to subduction margins.  

• Trailing edge coasts, located on passive continental margins, distant from active 

subduction zones. 

• Marginal sea coasts, located along continental margins that are protected from the 

open ocean (e.g., Mediterranean Sea). 

Beaches can also be categorised based on the degree of geological control that 

influences their formation, evolution, sediment mobility and hydrodynamic processes 

(Gallop et al., 2020). Geological control refers to the influence exerted by the physical 

morphologies of the coastline, such as rocky headlands, cliffs, rocky outcrops, islands and 

other geological structures (Short, 2006; Short 2010). The degree of beach indentation (or 

embayment) resulting from geological structures has been estimated through the 

application of morphometric indices and formulations (e.g., Hsu et al., 1989; Short and 

Masselink, 1999; Spagnolo et al., 2008; Bowman et al., 2009; Fellowes et al., 2019). It is 

important to note that in recent decades, urban development along the coasts has led to 

the construction of artificial structures (e.g., groynes parallel or perpendicular to the 

shoreline, marinas, ports, etc.), which have disrupted the natural continuity of some 

beaches, crossing them and acting as artificial headlands (Chew et al., 1986; Bulleri and 

Chapman, 2010). These natural promontories and rigid artificial structures act as lateral 

barriers that restrict or direct sediment transport, thereby influencing beach morphologies 

and hydrodynamic processes (Castelle and Coco, 2012; King et al., 2021). Based on their 

degree of geological control, beaches can be grouped into two main categories (Gallop et 

al., 2020) (Fig. 2.1): 

• Embayed beaches: Beaches are tightly enclosed by rocky headlands on both sides, 

significantly limiting sediment exchange with adjacent coastal areas. As a result, 

they tend to exhibit high morphological stability but are particularly sensitive to 

changes in sediment supply. Being enclosed by headlands, these beaches are less 

exposed to incoming wave action and therefore more sheltered. Some of these 

beaches can also be partially constrained when only one headland bounds them. 

This morphological configuration allows for some degree of alongshore sediment 

transport, although it remains subject to partial natural restrictions. 
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• Open beaches: Beaches with minimal or no geological constraint, allowing for high 

sediment mobility. Their morphology is highly dynamic and continually adapts to 

changing environmental conditions. 

Figure 2.1 - Degree of beach constriction ranging from embayed to open beach. The figure 

shows the relative variation in sediment mobility associated with the % of beach constraint. 

The degree of constraint for embayed beaches is based on embayment classes proposed by 

Fellowes et al., 2019 (modified from Gallop et al., 2020 and adapted here to illustrate this 

beach subdivision). 
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While these classifications primarily rely on geological processes, dynamics and 

morphological characteristics, Davies (1980) proposed an alternative approach that uses 

tidal range as the principal criteria for distinguishing coastal types. As shown in Figure 2.2, 

three main types of tidal environments can be identified worldwide: 

• Macrotidal: tidal range greater than 4 meters. 

• Mesotidal: tidal range between 2 and 4 meters. 

• Microtidal: tidal range less than 2 meters. 

Figure 2.2 - Distribution of tidal environments in the world (Davies, 1980; modified by 

Masselink and Hughes, 2003). 

To further refine the identification of coast types, Hayes (1979), and later Davis and 

Hayes (1984), introduced a classification scheme that categorises coasts based on the 

comparison between mean wave height and mean tidal range (Fig. 2.3). By integrating these 

key parameters, this approach provides a more comprehensive framework for 

distinguishing coastal environments. As shown in Figure 2.3, three main types of coasts can 

be identified (Davis and Hayes, 1984): 

• Wave dominated: Coasts are primarily shaped by wave energy, with relatively low 

tidal influence. Coastal morphologies are mainly driven by wave action, typically 

resulting in wide beaches with dune system. 

• Tide dominated: Coastal areas where tidal processes dominate over wave energy. 

Coastal morphologies are strongly influenced by tidal range, leading to the 

formation of extensive estuaries and tidal channels. 

• Mixed energy: Coasts significantly influenced by both wave and tidal forces, 

resulting in a combination of coastal morphologies shaped by the interplay of these 

processes. 
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Figure 2.3 - Coast classification based on the relationship between mean wave height and 

mean tidal range (modified from Davis and Hayes, 1984; Hayes, 1979). 

When focusing on the scale of individual wave-dominated beaches with minimal 

tidal influence, an important further distinction can be based on the “dimensionless fall 

velocity” parameter (Ω) (Gourlay, 1968; Dean, 1973), which incorporates both wave and 

sediment characteristics (Equation 2.1).   

Ω =
𝐻𝑏

𝑊𝑠𝑇
                                               (2.1) 

where Hb is the breaker wave height, T is the wave period and Ws is sediment fall velocity.  

In this context, Wright and Short (1984) applied the Ω parameter to natural wave-

dominated beaches to distinguish three morphodynamic states (Short, 1999): 

• Reflective (Ω < 1): These beaches are typically associated with low wave energy, 

long wave periods, coarse sediments and steep profiles. Wave breaking occurs very 

close to the shoreline, resulting in limited energy dissipation and a narrow surf zone. 

Reflective beaches tend to be morphologically stable in shape but more prone to 

localised erosion. 

• Intermediate (1 < Ω < 6): These beaches exhibit a wide range of conditions, with 

moderate to high wave energy, short to long wave periods and fine to medium 

sediment sizes. Their profiles are highly dynamic, often showing shallow sandbars 
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and rip channel systems. This beach type is highly responsive to changing wave 

conditions, leading to frequent and sometimes rapid transformations in beach 

morphology. 

• Dissipative (Ω > 6): These beaches are shaped by high wave energy, short wave 

periods and fine sediments. They exhibit gentle slopes and a wide surf zone where 

waves break progressively across a wide area, allowing much of the wave energy to 

dissipate before reaching the shoreline. 

Finally, following the classification of beach morphodynamic states by Wright and 

Short (1984), Masselink and Short (1993) introduced the Relative Tide Range (RTR) as an 

additional parameter in the classification to account for tidal influence (Equation 2.2), given 

that the surf zone, shoaling and swash zones can shift its position over time. 

𝑅𝑇𝑅 =
𝑇𝑅

𝐻𝑏
                                               (2.2) 

where TR is the tidal range and Hb is the breaking wave height. 

 

2.1.1 Microtidal Mediterranean beaches 

Mediterranean beaches are primarily composed of sandy sediments, often mixed 

with gravelly or pebbly sediments, or in some cases made up exclusively of the latter 

(Ortega-Sánchez et al., 2017). These beaches exhibit a wide range of shapes, from small and 

embayed beaches (commonly known as “pocket beaches”; Bowman et al., 2009) to 

extensive open beaches (Bird, 2008; Gallop et al., 2020). A key characteristic of 

Mediterranean beaches is their typically microtidal regime, with tidal ranges generally 

varying from a few centimeters up to approximately 40 cm (Antonioli et al., 2015). 

Exceptions include the Gulf of Gabès (Sammari et al., 2006) and some areas of the North 

Adriatic Sea, where tidal amplitude can reach up to 1.8 m (Antonioli et al., 2015). The tidal 

cycle in the Mediterranean Sea is generally semi-diurnal, characterised by two high tides 

and two low tides each day (Lozano and Candela, 1995; Ferrarin et al., 2018). As a result, 

coastal hydrodynamic circulation in the Mediterranean basin is generally driven by wind 

action rather than tidal forces (Aspioti and Fourniotis, 2024). 

A typical cross-shore beach profile can be divided into several functional zones 

(backshore, foreshore, shoreface, offshore) (Bird, 2008; Davidson-Arnott, 2009; Masselink 

et al., 2014).  

Starting from the inland side, Mediterranean beaches are often characterised by the 

presence of wetland environments located in the first area behind the backshore zone, 

which may include ponds, lagoons and river mouths or estuarine areas (De Muro and De 

Falco, 2010) (Fig. 2.4). These features are not present along all Mediterranean beaches, as 
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their development depends on local geological heritage and geomorphological conditions. 

Moving seaward, there is a transition from wetlands to coastal dune systems. These are 

natural accumulations of sediment primarily shaped by the prevailing action of wind and 

wave (e.g., during storm events) (Nordstrom et al., 1990; D’Alessandro et al., 2020; 

Husemann et al., 2024). The interaction with river systems is also able to shape and 

influence the evolution and development of dune systems (Liu and Coulthard, 2015). These 

coastal dunes play a key role in protecting the inland areas from coastal erosion and 

contribute significantly to the long-term stability and resilience of the beach system (Stanica 

and Ungureanu, 2010). Additionally, dune systems are characterised by the presence of 

psammophilous vegetation, which is essential for stabilising the sediments (Bel and 

Ashkenazy, 2014; Younsi and Bouziane, 2023). The root systems of dune plants anchor the 

sand and acts as a natural barrier against wind, thereby reducing erosion and promoting 

primary dune formation. Mediterranean coastal dunes are recognised under the EU 

Habitats Directive (92/43/EEC) (https://environment.ec.europa.eu/topics/nature-and-

biodiversity/habitats-directive_en) and are assigned specific habitat codes within the 

Natura 2000 network (https://environment.ec.europa.eu/topics/nature-and-biodiversity/ 

natura-2000_en), as they represent important ecosystems with characteristic biodiversity 

(e.g., Code 2250 - Coastal dune with Juniperus spp.).  

The backshore is the zone of the beach located between the Mean High Water 

(M.H.W) of the ordinary tide and the dune toe or inland limit, often marked by the presence 

of psammophilous vegetation (Fig. 2.4). The backshore includes the swash zone, which is 

defined inland by the upper limit of the wave run-up (Holman, 1986; Bird, 2008). Wave 

motion (swash) in this zone plays a key role in the formation of berm systems (Stanica and 

Ungureanu, 2010). During intense storm events, the higher areas of the backshore may 

occasionally become inundated, resulting in the formation of berms further inland from the 

shoreline, a process dependent on energy of incident wave (Stanica and Ungureanu, 2010). 

Overall, the backshore is primarily shaped by both wind and wave action, which promotes 

the development of various morphological and sedimentary structures such as cusps, ripple 

marks, etc. (De Muro and De Falco, 2010). Marine plant remains, particularly those from 

Posidonia oceanica meadows, along with other vegetal materials transported by wave 

motion and deposited in the backshore (such as wooden logs, river reeds, etc.), can act as 

obstacles or barriers to the aeolian transport of sediments, supporting the formation of 

nuclei for the development of primary dunes. Similarly, large accumulations of beach-cast 

material deposited in swash zone by wave motion can contributes to the formation of 

seagrass berms in the backshore (Simeone et al., 2013a). When these accumulations are 

primarily composed by Posidonia oceanica remains, they are called “banquettes” 

(Boudouresque and Meinesz, 1982; Simeone and De Falco, 2013). These vegetal deposits 

are essential for beach environment and contribute to the eco-geomorphological 

complexity of the beach system. 
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Continuing seawards, the next zone is the foreshore. This intertidal area is located 

between the Mean High Water (M.H.W) and the Mean Low Water (M.L.W) of the ordinary 

tide (McGlashan et al., 2015) (Fig. 2.4). It is the most dynamic part of the beach system, as 

it is regularly and directly influenced by wave action (McGlashan et al., 2015). The shoreline, 

boundary between the emerged and submerged part of the beach, can undergo rapid 

changes due to the combined effects of waves and tides (McGlashan et al., 2015). These 

changes may involve shoreline accretion and retreat, which are particularly evident with 

seasonal variations in wave energy (Masselink and Pattiaratchi, 2001; Foti et al., 2022b), 

such as calm conditions during summer and high-energy storm events in winter season. The 

morphology of the foreshore zone is typically characterised by a gentle slope (Stanica and 

Ungureanu, 2010) and shows various morphological and sedimentary structures formed by 

waves and currents, such as intertidal sandbars, troughs, ripple marks, and others (Fig. 2.4). 

The distribution of sediments can vary along the surf zone, depending on local 

environmental conditions and the resulting morphodynamic beach state (Wright and Short, 

1984). As a dynamic interface between land and sea, the foreshore zone plays a crucial role 

in understanding coastal morphodynamics, sediment transport processes and the 

interaction between physical and ecological systems. 

The shoreface is the part of the beach that extends from Mean Low Water (M.L.W) 

of the ordinary tide to the depth where wave shoaling becomes negligible (Fig. 2.4). This 

limit is typically referred to as the “depth of closure” (Masselink et al., 2014), often 

approximated to half of the wave-length (Carobene and Brambati, 1975). In microtidal 

Mediterranean beaches, the lower limit of the shoreface zone often coincides with the 

upper limit of Posidonia oceanica meadow (De Muro and De Falco, 2010). Overall, the 

shoreface zone is continuously influenced by wave motion and currents, which shape its 

morphology and control sediment dynamics. During storm events, sediments may be 

eroded from the backshore and transported offshore, where they accumulate on the 

shoreface as sandbars. These sedimentary morphologies mark the beginning of the surf 

zone, where waves generally begin to break under calmer conditions. Sandbar sediments 

may gradually migrate landward, contributing to the beach’s sediment budget and playing 

a key role in the maintaining the dynamic equilibriums of beach systems. As in the foreshore 

zone, sediments sorting can vary due to the continuous interaction between wave-seabed 

dynamics, sediment availability, local hydrodynamics and other contributing factors 

(Broekema et al., 2016).  

The last zone, the offshore, is the part of the beach system located beyond the 

shoreface zone, extending from the “depth of closure” to the continental shelf (Fig. 2.4). It 

is typically located at depths where wave motion on the seabed is minimal or absent under 

normal conditions (Cerkowniak et al., 2015). In contrast to the shoreface, this zone is 

primarily shaped by long-term geological and deep-water processes. In the offshore zone, 
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seabed changes are generally minimal (Cerkowniak et al., 2015), which promotes the 

deposition of fine-grained sediments. 

Figure 2.4 - Typical cross-shore profile of a microtidal Mediterranean beach (modified from 

De Muro and De Falco, 2010). 

 

2.1.2 Global climate changes on coastal areas 

In recent decades, coastal areas worldwide have become more vulnerable due to 

the effects of climate change (Ranasinghe, 2016; Sarkar et al., 2022). The main 

consequences include sea level rise, increased frequency and intensity of storm events, 

coastal erosion and the growing risk of coastal flooding (Torresan et al., 2012; Hinkel et al., 

2013; Lincke and Hinkel, 2021; Pang et al., 2023). These phenomena are largely driven by 

global warming, particularly the rise in ocean temperatures, which leads to thermal 

expansion of seawater and destabilization of ice sheets and glaciers (Shepherd et al., 2012; 

Cazenave and Cozannet, 2014). Over the past few decades, global mean sea surface 

temperatures (SST) have increased by approximately 0.13 ± 0.01 °C per decade between 

1982 and 2023, with a notable acceleration observed in the most recent years especially in 

the Northen Hemisphere (IPCC, 2023b; von Schuckmann et al., 2024).  

Similarly, as reported by the Intergovernmental Panel on Climate Change (IPCC), the 

global mean sea level (GMSL) increased faster in the 20th century than in any previous 

century, with a global mean sea level increase of approximately 0.20 m [0.15 to 0.25] m 

between 1901 and 2018 (IPCC, 2023b). More precisely, global mean sea level rise has 

accelerated since the late 1960s, with an average rate of 2.3 [1.6 to 3.1] mm/yr between 

1971 and 2018 (IPCC, 2023b). This rate increased to 3.7 [3.2 to 4.2] mm/yr during the period 

from 2006 to 2018 (IPCC, 2023b) and further accelerated to approximately 4.3 ± 0.3 mm/yr 

when considering the period from 2013 to 2023 (von Schuckmann et al., 2024). According 

to future projections, global mean sea level is expected to continue rising by approximately 

0.38 [0.28 to 0.55] m by 2100 under the best-case scenario (Shared Socioeconomic 

Pathways - SSP1-1.9), and potentially by 0.77 [0.63 to 1.01] m in the worst-case scenario 

(SSP5-8.5) (IPCC, 2023b).  
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The rise in global sea surface temperatures (SST) has not only contributed to sea 

level rise but may also significantly increased the frequency and intensity of storm events 

(Woolf and Wolf, 2013; Goodess, 2013). These changes could potentially affect key wave 

parameters along global coastlines, including significant wave height, wave period, wave 

direction and wave energy. Moreover, these changes could affect sediment budget 

(Simeone et al., 2018), transport processes (Adams et al., 2011) and accelerate coastal 

erosion rates (Pang et al., 2023), thereby posing growing challengers for coastal 

managements and the resilience of beach systems. 

Since coastal regions are among the most density populated areas in the world 

(Small et al., 2000; Small and Nicholls, 2003), the impacts of global climate change have also 

led to substantial social and economic consequences (Klein and Nicholls, 1999; Dolan and 

Walker, 2006). Rising sea levels, coupled with more frequent storm events and coastal 

flooding, pose serious threats to the built infrastructures along coastlines (e.g., roads, ports, 

public building, residential areas, etc.), as well as disrupt key economic sectors upon which 

coastal communities depend, including tourism, fisheries, aquaculture, local commerce, 

and others. 

Therefore, to effectively address the impacts of climate change on coastal 

environments, it is essential to implement systematic and long-term monitoring 

programmes. In fact, data collection is crucial for evaluating both current and future 

scenarios, as well as to identify the most vulnerable coastal areas (Roukounis et al., 2022). 

This information provides the scientific basis needed to develop targeted risk mitigation 

strategies and support coastal management. At the same time, spatial planning plays a 

strategic role in addressing the impacts of climate change by providing a structured 

framework through which both mitigation and adaptation measures can be identified, 

prioritised and implemented along the coastlines. 

This is even more relevant in the Mediterranean Sea (Nicholls and Hoozemans, 

1996; Marsico et al., 2017), where the sea level has risen with a rate 2.5 ± 0.4 mm/yr (from 

1993 to 2017), depending on local factors such as land subsidence and regional wave 

dynamics (Mohamed et al., 2019; Meli et al., 2023). Since beach systems act as the first 

natural barrier against wave action, it is equally important to implement effective 

environmental management practices for these ecosystems. These practices include, for 

example, prohibiting the passage of heavy vehicles on the beach-dune systems, preserving 

dune vegetation, limiting “beach cleaning” activities that involve the removal of seagrass 

banquettes, preventing anchoring on seagrass meadows, etc. (De Muro and De Falco, 

2010). These actions are essential to maintain the stability and ecological functionality of 

coastal environments.  

In this scenario, in 2015 the 193 member countries of the United Nations (UN) 

adopted the 2030 Agenda for Sustainable Development, a global action plan approved by 
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the United Nations General Assembly and considered a fundamental tool for addressing 

climate change issues (United Nations, 2015). This plan is based on 17 Sustainable 

Development Goals (SDGs), divided into a total of 169 specific targets to be achieved by 

2030. Since coastal zone represents the dynamic interface between the marine and 

terrestrial environments, the Goals most closely related to the topics addressed in this 

thesis have been reported in Table 2.1. More precisely, this thesis contributes to the 

achievement of SDG 13 (Climate Action) by addressing coastal dynamics in the context of 

climate change. At the same time, it is also relevant to SDG 14 (Life Below Water) as it 

supports the importance of Posidonia oceanica meadows, and to SDG 15 (Life on Land), as 

it supports the conservation of dune-beach ecosystems and their associated vegetation. 

 

Table 2.1 

Main Sustainable Development Goals (SDGs) and targets of the UN 2030 Agenda 

(https://www.un.org/sustainabledevelopment/sustainable-development-goals/) related to 

the topics studied and analysed in this thesis. 

SDG 13 (Climate action): “Take urgent action to combat climate change and its impacts” 

(https://www.un.org/sustainabledevelopment/climate-change/) 

Target 13.1 
“Strengthen resilience and adaptive capacity to climate-related 

hazards and natural disasters in all countries” 

Target 13.3 

“Improve education, awareness-raising and human and institutional 

capacity on climate change mitigation, adaptation, impact reduction 

and early warning” 

SDG 14 (Life below water): “Conserve and sustainably use the oceans, seas and marine 

resources” (https://www.un.org/sustainabledevelopment/oceans/) 

Target 14.2 

“By 2020, sustainably manage and protect marine and coastal 

ecosystems to avoid significant adverse impacts, including by 

strengthening their resilience, and take action for their restoration in 

order to achieve healthy and productive oceans” 

SDG 15 (Life on land): “Sustainably manage forests, combat desertification, halt and 

reverse land degradation, halt biodiversity loss” 

(https://www.un.org/sustainabledevelopment/biodiversity/) 

Target 15.5 

“Take urgent and significant action to reduce the degradation of 

natural habitats, halt the loss of biodiversity and, by 2020, protect and 

prevent the extinction of threatened species” 
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2.2 Posidonia oceanica meadow and seagrass banquettes 

Posidonia oceanica meadow represents one of the most important marine 

ecosystems in the Mediterranean Sea (Duarte, 2002; Telesca et al., 2015) (Fig. 2.5). P. 

oceanica is a marine plant (phanerogam) endemic to the Mediterranean, characterised by 

roots, rhizomes, leaves, flowers (Hemminga and Duarte, 2000; Pergent-Martini et al., 2006; 

Díaz-Almela et al., 2007; Larkum et al., 2006). These phanerogams colonize sandy and rocky 

coastal seabeds, forming extensive and compact underwater meadows (Fornes, et al., 2006; 

Balestri et al., 2015). Generally, they grow from a few centimeters below the sea surface to 

depths of about 40 m, depending on water transparency, which affects the amount of 

sunlight that can penetrate (Pergent et al., 1989; Gobert et al., 2006; Marbà et al., 2014). 

In fact, in areas with particularly clear waters, Posidonia oceanica can grow even at greater 

depths. The minimum amount of light required to survive is between 0.1 and 2.8 mol 

photons day-1 m-2 (Gattuso et al., 2006). Additionally, Posidonia oceanica requires well-

oxygenated water to survive (Borum et al., 2006) and can tolerate salinity levels ranging 

from about 33 psu to 39 psu (Fernández-Torquemada and Sánchez-Lizaso, 2005). 

Figure 2.5 - Distribution of the Posidonia oceanica meadows along the coast of the 

Mediterranean Sea (from Telesca et al., 2015). 

From an ecological perspective, these meadows play a crucial role in marine 

biodiversity (Hemminga and Duarte, 2000; Calizza et al., 2013). They provide shelter, food 

and spawning grounds for numerous species of fish, invertebrates and other marine 
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organisms (Francour et al., 1999). In particular, the leaves of P. oceanica provide ideal 

surfaces for the colonization of epiphytes (organisms that live attached to the leaves) (Piazzi 

et al., 2016), many of which produce shells or carbonate structures primarily composed of 

calcium carbonate (CaCO3) (Perry and Beavington-Penney, 2005). The epiphytic organisms 

on P. oceanica leaves may account for up to about 30% of the total canopy biomass 

(Mazzella and Ott, 1984; Pardo et al., 2008). When they die, their shells and calcareous 

fragments settle on the seabed, contributing to the formation of new carbonate sediment 

(Perry and Beavington-Penney, 2005), which highlights the significant contribute of seagrass 

meadow in the accumulation and storage of sediment. However, a fraction of siliceous 

sediment can be also formed within the meadow, mainly from the remains of other marine 

organisms (Gaglianone et al., 2017). 

The seagrass meadows also play an important role in the carbon cycle, as they absorb 

large amounts of carbon dioxide (CO2) during photosynthesis and store it within their 

tissues and sediments, acting as carbon sinks (Duarte et al., 2005; Monnier et al., 2021). 

The slow decomposition of P. oceanica plants allows for long-term carbon storage, thereby 

contributing to reduce atmospheric CO2 levels and mitigate the effects of climate change 

(Pergent-Martini et al., 2021). The plant’s vertical growth, combined with horizontal 

expansion, leads to the formation of dense structures made primarily of rhizomes and 

sediment, known as “matte”, which can reach several meters in thickness (Pergent et al., 

1989; Boudouresque et al. 2016). 

At the same time, P. oceanica meadows produce large amounts of oxygen, up to 20 g 

m-2 day-1 (Hermand et al., 1998), which is released into both the water column and the 

atmosphere. This makes their contribution crucial for maintaining marine ecosystem 

balance and ensuring high water quality. In fact, the health of these meadows serves as an 

excellent bioindicator of marine environmental conditions, as Posidonia oceanica is highly 

sensitive to environmental pollution (Montefalcone, 2009; Martínez-Crego et al., 2008). 

From a morphodynamic perspective, Posidonia oceanica meadows play a crucial role 

in attenuating and dissipating wave energy (Stratigaki et al., 2011; Vacchi et al., 2012; Manca 

et al., 2012). At the same time, they contribute to the beach sediment budget (De Falco et 

al., 2017). In fact, an intact upper limit can help retain sediment mobilised by coastal 

dynamics within the shoreface, reducing its dispersion offshore and stabilize the seabed (De 

Falco et al., 2000; Gacia and Duarte, 2001). This dual function, attenuating wave energy and 

containing sediment, enhances coastal protection against erosion and supports the 

preservation of marine habitats. 

Another important aspect concerns the natural cycle of Posidonia oceanica meadows, 

which can reach a leaf production rate from about 300 to 2000 g dry weight m-2 year-1 (Ott, 

1980; Pergent et al., 1994a; Pergent-Martini et al., 1994), mainly due to annual leaf growth. 

The leaves of P. oceanica, especially during autumn, tend to detach and fall on the seabed, 
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forming layers of leaf litter (Cucco et al., 2020). According to Cocozza et al. (2011), a large 

stretch of P. oceanica meadow approximately 1 km long could provide, annually, more than 

125 kg (dry material) of leaf litter per meter of coastline. Part of these litters is transported 

by currents and wave motion to the backshore, where it accumulates as "banquettes" 

(Boudouresque and Meinesz, 1982) (also known as seagrass berm, seagrass remains, 

beach-cast or beach wrack). These vegetal structures, mainly composed of dead leaves and 

rhizomes of P. oceanica, typically appear as ridges parallel to the shoreline (Fig. 2.6). These 

vegetal accumulations, mixed with sediment and other plant and organic remains, settle 

into deposits that can reach from few centimeters to several meters in thick (Simeone and 

De Falco, 2012). Especially during storm events, the leaf litter of P. oceanica can be 

mobilised, transported and deposited by wave motion further inland on the backshore, 

contributing to the formation of storm berms. 

The formation of banquettes may be influenced by the availability of seagrass litter 

along the coast, as well as the morphodynamic characteristics of the beaches, which 

determine their capacity to retain and accumulate the leaf litter (Simeone and De Falco, 

2012). For example, on embayed beaches bordered laterally by rocky headlands, both leaf 

litter and banquettes can remain for long periods on the seabed and along the backshore. 

This allows repeated cycles of deposition and erosion of the banquettes (Simeon et al., 

2013). 

Overall, although banquettes are often removed (De Falco et al., 2008) due to the 

people perception that they reduce the touristic values of the beach (Mateo et al., 2003), 

it is important to reemphasize their essential ecological and morphodynamic roles. 

Banquettes protect the beach from erosion, increase beach permeability, contributes to the 

vertical accretion of the beach by intertwining with sediments, contributes to the formation 

of coastal dunes and create microhabitats to various terrestrial organisms.  

In the scientific literature, several studies have focused on the role of seagrass 

banquettes in coastal dynamics, for example in relation to geomorphologic processes 

(Vacchi et al., 2017; Astudillo-Gutierrez et al., 2022, 2024) and beach flooding (Passarella et 

al., 2020; Ruju et al. 2022; Trogu et al., 2023). For example, some studies have shown that 

wave energy during storm events may be dissipated through the destruction of the 

banquettes (Vacchi et al., 2017), or that these deposits help reduce wave run-up and limit 

morphological changes to the beach (Passarella et al., 2020). However, the interactions 

between banquettes, coastal dynamics and sedimentary processes should be further 

analysed in order to better understand their interconnected effects. These investigations 

may further contribute to the development of more effective coastal management and 

conservation strategies, especially considering the decline of these ecosystems due to 

increasing human activities in the context of climate change scenario (Orth et al., 2006; 

Marbà et al., 2014; Telesca et al., 2015). 
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Figure 2.6 - Banquettes of Posidonia oceanica deposited on the backshore of Piscinnì beach 

(Southern Sardinia, Italy), parallel to the shoreline (Photo by A. Usai). 

 

2.2.1 Legislative aspects of Posidonia oceanica meadow and seagrass 

banquettes 

Despite playing a crucial role in maintaining the ecological and morphodynamic 

balance of coastal systems, Posidonia oceanica meadow is experiencing significant 

reduction and degradation due to various human activities (Marbà et al., 2014; Telesca et 

al., 2015), particularly the growing anthropisation of coastal areas in the Mediterranean 

Sea. The main causes of this reduction include water pollution, uncontrolled boat 

anchoring, bottom trawling, coastal infrastructure development and other harmful 

anthropogenic practices, which also result in increased water turbidity. Additionally, climate 

change effects continue to exacerbate the degradation of these seagrass meadows, 

primarily through rising sea surface temperatures and sea levels (Short and Neckles, 1999; 

Díaz-Almela et al., 2007). 

Over the past 50 years, it is observed an overall declining trend of Posidonia 

oceanica meadows in some areas of the Mediterranean Sea, largely due to human impacts 

(Marbà et al., 2014). Moreover, the growth rate of this species (Ott, 1980) greatly limits its 
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potential natural recovery after damage. As a result, many habitats associated with these 

seagrass meadows are at risk of progressive degradation or even complete disappearance 

over time (Calizza et al., 2013). Given the importance of these marine ecosystems, 

Posidonia oceanica meadows are protected and safeguarded at both national and European 

levels through a series of specific directives and regulations, which are summarized in Table 

2.2. 

In Italy, the protection and conservation of Posidonia oceanica meadows are 

regulated by both national and regional legislation, which implement European directives 

(e.g., Habitat Directive 92/43/EEC) (https://environment.ec.europa.eu/topics/nature-and-

biodiversity/habitats-directive_en). The regulatory framework primarily falls under the 

jurisdiction of the Italian Ministry, while regional authorities and local entities are 

responsible for enforcement and adaptation the regulations to local specificities. 

Similarly to the seagrass meadows, specific measures and guidelines have been 

established for the management and protection of P. oceanica banquettes. Ministerial 

Circular no. 8123 of 2006, titled “Management of beached Posidonia oceanica” provides 

operational guidelines for their management, identifying three possible types of 

intervention: 

1. In situ maintenance of banquettes. 

2. Temporary removal and subsequent repositioning of banquettes. 

3. Removal of banquettes, with subsequent recovery or disposal. 

The first intervention represents the primary and preferred management approach 

from the perspective of environmental conservation. The second intervention consists of 

the removal of banquettes from the backshore, typically during the summer months, to 

nearby areas, with the purpose of relocating them during the winter season (e.g., to protect 

the beach from erosion). This is considered an intermediate measure that balances tourism 

needs with the environmental conservation of the beach. The third intervention consists of 

the permanent physical removal of banquettes, with subsequent reuse or disposal at 

authorised facilities. This is adopted only when the two preceding measures are not 

practicable. 

The management of Posidonia oceanica banquettes also refers to the Legislative 

Decree no. 152 of 2006, known as the “Environmental Code”. Specifically, the Decree 

establishes the criteria under which vegetal accumulations present on beaches can be 

considered as either waste or non-waste. 

In addition to these directives, the Regional Council Resolution of Sardinia (the 

Italian territory where the study area of this thesis is located) no. 40/13 (6 June 2016) 

provides specific operational guidelines for the management of banquettes, aiming to 
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ensure environmental protection and the sustainable management of these accumulations 

along the coastlines of Sardinia. 

Within this regulatory framework, some considerations could help and contribute 

to improving the management of Posidonia oceanica banquettes: 

• Avoid the removal of Posidonia oceanica banquettes during the winter months, 

when severe storm events are more frequent. 

• During removal operations, it is essential to implement measures to minimize the 

dispersion of sediments mixed with the vegetal materials. In case sediments are 

removed, they must be restored on the beach. 

• Avoid the use of heavy machinery for banquette removal, favoring manual methods 

or equipment with minimal impact on the beach ecosystem. 
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Table 2.2 

Main national and EU regulations and directives that consider Posidonia oceanica 

meadows. 

Habitat Directive (92/43/EEC): Protects natural habitats and wild species by establishing 

conservation measures and a network of protected areas. 

https://environment.ec.europa.eu/topics/nature-and-biodiversity/habitats-

directive_en. 

➢ Natura 2000: aims to conserve valuable habitats such as Posdonia oceanica 

meadows (Code 1120: Posidonion oceanicae). 

https://environment.ec.europa.eu/topics/nature-and-biodiversity/natura-

2000_en. 

Bern Convention (82/72/EEC): Protects wild flora, fauna, and their natural habitats in 

Europe. 

https://www.coe.int/en/web/bern-convention. 
Barcelona Convention (Italian Law No. 30 of January 25, 1979) in the framework of the 

Mediterranean Action Plan of the United Nations Environment Programme 

(UNEP/MAP): Safeguards the marine and coastal environment of the Mediterranean.  

➢ Includes the SPA/BD Protocol: Specially Protected Areas and Biological Diversity. 

https://www.unep.org/unepmap/who-we-are/barcelona-convention-and-protocols. 

Water Framework Directive - WFD (2000/60/EC): Ensures the ecological quality of inland 

and coastal waters.  

https://environment.ec.europa.eu/topics/water/water-framework-directive_en. 

Marine Strategy Framework Directive - MSFD (2008/56/EC): Aims to maintain or achieve 

Good Environmental Status of marine waters.  

https://research-and-innovation.ec.europa.eu/research-area/environment/oceans-and-

seas/eu-marine-strategy-framework-directive_en. 

Maritime Spatial Planning Directive (2014/89/EU): Supports sustainable and 

coordinated use of marine space.  

https://oceans-and-fisheries.ec.europa.eu/ocean/blue-economy/maritime-spatial-

planning_en. 

Environmental Impact Assessment Directive - EIA (2014/52/EU): Strengthens 
environmental checks for projects affecting natural areas.  
https://environment.ec.europa.eu/law-and-governance/environmental-assessments/ 
environmental-impact-assessment_en. 
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2.3 Rip currents systems: an overview 

Rip currents are narrow, localised flows of water that move underwater from the 

shore toward the open sea, typically in a direction that is perpendicular or nearly 

perpendicular to the shoreline (MacMahan et al., 2005, 2006; Short, 2007; Castelle and 

Masselink, 2023; Castelle and Coco, 2012). They are primarily formed by the action of 

breaking waves in the surf zone (Dalrymple et al., 2011), especially on sandy beaches with 

irregular seabeds or morphological variations such as sand bars, channels and depressions 

(Castelle et al., 2016). These structures can influence the return flow of water pushed 

toward the shore by the waves, channelling and accelerating it along preferred pathways 

that direct the currents offshore (Bruneau et al., 2009). 

Rip currents are dynamic phenomena whose intensity, location, spacing and 

persistence can vary over time in response to changes in wave conditions, tide levels and 

other factors (Short, 1985; Dalrymple et al., 2011). These currents can persist for extended 

periods, ranging from several hours to days (Castelle et al., 2016), with average velocities 

(often exceeding 0.5 m/s; Short and Hogan, 1994) enable the offshore transport of large 

volumes of sediment, especially during storm events (e.g., Loureiro et al., 2012a). The more 

intense rip currents can also cause localised erosion, resulting in shoreline retreat (e.g., Kim 

et al., 2013). In some cases, especially on embayed beaches whit high indentation, these 

systems may reach velocities exceeding 2 m/s (Short, 1999). 

The formation and intensity of rip currents are strongly influenced by wave 

conditions, including wave height, wave period and angle of wave incidence (Yu and Slinn, 

2003; MacMahan et al., 2005; Castelle et al., 2016). Waves with greater height (H0) and 

relatively short periods (T) can transport large volumes of water toward the shore in rapid 

succession. This results a significant water accumulation in the surf zone, the area between 

the shoreline and where the waves begin to break. Since this excess of water cannot remain 

in the surf zone for long due to the continuous arrival of waves, it is forced to flow seaward 

through the paths of least resistance (e.g., the channels between sandbars) (Davidson-

Arnott, 2009). Moreover, waves with short periods break more frequently, reducing the 

time interval between successive waves. This determines a constant and pressing flow of 

water toward the coast, which in turn intensifies the offshore return flow, further 

strengthening rip current flow. 

At the same time, tides can play a significantly role in influencing the behaviour of 

rip currents (Austin et al., 2010), as variations in sea level directly could affect the 

morphology of the seabed and the position of the wave breaking zone (surf zone) (Austin 

et al., 2014; Bruneau et al., 2014; Castelle et al., 2020a). During rising tide phases, the 

increase in sea level can shift the wave breaking zone landward, thereby altering both the 

position and intensity of rip currents. In some cases, this can result in a temporary 

modulation of these currents (Brander, 1999). Conversely, during falling tide phases, the 
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lowering of sea level could accentuate the interaction between incoming waves and seabed 

topography. This phase often promotes the formation of more pronounced rip currents 

(Brander, 1999), which focus the outflow of water accumulated nearshore. In coastal 

environments with a significant tidal range, sea level fluctuations can activate or deactivate 

entire rip current systems, depending on the morphological characteristics of the seabed. 

Finally, the morphology of the beach and seabed plays a crucial role in the formation, 

location and intensity of rip current systems, as it determines the preferential channels 

through which water, pushed shoreward by incoming waves, can return seaward (Short, 

1985; Castelle et al. 2012). In particular, beaches with irregular seabeds and significant 

bathymetric variations are more prone to the development of persistent, well-structured 

rip currents (Castelle et al. 2016). Conversely, coastal areas characterised by uniform 

bathymetries and regular seabed profiles tend to develop weaker, more transient and less 

localised rip currents (Peregrine, 1998; Castelle et al. 2016). Among these morphological 

controls, beach slope play an important role in rip currents formation (Johnson and 

Pattiaratchi, 2006). Gently sloping beaches promote a more widespread accumulation of 

water along the shoreline, resulting in weaker and more diffuse offshore return flows. 

Conversely, steeper beach slopes can promote the formation of stronger, more concentrate 

rip currents. 

Rip currents are receiving extensive attention in the scientific literature as common 

and complex coastal phenomena with significant environmental and safety implications. 

Their formation, evolution and interaction with coastal morphologies have been extensively 

investigated over time through various multidisciplinary approaches, including field 

observations (e.g., Bowen and Inman, 1969; Brander, 1999; Austin et al., 2010; etc.), 

laboratory experiments (e.g., Reniers and Battjes, 1997; Haas and Svendsen, 2002; Kennedy 

and Thomas, 2004; etc.) and numerical modelling (e.g., Castelle and Coco, 2012; Van 

Dongeren et al., 2013; Salama et al., 2023; etc.). Overall, these studies have contributed to 

understanding and identifying the conditions that promote rip current formation and 

development, as well as the circulation mechanisms that govern them. In recent years, 

scientific interest has also intensified concerning the risks rip currents pose to swimmers 

(Castelle et al., 2016), with a growing emphasis on operational forecasting systems and 

effective strategies for public communication and awareness. 

Moreover, several studies have investigated the hydrodynamics processes 

underlying the formation of rip current systems, successively leading to their classification: 

Bowen (1969) introduced some fundamental concepts linking wave dynamics to the 

development of rip currents; Short (1999) proposed a classification based on beach 

morphology and temporal variability, distinguishing between Accretionary (or fixed) beach 

rips, Erosional (or migratory) beach rips, Topographic rips, and Megarips; Dalrymple et al. 

(2011) distinguished rip currents mainly into offshore morphology-induced and structured-
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induced rip currents. Finally, a detailed classification was suggested by Castelle et al. 2016, 

dividing rip current systems into three main categories: 1) Hydrodynamically-controlled rip 

currents; 2) Bathymetrically-controlled rip currents; 3) Boundary rip currents. 

 

1) Hydrodynamically-controlled rip currents: 

This type of rip current system originates exclusively from hydrodynamic processes 

related to wave pressure and circulation, independently of the seabed morphology 

(Castelle et al., 2016) (Fig. 2.7). These currents typically occur along morphologically 

uniform beaches or in specific planar sections of the beach (e.g., low-tide terraces) where 

there are no evident topographic discontinuities such as channels or depressions. In this 

context, rip currents are generated in response to changes in meteo-marine conditions, 

such as wave motion and wind direction, which lead to the development of concentrated 

seaward-directed water flows. Their exclusive dependence on hydrodynamic conditions 

results in highly transient and unstable behaviour, characterised by rapid changes over time. 

This makes them particularly dynamic and difficult to predict. The most common types are 

(Castelle et al., 2016): 

• Flash rips (Fig. 2.7a), sudden and temporary currents generated by rapid changes in 

hydrodynamic conditions. 

• Shear instability rips (Fig. 2.7b), generated by flow instabilities due to velocity 

differences between adjacent water masses, lending to the formation of vortices 

and focused offshore currents. 

Figure 2.7 - Hydrodynamically-controlled rip currents: (a) Flash rips; (b) Shear instability rips 

(modified from Castelle et al., 2016). 
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2) Bathymetrically-controlled rip currents: 

In this type of rip current system, the depth and the morphology of the seabed play 

a crucial role (Castelle et al., 2016) (Fig. 2.8). In particular, near morphological changes in 

the seabed, such as channels or depressions, the water accumulated by the waves tends to 

concentrate into offshore-directed flows. Contrary to Hydrodynamically-controlled rip 

currents, for a given wave regime and tidal elevation, these currents are generally more 

persistent and localised. Among the most common types are (Castelle et al., 2016): 

• Channel Rips (Fig. 2.8a) are currents that predominantly form along deep channels 

located between sandbars within the surf zone, where the seabed's configuration 

facilitates the outflow of water seaward. These currents are typically associated with 

an intermediate beach morphodynamic state (Wright and Short, 1984) (see Chapter 

2.1 of the thesis) and represent one of the most documented and well-understood 

types of rip currents, due to their predictability and ease of observation and 

measurement. The formation of Channel rips is driven by variations in the energy 

dissipation of breaking waves along the coast, which is in turn influenced by the 

changing seabed depth. This leads to currents that are typically stable and 

stationary, often maintaining their position for extended periods (days, weeks and, 

in some cases, months) (Castelle et al., 2016). While most Channel rips develop on 

mobile sandy seabeds, they can also occur in marginal coral reefs, “Reef Rip 

Currents” (De Leon et al., 2008), assuming a nearly permanent position by 

channelling through natural indentations in the reef. 

• Focused Rips (Fig. 2.8b) are currents generated by variations along the coastline in 

both wave height and wave breaking angle within the surf zone (Castelle et al., 

2016). Their formation is primarily caused by bathymetric anomalies located 

offshore on the outer part of the surf zone, or on the inner shelf (e.g., in submarine 

canyons). Similar to Channel rips, these currents can appear in relatively fixed 

positions under specific wave and tide conditions. However, they can also show 

some variability, shifting along the coast as the wave period and angle of wave 

incidence change (Castelle et al., 2016). 
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Figure 2.8 - Bathymetrically-controlled rip currents: (a) Channel rips; (b) Focused rips 

(modified from Castelle et al., 2016). 

 

3) Boundary rip currents: 

This type of rip current system is typically observed on beaches bordered laterally 

by physical barriers, either natural (such as rocky headlands) or artificial (e.g., groynes, 

jetties, harbours, piers, etc.). These barriers influence the beach's hydrodynamics by 

exerting lateral bathymetric control, thereby affecting the formation and localisation of rip 

currents, which tend to develop in proximity to the obstacle (Castelle et al., 2016) (Fig. 2.9). 

As a result, these currents are almost persistent in their location. Thus, both the 

morphology and lateral extent of the beach's boundaries play a crucial role in the formation 

and behaviour of this type of currents. 

Along geometrically uniform beach exposed to waves approaching at an oblique 

angle, two main types of rip currents can be distinguished based on the wave orientation 

relative to the lateral barrier (Castelle et al., 2016):  

• Shadow rips (Fig. 2.9a): which develop on the down-wave side of the physical 

barrier.  

• Deflection rips (Fig. 2.9b): which form on the up-wave side of the physical 

barrier. 
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Figure 2.9 - Boundary rip currents: (a) Shadow rips; (b) Deflection rips (modified from 

Castelle et al., 2016). 

Another specific type of current circulation that can develop is the Cellular rip 

current, typical of embayed beaches (Castelle et al., 2016) (Fig. 2.10). This occurs when the 

width of the embayment is reduced compared to the width of the wave breaking zone (surf 

zone). As a result, the lateral physical boundaries exert a dominant influence on the 

hydrodynamic circulation within the embayment (Castelle et al., 2016). As suggested in the 

work of Castelle and Coco (2012), the position of the rip current can vary depending on the 

beach shape (straight or curved shoreline) and the shape and extent of the headlands that 

define the embayment. Currents can form at the centre of the embayment (Fig. 2.10a), at 

one boundary of the headland (Fig. 2.10b), or at both boundaries (Fig. 2.10c). This type of 

circulation is particularly common and observable on embayed beaches during storm 

events (Loureiro et al., 2012a) but can also occur under low-moderate energy wave 

conditions. 

Figure 2.10 - Cellular rip currents on embayed beaches: (a) at the centre of the embayment, 

(b) along one boundary of the headland, or (c) along both boundaries (modified from 

Castelle et al., 2016). 
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2.4 Analysis tools for coastal morphodynamic processes 

The study of coastal dynamics and processes is essential for understanding the 

evolution of coastlines over time, assessing risks related to erosion, planning protection and 

management interventions, and analysing the impact and effects of human activities and 

climate change. In this context, to effectively address and understand the complex 

dynamics of this environment, traditional field surveys and laboratory experiment 

observations can be complemented using various digital tools and technologies that enable 

integrated data acquisition, processing and interpretation. Among these are numerical 

modelling of coastal morphodynamic processes and the analysis of images acquired 

through coastal video monitoring systems. 

 

2.4.1 Numerical modelling of coastal morphodynamic 

The numerical modelling of coastal processes is a powerful computational tool used 

to simulate the physical phenomena that drive the evolution of coastal environments over 

time. By integrating hydrodynamic, wave and morphological models, it is possible to 

perform coupled simulation of various processes, such as wave propagation, current 

generation, tidal fluctuations and sediment transport (e.g., Haas et al., 2008; Amoudry and 

Souza, 2011; Ponte et al., 2013; Thomas and Dwarakish, 2015). 

From a hydrodynamic perspective, coastal modelling is often based on solving the 

Navier–Stokes equations, which describe the motion of fluid (e.g., Mayer and Madsen, 

2001; Torres-Freyermuth et al., 2007), or on simplified formulations such as the Shallow 

Water (e.g., Brocchini and Dodd, 2008) or Boussinesq Equations (e.g., Kirby, 2016). In 

parallel, the morphological component typically focuses on simulating sediment transport, 

taking into account processes such as erosion, deposition and longshore sediment drift. This 

transport is generally modelled using empirical or semi-empirical approaches (Amoudry, 

2008), which enable the estimation of both the quantities (volumes) and directions of 

sediment movement along the coastline. The coupling of these numerical models enables 

an integrated, multi-temporal understanding of coastal morphodynamic evolution, 

including both short-term changes (e.g., during storm events) and long-term trends. 

Moreover, the numerical approach allows for the analysis of scenarios involving 

human interventions, such as the design and construction of coastal defence structures 

(e.g., Karambas, 2015). Similarly, it enables the simulation of potential effects and impacts 

resulting from climate change (e.g., Barnard et al., 2019; Pang et al., 2023), including sea-

level rise and changes in the intensity and frequency of severe storm events. This makes 

modelling a fundamental tool for supporting coastal areas planning and management. 
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The calibration and validation of numerical models typically rely on data collected 

both through field surveys and laboratory experiments, such as topographic and 

bathymetric measurements, flow current and sedimentological data (Williams and Esteves, 

2017; Kalligeris et al., 2020). These are essential for achieving a reliable physic 

representation of the modelled coastal system. Among the most commonly used software 

and models for coastal numerical modelling are MIKE 21 (developed by DHI), SWAN 

(Simulating WAves Nearshore; developed by Delft University of Technology), XBeach 

(developed by Deltares, Delft University of Technology, and the IHE Delft Institute for Water 

Education), and Delft3D (developed by Deltares). 

In the scientific literature, numerous studies have used numerical modelling to 

analyse coastal processes and dynamics, demonstrating the effectiveness and reliability of 

these tools in representing and predicting the spatio-temporal evolution of such 

environments. For example, in the study conducted by Lesser et al. (2004), coastal sediment 

transport was simulated using the Delft3D software, and the results were subsequently 

validated with measured data. In another study, Roelvink et al. (2009) modelled the impact 

of storm events on a beach-dune system using the XBeach software, with validation 

performed through a combination of laboratory experiments and field analysis. Numerical 

modelling has also been extensively applied to simulate the development of rip current 

systems, with the aim of estimating their intensity and location. For example, Castelle and 

Coco (2012) showed, using coupled wave and flow models in the Delft3D software, how 

beach morphology, along with the presence of headlands and/or lateral physical barriers of 

varying shapes and cross-shore extensions, can influence the development and behaviour 

of rip current systems. 

These studies represent only a part of the extensive scientific literature that has 

used numerical modelling to investigate coastal morphodynamics. However, they clearly 

demonstrate how such tools provide valuable insights into the complex dynamics governing 

the evolution of coastal environments, facilitating both the prediction of potential future 

scenarios and making a significant contribution to the integrated management of 

coastlines. 

 

2.4.2 Coastal video monitoring system 

Coastal video monitoring is a technology that emerged in the late 1980s as a tool for 

analysing coastal processes, morphologies and their evolution in space and time. The first 

studies in this field were conducted by the Coastal Imaging Lab (CIL) at Oregon State 

University (USA), as part of the Argus Project (Holman and Stanley, 2007). One of the initial 

objectives was to acquire images at regular intervals to study wave run-up and infragravity 

waves (Holman and Guza, 1984). Over time, researchers discovered that by setting an 
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exposure time of 10 minutes, the resulting images (known as Time-Exposure or Timex) 

revealed the morphology of the surf zone, such as submerged sandbars and rip channels 

(Lippmann and Holman, 1989, 1990). Within this context, the Argus system was developed, 

designed for the automated and continuous acquisition of coastal images at regular 

intervals. Since the installation of the first system, the Argus network has gradually 

expanded, with new operational stations established along coastlines worldwide. 

Schematically, an Argus station generally consists of several video cameras mounted 

on an elevated structure and oriented towards the shoreline to provide continuous 

coverage of the beach (Holman and Stanley, 2007). These cameras are connected to a local 

on-site computer, which manages image acquisition and storage. The station communicates 

externally through conventional network connections. 

Overall, the continuous and systematic acquisition of images through video 

monitoring systems has been a major advancement in the study of coastal evolution (e.g., 

Armaroli and Ciavola, 2011), allowing for uninterrupted observation of phenomena such as 

shoreline changes and wave dynamics (e.g., Harley et al., 2014; Valentini et al., 2017a; 

Andriolo et al., 2020). 

In the years following the Argus project, coastal video monitoring systems expanded 

internationally, driven by significant advancements in digital technologies, data 

transmission and automated image processing techniques. These innovations have 

transformed video monitoring systems into essential tools not only for scientific research, 

but also for coastal managements (Davidson et al., 2006) and operational use by public 

institutions and competent authorities in environmental management and civil protection, 

particularly in addressing risks associated with extreme events such as storm events, coastal 

flooding and phenomena associated with climate change. Moreover, the integration of 

images acquired from coastal video monitoring stations with Geographic Information 

Systems (GIS) has greatly improved the analysis and visualization of spatial data, thereby 

supporting more effective territorial planning and the development of mitigation and 

adaptation strategies. 

Among the main products that can be derived from the images and videos acquired 

from coastal video monitoring system are (Holman and Stanley, 2007; Ramesh et al., 2020): 

• Snapshot Images: These are instant images captured at regular intervals set by the 

video monitoring system, providing a visual representation of the beach at a specific 

moment in time. While they do not directly provide quantitative data on beach 

dynamics, they serve as a valuable tool for documenting and monitoring the present 

morphological condition of the beach. 

• Time-Exposure (Timex) Images: These are generated by averaging a large number 

of snapshots taken within a predefined time interval (e.g., 10 minutes). This process 
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highlights the morphological features present in the surf zone, such as sandbars, 

troughs, channels and depressions in the seabed, by calculating the arithmetic mean 

of the RGB light intensity of each pixel across all snapshots. The resulting image 

(Timex) shows lighter white areas in the surf zone, corresponding to shallow regions 

where waves break (on the sandbars or near the shoreline), and darker areas that 

indicate greater depths, where longshore currents and rip currents may develop. 

These images allow for the observation of sandbar and trough dynamics (e.g., 

migration during storm events), enabling the estimation of the beach's 

morphodynamic state, as proposed by the Wright and Short (1984) classification 

(see Chapter 2.1 of the thesis). 

• Time Variance Images: In this type of image, for each snapshot acquired during a 

predefined time interval (similar to Time-exposure images), the variance in light 

intensity for each pixel is calculated. This statistical processing of the acquired 

snapshots allows for highlighting temporal changes along the beach, revealing the 

most dynamic areas of the surf zone (shown in lighter colours), in contrast to the 

more static areas (shown in darker colours). This representation is particularly useful 

for identifying the location of the breaking wave line, the shoreline and the wave 

run-up area. 

• Rectified Images: These images are obtained through a geometric correction 

process that removes the perspective distortion in images acquired by fixed 

cameras. The rectification process transforms the image into a “zenithal” view (top-

down), projecting it onto a horizontal plane referenced to real-world spatial 

coordinate system. To perform this transformation, it is necessary to define control 

points (Ground Control Points - GCPs) with known coordinates. These images allow 

for spatial measurements (such as distances and areas) and enable the analysis of 

the morphological evolution of the beach over time (Valentini et al., 2017b). 

• Timestack Images: These are spatio-temporal images created by extracting a single 

pixel line from each snapshot in a continuous temporal sequence. The vertical 

alignment of these pixel lines over time results in an image where the horizontal axis 

(x) represents time and the vertical axis (y) corresponds to cross-shore distance 

along the transect selected as the reference for extracting the pixel line. Timestack 

images are valuable tools for analysing wave dynamics and the morphodynamic 

response of the beach, including wave run-up along the shore over time (Aagaard 

and Holm, 1989). 
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Southern Sardinia Coastal Video Monitoring System  

In line with the methodological approaches used internationally, coastal video 

monitoring has also been implemented along the southern coast of Sardinia (Italy) through 

the development of stations for continuous video monitoring and coastal morphodynamic 

analysis. Specifically, as part of the activities outlined in the PhD programme, the 

operational management of the coastal video monitoring system of the Coastal and Marine 

Geomorphology Group - CMGG (Department of Chemical and Geological Sciences, 

University of Cagliari) was carried out under the technical supervision of the company 

“SARDEGNA PROGETTA”. 

Currently, the system consists of five coastal video monitoring stations distributed 

along the southern coast of Sardinia (Fig. 2.11). To facilitate the description of each station, 

they have been grouped into three groups, each named according to its geographical 

location: 1) Piscinnì (blue rectangle in Fig. 2.11); 2) Chia (orange rectangle in Fig. 2.11); 3) 

Poetto (green rectangle in Fig. 2.11). An overview of the main technical specifications for 

the five video monitoring stations is provided in Table 2.3. 

Figure 2.11 - Geographical position of the coastal video monitoring stations. The red line 

represents the coastline, while the coloured rectangles indicate the groups into which the 

coastal video monitoring stations are grouped: Piscinnì (blue rectangle); Chia (orange 

rectangle); Poetto (green rectangle). Coordinate system: UTM 32N; Datum: WGS84. 
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1) Piscinnì: This group consists of a single coastal video monitoring station, located on 

a promontory southeast of Piscinnì beach, at an altitude of approximately 117 m 

above the mean sea level (camera coordinates: 38° 54’ 32.40’’ North; 8° 47’ 08.70’’ 

East) (yellow dot in Fig. 2.12a). The station is installed on a rigid steel frame and 

equipped with a Dahua Technology 12 Megapixel Ultra HD camera (DH-IPC-

HF71242F) with a Dahua DH-PLZ21C0-D lens (focal length: 10.5 - 42 mm). The 

station acquires images at a frequency of 2 Hz for 10 minutes, 4 times a day at 3 

hours intervals (8:00; 11:00; 14:00; 17:00). It is powered by 6 batteries (12 V - 100 

Ah / 20 hr) recharged through 4 solar panels installed outside the structure. The 

acquired images (Fig. 2.12b) are stored locally on an external hard drive connected 

to a computer at the station, while the data is simultaneously transmitted via 

internet to a storage server through a router 4G. The entire coastal video monitoring 

station at Piscinnì beach was developed and integrated as part of a previous project: 

PROVIDUNE (LIFE07NAT/IT/000519). The station has been operational since 2011 

and has progressively undergone upgrades in both its instrumentation and data 

transmission systems. 
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Figure 2.12 - (a) Location of the coastal video monitoring station (yellow dot) at Piscinnì 

beach (aerial orthophoto from the WMS of “Regione Autonoma della Sardegna”; 

Coordinate system: UTM 32N; Datum: WGS84). The dashed lines delimit the camera's field 

of view. (b) Example of snapshot acquired by the Piscinnì station camera. 
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2) Chia: This group consists of two coastal video monitoring stations located along the 

same coastal stretch (Fig. 2.13a). The first station is oriented towards Sa Colonia 

beach and is installed on the upper part of an old coastal watchtower, known as 

“Torre di Chia”, which stands on a rocky promontory to the east of the beach at an 

elevation of approximately 40 m above the mean sea level (camera coordinates: 38° 

53’ 42.36’’ North; 8° 53’ 05.58’’ East) (yellow dot in Fig. 2.13a). On the other hand, 

the second station is oriented towards Su Giudeu beach and is installed on a rigid 

steel structure located on a rocky promontory to the southwest of the beach, at 

approximately 23 m above the mean sea level (camera coordinates: 38° 52’ 47.47’’ 

North; 8° 51’ 26.86’’ East) (red dot in Fig. 2.13a). Both stations are equipped with a 

Dahua Technology 12 Megapixel Ultra HD camera (DH-IPC - HF71242F) with a Dahua 

DH-PLZ21C0-D lens (focal length: 10.5 - 42 mm). Moreover, the stations are 

configured to acquire images (Fig. 2.13b, c) at a frequency of 2 Hz for 10 minutes, 4 

times a day at 3 hours intervals (8:00, 11:00, 14:00, 17:00 for Sa Colonia station; 

8:10, 11:10, 14:10, 17:10 for Su Giudeu station).  

Sa Colonia station is powered directly by the in situ electrical system (230V AC). The 

acquired images are stored locally on an external hard drive connected to a 

computer at the station and are transmitted via internet to a storage server through 

a router 4G. 

In contrast, the entire system of Su Giudeu station is powered by 6 batteries (12 V - 

100 Ah / 20 hr) recharged through 3 solar panels installed outside the structure. The 

images acquired by the camera are transmitted via a radio link to the nearest station 

(Sa Colonia). In this way, the images are stored on the external hard drive connected 

to the computer at the Sa Colonia station and simultaneously transmitted via 

internet to the dedicated storage server. 

Both coastal video monitoring stations of Sa Colonia and Su Giudeu were developed 

and integrated as part of a previous project: PROVIDUNE (LIFE07NAT/IT/000519). 

The system has been operational since 2011 (initially with the Sa Colonia station and 

subsequently with the Su Giudeu station) and has progressively undergone 

upgrades in both its instrumentation and data transmission systems.  
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Figure 2.13 - (a) Location of the coastal video monitoring stations at Sa Colonia beach 

(yellow dot) and Su Giudeu beach (red dot) (aerial orthophoto from the WMS of “Regione 

Autonoma della Sardegna”; Coordinate system: UTM 32N; Datum: WGS84). The dashed 

lines delimit the cameras' field of view. Panels (b) and (c) show an example of snapshot 

acquired by the camera station of (b) Su Giudeu beach and (c) Sa Colonia beach. 

 

3) Poetto: This group consists of two coastal video monitoring stations, both located 

on Poetto beach. 

The first station (Poetto 1) frames a portion of the eastern sector (Poetto 1 - [A]) and 

the central sector (Poetto 1 - [B]) of the beach (Fig. 2.14a). The station is equipped 

with two Dahua Technology 12 Megapixel Ultra HD cameras (Poetto 1 [A]: DH-IPC-

HF71242F; Poetto 1 [B]: DH-IPC-HF81200E), respectively with Dahua DH-PLZ21C0-D 

(focal length: 10.5 - 42 mm) and Dahua DH-PLZ20C0-D lenses (focal length: 3.7 - 16 
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mm) (Table 2.3). The cameras are installed on the roof of a hospital (called 

"Ospedale Marino"), approximately 25 m above the mean sea level (camera 

coordinates: 39° 12’ 50.21’’ North; 9° 10’ 27.03’’ East) (yellow and green dots in Fig. 

2.14a), and are configured to acquire images (Fig. 2.13b; 2.13c) at a frequency of 4 

Hz for 10 minutes, 4 times a day at 3 hours intervals (8:00, 11:00, 14:00, 17:00). The 

station is powered by the in situ electrical system (230V AC). The images acquired 

by cameras [A] and [B] are stored on the local computer of the Poetto 1 station and 

simultaneously also transmitted via a radio link directly to the dedicated storage 

server. 

The second station (Poetto 2) is installed on a rigid steel structure and is equipped 

with a Dahua Technology 12 Megapixel Ultra HD camera (DH-IPC-HF81200F) with a 

Dahua DH-PLZ21C0-D lens (focal length: 10.5 - 42 mm). The station is located 

southwest of Poetto beach, on the S. Elia Promontory at an elevation of 

approximately 125 m above the mean sea level (camera coordinates: 39° 11’ 24.05’’ 

North; 9° 9’ 29.65’’ East) (red dot in Fig. 2.14a). The image acquisition frequency is 

the same as that of Poetto 1 station. The entire system is powered by 4 batteries (12 

V - 100 Ah / 20 hr) recharged through 2 solar panels installed outside the structure. 

The transmission of the acquired images (Fig. 2.14d) occurs via a radio link to the 

nearby Poetto 1 station, which archives the received images on its local computer 

and then transmits them via a radio link to the dedicated storage server. 

The Poetto 1 and Poetto 2 stations were developed as part of previous projects: 

B.E.A.C.H. (Beach Environment, management and Coastal Hazard) and N.E.P.T.U.N.E. 

(Natural Erosion Prevision Through Use of Numerical Environment). The station has 

been operational since 2013 and has progressively undergone upgrades in both its 

instrumentation and data transmission systems. 

 

 

 

 

 

 

 



37 

Figure 2.14 - (a) Location of the coastal video monitoring stations at Poetto beach. The 

yellow and green dots indicate the position of camera [A] and [B] at Poetto 1 station, while 

the red dot indicates the position of camera at Poetto 2 station (aerial orthophoto from the 

WMS of “Regione Autonoma della Sardegna”; Coordinate system: UTM 32N; Datum: 

WGS84). The dashed lines delimit the cameras' field of view. Panels (b), (c) and (d) show an 

example of snapshot acquired by the cameras station of (b) Poetto 1 [A], (c) Poetto 1 [B] 

and (d) Poetto 2. 
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All data transmitted by the coastal video monitoring stations are received and 

archived on a dedicated storage server managed by the “Direzione per le Reti e i Servizi 

Informatici” (D.R.S.I.) of the University of Cagliari and located at the Faculty of Engineering 

(University of Cagliari). To facilitate the management of data acquired by the cameras and 

enable real-time visualization, a virtual machine (called "Radioserver") has been installed 

on the storage server. 

Following the installation of the five coastal video monitoring stations, the 

processing and analysis of images acquired over time have allowed scientific studies on the 

coastal processes and dynamics of Southern Sardinia (e.g., Brambilla et al., 2016; Passarella, 

2019; Trogu et al., 2020, 2022, 2023; 2024; Ruju et al., 2022). Furthermore, an experimental 

early warning system was developed for Poetto beach, aimed at forecasting beach flooding 

events during severe storm events. The system’s effectiveness was validated using images 

from the coastal video monitoring station located on the S. Elia Promontory (Poetto 2 

station). Further details about the early warning system are provided in the publication 

listed below: 

Chatzipavlis, A., Trogu, D., Ruju, A., Montes, J., Usai, A., Porta, M., Coco, G., De Muro, S., 

Ciavola, P., 2025. Development and validation of an early warning system for coastal 

flooding on a Mediterranean urban beach. EGUsphere [preprint]. 

https://doi.org/10.5194/egusphere-2025-2292. 
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Table 2.3 

Overview of the technical specifications for the five coastal video monitoring stations of 

Coastal and Marine Geomorphology Group - CMGG (University of Cagliari). 
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Chapter 3: METHODOLOGY 

 

 

In this thesis, a multidisciplinary methodology was used to carry out an analysis of 

Mediterranean microtidal beaches along the southern coastal stretch of Sardinia (Italy), 

covering geomorphological, morphometric, hydrodynamic and ecological aspects. This 

chapter provides an overview of the main methodologies applied throughout this thesis. 

However, more detailed descriptions of the specific methods can be found in Chapters 4, 5, 

6 and 7 of the thesis. 

 

3.1 Aerial orthophotos processing 

The identification and analysis of the beaches along the coastal stretch studied in 

this thesis were carried out through the use of aerial orthophotos. These are available for 

consultation online in the Geoportal of Sardegna (www.sardegnageoportale.it). More 

precisely, the aerial orthophotos were uploaded through GIS software (Geographic 

Information System) using the WMS (Web Map Service) of “Regione Autonoma della 

Sardegna” (https://webgis.regione.sardegna.it/geoserverraster/ows?service=WMS&reque 

st=GetCapabilities). 

Each aerial orthophoto mosaic (Fig. 3.1) covers the entire Sardinia Island over a time 

period ranging from 1954 to 2022 (for certain coastal areas, aerial orthophotos dating back 

to 1940s are also available). Given the large amount of available data, the aerial 

orthophotos covering the analysed coastal stretch were manually extracted and 

georeferenced (coordinate system: WGS84 - UTM 32N) while maintaining their original 

pixel resolution. The georeferencing process was carried out using the 2006-2008 aerial 

orthophotos as a reference. 
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Figure 3.1 - Mosaic of georeferenced aerial orthophotos (time series: 2022) covering the 

studied coastal stretch and available through the WMS of “Regione Autonoma della 

Sardegna” (Coordinate system: UTM 32N; Datum: WGS84). 

 

3.2 Digital Shoreline Analysis System (DSAS) data processing 

The analysis of shoreline evolution movements (Chapter 5 of the thesis) for the 

beaches identified along the studied coastline was performed using an application tool 

called Digital Shoreline Analysis System (DSAS) (Version 5.1) (Himmelstoss et al., 2021), 

developed by the United States Geological Survey (USGS) as an extension of ESRI ArcGIS 

software. More precisely, the DSAS tool allows the automated calculation of shoreline 

change rates (retreat and accretion) through statistical indicators applied to multiple 

temporal shoreline positions. For each studied beach, DSAS generates a series of 

equidistant linear transects perpendicular to a baseline defined by the user, which can be 

located either offshore or onshore relative to the shorelines (both the length of the 

transects and their spacing can be selected by the user) (Fig. 3.2). By measuring the distance 

between shoreline positions along each transect (while also accounting for positional 

uncertainty of each shoreline), DSAS statistically quantifies shoreline rates (accretion and 

retreat) over a given time period, providing statistical indicators (Genz et al., 2007; 

Oyedotun, 2014; Himmelstoss et al., 2021):  

• Shoreline Change Envelope (SCE) is the maximum distance of shoreline movement 

along a given transect, considering all available shoreline positions, regardless of the 

time interval between them. 
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• Net Shoreline Movement (NSM) is the distance between the oldest and most recent 

shoreline positions measured along a given transect.  

• End Point Rate (EPR) is the rate of shoreline change calculated by dividing the Net 

Shoreline Movement (NSM) by the time interval between the oldest and most 

recent shoreline positions. 

• Linear Regression Rate (LRR) is the rate of shoreline change determined by applying 

a least-squares regression to all shoreline positions over time. 

• Weighted Linear Regression (WLR) is similar to the Linear Regression Rate (LRR), 

but it assigns weights (based on shoreline uncertainty) to each shoreline position. 

Figure 3.2 - DSAS tool applied to the beaches identified along the studied coastal stretch 

using the aerial orthophotos available in the WMS of “Regione Autonoma della Sardegna” 

(Coordinate system: UTM 32N; Datum: WGS84). 

 

3.3 Beach topographic surveys  

Topographic surveys on the backshore of Poetto beach were carried out to collect 

beach elevation data (xyz coordinates) for integration into numerical models (Chapter 7 of 

the thesis). For this purpose, the beach was divided into 21 transects (blue lines in Fig. 3.3), 

oriented perpendicular to the shoreline and spaced approximately 300 m apart. Each cross-

shore transect begins at the landward edge of the dune system, typically marked on Poetto 

beach by the urban road running parallel to the shoreline, and extends seaward to a depth 

of approximately 1 m, where the topographic profile connects with the bathymetric profile. 
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Figure 3.3 - Locations of the transects along Poetto beach where topographic surveys were 

carried out (aerial orthophoto from the WMS of “Regione Autonoma della Sardegna”; 

Coordinate system: UTM 32N; Datum: WGS84). 

The measurements (xyz coordinates) were acquired using a DGPS (Differential 

Global Positioning System) with a Navcom SF-3040 receiver - GNSS (Global Navigation 

Satellite System), connected in real time (Real-Time Kinematic - RTK) to a ground correction 

network (NETGEO Network). The instrument has a horizontal accuracy of 0.01 m + 0.5 ppm 

and a vertical accuracy of 0.02 m + 1.0 ppm. 

To perform the measurements along each transect, the instrument was mounted on 

a rod at a height of 2 m above ground level. The acquisition of points (xyz coordinates) was 

carried out after properly levelling the instrument (Fig. 3.4). For each point along the 

transect, 15 xyz measurements were collected at an acquisition frequency of 1 Hz and then 

averaged to obtain a more precise position. On the other hand, to measure the shoreline 

position and the maximum extent reached by wave swash (which is also useful for further 

geomorphological observations), the instrument was placed in a special backpack, which 

its height above ground level varying depending on the operator’s height (Fig. 3.5). Overall, 

topographic measurements were periodically repeated and updated. 
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Figure 3.4 - Topographic survey at Poetto beach along a transect. 

Figure 3.5 - Topographic survey at Poetto beach: mapping of the shoreline (dashed orange 

line) and the corresponding maximum limit of the wave swash (dashed red line) along the 

backshore. 
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3.4 Beach bathymetric surveys 

Bathymetric surveys at Poetto beach were carried out to collect depth elevation data 

(xyz coordinates) for integration into numerical models (Chapter 7 of the thesis). More 

specifically, bathymetric measurements were carried out along each transect perpendicular 

to the shoreline (blue lines in Fig. 3.3), in order to ensure continuity with the topographic 

data collected on the backshore. 

The measurements were performed using a RESON - NaviSound 215 Portable 

Hydrographic Singlebeam Echosounder: 

• Emission frequency: 28 kHz - 35 kHz and 190 kHz - 225 kHz (dual frequency). 

• Impedance: 100 Ohm. 

• Resolution: 0.01 m. 

• Accuracy (assuming correct sound velocity and transducer draft): 0.01 m (210 kHz - 

1 sigma); 0.07 m (33 kHz - 1 sigma). 

The instrument is interfaced with a computer for data recording, which is connected 

to a DGPS Omnistar 3300HP to record the position of the acquired points. Once the data 

were acquired, they were corrected for tidal fluctuations and for the vertical draft of the 

instrument during acquisition. The acquired bathymetric data were subsequently 

processed by removing outliers and exported in ASCII format (xyz coordinates) for 

interpolation and analysis using GIS software (Fig. 3.6). 

Bathymetric surveys at Poetto beach were also performed using a GARMIN 

EchoMAP Plus 92sv (GPS integrated - update frequency: 5 Hz) whit a Echosounder CHIRP 

Transducer GT52HW-TM (supported frequency: 50 - 200 kHz). 
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Figure 3.6 - Bathymetric surveys at Poetto beach: depth values along each transect (aerial 

orthophoto from the WMS of “Regione Autonoma della Sardegna”; Coordinate system: 

UTM 32N; Datum: WGS84). 

 

3.5 Numerical modelling  

The numerical simulations presented in this thesis (Chapter 6 and 7) were 

performed using the Delft3D software (Deltares). Specifically, this software comprises 

multiple modules that enable the simulation of various processes and conditions, including 

waves, currents, coastal and seabed morphology, sediment transport and wind forcing. The 

Delft3D-WAVE (Booij et al., 1999; Ris et al., 1999) model has been used to simulate wave 

propagation, which incorporate the spectral model SWAN (Simulating Waves Nearshore) 

based on the wave action equation. On the other hand, the Delft3D-FLOW (Lesser et al., 

2004) model has been used to simulate the hydrodynamic circulation induced by waves, 

wind, tide and other processes. The FLOW model is based on the Navier-Stokes equations. 

In each numerical simulation carried out in this thesis, the FLOW model is coupled with the 

WAVE model to ensure a comprehensive representation of hydrodynamic processes. This 

coupling allows for the mutual exchange of information between the two models, enabling 

the simulation of complex interactions between wave dynamics, currents and other forcing 

mechanisms (e.g., wind forcing). 

Overall, different wave and wind conditions were simulated within two distinct 

contexts: an embayed beach (theoretical study case; see Chapter 6 of the thesis) and at the 

Poetto beach (real study case; see Chapter 7 of the thesis). Moreover, both wave (CMEMS; 

Korres et al., 2021) and wind data (ERA5; Hersbach et al., 2023) (offshore significant wave 
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height - Hs; peak wave period - Tp; wave direction - Dir; wind speed at 10 m above the sea 

surface - U10; wind direction - Dirw) were used to simulate the different hydrodynamic 

responses of beaches. The duration of each simulated event varies depending on the wave-

wind conditions considered and geometric characteristics of the modelled domain (e.g., 

grid mesh size): 1 day (time frame: 24 hours) for the theoretical study case of the embayed 

beach; 3 days (time frame: 72 hours) for the real study case of Poetto beach.  

 

3.6 Coastal video monitoring system for morphodynamic analysis 

The study in Chapter 7 of the thesis was realised through the analysis of images 

(snapshots) acquired from a coastal video monitoring station at Poetto beach. More 

precisely, the station is located on the S. Elia Promontory (yellow dot in Fig. 3.8), 125 m 

above SWL (Camera coordinates: 39° 11’ 24.05’’ North; 9° 9’ 29.65’’ East) (Fig. 3.7a). The 

station comprises a camera (Dahua Technology 12 MP Ultra-HD; Model: DH-IPC-HF81200E) 

mounted on a steel structure, along with photovoltaic panels system for power supply. The 

camera frames the western area of Poetto beach and is set to record four times a day at 

three-hour intervals (from 8:00 to 17:00). Currently, each recording lasts 10 minutes and 

the images (Fig. 3.7b) are captured at a frequency of 4 Hz with a resolution of 4096x2160 

pixels. More information about the entire coastal video monitoring system is provided in 

the Chapters 2 and 7 of the thesis. 
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Figure 3.7 - (a) Location of the coastal video monitoring system (yellow dot) and the 

camera’s field of view (yellow area) (aerial orthophoto from the WMS of “Regione 

Autonoma della Sardegna”; Coordinate system: UTM 32N; Datum: WGS84). (b) Example of 

snapshot captured by the camera during recording. 
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Chapter 4: CLASSIFICATION AND MORPHOMETRIC ANALYSIS OF EMBAYED 

BEACHES ALONG THE SOUTHERN COAST OF SARDINIA ISLAND (WESTERN 

MEDITERRANEAN SEA) 

 

This chapter summarises two studies both concerning the morphometric analysis 

and classification of the embayed beaches along the southern coast of Sardinia (Italy). 

1. Usai, A.; Simeone, S.; Trogu, D.; Porta, M.; De Muro, S., 2024. Morphometric analysis 

and classification of the embayed beaches on the southern coast of Sardinia Island 

(Western Mediterranean Sea). In: Coastlines under change: Proceedings from the 

International Coastal Symposium (ICS) 2024 (Doha, Qatar); Phillips, M.R., Al-Naemi, 

S., Duarte, C.M., Eds.; J. Coast. Res. 113, 748-752. https://doi.org/10.2112/JCR-

SI113-147.1. 

2. Usai, A.; Simeone, S.; Trogu, D.; Porta, M.; De Muro, S., 2025a. A morphometric 

analysis of embayed beaches: southern Sardinia Island. Geomorphology 483, 

109838. https://doi.org/10.1016/j.geomorph.2025.109838. 

In the first article, the embayed beaches identified along the studied coastal stretch 

were classified using the Embayment Morphometric Parameter (γe), an index proposed in 

literature to estimate the degree of embaymentisation of a beach. In the second article, the 

values of morphometric parameters and degrees of embaymentisation obtained using the 

Embayment Morphometric Parameter (γe) were compared to those obtained using another 

classification parameter (Platform Index - I). Overall, a morphometric analysis combined 

with a classification comparison was performed to better understand the relationship 

between beach morphometry, the degree of embaymentisation and hydrodynamic 

circulation. 

 

4.1 Introduction 

Embayed beaches are very common along the world’s coastlines. They are typically 

characterised by a curvilinear shape and the presence of lateral physical barriers, either 

natural (e.g., rocky headlands, rocky outcrops, etc.) and artificial (e.g., harbours, 

breakwaters, groynes, etc.), at one or both extremities (Short and Masselink, 1999; Gallop 

et al., 2020). Several terms are used in the scientific literature to refer to embayed beaches: 

crenulate-shaped bay (Ho, 1971; Wang et al., 2008); pocket beach (Bowman et al., 2009, 

2014); headland-bay beach (Phillips, 1985; Klein and Menezes, 2001); static equilibrium bay 

(Hsu et al., 1989a, 1989b). 

The morphometric characteristics of embayments, such as the shape and length of 

the headlands and cross-shore and longshore extent of the beach, are related to the 
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geological heritage of the area in which they are located (Short, 2006; Castelle and Coco, 

2012). In fact, the degree of constraint given by headlands (also known as “indentation 

degree” or “degree of embayment”) affects beach morphology and hydrodynamic 

processes and can influence the amount of free sediment available for transport within the 

system (Gallop et al., 2020). Since most of these embayed beaches are small and nestled 

along rocky coastlines, the absence of rivers crossing them results in greater geological 

control over these beaches. As a result, they are often referred to as “geologically controlled 

beaches” (Gallop et al., 2020).  

Given their distribution along coastlines worldwide (Short and Masselink, 1999; 

Iglesias et al., 2009), the study of embayed beaches is important not only from a scientific 

perspective, but also from an engineering and beach management point of view. In fact, 

the construction of artificial structures (e.g., ports, breakwaters, groynes, marinas, etc.) at 

the edges of beaches can significantly alter their morphodynamic processes, as these 

structures function as artificial headlands (Ojeda and Guillén, 2008; Ojeda et al., 2011; 

Castelle et al., 2016). 

In recent decades, several studies have focused on identify useful criteria for 

estimating and defining the degree of embaymentisation of beaches (e.g., Hsu et al., 1989; 

Spagnolo et al., 2008; Bowman et al., 2009; Fellowes et al., 2019). Estimating the levels of 

embaymentisation contributes to understand and define the influence of lateral constraints 

on beach behaviour. In fact, these beaches are often characterised by closely spaced rocky 

headlands, which can promote the development of rip current systems (Short, 1996). In 

addition, these beaches may be affected by different wave exposure and breaking 

conditions (Daly et al., 2011, 2014; Castelle et al., 2020b), which lead to the development 

of distinct beach morphologies and hydrodynamic processes (Dingler, 1981). 

The analysis and geometric calculation of the morphometric parameters is one of 

the most used methods for estimating the degree of embaymentisation of a beach. 

Similarly, simulating the morphodynamic processes within embayments through numerical 

modelling is another valuable approach to estimate the impact of headlands on the 

hydrodynamic circulation of embayed beaches (Castelle and Coco, 2012). 

This study aims to carry out a morphometric analysis and classification of the 

beaches located along the southern coastal stretch of Sardinia (Western Mediterranean 

Sea) in order to estimate their degree of embaymentisation. Two classification methods 

proposed in the scientific literature have been used and compared: the first method 

(Bowman et al., 2009) is based on the Platform Index (I), which considers the distance 

between the seaward extremities of the headlands (natural or artificial) that delimit the 

embayment and the length of the embayment retreat. The second method (Fellowes et al., 

2019) is based on the Embayment Morphometric Parameter (γe), which takes into account 

the length of the embayment retreat and its area.  
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Furthermore, this study also aims to: (I) perform a morphometric analysis using the 

calculated morphometric parameters for each beach in order to define the geographical 

distribution of embayed beaches (with their degree of embaymentisation) along the 

studied coastal stretch; (II) estimate the degree of headlands influence on the beach 

hydrodynamic circulation using the Non-Dimensional Embayment Scaling Parameter (δ′) 

(Short, 1996; Short and Masselink, 1999); (III) estimate the variations in beach 

morphometry and degree of embaymentisation in relation to the type of embayment, 

distinguishing between natural or influenced by artificial structures. Overall, this 

information represents a valuable resource for coastal management, as understanding and 

predicting beach behaviour can improve both protection strategies and the sustainable use 

of coastal environments. This is particularly relevant given the rise in tourism along the 

Mediterranean coast and the growing demand for new bathing areas, which place 

additional pressure on these already vulnerable systems. 

 

4.2 Study area 

The study focused on the southern coastal stretch of Sardinia (Italy, Western 

Mediterranean Sea), between Cape Teulada and Cape Carbonara, for a length of 

approximately 130 km (Fig. 4.1). The studied coastal stretch was previously analysed in the 

Coastal Plan issued by "Regione Autonoma della Sardegna" (Programma Azione Coste - 

P.A.C.) (Regione Sardegna, 2013), where 34 beaches were identified and grouped into 

"Littoral Unit" (Table 4.1). 

Beaches along this coastal stretch can be characterised by both sandy and rocky 

shore. More precisely, most of them are composed of fine sediments, although coarse or 

pebbly sediments are sometimes present, particularly along the western coastal stretch. 

This difference in beach sediment grain size is also related to the different wave exposure 

and breaking conditions that characterise the studied coastal stretch (De Muro et al., 2016; 

Brambilla et al., 2016; Buosi et al., 2019a; 2019b; Porta et al., 2020; Biondo et al., 2020; 

Trogu et al., 2020, 2023). Moreover, the entire studied coastline is characterised by a wide 

Posidonia oceanica meadow (Telesca et al., 2015), which can influence both sediment 

availability and hydrodynamic processes (De Muro et al., 2016). 
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Figure 4.1 - Location of the study area. The red line identifies the coastal stretch investigated 

between Cape Teulada and Cape Carbonara (modified from Usai et al., 2024) 
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Table 4.1  

Data relating to the beaches of the studied coastal stretch, as reported in the Coastal Plan 

(P.A.C.) issued by "Regione Autonoma della Sardegna" (from Regione Sardegna, 2013). 

Physiographic 
Unit 

Littoral Unit Beach name Municipality 

8 

Capo 
Teulada - 

Capo 
Carbonara 

8A 
Capo Teulada -  

Torre di Porto Scudo 
Porto Zafferano - 

8B 
Torre di Porto Scudo 

- Porto Scudo 
Porto Scudo - 

8C 
Porto Scudo -  

Punta Niedda 
Porto Tramatzu - 

8D 
Punta Niedda - Torre 

Budello 
- - 

8E 
Torre Budello -  

Capo di Piscinnì 
Piscinnì Domus de Maria 

8F 
Capo di Piscinnì - 

Capo Malfatano 
- 

Teulada - 

Domus de Maria 

8G 
Capo Malfatano - 

Isola Ferraglione 
Tuerredda Teulada 

8H 
Isola Ferraglione - 

Cala Niedda 

Cala Cipolla 

Domus de Maria 

Campana Pontile -  

Su Giudeu - S’Acqua Durci 

Campana 

Bithia - Sa Colonia 

Torre Chia - Su Cardolinu 

8I 
Cala Niedda - 

Capo di Pula 

Cala Marina 

Pula 

Pinus Village 

Is Morus 

Santa Margherita 

Porto d’Agumu 

8L 
Capo di Pula -  

Isola S. Macario 
Su Guventeddu - Nora 

Pula 

8M 
Isola S. Macario - 

Punta Zavorra 

Su Stangioni - Foxi Niedda 

Porto Columbu - Perd'e Sali Sarroch - Pula 

8N 
Punta Zavorra - Porto 

Canale 

Giorgino - La Maddalena - 

Frutti d'Oro 

Cagliari - 

Capoterra 

8O 
Porto Canale -  

Torre Foxi 

Cala Mosca Cagliari 

Poetto 
Cagliari - Quartu 

S. Elena 

8P 
Torre Foxi -           

Cala Regina 
- Quartu S. Elena 
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8Q 
Cala Regina -  

Torre de su Fenugu 

Mari Pintau - Cala Regina 

Geremeas 
Maracalagonis - 

Quartu S. Elena 

Cann'e Sisa Maracalagonis 

8R 
Torre de su Fenugu - 

Capo Boi 

Genn’e Mari 
Sinnai - 

Maracalagonis 

Solanas Sinnai 

8S 
Capo Boi - Capo 

Carbonara 

Porto Sa Ruxi 

Villasimius 

Capo Boi 

Campus 

Campulongu 

Spiaggia del Riso e Nuova 

Spiaggia del Porto 

 

From a geological perspective, the studied coastal stretch is characterised by 

different typologies of deposits and rock outcrops (schematically reported in Fig. 4.2).  

• The western area (starting from Cape Teulada) is characterised by the presence of 

Palaeozoic granitic intrusive rocks belonging to the batholith formed during the 

Hercynian orogeny (Carmignani et al., 2001). Metamorphic rocks with different 

metamorphic grades are also present in the area of Cape Teulada. Most of this 

coastal stretch is characterised by rocky headlands that extend seawards, which play 

a key role in the development of embayed beaches (or “pocket beaches”). These 

embayments, formed as a result of marine ingression into ancient river valleys 

(“Rias-type coastline”) (Marini and Murru, 1983), extend from Cape Teulada to Cape 

Spartivento (Fig. 4.2). 

• From Cape Spartivento towards the central area of the studied coastal stretch, the 

Palaeozoic basement is still present. However, this area is also characterised by 

sedimentary covers, including recent deposits and rocks (Quaternary), which are 

interrupted by volcanic rocks (Oligocene - Miocene) (Carmignani et al., 2001). Given 

the lithological heterogeneity, this coastal stretch appears less indented toward the 

central area, where more straight beaches alternating with smaller embayed 

beaches can be observed. 

• The central area of the studied coastal stretch (representing a portion of the Gulf of 

Cagliari) (Fig. 4.2) is mainly characterised by sedimentary covers and deposits/rocks 

dating from the Miocene to the Quaternary (Carmignani et al., 2001). More 

precisely, this area represents a tectonic graben. In fact, the two extremities of the 

studied area correspond to the two tectonic horsts (Cape Teulada and Cape 

Carbonara). Overall, the coastal stretch in this area is mainly characterised by almost 

straight beaches. 
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• From the central part of the studied coastal stretch to Cape Carbonara, the 

Palaeozoic basement outcrops reappear, as in the western area (Cape Teulada) 

(Carmignani et al., 2001). Proceeding eastward toward Cape Carbonara, smaller 

beaches reoccur, but with longer shorelines compared to those in the western area. 

Overall, part of the studied coastline has been affected by anthropogenic 

modifications. These impacts are less pronounced at the two capes (Teulada and 

Carbonara), but more evident in the central area near the urban city of Cagliari, where the 

coastline morphology has been alternated by the construction of artificial structures such 

as breakwaters, groynes, marinas, harbours, and other coastal engineering structures. 

Figure 4.2 - Schematic geological framework of the study area. Main types of deposits and 

rocks along the studied coastal stretch (red line): 1. Sedimentary covers (Quaternary); 2. 

Sedimentary rocks (Miocene); 3. Volcanic rocks (Oligocene - Miocene); 4. Other types of 

rocks outside the study area (Cenozoic to Quaternary); 5. Metamorphic basement and 

intrusive rocks, mainly granitoids (Palaeozoic) (modified from Usai et al., 2025a). 
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4.3 Methods 

Along the examined coastline, embayed beaches were identified through the 

analysis of aerial orthophotos available online in the WMS of “Regione Autonoma della 

Sardegna” (https://webgis.regione.sardegna.it/geoserverraster/ows?service=WMS&reque 

st=GetCapabilities). More precisely, this study took into account all those beaches 

characterised by the presence of lateral physical barriers, whether natural, artificial, or 

both. Using QGIS software (Version 3.18.2), a set of morphometric parameters were 

measured for each beach identified, according to the methodologies proposed by Bowman 

et al. (2009) (Fig. 4.3a) and Fellowes et al. (2019) (Fig. 4.3b). The morphometric parameters 

considered are: 

• Ro: Distance between the headlands defining the embayment (length between the 

two most external seaward points of the headlands). 

• a: Bay indentation (maximum length of the embayment retreat; the line is 

perpendicular to the one that defines Ro). 

• S1: Total length of the embayment. 

• S2: Total length of the emerged beach (backshore). 

• S3: Total length of the shaded zone (it is measured using S2 as a reference). 

• Bw: Maximum width of the emerged beach (backshore). 

• Ae: Embayment area. 

The length of some morphometric parameters varies depending on the 

methodology adopted (Fig. 4.3). Morphometric parameters a and S1 represent the main 

difference: Bowman et al. (2009) consider the shoreline position as inner limit of the bay 

indentation a (Fig. 4.3a); Fellowes et al. (2019) consider the beginning of the seaward 

boundary of the backshore as the inner limit (e.g., the vegetation line or the toe dune) (Fig. 

4.3b).  
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Figure 4.3 - Morphometric parameters measured for each beach identified through aerial 

orthophotos. The lengths and areas of the morphometric parameters differ according to 

the methodological approach adopted: (a) Bowman et al., 2009; (b) Fellowes et al., 2009 

(from Usai et al., 2025a). 

In this study, two time series of aerial orthophoto mosaics were used: 

• 2006-2008 time series (scale 1: 2000) were used as a working base to identify the 

beaches along the studied coastline, update the number of beaches reported in the 

Coastal Plan (P.A.C.) (Regione Sardegna, 2013), and digitize their respective 

morphometric parameters (except for parameters S1 and S2). The shapefile of 

Sardinia coastline (scale 1:2000), available online in the Geoportal of “Regione 

Autonoma della Sardegna” (https://www.sardegnageoportale.it/accessoaidati/ 

downloaddati), was taken as a reference to measure the total length of the 

embayment S1 and the total length of the emerged beach S2. 

• 2019 time series (scale 1: 2000) were used to identify and update the changes in 

the studied coastline compared to the 2006-2008 aerial orthophotos. These 

changes in the coastline are associated with the construction of new engineering 

structures (e.g., marinas, jetties, groynes, etc.). 

To facilitate the digitization of morphometric parameters and data processing, a 

regular grid with a mesh size of 4 x 4 km was created in order to extract the aerial 

orthophoto mosaics of the studied coastline. Subsequently, the overlapping of the 

extracted aerial orthophotos with the Sardinia coastline enabled the mapping and 

quantification (lengths and areas) of the morphometric parameters analysed in this study. 

https://www.sardegnageoportale.it/accessoaidati/downloaddati
https://www.sardegnageoportale.it/accessoaidati/downloaddati
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To investigate the influence of headlands on embayed beaches and the resulting 

shadow zones (“degree of protection”), wave data of the study area were analysed. For this 

purpose, the studied coastal stretch was divided into 10 sectors (Fig. 4.4). Within each 

sector, a nearshore point (called in this work “virtual buoys”; yellow dots in Fig. 4.4) was 

selected to extract wave data from the Copernicus Marine Environment Monitoring Service 

- CMEMS (Korres et al., 2021). The location of the virtual buoys coincides with the nodes of 

CMEMS grid (Fig. 4.4). For each virtual buoy, the values of offshore significant wave height 

(Hs), wave period (T) and mean wave direction (Dir) were downloaded over a 10-years 

period (from 1 January 2011 to 1 January 2021). The main wave directions for each virtual 

buoy were estimated based on the direction with the highest frequency percentage. For all 

those beaches located in the same sector, the mean values of the considered wave 

parameters (Hs, T, Dir) were assumed to be the same. 

Figure 4.4 - Location of virtual buoys along the studied coastal stretch, which was divided 

into 10 sectors. The bathymetry is highlighted by the dashed orange lines at -10 m, -50 m 

and -100 m (from Usai et al., 2025). 

 

Once the morphometric parameters had been measured, a set of indices and 

parameters was calculated for each beach identified: 

• Platform Index (I) (Bowman et al., 2009), also known as “Indentation Ratio” (Hsu et 

al., 1989a, 1989b): 

          𝐼 = 𝑎 𝑅𝑜⁄                                                  (4.1) 

where a is the Bay indentation and Ro is the spacing of the headlands. 
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• Embayment Morphometric Parameter (γe) (Fellowes et al., 2019): 

𝛾𝑒 = 𝑎 √𝐴𝑒⁄                                               (4.2) 

where a is the bay indentation and Ae is the embayment area. 

 

• Bay filling Index (Bowman et al., 2009): 

𝑆2 𝑆1⁄                                                     (4.3) 

where S1 is the total length of the embayment and S2 is the total length of the emerged 

beach (backshore). 

In order to estimate the degree of embaymentisation, beaches were grouped into 

embayment classes following the methodological approach proposed by the authors 

considered in this study (Bowman et al., 2009 and Fellowes et al., 2019). More precisely, 

the beaches were grouped based on the calculated values of the Platform Index (I) using a 

defined classification criterion (Bowman et al., 2009). On the other hand, a K-means cluster 

analysis was applied to group the beaches according to the calculated values of the 

Embayment Morphometric Parameter (γe) (Fellowes et al., 2019). 

Finally, to estimate the degree of headlands impact on the surf zone circulation, the 

Non-Dimensional Embayment Scaling Parameter (δ′) (Short, 1996; Short and Masselink, 

1999) were calculated for each beach: 

   𝛿′ =
𝑆1

2

𝑅𝑜100𝐻𝑏
                                                    (4.4) 

where S1 is the total length of the embayment, Ro is the spacing between the headlands 

and Hb is the breaking wave height. 

 

The values of Hb were estimated using the equation proposed by Short and 

Masselink (1999) (Equation 4.5) and Komar and Gaughan (1972) (Equation 4.6): 

𝐻𝑏 = √𝐻𝑠
2 𝑅𝑜

𝑆1
                                      (4.5) 

 

𝐻𝑏 = 0.39 𝑔 0.2 (𝐻𝑠)2 𝑇 0.4                                  (4.6) 
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where Hs is the offshore significant wave height, Ro is the spacing between the headlands, 

S1 is the total length of the embayment, g is the gravitational acceleration and T is the wave 

period. 

 

Overall, three types of surf zone circulation may occurs based on the δ′ values 

(Short, 1996; Short and Masselink, 1999): 

• δ′ < 8: Cellular beach circulation. 

• δ′ = 8 - 19: Transitional beach circulation. 

• δ′ > 19: Normal beach circulation. 
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4.4 Results 

The analysis of aerial orthophotos resulted in the identification of 79 beaches along 

the studied coastal stretch (Fig. 4.5). Consequently, the number of beaches reported in the 

Coastal Plane (P.A.C) (Table 4.1) has been updated (see Appendix A of the thesis). 

Figure 4.5 - Location of beaches along the studied coastal stretch: (a) beaches reported in 

the Coastal Plane (P.A.C.); (b) beaches identified in this study through the analysis of aerial 

orthophotos from the WMS of “Regione Autonoma della Sardegna” (Coordinate system: 

UTM 32N; Datum: WGS84) (from Usai et al., 2025a). 

Of the 79 beaches identified in this study, two beaches were excluded from the 

morphometric analysis and classification comparison due to their shoreline length. More 

precisely, Poetto beach - Cagliari (with an excessively long shoreline; S2 > 7 Km) and Frutti 

d’Oro beach - Capoterra (with a very short shoreline; S2 < 50 m) were excluded, as their 
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inclusion resulted in inconsistent grouping of beaches into embayment classes during the 

K-means cluster analysis of γe values. Therefore, the comparison and analysis of 

morphometric parameters and the degree of embaymentisation were focused exclusively 

on the remaining 77 beaches.  

Once the morphometric parameters for each beach were digitized and calculated, the 

obtained values of Platform index (I) and Embayment Morphometric Parameter (γe) were 

used to group the beaches into embayment classes according to the methodology proposed 

by the authors (Bowman et al., 2009; Fellowes et al., 2019). The complete list of 

morphometric parameter values calculated in this study is provided in Appendix A of the 

thesis. 

The mean wave values obtained for each coastal sector (Table 4.2) were used to 

define the values and percentages of beach shadow zones, as well as to calculate the δ′ 

parameter. The processed wave data revealed that, over a 10-year period (1 January 2011 

to 1 January 2021), the studied coastal stretch was characterised by average significant 

wave heights Hs ranging from 0.8 m to 1.5 m and wave period T ranging from 5.5 s to 6.8 s 

(Table 4.2). Furthermore, the analysis of average wave direction indicated two predominant 

directions of incoming waves along the study area: the first (Dir1) ranging from 130° and 

145° (S-SE); the second (Dir2) ranging from 215° and 260° (SW-S) (Fig. 4.6). For Sectors 5, 6 

and 7, a single wave direction (Dir1) was considered in the calculation of the shaded zones, 

as the frequency of waves coming from the opposite sector (Dir2) was very low (Table 4.2). 

 

Table 4.2 

Mean wave values (offshore significant wave height - Hs; wave period - T; mean wave 

direction - Dir1 and Dir2) associated with each virtual buoy along the studied coastal stretch 

(from 1 January 2011 to 1 January 2021). The coordinates refer to the WGS84 Coordinate 

system. 

Virtual 

buoy 

Hs  

(m) 

T  

(s) 

Dir1 

(°) 

Dir2  

(°) 

Latitude  

(N) 

Longitude 

(E) 

1 0.8 5.9 135 235 38° 53’ 45’’ 8° 42’ 30’’ 

2 1.5 6.8 125 260 38° 51' 15" 8° 50' 00" 

3 1.2 6.2 130 235 38° 53' 45" 8° 57' 30" 

4 1.1 6.0 130 230 38° 56' 15" 9° 02' 30" 

5 1.0 5.9 130 - 39° 01' 15" 9° 05' 00" 

6 0.8 5.9 135 - 39° 08' 45" 9° 05' 00" 

7 0.8 5.5 145 - 39° 11' 15" 9° 12' 30" 

8 0.9 5.7 145 215 39° 08' 45" 9° 17' 30" 

9 1.1 6.0 135 225 39° 06' 15" 9° 22' 30" 

10 1.2 6.0 135 225 39° 06' 15" 9° 27' 30" 
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Figure 4.6 - Values of offshore significant wave height Hs and mean wave direction Dir for 

each virtual buoy along the studied coastline (aerial orthophotos from the WMS of 

“Regione Autonoma della Sardegna”; Coordinate system: UTM 32N; Datum: WGS84) (from 

Usai et al., 2025a). 

 

4.4.1 Classification of the degree of embaymentisation: Platform Index (I) 

The degree of embaymentisation, estimated using the Platform Index (I) (Bowman et 

al., 2009), led to the classification of beaches into five embayment classes. The degree of 

embaymentisation increases progressively from Class 1 to Class 5. Overall, the values of 

Platform Index (I) range between 0.05 and 1.94. Each embayment class is defined by a 

classification criterion based on the values of Ro and a (Table 4.3). 

• Class 1 includes 23 beaches and is defined by I values ranging from 0.05 and 0.25. 

Beaches in this class show Ro values that are more than 4 times greater than the 

values of a (Ro > 4a). Consequently, beaches in Class 1 are characterised by the 

highest values of Ro and the lowest values of bay indentation a. The shoreline shapes 

tend to be almost rectilinear, bordered by headlands with a typically divergent 

configuration. Furthermore, Class 1 shows the highest values of S2 and Ae, while the 

values of S3 are among the lowest. Overall, Class 1 represents the group of beaches 

with the lowest degree of embaymentisation. 

• Class 2 includes 15 beaches and is defined by I values ranging from 0.26 and 0.39. 

Beaches in this class show Ro values ranging from 2.5 and 4 times the values of a (Ro 

≈ 2.5a - 4a). Compared to the previous class, the distance between the headlands 
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Ro begins to decrease, while the bay indentation a increases. Similarly, the values of 

S2 and Ae decrease, whereas the lengths of the shaded beach S3 increase. Beaches 

in this class begin to acquire more curved shoreline shapes, whit headlands that are 

not always divergent from each other. 

• Class 3 includes 29 beaches and is defined by I values ranging from 0.40 and 0.70, 

while Class 4 includes 5 beaches and is characterised by I values ranging from 0.72 

and 0.95. Beaches in Class 3 show Ro values ranging from 1.5 and 2.5 times the 

values of a (Ro ≈ 1.5a - 2.5a), while beaches in Class 4 show Ro values ranging from 

1.5 and 1 times the values of a (Ro ≈ 1.5a - 1a). In both classes, the distances 

between headlands Ro continue to decrease while the values of bay indentation a 

continue to increase. At the same time, the values of S2 and Ae show a continue 

decreasing, whereas the length of the shaded beach S3 continues to increase, with 

average values above 40%. Consequently, beaches in these classes progressively 

continue to acquire more curved shape. The highest number of beaches identified 

in this study is found in Class 3. 

• Class 5 includes 5 beaches and is defined by I values ranging from 1.05 and 1.94. 

Beaches in this class show Ro values lower than a values (Ro < a). Compared to the 

previous class, the distances between headlands Ro continue to decrease, while the 

values of bay indentation a continue to increase. However, some parameters (S1, Ae 

and Bw) show slight variations from the increasing and decreasing values observed 

in earlier classes (Table 4.3). Class 5 represents the class with the highest degree of 

embaymentisation, and beaches are characterised by a curved shoreline. 

Additionally, over 60% of the emerged beach is shaded S3, due to the very limited 

shoreline length S2 in this class. 

Considering the increasing and decreasing values obtained for the five embayment 

classes, the Bay filling Index (S2/S1) also shows a decrease in values from Class 1 to Class 5 

(Table 4.3). 
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Table 4.3 

Mean values of morphometric parameter and indices calculated for each embayment class 

identified through the Platform Index (I) (Bowman et al., 2009). 

Embayment Class 1 2 3 4 5 

Number of 

beaches 

23 15 29 5 5 

Platform Index (I) 0.05 - 0.25 0.26 - 0.39 0.40 - 0.70 0.72 - 0.95 1.05 - 1.94 

Classification 

criterion 

Ro > 4a Ro ≈ 2.5-4a Ro ≈ 1.5-2.5a Ro ≈ 1-1.5a Ro < a 

Ro (m) 1093 761 481 300 257 

a (m) 165 256 251 229 347 

S1 (m) 1358 1279 1026 951 1217 

S2 (m) 972 483 310 281 163 

S3 (Dir1) (%) 7 15 43 78 62 

S3 (Dir2) (%) 3 10 40 62 75 

Ae (m2 x 103) 194 182 139 85 101 

Bw (m) 39 36 28 25 38 

Bay filling Index 

(S2/S1) 

0.65 0.43 0.30 0.21 0.14 

 

4.4.2 Classification of the degree of embaymentisation: Embayment 

Morphometric Parameter (γe) 

The degree of embaymentisation, estimated using the Embayment Morphometric 

Parameter (γe) (Fellowes et al., 2019), led to the classification of beaches into four 

embayment classes. The optimal number of embayment classes and the beach grouping 

were obtained through the K-means cluster analysis of γe values (Fig. 4.7). The degree of 

embaymentisation increases progressively from Class 1 to Class 4 and the values of 

Embayment Morphometric Parameter (γe) range between 0.34 and 1.63 (Table 4.4). Overall, 

the increasing and decreasing values of morphometric parameters and indices identified 

through the previous classification approach (Table 4.3) appear very similar to those 

obtained following the method proposed by Fellowes et al. (2019) (Table 4.4). 

• Class 1 includes 12 beaches and is defined by γe values ranging from 0.34 and 0.56. 

Beaches in this class show the highest values of Ro and the lowest values of a. 

Additionally, beaches are characterised by the highest values of Ae, Bw, S1 and S2, 

whereas the values of S3 are among the lowest within this class. Class 1 includes all 

those beaches with the lowest degree of embaymentisation. 
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• Class 2 includes 31 beaches and is defined by γe values ranging from 0.59 and 0.81. 

Compared to the previous class, the distance between headlands Ro begins to 

decrease, although the mean value of the bay indentation a remains unchanged. 

Overall, there is also a decrease in the values of S1, S2, Ae and Bw, while an increase 

in S3 values is observed. The highest number of identified beaches in this study is 

found in Class 2. 

• Class 3 includes 25 beaches and is defined by γe values ranging from 0.82 and 1.08. 

Similar to the previous class, a decrease in the mean values of Ro, S2 and Bw is 

observed, whereas the mean value of S3 shows an increase. The mean values of a, 

S1 and Ae are slightly higher than in the previous Class 2. 

• Class 4 includes 9 beaches and is defined by γe values ranging from 1.12 and 1.63. 

This class includes all those beaches with the highest degree of embaymentisation. 

The mean values of Ro, S1, S2, Ae and Bw are among the lowest, while the mean values 

of S3 is among the highest (considering both wave directions Dir). Moreover, the 

mean value of the bay indentation a is slightly lower than in the previous Class 3. 

Overall, the beaches gradually take on a shape from almost rectilinear (Class 1) to 

very curvilinear (Class 4), accompanied by a decrease in the values of Bay filling Index (S2/S1) 

from Class 1 to Class 4. 

Figure 4.7 - Grouping of the identified beaches into embayment classes using the K-means 

cluster analysis of the γe values. Coloured dots represent individual beaches while black “X” 

marks indicate the centroid of each cluster (from Usai et al., 2025a). 
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Table 4.4 

Mean values of morphometric parameter and indices calculated for each embayment class 

identified through the Embayment Morphometric Parameter (γe) (Fellowes et al., 2019). 

Embayment Class 1 2 3 4 

Number of beaches 12 31 25 9 

Embayment Morphometric 

Parameter (γe) 

0.34 - 0.56 0.59 - 0.81 0.82 - 1.08 1.12 - 1.63 

Ro (m) 1557 631 520 226 

a (m) 220 220 300 290 

S1 (m) 2034 1144 1231 1036 

S2 (m) 1632 529 412 186 

S3 (Dir1) (%) 4 30 34 64 

S3 (Dir2) (%) 3 16 41 66 

Ae (m2 x 103) 301 144 169 68 

Bw (m) 39 36 28 25 

Bay filling Index (S2/S1) 0.79 0.48 0.29 0.21 

 

4.4.3 Classification comparison: I and γe 

The comparison between the two classifications (Platform Index and Embayment 

Morphometric Parameter) highlighted a different grouping of some beaches along the 

studied coastline (Fig. 4.8; Table 4.5). More precisely, a partial and total overlap of the 

embayment classes is observed. Beaches in Class 1 identified through the Embayment 

Morphometric Parameter (γe) are entirely contained within Class 1 (I) (Fig. 4.8). On the 

other hand, beaches in Class 2 (γe) are contained in Classes 1, 2 and 3 when classified with 

the Platform Index (I). Similarly, beaches in Class 3 (γe) are contained in Classes 2(I), 3(I) and 

4(I), while beaches in Class 4 (γe) are contained in Classes 3(I), 4(I) and 5(I). (Fig. 4.8). 

Despite differences in beach grouping, the comparison between the two classifications 

revealed a high positive correlation (R = 0.89). 
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Figure 4.8 - Comparison between the two classifications, Platform Index (classes are marked 

by colours) and Embayment Morphometric Parameter (classes are marked by symbols), 

both used to estimate the degree of beach embaymentisation. A high positive correlation 

(R = 0.89) was observed between the values of I and γe (from Usai et al., 2025a). 
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Table 4.5 

Embayment classes resulting from the classification with the Platform Index (I) and the 

Embayment Morphometric Parameter (γe). 

ID  
Code 

Embayment Classes ID  
Code 

Embayment Classes 

I γe I γe 

1 3 2 41 1 1 
2 3 3 42 1 2 
3 5 4 43 3 2 
4 2 2 44 3 2 
5 4 4 45 - - 
6 3 3 46 1 1 
7 3 3 47 3 2 
8 1 2 48 1 1 
9 3 3 49 3 4 

10 3 3 50 1 1 
11 3 3 51 1 1 
12 5 4 52 3 3 
13 4 3 53 1 2 
14 3 3 54 3 3 
15 3 3 55 - - 
16 3 2 56 1 1 
17 2 2 57 3 3 
18 3 3 58 2 2 
19 5 4 59 3 3 
20 5 4 60 2 2 
21 4 4 61 3 3 
22 3 3 62 1 1 
23 4 4 63 2 2 
24 1 2 64 1 2 
25 2 2 65 3 3 
26 2 3 66 3 3 
27 2 2 67 1 2 
28 3 3 68 2 2 
29 1 2 69 2 2 
30 1 1 70 3 3 
31 1 1 71 1 2 
32 1 1 72 2 2 
33 1 2 73 2 2 
34 2 2 74 2 2 
35 2 2 75 5 4 
36 1 2 76 3 3 
37 1 1 77 3 2 
38 4 3 78 1 2 
39 3 3 79 3 3 
40 1 1    
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4.4.4 Influence of headlands on surf zone circulation 

The calculated values of δ′ were used to estimate the degree of headland impact on 

surf zone circulation within the studied beaches. For this proposal, both classification 

approaches (Bowman et al., 2009; Fellowes et al., 2019) and both equations for calculating 

Hb values (Short and Masselink, 1999; Komar and Gaughan, 1972) were applied. The results 

indicated that the two Hb equations lead to different values of δ′ (Table 4.6). The complete 

list of the surf zone circulation types identified for each beach is provided in Appendix A of 

the thesis. 

• The δ′ values obtained using the Hb equation proposed by Short and Masselink 

(1999) highlighted that most of the identified beaches are characterised by a 

“normal beach circulation” (δ′ > 19). More precisely, 44 beaches (57%) are in this 

conduction when classified with the Platform Index (I), and 52 beaches (67%) when 

classified with the Embayment Morphometric Parameter (γe). Overall, the values of 

δ′ range from 2.4 to 351.0 (Bowman et al., 2009 method) and from 3.3 to 448.5 

(Fellowes et al., 2019 method). 

• The δ′ values obtained using the Hb equation proposed by Komar and Gaughan 

(1972) highlighted that most of the identified beaches are characterised by a 

“cellular beach circulation” (δ′ < 8) (45%), when classified with the Platform Index 

(I), or both “cellular beach circulation” (35%) and “transitional beach circulation” (8 

< δ′ < 19) (35%), when classified with the Embayment Morphometric Parameter (γe). 

Beaches characterised by “normal beach circulation” (δ′ > 19) are less than 30%: 

23% when classified with the Platform Index (I) and about 30% when classified with 

the Embayment Morphometric Parameter (γe). Overall, the values of δ′ range from 

1.2 to 98.2 (Bowman et al., 2009 method) and from 1.7 to 119.5 (Fellowes et al., 

2019 method). 
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Table 4.6 

Numbers of beaches within each interval of the Non-Dimensional Embayment Scaling 

Parameter (δ′), obtained by considering both classification methods (Bowman et al., 2009; 

Fellowes et al., 2019) and both formulations used for calculation Hb values (Short and 

Masselink, 1999; Komar and Gaughan, 1972). 

Breaking wave height (Hb) equation Short and Masselink, 1999 Komar and Gaughan, 1972 

Non-Dimensional Embayment 
Scaling Parameter (δ′) 

< 8 8 - 19 > 19 < 8 8 - 19 > 19 

Platform Index (I) 

Class 1 8 5 10 12 7 4 

Class 2 3 3 9 7 7 1 

Class 3 3 10 16 14 6 9 

Class 4 0 1 4 1 2 2 

Class 5 0 0 5 1 2 2 

Embayment 
Morphometric 
Parameter (γe) 

Class 1 0 3 9 1 7 4 

Class 2 6 9 16 15 11 5 

Class 3 0 7 18 9 6 10 

Class 4 0 0 9 2 3 4 

 

4.4.5 Natural and artificial embayments 

The identification of beaches along the studied coastal stretch was accompanied by 

an analysis of the embayment types, distinguishing between natural or artificial 

embayments. Embayments without the presence of artificial structures within them, or 

along their lateral boundaries, were considered as “natural”. On the other hand, 

embayments were considered “artificial” if one or both headlands are artificial, or if 

engineering structures were present within the embayment.  

Among the embayments analysed along the studied coastline, 57 (74%) were 

defined as natural, whereas the remaining 20 (26%) were defined as artificial (Table 4.7). 

The results highlighted that the mean values of the morphometric parameters Ro, a, S1, S2, 

S3, Ae and  Bw are higher for artificial embayments than for the natural ones. However, the 

mean values of the morphometric parameters a and Bw do not show wide differences 

between the two embayment types. In addition, the mean value of Bay filling Index (S2/S1) 

is higher for artificial embayments than for natural ones. Oppositely, natural embayments 

are more indented than artificial ones, as the mean value of Platform Index and Embayment 

Morphometric Parameter are higher (Table 4.7). 
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The analysis of aerial orthophotos revealed that, among the 20 artificial 

embayments examined, 8 are laterally delimited by a single artificial headland, while 11 are 

confined by artificial headlands on both boundaries. Furthermore, 4 of the 20 artificial 

embayments show a harbour or marina as a headland. On the other hand, only one of the 

identified artificial embayment does not show artificial headland but contain engineering 

structures within the embayment that influence its hydrodynamic circulation. Overall, 5 of 

the 20 artificial embayments present engineering structures within their embayment area, 

such as breakwaters, groynes, or similar structures. 

 

Table 4.7 

Morphometric parameter values and main characteristics of natural and artificial 

embayments identified along the studied coastal stretch. 

Morphometric parameters 
Bowman et al., 2009 Fellowes et al., 2019 

Natural Artificial Natural Artificial 

Ro (m) 631 865 631 865 

a (m) 229 236 255 256 

S1 (m) 1141 1298 1260 1409 

S2 (m) 448 765 543 850 

S3 (Dir1) (%) 26 27 28 28 

S3 (Dir2) (%) 31 46 33 47 

Ae (m2 x 103) 140 209 150 219 

Bw (m) 34 37 34 37 

Platform Index (I) 0.46 0.37 - - 

Embayment Morphometric Parameter (γe) - - 0.832 0.729 

Bay filling Index (S2/S1) 0.38 0.52 0.40 0.54 

Embayment characteristics Natural Artificial 

Number of beaches 57 20 

One artificial headland - 8 

Both artificial headlands - 11 

Embayment with artificial structures - 5 

Harbour as headland  - 4 
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4.5 Discussion 

Morphometric analysis of the beaches along the studied coastal stretch provided 

valuable insights into microtidal beaches, particularly in estimating their degree of 

embaymentisation, understanding their potential hydrodynamic circulation within the surf 

zone and identifying morphometric characteristics associated with the presence or absence 

of artificial structures. 

 

4.5.1 Morphometric parameters and classification comparison 

The application of the classification methodologies proposed by the authors 

considered in this study (Bowman et al., 2009; Fellowes et al., 2019) led to an almost 

appropriate grouping of the beaches along the studied coastal stretch, based on their 

degree of embaymentisation. Although the comparison of the two classification indices 

(Platform Index and Embayment Morphometric Parameter) showed a high value of 

correlation (R = 0.89) (Fig. 4.8), it is appropriate to take into account some differences:  

• The methodologies used to attribute the degree of embaymentisation to each beach 

is different. The Platform Index (I) is based on a ratio between two lengths: the 

indentation of the embayment (a) and the distance between the headlands (Ro). 

Beaches are then grouped according to the ranges of I values. In contrast, the 

Embayment Morphometric Parameter (γe) is based on a ratio between a length (bay 

indentation - a) and an area (embayment area - Ae). In this case, the beaches are 

grouped using a K-means cluster analysis of the obtained γe values. Furthermore, 

the two methodological approaches adopt different criteria for measuring the 

morphometric parameters (Fig. 4.3). 

• The number of embayment classes considered also differs. The Platform Index (I) 

grouped the identified beaches into five classes. On the other hand, the Embayment 

Morphometric Parameter (γe) resulted in four embayment classes through a K-mean 

cluster analysis (Fig. 4.7). 

Overall, the observed differences and the relative morphometric analysis indicate 

that the Embayment Morphometric Parameter (γe) appears more suitable than Platform 

Index (I) for classifying the microtidal embayed beaches under study. Aerial orthophoto 

analysis of the study area revealed substantial variability in the shape and size of the 

embayments. In this context, the classification based on the Embayment Morphometric 

Parameter (γe), characterised by a smaller number of embayment classes, proves more 

effective for grouping beaches according to their embayment area. Conversely, the Platform 

Index (I), as noted in the scientific literature (Klein and Menezes, 2001; Fellowes et al., 

2019), is more appropriate for beaches with curved shorelines and tends to be less effective 

for those with straighter coastal configurations. Additionally, the length of the emerged 
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beach S2 has been identified as a valuable parameter for estimating the degree of 

embaymentisation of beaches. Beaches with a lower degree of embaymentisation, usually 

characterised by wider and more open coastal configurations, tend to exhibit longer 

shoreline lengths. Conversely, beaches with a higher degree of embayment generally show 

shorter shoreline length. 

A more detailed analysis of the morphometric parameters used to classify the 

degree of embaymentisation highlighted that the length of the bay indentation a show a 

higher correlation with the area of the embayment Ae (R = 0.81) (Fig. 4.9b) than the 

headlands spacing Ro (R = 0.47) (Fig. 4.9a). This finding could suggest that the Embayment 

Morphometric Parameter (γe), which is based on Ae, is a more suitable for classifying the 

degree of embaymentisation of beaches with varying shapes and sizes. In contrast, the 

Platform Index (I), which is based on the distance of headlands Ro, appears to be less 

suitable in classifying the morphological beach variability of such coastal configurations. 

Figure 4.9 - Correlation between morphometric parameters used to classify the embayed 

beaches: (a) bay indentation a and headland spacing Ro (Platform Index; a/Ro) (R = 0.47); 

(b) bay indentation a and embayment area (Ae) (Embayment Morphometric Parameter; 

a/√Ae) (R = 0.81) (from Usai et al., 2025a). 

Furthermore, the values of correlation obtained between the morphometric 

parameters and indices using the two methods (Bowman et al., 2009, Table 4.8; Fellowes 

et al., 2019, Table 4.9) show a significant high positive correlation between: 

• The headlands spacing Ro and the length of the embayment S1 (R = 0.87 and 0.87), 

the length of the emerged beach S2 (R = 0.93 and 0.92) and the area of the 

embayment Ae (R = 0.80 and 0.82). 

• The area of the embayment Ae and the length of the embayment S1 (R = 0.91 and 

0.91) and the length of the emerged beach S2 (R = 0.76 and 0.76). 

• The bay indentation a and the length of the embayment S1 (R = 0.81 and 0.81). 

• The Platform Index (I) and the Embayment Morphometric Parameter (γe) (R = 0.89 

and 0.89). 
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Conversely, the correlation values for the maximum width of the emerged beach Bw 

and length of the shaded zone S3 (considering both directions Dir1 and Dir2) were not as 

high as those observed for the other morphometric parameters (Table 4.8; Table 4.9). 

Although these two parameters (Bw and S3) vary with the degree of embaymentisation 

(Table 4.3; Table 4.4), the correlation results suggest that they are not suitable as standalone 

parameters for defining or classifying the embayment classes of beaches. 

Overall, the values of morphometric parameters obtained, and their correlation 

values, have been essential for estimating the morphometric characteristics of embayments 

and the “degree of protection” of beaches. In this context, the configuration of headlands 

plays a crucial role: when headlands are arranged in a convergent configuration and/or are 

closely spaced, they can contribute to dissipate the energy of incoming waves (Fellowes et 

al., 2019). In this context, beaches with a high degree of embaymentisation could be better 

protected than those with a lower degree (Usai et al., 2024). This observation is supported 

by the obtained values of S3 considering the main wave directions for each sector, which 

show that beaches with high degree of embaymentisation typically show shadow zone 

lengths exceeding 60%, whereas beaches with low degree of embaymentisation show 

values of S3 below 10%. Therefore, a higher percentage of shadow zone length could be 

considered as an indicator of greater beach protection from incoming waves, mainly due to 

the reduced spacing between headlands. 
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Table 4.8 

Values of correlation (R) for each morphometric parameters and indices, based on the 

methodological approach suggested by Bowman et al. (2009). Upward arrows (↑) indicate 

strong correlation (R2 > 0.70), while the bold and underlined values denote statistically 

significant correlation. Values of correlation were calculated according to the Pearson 

correlation, considering a significance level of p < 0.01. 

 I γe S2/S1 a Ro S1 S2 
S3 

(Dir1) 
S3 

(Dir2) 
Ae Bw 

I - 
0.89 
(↑) 

-0.61 0.36 -0.41 -0.04 -0.38 0.41 0.55 -0.08 0.03 

γe 
0.89 
(↑) 

- -0.76 0.26 -0.53 -0.18 -0.55 0.49 0.48 -0.18 -0.11 

S2/S1 -0.61 0.76 - -0.14 0.51 0.19 0.68 -0.48 -0.35 0.21 0.19 

a 0.36 0.26 -0.14 - 0.47 
0.81 
(↑) 

0.36 -0.01 -0.16 
0.82 
(↑) 

0.37 

Ro -0.41 -0.53 0.51 0.47 - 
0.87 
(↑) 

0.93 
(↑) 

-0.37 -0.40 
0.80 
(↑) 

0.30  

S1 -0.04 -0.18 0.19 
0.81 
(↑) 

0.87 
(↑) 

- 0.76 -0.22 -0.23 
0.91 
(↑) 

0.40 

S2 -0.38 -0.55 0.68 0.36 
0.93 
(↑) 

0.76 - -0.36 -0.31 0.72 0.32 

S3 
(Dir1) 

0.41 0.49 -0.48 -0.01 -0.37 -0.22 -0.36 - 0.20 -0.20 -0.11 

S3 

(Dir2) 
0.55 0.48 -0.35 -0.16 -0.40 -0.23 -0.31 0.20 - -0.32 -0.11 

Ae -0.08 -0.18 0.21 
0.82 
(↑) 

0.80 
(↑) 

0.91 
(↑) 

0.72 -0.20 -0.32 - 0.35 

Bw 0.03 -0.11 0.19 0.37 0.30  0.40 0.32 -0.11 -0.11 0.35 - 
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Table 4.9 

Values of correlation (R) for each morphometric parameters and indices, based on the 

methodological approach suggested by Fellowes et al. (2019). Upward arrows (↑) indicate 

strong correlation (R2 > 0.70), while the bold and underlined values denote statistically 

significant correlation. Values of correlation were calculated according to the Pearson 

correlation, considering a significance level of p < 0.01. 

 I γe S2/S1 a Ro S1 S2 
S3 

(Dir1) 
S3 

(Dir2) 
Ae Bw 

I - 
0.89 
(↑) 

-0.55 0.31 -0.44 -0.09 -0.36 0.36 0.54 -0.13 0.10 

γe 
0.89 
(↑) 

- -0.71 0.19 -0.57 -0.25 -0.55 0.40 0.48 -0.24 -0.02 

S2/S1 -0.55 0.71 - -0.09 0.51 0.25 0.68 -0.50 -0.32 0.26 0.24 

a 0.31 0.19 -0.09 - 0.48 
0.81 
(↑) 

0.41 -0.01 -0.14 
0.81 
(↑) 

0.47 

Ro -0.44 -0.57 0.51 0.48 - 
0.87 
(↑) 

0.92 
(↑) 

-0.37 -0.39 
0.82 
(↑) 

0.30 

S1 -0.09 -0.25 0.25 
0.81 
(↑) 

0.87 
(↑) 

- 
0.80 
(↑) 

-0.25 -0.22 
0.91 
(↑) 

0.49 

S2 -0.36 -0.55 0.68 0.41 
0.92 
(↑) 

0.80 
(↑) 

- -0.38 -0.29 0.76 0.42 

S3 
(Dir1) 

0.36 0.40 -0.50 -0.01 -0.37 -0.25 -0.38 - 0.12 -0.21 -0.12 

S3 

(Dir2) 
0.54 0.48 -0.32 -0.14 -0.39 -0.22 -0.29 0.12 - -0.31 -0.28 

Ae -0.13 -0.24 0.26 
0.81 
(↑) 

0.82 
(↑) 

0.91 
(↑) 

0.76 -0.21 -0.31 - 0.40 

Bw 0.10 -0.02 0.24 0.47 0.30 0.49 0.42 -0.12 -0.08 0.40 - 
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4.5.2 Geographical distribution of embayed beaches and their embayment 

classes 

The geographical distribution of the embayment classes along the studied coastline 

showed that both classification parameters (Platform Index and the Embayment 

Morphometric Parameter) lead to a consistent distribution of the analysed beaches (Fig. 

4.10). However, a more detailed analysis highlighted that the distribution of beaches is 

more suitable when they are classified with the Embayment Morphometric Parameter (γe) 

(Fig. 4.10b) rather than the Platform Index (I) (Fig. 4.10a). Significant differences were 

observed in Sectors 1, 2, 10 and the western part of Sector 3, which correspond to the 

extremities of the studied coastline. The Embayment Morphometric Parameter provided a 

more consistent grouping of these beaches compared to the Platform Index, despite 

considering a lower number of embayment classes. The Platform Index appeared more 

selective, sometimes assigning embayment classes that are higher or lower than those 

determined using the Embayment Morphometric Parameter. 

The geological heritage and geomorphological variability along the studied 

coastline, combined with the heterogeneity in beach shapes, longshore and cross-shore 

lengths, strongly influences the geographical distribution of embayment beaches and their 

corresponding embayment classes. The western and eastern sectors, predominantly 

characterised by intrusive rocky outcrops (mainly granitoids), feature beaches with a higher 

degree of embaymentisation, which geometries reflect the geomorphological structures 

associated with these lithologies. In contrast, the central sectors show a lower degree of 

embaymentisation, largely due to the presence of flat areas resulting from a tectonic graben 

structure. As a result, central sectors are dominated by straight beaches with a limited 

occurrence of rocky headlands. 
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Figure 4.10 - Embayment classes distribution along the investigated coastline, classified 

using: (a) Platform Index (I); (b) Embayment Morphometric Parameter (γe) (from Usai et al., 

2025a). 

 

4.5.3 Types of surf zone circulation on embayed beaches and their 

geographical distribution 

The calculated values of δ′ for each beach provided the basis for estimating surf zone 

circulation types (normal, transitional and cellular) along a coastal stretch featuring 

different geomorphological characteristics (e.g., shapes and sizes of beach and 

embayment), wave exposures and breaking wave conditions. The geographical distribution 

of surf zone circulation types along the studied coastline highlighted a wide variability in 

values of δ′, associated with the Hb equations adopted (Fig. 4.11, 4.12): 
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• Considering the Hb equation proposed by Short and Masselink (1999), over 50% of 

the analysed beaches show values of δ′ > 19 (Fig. 4.11). These values correspond to 

a “normal beach circulation”, where morphodynamic processes are either not 

influenced or weakly influenced by the presence of rocky headlands, or are 

characterised by low significant wave height values (Short, 1996; Short and 

Masselink, 1999; Castelle and Coco, 2012). Such circulation patterns include rip 

current systems, as they can develop from other morphodynamic processes (Short, 

1996; Castelle et al., 2016). However, it was observed that several beaches with 

values of δ′ > 19 are characterised by the presence of headlands, whose 

configuration and orientation probably influence their local hydrodynamic 

processes. As a result, the development of one or more rip current systems within 

the surf zone may be frequent, particularly where the analysis of aerial orthophotos 

shows closely spaced headlands and deeply bay indentation. Rip current systems on 

some beaches analysed along the studied coastal stretch have been reported in 

earlier studies (De Muro et al., 2016; Buosi et al., 2019a; Porta et al., 2020; Trogu et 

al., 2020). 

• Considering the Hb equation proposed by Komar and Gaughan (1972), 

approximately less than 30% of the analysed beaches show values of δ′ > 19 (Fig. 

4.12). In this case, the values of δ′ appear more suitable with the identified surf zone 

circulation types, which show a more uniform distribution along the coastline. 

However, some beaches still presented values of δ′ that outside the ranges defined 

by Short and Masselink (1999), as also noted in the study of Fellowes et al. (2019). 

This suggests that the calculated values of δ′ tend to either overestimate or 

underestimate the circulation type within the surf zone and, consequently, the 

influence of headlands on hydrodynamic processes (particularly in Sectors 1 and 6). 

Overall, although the formulation proposed by Short and Masselink (1999) accounts 

for the effect of embaymentisation, the formulation suggested by Komar and Gaughan 

(1972), which incorporates a standard correction factor to convert offshore significant wave 

height Hs into breaking wave height Hb, has proven more effective in estimating surf zone 

circulation types along the investigated coastline. The integration of real hydrodynamic data 

(such as velocities and locations of rip current systems), as well as a more detailed analysis 

of the resulting δ′ values, could enhance the understanding of the morphodynamic 

processes shaping embayed beaches. Additionally, coastal hydrodynamic modelling can be 

used to estimate whether the predicted circulation types align with those produced by 

numerical simulations. 

These types of analysis are particularly relevant, as the occurrence of rip current 

systems can lead to significant changes in coastal morphology, including the erosion of 

dune-systems, beaches and the surf zone, especially during storm events (Loureiro et al., 
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2012a; Gallop et al., 2020). In addition, the presence of rip currents may indicate the 

development of preferential rip channels that facilitate offshore sediment transport. 

Consequently, classifying surf zone circulation types becomes a valuable tool for identifying 

all those beaches that are more susceptible to the development of rip currents, information 

that can be crucial for ensuring the safety of beach users and improving the effectiveness 

of rescue operations (Castelle et al., 2016). 

Figure 4.11 - Geographical distribution of surf zone circulation types (range of δ′ values) in 

the studied embayment, classified using the Embayment Morphometric Parameter 

(Bowman et al., 2009) and the Hb equation suggested by: (a) Short and Masselink, 1999 

(coloured rhombuses); (b) Komar and Gaughan, 1972 (coloured triangles). 
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Figure 4.12 - Geographical distribution of surf zone circulation types (range of δ′ values) in 

the studied embayment, classified using the Embayment Morphometric Parameter 

(Fellowes et al., 2019) and the Hb equation suggested by: (a) Short and Masselink, 1999 

(coloured rhombuses); (b) Komar and Gaughan, 1972 (coloured triangles) (from Usai et al., 

2025a). 

 

4.5.4 Types of embayments (Natural and Artificial) and their geographical 

distribution 

The classification of embayments into natural and artificial types highlights the 

geometric differences based on the calculated morphometric parameters. Figure 4.13 

shows the geographical distribution of these embayment types, identifying 20 embayed 

beaches as “artificial”. These artificial embayments are predominantly located in the central 

sectors of the study area, which are strongly urbanised due to the proximity of the city of 
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Cagliari and its hinterland. The flat morphology of these zones has facilitated extensive 

urban development, resulting in long stretches of predominantly straight beaches. 

Analysis of aerial orthophotos reveals that over the past fifty years, the continuity 

of some of these straight beaches has been significantly altered by the construction of 

engineering structures (Biondo et al., 2020).  As a result, these beaches are segmented by 

jetties, marinas, and other rigid infrastructures, forming a series of shorter and more 

embayed beach (e.g., Sector 6). Conversely, where coastal engineering is limited by 

geomorphological constraints, such as high rocky cliffs, or by distance from urban areas, 

natural embayments are predominant. 

Overall, the morphometric analysis indicates that natural embayments are more 

common along the studied coast and exhibit a higher degree of embaymentisation than 

artificial ones. This observation is further supported by the analysis of aerial orthophotos, 

which show that artificial structures (e.g., breakwaters, harbours, groynes, jetties) are 

smaller and less massive compared to the natural headlands. 

Figure 4.13 - Distribution of embayment types along the studied coastal stretch: natural 

(green dots); artificial (orange dots) (from Usai et al., 2025a). 

 

4.6 Conclusions 

The morphometric analysis and classification comparison carried out in this study 

led to the geographical distribution of the embaymentisation degrees of a large number of 

microtidal beaches along the studied coastal stretch, as well as to their main morphometric 

characteristics. More precisely: 

• Detailed geometric analysis of beaches and embayments allowed the association of 

morphometric parameter values with embayment classes using the two 



84 

classification methods considered in this study (Bowman et al., 2009; Fellowes et 

al., 2019). The Embayment Morphometric Parameter (γe) was found to be more 

suitable for the embayments along the coastal stretch, grouping even those with 

less curved shapes. Conversely, the Platform Index (I) led to the classification of 

embayed beaches but sometimes resulted in unexpected class assignments. 

• The integration of morphometric parameters and wave data led to the estimation 

of the “degree of protection” for beaches, facilitating the identification of those less 

vulnerable to direct wave action and those more exposed. Generally, beaches 

characterised by a low degree of embaymentisation are typically more exposed to 

incoming waves, while those with a high degree appear to be better protected (due 

to the reduced distance of headlands and their influence on coastal hydrodynamics). 

• The Non-Dimensional Embayment Scaling Parameter (δ′) (Short, 1996; Short and 

Masselink, 1999), led to an initial estimation of surf zone circulation types influenced 

by the presence of headlands. However, these estimations did not fully correspond 

to the embayment characteristics (classes) observed on the analysed beaches. 

Therefore, further investigation is necessary, integrating field data and numerical 

modelling. This need is particularly critical in areas where artificial structures have 

modified the natural hydrodynamic circulation within embayments, as occurred for 

approximately 25% of the embayments classified as “artificial” in this study. 

In conclusion, this study aimed to provide important insights into the behaviour of 

embayed beaches and their potential responses to artificial and natural pressures (for 

example, extreme storm events, sea-level rise and climate change). These findings provide 

a solid scientific basis for improving coastal management and resilience strategies, aiming 

to protect beach users and preserve beach ecosystems. Increasing human activity on coasts 

has intensified beach usage and demand for recreational spaces, often leading to the 

construction of artificial structures that disrupt natural beach continuity. This is especially 

relevant in Sardinia, located in the central area of Western Mediterranean Sea, where 

geological features as rocky headlands shape coastal morphology and lead to embayed 

beach formation. Given the heterogeneity of these coasts, assessing the degree of 

embaymentisation, as demonstrated in this study, could have wide applications for coastal 

planning worldwide. 
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Chapter 5: ANALYSIS OF SHORELINE CHANGES OF 79 MEDITERRANEAN 

MICROTIDAL BEACHES IN SOUTHERN SARDINIA (ITALY): ACCRETION AND 

RETREAT TRENDS OVER 70 YEARS 

 

 

This chapter provides the main findings presented in: 

Usai, A.; Trogu, D.; Porta, M.; Demuro, S.; Simeone, S., 2025b. 70 years of shoreline changes 

in southern Sardinia (Italy): Retreat and accretion on 79 Mediterranean microtidal beaches. 

Water 17 (17), 2517. https://doi.org/10.3390/w17172517. 

 

5.1 Introduction 

Coastal areas represent some of the most dynamic and evolving environments in 

the world, constantly reshaped by the interplay between natural forces and human 

activities. These interactions drive and govern key coastal processes such as erosion and 

sediment accumulation and redistribution (Green et al., 2003). In particular, coastal erosion 

has become a widespread phenomenon that is expected to accelerate in the coming 

decades due to a convergence of factors: sea level rise and modification in wave regimes 

due to climate change, reduced sediment input from rivers and the increasing pressures 

due to coastal urbanization (Hemer et al., 2013; Luijendijk et al., 2018; Vousdoukas et al., 

2020). 

Although the Mediterranean Sea is a semi-enclosed basin, it appears highly 

susceptible to the effects of global climate change (Schroeder et al., 2017). In fact, recent 

studies have highlighted significant environmental changes in the Mediterranean basin 

associated with increasing sea temperatures, sea level rise and changes in storm dynamics 

(e.g., Chefaoui et al., 2018). Nevertheless, due to coastal heterogeneity and limited spatio-

temporal data availability, projecting future trends in storm activities, both in terms of 

frequency and intensity, remains particularly complex in the Mediterranean context 

(Lionello et al, 2006; Nissen et al., 2010; Casa-Prat and Sierra, 2013; Knutson et al., 2020; 

Lira-Loarca and Besio, 2020). Since the early 21st century, measurements made using 

satellite altimetry and tide-gauge networks have revealed a rate of sea level rise in the 

Mediterranean Sea ranging from approximately 2.5 to 3.6 mm/yr, whit notable variation on 

a regional scale due to geological factors such as, for example, subsidence processes (Dieng 

et al., 2021; Sarkar et al, 2022; Pérez Gómez et al., 2022; Meli et al., 2023). The impacts of 

sea level rise are already evident, particularly in semi-enclosed sub-basins such as the 

Aegean and Adriatic Sea, as well as along the Tunisian coast, where both the intensity and 

occurrence of storm events are intensifying (Pérez Gómez et al., 2022). As a result, coastal 
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flooding in these regions may become more frequent, driven by the combined interaction 

of wave dynamic, tidal fluctuations and weather conditions. 

From an ecological perspective, the Mediterranean Sea is characterised by an 

important ecosystem composed of extensive meadows of Posidonia oceanica, a seagrass 

species of this region. These meadows support high levels of marine biodiversity by serving 

as essential nursery areas for numerous species. In addition to their ecological significance, 

Posidonia oceanica meadows contribute to coastal protection by stabilising seabed 

sediments and dissipating wave energy, as well as improve water quality through oxygen 

production (Duarte, 1991; Gobert et al, 2006). 

Mediterranean beaches, typically characterised by microtidal regimes, are 

particularly sensitive to slight changes in hydrodynamic conditions or sediment availability, 

which can result in significant alterations in shoreline position (Armenio et al., 2019; Feyssat 

et al., 2024). Similarly, embayed beaches (commonly referred to as “pocket beaches”; 

Bowman et al., 2009) are particularly susceptible to these changes due to their limited 

sediment exchange with adjacent sandy beaches and minimal sedimentary input from 

rivers or longshore currents. Embayed beaches are geometrically enclosed by rocky 

headlands (Short and Masselink, 1999; Gallop et al., 2020) and rely on a delicate interplay 

between wave dynamics, sediment supply and local topographic features to maintain their 

morphodynamic equilibrium (Ruessink et al., 2015). In addition, their limited beach cross-

shore extension, combined with intense tourism pressures, makes them particularly prone 

to erosion and loss of coastal habitats. 

Research on coastal vulnerability indicate that approximately half of the 

Mediterranean coastlines, particularly sandy and low-lying beaches, face significant threats 

from coastal erosion, beach flooding and saltwater intrusion (Le Cozannet et al., 2015; 

Sarkar et al., 2022; Celata and Gioia, 2024). These physical risks are further intensified by 

growing socio-economic pressures, such as urban expansion, tourism and infrastructure 

development. Addressing these complex challenges require adaptive, local-specific coastal 

management approaches grounded in robust objective data. Evidence-based strategies are 

essential not only to mitigate the impact of sea level rise but also to enhance the resilience 

of Mediterranean coastal systems. 

The Mediterranean coastline has been extensively reshaped by human activities 

(Marriner et al., 2010; Ginesu et al., 2012), particularly through the development of tourist 

facilities, harbours, coastal defences and urban areas. These interventions have significantly 

altered natural sediment transport along the beaches, contributing to accelerate erosion 

process on many coastal areas (Porta et al., 2021; Foti et al; 2023). Among recent 

anthropogenic practices along the studied coastline, a common practice is the extensive 

removal of Posidonia oceanica banquettes using heavy mechanical vehicles (De Falco et al., 

2008). These vegetal accumulations (composed mainly of Posidonia oceanica leaves, roots, 
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rhizomes and sand) naturally deposits along the backshore (De Falco et al., 2008). Despite 

their ecological importance, banquettes are often removed for aesthetics reasons, a 

practice that further compromising beach stability. In fact, removing banquettes reduces 

the beach’s natural capacity to absorb wave energy, which in turn decreases its resilience, 

increasing vulnerability to storm impacts and potentially promoting shoreline retreat 

(Boudouresque et al., 2017; Astier et al., 2020; Simeone et al., 2021; Trogu et al., 2024; 

Dentamare et al., 2025). Similarly, beach nourishments are often employed as a mitigation 

strategy (Bitan et al., 2020; Costa et al., 2023), but such intervention can sometimes disrupt 

the natural dynamics of coastal systems, unintentionally accelerating erosion (Pranzini, 

2008). Effective coastal management, therefore, requires an integrated approach that 

includes long-term shoreline monitoring, spatio-temporal assessments and strategic 

planning to preserve both the ecological integrity and socio-economic value of 

Mediterranean beaches. 

The combined use of remote sensing tools, GIS-based shoreline analysis and coastal 

vulnerability indices, has significantly improved the ability to assess coastal hazards and 

implement region-specific monitoring frameworks, as well as facilitate long-term 

monitoring (Cenci et al., 2017; Kumar et al., 2019; Chawalit et al., 2025). In fact, central to 

these methodologies is the detailed reconstruction of historical shoreline movements 

(accretion and retreat), essential for understanding how coastal morphodynamics evolve 

(Castedo et al., 2015; Sytnik et al., 2018; Franco-Ochoa et al., 2020; Islam and Crawford, 

2022; Fernández-Hernández et al., 2023). Globally, the Digital Shoreline Analysis System 

(DSAS) (Himmelstoss et al., 2021) stands out as one of the most widely adopted tools for 

measuring shoreline change, proving effective at different spatio-temporal scales and in a 

wide range of coastal settings (Kuleli et al., 2011; Kaddour et al., 2020; Pepe et al., 2023; 

Laksono et al., 2023). While technological advancements have significantly improved the 

availability of analytical and geospatial tools, many sectors of the Mediterranean coastline 

remain poorly investigated, leaving scientific gaps in local coastal processes and dynamics. 

This study examines shoreline changes along 79 Mediterranean microtidal beaches 

on the southern coast of Sardinia (Italy) by applying the DSAS tool. Through the analysis of 

aerial orthophotos ranging from 1954 to 2022, this study quantifies long-term rates of 

shoreline movement (accretion and retreat), while assessing the role of wave-climatic 

influences and human intervention in shaping these trends. The findings contribute a 

detailed database to support informed beach management and conservation strategies, 

addressing the challenges posed by ongoing environmental changes linked climate change. 
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5.1.1 Study area 

The study area is located in Southern Sardinia (Italy, western Mediterranean Sea), 

encompassing approximately 130 km of coastline between Cape Teulada and Cape 

Carbonara (Fig. 5.1). This coastal stretch is characterised by a heterogeneous coastal 

morphology, comprising both rocky and sandy shores. Overall, 79 microtidal beaches were 

analysing in this study, showing considerable variability in both longshore and cross-shore 

length. Some of these beaches can be classified as embayed, showing a curved shape and 

a high degree of embayment (Usai et al., 2024), while others appear more linear in shape 

and extend for several kilometres with minimal bay indentation (Usai et al., 2025a). The 

beaches are predominantly composed of sandy sediments, with grain sizes ranging from 

fine to coarse. Pebble sediments are also present in some coastal areas, particularly along 

the western sectors, which contribute to the structural diversity of these beaches. 

One of the most distinctive features along the entire coastline is the extensive 

presence of Posidonia oceanica meadows. The upper limit of these meadows varies 

between beaches, occurring at varying distances from the shore (Vacchi et al., 2017) (Fig. 

5.1). This spatial variability results from a combination of factors, including water turbidity, 

hydrodynamic conditions and seabed morphologies. These seagrass meadows not only 

support marine life but also contribute significantly to coastal stability by dissipating wave 

energy and trapping sediment offshore, which enhances the system’s resilience to extreme 

storm events (Vacchi et al., 2017). 

Lastly, the study area is characterised by spatial heterogeneity in coastal exposure and 

wave conditions (Porta et al., 2021; Usai et al., 2024, 2025a; Trogu et al., 2020, 2023), 

further contributing to the variety of beach morphology and sedimentary processes along 

the studied coastal stretch. 

Along the study area, human activities modified the coastline and its river basins in 

various ways, largely depending on their distance from main urban centres. The analysed 

coastal stretch includes several artificial basin (n= 26) and dams (n= 15) (Geoportal of 

“Regione Autonoma della Sardegna”; https://www.sardegnageoportale.it/accessoaidati/ 

downloaddati), which may influence sediment supply to coastal zone. In addition, along 

coastal cliff, stabilisation interventions, particularly those using anchored mesh systems, 

may limit the natural contribution of sediment from rock erosion, thereby altering the 

sediment to adjacent beaches and their natural balance (Porta et al., 2021). Another 

widespread anthropogenic impact on coastal systems is the urban development in coastal 

dune environments. Roads, buildings and infrastructure built on dunes interfered with their 

natural dynamics, reducing their resilience and ability to recover from human disturbances 

and increasing the risk of shoreline retreat. Furthermore, the health of Posidonia oceanica 

meadows, especially their upper limits, is also critical to sediment dynamics. In fact, these 

underwater meadows function as a natural barrier, limiting the offshore transport of 
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sediment and contributing to coastal stability (De Falco et al., 2000). Significantly 

degradation or fragmentation of this upper limit, often driven by human activities, 

compromises the system's ability to maintain morphological balance and buffer high-

energy wave conditions, thereby increasing its vulnerability to coastal erosion. Overall, 

these factors, in combination, could significantly alter sediment dynamics and 

morphodynamic processes, influencing shoreline configuration and persistence. 

Figure 5.1 - Location of the study area. The red line marks the coastal stretch under 

investigation (Southern Sardinia - Italy). The Posidonia oceanica meadows, shown in green, 

highlights its distribution and proximity to the coastline. The dashed boxes represent the 

four sectors into which the coastline was divided for shoreline analysis. The red dot 

indicates the location of the buoy CMEMS (Copernicus Marine Environment Monitoring 

Service) used for wave data extraction. (Coordinate system: UTM 32N; Datum: WGS84) 

(from Usai et al., 2025b). 

 

To support the analysis and interpretation of the obtained data, the studied coastal 

area was divided into four sectors (Fig. 5.1): 

• Sector 1 covers the coastline between Cape Teulada and Cape Spartivento (green 

dashed box in Fig. 5.1). 

• Sector 2 continues from Cape Spartivento to the western part of the Gulf of Cagliari 

(blue dashed box in Fig. 5.1). 
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• Sector 3 includes the central area of the Gulf of Cagliari (dark blue dashed box in 

Fig. 5.1). 

• Sector 4 extends eastward to Cape Carbonara (orange dashed box in Fig. 5.1). 

In Sector 1, the coastline is primarily characterised by the presence of embayed 

beaches. These typically develop within deep rias inlets, which were formed by marine 

ingression into ancient river valleys (Marini and Murru, 1983). Human intervention along 

this coastal stretch is limited and mainly concerns a small marina located near a beach to 

the east of Cape Teulada. 

Moving into Sector 2, the shoreline becomes less indented compared to Sector 1. 

Here, broader beaches alternate with smaller, more sheltered ones. This sector shows 

greater signs of human impact, evidenced by the presence of coastal engineering 

structures, such as breakwaters, groynes and jetties, constructed both parallel and 

perpendicular to the shore. 

Sector 3 presents a relatively uniform coastal morphology, primarily composed of 

long, continuous beaches that are occasionally interrupted by artificial structures. This 

sector encompasses the urban area of Cagliari, the largest city in Sardinia, and its expanding 

hinterland, which has experienced significant urban growth over time. Human activities 

here have significantly altered the landscape through the development of marinas, 

commercial and recreational ports, piers, breakwaters, and other permanent coastal 

defence systems. Additionally, beach nourishment projects have further reshaped some 

parts of the coastline. The presence of transversal groynes and similar coastal engineering 

structures, aimed at regulating sediment transport and stabilising the coastline, highlights 

the considerable anthropogenic influence that characterises this central area of the studied 

coastline (Biondo et al., 2020; Usai et al., 2025a). 

Sector 4, similarly to Sector 1, shows small beaches enclosed by rocky headlands, 

these occasionally alternate with extended stretches of sandy coastline. Significant 

morphological alterations have also occurred in this sector, largely driven by intense human 

activities along parts of the shore. 

The overall coastal morphology along the study area is largely governed by the local 

geology. Both Sectors 1 and 4 are predominantly underlain by Palaeozoic intrusive rocks, 

mainly granites, associated with the Hercynian Basement of Sardinia (Carmignani et al., 

2001). Sector 1 also includes metamorphic rock formations (Funedda and Oggiano, 2009). 

In Sector 2, intrusive rocks continue to dominate, but there is a progressive transition 

towards Quaternary sedimentary deposits (interrupted by Oligocene-Miocene volcanic 

rocks) (Carmignani et al., 2001). Finally, the Sector 3 is primarily composed of a more recent 

post-Hercynian sedimentary cover (Quaternary) (Carmignani et al., 2001). 
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5.2 Methods 

5.2.1 Analysis of shoreline changes 

Shoreline evolution, encompassing both retreat and accretion trends, was conducted 

using the Digital Shoreline Analysis System (DSAS) (Himmelstoss et al., 2021), an add-in of 

Esri ArcGIS Desktop software (Version 4.10). For each of the 79 microtidal beaches 

examined in this study, shoreline positions were manually digitalised considering a time 

series of aerial orthophotos (from 1954 to 2022) available online in the WMS of “Regione 

Autonoma della Sardegna” (https://webgis.regione.sardegna.it/geoserverraster/ows? 

service=WMS&request=GetCapabilities). 

In line with the methodology adopted by Usai et al. (2024, 2025a), aerial orthophotos 

were extracted using a spatial grid composed of cells measuring 4 x 4 km, preserving the 

original pixel resolution of each image. This process resulted in the creation of 11 

orthophoto mosaics in GeoTIFF format, each corresponding to a specific year within the 

study period (1954, 1968, 1977, 1997, 2003, 2008, 2010, 2013, 2016, 2019 and 2022). To 

enhance the accuracy of shoreline position estimates, all orthophotos underwent manual 

georeferencing within a GIS environment. The aerial orthophotos of 2008, characterised by 

the highest resolution and accuracy, was selected as the base reference images. The 

polynomial transformation method was used during the georeferencing process to reduce 

spatial discrepancies. 

For each year examined in this study, the shoreline positions were manually digitised 

using QGIS software (Version 3.4.10) at a fixed digitisation scale of 1: 800. The instantaneous 

waterline was adopted as the shoreline proxy (Boak and Turner, 2005; Thieler et al., 2009) 

as it was deemed the most appropriate reference given the variable quality and temporal 

inconsistencies present in some of the earlier orthophoto mosaics (Thieler et al., 2009). It 

is important to note that shoreline positions are inherently subject to positional 

uncertainties. These arise from both natural factors, such as wind, wave motion and tidal 

conditions, and methodological factors, including digitisation errors and inaccuracies 

related to the georeferencing of the orthophotos (Thieler et al., 2009).  

To enhance the precision of the analysis of shoreline changes, the uncertainty 

associated with each orthophoto mosaic was systematically estimated (Table 5.1). The total 

positional uncertainty, referred as σT, is quantified by the Equation 5.1 (Virdis et al., 2012; 

Manca et al., 2013; Manno et al., 2017): 

𝜎𝑇  = √𝜎𝑑
2 + 𝜎𝑝

2 + 𝜎𝑟
2 + 𝜎𝑐𝑜

2 + 𝜎𝑤𝑟
2 +𝜎𝑡𝑑

2                    (5.1) 
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where: 

• σd (Digitisation Error) calculated as the standard deviation of the residual shoreline 

position obtained by repeatedly digitising the same shoreline (30 times) within a 

single aerial orthophotos. This reflects operator-induced shoreline variability during 

manual digitisation. 

• σp (Pixel Error) corresponds to the spatial resolution of the image (the size of a single 

pixel), which defines the minimum measurable unit. 

• σr (Orthorectification Error) derived from the root mean square error (RMSE) 

between image coordinates and corresponding Ground Control Points (GCPs) used 

during the orthorectification process. 

• σco (Co-registration Error) represents the RMSE associated with the alignment of 

pixels across the multi-temporal image dataset, accounting for residual pixel 

misalignments. 

• σtd (Tidal Error) reflects shoreline fluctuation due to natural sea level variations. This 

component was calculated using the Equation 5.2 (Allan et al., 2003): 

 

𝜎𝑡𝑑 =
𝑉𝐶

𝑆
                                     (5.2) 

 

where VC is the vertical change in water level and S is the beach slope. 

 

Tidal range data used in this study were obtained from the tide gauge station located 

at the Port of Cagliari and are available online on the website of “Rete Ondametrica 

Nazionale - ISPRA” (https://www.mareografico.it/it/stazioni.html). A representative 

tidal range of 0.35 m was adopted for the entire study area. To estimate the swash 

zone slope for each beach, high-resolution Digital Terrain Models (DTMs) derived 

from LiDAR data were analysed. These DTMs are available online in the Geoportal 

of “Regione Autonoma della Sardegna” (https://www.sardegnageoportale.it/web 

gis2/sardegnamappe/?map=download_raster) and were originated from LiDAR 

surveys conducted by the Italian Ministry for the Environment (MATTM) between 

2008 and 2009, covering the entire Sardinia coastline. These datasets have a vertical 

accuracy of 15 cm and a horizontal accuracy of 30 cm. From these DTMs, the slope 

of each beach profile was calculated, allowing for the estimation of the tidal 

uncertainty component σtd. For each year of aerial orthophotos considered, the final 

values of σtd were determined by averaging the individual values obtained for each 

beach. 

• σwr (Wave run-up Error) represents the positional variability of the shoreline caused 

by the fluctuating wet/dry boundary within the swash zone. This boundary was 

adopted as a proxy for shoreline position in the multi-temporal analysis. According 
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to Stockdon et al. (2006), the run-up elevation (R2%) can be estimated empirically by 

considering the significant deep-water wave height (H0), the wave period (T) and the 

beach slope (S). Using offshore wave data from the Copernicus Marine Environment 

Monitoring Service (CMEMS) (Korres et al., 2021), representative values of H0 = 0.5 

m and T = 1 s were adopted for the study area. Based on the previously derived 

beach slopes (S) from the DTMs, the values of R2% was calculated for each beach. 

This analysis resulted in an average value of R2% = 0.2 m, which correspond into a 

mean shoreline positional uncertainty of approximately 1.93 m attributable to wave 

run-up processes. 

 

Table 5.1 

Values of shoreline uncertainties (unit in meters) associated with year of aerial orthophotos 

considered in this study (from 1954 to 2022). 

Year σd σp σr σco σwr σtd σT 

1954 2.86 0.95 3.23 1.64 1.93 1.35 5.27 

1968 1.87 0.50 2.13 1.37 1.93 1.35 3.97 

1977 1.37 0.52 2.02 1.32 1.93 1.35 3.67 

1997 2.19 0.25 1.72 0.99 1.93 1.35 3.79 

2003 1.47 1.00 1.03 1.22 1.93 1.35 3.36 

2008 0.45 0.10 0.00 0.00 1.93 1.35 2.40 

2010 0.89 0.50 1.39 0.51 1.93 1.35 2.96 

2013 0.71 0.50 1.07 0.78 1.93 1.35 2.84 

2016 0.48 0.20 1.30 0.50 1.93 1.35 2.79 

2019 0.57 0.20 0.92 0.59 1.93 1.35 2.67 

2022 0.38 0.20 0.79 0.19 1.93 1.35 2.53 

 

The digitalised shorelines, along with their associated uncertainties, were 

subsequently analysed using the DSAS tool to estimate values and rates of shoreline retreat 

and accretion for each studied beach. Specifically, a series of equidistant transects, each 

200 m in length and spaced 20 m apart, were generated perpendicular to a user-defined 

baseline for every beach. For each transect, various statistical indicators were calculated to 

evaluate shoreline dynamics: 

• Shoreline Change Envelope (SCE) quantifies the overall extent of shoreline 

movement by capturing the maximum distance between all recorded shoreline 

positions throughout the observation period (Manca et al., 2013; Nerves et al., 

2024). This indicator provides a non-directional measure of shoreline variability. 
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• Net Shoreline Movement (NSM) indicates the total displacement of the shoreline 

between the earliest and most recent shoreline positions (Shafique et al., 2024). 

• End Point Rate (EPR) calculates the rate of shoreline movement by dividing the Net 

Shoreline Movement (NSM) by the time elapsed between the first and last shoreline 

records (Akköprü and Taş, 2023; Gharnate et al., 2024). 

• Weighted Linear Regression (WLR) assigns variable weights to shoreline positions 

based on both their temporal spacing and associated positional uncertainties 

(Theieler et al., 2005; Dutta et al., 2022). In the DSAS tool, these weights are typically 

determined as the inverse of the squared positional error, thereby giving more 

influence to measurements with higher accuracy. This method enhances the 

reliability of trend estimation, especially in datasets characterised by variable data 

quality or inconsistent temporal coverage. 

• Linear Regression Rate (LRR) derived by fitting a least-squares linear regression line 

through all shoreline positions, providing an estimate of long-term shoreline 

movement trends (Baig et al., 2020; Crawford et al., 2020). However, LRR values 

were deliberately excluded from the result figures to avoid redundancy with WLR 

results, both being linear regression values. 

Additionally, the maximum cross-shore width of each beach was digitised from the 

2022 aerial orthophotos. This step aimed to facilitate correlation analyses with the 

statistical indicators mentioned above. 

 

5.2.2 Analysis of wave storm events 

An evaluation of the potential morphodynamic responses of the beach to wave storm 

impact was conducted through the analysis of wave data from the Copernicus Marine 

Environment Monitoring Service (CMEMS) (Korres et al., 2021). Specifically, wave data were 

extracted from a virtual buoy located within an offshore computational grid (red dot in Fig. 

5.1). The extracted data cover the period from 1 January 1985 to 31 December 2022 and 

include wave parameters such as significant wave height (Hs) and wave direction (θ). Wave 

storm events were detected using the Peak Over Threshold (POT) approach (Mathiesen et 

al., 1994), which identifies all sea states in which the significant wave height (Hs) exceeds a 

predefined threshold (1 m) for a minimum continuous duration (6 hours). To avoid counting 

multiple peaks from the same storm as separate events, peaks occurring within 48 hours of 

each other were merged into a single event. For each identified storm event, the following 

parameters were calculated: 

• Maximum significant wave height (Hsmax; in meters). 

• Duration of the storm event (D; in hours). 
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• Mean wave direction (θ; in degrees) calculated using the circular mean equation (𝜃̅, 

in degrees) (Equation 5.3) to accurately represent the direction of wave data: 

𝜃̅ = atan2 (∑ sin(𝜃𝑖), ∑ cos(𝜃𝑖)

𝑛

𝑖=1

𝑛

𝑖=1

) 

(5.3) 

where θ represents the wave direction of each record (in radians). The resulting mean 

direction was then converted back to degrees and normalised within the interval [0°, 360°]. 

 

Finally, the Storm Power Index Ps (m²h) (Equation 5.4) (Dolan and Davis, 1994; 

Karunarathna et al., 2014) was calculated for each storm event identified through Peak Over 

Threshold (POT) analysis. This index serves as an effective parameter to quantify the storm’s 

strength and depends on the maximum significant wave height (Hs) and the storm duration 

(D). In this study, the Storm Power Index Ps was used as a proxy to estimate the potential 

erosive power of each event. 

 

𝑃𝑠 = 𝐻𝑠𝑚𝑎𝑥
2 𝐷                                          (5.4) 

 

where Hsmax is the maximum significant wave height for each storm event and D is the storm 

event duration. 
 

5.3 Results and Discussion 

Of the coastal stretch examined in this study, approximately 52 km of coastline 

encompasses the 79 beaches analysed. Based on the DSAS processing, 2573 transects were 

used for calculating the Shoreline Change Envelope (SCE), Net Shoreline Movement (NSM) 

and End Point Rate (EPR). However, due to incomplete overlap among the historical 

shoreline datasets, only 2568 transects were used for the Linear Regression Rate (LRR) and 

Weighted Linear Regression (WLR) analyses. The statistical results are shown in Tables B.1, 

B.2, B.3 and B.4 (see Appendix B of the thesis), while the comparison between the values 

of the SCE and NSM statistical indicators is illustrated in Figure 5.2. 

• The SCE analysis indicated an average shoreline variability of 24.1 m along the entire 

studied coastline, with the highest value observed in Sector 3 (135.4 m; Beach ID 

47; Table B.3 - Appendix B) and the lowest in Sector 4 (0.7 m; Beach ID 58; Table B.4 

- Appendix B). 

• The NSM analysis reveals an average shoreline retreat of -1.47 m along the study 

area. In total, 1631 transects (representing 63.4% of all transects) exhibit negative 

displacement values, indicating a net landward movement of the shoreline, while 
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942 transects (representing 36.6% of all transects) show positive values, 

corresponding to a shoreline accretion. The most significant retreat was identified 

in Sector 3 (Beach ID 47; Table B.3 - Appendix B), where the shoreline retreated by 

-132.2 m. Conversely, the highest accretion occurred in Sector 4 (Beach ID 58; Table 

B.4 - Appendix B), with a maximum positive displacement of 108.1 m. 

• According to the EPR analysis, the shoreline along the study area shows a general 

condition of stability, with an average rate of -0.02 m/yr. A total of 1631 transects 

(representing 63.4% of all transects) show a shoreline retreat trend and, within this 

group, 34.7 % present statistically significant retreat rates (reaching up to -1.9 m/yr 

in Sector 3; Beach ID 47; Table B.3 - Appendix B). On the other hand, 942 transects 

(representing 36.6% of all transects) indicate shoreline accretion trends, with 20.5% 

showing statistically significant positive trends. The highest accretion rate was 

recorded in Sector 4 (Beach ID 58; Table B.4 - Appendix B), reached 1.59 m/yr. 

• The WLR analysis indicates a general condition of stability across the studied 

coastline, with a mean shoreline change rate of -0.02 m/yr. Despite this overall 

trend, 67 beaches (84.4%) exhibit negative rates indicative of shoreline retreat, 

while 12 beaches (15.2%) show positive trends associated with shoreline accretion. 

Overall, 1708 transects (representing 66.5% of all transects) display a retreating 

trend, with 23.8% of them showing statistically significant retreat rates. The highest 

retreat rate was recorded in Sector 3 (Beach ID 47; Table B.3 - Appendix B), reaching 

-1.59 m/yr. Conversely, 860 transects (33.5%) exhibit accretional trend, and 12% 

show statistically significant accretion, with the maximum positive rate measured in 

Sector 4 (1.94 m/yr; Beach ID 58; Table B.4 - Appendix B). When separating natural 

beaches from those influenced by anthropogenic structures, distinct patterns can 

be observed: natural beaches present a mean shoreline accretion rate of 0.05 m/yr 

and a mean retreat rate of -0.07 m/yr. In contrast, anthropised beaches show a 

mean shoreline accretion rate of 0.22 m/yr and a mean retreat rate of -0.33 m/yr. 

• The LRR analysis across the studied coastline reveals an average shoreline change 

rate of -0.01 m/yr. A total of 1615 transects (representing 62.9% of all transects) 

exhibit a retreating trend, with 29.1% showing statistically significant rates of 

retreat. The most pronounced retreat was observed in Sector 3 (Beach ID 47; Table 

B.3 - Appendix B), with a maximum rate of -1.76 m/yr. Conversely, 953 transects 

(37.1%) display a trend of shoreline accretion, among which 14.2% demonstrate 

statistically significant positive rates. The highest accretion rate was identified in 

Sector 4 (Beach ID 58; Table B.4 - Appendix B), reaching 1.58 m/yr. 
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Figure 5.2 - Geographic comparison along the studied coastal stretch between the values 

of SCE (Shoreline Change Envelope) and NSM (Net Shoreline Movement) (from Usai et al., 

2025b). 

 

A comparison between the maximum beach width, extracted from 2022 aerial 

orthophotos, and the values of Shoreline Change Envelope (SCE) across the studied 

coastline reveals notable differences between natural and anthropised beaches 

(represented as green and red dots in Figure 5.3). Beaches affected by artificial structures, 

such as groynes, harbours and marinas, generally exhibit narrower widths, typically falling 

within the range of 10 m to 50 m, with only one beach extending to approximately 120 m 

(Fig. 5.3). In contrast, natural beaches tend to be broader, spanning from approximately 10 

m to 70 m, with only two beaches surpassing 100 m in width. 

Natural beaches also show lower SCE values, suggesting greater natural resilience 

and adaptation over time. For natural beaches, a moderate correlation between maximum 

beach width and SCE values was observed (R2 = 0.49) (Fig. 5.3). On the other hand, 

anthropised beaches exhibit greater variability in SCE values and more persistent shoreline 

changes. No correlation between maximum beach width and SCE values was observed (R2 

= 0.001) (Fig. 5.3). This pattern may be largely due to the influence of artificial coastal 

structures, which inhibit the natural ability of shoreline to return to its original position. In 

this study, where SCE values exceeded 60 m, significant shoreline accretions or retreats 
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were associated with the construction of groynes and harbours, often resulting in long-term 

alteration to the shoreline’s position.  

Overall, the results emphasise the necessity of considering human factors when 

studying shoreline changes, since localised deviations from general shoreline pattern often 

result from complex interactions that large-scale analysis alone cannot fully explained. 

Figure 5.3 - Comparison between Shoreline Change Envelope (SCE) values and maximum 

beach width values for the 79 analysed microtidal beaches. The graph shows a moderate 

corelation between natural beaches (green dots) (R2 = 0.49) and no correlation for 

anthropised beaches (red dots) (R2 = 0.001) (from Usai et al., 2025b). 

 

5.3.1 Shoreline changes: Sector 1 

Among all the sectors analysed, Sector 1 displays the least anthropogenic changes 

along the studied coastline, which also correspond with the relativity stability of its beach 

shorelines. Within this sector, Beaches ID 3, 11 and 17 exhibited the highest SCE values. 

Figures 5.4 and 5.5 illustrate the values and trends (shoreline accretion and retreat) linked 

to the SCE, NSM, EPR and WLR statistical indicators. 
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Figure 5.4 - Sector 1: Geographical distribution and values of (A) NSM, (B) SCE, (C) EPR and 

(D) WLR for each transect across the beaches in this sector. The colours of the Beach ID 

indicate whether the beach is natural (green number) or anthropised (red number). All 

panels are based on the UTM 32N coordinate system (Datum: WGS84) (from Usai et al., 

2025b). 

Figure 5.5 - Sector 1: (A) SCE and NSM and (B) EPR and WLR values for each transect across 

the beaches in this sector. Beach ID colours indicate the beach type: green for natural and 

red for anthropised (from Usai et al., 2025b). 



100 

At Beach ID 3 (Porto Scudo beach), the shoreline change analysis revealed a high 

SCE value, along with the most pronounced retreat rate (-0.36 m/yr; WLR) in this sector. 

This specific retreat pattern appears to be driven by human disturbance, as the beach lies 

within the military training area of Cape Teulada, active since 1956. The site is periodically 

used for military exercises with heavy vehicles and amphibious operations, which exert 

significant pressure on the beach environment (Fig. 5.6A, 5.6B). The analysis of aerial 

orthophotos highlights the extent of these impacts, showing clear alterations such as the 

flattening of natural beach’s natural forms and the fragmentation of the foredune structure 

(Fig. 5.6B). These physical changes compromise the beach’s geomorphological integrity, 

limiting its resilience and natural capacity to buffer storm events. The loss of micro-

topographic features and dune fragmentation compromise sediment accumulation, making 

the system increasingly prone to episodic retreat. These interacting factors help clarify the 

observed rate of shoreline retreat and emphasize the need to account for human influence 

when assessing coastal stability, particularly in areas that appear largely natural. 

In contrast, at Beach ID 11 (Piscinnì beach) the high values of SCE (maximum value 

34.1 m) are primarily attributed to the natural dynamics.  A key driver of this variability is 

the cyclical accumulation and erosion of Posidonia oceanica remains, or banquettes 

(Boudouresque et al., 2017; Vacchi et al., 2017), which deposit in large quantities along the 

shoreline. Historical data from a coastal video monitoring system, operatives since 2011 

(see Chapter 2 of the thesis), reveal that, following high-energy storm events capable of 

reaching the foredune, these banquettes contribute significantly to shoreline position 

recovery. In fact, some extreme storm events have been followed by shoreline accretion of 

up to 30 m (Trogu et al., 2020). While this natural mechanism offers protective benefits by 

reinforcing sections of the foreshore against wave action during storm events, its irregular 

distribution can leave areas more exposed, shifting wave energy toward unprotected zones 

and triggering localised erosion. This dynamic may explain the occurrence of positive NSM 

values at the beach margins, contrasted by slight retreat trends in the central areas. 

Ultimately, the significant shoreline changes observed along the Beach ID 17 

(Tuerredda beach), which includes both retreating and accretion trend sections, can be 

linked to its cusped shape. This morphology makes the beach more susceptible to long-

term shoreline reorientation, reflected in an average WLR value of -0.04 m/yr. 
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Figure 5.6 - Panels (A) and (B) show Beach ID 3 (Porto Scudo beach), localised within the 

military training area of Cape Teulada. The impact of frequent heavy vehicle transit is clearly 

visible across the dune system. Similarly, the natural features of the beach are entirely 

flattened when amphibious vehicles land directly on the shore. These panels are based on 

the aerial orthophotos from the WMS of “Regione Autonoma della Sardegna” (Coordinate 

system: UTM 32N; Datum: WGS84) (Datum: WGS84). Panels (C) and (D) show Beach ID 11 

(Piscinnì beach) from the coastal video monitoring system and reveal how the accumulation 

of large Posidonia oceanica banquettes contributes to significant shoreline variability along 

this beach (from Usai et al., 2025b). 
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5.3.2 Shoreline changes: Sector 2 

Sector 2 presents a coastline behaviour similar to that observed in Sector 1, 

characterised by a general condition of shoreline stability. Figures 5.7 and 5.8 show the 

corresponding values and trends of shoreline retreat and accretion based on the SCE, NSM, 

EPR and WLR indicators. Beaches ID 24 and 41 recorded the highest SCE values. 

Figure 5.7 - Sector 2: Geographical distribution and values of A) NSM, B) SCE, C) EPR and 

(D) WLR for each transect across the beaches in this sector. The colours of the Beach ID 

indicate whether the beach is natural (green number) or anthropised (red number). All 

panels are based on the UTM 32N coordinate system (Datum: WGS84) (from Usai et al., 

2025b). 
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Figure 5.8 - Sector 2: (A) SCE and NSM values and (B) EPR and WLR values for each transect 

across the beaches in this sector. Beach ID colours indicate the beach type: green for natural 

and red for anthropised (from Usai et al., 2025b). 
 

Among the natural beaches in this sector, Beach ID 24 (Su Giudeu beach) shows the 

highest values of shoreline change: SCE whit a maximum value of 68.0 m, NSM whit a 

maximum value of 32.0 m and WLR whit a maximum trend of 0.31 m/yr. This high level of 

shoreline variability could be mainly influenced by three factors: the large volume of 

sediment stored in the backshore dunes, which acts as a buffer and source for natural 

sediment redistribution; the beach’s distinctive cuspate shape, which makes it more 

sensitive to changes in wave direction and energy; the intermittent flow from a nearby 

pond, which varies with rainfall changing the sediment processes and beach hydrodynamics 

(Fig. 5.9A, 5.9B). As a result, extreme storm events can cause short-term shoreline retreat, 

also capable of eroding the foredune, as observed in the comparison between the 2008 and 

2022 aerial orthophotos (Fig. 5.9A, 5.9B). However, the shoreline has shown a general trend 

of accretion over the longer period from 1954 to 2022. Despite occasional shoreline retreat, 

the beach continues to recover over time due to ongoing sediment exchanges and the 

contribution of foredune systems. This reinforces the value of preserving natural buffers 

and maintaining the connection between dune systems and the shore in coastal 

management strategies. 

In comparison, Beach ID 41 (Perd’e Sali beach) shows evident transformations 

resulting from human activity (Fig. 5.9C, 5.9D): 85.5% of transects present negative NSM 

values, and 48.2% show a statistically significant shoreline retreat based on the WLR 

statistical indicator. The retreat reaches a maximum NSM value of -46.2 m and a maximum 
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WLR rate of -1.22 m/yr (Fig. 5.7, 5.8). On the other hand, the eastern extremity of the beach 

reveals positive trends and values, with shoreline accretion indicated by a maximum NSM 

value of 57.4 m and a maximum WLR rate of 1.2 m/yr, with 9.6% of transects in statistically 

significant accretion. This retreat and accretion shoreline patterns is most likely linked to 

the establishment of a marina and the construction of coastal defence structures, such as 

groynes aligned parallel to the shore, installed in this sector between 1977 and 1997 (Fig. 

5.9D). These artificial structures appear to have interfered with the natural longshore 

sediment transport processes, potentially leading to sediment trapping and flow disruption. 

Consequently, areas located downdrift of the structures, deprived of sediment supply, are 

likely undergoing intensified erosion, whereas zones situated just updrift are experiencing 

increased sediment accumulation. Moreover, the high level of anthropogenic influence and 

urban development may be diminishing the beach’s natural resilience and recover to high-

energy wave events, impeding sediment redistribution and limiting dune system formation. 

This could contribute to a continued retreating trend, underlining the importance of 

adopting integrated coastal management strategies that promote sediment connectivity 

and enhance the system's resilience capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



105 

Figure 5.9 - Panels (A) and (B) show Beach ID 24 (Su Giudeu beach). The beach's cuspate 

morphology, combined with the substantial sediment stored within its dune system and the 

presence of a nearby pond, likely contribute to the notable shoreline variability observed 

here, with some areas showing shoreline accretion and others undergoing retreat. Panels 

(C) and (D) show Beach ID 41 (Perd’e Sali beach), where the development of a marina and 

the placement of groynes aligned parallel to the coast have disrupted local hydrodynamics, 

resulting in zones of pronounced retreat alongside areas experiencing moderate accretion. 

All panels are based on the aerial orthophotos from the WMS of “Regione Autonoma della 

Sardegna” (Coordinate system: UTM 32N; Datum: WGS84) (Datum: WGS84) (from Usai et 

al., 2025b). 

 

5.3.3 Shoreline changes: Sector 3 

Sector 3 presents a coastline behaviour strongly influenced by anthropogenic 

modifications, the highest compared to the other sectors. It encompasses the metropolitan 

area of Cagliari (Fig. 5.1), which includes several urban beaches, widespread hard 

engineering coastal defences and a significant port infrastructure. Figures 5.10 and 5.11 

illustrate the values and trends of shoreline accretion and retreat, based on the statistical 

indicators SCE, NSM, EPR and WLR. 
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Figure 5.10 - Sector 3: Geographical distribution and values of (A) NSM, (B) SCE, (C) EPR and 

(D) WLR for each transect across the beaches in this sector. The colours of the Beach ID 

indicate whether the beach is natural (green number) or anthropised (red number). All 

panels are based on the UTM 32N coordinate system (Datum: WGS84) (from Usai et al., 

2025b). 

Figure 5.11 - Sector 3: (A) SCE and NSM values and (B) EPR and WLR values for each transect 

across the beaches in this sector. Beach ID colours indicate the beach type: green for natural 

and red for anthropised (from Usai et al., 2025b). 
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This sector shows the highest SCE values across the entire studied coastline, 

reaching at Beach ID 47 (La Maddalena beach) with a values of 135.4 m. In this beach, the 

shoreline changes are further characterised by a minimum NSM of -132.2 m and the lowest 

WLR rate of -1.6 m/yr (Fig. 5.10, 5.11).  

A similar pattern was identified at Beaches ID 43 and 44 (both known as Frutti d’Oro 

beach), both of which are confined by groynes set oblique to the shoreline. These coastal 

engineering defences were intended to shield infrastructure and buildings from direct wave 

action and induced erosion. However, they may have markedly influenced the sediment 

transport dynamics of this area, potentially disrupting the predominant south to north 

longshore current (De Muro et al., 2018). Moreover, these groynes may have induced the 

formation of localised circulation cells, which trap and redirect sediment flows. This 

disruption has contributed to the gradual degradation of the beach areas enclosed by these 

structures, leading to a steady loss of sediment and a notable retreat of the shoreline (Fig. 

5.12A, 5.12B). In fact, Beaches ID 43 and 44 recorded maximum SCE values of 94.8 m and 

105.1 m, respectively, along with minimum NSM values of -94.1 m and -96.1 m, highlighting 

a pronounced net shoreline retreat. The WLR trends further support these observations, 

with average retreat rates of -0.78 m/yr for Beach ID 43 and -1.32 m/yr for Beach ID 44. 

Another case study of recent shoreline alteration resulting from the construction of 

rigid coastal infrastructure is shown in Figure 5.12C. This is evident at the boundary 

between Beaches ID 50 and ID 51, both beaches known as Giorgino beach, where two 

jetties have been constructed perpendicular to the shoreline to accommodate a channel 

that links the sea with the adjacent lagoon. These structures disrupt the natural flow of 

longshore sediment transport, leading to sediment accumulation on the updrift side. This 

zone displays significant accretion, as demonstrated by the maximum SCE value of 54 m 

and the corresponding maximum positive NSM value of 54 m at Beach ID 50. In contrast, 

the downdrift side experiences a notable sediment deficit. As a result, Beach ID 51 records 

the most pronounced shoreline retreat, with maximum negative NSM values of -32.8 m and 

SCE values reaching 75.7 m. In response to this ongoing retreat, a seawall was constructed 

to safeguard the coastal road located between the beach and the lagoon (Biondo et al., 

2020; Porta et al., 2021) (Fig. 5.12C). Moreover, the beach in this area lacks the capacity to 

recover naturally following intense storm events, causing a progressive shoreline retreat. 

This retreat may be aggravated by the degradation of the Posidonia oceanica meadows 

(stretching from Beach ID 42 to Beach ID 52), whose presence is essential in buffering and 

mitigating wave energy and reducing sediment loss toward deeper waters. 
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Figure 5.12 - Panels (A) and (B) show Beach ID 43 and 44 (Frutti d’Oro beach), where the 

presence of oblique groynes has led to substantial shoreline retreat. Panel (C) illustrates the 

effects of two jetties constructed across Beaches ID 50 and 51 (Giorgino beach), which have 

disrupted the natural longshore sediment flow. This intervention has resulted in marked 

shoreline accretion on the updrift side and pronounced retreat on the downdrift side. All 

panels are based on the aerial orthophotos from the WMS of “Regione Autonoma della 

Sardegna” (Coordinate system: UTM 32N; Datum: WGS84) (from Usai et al., 2025b). 
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Finally, within this sector, Beach ID 55 (Poetto beach) has been subject to several 

artificial modifications (Porta et al., 2021), including a beach nourishment project carried 

out in the early 2000s. This intervention focused on the south-western area of the beach, 

particularly near transect no. 1555 (Fig. 5.13), and resulted in a maximum SCE value of 72.4 

m and a minimum NSM of -15.4 m within the nourished area (Fig. 5.10, 5.11). Although 

historical analysis of shoreline positions between 1954 and 1997 (Fig. 5.13D) showed no 

significant retreat, a beach nourishment was implemented in 2002. Approximately 300,000 

m3 of sand, different in both grain size and composition from the native beach sediment 

(Ferrara and Palmerini, 1974; Brambilla, 2015), were deposited. The beach nourishment 

significantly reshaped the beach profile and morphodynamic of the beach (Brambilla, 

2015). This artificial sedimentary input caused a rapid and substantial shoreline accretion, 

exceeding 60 m, clearly visible in aerial orthophotos of 2003. However, this shoreline 

modification resulted in rapid erosion of the introduced sediment. In just seven years 

(2010), the beach had retreated by around 50 m from its 2003 extent at transect no. 1555 

(Fig. 5.13C, 5.13D). Long-term observations reveal that, approximately twenty years after 

the intervention, the shoreline had effectively returned to its pre-nourishment position (Fig. 

5.13C, 5.13D). The shoreline position of transect no. 1760, positioned centrally along Poetto 

beach, supports this observation: the shoreline in this area has shown long-term stability, 

with little to no accretion resulting from the longshore movement of the nourished 

sediments (Fig. 5.13D). In contrast, transect no. 1880, located in the north-eastern portion 

of the beach (Fig. 5.13A), exhibited a consistent accretion pattern between 1954 and 1997, 

after which the shoreline position remained relatively constant (Fig. 5.13D). Nonetheless, 

to fully understand the mechanisms behind this localised shoreline accretion, further 

investigations would be necessary. 
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Figure 5.13 - Panel (A) illustrates the positions of the transects at Beach ID 55 (Poetto beach) 

used for calculating DSAS statistical indicators. This panel is based on the UTM 32N 

coordinate system (Datum: WGS84). Panel (B) presents the shoreline’s displacement from 

the baseline across the aerial orthophotos time series analysed in this study, while Panel 

(C) shows shoreline changes over distinct temporal intervals. Panel (D) focuses on the 

temporal variation in shoreline distance from the baseline for 3 selected transects: 1555 

(marked with crosses), 1760 (marked with circles), and 1880 (marked with squares) (from 

Usai et al., 2025b). 
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5.3.4 Shoreline changes: Sector 4 

In Sector 4, anthropic alterations to the coastline are less pronounced compared to 

those observed in Sector 3. Figures 5.14 and 5.15 show the corresponding values and trends 

of the statistical indicators (SCE, NSM, EPR and WLR) used to assess shoreline evolution in 

this sector. 

Figure 5.14 - Sector 4: Geographical distribution and values of (A) NSM, (B) SCE, (C) EPR and 

(D) WLR for each transect across the beaches in this sector. The colours of the Beach ID 

indicate whether the beach is natural (green number) or anthropised (red number). All 

panels are based on the UTM 32N coordinate system (Datum: WGS84) (from Usai et al., 

2025b). 
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Figure 5.15 - Sector 4: (A) SCE and NSM values and (B) EPR and WLR values for each transect 

across the beaches in this sector. Beach ID colours indicate the beach type: green for natural 

and red for anthropised (from Usai et al., 2025b). 

 

At Beach ID 57 (Capitana beach) and Beach ID 75 (Spiaggia del Riso beach), where 

coastal alterations are present, maximum SCE values of 44.6 m and 119.9 m, respectively, 

have been recorded (Fig. 5.14, 5.15). At both beaches, the development or expansion of 

small marinas has significantly impacted local hydrodynamics, disrupting the natural 

pathways of sediment transport. These modifications have caused notable alterations in 

the nearby beach systems: some areas have undergone significant retreat, while others 

show evidence of localised accretion. This variability highlights how even relatively modest 

coastal infrastructure can profoundly influence sediment dynamics, especially in coastal 

areas highly sensitive to changes. 

The shoreline evolution observed at Beaches ID 64 (Kal’e Moru beach), 65 (Cann’e 

Sisa beach), 68 (Solanas beach) and 74 (Campulongu beach) appears to be governed by a 

different set of controlling processes. These beaches share a comparable shoreline 

orientation, ranging between 120° N and 135° N, which results in similar exposure to 

prevailing wave directions (Fig. 5.14). This common wave exposure, however, translates into 

considerable morphological differences and spatial variability in shoreline evolution. 

Notably, the south-eastern areas of these beaches display pronounced retreat, with 

maximum negative NSM values of -55.9 m (in Beach ID 64), - 46.6 m (in Beach ID 65), -47.0 

m (in Beach ID 68) and -15.0 m (in Beach ID 74) (Fig. 5.14, 5.15). In contrast, the north-

western areas show greater stability, with some locations experiencing only minor retreat 

or even slight accretion. The NSM values in these areas are of 19.9 m in Beach ID 64, -20.2 
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m in Beach ID 65, -13.4 m in Beach ID 68 and 2.6 m in Beach ID 74 (Fig. 5.14, 5.15). These 

divergent trends suggest a complex interaction between wave action and local geological 

controls, such as the headland configuration that affect the beach dynamics along this 

coastal stretch.  

To better interpret the observed spatial patterns, a Peaks Over Threshold (POT) 

analysis was performed, focusing on significant storm events. The dataset was derived from 

a CMEMS virtual buoy, covering the period from 1 January 1985 to 31 December 2022. The 

Peaks Over Threshold (POT) analysis identified a total of 1161 storm events that exceeded 

the defined thresholds, corresponding to an average of approximately 31 events per year. 

The year 1987 emerged as the most intense period, registering 27 storm events with an 

average Storm Power Index (Ps) of 2520 m2h and a predominant storm direction of 221° N. 

In contrast, the least intense year was 1994, during which only 36 events were recorded, 

with a mean Ps value of 514 m2h and an average direction of 248° N.  

Storm events predominantly originated from wave directions ranging between 250° 

N and 290° N, as revealed by the analysis of mean wave directions (Fig. 5.16). These 

directional sectors not only accounted for the majority of occurrences (447 events, or 38.5% 

of the total) but were also linked to the most energetic storms, with an average Storm 

Power Index (Ps) of 1279.8 m2h. The most extreme event in the dataset occurred in January 

1987, when the Ps value reached 46248 m2h. This storm was characterised by a mean wave 

direction of 273° N, a maximum significant wave height (Hs) of 7.3 m and a duration of 861 

hours.  

In contrast, 158 storm events, accounting for 13.6% of the total, approached from 

angles ranging between 120° N and 150° N. These events exhibited a lower average Storm 

Power Index (Ps) of 606.2 m2h. The most intense storm within this directional range 

occurred between March and April 2022, reaching a Ps value of 14,265 m2h. This event was 

characterised by a mean wave direction of 139° N, a mean significant wave height (Hs) of 

3.6 m and a total duration of 1079 hours. 
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Figure 5.16 - Values of Storm Power Index (Ps) and mean wave direction calculated using 

the Peaks Over Threshold (POT) method for the 1161 storm events identified in the period 

between 1985 and 2022 (from Usai et al., 2025b). 

Coastal morphology, particularly the orientation of headlands, plays a significant 

role in modulating sediment transport under these wave conditions. Wave-exposed shores 

tend to undergo retreat, while sheltered areas near the headlands often promote shoreline 

accretion. This spatial variability in shoreline response is largely governed by the interplay 

between wave energy, the shape of embayments and local geomorphology. Such 

interactions enhance longshore current activity, accelerating coastal retreat in high-energy 

zones, whereas in sheltered areas, wave attenuation promotes shoreline stability (Fig. 

5.17). 
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Figure 5.17 - Panels (A) and (B) illustrate Beach ID 64 (Kal’e Moru beach) and 68 (Solanas 

beach), respectively. The prevailing wave regime, as indicated by the Storm Power Index 

(Ps), combined with the partial sheltering effect of nearby headlands, contributes to a 

spatially variable pattern of shoreline change. In both cases, the south-eastern sectors are 

more exposed to wave energy and consequently exhibit more pronounced shoreline 

retreat. In contrast, the north-western sectors are more sheltered and generally remain 

more stable, with limited or negligible retreat. These spatial trends are clearly reflected in 

the NSM values, visualised by the coloured transects in Panels (A) and (B). The blue line 

represents the shoreline position derived from 1954 aerial orthophotos. All panels are 

based on the aerial orthophotos from the WMS of “Regione Autonoma della Sardegna” 

(Coordinate system: UTM 32N; Datum: WGS84) (from Usai et al., 2025b). 
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Overall, shoreline evolution within the studied coastal area can be influenced by 

different factors, among which human activities play a significant role. In particular, the 

expansion of settlements and tourist infrastructure has led to substantial alterations of 

several dune systems located landward of the beaches (Table B.5 - see Appendix B of the 

thesis). For example, this is especially evident in the coastal stretch between Beach ID 65 

(Cann’e Sisa) and 66 (Genn’e Mari), where a continuous dune field has been entirely 

replaced by residential buildings. This type of urban expansion likely disrupted sediment 

connectivity between adjacent dune-beach systems, potentially impacting the long-term 

dynamics of shoreline evolution. Moreover, the results indicate that the sectors with the 

greatest shoreline variability correspond to areas with high levels of anthropogenic 

pressure, primarily from urban and industrial development rather than coastal defence 

structures. Infrastructure such as roads, piers and ports appear to interfere with natural 

coastal processes, accelerating and contributing to shoreline retreat.  

In addition, several beaches within Sector 3 shows signs of degradation in the 

Posidonia oceanica meadow (Table B.5 - Appendix B). The health and seaward extent of 

these meadows play a crucial role in modulating coastal hydrodynamics and sediment 

retention, thereby exerting a strong influence on shoreline stability. In regions where large-

scale anthropogenic infrastructure, such as ports and coastal engineering structures, 

compromises the health of Posidonia oceanica meadows, disruptions to coastal processes 

can be expected, with probable shoreline retreat as a consequence. Consequently, 

preserving the ecological integrity of Posidonia oceanica meadows is important in the 

context of future coastal developments or interventions. Particular attention should be 

taken to avoiding infrastructure that may disrupt the natural dynamics and resilience of the 

coastal system. This is especially critical in areas where the seagrass meadow is well-

developed and extend close to the shoreline. 

 

5.4 Conclusions 

This study analysed trends in long-term shoreline changes of 79 Mediterranean 

microtidal beaches along the southern coast of Sardinia, using the Digital Shoreline Analysis 

System (DSAS) applied to a time series of aerial orthophotos ranging from 1954 to 2022. 

The analysis reveals significant spatial variability in shoreline dynamics across this coastal 

stretch, reflecting the interplay of natural factors, local geomorphology, wave conditions 

and human interventions. 

A major insight from the study is the contrast between predominantly natural 

beaches and those impacted by urbanisation and engineered coastal structures. Beaches 

with minimal anthropogenic disturbance generally exhibit greater resilience to natural 

shoreline fluctuations. This resilience is largely attributed to the balance between natural 
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coastal processes and protective morphology features such as dunes and rocky headlands, 

which collectively buffer the impacts of intense storm events and pressure driven by climate 

change. 

Conversely, shoreline segments adjacent to urban areas, ports, or protected by rigid 

structures such as groynes and breakwaters, experience the highest rates of retreat within 

the study area. While these structures aim to safeguard specific infrastructures or assets, 

they often disrupt natural longshore sediment transport, resulting in downdrift erosion 

hotspots and unintended shoreline retreat. The case of nourishment at Poetto beach 

further illustrates how artificial sediment addition can temporarily alter beach morphology 

but frequently lacks long-term effectiveness. 

Overall, the findings highlight the paramount importance of conserving and 

enhancing the natural resilience of coastal systems. Key strategies for reducing shoreline 

retreat risk and adapting to future climate scenarios include protecting natural sediment 

sources, maintaining healthy dune systems, preserving the ecological integrity of Posidonia 

oceanica meadows and accounting for local wave exposure and sediment transport 

processes. Where coastal modifications are unavoidable, management approaches must 

rely on robust, site-specific data and a comprehensive understanding of coastal dynamics. 

This study demonstrates how integrating detailed historical shoreline analyses with 

local morphodynamic insights can provide a strong foundation for developing adaptive and 

sustainable coastal management strategies. These findings are not only applicable to 

Sardinia Island but also extend to other microtidal Mediterranean coastlines facing 

comparable environmental and anthropogenic challenges. 
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Chapter 6: EFFECTS OF WIND ON THE HYDRODYNAMICS OF RIP CURRENT 

SYSTEMS IN EMBAYED BEACHES: A THEORETICAL CASE STUDY 

 

 

This chapter of the thesis presents the main results obtained through hydrodynamic 

numerical modelling of wave and wind conditions on embayed beaches. These results are 

also intended for future publication. 

 

6.1 Introduction 

Embayed beaches are generally characterised by a curved shape and are laterally 

bordered by headlands, rocky outcrops or engineering structures (Short and Masselink, 

1999; Ojeda et al., 2008). Generally, the morphology of embayed beaches is strongly 

influenced by the geometry of the headlands (length, width and orientation) (Short, 1996), 

and therefore by the geological heritage of the coastal stretch (Short, 2010; Gama et al., 

2011; Loureiro et al., 2012a; Gallop et al., 2020). In fact, embayed beaches are also defined 

in the scientific literature as “geologically controlled beaches” (Gallop et al., 2020). 

Embayed beaches can be affected by different wave exposures and breaking wave 

conditions (Dingler, 1981; Usai et al., 2024, 2025a), sediment exchange (Simeone et al., 

2012) and by the presence of longshore and rip currents (Loureiro et al., 2012a, 2012b; 

Castelle and Coco, 2012; Fellowes et al., 2019). 

Rip currents are narrow channels of water flows generated in the surf zone and 

directed seawards outside the wave breaking zone (Castelle et al., 2016; MacMahan, 2005; 

MacMahan et al., 2006). Usually, these flows have a direction normal to shoreline and are 

controlled by the propagation of incoming waves that subsequently break on the beach 

(Bowen, 1969; Yu and Slinn, 2003; Castelle et al., 2016). The main forcing factors that lead 

to the generation of rip currents are the variation in wave conditions and bathymetry along 

the coastline, which result in different wave breaking patterns (MacMahan, 2005). Rip 

current velocities increase as the water depth decreases and the wave height increases 

(Dronen et al., 2002; Haller et al., 2002). Once generated, rip currents can last for sufficiently 

long periods (hours and/or days) and even reach average velocities of about 0.5-1.0 m/s 

(MacMahan, 2005; Castelle et al., 2016; Yuan et al., 2023). “Mega rips” have also been 

measured in embayed beaches with flow velocities of 2 m/s (Short, 1985, 1996). The study 

of rip current systems, especially in embayed beaches, is critical to improve the safety of 

beach users, as these currents can pose a fatal hazard to swimmers with hundreds of 

drownings recorded worldwide (Li and Zhu, 2018; Brewster et al., 2019; Yuan et al., 2023; 

Rashid et al., 2023; Venkateswarlu et al., 2023; Diez-Fernández et al., 2023). 
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Laboratory experiments have been conducted to understand the characteristics of 

rip currents associated with beach morphologies and wave conditions (e.g., Bowen and 

Inman, 1969; Haller et al., 2002; Dronen et al., 2002; Castelle et al., 2010, Choi and Roh, 

2021; Xu et al., 2024). Similarly, a number of studies have used numerical models to 

simulate and predict the development of rip currents and associated morphology in the 

surf zone (e.g., Falqués et al., 2000; Caballeria et al., 2002; Castelle and Coco, 2013; Reniers 

et al., 2009; Castelle et al., 2013; Marchesiello et al., 2015; McCarroll et al., 2015).  

Relevant to this study, Castelle and Coco (2012) used a non-linear morphodynamic 

model to simulate the development and evolution of rip channels in embayed beaches. 

Their results showed that the characteristics of rip currents depend on the wave conditions, 

the curvature and long-shore extension of the embayed beach and the shape and cross-

shore extension of the headlands bordering the embayment, as also highlighted by Short 

and Masselink (1999). The numerical model was able to simulate difference types of flow 

circulation including the case of cellular circulation, when either headland rips or a single 

rip at the centre of the embayment are present. Their numerical simulations did not take 

into account the wind effect on sea surface, which we here hypothesize can influence the 

velocity and direction of rip currents. Also relevant to this study is the work of Kumar et al. 

(2015), where SWAN and ROMS were coupled and used to simulate coastal dynamics from 

the mid-shelf to the surf zone. Their results highlight that wind forcing accounts for 

approximately 50% of the variability observed in the inner-shelf alongshore currents within 

the modelled domain.     

In light of the above results, we focus on simulating cellular circulation patterns 

within embayed beaches under normally incident wave conditions, comparing scenarios in 

which wind direction is either onshore or offshore-directed relative to the incoming waves. 

More precisely, we used a coupled hydrodynamic-wave model (Delft3D) to estimate 

variations in rip current velocities and circulation patterns within the surf zone. Overall, this 

study aims to improve the understanding and predictability of rip current system on 

embayed beaches, as these finding also have important implications for coastal 

management and the safety of beach users. 
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6.2 Methods 

6.2.1 Hydrodynamic and wave numerical modelling 

To investigate how rip current systems develop within embayed beaches, the 

Delft3D-FLOW (Lesser et al., 2004) and Delft3D-WAVE (Booij et al., 1999; Ris et al., 1999) 

models were used to simulate the hydrodynamics characteristics of such systems under 

different wind and wave conditions. 

Wave motion in Delft3D-WAVE is described by the SWAN model (Simulating Waves 

Nearshore) (Booij et al., 1999; Ris et al., 1999), which considers the two-dimensional wave 

action density spectrum N (Equation 6.1), accounting for spatial and directional energy 

distribution (Booij et al., 1999): 

𝑵(𝝈, 𝜽) =
𝑬(𝝈,𝜽)

𝝈
                                                              (6.1) 

where E is the wave energy density spectrum; σ is the relative frequency and θ is the wave 

direction.  

More precisely, the evolution of the wave spectrum in the SWAN model is governed 

by the spectral action balance equation (Booij et al., 1999), which is formulated here in 

Cartesian coordinates (Equation 6.2) (Hasselmann et al., 1973): 

𝝏

𝝏𝒕
𝑵 +

𝝏

𝝏𝒙
𝒄𝒙𝑵 +

𝝏

𝝏𝒚
𝒄𝒚𝑵 +

𝝏

𝝏𝝈
𝒄𝝈𝑵 +

𝝏

𝝏𝜽
𝒄𝜽𝑵 =

𝑺

𝝈
                            (6.2) 

where t is time; c is the propagation velocity; x and y represent the two-dimensional space; 

σ is the relative frequency; θ is the wave direction and S [= S(σ, θ)] is the source term. 

According to Hasselmann et al. (1973), the source term in the spectral action 

balance equation is described as follows: 

𝑺 =  𝑺𝒊𝒏 + 𝑺𝒏𝒍 + 𝑺𝒅𝒔                                                     (6.3) 

where Sin is the energy input from the atmosphere, specifically the wind contribution 

(Snyder et al., 1981); Snl is the non-linear transfer due to wave-wave interactions 

(Hasselmann and Hasselmann, 1985) and Sds is the dissipation term of wave energy (Komen 

et al., 1984). 

In the SWAN model, the wave energy dissipation Sds is described as the summation 

of three different contributions: whitecapping Sds,w (σ, θ), bottom friction Sds,b (σ, θ) and 

depth-induced breaking Sds,br (σ, θ) (Deltares, 2024a): 

𝑺𝒅𝒔 = 𝑺𝒅𝒔,𝒘(𝝈, 𝜽) + 𝑺𝒅𝒔,𝒃(𝝈, 𝜽) + 𝑺𝒅𝒔,𝒃𝒓(𝝈, 𝜽)                                 (6.4) 
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On the other hand, in the SWAN model the waves growth due to wind occurs 

through a series of processes (Phillips, 1957; Miles, 1957) summarised in Equation 6.5 (Booij 

et al., 1999): 

𝑺𝒊𝒏(𝝈, 𝜽) = 𝑨 + 𝑩𝑬(𝝈, 𝜽)                                                 (6.5) 

where the coefficients A (Cavaleri and Rizzoli, 1981) and B (Komen et al., 1984; 1994; 

WAMDI Group, 1988) are functions of wave direction and frequency, as well as the wind 

direction and speed.  

The coefficient A describes the linear growth of the waves, whereas the term BE 

describes the exponential growth of the waves (Deltares, 2024a). The equations used to 

calculate A (Equation 6.6) and B (Equation 6.7) are shown below: 

𝑨 =
𝟖𝟎 𝝆𝒂

𝟐 𝝈

𝝆𝝎 𝒈𝟐 𝒌𝟐
𝑪𝑫 

𝟐 𝑼𝟒                                                        (6.6) 

where ρa is the air density; ρω is the water density; g is the gravitational acceleration; σ is 

the relative frequency; k is the wave number vector; CD is the drag coefficient and U is the 

wind speed component. 

𝑩 = 𝒎𝒂𝒙 (𝟎, 𝟎. 𝟐𝟓
𝝆𝒂

𝝆𝝎
(𝟐𝟖

𝑼∗

𝒄𝒑𝒉
𝒄𝒐𝒔(𝜽 − 𝜽𝜔) − 𝟏)) 𝝈                 (6.7) 

where (θ - θω) is the angle between the wind and wave propagation directions; U∗ is the 

friction velocity and cph is the phase speed of waves. Values of the friction velocity U∗ can 

be calculated using Equation 6.8 (Cavaleri and Rizzoli, 1981; Komen et al., 1984; Deltares, 

2024a): 

𝑼∗
𝟐 = 𝑪𝑫𝑼𝟏𝟎

𝟐                                                                (6.8) 

where U10 is the wind speed at 10 m elevation above the mean sea surface and CD is the 

drag coefficient (e.g. as suggested by Wu, 1982). 

In the Delft3D-FLOW model, the depth-averaged hydrodynamic flows are described 

through the non-linear shallow water equations (Deltares, 2024b). More specifically, the 

continuity equation is described as:  

𝝏𝛈

𝝏𝒕
+

𝝏𝑸𝒊

𝝏𝒙𝒊
= 𝟎                                                               (6.9) 

where η is the mean free surface elevation of the water; t is time and Qi=hUi is the volume 

of water flux (h is the average water depth and Ui the velocity of the mass-flux driven by 

waves, as suggested by Mei, 1989). The subscript i corresponds to the horizontal coordinate 

directions: x (alongshore) and y (cross-shore) axis. 
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On the other hand, the momentum balance equation is described as: 
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𝝏𝑻𝒊𝒋

𝝏𝒙𝒋
+

𝝉𝒊
𝒃

𝝆𝝎
+

𝝉𝒊
𝒘

𝝆𝝎
= 𝟎                    (6.10) 

where Sij is the radiation stress tensor (Philipps, 1977); Tij is the lateral mixing term (Battjes, 

1975); 𝜏𝑖
𝑏 is the bed shear stress; 𝜏𝑖

𝑤 is the wind shear stress at the sea surface; g is the 

acceleration due to gravity and ρω is the density of water. 

Finally, the wave-induced force was calculated to estimate the variations in wave 

energy nearshore. In the Delft3D-FLOW model, the wave-induced force Fi is described 

through the spatial gradient in radiation stress as (Deltares, 2024b):  

𝑭𝒊 =
𝝏𝑺𝒊𝒋

𝝏𝒙𝒋
                                                                     (6.11) 

where Sij is the radiation-stress tensor and xj is the spatial direction expressed in Cartesian 

coordinates. 

 

6.2.2 Model configuration 

Hydrodynamics processes under different wind and wave conditions were 

investigated by analysing a simplified embayed beach with a curved shoreline with length L 

of 500 m (Fig. 6.1). The beach is laterally bordered by non-erodible physical barriers that 

simulate the presence of headlands, extending 440 m offshore. The adopted bathymetry is 

very similar to that of Castelle and Coco (2012), consisting of a gently sloping plane (1:30) 

with depths ranging between 2.5 m and -15 m (Fig. 6.1a). A longshore sandbar is located 

60 m from the shoreline, with its crest located 0.8 m below the mean sea level (Fig. 6.1b). 

Unlike the setup presented in the study by Castelle and Coco (2012), the bathymetric profile 

is kept fixed in order to exclusively examine the influence of wind forcing on the 

development and behaviour of rip currents. 
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Figure 6.1 - (a) Embayed beach domain selected for the case study. The sandbar crest is 

marked by the red line, while the shoreline is indicated by the blue line. Bathymetric depths 

range from 2.5 m above sea level to -15 m below. (b) Bathymetric cross-profile along the 

central area of the embayment, corresponding to transect A-B (black line).  

The computational domain is characterised by a uniform grid (cell size: 20 x 20 m) 

with a longshore and cross-shore extension of 580 m (including the headlands). For each 

numerical simulation, wave forcing was applied along the offshore boundaries using 

different values of significant wave height Hs and a peak wave period Tp (Table 6.1). The 

wave directional spreading, which describes how wave energy is distributed across different 

propagation directions, was set to 4 (expressed as meaning cosine power). The direction of 

waves θ coming from the offshore boundaries was maintained perpendicular to the 

shoreline, with an angle of 0° (north). Throughout each simulation, wave conditions (Hs, Tp, 

θ), wind forcing (direction θW and speed U10) and the computational grid remain unchanged 

(Table 6.1). Numerical simulations were run for a duration of 1 day (morphological time 

steps: 1440), until stable conditions were reached. 

 

 

 

 

 

 



124 

Table 6.1 

Values of wave parameters (significant wave height - Hs; wave direction - θ; peak wave 

period - Tp) and wind parameters (wind speed - U10; wind direction - θW) used to simulate 

surf zone circulation patterns within the modelled domain. 

Wave parameters  Wind parameters 

Hs (m) θ (°) Tp (s) U10 (m/s) θW (°) 

1 0 10 - - 
1 0 10 5 0 
1 0 10 5 180 
1 0 10 10 0 
1 0 10 10 180 
1 0 10 15 0 
1 0 10 15 180 
1 0 10 20 0 
1 0 10 20 180 
1 0 10 25 0 
1 0 10 25 180 
1 0 10 30 0 
1 0 10 30 180 
0.5 0 10 - - 
0.5 0 10 15 0 
0.5 0 10 15 180 
1.5 0 10 - - 
1.5 0 10 15 0 
1.5 0 10 15 180 
2 0 10 - - 
2 0 10 15 0 
2 0 10 15 180 
2.5 0 10 - - 
2.5 0 10 15 0 
2.5 0 10 15 180 

 

6.3 Results 

Results showed that under wave conditions of Hs = 1 m, Tp = 10 s, θ = 0° and in the 

absence of wind forcing, two distinct rip cells develop within the embayment (Fig. 6.2a). 

Within the surf zone, the flows converge toward the central area of the embayment, where 

an offshore-directed rip current is generated. Along the shoreline (blue line in Fig. 6.2), a 

cellular circulation pattern develops with flows directed either toward the central area of 

the embayment or toward the headlands. Given the symmetry of the circulation cells 

developed, the remaining analyses focus solely on one of the headlands. In the central area 

of the embayment, wave propagation appears homogeneous until the waves encounter the 

submerged sandbar. Beyond this point, the values of significant wave height (Hs) gradually 
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decrease as the wave approach the shoreline (Fig. 6.2b). In contrast, values of significant 

wave height Hs near the headlands are slightly lower compared to those in the central area 

of the embayment, and the wave direction is slightly modified due to the interference with 

the headlands (Fig. 6.2b). 

Figure 6.2 - (a) Flow circulation pattern within the embayment under wave conditions (Hs = 

1 m, Tp = 10 s, θ = 0°) without wind forcing. Flow intensity is represented by red vectors 

indicating depth-averaged velocities. Dashed lines (black and green) show the locations of 

longitudinal transects (A-B and A’-B’), while yellow dots represent the location of 

monitoring points used in the data analysis. Panel (b) shows the distribution of significant 

wave height (Hs) values within the embayment. 
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The values of depth-averaged velocities obtained along the cross-shore transects 

(represented by the dashed black and green lines in Fig. 6.2a) were analysed to show how 

wind forcing influences the overall flow circulation pattern. Rip currents velocities show 

significant variations depending on both wind speed and direction (onshore or offshore) 

(Fig. 6.3). In the absence of wind forcing (continuous black and green lines in Fig. 6.3), the 

maximum depth-averaged velocities reached approximately 0.09 m/s in the central area of 

the embayment and approximately 0.18 m/s near the headland.  

By introducing wind forcing into the numerical simulation, the role of wind speed 

and wind direction becomes more evident in the circulation patterns (Fig. 6.3). As wind 

speed U10 increases in the onshore direction, an increase in depth-averaged velocities is 

observed in the central area of the embayment, while a decrease occurs near the headlands 

(Fig. 6.3). The opposite trend emerges under offshore winds: depth-averaged velocities 

increase near the headlands, while decreasing in the central area of the embayment (Fig. 

6.3). 

At a wind speed U10 of 30 m/s, the maximum depth-averaged velocities in the 

central area of the embayment range from approximately 0.17 m/s (under onshore winds) 

to less than 0.01 m/s (under offshore winds) (Fig. 6.3f). In contrast, near the headland, the 

maximum depth-averaged velocities range from approximately 0.07 m/s, with onshore 

winds, to about 0.32 m/s under offshore winds (Fig. 6.3f). 
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Figure 6.3 - Values of depth-averaged velocity along the cross-shore transects A-B and A’-

B’ (see Fig. 6.2), under different wind conditions. Continuous black and green lines 

represent scenarios without wind forcing. Dashed black and green lines are referent to 

onshore wind forcing, while dotted black and green line correspond to offshore wind 

forcing. Simulations were performed using wind speed U10 of: (a) 5 m/s, (b) 10 m/s, (c) 15 

m/s, (d) 20 m/s, (e) 25 m/s and (f) 30 m/s. 

An increase in wind speed also led to changes in depth-flow circulation patterns 

within the embayment (Fig. 6.4). More specifically, when an onshore wind speed U10 = 10 

m/s is considered (Fig. 6.4.a), the circulation pattern remains similar to that shown in Figure 

6.4b (offshore wind direction), but the rip currents at the headlands are weaker. When the 
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wind speed increased to 30 m/s and maintains an onshore wind direction (Fig. 6.4c), the 

flow along the headlands shows a prevalent onshore direction, while a single offshore-

directed rip current dominates the central area of the embayment.  

By changing the wind direction to offshore (Fig. 6.4d), the flow pattern appears 

totally different compared to that in Figure 6.4c. An offshore-directed rip current develops 

along the headland, while there are no rip currents in the central area of the embayment 

(Fig. 6.4d). Overall, strong onshore winds tend to induce onshore-directed currents along 

the headlands (Fig. 6.4c), which could reduce the wave-induced rip currents. Conversely, 

strong offshore winds tend to induce an offshore-directed current along the headlands (Fig. 

6.4d), thereby enhancing the development and intensity of wave-induced rip currents. 

Figure 6.4 - Flow circulation patterns within the embayment under different wind 

conditions. Panels (a) and (c) correspond onshore wind forcing, while Panels (b) and (d) 

correspond offshore wind forcing. Wind speed U10 is set to 10 m/s in Panels (a) and (b), 

while to 30 m/s in Panels (c) and (d). 
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To better understand the characteristics of the flow patterns, the values of depth-

averaged velocity from the monitoring points (yellow dots in Fig. 6.2a) were examined. The 

analysis highlights how flow intensity (increasing and decreasing values) responds to 

changes in wind forcing (speed and direction), as well as variations in significant wave height 

(Fig. 6.5). 

The flow velocities in the central area of the embayment increase when onshore 

winds are considered, while they decrease when considering winds from offshore (Fig. 5a). 

Specifically, with a wind speed U10 of 30 m/s, the depth-averaged velocities in the central 

area of the embayment range from approximately 0.20 m/s (under onshore winds) to 

approximately 0.02 m/s (under offshore winds) (Fig. 6.5a). On the other hand, the flow 

velocities at the headland increase when offshore winds are considered, while they 

decrease when considering winds from onshore (Fig. 6.5b). For wind speed U10 of 30 m/s, 

the depth-averaged velocities at the headland reach from of approximately 0.33 m/s (under 

offshore winds) to approximately 0.04 m/s (under onshore winds) (Fig. 6.5b). 

Moreover, the analysis of the cross-shore components of the depth-averaged 

velocity showed that, under intensified wind forcing, wind direction significantly influences 

both the magnitude and circulation patterns of the flow currents. For example, with a wind 

speed U10 = 20 m/s, onshore winds enhance rip current intensity in the central area of the 

embayment, whereas offshore winds lead to stronger flow currents near the headlands (Fig. 

6.5c, d). 
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Figure 6.5 - Values of depth-averaged velocity and wind speed recorded at the monitoring 

points: (a) within the central area of the embayment and (b) at the headland (both 

indicated by yellow dots in Fig. 6.2). Continuous black lines represent onshore wind 

conditions, while dashed black line correspond to offshore wind conditions. Panels (c) and 

(d) show the corresponding cross-shore component of the depth-averaged velocity for a 

wind speed U10 of 20 m/s, under (c) onshore and (d) offshore wind direction, respectively. 

Numerical simulations were also performed by increasing the values of significant 

wave height Hs, maintaining a fixed wind speed U10 of 15 m/s. The results showed an overall 

increase in the values of depth-averaged velocity both in the central area of the embayment 

and near the headland (Fig. 6.6). This increase follows an approximately linear trend for Hs 

values between 0.5 m and 2.5 m (Fig. 6.6), both in absence and in presence of wind forcing. 

When wind forcing is considered (U10 = 15 m/s), the values of depth-averaged velocity at 

the centre of the embayment (Fig. 6.6a) are always higher (under onshore winds) or lower 

(under offshore winds) compared to the no wind scenario (continuous black line in Fig. 6.6). 

For values of Hs = 2.5 m, the values of depth-averaged velocity are greater than 0.20 m/s 

both considering the absence or presence of wind forcing. An increase in the values of 

depth-averaged velocity is also observed near the headland (Fig. 6.6b). With an offshore 

wind, the flow velocities are always higher compared to the no wind scenario, or lower 

when an offshore wind is considered (Fig. 6.6b). For Hs = 2.5 m, the values of depth-

averaged velocity are greater than 0.30 m/s both considering the absence and presence of 

wind. 
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Figure 6.6 - Values of depth-averaged velocity and significant wave height Hs at the 

monitoring points: (a) central area of the embayment and (b) at the headland (both 

indicated by yellow dots in Fig. 6.2). The analysis includes scenarios with and without wind 

forcing, under both onshore and offshore wind conditions, assuming a constant wind speed 

U10 of 15 m/s. 

Different cross-shore extensions of rip currents are observed from the numerical 

simulations (Fig. 6.7). Rip currents that develop at the centre of the embayment generally 

have a greater cross-shore extension seaward than those that develop along headlands (Fig. 

6.7). In both scenarios, the numerical simulations highlighted that the seaward cross-shore 

extension of rip current increases in response to rising wind speed and significant wave 

height. However, it is important to consider that the geometry of the beach system is highly 

idealised. In the bathymetry considered, the depth at the heads of the headlands is the 

same as the central area of the embayment (depth > 10 m). It is likely that the seaward 

cross-shore extension of the rip currents would be greater if the depth along the headlands 

and at their heads was shallower. 
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Figure 6.7 - Values of depth-averaged velocity and associated flow circulation patterns 

within the embayment, for significant wave height Hs values of (a, c, e) 1 m and (b, d, f) 2 

m. The panels show variations under different wind conditions: (a, b) no wind forcing; (c, d) 

onshore wind with a speed U10 of 15 m/s; (e, f) offshore wind with a speed U10 of 15 m/s. 
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Moreover, the numerical simulations highlighted how wind forcing can influence 

wave-induced forcing and wave dissipation processes. Figure 6.8 shows the values of wave-

induced force (Fig. 6.8a, c) and wave dissipation (Fig. 6.8b, d) along the breaking area of the 

embayment. In particular, Figure 6.8c shows how an increase in wind speed results in an 

increase or decrease in wave-induced force under the presence of onshore or offshore 

winds. This increase or decrease in wave-induced force values is further supported by the 

wave dissipation values at the sandbar, which are slightly higher or lower at the sandbar 

depending on the wind direction (Fig. 6.8b, d). 

Figure 6.8 - Values of (a) wave-induced force and (b) wave dissipation across the model 

domain. Panels (c) and (d) show the corresponding values along the cross-shore transect A-

B (dashed black line in Panels (a) and (b)), under wind speeds U10 of 15 m/s and 30 m/s, for 

both onshore and offshore wind directions. 
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Finally, the analysis of wave set-up values (Fig. 6.9) showed that they begin to 

increase after the sandbar (red line in Fig. 6.10a), whose crest is located at 0.8 m below the 

mean sea level. In the absence of wind forcing and with wave conditions of Hs = 1 m and Tp 

= 10 s, wave set-up values along the central transect (A-B; dashed black line in Fig. 6.9a) and 

along the headland transect (A’-B’; dashed green line in Fig. 6.9a) showed a decrease of 

approximately -0.01 m (set-down) at the sandbar and then an increase up to approximately 

0.13 m at the shoreline (blue line in Fig. 6.9a).  

When an onshore wind is considered with different wind speed (U10 = 5 m/s, 15 m/s 

and 30 m/s), the values of wave set-up are higher compared to the no wind scenario (Fig. 

6.9b, c, d). Oppositely, when an offshore wind is considered, the wave set-up values are 

lower compared to the no wind scenario (Fig. 6.9b, c, d). Within the surf zone (e.g., cross-

shore distance = 150 m), wave set-up is always higher at the headland compared to the 

central area of the beach, which could support a flow from the headland towards the centre 

of the beach. At the same time, due to the shape of the beach, wave set-up near the 

shoreline at the centre of the beach (cross-shore distance = 100 m) could induce flows 

towards the headlands. 
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Figure 6.9 - Values of (a) wave set-up within the modelled domain (Hs = 1 m, Tp = 10 s, θ = 

0°). The dashed black and green lines indicate the cross-shore transects: “Centre” (A-B) and 

“Headland” (A’-B’). Panels (b, c, d) show wave set-up values along these transects under 

different wind conditions, including no wind and wind forcing at speeds U10 of 5 m/s, 15 

m/s and 30 m/s, for both onshore and offshore directions. 
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6.4 Discussion 

We used a hydrodynamics model, coupled with a wave model, to simulate the 

development of rip current systems on a simplified embayed beach under different wind 

and wave conditions. Using a similar geometry to Castelle and Coco (2012), we considered 

an embayed beach (L = 500 m) bounded laterally by two physical barriers with wave 

conditions of Hs = 1 m, Tp = 10 s and θ = 0°. The results showed how the increase in wind 

speed led to variation of depth-averaged velocities, and such variations were particularly 

clear in the central area of the embayment and at the headlands, where rip currents 

develop. The velocity of rip currents can increase or decrease (sometimes even causing the 

current to disappear) depending on wind speed and direction (relative to wave direction). 

Variations in rip current velocities are linked to the formulations assumed in 

numerical modelling of hydrodynamic processes. Wave growth strongly depends on the 

wind velocity components (Equation 6.6, 6.7), which are related to the wind friction velocity 

and the drag coefficient. In the work of Lin and Sheng (2020), the authors point out how 

the drag coefficient, combined with the roughness of the sea surface, is fundamental to 

compute the wind stress. Therefore, variations of these parameters at the air-sea interface 

led to a change in wave characteristics and, consequently, to a different seabed-wave 

interaction (Deltares, 2024a). Also, in terms of formulation adopted, we focused on depth-

averaged modelling of hydrodynamics processes and leave for future studies the analysis 

of 3D effects induced by wind. Despite the limitations, rip current velocities appear 

consistent with those measured in case studies of embayed beaches (e.g., Huntley et al., 

1988; MacMahan et al., 2006; McCarroll et al., 2015; Yuan et al., 2023).  

The simulated rip current patterns find similarities with the numerical models 

illustrated in the work of Castel and Coco (2012), where the development of a cellular 

circulation with a central rip channel can be favoured by a large beach curvature and a short 

beach length. On the other hand, the development of a cellular circulation with two rip 

currents at the headlands can be favourited by both a small beach curvature and short 

beach length. Our simulations showed that, with unchanged morphological and wave 

conditions, both types of cellular circulation (central rip channel and headlands rips) can 

occur within the same embayment when an offshore or onshore wind is considered (Fig. 

6.7). 

Overall, the location of rip currents into the embayment is primarily influenced by 

both the beach’s shape and the presence of lateral physical barriers, which affect the 

hydrodynamic processes in the model domain. When waves physically interact with a rigid 

boundary, they can lose energy and slow down due to friction (Deltares, 2024b). In this 

context, as shown in the work of Castelle and Coco (2012), wave directional spreading plays 

a fundamental role in this type of beach configuration, potentially causing headland-
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induced shadowing to dominate over other processes, such as wave refraction and 

diffraction.  

Numerical simulations, including and excluding wave refraction and diffraction, have 

shown that wave refraction can influence the resulting flow velocity field. In particular, 

higher velocities are observed near the headlands when wave refraction is considered (Fig. 

6.10a), whereas these velocities almost disappear when wave refraction is excluded (Fig. 

6.10c). As expected, due to the geometry of the domain and the use of normally incident 

waves with directional spreading of 4, wave diffraction has a negligible effect on the 

hydrodynamic circulation (Fig. 6.10b). Although the refraction processes related to the 

presence of headlands influence the flow circulation within the embayment (Fig. 6.10c), the 

wave field (white arrows in Fig. 6.10d) still shows a deflection toward the headlands, even 

when wave refraction is excluded from the model (Fig. 6.10d). This deflection is more 

pronounced when wave refraction is included, as shows in Figure 6.2b, although the values 

of significant wave height remain very similar. Furthermore, these results highlight how the 

shading effect induced by the headlands significantly influence the characteristics of 

emerging currents. 

Figure 6.10 - (a, b, c) Comparison of depth-averaged velocity values within the modelled 

domain, with and without wave diffraction and refraction. (d) Values of significant wave 

height Hs obtained from the numerical simulations when wave diffraction and refraction are 

excluded.   
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The circulation patterns observed within the surf zone are primarily controlled by 

two key physical drivers: the wave breaking field, which generates spatial gradients in wave 

radiation stress that drive flow currents, and the wind stress, which exerts a direct forcing 

on the sea surface. Understanding both the individual and combined effects of these forcing 

mechanisms is essential for characterising rip current dynamics, particularly on embayed 

beaches where headlands significantly influence the hydrodynamic characteristic of the 

surf zone. 

The effects of these forcing mechanisms are summarised in Figure 6.11, which 

shows the results of four different simulation scenarios. In the scenario with only wave 

propagation (Hs = 1 m, Tp = 10 s and θ = 0°) and without wind forcing (Fig. 6.11a), the surf 

zone circulation exhibits a symmetric cellular pattern. Here, longshore currents converge 

toward the headlands along the shoreline and then return offshore through a pronounced 

rip current located at the centre of the embayment (Fig. 6.11a). This flow pattern highlights 

the influence of wave breaking in generating cellular circulation patterns even in the 

absence of wind. Moreover, this scenario is consistent with those previously modelled on 

embayed beaches (Castelle and Coco, 2012). 

When wind forcing is incorporated into the numerical model (Fig. 6.11b), specifically 

under onshore wind conditions with U10 = 20 m/s, the central rip current intensifies, 

exhibiting higher velocities and greater cross-shore extension, while flow velocities near the 

headlands decrease. This suggests that onshore wind reinforces the offshore-directed rip 

current at the centre of the embayment, likely due to a combination of increased surface 

wind stress and modifications in the wave-breaking pattern. 

Panels c and d in Figure 6.11 isolate the contribution of wind forcing by completely 

removing the contribution of wave propagation. In the onshore wind scenario (Fig. 6.11c), 

a central offshore-directed rip current still develops, indicating that wind-driven circulation 

alone can induce flow cellular patterns, although with different spatial characteristics 

compared to the wave-driven scenario (Fig. 6.11a). In contrast, the offshore wind scenario 

(Fig. 6.11d) shifts the location of flows toward the headlands, effectively inverting the 

current pattern observed under wave-driven forcing (Fig. 6.11a). Although highly idealised, 

these simulations further highlight the sensitivity of surf zone circulation to wind forcing in 

embayed beaches (Fig. 6.11c, d). 

Collectively, these results highlight the complex interplay between wave and wind 

forcing in shaping surf zone hydrodynamics. The amplification or attenuation of specific 

circulation patterns, such as the central rip current or the rip cells near headland, depends 

not only on the presence of individual forcings, but also on their relative intensity and 

spatial distribution. Consequently, these findings emphasize the importance of considering 

multi-forcing scenarios when studying rip current behaviour. 



139 

Figure 6.11 - Values of depth-averaged velocity from numerical simulation under different 

scenarios: (a) wave forcing only (Hs = 1 m, Tp = 10 s, θ = 0°) without wind forcing; (b) 

combined wave forcing and onshore wind at 20 m/s; (c) onshore wind only at 20 m/s; (d) 

offshore wind only at 20 m/s. Both Panels (a) and (b) are set with wave conditions of Hs = 0 

m and Tp = 0 s. 

 

6.5 Conclusions 

Numerical modelling was implemented to analyse the effects of wind on an 

embayed beach with idealised bathymetry. The results show that the cellular circulation 

patterns within the embayment can change depending on wind speed and direction. When 

strong winds blow in the same direction as the waves, a rip current can develop at the 

centre of the embayment, significantly influencing the overall flow circulation. On the other 

hand, strong winds blowing in the opposite direction of the waves tend to generate 

headland rips, which can modify the established circulation pattern. In addition, the results 



140 

highlighted how wind conditions can influence the offshore extent of rip currents, 

particularly under onshore wind scenarios.  

Given the influence of wind forcing on surf zone flow circulation, the results 

highlighted the importance of incorporating wind parameters into hydrodynamic models. 

However, the numerical simulations also showed that flow circulation patterns are primarily 

driven by a combination of factors related to wave conditions and morphological features 

of the embayment. Further investigations and field observations, especially using real wave-

wind data, are needed to fully establish the role of wind in the development of rip current 

systems within embayed beaches.  However, these findings are relevant not only from a 

physical coastal hydrodynamic perspective, but also for informing beach management 

strategies and improving safety planning. In fact, hazardous rip current systems can 

develop, posing a serious risk to both swimmers and coastal infrastructures (especially 

during strong wind events or when recreational beach use continues under adverse 

weather conditions). 
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Chapter 7: THE ROLE OF BEACH-CAST IN COASTAL FLOODING EVENTS ON 

MICROTIDAL BEACHES (WESTERN MEDITERRANEAN SEA) 

 

This chapter contains the main findings published in the following paper, with the 

numerical modelling component integrated. 

Trogu, D.; Simeone, S.; Usai, A.; Porta, M.; De Muro, S., 2024. On the role of wood and 

seagrass rests in coastal flooding events in Mediterranean microtidal beaches. In: Coastlines 

under change: Proceedings from the International Coastal Symposium (ICS) 2024 (Doha, 

Qatar); Phillips, M.R., Al-Naemi, S., Duarte, C.M., Eds.; J. Coast. Res. 113, 115–119. 

https://doi.org/10.2112/JCR-SI113-023.1. 

 

7.1 Introduction 

Beach-cast, typically deposited and sedimented along the backshore, can be often 

observed along the world’s coastlines (Tomasello et al., 2022). Their origin can be linked to 

both terrestrial ecosystems (e.g., vegetal material transported by rivers that flow into the 

sea) and marine ecosystems (e.g., debris from seagrass meadows located on the submerged 

beach). Along the Mediterranean coasts, temporary seagrass remains (commonly referred 

as "banquettes") are primarily composed of dead leaves from Posidonia oceanica (L.) Delile 

meadows (Mateo et al., 2003). In fact, these meadows cover approximately 1-2 % of the 

seabed on the inner continental shelf of the Mediterranean Sea (estimated area between 

25.000 km2 and 50.000 km2) (Gobert et al., 2006; Pasqualini et al., 1998), with their 

distribution extending to depths of around 40-45 m (Telesca et al., 2015; Rotini et al., 2020). 

Moreover, Posidonia oceanica meadows are considered among the most valuable and 

productive marine ecosystems in the Mediterranean Sea. They play a fundamental role in 

oxygen production, support marine biodiversity and provide natural protection for 

coastlines by dissipating wave energy, especially during storm events (Duarte, 2002; Rotini 

et al., 2020). In addition, they act as significant carbon sinks, thus contributing to climate 

change mitigation (Tomasello et al., 2022).  

Similar to the seagrass meadows, Posidonia oceanica banquettes are crucial in 

controlling the morphological and hydrodynamic processes of beach environments (Ruju et 

al., 2022; Trogu et al., 2023). In fact, these accumulations can reach thicknesses of up to 2.5 

m (Rotini et al., 2020; Boudouresque et al., 2017), effectively acting as a buffer against 

waves action (Kennedy and Woods, 2012). Therefore, their presence can determine an 

increase in the beach permeability, facilitating the drainage of water volumes during wave 

overtopping events across the berm (Ruju et al., 2022). In addition to Posidonia oceanica 

remains, these deposits may be also characterised by other types of vegetal materials, such 
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as woody debris, dead trees, river reeds and large logs. Similarly to seagrass wracks, these 

vegetal remains can play a crucial role in the natural dynamism and evolution of beach 

systems, mitigating wave energy by reducing coastal erosion and promoting sediment 

retention (Trogu et al., 2020; Simeone et al., 2013a; Grilliot et al., 2019). 

In this context, numerical modelling represents a valuable tool for improve the 

understanding of the hydrodynamic behaviour of coastal systems influenced by the 

presence of beach-cast (Cucco et al., 2020). By integrating field observations with 

morphodynamic models, the interactions between wave dynamics and these natural 

accumulations can be simulated under various wave and wind conditions (Ruju et al., 2022). 

Therefore, numerical models can help to assess the protective role of beach-cast in 

mitigating coastal erosion and wave overtopping, as well as in the prediction of long-term 

beach morphological changes. These insights are particularly useful in supporting coastal 

management and strategies, and for supporting conservation and protection of ecosystems. 

This study aims to investigate the role of beach-cast (such as seagrass remains and 

river reeds), deposited along the backshore, by comparing two storm events characterised 

by similar wave conditions. More precisely, an urban microtidal beach (Poetto beach - 

Sardinia, Italy) was selected as a case study and its response to the two storm events was 

analysed.  

During the first event, which occurred in October 2018, the beach area analysed in 

this study was completely flooded by waves that overtopped the berm. No seagrass wracks 

were observed on the backshore during this event. On the other hand, during the second 

event, which occurred in January 2020, the emerged beach (backshore) was not flooded. In 

this case, a berm composed of beach-cast material acted as a natural barrier, limiting wave 

overtopping. However, wave action caused an inland displacement of beach-cast during this 

latter storm. To further understand these dynamics, both images from a coastal video 

monitoring system and numerical modelling were used to analyses these two events. 

Overall, the findings highlight that a more accurate management of beach-cast, 

deposited and sedimented along the backshore, can provide important benefits to the 

beach system. In particular, it can enhance the beach’s resilience especially during storm 

events. However, along most of the Sardinia’s coastlines, it is common practice to remove 

seagrass wracks during the summer months as part of “beach cleaning” operations. Driven 

by the growth of coastal tourism, these practices are often carried out to meet aesthetic 

expectations, as beaches without banquettes are perceived by beach users as cleaner and 

more usable. However, such operations can lead to important geomorphological changes 

(e.g., reduced beach slope and permeability) and have negative impacts on the entire 

coastal ecosystem (Manfra et al., 2024). 
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7.2 Event analysis 

At the end of October 2018, Poetto beach was impacted by a severe storm event 

that caused the flooding of large part of the backshore. In the days leading up to the event, 

the beach was still being frequented by beach users, and “beach cleaning” operations to 

remove deposited banquettes were actively underway along the backshore. The beach 

flooding caused significant damage both to local structures and nearby economic activities. 

Following the storm event, several sections of the backshore remained flooded for days 

until the water drained away naturally. 

Nearly a year later, on 18 December 2019, another intense storm event occurred. 

The entire area of Southern Sardinia was affected by heavy rainfall, with pick reaching 20 

mm/h between 18:00 and 24:00, as recorded by the meteorological station located in 

Cagliari (Ruju et al., 2020). As a result, the flow rates of the rivers flowing into the Gulf of 

Cagliari increased, mobilizing and transporting vegetal materials from their riverbeds 

towards the sea. The transported material was primarily composed of vegetal remains and 

river reeds, mostly attributed to the species Arundo donax. Subsequently, these vegetal 

materials were transported and deposited on Poetto beach by sea currents and intense 

waves (from the south-eastern sector with a maximum offshore wave height of 1.5 m).  

After this event, the entire area of Southern Sardinia was affected by another severe 

storm event, with waves primarily coming from the south-western sector (offshore 

significant wave height in the Western Mediterranean Sea reaching 6 m). The increased 

wave intensity and shift in wave direction, compared to the previous event occurred on 18 

December 2019, led to a further redistribution, deposition and sedimentation of beach-cast 

material along the backshore of Poetto beach (Ruju et al., 2020). It is estimated that over 

85 tonnes of beach-cast were deposited this storm event. Due to the subsequent lockdown 

caused by the Covid-19 pandemic, the deposited vegetal materials remained undisturbed 

on backshore for an extended period. This absence of human interference allowed for 

further interaction between vegetal material and natural beach processes and dynamics. 

 

7.3 Study area 

The study area is located on Poetto beach, in the southern coast of Sardinia Island 

(Western Mediterranean Sea) (Fig. 7.1). More precisely, Poetto beach is located within the 

Gulf of Cagliari and is characterised by a longshore extension of approximately 8 km and a 

cross-shore width that varies along its length, reaching a maximum of about 100 m. The S. 

Elia Promontory, where the coastal video monitoring system is located (blue dot in Fig. 7.1), 

geomorphologically divides the beach systems of the Gulf of Cagliari into two areas: to the 

west is Giorgino beach, a wide-open beach interrupted by artificial structures, while to the 

east is Poetto beach. 
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Poetto beach is a microtidal, wave dominated sandy beach with a geographic fetch 

mainly oriented to the south-east (Trogu et al., 2023). The beach is not crossed by rivers, 

resulting in the absence of direct fluvial sediment input. The main sedimentary supply 

consists of authigenic bioclastic sediments produced by the Posidonia oceanica meadow 

located in front of the beach, as well as the erosion of the carbonate and siliciclastic rocks 

of the S. Elia Promontory (Porta et al., 2020). However, several river systems discharge into 

the Gulf of Cagliari. The main ones, located in the “Campidano” and “Cixerri” plains, flow 

into the Santa Gilla Lagoon without directly affecting the sediment dynamics of Poetto 

beach (Barca et al., 2005). Further details regarding the geomorphological characteristics 

and wave conditions of this area can be found in Chapter 4 of the thesis. 

Due to the development of the city of Cagliari and its urban hinterland behind the 

Poetto beach, the entire beach is subject to significant anthropogenic pressure from 

residential development and increased commercial activity, resulting in a substantial 

alteration of its original morphology. In fact, during the summer season, Poetto beach is 

one of the most popular and visited beaches in Sardinia (Porta et al., 2020). This 

combination of morphological changes driven by anthropogenic pressure significantly 

reduced the beach’s resilience, especially during storm events, often leading to events of 

beach flooding and coastal erosion (Brambilla et al., 2016; Biondo et al., 2020). 

Figure 7.1 - Location of the Poetto beach: the blue dot identifies the location of the coastal 

video monitoring station located on the S. Elia Promontory; the red dot identified the 

location of the virtual buoy Copernicus (CMEMS); the red line highlights the transect used 

to generate the time-stack images (modified from Trogu et al., 2024). 
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7.4 Methods 

7.4.1 Coastal video monitoring system: Image Processing 

The storm events were analysed through a series of images (snapshots) acquired by 

the coastal video monitoring system of the Coastal and Marine Geomorphology Group 

(CMGG - University of Cagliari). The station is located 125 m above SWL on the S. Elia 

Promontory (blue dot in Fig. 7.1) and frames the western part of the Poetto beach (Camera 

coordinates: 39° 11’ 24.05’’ North; 9° 9’ 29.65’’ East). More precisely, the station consists 

of a digital camera (Dahua Technology 12 MP Ultra-HD - Model: DH-IPC-HF81200E) placed 

on a steel structure and powered by photovoltaic panels. The digital camera was set to 

record 30 minutes, 4 times a day every 3 hours (from 8:00 to 17:00) for a recording interval 

of 3 hours (acquisition frequency: 4 Hz). The dimensions of the acquired images are x = 

4096 px and y = 2160 px. Further details regarding the coastal video monitoring system can 

be found in Chapter 2 and 3 of the thesis. 

Due to the distortion induced by the camera lens, the acquired images were 

corrected by setting calibration parameters (e.g., principal point position, radial and 

tangential distortion coefficients, focal length). The calibration process was preformed using 

an open-source toolbox called “Camera Calibration Toolbox for MATLAB” (Bouguet, 2022), 

widely adopted in scientific literature for similar coastal studied (e.g., Vousdoukas et al., 

2011; Taborda and Silva, 2012; Passarella, 2019; Trogu et al., 2023). The complete 

calibration procedure referred to this coastal video monitoring station is described in the 

work of Passarella (2019).  

Once the lens-induced distortion was corrected, the acquired images were rectified 

and georeferenced using 12 GCPs (Ground Control Points) and the aerial orthophotos 

available online in the WMS of “Regione Autonoma della Sardegna” 

(https://webgis.regione.sardegna.it/geoserverraster/ows?service=WMS&request=GetCap

abilities). GCPs refer to points that are clearly visible in both images considered (snapshots 

and aerial orthophotos). In this way, the pixels of the acquired images (snapshots) can be 

associated with precise real-word coordinates (WGS 84 - UTM 32N) (Fig. 7.2). The complete 

snapshot georeferencing procedure was performed following the work of Trogu et al. 

(2023).  

For each storm event analysed, the most representative time interval was selected 

to generate time-stack images, which were used to compare the main features of the wave-

swash processes. More precisely, a sequence of snapshots (Fig. 7.3) taken at 30-minute 

intervals was considered to create the time-stack image for the storm event that occurred 

on 29 October 2018. On the other hand, for the storm event on 21 January 2020, another 

sequence of snapshots (Fig. 7.4) taken at 10-minute intervals was considered. Each time-

stack image is characterised by a horizontal (x) and a vertical (y) axis, representing time and 
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space, respectively. The time-stack images were created along a linear transect across the 

submerged-emerged beach transition zone (cross-shore distance: 55 m) (red line in Fig. 

7.1). 

Overall, these two storm events were selected for analysis due to their similar wave 

conditions. Wave data (significant wave height - Hs; peak wave period - Tp; mean wave 

period - Tm; wave direction - Dir) were downloaded from the Copernicus Marine 

Environment Monitoring Service (CMEMS) (Korres et al., 2021) at a virtual buoy located 

offshore of the Poetto beach (Ruju et al., 2022). The virtual buoy corresponds to a specific 

CMEMS grid node (coordinates: 39° 11' 15'' Noth; 9° 12' 30'' East) (red dot in Fig. 7.1). 

Similarly, wind data (wind speed at 10 m above the ground level - U10; wind direction - Dirw) 

were download from the ERA5 reanalysis dataset (Hersbach et al., 2023), produced by the 

European Centre for Medium-Range Weather Forecast (ECMWF), at a virtual buoy located 

further offshore than the one used for wave data virtual buoy (coordinates: 39° 00' 00'' 

Noth; 9° 12' 30'' East). Both wave and wind data cover the period from 27 to 29 October 

2018 and from 19 to 21 January 2020, encompassing both the pre-storm and storm event. 

These datasets were considered representative of the environmental conditions during the 

two storm events (a complete list of wave and wind data used in this study is provided in 

Appendix C of the thesis). 
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Figure 7.2 - Location of the GCPs (Ground Control Points) on the western Poetto beach used 

to rectify and georeference the images (snapshots) acquired by the digital camera of the 

coastal video monitoring system. 
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Figure 7.3 - Snapshot acquired by the coastal video monitoring system during the storm 

event that occurred on 29 October 2018. 

Figure 7.4 - Snapshot acquired by the coastal video monitoring system during the storm 

event that occurred on 21 January 2020. 
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7.4.2 Hydrodynamic circulation: Model Set-up 

Models Delft3D-WAVE (Booij et al., 1999; Ris et al., 1999) and Delft3D-FLOW (Lesser 

et al., 2004) were used to simulate the hydrodynamic circulation at the Poetto beach during 

the two storm events. Further details regarding the formulations adopted by the two 

models (hydrodynamic coupled to wave) can be found in Chapter 6.2 of the thesis. 

Two computational grids were used to represent the two storm events (Fig. 7.5). 

The first grid A (green grid in Fig. 7.5a) is characterised by a large mesh with an average cell 

size of approximately 150 x 125 m. Computational grid A was designed with curvatures to 

align with the coastal morphology of the study area (red line in Fig. 7.5). The offshore 

boundary of the grid A was defined by considering the typical wave conditions of the study 

area, in particular the length of waves. Computational grid A, coupled with Computational 

grid B, was used to simulate wave and wind conditions from the offshore boundaries of the 

modelled domain. The second grid B (blue grid in Fig. 7.5a) is characterised by a more 

refined mesh with an average cell size of approximately 30 x 30 m. Computational grid B 

was designed as a structured mesh with uniform spacing, with curvature introduced only 

along the landward axis to conform to the shoreline morphology. More precisely, 

Computational grid B were used to estimate the hydrodynamic circulation patterns in 

Poetto beach.  

In each simulation, wave (Hs, Tp and Dir) and wind (U10 and Dirw) conditions were 

applied at the offshore boundaries of the modelled domain for a duration of 3 days (72 

hours), in order to simulate the conditions before and during the storm event (from 27 to 

29 October 2018; from 19 to 21 January 2020). The bathymetry adopted in the two grids, 

constant in each simulation, ranges from 1 m to approximately -70 m in Grid A, and from 

2.5 m to -25 m in Grid B (Fig. 7.5). The bathymetric data derive both from bathymetric 

surveys carried out near the coastline (see Chapter 3.4 of the thesis) and from the European 

Marine Observation and Data Network - EMODnet (https://emodnet.ec.europa.eu/ 

geoviewer). Similarly, the shoreline position of Poetto beach was acquired from topographic 

surveys using a DGPS (Differential Global Position System) connected in real time (Real Time 

Kinematic - RTK) to a correction network (NETGEO network) (see Chapter 3.3 of the thesis). 

The portions of the coastline not covered by topographic surveys were integrated using the 

shapefile of the coastline of Sardinia Island provided by the Geoportal of “Regione 

Autonoma della Sardegna” (https://www.sardegnageoportale.it/accessoaidati/download 

dati). 
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Figure 7.5 - (a) Computational grids A (green) and B (blue) used for the hydrodynamic 

model, coupled to wave model, at the Poetto Beach. (b) Bathymetry used for 

Computational grid B to estimate hydrodynamic circulation in Poetto beach. 
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7.5 Results 

7.5.1 Image analysis 

Time-stack images and georeferenced-rectified snapshots enabled to the 

identification and analysis of wave-swash processes during the two storm events (29 

October 2018 and 21 January 2020). Although the wave conditions were similar, the two 

events resulted in different effects on the backshore. 

The comparison of georeferenced-rectified snapshots (Fig. 7.6) showed that, during 

the storm event of 29 October 2018, the berm was completely overtopped, resulting in the 

flooding of the backshore (Fig 7.6a). On the other hand, no berm overtopping occurred 

during the storm event of 21 January 2020, and the backshore remained unflooded (Fig 

7.6b). More precisely, during the first storm event, no seagrass wracks were observed along 

the emerged beach. Conversely, the second storm event was characterised by huge 

accumulations of beach-cast (mainly remains of Arundo donax and Posidonia oceanica), 

deposited in ridges parallel to the shoreline. 

The analysis of the processed time-stack images (Fig. 7.7), referred to the cross-

shore transect (red line in Fig. 7.6), highlighted that during the first storm event (29 October 

2018) incoming waves continued to supply volumes of water to the already flooded 

backshore through successive wave uprush over the berm (Fig. 7.7a). On the other hand, 

during the second storm event (21 January 2020), the incoming waves nearly reached the 

top of the berm but did not cause flooding of the backshore. This was likely due to the 

presence of beach-cast accumulation along the backshore, which acted as a barrier limiting 

wave overtopping (Fig. 7.7b). 
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Figure 7.6 - Georeferenced-rectified snapshots acquired by the coastal video monitoring 

system during the two storm events: (a) 29 October 2018; (b) 21 January 2020. The red line 

shows the linear transect used for processing the time-stacks images at each time interval 

(modified from Trogu et al., 2024). 
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Figure 7.7 - Time-stack images processed along the linear transect corresponding to the 

two storm events: (a) 29 October 2018; (b) 21 January 2020 (modified from Trogu et al., 

2024). 

As mentioned above, both storm events are characterised by similar wave 

conditions (Table 7.1; Fig. 7.8). Table 7.1 shows the wave data (Hs, Tp, Tm and Dir) referred 

to daily average values, daily peak values and values corresponding to the time interval 

recorded by the camera. The daily average value of significant wave height (Hs) is similar for 

the 2018 (Hs = 2.2 m) and 2020 (Hs = 2.7 m) storm event. Likewise, the daily average value 

of the peak and mean wave period (Tp and Tm) appears similar: Tp = 8.9 s and Tm = 5.3 s for 

the 2018 storm event; Tp = 8.5 s and Tm = 6.0 s for the 2020 storm event (Table 7.1).  
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In addition, both storm events are characterised by a mean wave direction from the 

south-eastern sector (Table 7.1; Fig. 7.8). During the 2018 storm event, the daily average 

value of Dir was 167°, whereas it was 184° during the specific time interval recorded by the 

camera. On the other hand, during the 2020 storm event, the daily average value of Dir was 

137°, whereas it was 138° during the camera recording time interval. Therefore, these 

values indicate that the mean wave direction during the 2020 storm event showed less 

lateral wave dispersion compared to that of the 2018 storm event (Fig. 7.8d). 

 

Table 7.1 

Wave data (significant wave height - Hs; peak wave period - Tp; mean wave period - Tm; wave 

direction - Dir) referred to the two storm events (29 October 2018; 21 January 2020): daily 

average values, daily peak values and values associated to the time interval recording by 

camera. 

Wave 
parameter 

29 October 2018 21 January 2020 

Daily 
average 
value 

Daily 
peak 
value 

Recorded 
value 
(camera 
time 
interval) 

Daily 
average 
value 

Daily 
peak 
value 

Recorded 
value 
(camera time 
interval) 

Hs (m) 2.2 2.9 2.5 2.7 2.9 2.8 

Tp (s) 8.9 9.2 9.2 8.5 9.2 8.4 

Tm (s) 5.3 6.4 5.0 6.0 6.2 6.1 

Dir (°) 167 147 184 137 138 138 

 

The comparison of the significant wave height (Hs) values during the two storm 

events highlighted that the Hs values were consistently lower during the 2018 event 

compared to the 2020 event (Fig. 7.8a). A similar pattern is observed for the values of mean 

wave period (Tm) (Fig. 7.8c). More precisely, during the 2018 storm event, the peak of wave 

intensity was reached with values of Hs = 2.9 m and Tm = 6.4 s. After the peak, wave intensity 

gradually decreased, reaching values of Hs = 2.5 m and Tm = 5.0 s at the camera recording 

point (yellow dots in Fig. 7.8). Similarly, during the 2020 storm event, the peak of wave 

intensity was reached with values of Hs = 2.9 m and Tm = 6.2 s. At the camera recording 

point (yellow dots in Fig. 7.8), values of Hs = 2.8 m and Tm = 6.1 s were observed. Likewise, 

the values of the peak wave period reached during both storm events also appear 

comparable at the values referred to camera recording point (Tp = 9.2 s for the 2018 event 

and Tp = 8.4 s for the 2020 event) and remain nearly constant throughout the day of each 

event (Fig. 7.8b). Overall, the temporal evolution of wave parameter during the 2020 storm 

event appears more consistent and regular than during the 2018 storm event (Fig. 7.8). 
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Figure 7.8 - Values of (a) significant wave height (Hs), (b) peak wave period (Tp), (c) mean 

wave period (Tm) and (d) wave direction (Dir) of the two storm events considered (29 

October 2018; 21 January 2020). The yellow dot represents the wave data associated with 

the time interval recorder by camera. 
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The comparison of the wind speed (U10) values during the two storm events 

highlighted that the U10 values were higher during the 2018 event compared to the 2020 

event (Table 7.2; Fig. 7.9a). More precisely, during the 2018 storm event, the peak of wind 

speed was reached at U10 = 15.2 m/s prior to the camera recording point, where it reached 

U10 = 13.2 m/s. On the other hand, during the 2020 storm event, the peak of wind speed 

(U10 = 6.6 m/s) was reached after the camera recording point (U10 = 6.0 m/s) (Table 7.2).  

On the other hand, the values of wind direction (Dirw) appeared more consistent 

during the 2020 event than the 2018 event (Table 7.2; Fig. 7.9b). During the 2018 storm 

event, the daily average value was 209°, while the Dirw value during the time interval 

recorded by the camera value was 240°. On the other hand, during the 2020 storm event, 

the daily average value Dirw was 277°, and 259° during the camera recording time interval. 

Therefore, the wind direction during the 2018 storm event was predominately from the 

southern and south-western sectors, whereas during the 2020 event it was mainly from the 

western and south-western sectors (Fig. 7.10b). 

 

Table 7.2 

Wind data (wind speed - U10; wind direction - U10) referred to the two storm events (29 

October 2018; 21 January 2020): daily average values, daily peak values and values 

associated to the time interval recording by camera. 

Wind 
parameter 

29 October 2018 21 January 2020 

Daily 
average 
value 

Daily 
peak 
value 

Recorded 
value 
(camera time 
interval) 

Daily 
average 
value 

Daily 
peak 
value 

Recorded 
value 
(camera time 
interval) 

U10 (m/s) 12.0 15.2 13.2 5.2 6.6 6.0 

Dirw (°) 209 245 240 277 296 259 
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Figure 7.9 - Values of (a) wind speed (U10) and (b) wind direction (Dirw) of the two storm 

events considered (29 October 2018; 21 January 2020). The yellow dot represents the wind 

data associated with the time interval recorder by camera. 

 

7.5.2 Hydrodynamic circulation on Poetto beach  

The analysis of wave and wind data from the Copernicus Marine Environment 

Monitoring Service (CMEMS) (Korres et al., 2021) and ERA5 reanalysis dataset (Hersbach et 

al., 2023) enabled the estimation of hydrodynamic circulation at Poetto beach during the 

two storm events. Table 7.3 schematically shows the values of Hs, Tp, Dir, U10 and Dirw at 

the beginning of the simulated event, during the camera recording time interval and at the 

end of the numerical simulation. A complete list of wave and wind data used for the 

numerical modelling is provided in Appendix C of the thesis. 
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Table 7.3 

Wave and wind parameters used for numerical modelling at Poetto Beach during the two 

storm events (29 October 2018; 21 January 2020). The table highlights the values at the 

beginning of the simulated event, during the camera recording time interval and at the end 

of the simulated event. 

Date of simulated events 27 to 29 October 2018 19 to 21 January 2020 

Simulation duration (hours) 72 72 

Hs (m) Start of the simulated event  0.3 0.2 

Hs (m) Camera recording point 2.5 2.9 

Hs (m) End of the simulated event 2.0 2.7 

Tp (s) Start of the simulated event 5.2 4.7 

Tp (s) Camera recording point 9.2 8.4 

Tp (s) End of the simulated event 10.2 8.4 

Dir (°) Start of the simulated event 150 209 

Dir (°) Camera recording point 184 138 

Dir (°) End of the simulated event 187 141 

U10 (m/s) Start of the simulated event 1.4 3.2 

U10 (m/s) Camera recording point 13.2 6.0 

U10 (m/s) End of the simulated event 12.4 6.1 

Dirw (°) Start of the simulated event 178 275 

Dirw (°) Camera recording point 240 259 

Dirw (°) End of the simulated event 236 291 

 

During the camera recording time interval of the 2018 storm event, waves 

predominantly approached from the southern sector of the modelled domain (white 

arrows in Fig. 7.10a), with values of significant wave height of approximately 2.5 m (Table 

7.3). The values of Hs gradually decrease as the waves propagated toward the eastern and 

western coastal areas of Poetto beach (the area monitored by the coastal video monitoring 

system). However, this decrease was not observed in the central area of the modelled 

domain, where waves reached the shoreline with higher values of significantly wave height 

Hs. Numerical simulation showed the development of longshore currents flowing from west 

to east along the western and central sector of Poetto beach. These currents were 

interrupted by rip current systems offshore-oriented (white arrows in Fig. 7.10b). A similar 
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flow pattern was observed in the eastern sector of Poetto beach, although the directions of 

the longshore currents were opposite to that of the western and central sectors. Overall, 

during this storm event, the nearshore hydrodynamic circulation showed a prevalent east-

west flow direction (Fig. 7.10b). 

During the camera recording time interval of the 2020 storm event, waves primarily 

approached from the south-eastern sector of the modelled domain (white arrows in Fig. 

7.11a), with values of significant wave height of about 2.8 m (Table 7.3). As with the 2018 

storm event, the values of Hs gradually decrease toward the eastern and western sectors of 

Poetto beach, while this attenuation was not observed in the central area of the modelled 

domain. The numerical simulation showed a hydrodynamic circulation pattern similar to 

that of the 2018 storm event (white arrows in Fig. 7.11b). However, the western and central 

sectors of Poetto beach during this event were characterised by the presence of multiple 

offshore-oriented rip current systems. 

The 2018 storm event was associated with stronger longshore and rip current 

systems compared to those estimated during the 2020 storm event (Fig. 7.10b; 7.11b). 

Overall, the values of depth averaged velocity for both simulated events ranged 

approximately from 0.2 m/s to 0.7 m/s. However, in both cases, the maximum values of 

depth averaged velocity were reached at the extremities of the beach, due to both the 

variation in bathymetry and the morphological characteristics of the coastline (particularly 

the presence of a rocky headland at the western part of the modelled domain). 
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Figure 7.10 - Numerical simulation of wave and wind conditions during the storm event of 

29 October 2018. The hydrodynamic characteristics shown in both Panels (a) and (b) 

represent the conditions at the exact time of the camera recording. 
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Figure 7.11 - Numerical simulation of wave and wind conditions during the storm event of 

21 January 2020. The hydrodynamic characteristics shown in both Panels (a) and (b) 

represent the conditions at the exact time of the camera recording. 
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7.6 Discussion 

The analysis of snapshot acquired by the coastal video monitoring system led to a 

further investigation into the role of beach-cast in coastal flooding events. Wave data 

downloaded from CMEMS showed that both storm events (2018 and 2020) were 

characterised by similar wave conditions (Table 7.1). However, the processed images 

(snapshots and time-stack images) revealed that the two events produced different effects 

along the backshore. The first storm event (2018) caused widespread flooding due to wave 

overtopping of the berm. On the other hand, the second storm event (2020) did not result 

in flooding, likely due to the abundant accumulations of seagrass remains and river reeds 

aligned parallel to the shoreline. Therefore, the presence of sedimented banquettes and 

woody debris deposited along the backshore contributed to mitigate wave overtopping 

processes. 

The absence or presence of beach-cast denotes their influence on wave processes 

acting on the beach. In fact, this vegetal material can change the morphological 

characteristics of beaches, such as beach slope and permeability (Trogu et al., 2023). In the 

study of Ruju et al. (2022), conducted on Poetto beach, the authors demonstrated that 

sedimented banquettes on the backshore contribute the drainage of water volumes 

supplied by waves overtopping the berm. Infiltrometric measurements carried out in the 

absence and presence of banquettes confirmed that seagrass wracks have a higher 

permeability coefficient than the underlying sediment (Ruju et al., 2022), thus reducing 

beach flooding events. 

Nevertheless, the sedimentary structures formed on the backshore did not always 

prevent the wave overtopping processes over the berm. Field observations carried out 

before (Fig. 7.12) and after the storm event (Fig. 7.13) occurred on 21 January 2020, 

revealed that the deposits of river reeds and seagrass remains, originally arranged parallel 

to the shoreline, were redistributed along the backshore by the wave motion following the 

storm. This redistribution led to the formation of cusps mainly composed of coarse 

material, which further sedimented and intertwined the river reeds and seagrass remains 

(Fig. 7.13). 

Numerical modelling of the two storm events, particularly the one that occurred in 

2020, highlighted how the presence of longshore currents and offshore-oriented rip current 

systems likely played a significant role in transporting, redistributing and depositing beach-

cast (mainly seagrass remains and river reeds) along the shoreline (Fig. 7.14). Therefore, 

incorporating the influence of longshore and rip current on the role of beach-cast 

deposition may be crucial for understanding the processes governing the deposition of this 

vegetal material along the shore, as well as for assessing the short and long-term impacts 

of storm events on coastal environments.  
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Figure 7.12 - Accumulations of beach-cast (seagrass remains and river reeds) along the 

backshore in Poetto beach before the storm event that occurred on 21 January 2020 (from 

Trogu et al., 2024). 

Figure 7.13 - Sedimentary structures along the backshore of Poetto beach after the storm 

event on 21 January 2020. The red dotted line highlights the shape of the cusps formed by 

incoming waves. These cusps are mainly composed of coarse sediments and beach-cast, 

which were laterally redistributed along the backshore (modified from Trogu et al., 2024). 
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Figure 7.14 - Schematic representation of the hydrodynamic circulation (main induced-

coastal currents) at the Poetto beach during the two storm events: (a) 29 October 2018; (b) 

21 January 2020. The representations refer to the exact time of the camera recording.   
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7.7 Conclusions 

Overall, this study on the seagrass remains and woody debris observed along Poetto 

beach has provided valuable insights and recommendations for the management, 

protection and conservation of beach ecosystems. The comparison between the two storm 

events serves as an excellent example of a nature-based solution: the presence of abundant 

accumulations of vegetal material (mainly Arundo donax reeds and Posidonia oceanica 

remains) contributed significantly to mitigating beach flooding and beach erosion.  

The growing tourism along the Mediterranean coastlines has led local authorities 

responsible for beach management to implement regular beach cleaning operations in 

response to beach users’ preferences. However, considering the effectiveness of seagrass 

berms in mitigating flooding events, their removal should be more carefully managed, 

particularly in highly urbanised areas such as Poetto beach, since such operations can 

significantly compromise the beach’s resilience to extreme events. Therefore, this study 

showed that preserving seagrass wracks and river reeds on the backshore can serve as an 

effective coastal management strategy to enhance beach resilience and protect both beach 

users and nearby artificial structures. 

These considerations are particularly relevant in the context of ongoing sea level 

rise, which increases the vulnerability of coastal areas to erosion and flooding events. 

Rather than using solely artificial interventions, incorporating natural strategies (e.g., 

maintaining banquettes) into coastal planning not only mitigates the immediate impacts of 

storm events but also contributes long-term adaptation by promoting sediment retention, 

shoreline stability and ecological continuity. 
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Chapter 8: CONCLUSIONS 

 

 

This study highlighted the main morphometric and hydrodynamic characteristics of 

microtidal Mediterranean beaches along a wide coastal stretch. It also highlighted the 

fundamental role of Posidonia oceanica accumulations (banquettes) deposited and 

sedimented on the emerged beach (backshore), in mitigating beach flooding during storm 

events and in limiting coastal erosion. The research was carried out using a multidisciplinary 

scientific approach that integrates coastal geomorphology, hydrodynamics, 

sedimentological processes and their connection with the ecological context. The study 

area analysed in this thesis is characterised by the presence of an extensive Posidonia 

oceanica meadow and a wide variety of beaches, which differ in their geomorphological 

and sedimentological characteristics, as well as coastal dynamics. All this makes Southern 

Sardinia an ideal area for the application of this methodological approach, which includes 

field observations, topographic and bathymetric surveys, spatio-temporal analysis of aerial 

orthophotos and images acquired from coastal video monitoring systems, as well as 

numerical modelling of hydrodynamic and wave processes. 

Chapter 4 aimed to create the basis for a multidisciplinary study of the microtidal 

beaches along this coastal stretch, which covers the entire southern area of Sardinia (from 

Cape Teulada to Cape Carbonara). The main intent was to address specific gaps in scientific 

knowledge regarding these types of beaches. For this propose, a detailed morphometric 

analysis and classification comparison of 79 microtidal beaches was performed to estimate 

their degree of embaymentisation, a parameter that reflects their degree of natural 

protection from wave action. This analysis also enabled the identification of the main types 

of hydrodynamic circulation within the surf zone, highlighting which beaches are most 

prone to the development of cellular rip current systems. Additionally, anthropogenic 

alteration was assessed for all the beaches analysed, differentiating between natural and 

anthropised embayments, where artificial structures or coastal defences (breakwaters, 

groynes, ports, harbours, marinas, etc.) have altered the beach geometry. 

In this context, Chapter 5 aimed to calculate the rates of shoreline movement 

(accretion and retreat) of the previously identified 79 beaches. By applying the Digital 

Shoreline Analysis System (DSAS), the obtained statistical parameters highlight a general 

stability of the shorelines along southern coast of Sardinia, with limited rates of both retreat 

and accretion. However, some beaches diverge from this general trend, showing greater 

shoreline variability due to a combination of anthropogenic and natural factors. 

Since part of the study area is characterised by embayed beaches bordered by rocky 

headlands (or artificial structures), Chapter 6 analysed the influence of wind forcing on the 
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formation and development of rip current systems in these environments using numerical 

modelling. Hydrodynamic and wave simulations revealed that both the intensity and 

direction of winds can significantly influence the hydrodynamic characteristics of the rip 

currents generated, which makes this analysis particularly important from the perspective 

of coastal management and beach user safety. 

Finally, Chapter 7 presents a detailed analysis of the role of vegetal accumulations 

(beach-cast) on a Mediterranean microtidal urban beach (Poetto beach), through the 

analysis of images from a coastal video monitoring system and the simulation of wave and 

wind conditions using numerical modelling. Two storm events with similar wave conditions 

were compared, differing only in the presence or absence of beach-cast on the backshore 

(mainly composed of Arundo donax reeds and Posidonia oceanica remains). The results 

showed that the presence of these vegetal accumulations greatly limited the flooding of 

the emerged beach (backshore) during intense storm event, whereas beach flooding 

occurred in the event without banquettes. Numerical modelling also highlighted distinct 

circulation flow patterns, developing coastal longshore currents and rip current systems 

during the two storm events, which may explain the subsequent transport and movement 

of these vegetal materials along the shore observed during the 2020 storm event. 

In conclusion, this thesis provides valuable insights that enhance the scientific 

understanding of coastal processes and offer practical tools for public institutions and 

authorities responsible for coastal management and civil protection. Moreover, the 

research also aims to contribute to the achievement of some Sustainable Development 

Goals outlined in the UN 2030 Agenda. In fact, coastal areas worldwide, particularly in the 

Mediterranean Sea, have been increasingly experiencing the intensified effects of climate 

change over recent decades. These impacts include sea level rise and a greater frequency 

and intensity of extreme storm events, often occurring during unexpected periods. For 

these reasons, the implementation of integrated coastal management strategies is essential 

to mitigate and reduce these risks such as coastal erosion and flooding, ecosystem 

degradation and loss, as well as damage to artificial infrastructure along or near the coast. 
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Appendix A: Morphometric parameters and indices database 

(Chapter 4) 
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Table A.1 

List of beaches reported in the Coastal Plan (P.A.C.) (Regione Sardegna, 2013) and new 

beaches identified through the analysis of aerial orthophotos (with corresponding assigned 

code). 
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Table A.2 

Coordinates of beaches identified through the analysis of aerial orthophotos (Coordinate 

system: WGS84 - UTM 32N). 

ID Code Latitude (N) Longitude (E) 

1 38° 53’ 12’’ 8° 38’ 53’’ 

2 38° 53’ 48’’ 8° 39’ 05’’ 

3 38° 54’ 48’’ 8° 39’ 54’’ 

4 38° 55’ 08’’ 8° 41’ 37’’ 

5 38° 55’ 17’’ 8° 42’ 22’’ 

6 38° 55’ 29’’ 8° 42’ 40’’ 

7 38° 55’ 52’’ 8° 43’ 11’’ 

8 38° 54’ 58’’ 8° 46’ 05’’ 

9 38° 54’ 56’’ 8° 46’ 32’’ 

10 38° 54’ 50’’ 8° 46’ 42’’ 

11 38° 54’ 47’’ 8° 46’ 52’’ 

12 38° 54’ 24’’ 8° 46’ 47’’ 

13 38° 54’ 19’’ 8° 46’ 45’’ 

14 38° 53’ 55’’ 8° 47’ 06’’ 

15 38° 53’ 54’’ 8° 47’ 11’’ 

16 38° 53’ 40’’ 8° 47’ 55’’ 

17 38° 53’ 41’’ 8° 48’ 47’’ 

18 38° 53’ 31’’ 8° 49’ 20’’ 

19 38° 53’ 26’’ 8° 49’ 20’’ 

20 38° 53’ 20’’ 8° 49’ 46’’ 

21 38° 53’ 02’’ 8° 49’ 47’’ 

22 38° 52’ 54’’ 8° 49’ 46’’ 

23 38° 52’ 43’’ 8° 51’ 16’’ 

24 38° 53’ 07’’ 8° 51’ 47’’ 

25 38° 53’ 21’’ 8° 52’ 16’’ 

26 38° 53’ 29’’ 8° 52’ 28’’ 

27 38° 53’ 41’’ 8° 52’ 43’’ 

28 38° 53’ 52’’ 8° 53’ 13’’ 

29 38° 54’ 55’’ 8° 54’ 36’’ 

30 38° 55’ 01’’ 8° 54’ 41’’ 

31 38° 55’ 38’’ 8° 55’ 24’’ 

32 38° 56’ 33’’ 8° 56’ 45’’ 

33 38° 56’ 59’’ 8° 57’ 26’’ 

34 38° 57’ 18’’ 8° 57’ 50’’ 

35 38° 57’ 23’’ 8° 57’ 60’’ 

36 38° 57’ 31’’ 8° 58’ 15’’ 

37 38° 57’ 53’’ 8° 58’ 41’’ 

38 38° 59’ 06’’ 8° 59’ 43’’ 
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ID Code Latitude (N) Longitude (E) 

39 38° 59’ 28’’ 9° 00’ 53’’ 

40 39° 00’ 35’’ 9° 01’ 24’’ 

41 39° 01’ 27’’ 9° 01’ 36’’ 

42 39° 08’ 10’’ 9° 00’ 54’’ 

43 39° 08’ 15’’ 9° 00’ 55’’ 

44 39° 08’ 23’’ 9° 00’ 59’’ 

45 39° 08’ 30’’ 9° 01’ 01’’ 

46 39° 09’ 03’’ 9° 01’ 13’’ 

47 39° 09’ 25’’ 9° 01’ 32’’ 

48 39° 09’ 47’’ 9° 01’ 46’’ 

49 39° 10’ 04’’ 9° 02’ 02’’ 

50 39° 10’ 13’’ 9° 02’ 11’’ 

51 39° 10’ 51’’ 9° 02’ 49’’ 

52 39° 11’ 58’’ 9° 04’ 12’’ 

53 39° 11’ 08’’ 9° 08’ 40’’ 

54 39° 11’ 11’’ 9° 09’ 07’’ 

55 39° 13’ 05’’ 9° 11’ 03’’ 

56 39° 12’ 50’’ 9° 17’ 13’’ 

57 39° 12’ 26’’ 9° 18’ 05’’ 

58 39° 12’ 18’’ 9° 19’ 04’’ 

59 39° 11’ 56’’ 9° 19’ 37’’ 

60 39° 11’ 38’’ 9° 20’ 18’’ 

61 39° 10’ 45’’ 9° 21’ 19’’ 

62 39° 10’ 39’’ 9° 21’ 46’’ 

63 39° 10’ 28’’ 9° 22’ 11’’ 

64 39° 09’ 57’’ 9° 22’ 51’’ 

65 39° 09’ 22’’ 9° 23’ 39’’ 

66 39° 08’ 40’’ 9° 24’ 22’’ 

67 39° 08’ 24’’ 9° 24’ 47’’ 

68 39° 08’ 02’’ 9° 25’ 49’’ 

69 39° 07’ 48’’ 9° 27’ 12’’ 

70 39° 07’ 43’’ 9° 27’ 54’’ 

71 39° 07’ 56’’ 9° 28’ 18’’ 

72 39° 08’ 08’’ 9° 28’ 09’’ 

73 39° 07’ 58’’ 9° 29’ 46’’ 

74 39° 07’ 42’’ 9° 30’ 25’’ 

75 39° 07’ 13’’ 9° 30’ 34’’ 

76 39° 06’ 58’’ 9° 30’ 19’’ 

77 39° 06’ 37’’ 9° 30’ 19’’ 

78 39° 06’ 29’’ 9° 30’ 13’’ 

79 39° 06’ 24’’ 9° 30’ 36’’ 
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Table A.3 

Values of morphometric parameters (following Bowman et al., 2009), indices and δ′ 

calculated for each beach identified through the aerial orthophotos. 
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Table A.4 

Values of morphometric parameters (following Fellowes et al., 2019), indices and δ′ 

calculated for each beach identified through the aerial orthophotos. 
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Table A.5 

Surf zone circulation types estimated from the obtained δ′ values, using both classification 

approaches (Bowman et al., 2009 and Fellowes et al., 2019) and Hb formulations (Short and 

Masselink, 1999 and Komar and Gaughan, 1972). Circulation types: N (Normal beach 

circulation); T (Transitional beach circulation); C (Cellular beach circulation). The colour of 

the Beach ID Code indicates whether the embayment is natural (green) or artificial (red). 

ID  

Code 

δ′  

(Hb - Short and Masselink, 1999) 

δ′  

(Hb - Komar and Gaughan, 1972) 

Platform 

Index (I)  

Embayment 

Morphometric 

Parameter (γe) 

Platform 

Index (I)  

Embayment 

Morphometric 

Parameter (γe) 

1 N N N N 

2 N N N N 

3 N N N N 

4 N N N N 

5 N N T T 

6 N N N N 

7 N N N N 

8 C C C C 

9 N N T T 

10 C T C C 

11 N N N N 

12 N N N N 

13 N N T T 

14 T T C C 

15 T N C T 

16 T T C C 

17 N N T T 

18 N T C C 

19 N N T N 

20 N N C C 

21 T N C C 

22 C T C C 

23 N N N N 

24 N N T N 

25 T N C T 

26 N N C C 

27 N N T T 

28 N N T N 

29 C C C C 

30 C T C C 
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ID  

Code 

δ′  

(Hb - Short and Masselink, 1999) 

δ′  

(Hb - Komar and Gaughan, 1972) 

Platform 

Index (I)  

Embayment 

Morphometric 

Parameter (γe) 

Platform 

Index (I)  

Embayment 

Morphometric 

Parameter (γe) 

31 N N T T 

32 T N C T 

33 C T C C 

34 C T C C 

35 C C C C 

36 T T C C 

37 T N C T 

38 N N N N 

39 N N N N 

40 N N T N 

41 N N N N 

42 C T C C 

43 N N T T 

44 T N C T 

45 - - - - 

46 N N T T 

47 T T C T 

48 N N T T 

49 C N C T 

50 T T T T 

51 N N N N 

52 N N N N 

53 C C C C 

54 N N N N 

55 - - - - 

56 N N N N 

57 T T C C 

58 N N T T 

59 N N T T 

60 C T C C 

61 T T C C 

62 T T C T 

63 N N T T 

64 N N N N 

65 N N N N 

66 N N T T 

67 N N T T 
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ID  

Code 

δ′  

(Hb - Short and Masselink, 1999) 

δ′  

(Hb - Komar and Gaughan, 1972) 

Platform 

Index (I)  

Embayment 

Morphometric 

Parameter (γe) 

Platform 

Index (I)  

Embayment 

Morphometric 

Parameter (γe) 

68 N N T N 

69 N N T T 

70 T T C C 

71 C C C C 

72 T N C T 

73 T T C C 

74 N N T T 

75 N N T T 

76 T N C C 

77 T T C C 

78 C C C C 

79 N N T T 
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Appendix B: Digital Shoreline Analysis System (DSAS) database 

(Chapter 5) 
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Table B.1 

Sector 1: Values of statistical indicators (Shoreline Change Envelope - SCE; Net Shoreline 

Movement - NSM; End Point Rate - EPR; Weighted Linear Regression - WLR; Linear 

Regression Rate - LRR) using the DSAS method for each beach identified within the sector. 

For each indicator are reported the minimum, maximum and mean value. 
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Table B.2 

Sector 2: Values of statistical indicators (Shoreline Change Envelope - SCE; Net Shoreline 

Movement - NSM; End Point Rate - EPR; Weighted Linear Regression - WLR; Linear 

Regression Rate - LRR) using the DSAS method for each beach identified within the sector. 

For each indicator are reported the minimum, maximum and mean value. 
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Table B.3 

Sector 3: Values of statistical indicators (Shoreline Change Envelope - SCE; Net Shoreline 

Movement - NSM; End Point Rate - EPR; Weighted Linear Regression - WLR; Linear 

Regression Rate - LRR) using the DSAS method for each beach identified within the sector. 

For each indicator are reported the minimum, maximum and mean value. 
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Table B.4 

Sector 4: Values of statistical indicators (Shoreline Change Envelope - SCE; Net Shoreline 

Movement - NSM; End Point Rate - EPR; Weighted Linear Regression - WLR; Linear 

Regression Rate - LRR) using the DSAS method for each beach identified within the sector. 

For each indicator are reported the minimum, maximum and mean value.  
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Table B.5 

Overview of the main types of potential anthropogenic impacts identified on the studied 

beaches: (I) Dune system impacts; (II) Use of heavy vehicles on the beach, for example: 

removal of Posidonia oceanica banquettes during “beach cleaning” operations; military 

exercises; (III) Coastal infrastructures and operations within the beach system, including (III-

1) coastal engineering structures (e.g., breakwaters, groynes, etc.), (III-2) artificial 

structures (e.g., tourist facilities and buildings) and (III-3) coastal protection measures (e.g., 

beach nourishment); (IV) Artificial structures located inland of the beach system (e.g., 

dams); (V) Impacts on the upper limit of the Posidonia oceanica meadow. The table 

presents the data as follows: Impact absent (A), impact present (X) or not defined (Nd) (data 

from [1] Sardegna Geoportale: Data Download; [2] Biondo et al., 2020; [3] De Muro et al., 

2018; [4] Regione Sardegna, 2021; [5] Carlini, 2024); Impact presumed absent (PA), impact 

presumed present (PP) or not defined (Nd) (data from the analysis of aerial orthophotos 

from the WMS of “Regione Autonoma della Sardegna”). 

Beach ID 

(Sector) 
(I) (II) 

(III) 

(IV) (V) (III-1) and 

(III-2) 
(III-3) 

1 (1) PA Nd PA PA Nd Nd 

2 (1) X [4] X [4] A [4] A [4] Nd A [4] 

3 (1) X [4] X [4] A [4] A [4] Nd A [4] 

4 (1) PP Nd PA PA Nd Nd 

5 (1) PP Nd PA PA Nd Nd 

6 (1) X [4] Nd A [4] X [4] Nd A [4] 

7 (1) PP X [5] PP PA Nd Nd 

8 (1) PP Nd PA PA Nd Nd 

9 (1) PP Nd PA PA Nd Nd 

10 (1) Nd Nd PA PA Nd Nd 

11 (1) X [4] Nd A [4] X [4] Nd A [4] 

12 (1) Nd Nd PA PA Nd Nd 

13 (1) Nd Nd PA PA Nd Nd 

14 (1) Nd Nd PA PA Nd Nd 

15 (1) Nd Nd PA PA Nd Nd 

16 (1) PP X [5] PA PP Nd Nd 

17 (1) X [4] Nd A [4] X [4] Nd A [4] 

18 (1) PP Nd PA PA Nd Nd 

19 (1) Nd Nd PA PA Nd Nd 

20 (1) PP Nd PA PA Nd Nd 

21 (1) PA Nd PA PA Nd Nd 

22 (1) PP Nd PA PA Nd Nd 

23 (2) X [4] Nd A [4] A [4] Nd A [4] 

24 (2) X [4] Nd A [4] X [4] Nd A [4] 
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Beach ID 

(Sector) 
(I) (II) 

(III) 

(IV) (V) (III-1) and 

(III-2) 
(III-3) 

25 (2) X [4] Nd A [4] X [4] Nd A [4] 

26 (2) PP Nd PA PA Nd Nd 

27 (2) X [4] Nd A [4] X [4] X [1] A [4] 

28 (2) X [4] Nd A [4] X [4] Nd A [4] 

29 (2) X [4] X [5] PA PA Nd A [4] 

30 (2) X [4] X [5] A [4] X [4] Nd A [4] 

31 (2) X [4] X [5] PA X [4] X [1] A [4] 

32 (2) ND [4] X [5] A [4] X [4] Nd A [4] 

33 (2) PP Nd PA PA Nd Nd 

34 (2) PP Nd PA PA Nd Nd 

35 (2) PP Nd PA PA Nd Nd 

36 (2) PP Nd PA PA Nd ND 

37 (2) X [4] X [5] A [4] X [4] X [1] Nd [4] 

38 (2) X [4] Nd PP X [4] Nd Nd [4] 

39 (2) X [4] X [5] A [4] X [4] Nd A [4] 

40 (2) X [4] Nd PP X [4] X [1] Nd [4] 

41 (2) X [4] X [5] X [4] X [4] Nd A [4] 

42 (3) X [4] Nd X [4] X [4] X [1] X [3, 4] 

43 (3) X [4] Nd X [4] X [4] Nd X [3, 4] 

44 (3) X [4] Nd X [4] X [4] Nd X [3, 4] 

45 (3) X [4] Nd X [4] X [4] Nd X [3, 4] 

46 (3) X [4] X [5] X [4] X [4] Nd X [3, 4] 

47 (3) X [4] X [5] X [4] X [4] Nd X [3, 4] 

48 (3) X [4] Nd X [4] X [4] X [1] X [3, 4] 

49 (3) X [4] Nd X [4] X [4] Nd X [3, 4] 

50 (3) X [4] Nd X [4] X [4] X [1] X [3, 4] 

51 (3) X [4] Nd X [4] X [4] X [1] X [3, 4] 

52 (3) X [4] Nd X [4] X [4] Nd X [3, 4] 

53 (3) PP Nd PP PP Nd Nd 

54 (3) ND [4] Nd A [4] X [4] Nd A [4] 

55 (3) X [4] X [2, 5] X [4] X [4] X [1] X [3, 4] 

56 (4) PP Nd PP PP X [1] Nd 

57 (4) PP Nd PP PP Nd Nd 

58 (4) Nd Nd PA PP X [1] Nd 

59 (4) Nd Nd PP PP Nd Nd 

60 (4) PP Nd PA PP Nd Nd 

61 (4) X [4] Nd A [4] PA Nd A [4] 

62 (4) X [4] Nd A [4] X [4] Nd A [4] 
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Beach ID 

(Sector) 
(I) (II) 

(III) 

(IV) (V) (III-1) and 

(III-2) 
(III-3) 

63 (4) X [4] Nd A [4] X [4] Nd A [4] 

64 (4) X [4] X [5] A [4] X [4] Nd A [4] 

65 (4) X [4] X [5] A [4] X [4] Nd Nd [4] 

66 (4) X [4] Nd A [4] X [4] Nd A [4] 

67 (4) Nd Nd PA PA Nd Nd 

68 (4) X [4] Nd A [4] X [4] Nd A [4] 

69 (4) X [4] Nd A [4] X [4] Nd A [4] 

70 (4) X [4] X [5] A [4] X [4] Nd Nd [4] 

71 (4) PP Nd PA PA Nd Nd 

72 (4) X [4] Nd A [4] X [4] Nd X [4] 

73 (4) PA Nd PA PP Nd Nd 

74 (4) X [4] X [5] A [4] X [4] Nd Nd [4] 

75 (4) X [4] Nd X [4] X [4] Nd Nd [4] 

76 (4) PP Nd PP PA Nd Nd 

77 (4) PP Nd PA PP Nd Nd 

78 (4) PP Nd PA PP Nd Nd 

79 (4) PP Nd PA PP Nd Nd 
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Appendix C: Wave and Wind data from CMEMS and ERA5 (Chapter 7) 
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Table C.1 

Wave Data (significant wave height - Hs; peak wave period - Tp; mean wave period - Tm; wave 

direction - Dir) from CMEMS (Korres et al., 2021) used to numerical modelling (from 27 to 

30 October 2018). 

Data Time Hs (m) Tp (s) Tm (s) Dir (°) 

27 October 2018 00:00 0.26 5.21 3.11 149.87 

27 October 2018 01:00 0.30 5.21 3.41 146.71 

27 October 2018 02:00 0.34 5.21 3.68 144.37 

27 October 2018 03:00 0.39 5.73 3.95 142.26 

27 October 2018 04:00 0.44 5.73 4.24 140.20 

27 October 2018 05:00 0.52 6.30 4.52 138.39 

27 October 2018 06:00 0.64 6.30 4.97 137.27 

27 October 2018 07:00 0.69 6.30 5.05 136.95 

27 October 2018 08:00 0.73 6.30 5.12 137.01 

27 October 2018 09:00 0.83 6.93 5.18 137.46 

27 October 2018 10:00 0.87 6.93 4.41 139.79 

27 October 2018 11:00 0.95 6.93 3.95 144.25 

27 October 2018 12:00 1.06 6.93 3.89 149.33 

27 October 2018 13:00 1.17 6.93 3.94 154.06 

27 October 2018 14:00 1.24 6.93 4.09 157.87 

27 October 2018 15:00 1.27 6.93 4.25 159.89 

27 October 2018 16:00 1.27 6.93 4.41 160.50 

27 October 2018 17:00 1.24 6.93 4.53 160.23 

27 October 2018 18:00 1.06 6.30 4.36 159.46 

27 October 2018 19:00 1.04 6.93 4.61 157.32 

27 October 2018 20:00 1.02 6.93 4.88 153.70 

27 October 2018 21:00 1.01 7.63 5.08 149.10 

27 October 2018 22:00 1.07 7.63 5.03 144.00 

27 October 2018 23:00 1.17 8.39 4.80 141.81 

28 October 2018 00:00 1.31 8.39 4.60 143.18 

28 October 2018 01:00 1.46 8.39 4.73 145.32 

28 October 2018 02:00 1.59 8.39 4.93 147.61 

28 October 2018 03:00 1.68 8.39 5.08 149.81 

28 October 2018 04:00 1.72 8.39 5.11 152.34 

28 October 2018 05:00 1.73 8.39 5.09 155.10 

28 October 2018 06:00 1.73 7.63 5.13 157.25 

28 October 2018 07:00 1.69 7.63 5.25 157.89 

28 October 2018 08:00 1.63 7.63 5.39 157.31 

28 October 2018 09:00 1.57 7.63 5.38 156.60 

28 October 2018 10:00 1.52 7.63 5.21 156.55 

28 October 2018 11:00 1.49 7.63 4.98 157.65 

28 October 2018 12:00 1.47 7.63 4.90 158.33 
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Data Time Hs (m) Tp (s) Tm (s) Dir (°) 

28 October 2018 13:00 1.44 7.63 4.98 158.48 

28 October 2018 14:00 1.41 7.63 5.09 158.45 

28 October 2018 15:00 1.36 7.63 5.35 157.78 

28 October 2018 16:00 1.30 7.63 5.66 156.93 

28 October 2018 17:00 1.23 7.63 5.81 156.12 

28 October 2018 18:00 1.04 6.93 5.51 155.64 

28 October 2018 19:00 1.00 6.93 5.50 154.72 

28 October 2018 20:00 0.97 6.93 5.12 152.98 

28 October 2018 21:00 0.96 6.93 4.66 150.17 

28 October 2018 22:00 1.02 7.63 4.69 146.79 

28 October 2018 23:00 1.09 7.63 4.57 147.79 

29 October 2018 00:00 1.23 7.63 4.63 147.86 

29 October 2018 01:00 1.39 7.63 4.84 146.50 

29 October 2018 02:00 1.49 7.63 5.07 145.68 

29 October 2018 03:00 1.55 7.63 5.14 146.07 

29 October 2018 04:00 1.76 7.63 5.05 149.74 

29 October 2018 05:00 2.25 7.63 5.17 153.65 

29 October 2018 06:00 2.33 7.63 5.21 153.66 

29 October 2018 07:00 2.59 8.39 5.64 151.61 

29 October 2018 08:00 2.63 8.39 5.94 149.22 

29 October 2018 09:00 2.85 9.23 6.44 147.28 

29 October 2018 10:00 2.66 9.23 6.35 147.47 

29 October 2018 11:00 2.53 9.23 5.87 151.27 

29 October 2018 12:00 2.54 9.23 5.26 162.34 

29 October 2018 13:00 2.59 9.23 4.99 176.56 

29 October 2018 14:00 2.50 9.23 4.98 184.39 

29 October 2018 15:00 2.40 9.23 4.93 188.10 

29 October 2018 16:00 2.35 9.23 5.01 189.28 

29 October 2018 17:00 2.35 9.23 5.10 190.20 

29 October 2018 18:00 2.31 10.15 5.21 189.75 

29 October 2018 19:00 2.21 10.15 5.39 188.07 

29 October 2018 20:00 2.15 10.15 5.51 187.53 

29 October 2018 21:00 2.12 10.15 5.52 187.66 

29 October 2018 22:00 2.05 10.15 5.51 186.54 

29 October 2018 23:00 1.99 10.15 5.53 186.09 

30 October 2018 00:00 1.97 10.15 5.37 187.10 
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Table C.2 

Wave Data (significant wave height - Hs; peak wave period - Tp; mean wave period - Tm; wave 

direction - Dir) from CMEMS (Korres et al., 2021) used to numerical modelling (from 19 to 

22 January 2020). 

Data Time Hs (m) Tp (s) Tm (s) Dir (°) 

19 January 2020 00:00 0.22 4.74 2.50 209.33 

19 January 2020 01:00 0.20 4.74 2.44 206.29 

19 January 2020 02:00 0.19 4.31 2.38 203.93 

19 January 2020 03:00 0.19 4.31 2.39 201.51 

19 January 2020 04:00 0.18 3.91 2.51 198.90 

19 January 2020 05:00 0.17 3.91 2.69 196.34 

19 January 2020 06:00 0.17 3.91 2.83 193.86 

19 January 2020 07:00 0.16 3.56 2.85 191.28 

19 January 2020 08:00 0.16 10.15 2.66 188.35 

19 January 2020 09:00 0.18 9.23 1.61 178.34 

19 January 2020 10:00 0.26 1.83 1.74 139.35 

19 January 2020 11:00 0.32 2.21 1.87 137.97 

19 January 2020 12:00 0.35 2.43 1.88 140.13 

19 January 2020 13:00 0.48 2.94 2.19 138.75 

19 January 2020 14:00 0.58 3.23 2.41 138.08 

19 January 2020 15:00 0.66 3.56 2.56 137.81 

19 January 2020 16:00 0.75 3.91 2.69 136.55 

19 January 2020 17:00 0.83 4.31 2.81 134.39 

19 January 2020 18:00 1.05 4.74 3.27 133.29 

19 January 2020 19:00 1.06 5.21 3.31 133.14 

19 January 2020 20:00 1.11 5.73 3.37 132.70 

19 January 2020 21:00 1.17 5.73 3.50 133.01 

19 January 2020 22:00 1.23 5.73 3.59 133.94 

19 January 2020 23:00 1.30 5.73 3.71 134.96 

20 January 2020 00:00 1.36 5.73 3.82 135.79 

20 January 2020 01:00 1.43 5.73 3.92 136.58 

20 January 2020 02:00 1.47 6.30 4.04 137.47 

20 January 2020 03:00 1.52 6.30 4.10 138.40 

20 January 2020 04:00 1.55 6.30 4.17 139.39 

20 January 2020 05:00 1.59 6.30 4.22 140.41 

20 January 2020 06:00 1.63 6.30 4.32 141.50 

20 January 2020 07:00 1.68 6.30 4.39 142.31 

20 January 2020 08:00 1.75 6.30 4.43 142.42 

20 January 2020 09:00 2.19 6.93 4.96 141.70 

20 January 2020 10:00 2.21 6.93 5.01 141.56 

20 January 2020 11:00 2.29 7.63 5.16 140.67 

20 January 2020 12:00 2.39 7.63 5.23 138.76 
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Data Time Hs (m) Tp (s) Tm (s) Dir (°) 

20 January 2020 13:00 2.48 7.63 5.33 136.66 

20 January 2020 14:00 2.51 7.63 5.50 135.29 

20 January 2020 15:00 2.55 8.39 5.58 134.41 

20 January 2020 16:00 2.57 8.39 5.64 133.92 

20 January 2020 17:00 2.59 8.39 5.70 133.63 

20 January 2020 18:00 2.59 8.39 5.75 133.53 

20 January 2020 19:00 2.59 8.39 5.79 133.57 

20 January 2020 20:00 2.58 8.39 5.80 133.78 

20 January 2020 21:00 2.53 8.39 5.73 134.00 

20 January 2020 22:00 2.57 8.39 5.75 134.26 

20 January 2020 23:00 2.60 8.39 5.81 134.54 

21 January 2020 00:00 2.63 8.39 5.86 134.65 

21 January 2020 01:00 2.62 8.39 5.88 135.00 

21 January 2020 02:00 2.61 8.39 5.88 135.29 

21 January 2020 03:00 2.60 8.39 5.87 135.60 

21 January 2020 04:00 2.61 8.39 5.87 135.93 

21 January 2020 05:00 2.64 8.39 5.90 136.28 

21 January 2020 06:00 2.81 9.23 6.14 136.48 

21 January 2020 07:00 2.81 8.39 6.17 137.12 

21 January 2020 08:00 2.86 9.23 6.22 137.53 

21 January 2020 09:00 2.75 8.39 6.08 137.59 

21 January 2020 10:00 2.77 9.23 6.08 137.00 

21 January 2020 11:00 2.75 9.23 6.04 136.6 

21 January 2020 12:00 2.73 8.39 5.99 136.26 

21 January 2020 13:00 2.70 8.39 5.94 136.02 

21 January 2020 14:00 2.68 8.39 5.90 135.89 

21 January 2020 15:00 2.59 8.39 5.65 135.85 

21 January 2020 16:00 2.60 8.39 5.63 135.82 

21 January 2020 17:00 2.66 8.39 5.69 136.23 

21 January 2020 18:00 2.77 8.39 5.81 136.75 

21 January 2020 19:00 2.86 8.39 6.01 137.71 

21 January 2020 20:00 2.90 8.39 6.18 138.90 

21 January 2020 21:00 2.89 8.39 6.28 139.76 

21 January 2020 22:00 2.83 8.39 6.31 140.29 

21 January 2020 23:00 2.75 8.39 6.30 140.66 

22 January 2020 00:00 2.65 8.39 6.28 140.97 
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Table C.3 

Wind Data (U10 - wind speed; Dirw - wind direction) from ERA5 (Hersbach et al., 2023) used 

to numerical modelling (from 27 to 30 October 2018; from 19 to 22 January 2020). 

Data Time 
U10  

(m/s) 

Dirw  

(°) 
Data Time 

U10  

(m/s) 

Dirw  

(°) 

27 October 2018 00:00 1.41 178.41 19 January 2020 00:00 8.63 300.90 

27 October 2018 01:00 1.54 221.11 19 January 2020 01:00 7.62 300.37 

27 October 2018 02:00 1.71 243.52 19 January 2020 02:00 6.75 300.98 

27 October 2018 03:00 1.37 253.39 19 January 2020 03:00 6.42 301.02 

27 October 2018 04:00 1.13 238.28 19 January 2020 04:00 5.70 298.89 

27 October 2018 05:00 1.14 226.79 19 January 2020 05:00 5.06 292.80 

27 October 2018 06:00 1.62 219.25 19 January 2020 06:00 5.33 286.52 

27 October 2018 07:00 2.23 202.03 19 January 2020 07:00 5.84 284.28 

27 October 2018 08:00 3.50 186.30 19 January 2020 08:00 6.29 284.03 

27 October 2018 09:00 5.36 186.24 19 January 2020 09:00 7.11 288.12 

27 October 2018 10:00 5.94 186.54 19 January 2020 10:00 5.87 270.94 

27 October 2018 11:00 6.67 185.51 19 January 2020 11:00 6.69 271.79 

27 October 2018 12:00 7.41 185.41 19 January 2020 12:00 7.11 267.79 

27 October 2018 13:00 7.78 191.46 19 January 2020 13:00 7.33 262.68 

27 October 2018 14:00 7.61 200.92 19 January 2020 14:00 7.36 257.13 

27 October 2018 15:00 6.97 200.30 19 January 2020 15:00 7.59 255.05 

27 October 2018 16:00 6.61 198.15 19 January 2020 16:00 7.54 252.55 

27 October 2018 17:00 5.92 196.80 19 January 2020 17:00 7.61 257.24 

27 October 2018 18:00 4.98 198.24 19 January 2020 18:00 6.12 251.95 

27 October 2018 19:00 3.04 194.10 19 January 2020 19:00 5.95 252.85 

27 October 2018 20:00 2.43 161.81 19 January 2020 20:00 6.88 258.29 

27 October 2018 21:00 3.03 157.55 19 January 2020 21:00 7.16 259.69 

27 October 2018 22:00 6.09 172.41 19 January 2020 22:00 8.52 265.63 

27 October 2018 23:00 8.82 202.46 19 January 2020 23:00 7.44 266.39 

28 October 2018 00:00 8.87 208.62 20 January 2020 00:00 6.19 266.06 

28 October 2018 01:00 7.79 195.25 20 January 2020 01:00 5.11 266.70 

28 October 2018 02:00 8.34 187.93 20 January 2020 02:00 4.74 254.68 

28 October 2018 03:00 8.57 183.88 20 January 2020 03:00 5.79 251.69 

28 October 2018 04:00 8.68 187.19 20 January 2020 04:00 6.57 262.95 

28 October 2018 05:00 9.15 197.52 20 January 2020 05:00 6.49 271.47 

28 October 2018 06:00 8.05 214.94 20 January 2020 06:00 6.32 273.31 

28 October 2018 07:00 7.02 221.97 20 January 2020 07:00 6.36 273.42 

28 October 2018 08:00 6.18 217.26 20 January 2020 08:00 6.66 276.74 

28 October 2018 09:00 6.87 216.32 20 January 2020 09:00 7.03 281.74 

28 October 2018 10:00 7.29 212.57 20 January 2020 10:00 7.26 291.34 

28 October 2018 11:00 7.85 228.22 20 January 2020 11:00 7.32 301.85 

28 October 2018 12:00 7.00 237.57 20 January 2020 12:00 6.78 301.16 

 



250 

Data Time 
U10  

(m/s) 

Dirw  

(°) 
Data Time 

U10  

(m/s) 

Dirw  

(°) 

28 October 2018 13:00 6.60 241.33 20 January 2020 13:00 6.72 298.16 

28 October 2018 14:00 5.62 245.68 20 January 2020 14:00 6.89 299.70 

28 October 2018 15:00 3.84 236.42 20 January 2020 15:00 7.15 299.16 

28 October 2018 16:00 1.97 192.51 20 January 2020 16:00 7.07 297.28 

28 October 2018 17:00 2.48 121.79 20 January 2020 17:00 6.59 296.65 

28 October 2018 18:00 4.06 104.06 20 January 2020 18:00 6.38 300.26 

28 October 2018 19:00 5.95 105.75 20 January 2020 19:00 5.91 303.29 

28 October 2018 20:00 5.94 110.25 20 January 2020 20:00 5.00 305.32 

28 October 2018 21:00 8.09 155.91 20 January 2020 21:00 4.29 307.76 

28 October 2018 22:00 5.69 167.02 20 January 2020 22:00 4.06 319.02 

28 October 2018 23:00 6.78 162.99 20 January 2020 23:00 3.64 330.06 

29 October 2018 00:00 7.19 145.29 21 January 2020 00:00 3.03 337.78 

29 October 2018 01:00 8.15 135.26 21 January 2020 01:00 2.51 342.94 

29 October 2018 02:00 7.14 136.58 21 January 2020 02:00 2.15 4.49 

29 October 2018 03:00 9.96 168.06 21 January 2020 03:00 2.39 50.69 

29 October 2018 04:00 12.82 171.55 21 January 2020 04:00 2.84 82.84 

29 October 2018 05:00 12.98 166.92 21 January 2020 05:00 2.94 108.21 

29 October 2018 06:00 12.39 167.41 21 January 2020 06:00 2.90 131.45 

29 October 2018 07:00 11.37 174.70 21 January 2020 07:00 2.59 144.58 

29 October 2018 08:00 9.56 190.62 21 January 2020 08:00 3.05 151.44 

29 October 2018 09:00 9.77 219.30 21 January 2020 09:00 3.39 151.94 

29 October 2018 10:00 11.29 234.78 21 January 2020 10:00 4.39 150.07 

29 October 2018 11:00 15.05 230.26 21 January 2020 11:00 4.50 156.65 

29 October 2018 12:00 15.20 231.49 21 January 2020 12:00 4.12 158.56 

29 October 2018 13:00 14.64 243.16 21 January 2020 13:00 3.70 156.59 

29 October 2018 14:00 13.21 240.94 21 January 2020 14:00 3.82 152.32 

29 October 2018 15:00 14.15 238.45 21 January 2020 15:00 4.41 150.38 

29 October 2018 16:00 14.31 236.61 21 January 2020 16:00 3.84 153.37 

29 October 2018 17:00 14.47 240.11 21 January 2020 17:00 2.94 161.17 

29 October 2018 18:00 13.25 245.96 21 January 2020 18:00 2.06 177.69 

29 October 2018 19:00 12.62 242.22 21 January 2020 19:00 2.10 200.47 

29 October 2018 20:00 12.93 236.58 21 January 2020 20:00 2.67 231.21 

29 October 2018 21:00 12.15 237.64 21 January 2020 21:00 2.93 248.30 

29 October 2018 22:00 10.48 236.34 21 January 2020 22:00 3.13 239.87 

29 October 2018 23:00 11.96 232.17 21 January 2020 23:00 3.46 244.64 

30 October 2018 00:00 12.45 235.93 22 January 2020 00:00 3.75 242.98 

 

 

 



 
 

 

 

 

 

 

 

 

 

This thesis was produced while attending the PhD programme in INNOVATION SCIENCE AND 

TECHNOLOGY at the University of Cagliari, Cycle XXXVIII, with the support of a scholarship 

financed by the Ministerial Decree no. 351 of 9th April 2022, based on the NRRP - funded 

by the European Union - NextGenerationEU - Mission 4 "Education and Research", 

Component 1 "Enhancement of the offer of educational services: from nurseries to 

universities” - Investment 3.4 “Advanced teaching and university skills”. 

 

 

 

 

 

 

 

 

 


