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Abstract  

Shoreline and wave run-up positions and their changes form fundamental morphological parameters of 
coastal zone dynamics. However, their response to coastal hydrodynamics which is based on complex 
process-response mechanisms operating at various spatio-temporal scales, have not yet been 
completely understood. Therefore, the major objective of this thesis has been to contribute to this 
knowledge, by using (and developing further) a monitoring system (BOMS) that could provide long term 
information with the necessary spatio-temporal resolution in order to resolve some the questions and 
close some information gaps. In this research, the variability of the positions of the shoreline and wave 
run-up in two different beach systems have been monitored during highly energetic winter periods: i) an 
urban perched beach (Ammoudara, Herakleion – Crete); and ii) an open sea beach (Kamari, Santorini). 
Winter 2-D shoreline and wave run-up/swash maxima in geo-rectified coastal imagery of high spatio-
temporal resolution obtained from the Beach Optical Monitoring System (BOMSs) installed in these 
beaches have been analysed using automated feature detection techniques. The detected 
morphological changes of the two beaches have been then compared with the coastal hydrodynamic 
regime, which was studied using high-frequency hydrodynamic records, as well as numerical modeling. 
In addition, an alternative approach has been used has been developed/used to model the shoreline 
and wave run up position dynamics by utilizing state-of-the-art Artificial Neural Networks (ANNs) on the 
basis of sophisticated experimental set-ups that involve few (and obtainable) input/ouput parameters. 

For the monitoring periods it was shoreline displacements ranging between 3 - 8 m and 6 - 19 m and 
wave run-up position changes of about 29 - 34 m and 21 - 40 m, have been found in Ammoudara and 
Kamari beaches, respectively. Correlation of the beach morphodynamics with the wave forcing has 
shown that energetic wave events can trigger changes in the shoreline and wave run-up spatio-temporal 
dynamics Hydrodynamic observations and modeling during an energetic event showed that in the 
perched Ammoudara beach, the fringing reef exerts significant geological control on beach 
hydrodynamics. In some areas, the reef allows only low energy waves to impinge on the shoreline, 
whereas elsewhere penetration of higher waves is facilitated by the low elevation and limited width of 
the reef or by the presence of inlets. It was also found that wave/reef interaction can also generate 
complex circulation patterns, including rip currents that appeared to be also constrained by the reef 
architecture. In Kamari beach, it was found that nearshore waves can produce increased longshore 
circulation, able to mobilize and transport the nearshore sediments. The developed/tested ANNs 
approaches were found to model reasonably well the shoreline realignment achieving relatively small 
RMSEs during the monitoring periods (best performance of 7.0 m and 2.5 m for Ammoudara and Kamari 
beach respectively). The increased RMSEs in Ammoudara compared to Kamari are attributed to the 
differences in the nearshore geological controls and the experimental set ups used in the two  beaches.  

The thesis results suggest that the a beach optical system integrated with high frequency hydrodynamic 
information could provide a fast, powerful and efficient beach monitoring tool, capable to provide high-
frequency time series of the shoreline and wave run-up positions, which form major morphological 
indicators of beach morphodynamics, and an improved understanding of the beach forcing-response 
mechanisms. The encouraging results of the ANNs modeling efforts suggest that the proposed approach 
(after a further fine-tuning of the input variables) can be used to model successfully shoreline and wave 
run-up positions in beaches characterized by variable morphodynamics, on the basis of a small number 
of environmental variables. It is noted that the shoreline position and wave run up maxima are also 
important for beach management, as the latter up plays a most significant role in the definition of the 
landward boundary of the Public Maritime Domain (i.e. the “aigialos” line) according to the legislation in 
many European (and in Greece).  
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Chapter 1: Introduction                                                                           

Beaches are critical coastal environments. They form a substantial fraction of the global coastline 

(Luijendijk et al., 2018), are important habitats in their own right (Defeo and McLachlan, 2013), have a 

high hedonic value and provide protection from coastal flooding to their backshore ecosystems, assets 

and infrastructure (Neumann et al., 2015). Tourism, an important economic activity, has been 

increasingly associated with vacationing wholly, or partially, at coastal locations and beach recreational 

activities according to the Sun-Sea-Sand (3S) model (UNWTO, 2019). Therefore, beach aesthetics and 

adequate carrying capacity and infrastructure are crucial for the tourism sector and the economy as a 

whole (Tzoraki et al., 2018).  

At the same time, beaches are very dynamic environments, controlled by complex forcing-response 

processes that operate at various spatio-temporal scales (Short and Jackson, 2013). They face increasing 

erosion (Mentaschi et al., 2018; Guisado-Pintado and Jackson, 2019). Beach erosion can be 

differentiated into: (a) irreversible shoreline retreat due to mean sea level rise and/or negative coastal 

sedimentary budgets that force beach landward migration and/or drowning (Nicholls and Cazenave, 

2010) and (b) short-term erosion caused by storm surges and waves, which may or may not result in 

permanent shoreline retreats but can, nevertheless, be devastating (Ranasinghe, 2016). 

Erosion is particularly alarming for island beaches due to (Monioudi et al., 2017, Andreadis et al., 2021): 

(i) their (generally) limited dimensions and diminishing sediment supply; (ii) the deterioration of the 

nearshore ecosystems that provide protection from marine erosion; and (iii) their increasing backshore 

development, which has increased asset and infrastructure exposure. The projected relative mean sea 

level rise, combined with potential increases in the intensity/frequency of energetic events (e.g., 

Vousdoukas et al., 2018), will exacerbate beach erosion with severe impacts on coastal ecosystems, 

infrastructure/assets and the beach hedonic value and carrying capacity for recreation/tourism 

(Monioudi et al., 2016; Toimil et al., 2018). 

It appears that the improved understanding and prognosis of beach morphodynamics under different 

hydrodynamic forcings are of high environmental and socio-economic significance (UNFCCC, 2020). The 

most obvious indicator of beach morphological changes is the shoreline re-alignment. This is controlled 

by the nearshore hydro- and sediment dynamics and manifested by the swash zone dynamics (e.g., 

Komar, 1998; Stockdon et al., 2006). Monitoring of the shoreline and wave-run-up positions is essential, 

i.e. the monitoring of the mean interface between sea and land and of the highest reach of the wave 

swash, respectively (Vousdoukas et al., 2009b). Assessing the wave run-up heights and/or excursions, in 



             Department of Marine Sciences, University of the Aegean 

_____________________________________________________________________________________ 
CHAPTER 1: Introduction                                                                                                                                             2 

 

particular, are vital for the effective design of coastal protection works (e.g. Briganti et al., 2005), beach 

nourishment projects (Dean, 2002), and the planning of efficient coastal management schemes (e.g., 

Kroon et al., 2007). Moreover, wave run-up excursions under storm conditions have very important legal 

implications. The highest wave run-up excursion (in a set time frame) is associated with the legal 

definition/demarcation of the shoreline in international law (e.g. the 2008 Integrated Coastal Zone 

Management Protocol to the Barcelona Convention) and many national legal systems (e.g. in Spain, 

France, Italy and Greece), which can have significant and, potentially, contentious implications for both 

coastal public and private rights and responsibilities (Velegrakis et al., 2021). 

In addition to coastal hydrodynamics, beach morphodynamics is subject to various geological controls, 

including the coastal geo-morphology and the nature, volume and budget of the beach sediments 

(Komar, 1998).  A defining geological control of the beach morphodynamics is associated with the 

presence of nearshore structures that alter significantly the beach response to hydrodynamic forcing; 

thus, beaches can be differentiated into a) open sea beaches and b) ‘perched’ beaches.   

Open sea beaches are exposed to the nearshore wave energy from many sectors and show the highest 

morphodynamics. In comparison, ‘perched’ beaches, which proliferate in many parts of the global 

coastline, are those beaches that ‘‘… are underlain and/or fronted seaward by shallow buried and/or 

outcropping natural or engineered hard structures’’ (Gallop et al., 2012). Natural perched beaches can 

form on corals, beachrocks or outcropping rock formations (Gallop et al., 2011). Nearshore natural reefs, 

such as submerged beachrocks and fringing coral reefs, can modify nearshore hydrodynamics by 

dissipating the incoming wave energy and generating complex nearshore flows (e.g., Peduzzi et al., 

2013; Velegrakis et al., 2016). In the case that the reef is backed by a deeper body of water (e.g. a 

lagoon and/ or a longshore channel), it has been shown that the architecture of the reef/lagoon system 

can play a major role in the momentum balances across the system and, consequently, to the 

magnitude of the wave-driven flows and related coastal flushing rates (Gallop et al. 2013). Concerning 

their morphodynamics, studies have indicated that perched beaches can show significant intra-annual 

and inter-annual variability (Gallop et al. 2013; 2015). Post-event recovery is also influenced by the 

presence of nearshore reefs; perched beaches have been observed to recover relatively slowly, with 

adjacent sections of the shoreline been observed to show contrasting patterns of erosion and accretion 

(Gallop et al. 2013).  

It appears that there is need for monitoring the beach morphological variability in different spatio-

temporal scales, in order to resolve their morphodynamics and assess their erosion risk.  As the 
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shoreline and wave run-up positions are features that integrate large part of the information pertaining 

to beach morphodynamics, information on shoreline retreat (beach loss) and shoreline advance (beach 

gain) is required with a spatio-temporal resolution that matches that of the shoreline change (Boak and 

Turner 2005); such information is necessary understand the short- and long-term morphodynamics 

which, in some cases, can show contrasting trends (e.g. Hapke et al. 2006). As stated above, beach 

morphodynamics is controlled by complex swash zone, operating at various spatio-temporal scales. 

Traditionally, projections of beach morphodynamics under different hydrodynamic forcing are provided 

by morphodynamic modeling techniques which are based on mathematical expressions/algorithms used 

to parameterize the wave-current interactions and sediment dynamics (e.g. Ranasinghe, 2016) and, 

thus, are constrained by: a) the high non-linearities involved in shoreline re-alignment due to complex 

nearshore hydrodynamic, sedimentological and morphological processes that have not yet been 

completely understood; b) the volume of the required field (topo-bathymetric, granulometric and 

hydrodynamic) observations; and c) high computational costs. Over recent years modern approaches 

that utilize Artificial Neural Networks (ANNs) have been proposed as an alternative way of predicting the 

shoreline position (e.g. Tsekouras et al., 2018; Riazi and Slovinsky 2021); these ANNs require for their 

training and testing long time series of high frequency, accurate beach geo-spatial information, which 

can be provided only by beach monitoring optical systems (Vousdoukas et al., 2011; Rigos et al., 2016). 

The aim of the thesis is to investigate the beach morphodynamics of both ‘perched’ and open island 

beaches in high spatio-temporal resolution. Two island beaches were selected for this study: an urban 

beach fronted by a (submerged) beachrock reef (Ammoudara, N. Crete) and a (touristic) open sea  beach 

(Kamari, Thera). In both beaches, different field observations were collected, including: topo-

bathymetric, morphological and sedimentological information, time series of meteorological and 

hydrodynamic observations, and high spatio-temporal resolution information on the shoreline and wave 

run-up dynamics using specialized beach optical (video) monitoring/processing systems. In addition, 

different techniques were used for modeling the beach morphodynamics, including the: a) use of 

‘traditional’ morphodynamic models and b) development and testing of specialized, innovative ANNs. 

The structure of the dissertation is as follows. There are 5 chapters, in addition to the present 

introductory chapter. Chapter 2 presents the background information related to studied 

environments/processes, whereas chapter 3 describes (in detail) the methodological approaches used in 

the study. Chapters 4 and 5 present the results for the two studied beaches (Ammoudara beach and 

Kamari beach, respectively), whereas chapter 6 discusses the findings and presents the major study 

conclusions. 
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Chapter 2: Background and Study Areas  

2.1 Beach dynamics  

2.1.1 Beach morphology  

Coasts have multiple classification systems that are related with their i) formation mechanisms; ii) 

geological and petrological formations; and iii) tectonic structure (e.g. Bird, 2008); however, from a 

morphological perspective they can be differentiated into rocky coasts and coasts build in 

unconsolidated sediments (beaches) that can vary from cobbles to silt.  

Beaches are most dynamic coastal environments, sensitive to the hydrodynamic action. Morphological 

beach changes can occur in many time scales. With regard to the contemporary changes, their timing 

varies from years (a cumulative result of seasonal variations and storm sequencing) to hours (a result of 

particular storm events). A widely accepted morphological concept is related to the beach cross-shore 

seasonal variability in annual scales. During summer, low energy, longer waves transport sand from the 

nearshore (particularly the longshore offshore bars) onto the ‘dry’ beach, ultimately widening it and 

increasing its elevation; on the other hand, highly energetic wave conditions which mostly occur in 

winter, erode the sediments deposited in the summer on the summer beach, and carry them back 

offshore to form submarine bars, narrowing the ‘dry’ beach (Fig. 2.1). It is noted that the offshore bars 

developed in the highly energetic periods can buffer the ‘dry’ beach from further erosion as they cause 

more intense wave breaking.  

 

 

Figure 2.1 Cross-shore seasonal changes in beach morphology.  
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The position, size and depth of the offshore bar, which is commonly oriented parallel to the shoreline 

and is oftenly followed by a longshore trough, is controlled by the wave conditions and the location of 

the breaking waves (SPM, 1984). Secondary bars can also be formed as a result of wave deformation in 

the nearshore, whereas rip channels formed by rip currents (i.e., offshore currents) can affect the bar 

continuity (Masselink and Hughes, 2014).  

The main controlling factor of beach morphodynamics is the incoming waves, which are formed, 

developed and spread from the open sea to the beach. Five different cross-shore zones are formed and 

are characterized by different hydrodynamics and morphodynamic characteristics (Fig. 2.2):  

Offshore zone. Is the area where the depth is greater than half of the wave length. Waves transfer (only) 

energy and they have consistent celerity. In this zone there is no seabed sediment mobilization or 

changes in the sea bed morphology.  

Refraction/shoaling zone. The depth here is smaller than the wave length and greater than about 80 % 

of the wave height. In this zone, waves start to “feel” the bottom and the circular orbital movement of 

the water particles gradually becomes elliptical. Some other wave parameters (e.g., the wave height, 

length and celerity) also  gradually change, whereas the wave crests tend to become parallel with the 

depth contours (and the, in many cases, the shoreline) due to wave refraction (Komar, 1998). Even if 

finer sediments could be mobilized, significant changes in seabed sediment mobility and the resulting 

morphodynamics, occur only during extreme wave events (Masselink and Hughes, 2014). In this area, 

the seabed is mainly composed of coarser sediments (if available in the area) with moderate sorting 

(Folk, 1980).  

Breaker zone. In this zone, waves become unstable and finally break. In low lying beaches characterized 

by mild slopes, it is possible to find more than one breaker zone as the breaking waves can reform and 

re-break. Wave parameters are significantly modified after breaking, with the wave height and celerity 

substantially decreased. Several expressions have been tested over the years to define the water depth 

of the breaking zone, the most accepted of which relates the ratio of wave height/depth at breaking 

becomes as abaout 0.78 (Komar, 1998). The breaker zone is characterized by high energy and turbulent 

flows, and increased sediment transport is taking place. The seabed is mainly composed by coarse 

sediments (if available) of poor sorting due to the wide spread of the wave energy spectral density 

(Masselink and Hughes, 2014).  

Surf zone. This is the zone bounded between the breaker zone and the beach front where most of the 

wave energy is attenuated. Significant amount of energy is consumed for the creation of nearshore 
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wave-induced currents that mobilize the beach sediments. These currents are created by flows induced 

from sea level changes due to the wave action (radiation stress), which causes decrease of the mean sea 

level (set-down) at the offshore and increase (set-up) at the nearshore (see Fig. 2.3). Wave set-up is 

higher in the area of the higher waves (Komar, 1998), resulting in the creation of pressure gradients that 

are balanced through the creation of wave-induced currents. Such currents, are able to mobilize large 

quantinties of sediments due to the intensive near bed turbulent flows (and thus, bed shear stresses) 

developed under breaking waves (Masselink and Hughes, 2014). It is noted that the presence of 

longshore bars in this zone increases the attenuation of the wave energy (Komar, 1998).   

 

 
Figure 2.2 Schematic representation of beach zonation showing a sand bar at the breaker zone. 

 

Swash zone. This zone forms the land-ocean boundary at the landward edge of the surf zone, where 

waves run-up the beach and is episodically covered by sea water. Swash zone is of most significance for 

beach morphodynamics and is characterized by increased sediment transport (Komar, 1998). 

Hydrodynamics of this zone are are extremely complex characterized by small flow depths, presence of 

foam, percolation and water infiltration-exfiltration through the beach sediments (e.g., Vousdoukas, 

2014). During the wave excursion/run-up, water entrains sediments till the point of zero kinetic energy, 

commonly at the area of the beach where a berm is formed (Fig. 2.1) that is composed by coarser 

sediments compared to the rest of the dry beach. It is common to find more than one berms along the 

swash zone, being created by waves of different intensity and on different times, which act as indicators 

of the wave action, whereas periodically formed beach cusps are typical morphological components of 

the swash zone (Masselink and Hughes, 2014). 
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Backshore zone. Is the terrestrial part of the beach that extends from the upper limit of the swash zone 

till a natural barrier such as a dune field or the point of permanent vegetation. This zone is mainly 

controlled by the wind and sediment size is decreased (Komar, 1998). 

Increased wave (and wind) action over extended periods, results in piling up of water within the surf 

zone. The exit of this “trapped” nearshore water is achieved through the development of a certain 

circulation (Fig. 2.3), which apart from the wave charactreristcs is also dependent on the beach slope 

and the morphology of the sea bed (Komar, 1998). In the case of incident waves approaching almost 

perpendicular to the shoreline, a cell circulation system is developed composed by longshore currents 

and rip currents. If the incident waves approach the shoreline in an angle, longshore currents can 

develop closer to the shoreline, whose velocities are significantly reduced towards the outer surf zone. 

However, the most common system of nearshore current circulation is a combination of both (Komar, 

1998).  

 

Figure 2.3 Schematic representation of the nearshore current circulation depending on the wave angle (αb) 

(modified from Poulos and Karditsa, 2017). 

 

During periods of extreme events, both hydrodynamics and sediment dynamics are more intense. 

Usually, under a prolonged storm event, a storm surge develops, i.e., is an increase in coastal sea level 
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along the coastline due to both the low atmospheric pressure and the wind-forced priling up of water at 

the coast. Such events, can significantly impact beach morphology, which in most cases is eroded. 

Natural beach restoration after intensive storm events can last from weeks till years, depending on the 

magnitude of the event, whereas if the beach was significantly eroded before the event during the 

winter, it is possible not to return in the previous state in summer and cause permanent losses (e.g., 

UNFCCC, 2020). It also has to be noted that the construction of dams has significant effect in 

accelerating the erosion processes as they interrupt the sediment natural movement to the beach 

(Velegrakis et al., 2008). 

Beach rotation depends on multi-directional wave climate and the genaral sebed and coastline 

morphology. It can manifest as localised changes of shoreline position (retreat or advance) but does not 

lead necessarily to long term sediment loss or gain, as beaches often return to initial conditions in 

response to wave direction shifts. Waves from one direction produce alongshore sediment movement 

to one of the beaches’ edge, whereas from another direction can produce the reverse with the net 

result being an apparent rotation of the beach planform (Masselink and Hughes, 2014). In recent 

decades, beach rotation has been documented in many beaches and suggested to be an important self-

regulatory beach mechanism under changing wave regimes (e.g. Ranasinghe and Turner, 2006; 

Ranasinghe, 2016). Although embayed beach rotation has been viewed and modeled as an alongshore 

sediment transport process acting on a uniform beach profile, research suggests a more complex 

response whereby alongshore variability in cross-shore sediment fluxes may be more significant (e.g., 

Harley et al., 2016).  

Beach rotation is characterized by more complex patterns depending on the morphology of the beach. 

Nearshore natural reefs, such as submerged beachrocks and fringing coral reefs, can modify nearshore 

hydrodynamics by dissipating the incoming wave energy and generating complex nearshore flows (e.g. 

Larson and Kraus, 2000; Vousdoukas et al., 2012). In the case that the reef is backed by a deeper body of 

water (e.g. a lagoon and/or a longshore channel), it has been shown that the architecture of the 

reef/lagoon system can play a major role in the momentum balances across the system and, 

consequently, to the magnitude of the wave-driven flows and related coastal flushing rates (Lowe et al., 

2010; Gallop et al., 2013).  

Concerning the morphodynamics, there are many open questions. For instance, studies suggest that 

perched beaches can show significant intra-annual and inter-annual variability (Gallop et al., 2013; 2015) 

and be either less or more impacted by energetic events than open beaches (e.g., Munoz-Perez and 
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Medina, 2010; Alexandrakis et al., 2013). Post-event recovery is also influenced by the presence of 

nearshore reefs; perched beaches have been observed to recover relatively slowly (Vousdoukas et al., 

2009a; Munoz-Perez and Medina, 2010; Gallop et al., 2011). Moreover, adjacent sections of the 

shoreline have been observed to show contrasting patterns of erosion and accretion that may be due to 

e.g. the development of particular nearshore flows and/or seasonal blockages to local sediment 

transport pathways (Gallop et al., 2013; Alexandrakis et al., 2013).  

Over recent years, there has been an increased interest in the long-term morphological variability of 

perched beaches. It appears that in order to resolve the morphodynamics and identify the main trends 

in terms of long-term morphological changes of perched beaches, there is need for monitoring their 

morphological variability in different spatio-temporal scales (e.g. Gallop et al., 2015; Velegrakis et al., 

2016). As the shoreline position is a feature that integrates large part of the information pertaining to 

beach morphodynamics, information on shoreline retreat (beach loss) and shoreline advance (beach 

gain) is required with a spatio-temporal resolution to match that of the shoreline change (Boak and 

Turner, 2005).  

 

2.1.2 Shoreline and wave run-up positions  

Wave transformation in shallow water results to elevation differences in the mean sea level and the 

width of the waves, which are related with the action of infragravity waves, characterized by high 

periods. In general the widths of the waves are higher in the refraction/shoaling zone than the surf zone, 

causing elevation diffences in the mean sea level, being increased in the surf zone (wave set-up) than 

the shoaling zone (wave set-down) (Fig. 2.4). Wave run-up (R) is the sum of wave set-up and swash 

uprush. Wave run-up forms a most fundamental parameter of the swash zone dynamics, the accurate 

prediction of which is vital for the prediction of storm wave/surge effects and the effective design of 

coastal protections works against beach erosion and inundation (Vousdoukas et al., 2009b; Da Silva et 

al., 2020). In particular, wave run-up prediction is required in most coastal vulnerability and risk 

evaluation projects. Although a number of available numerical models give accurate estimates of wave 

run-up for given boundary conditions, simplified empirical run-up formulae are useful to give realistic 

results on existing cross-shore profiles. 

The first effort to parameterize wave run-up was introduced by Hunt (1959) who suggested the 

following empirical relationship (Vousdoukas et al. 2009b): 

               oHR                              [2-1] 
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where Ho is the offshore wave height and ξ is the Iribarren number (also known as surf similarity 

parameter or/and breaker parameter), which is a dimensionless parameter used to model several 

effects of (breaking) surface gravity waves and is expressed as (Iribarren and Nogales, 1949):  

 

                                                             2/1/
tan

oo LH
                                         [2-2] 

 

where tanβ is the wet beach slope and Lo the offshore wave length. 

 

 
Figure 2.4 Definition sketch showing the wave set-down, wave set-up and wave run-up.  

 

In later years, several studies tried to determine relationships between wave height, beach slope and 

the Iribarren number and proposed several wave run-up formulae. Holman (1986) measured wave run-

up positions through video imagery at a single beach and suggested the following expression for the 2% 

exceedence of the peak wave run-up height (R2%): 

 

                                                             R2% = (0.83ξ +0.2) Ho     [2-3] 
 

By examining the same dataset Douglass (1992), proposed an expression that does not include the 

beach slope in predicting the maximum wave run-up height (Rmax):  

                                                                      
2/1

max

/
12.0

ooo LHH
R                                        [2-4] 
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Nielsen και Hanslow (1991) carried out extensive experiments in open sea sandy beaches of different 

slopes. They concluded that in open sea beaches of mild wet slopes, wave run-up is not signifficantly 

affected by the beach slopes and proposed the following equation  

                                                              Rmax = tanβ - (ΗoLo)1/2                                                               [2-5] 

After extensive studying of wave run-up in a beach under highly dissipative conditions with the use of 

video imagery and topographic records, Ruggiero et al. (2004) suggested a linear relationship between 

the wave run-up height and the Iribarren number.  The most recent and extensive analysis (Stockdon et 

al., 2006) combined information from 10 different field sites that cover the range of the Iribarren 

number and reached to the following relationships: 

2
)004.0563.0(/35.01.1

2/12
2/1

%2
oo

oo
LHLHR                                     [2-6] 

 R2% = 0.043(HoLo)1/2 ,        for dissipative beaches (i.e. ξ < 0.3)                 [2-7] 

 

Poate et al., (2016) used wave run-up statistics derived from video imagery and developed a new 

parameterisation for the prediction of wave run-up on gravel beaches. They also concluded that wave 

run-up in gravel beaches unter increased wave conditions is underestimated by the formulae of 

Stockdon et al. (2006).  It seems that estimation of wave run-up is a complicated issue due to the 

complexity of the non-linear processes driving the swash zone (e.g. Ruggiero et al., 2004; Masselink and 

Hughes, 2014). For pragmatic reasons, most studies undertake run-up predictions based on the beach 

slope and the deep water wave parameters; however, its prediction should be based on approaches 

capable to represent all wave transformation processes until the wave energy reaches the beach (, on 

the basis of shoreline/wave run-up records of high spatio-temporal resolution that represent the natural 

variability of the beach (Da Silva et al., 2020).  

Nevertheless, the traditional mapping or/and image processing techniques are not able to provide 

accurate records of high frequency. High-resolution satellite images, which are commonly used for the 

extraction of such morphological parameters in large scale, are not only characterized by high cost, but 

also from low temporal coverage, while in many cases images could not be recorded due to physical 

restrictions (e.g. cloudiness occurring during extreme storminess). On the other hand, repeated 
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topographic records through classic leveling/positioning techniques require dedicated human efforts 

especially during extreme storm events. 

In order to provide predictions of the shoreline and wave run-up positions under specific conditions of 

hydrodynamic action, coastal engineers tend to develop/use numerical hydro-morphodynamic modeling 

techniques, based on the mathematical expressions/algorithms used to parameterize the wave-current 

interactions and the sediment dynamics (e.g. Roelvink et al. 2010; Karambas, 2012). However, the 

application of such modeling techniques is not only a complicated task requiring a number of various 

input parameters measured in the field (topo-bathymetric, granulometric and hydrodynamic data), but 

are also based on the calibration process (i.e., validation of the model projections/output with the real 

recorded conditions), requiring the positions of such morphological parameters (normally before and 

after the simulated event).  

Previous studies (upon which wave run-up parameterisations have been based) have mostly taken place 

in open sea sandy beaches, exposed to oceanic wave and tidal conditions (e.g. Ruggiero et al., 2004; 

Stockdon et al., 2006; Suanez et al, 2016). A detailed study that involved numerical modeling based on 

on the Reynolds-averaged Navier-Stokes equations to evaluate the effects that Bore-Bore Capture (BBC) 

in mildy sloped beaches have on runup, showed that the phase difference of the incident waves with the 

infragravity wave can generate up to 30% variability of the runup maxima (Garcia-Medina et al., 2017). 

One of the few analytical studies conducted for microtidal, sediment starved island beaches of the 

Aegean Sea based on video techniques for extracting the wave run-up combined with concurrent 

hydrodynamic data (Vousdoukas et al., 2009b), showed that most of the proposed wave run-up 

parameterisations are not able to satisfactory predict the wave run-up positions, with the exception the 

expression of Stockdon et al. (2006) that showed in general good agreement with the records. However, 

there are no relevant studies for particular beach types, like microtidal perched beaches fronted by reefs 

of irregular morphology and complex nearshore wave distribution (e.g. see Velegrakis et al., 2016), 

characterized by absence of extreme oceanic storm waves and tides. Although such beaches are more 

vulnerable to the rising sea levels, which control the wave breaking depth in the reef, and thus 

nearshore hydrodynamics (e.g. Larson and Kraus, 2000; Gallop et al., 2013). 
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2.2 Study areas  

2.2.1 Ammoudara perched beach 

Ammoudara is an urban beach, located at about 5 km to the west of the port of Herakleion city at the 

island of Crete (Fig. 2.5). It has a high socio-economic importance for the city of Herakleion due to its 

accessibility, recreational facilities and large carrying capacity. The perched beach is about 6.1 km long 

and can be divided into 2 main sectors. At the western sector (about 1.5 km long), beachrocks are found 

at, or close to the beach face, whereas at the eastern sector (at the east of Gazanos riverine mouth, 

about 4.6 km long) beachrocks form a submerged reef oriented almost parallel to the coast (Fig. 2.5c 

and Fig. 2.7a), the width of which and its distance from the shoreline vary between 15 - 50 m and 40 - 70 

m, respectively.  

 

 

Figure 2.5 a), b) and c) Location of Ammoudara beach and location of the offshore POSEIDON E1-M3A wave buoy 

offshore the island of Crete; yellow arrows indicate the riverine mouths flowing out to the sea, i.e. Almiros 1, 

Almiros 2, Gazanos, Xiropotamos and Giofiros from west to east; the location and shape of the submerged reef is 

also evident at the wave foaming zone at the east of Gazanos river mouth (satelite image source: Google Earth). 

 

Beach widths range between 22 and 75 m, with the inner beach associated with low sand dunes 

(average height of 2 m) as well as extensive human development.  Beach cusps of increaed width (up to 

10 meters in some cases) are evident at the beachface, as a result of the wave action, while  storm cusps 

can be found in higher elevations as a result of energetic wind events (Fig. 2.6a-b).  Ammoudara is a 

microtidal beach with a tidal range not exceeding 0.1 m (Alexandrakis et al., 2013). It is exposed to 

winds (and waves) from the northern sector, i.e., from the NW (28.7 % frequency of occurrence), the N 

(16.9 % frequency of occurrence) and NE (4.0 % frequency of occurrence). Offshore significant wave 

heights (Hs) and periods (Tp) under energetic conditions from the NW have been estimated as 1.8 m and 

7.2 s, respectively; both the northerly and (particularly) the northeasterly waves are less energetic 

(Alexandrakis et al., 2013).    
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Figure 2.6 a) Beach cusps and b) storm cusps evident at the central and eastern part of Ammoudara beach; c) 

beachrock formation evident alongshore the western part of Ammoudara beach; and d) beachrock formation 

synthesizing the submerged reef (from Alexandrakis et al., 2006 and Troubounis, 2016). 

 

The main sedimentological source of Ammoudara beach involves the 3 riverine mouths charactetized by 

temporal flows, mostly during winter rainy periods (Almiros, Gazanos and Xiropotamos) and a river of 

permanent flow (Giofiros) located at the eastern edge of the beach, and whose mouth is associated with 

technical works (see Fig. 2.7b). River discharges have been estimated at about 15.6 x 106 and 21.6 x 106 

m3/year for Gazanos and Giofiros rivers respectively (Rentzepopoulou, 2013; Kontogeorgos, 2014). Such 

values are able to create plumes that are recorded in satellite images, especially during the winter 

months of increased rain periods (Fig. 2.7c-d), whereas water transported offshore is also evident (Fig. 

2.7b). 
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Figure 2.7 a) Aerial photo taken from the central part of the beach showing waves breaking at the area of the 

fringing reef; b) satelite image (05/2016) showing the transport of offshore water; and c)-d) satellite images 

(01/2019 and 02/2015) showing sediment plumes directing offshore from Xiropotamos and Giofiros river nouths at 

the eastern part of Ammoudara beach (satelite image source: Google Earth) 
 

Sediments along the shoreline are mainly composed by sands/gravely sands (d50s between 0.5 and 2.5 

mm), with coarser sands found at the eastern sector  (Fig. 2.8). The seabed between the shoreline and 

the reef consists of poor/moderately sorted, gravely sands and sandy gravels (d50s between 1.8 and 2.7 

mm) and offshore of the reef of mostly sands; the coarsest sediments (d50 about 2.7 mm) are found 

offshore of the Xiropotamos river mouth (Alexandrakis et al., 2006). Beach face gradients vary, with the 

steeper slopes (50 - 80) found at the east (Fig. 2.9c), especially at the edges of the beach cusps 

(Rentzepopoullou, 2013).  Seabed sediment thickness varies, with the sediment wedge thinning offshore 

towards the outcropping beachrock. Two distinct beachrock layers have been identified (Alexandrakis et 

al., 2013): an upper layer, about 0.3 thick, consisting of cemented coarse-grained beach material and 

showing erosional features consistent with beach face beachrocks (potholes, grooves and runnels); and 

a thicker, lower layer consisting of finer-grained sands exhibiting cross-bedding (Fig 2.6c-d).  

 

 

Figure 2.8 Variations of shoreline mean sediment mean size (Mz) and sorting (σI) along Ammoudara beach; arrows 

denote the locations of Almiros 2(A), Gazanos(G) and Xiropotamos(X) riverine mouths (from Alexandrakis et al., 

2013). 
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Historical aerial photographs and repeated topographic levelling have shown that Ammoudara beach 

has experienced significant shoreline retreat/beach loss. Between 1960 and 2011, shoreline position has 

retreated by 10 - 60 m, with the longer retreat rates (> 1 m/year the last 55 years) estimated at the 

eastern part (Fig. 2.9a). In comparison, during 2011 - 2012 shoreline changes at the eastern beach sector 

were found to range between 4-7 m at the eastern sector of the beach, while (paradoxically) the 

maximum wave run-up/ swash zone limit as declared by the hellenic republic in 2012 (reffered as 

“aigialos” line in greek legislation) is similar to the shoreline recorded in 2011 (Rentzepopoulou, 2013 - 

Fig. 2.9b)). 

 

 
Figure 2.9 a) Shoreline of Ammoudara beach as recorded through an RTK-DGPS session in 2012 (red line) 

superimposed on an aerial photo taken in 1960; shoreline retreat between 1960 and 2012 at 2 selected locations is 

pointed out with blue marker; b) selected beach area (blue square shown in a)) showing the digitized shoreline of 

1960 (black line), the digitized shoreline as recorded from an orthophotograph taken in 2011 from the greek greek 

land registry service (red line), the swash maxima limit (i.e. the “aigialos line”) as declared from the hellenic 

republic in 2012 (blue line) and the shoreline recorded through the RTH-DGPS session in 2012 (green line); the range 

between the 1960 and 2011 shorelines (58-60 m) and the 2011 and 2012 shorelines (4-7 m) for the selected beach 

area is also shown; and c) beach slopes along Ammoudara beach; the arrows show  the locations of Almiros 2 (A), 

Gazanos (G) and Xiropotamos (X) riverine mouths (modified from Rentzepopoulou, 2013).  

 

It appears that the now submerged reef was originally part of the beach face and was left offshore 

following the erosion of fronting/overlying unconsolidated sediments and shoreline retreat. The 

extensive beach erosion could be partly due to the presence of the beachrock itself, which can cause 

sediment loss at the beach face by constraining beach profile adjustment, influencing swash infiltration, 

and impeding onshore sediment movement at the recovery face of the beach through the development 

of a ‘scour step’ at its offshore margin (Vousdoukas et al, 2007; 2009a; 2012). This erosion process had 
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been certainly aggravated by beach sediment abstraction that took place in the 1950s and 1960s, the 

river management scheme that trained Giofyros river outflow starving the eastern part of the beach, 

and extensive coastal development that consumed most of the dune fields shown on a 1960 aerial 

photograph (Rentzepopoulou, 2013). It has been suggested that, in recent years, erosion at the eastern 

sector of the beach has slowed down to a rate of about 0.7 m/year due to decreasing coastal 

development and to the protective influence of the now offshore beachrock reef (Alexandrakis et al., 

2013).    

 

 

2.2.2 Kamari open sea beach    

Kamari beach is located at the southeast of Santorini island, 8 km away from the island's major 

settlement (Thira).  It has a length of about 1.4 km with varying widths (between 15 - 50 m) and  extends 

in an area of about 1 km2 (Fig. 2.10a). Over the last decades, the beach experiences extensive touristic 

development due to its large carrying capacity, being the longest beach of the island. At the northern 

part of the beach, three groynes and two parallel to the shoreline breakwaters have been constructed as 

measures against the erosional processes, whereas the southern part is bounded by a cape, on the top 

of which the ancient city of Thira is located. Τhe southern sector (about 700 m long) consists of coarse 

sediments with varying alongshore mean grain sizes (from 2.2 to 9.5 mm), whereas nearshore seabed 

sediment sizes also vary (from 0.17 to 1.39 mm) (Hasiotis et al., 2017). This open sea beach is exposed to 

the energetic wave action due to its high effective fetch (estimated at about 85, 100, 324 and 94 km for 

NE, E, SE and S direction respectively).  

In order to detect changes in shoreline position, Hasiotis et al. (2017) used high-resolution satellite 

images and topographic data obtained during the summer periods between 2013 - 2016. During this 

period, shoreline position showed high variability; areas associated with the coastal protection works at 

the north of the beach were found to be eroded by more than 20 m. Shoreline retreats of up to 26 m 

were recorded at the central part of the beach, while there were also areas of localized seaward 

advance of up to 12 m were recorded. (Fig. 2.10b). In the same study, elevation changes were detected 

through an 8-month topographic comparison in early 2016. During this period, a sediment layer of up to 

1 m thick appears to have been lost along the entire beach width, while on the contrary considerable 

sediment accumulation was observed along the southern margin of the Kamari beach, which locally 

exceeded thickness values of of 1.5 m.  
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Figure 2.10 a) Kamari beach, Santorini island; the coastal works (3 groynes and 2 breakwaters) located at the 

northern part of the beach can be also seen; b) recorded shoreline positions during the 2013 - 2016 period through 

satellite images and topographic data; note the extensice beach usage (modified from Hasiotis et al., 2017). 

 

Considering the variability of the beach, especially under the projected sea level rises, as well as the high 

socio-economic revenue of Kamari beach, anti-erosion actions/measures seem to be necessary (Ćulibrk 

et al., 2021), whereas soft-engineering measures (e.g. beach nourishment) are found to be the most 

cost-effective solutions against other coastal management policies in the long-term (Aaheim and Orlov, 

2016). 
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Chapter 3: Methodology 

3.1  Data acquisition 

3.1.1  Topo-bathymetric Data 

In order to map the coastal environments at the Ammoudara and Kamari beaches, high resolution 

nearshore topo-bathymetric information was collected during calm wave conditions. The nearshore 

bathymetry (down to water depths of about 6 m) was resolved through the surveying of a dense grid (10 

- 20 m spacing) of nearshore cross- and long-shore bathymetric transects, whereas further offshore 

bathymetric information (to a depth of about 12 m) was collected  using  a coarser survey grid (of about 

50 m spacing). Data were obtained through a single beam digital echo-sounder (Hi-Target HD 370) and a 

Real Time Kinematic Differential GPS (RTK-DGPS, Topcon Hipper) deployed from a 2.5 m and 5m long,  

shallow draft, inflatable boats (e.g. Fig. 3.1b) at Ammoudara and Kamari beach, respectively.  

 

  

Figure 3.1 a) The recording unit of the digital echo-sounder Hi-Target HD 370; b) the RTK-DGPS installed at the top 
of the echo-sounder depth sensor, in the small inflatable boat (2.5 m) used in Ammoudara beach; and c) RTK-DGPS 
topographic session in Kamari beach. 

 

The morphology of the ‘dry’ beach down to water depths of about 0.8 m (in order to overlap the 

topographic and bathymetric transects) was recorded through a dense grid of RTK-DGPS cross- and long-

shore topographic transects (Fig. 3.2). In Ammoudara beach, additional information on seabed elevation 

was collected over the very shallow/outcropping reef crests by divers with the use of a portable 

echosounder. 
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Figure 3.2 Survey grid during the 16/12/2016 topo-bathymetric survey in Ammoudara beach. 

 

With regard to Kamari beach, additional morphological data have been obtained using  a Side Scan 

Sonar (SSS, Starfish 450F) suitable for shallow water surveys;  17 sediment samples have been also 

collected over specific cross-shore transects (Fig. 3.3). Samples S1, S2, S3, S4, S5 S6 and S7 were 

collected from areas with water depths of 8.8, 8.9, 11.0, 11.9. 6.2, 5.8 and 9.9 m depths, respectively, 

using a Van-Veen grab sampler, while the remaining sediment samples were collected at the shoreline. 

 

 

Figure 3.3 Survey grid during the 16/12/2016 topo-bathymetric and SSS survey in Kamari beach. The positions of 

the sediment samples, the camera system and the ADV are also shown (satellite image source: Google Earth).  
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Regarding the side scan sonar surveys, the sonar was toweda ‘fish’ layback distance of 5 - 15 m behind 

the boat was used, with a the recording slant range varying between 50 and 75 m for each channel. The 

land and nearshore surveys were then combined, in order to construct geo-referenced   mosaics for the 

whole area and without gaps. Finally, video records from an underwater camera (GoPro Hero 2), at 

points of known position were collected, in order to validate the classification of the different reflectivity 

types (RTs) in the echography mosaics in terms of seabed habitats. 

 

3.1.2 Meteorological and Hydrodynamic data 

Meteorological stations (Davis Vantage Vue 2) were deployed in both beaches, providing 

atmospheric/barometric pressure, wind velocity and direction information amongst other parameters. 

In addition, a variety of hydrodynamic instrumentation was used to record high resolution wave and 

currenthydrodynamic characteristics at the nearshore areas. Pressure sensors/wave loggers (RBRs 

Virtuoso D| and Solinst) were utilized to extract the wave characteristics and sea level perturbations, 

whereas Acoustic Doppler Velocimeters (ADVs, Nortek Vector) were used to record current velocities 

and wave characteristics. A horizontal Acouctic Doppler Current Profiler (ADCP, Nortek Continental) was 

also used in Ammoudara beach to record current velocities inshore of the reef.  

 

 

Figure 3.4 Deployment of a) ADVs, b) RBRs and c) the ADCP framed in the specialized constructed base. 

ADVs were deployed on tripod frames, whereas RBRs and Solinst sensors were deployed mounted on 

specifically constructed cement bases due to their smaller size (Fig. 3.4a and 3.4b). For the ADCP a 

specially constructed frame, able to deploy the instrument at chosen distances from the seabed was 

used, whereas a specialized MATLAB routine that considers sidelobe interference from the sea surface 
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and the seabed in the recorded echo signal has been developed/used in order to choose the 

deployment depth (Fig. 3.4c). 

 

Ammoudara beach  

Wind data to assess the annual wind regime affecting the beach were obtained from the Herakleion 

meteorological station of the Hellenic National Meteorological Service (HNMS) located at the coast to 

the east of the beach (UTM Northing: 3912269.12 m, Easting: 334603.20 m, elevation: 39 m). Offshore 

wave information was obtained from an offshore buoy (POSEIDON E1-M3A buoy) located about 35 km 

to the north of the study area (Northing:  3948099.49, Easting: 318057.01 m) at 1,440 m water depth, 

installed/operated by the National Centre for Marine Research (NCMR). In this area, this is the only 

available long-term wave information (Fig. 3.5a).  

High frequency hydrodynamic information was collected during two different (short) periods: i) a 

relatively high energetic period (in terms of hydrodynamics) in early November 2014 (01 - 05/11/2014); 

and ii) a lower energetic period during mid-October 2015 (13 - 19/10/2015). A meteorological station 

was deployed at the area of the Herakleion Olympic Stadium facing the beach (UTM Northing:  3912166 

m, Easting: 327797 m, Elevation: 7 m) providing barometric pressure, wind velocity and direction data 

amongst other parameters. Due to system downtime, however, meteorological data were available only 

for the high energetic period of 01 - 05/11/2014. Two wave loggers (RBRvirtuoso D|) were deployed in 

both periods offshore and inshore the fringing reef in order to monitor/record sea level changes and 

extract high frequency wave characteristics (4 Hz), whereas additional hydrodynamic information was 

collected during both deployment periods (Fig. 3.5b and Fig. 3.5c). 

During the 01 - 05/11/2014 period, 3 additional wave recorders were deployed (Table 3.1): i) one 

(RBRVirtuoso D|) inshore of a (fragmented) reef area characterized by local reef openings (at 1.5 m 

depth) for 21 hours; and ii) two (Solinst level loggers) at the cross-shore section (almost perpendicular) 

to the inshore RBR wave logger and close to the shoreline (at distances < 15 m) in  1.4 and 0.3 m depth 

for a short synchronized duration (1.5 hour), in order to record the wave shoaling characteristics of the 

reef-affected waves.  
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Figure 3.5 a) Ammoudara beach, Herakleion, Crete; the orange box shows the area studied, whereas the position of 

the offshore POSEIDON E1-M3A wave buoy is shown in the inset with the island of Crete. b), c) The study area 

(eastern part of the beach), showing the field of vision of the 3 video cameras and the locations of the instrument 

deployment during 2014 and 2015 respectively; the black foaming zone offshore of the shoreline delineates the 

submerged beachrock, whereas the longshore dashed line shows the length of the shoreline examined by video 

imagery, whereas Xiropotamos river mouth is also depicted. The cross-shore white dashed line shows the location 

of the profile shown in Fig 3.6 at UTM Easting: 327908 m (satellite image source: Google Earth). 
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Finally, during a 3 - day period (01 - 03/11/2014), and in order to obtain wave/current information 

concurrent to the wave loggers, an Acoustic Doppler Velocimeter (ADV - Nortek Vector) was deployed 

very close (and at the same water depth) to the inshore RBR wave logger, whereas a sideward looking 

ADCP (Nortek Continental, operating at 470 kHz with a North-South beam orientation) was deployed on 

a raised platform from the seabed, at a distance of about 20 m to the west of the inshore RBR wave 

logger and at the same water depth (UTM Northing: 3912292 m, Easting: 327908 m - Fig. 3.5b and Fig. 

3.6) in order to monitor cross-shore current distribution inshore of the reef.  

 

 

 

Figure 3.6 Locations of the instruments deployment at the area inshore the fringing reef during the 01-05/11/2014 

energetic period in relation to a cross-shore elevation profile showing the reef crest and flat (data collected in this 

study); the extent of the beachrock outcrop is shown by small vertical lines. Note that the ADCP, ADV and RBR 2 

instruments were deployed close to each other and at similar depths (see also Fig. 3.5). 

 

Due to the limited water depth in this area (1.4 m), which could influence the effective record range of 

the ADCP due to sidelobe interference from the sea surface and the seabed, only currents recorded to a 

distance of 15 m from the ADCP (7 ADCP cells with a blanking distance of 1 m) were used.  

With regard to the 13 - 18/10/2015 deployment period, 2 high-frequency acoustic wave-current meters 

(ADVs - Nortek Vector), set to operate at 8 Hz in hourly burst mode of 10-min window were additionally 

deployed in similar positions to the 2014 deployment period (Table 3.1): i) at the fragmented-reef area 

inshore the reef in shallow depth (1.6 m); and ii) at the cross-shore section (almost perpendicular) to the 

offshore RBR wave logger in 1.7 m depth (Fig. 3.5c).  
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Table 3.1 Set-up and details of the hydrodynamic instrumentation deployed in Ammoudara beach during the two 

deployment periods. 

Instrument Northing  

(m) 

Easting  

(m) 

Distance from 
Shoreline (m) 

Deployment  

Depth (m) 

Recording Period 
(dd/mm/yy) 

Deployment  

Parameters 

01 - 05/11/2014 

 

 

ΑDCP 

 

 

3912292 

 

 

327908 

 

 

51 

 

 

1.4 

 

 

01/11/2014 10:30 – 
03/11/2014 12:50 

Frequency          :  1 Hz 

Burst Duration  :  60 sec 

Burst Interval    :  120 sec 
Blanking dist.    :   1 m 

Cell Size              :  2 m 

Cell No                :  25 

ADV 3912292 327908 49 1.4 01/11/2014 10:30 – 
03/11/2014 12:40 

Frequency     : 8 Hz 

Burst mode   : 2.5 min every 
10 min 

RBR 1 3912869 328038 872 10.03 01/11/2014 11:00 – 

05/11/2014 08:00 

Frequency     : 4 Hz 

Burst mode   : Continuous 

RBR 2 3912291 327936 49 1.40 01/11/2014 14:00  –
06/11/2014 08:00 

Frequency     : 4 Hz 

Burst mode   : Continuous 

RBR 3 3912249 327415 53 1.73 03/11/2014 14:00 – 

04/11/2014 11:00 

Frequency     : 4 Hz 

Burst mode   : Continuous 

Solinst 1 3912251 327930 15 1.40 03/11/2014 12:30 – 

03/11/2014 15:50 

Frequency     : 8 Hz 

Burst mode   : Continuous 

Solinst 2 3912248 327932 3 0.33 03/11/2014 14:00 – 

03/11/2014 15:40 

Frequency     : 8 Hz 

Burst mode   : Continuous 

13 - 16/10/2015 

RBR 1 3912726 327948 482 7.8 14/10/2015 15:00 – 
18/10/2015 11:00 

 

Frequency   : 4 Hz 

Burst mode : Continuous 

RBR 2 3912305 327976 54 1.2 13/10/2015 16:00 – 
18/10/2015 08:00 

Frequency   : 4 Hz 

Burst mode : Continuous 

ADV 1 3912275 327976 26 1.7 13/10/2015 17:00 – 
16/10/2015 05:00 

& 

16/10/2015 13:00 – 
18/10/2015 11:00 

Frequency   : 8 Hz 

Burst mode : 5 min at the 
beginning of every 2 hours 

ADV 2 3912222 327190 30 1.6 13/10/2015 20:00– 
16/10/2015 05:00 

 

Frequency      : 8 Hz 

Burst mode    : 10 min at the 
beginning of each hour 

 

As the ADV deployed in the inshore area had lower battery capacity than the one deployed in the 

opening area, the instrument was set-up to operate with the same frequency (8 Hz) but with a lower 

rate of data recording (5-min window bursts every 2 hours). However, due to full memory usage, the 

ADV was also taken out from the sea and after obtaining the data, was deployed back to the same 

position after 8 hours (see Table 3.1).  
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Kamari beach 

In the Aegean archipelago, changes in beach morphology (i.e. the shoreline position) are more intense 

during the more energetic winter months. Following this premise as well as safety considerations, a 

wave logger (RBRvirtuoso D|) was deployed 220 m offshore the beach at 9.2 m water depth (Fig. 3.7) 

and provided high frequency (6 Hz) wave data during 10-minute hourly bursts during the energetic 

winter period of 17/12/2016 - 29/03/2017. Using these data, hourly values of the zero-moment wave 

height (Hm0), peak wave period (Tp) and the long-term sea level perturbations from the mean sea level 

(MSL) were estimated.  

 

 

Figure 3.7 a) Kamari beach, Santorini; the orange box shows the area studied, whereas the position of the deployed 

meteorological station is also shown. b) The study area (southern part of the beach), showing the field of vision of 

the 2 video cameras and 2 corresponding frames; the locations of the instrument deployment is also shown 

(satellite image source: Google Earth). 

 

In addition, a meteorological station was installed at the roof of a hotel (Alexandra beach), located close 

to the deployment area (UTM Northing: 4027560 m, Easting: 364140 m, Elevation: 11 m, ~150 m from 

the deployment site - Fig. 3.7a) for a long period (20/11/2016 – 26/06/2017) providing concurrent to the 

RBR logger wind velocity, direction, and atmospheric pressure records. The latter were used for the 

corrections of the RBR recorded pressure and extract the sea level perturbations with high accuracy.   

In order to estimate the wave and current characteristics at the nearshore, a wave logger (RBRvirtuoso 

D|) set to operate at 6Hz and an Acoustic Doppler Velocimeter (ADV Nortek-Vector) set to operate at 8 



             Department of Marine Sciences, University of the Aegean 

_____________________________________________________________________________________ 
CHAPTER 3: Methodology                                                                                                                                         27 

 

Hz with a hourly 10-minute burst mode at the beginning of each hour, were deployed at about 26 m 

from the shoreline and close to each other (at a distance of 6 m between them, both at 3.9 m depth – 

Table 3.2), in order to record in detail the wave and current characteristics for a duration of 3 days 

(13/10/2015 16:00 - 16/10/2015 05:00). 

 

Table 3.2 Set-up and details of the hydrodynamic instruments deployed in Kamari beach. 

Instrument Northing  

(m) 

Easting   

(m) 

Distance from 
Shoreline (m) 

Deployment  

Depth (m) 

Recording Period 
(dd/mm/yy) 

Deployment  

Parameters 

RBR 1 4026119 363819 220 9.2 16/12/2016 10:00 - 
29/03/2017 10:00 

Frequency  : 6 Hz 

Burst mode: Continuous 

RBR 2 4026073 364035 26 3.9 13/10/2016 16:00 – 
18/12/2016 05:00 

Frequency :  6 Hz 

Burst mode: Continuous 

ADV 4026114 363813 26 3.9 13/12/2016 16:00 – 
16/12/2016 05:00 

Frequency :  8 Hz 

Burst mode: 10 min. at 
the beginning of each 
hour 

 

3.1.3 Optical Data 

An autonomous Beach Optical Monitoring System (BOMS) was installed in both beaches at appropriate 

positions. The BOMS comprises of a station PC and 1 or more video cameras, set to obtain beach 

imagery of high resolution (3gp videos, 1920 × 1080 pixels) with a sampling rate of 5 frames per second 

(fps) in burst mode (for 10 minutes at the beginning of each daylight hour), concurrent to the sampling 

rate (bursts) of the hydrodynamic instruments. The station PC is used for instrument control and data 

pre-processing, it is connected with a SMS switch software in order to reboot the pc in case of electrical 

power blackout and provide status report in real time (Fig. 3.8). Images are corrected for lens distortion, 

geo-rectified and projected on real-world (UTM) coordinates using standard photogrammetric methods 

and Ground Control Points (GCPs), collected with a Differential GPS (Topcon HiPer RTK-DGPS). The geo-

rectified and UTM-projected images of each hourly 10-min burst (3,000 snapshots/frames) are 

furthermore processed in order to generate high resolution time-stack images of the cross-shore 

position of the shoreline (TIMEX images) and the swash maxima (IMMAX images) amongst other optical 

coastal products (see also Section 3.2.3).  

The pre-processed datasets of the hourly time-stack images and the meteorological data are transferred 

through the web to the data server of Coastal Morphodynamics, Management and Marine Geology 
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Laboratory of the Department of Marine Sciences of the University of the Aegean and in the cloud 

(webpage) for furthermore processing and data archiving. For the purpose of this study, TIMEX and 

IMMAX datasets for a highly energetic period (in terms of wave activity) for each beach have been 

extracted, covering 168 days (14/11/2013 – 30/04/2014)  and 107 (16/12/2016 – 29/03/2017) days for 

Ammoudara and Kamari beach respectively.  However, due to video system downtime, optical data 

were not available for 23 (20/11/2013, 02-08/12/2013, 12-19/12/2013, 08|19|28/02/2014, 

19|23|03/2014 and 02|05/05/2014) and 14 days (21-24/01/2017 and 06-15/02/2017) for Ammoudara 

and Kamari beach respectively. 

 

Figure 3.8 Flowchart showing the BOMS components and structure. 

 

In Ammoudara beach, In order to provide a wide as possible field of vision and increase the analysis 

limits, 3 Vivotek IP8362 video cameras were installed at the seaward roof of the Herakleion Olympic 

Stadium (Fig. 3.9), located at the eastern sector of Ammoudara beach (UTM – Northing 3912170 m, 

Easting: 327897 m, Elevation: 27 m – see also Fig. 3.5b and 3.5c), whereas 2 PointGrey FLEA-2 video 

cameras were installed at the top of an electricity pillar, located close to St. Nicholas church at the 

southern sector of Kamari beach at UTM Northing: 4025937 m, Easting: 363692 m, at Elevation: 18 m 

(see Fig 3.7 and Fig. 3.9).  
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Figure 3.9 a) Installation of the optical system in Ammoudara beach and b) field of vision of camera 3 in 

Ammoudara  beach (see also Fig. 3.5); c) Installation of the optical system in Kamari beach and d) field of vision of 

camera 1 and 3) camers 2 (see also Fig. 3.7). 

 

 

3.2  Data Analysis  

3.2.1  Topo-bathymetric Data 

 
The recorded bathymetric data have been corrected by taking into consideration the deployment depth 

of the echo sounder, while the coordinates were converted to WGS84-UTM geodetic/projection system. 

The collated topo-bathymetric data were interpolated with the use of the spline method in order to 

generate high resolution, geo-referenced maps The macroscopic view showed that the sediment 

samples collected from Kamari beach were mostly composed from sands (diameter > 0.0625 mm or < 4 
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Φ) or even coarser sediments, and thus, they were analyzed with the use of dry weighting method 

according to Folk (1980). Grandistat software was used for extraction of the granulometric parameters 

(Blott and Pye, 2001).  

 The Scanline software was used in order to convert the morphological information obtained from the 

side scan sonar, into the appropriate format that uses the Sonarwiz_map software (.xtf extention files). 

With the use of the aforementioned software, the side scan sonar (SSS) records have been corrected by 

taking into consideration the layback distance of the SSS fish (behind the DGPS sensor). In addition, the 

acoustic signal was enhanced to achieve better resolution and identify/categorize the different 

reflectivity types (RTs). Finally, the morphological information was collated into a high resolution geo-

referenced mosaic and imported to GIS with the same projection system (WGS84 - UTM). More 

specifically, 5 different major RTs have been identified, related with specific ecosystem types (Fig. 3.10).  

Type RT1 (medium to low reflectivity) is subdivided into 2 subtypes: 1a, characterized by repeated, 

alongshore alternations of medium and low reflectivity, suggesting well-developed sand ripples, whose 

formation is attributed mainly to the wave action; and 1b, (low reflectivity signal), corresponding to 

low/smooth bed slopes and seabed covered by sandy sediments. Type RT2 (high reflectivity) is often 

combined with small acoustic shadows or/and zones of medium reflectivity, attributed to the presence 

of dense and good sorted pebbles or/and small rocks. Type RT3 (medium to high reflectivity), which is 

quite uniform and related to meadows of Posidonia oceanica.  

Type RT4, characterised by irregular changes between relatively high and medium reflectivity, which is 

attributed to areas covered by scattered young Posidonia oceanica plants of small height amongst the 

sandy bottom. Type RT5 (medium reflectivity) with irregular formation and interspersed with areas of 

low or high reflectivity, corresponding to areas of sandy bottom covered by various types of low-high 

vegetation. The interpretation/categorization of the different reflectivity types (RTs) has been 

confirmed/validated with the underwater videos concurrent with the SSS survey. 
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Figure 3.10 The 5 reflectivity types (RTs) in SSS records and corresponding underwater photos. Identified at the 

nearshore areas in Kamari beach. 
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3.2.2 Meteorological and Hydrodynamic Data 
 

Wind data 

The recorded wind velocities derived from meteorological stations, deployed in different elevations. The 

wind velocities have been converted to the reference wind velocity in 10 m height (U10) as (Bridget et al., 

2005):  

𝑈10 = 𝑈𝑧 ∗ 𝑙𝑛(10/0.0016) 𝑙𝑛(𝑧/0.0016)⁄   [3-1] 

where z is the height at which the wind is measured, and Uz are the wind speeds at z height (m). 

Furthermore, wind velocities over 6 Beaufort deriving from the sectors where each of the 2 studied 

beaches is exposed (Ammoudara from NW till NE sector (315°- 70°N) and Kamari from NE to the  S 

sectors (35°-180°N) were selected and the criterion of Sanchez-Arcilla et al., (2008) according to which: “ 

the minimum time to consider a storm event as a storm surge is 6 hours and the maximum gap between 

the observations 18 hours ” was used in order to isolate the storm events that affected each beach. 

Sea Level Correction 

The high-frequency raw pressure records (Fig. 3.11) recorded from the wave loggers and the barometric 

pressure (units in mbar) derived from the meteorological stations, have been divided into 10-min burst 

windows for the analysis. As the maximum recording frequency of the meteorological station (1 Hz) was 

lower than this of the hydrodynamic loggers (4 Hz at minimum); the barometric pressure values for each 

time-synced millisecond (frequency dependent) of the respective logger, was assumed to be the same 

with the corresponding second. 

Level Surface Elevation (Ls) uses a reference to measure water level with respect to or surface water 

elevation and can be calculated (in meters) using the following equation (Smith S., 2012):  

𝐿𝑆 =  𝐿𝑟 + 0.703073 ∗
(𝑃𝑚−𝐵𝑚)−(𝑃𝑟−𝐵𝑟)

𝑆𝐺
     [3-2] 

where Lr is the level measured at reference date (in m), Pm the pressure recorded from the wave loggers 

(in PSI), Bm  the barometric pressure recorded simultaneously with Pm from the meteorological station 

(in PSI), Pr the Pressure head at reference (in PSI), Br the  barometric pressure measured at the time Pr 

was recorded (in PSI), and SG the specific gravity of sea water (set to 1.027) 
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Figure 3.11 Pressure (up) and the respective sea level perturbations (down) as recorded from an RBR wave logger 

during a selected 10-min burst with a 4Hz recording frequency (dataset from 03/11/2014 – Ammoudara beach, 

2400 measurements, depth  = 1.5 m). 

 

Reference date was set at 05/11/2014 - 23:00 for Ammoudara beach (the meteorological station was 

not operational for the 2015 deployment period) and at 16/12/2016 02:00 for Kamari beach, as these 

were times of minor hydrodynamic activity. The recorded barometric pressure data don’t necessarily 

depict the exact barometric pressure of the location of the hydrodynamic sensors, due to elevation and 

distance differences from the meteorological station. Nevertheless, the meteorological station was 

deployed at a location close to the hydrodynamic sensors (Fig. 3.5), at an elevation of 7 m and 12 m for 

Ammoudara and Kamari beach respectively; thus, the correction method used is more accurate than not 

applying any correction at all. Finally, the recorded dataset has been subtracted from the Ls timeseries 

by taking into consideration the mean value of the sea level (MSL) of the whole deployment period, 

which was set as zero elevation point. With this way, sea level perturbations are expressed as distance 

from MSL (Fig. 3.11). 
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Estimation of wave parameters 

The corrected pressure data (signal) recorded from the wave loggers (x(t)) can be represented in the 

frequency domain by a Fourier series of the form: 

𝑥(𝑡) ≈ 𝑚 + ∑ 𝑎𝑖 cos(𝜔𝑖𝑡) + 𝑏𝑖 sin(𝜔𝑖𝑡)𝑁
𝑖=1     [3-3] 

where m is the mean of the signal, ωi = i·2π/Τ is the angular frequency and ai , bi are Fourier coefficients  

A mostly important parameter of signals in frequency domain is their power spectrum (also referred as 

periodogram):  

�̂�𝑖 = (𝑎𝑖
2 + 𝑏𝑖

2)/(2𝛥𝜔)    [3-4] 

where Δω is the sampling interval in the frequency domain (i.e. ωi = i·Δω).  The two-column matrix  

 �̂�(ωi) =(ωi , �̂�i),  is called the power spectrum of x(t).  

The sequence θi such that cos 𝜃𝜄 = 𝛼𝑖/√2�̂�𝑖𝛥𝜔  and sin 𝜃𝜄 = −𝑏𝑖/√2�̂�𝑖𝛥𝜔  is called a sequence of 

phases and the Fourier series can be written as follows : 

𝑥(𝑡) ≈ 𝑚 + ∑ √2�̂�𝑖𝛥𝜔𝑁
𝑖=1 cos(𝜔𝑖𝑡 + 𝜃𝑖)  [3-5] 

When the sampled signal contains 2N+1 points, then x(t) is equal to its Fourier series at the sampled 

points. In the special case when N = 2k, Fast Fourier Transform (FFT) can be used to compute the Fourier 

coefficients (and thus the spectrum) from the recorded pressure dataset, and in reverse the signal from 

the Fourier coefficients. The Fourier coefficient to the zero-upcrossing frequency is the mean of the 

signal, and the variance is given by: 

𝜎2 = 𝛥𝜔 ∑ �̂�(𝜔𝑖) ≈ 𝑚0 =  ∫ �̂�
∞

0
(𝜔)𝑑𝜔  [3-6] 

where m0 is commonly called as zero-order spectral moment (m0). Similarly, higher-order spectral 

moments are defined as:  

𝑚𝑛 =  ∫ 𝜔𝑛�̂�
∞

0
(𝜔)𝑑𝜔     [3-7] 

Hm0 is computed as 𝐻𝑚0 = 4√𝑚0, whereas Peak-wave period (Tp) is estimated from the peak frequency 

of the power spectral density (i.e. the frequency where most of the wave energy is concentrated).  
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Figure 3.12 Power spectrums of a selected hourly dataset derived from an RBR logger (recording frequency 4 Hz) 

deployed inshore of the reef in Ammoudara beach (03/11/2014 – 06:00 till 07:00, 14,400 measurements) with 

different smoothing (Lmax). 

 

The aforementioned methodological steps are included in the dat2spec.m and the spec2char.m 

functions, which were extracted from the MATLAB coded, WAFO programming toolbox (WAFO-group, 

2017), which was used to estimate the spectral density, the zero-moment wave height (Hm0) and the 

peak-wave period (Tp) from the corrected pressure time series recorded from the wave loggers. An 

important parameter when estimating the wave spectrum is the smoothing degree of the spectrum. As 

a rule of thumb, the lower the maximum lag size of the window (Lmax), the higher smoothing is 

achieved (Fig. 3.12). For the purpose of this work, Lmax was estimated as the lag where auto correlation 

is found to be less than 2 standard deviations (and always 100 < Lmax < 300). 

Additional wave parameters (wave number, wavelength, wave steepness) have been calculated by using 

linear wave theory. More specifically, wave energy (E) is estimated as (Mei C.C., 1989): 

𝐸 =
1

8
𝑝𝑔𝐻𝑚0

2     [3-8] 
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where p is the density of sea water (set as 1,027 kg/m3)  and  g the gravity acceleration (9.81 m·s-2) 

Wave number (k) is estimated with the use of the wave dispersion relation developed by Hunt (1979) by 

applying Pade approximate expansions, according to which:  

𝜔2 = 𝑔𝑘𝑡𝑎𝑛ℎ(𝑘ℎ)                  [3-9] 

where h is the deployment depth. The wave length is estimated as  L = 2π/k, wave celerity (c) is 

estimated as c = Hm0/Tp , whereas wave steepness is expressed as and Hm0/L. The wave direction was 

estimated with the use of the PUV method, which uses Fourier transforms to separate the signals into 

different frequency bands. The method works by combining and comparing the recorded Pressure (P) 

and the main velocity components (U, West-East and V, North-South orientations) making the 

assumption that waves at a given frequency come from a primary direction. 

Linear wave theory is used to convert velocity and pressure spectra to surface elevation spectra. 

Pressure (Sp) and velocity components (Su and Sv) power spectra are converted to surface elevation 

power spectra with the following equations (Gordon and Lohrmann, 2002):  

𝑆𝜂𝑃 =  [
cosh𝑘ℎ

cosh𝑘ℎ(ℎ+𝑧)
]

2 𝑆𝑝

𝜌2𝑔2      [3-10] 

𝑆𝜂𝑢 =  [
𝑠𝑖𝑛h𝑘ℎ

cosh𝑘ℎ(ℎ+𝑧)
]

2 𝑆𝑢

𝑓2      [3-11] 

𝑆𝜂𝑣 =  [
𝑠𝑖𝑛h𝑘ℎ

cosh𝑘ℎ(ℎ+𝑧)
]

2 𝑆𝑣

𝑓2      [3-12] 

where 𝑺𝜼𝑷, 𝑺𝜼𝒖 and 𝑺𝜼𝒗 are the surface elevation (η) spectra based on pressure (P) and velocity 

components (u) and (v) respectively, z is the vertical distance relative to the mean water level (positive 

up) and f the recording frequency of the deployment. 

Wave direction (D) is then computed as:   

𝐷 = 𝑎𝑡𝑎𝑛2(𝑆𝑃𝑢 , 𝑆𝑃𝑣)       [3-13] 

where atan2 is a 4-quadrant arctangent, 𝑺𝑷𝒖 and  𝑺𝑷𝒗  are the real parts of the pressure-velocity cross-

spectra for the velocity components (u) and (v), respectively. 
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Estimation of current velocity and near bed shear-stress  

By default, ADCP uses a sound speed value (c) of 1500 m·s-1 in order to estimate the current velocity 

components. Typically, this is corrected by using the recorded water temperature (in °C) at the 

transducer head as (Urick, 1983) :  

𝑐 = 1449.2 + 4.6𝑇 − 0.055𝑇2 + 0.00029𝑇3 + (1.34 − 0.01𝑇)(𝑆 − 35) + 0.016𝐷 [3-14] 

where S is the salinity (in parts per thousand) and D, the deployment depth. 

Therefore, velocity data were recorded (Vcor) as (TELEDYNE, 2008) : 

 

𝑉𝑐𝑜𝑟 = 𝑉 (
𝐶

𝐶𝐴
)      [3-15] 

 

where V is the velocity recorded by the ADCP, C the estimated sound speed and CA the default sound 

speed value used by the ADCP. 

The recorded horizontal water velocity components of each beam (u, West-East and v, North-South) 

were typically combined to estimate the water flow as 𝑉 = √𝑢2 + 𝑣2. Finally, in order to isolate the 

mean current velocity and direction, a low-pass filter (cut-off frequency { fc } set at 0.05 Hz, i.e. equal to 

a period of 20 s) was used.  

Near bed shear-stress was estimated with the use of the Turbulent Kinetic Energy (TKE) method, which 

is considered to be the most robust, reliable and promising approach for future development (Kim et al., 

2000; Dyer et al. 2004) amongst the other methodologies. TKE refers to the absolute intensity of velocity 

fluctuations from the mean values, and thus expressing the flow variance, being defined as: 

)'''(
2
1 222 wvupTKE     [3-16] 

where u’ , v‘ , and w’ are the velocity fluctuations of the streamwise, transverse, and vertical 

components (u’ = u, mean (u) , v’ = v, mean (v), and w’ = w, mean (w)). Shear stress is then estimated as: 

𝑇𝑏 = 𝐶1 ∙ 𝑇𝐾𝐸       [3-17] 

where C1 is a proportionality constant equal to 0.19. This value has been adapted by other studies and 

found to apply to a wide variety of flows (e.g.  Stapleton and Huntley 1995; Thompson et al. 2003).   
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Wave run-up height is estimated with the use of the equations (2-6 and 2-7) proposed by  Stockdon et 

al., (2006), which seem to work better for similar sediment starved microtidal beaches of the Aegean 

sea (Vousdoukas et al., 2009b). Estimations were applied for a single cross-shore profile extracted from 

the detailed topo-bathymetry retrieved in Kamari beach, perpendicular to the position of the deployed 

RBR wave logger at 9.2 m depth. The deep water wave height, an essential value for the estimation of 

the wave run-up heights, was estimated using linear wave theory, according to: 

𝐻𝑜 = 𝐻𝑚0 ((
𝐶

2
(1 + 

2𝑘ℎ

sinh (2𝑘ℎ)
))

4𝜋

𝑔𝑇
)

0.5

                                          [3-18] 

where Ho is the deep water wave height, C is the wave celerity, h the depth at the RBR logger location 

and T and k the wave period and wave number respectively. 

By taking into account that changes in the cross-shore profile would be negligible at the beginning of the 

RBR wave logger deployment period, which was also the date of the bathymetric measurements, 

Estimations, were applied for 31 hours from the beginning of the deployment period (i.e. from 

16/12/2016 10:00 until 17/12/2016 17:00). Finally, the estimated wave run-up heights were projected 

to the selected cross-shore profile in order to evaluate the distance from the shoreline position.  

In order to gain further insights into the nearshore hydrodynamics of each beach, an advanced 

hydrodynamic model was employed. The model solves high order Boussinesq equations to describe 

nearshore hydrodynamics; the classical Boussinesq equations have been extended so as to include 

higher order non-linear terms that can describe better the propagation of highly nonlinear waves in the 

shoaling zone. Detailed description of the model has been provided elsewhere (e.g. Karambas, 2006; 

2012; Velegrakis et al., 2016). The model was set up using the very detailed beach elevation/water 

depth information collected in the present study and forced by offshore wave conditions recorded in the 

field experiments. The model was run in a stationary mode and validation was provided using the 

detailed wave and current information recorded by the hydrodynamic sensors for each site. 

 

3.2.3 Morphological Changes (Optical Data) 

Generation of geo-rectified optical products (mosaics) 

Most camera lenses deform the recorded images, which depends on intrinsic lens parameters such as 

the focal length and lens distortion. The correction of lens distortion is fundamental for precise geo-
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rectification (i.e. conversion from image coordinates/pixels to metric coordinates) of the optical 

data/images.  In order to achieve that, after finalizing the set-up parameters for each camera (focal 

length and zoom level), multiple calibration images of a known geometry chessboard/grid have been 

taken under different angles and distances (Fig. 3.13a-d) before the final deployment of each camera. 

The camera’s intrinsic parameters can be expressed in mathematical terms through the K matrix 

(Vousdoukas et al., 2011): 

𝐾 =  ( 
 𝑎  0  𝑢0

0  𝛽  𝑣0

0  0  1

 )      [3-19] 

where α, β correspond to the focal length measured in u and v pixel units respectively, whereas uo and 

vo correspond to the image center (called also as principal point). The K matrix was estimated using the 

Camera Calibration toolbox of Bouguet (2007) on the multiple calibration images, which together with 

the Ground Control Points (GCPs) (see below) are used for final and precise georectification of the 

optical data/images. 

 
Figure 3.13 a) - d) Examples of the chessboard/grid of known geometry taken from different angles and distances, 

used for the geometrical correction of the optical data due to lens distortion; e) unprocessed image of the 

chessboard/grid recorded from camera 2 in Kamari beach (see Fig. 3.7) f) unprocessed frame of camera 2 used in 

Kamari beach before the geometrical correction; g - h) the corresponding images of e) and f) after the geometrical 

correction.  
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The final task before the optical system becomes fully operational involves the collection of Ground 

Control Points (GCPs) of precise coordinates for each camera separately. More specifically, an operator 

is based in the station PC (which is connected with the cameras), guiding through the phone a team 

equipped with an RTK-DGPS operating in the field. The field team is placed at multiple points and 

records multiple GCPs that cover the whole field of vision, while at the same time the PC operator 

records still frames from each camera separately. This process results to a collection of GCPs with 

precise geographical coordinates that correspond to the chosen pixels of each camera image (Fig. 3.14). 

After extraction and storage of the georectification parameters of each camera, a specialized software is 

executed in the lab’s data server for correction of the optical data, which was developed for this 

purpose during previous research efforts (Vousdoukas et al., 2011). The software combines the geo-

rectification points with the lens intrinsic parameters and provides the extrinsic parameters needed for 

final geo-rectification of each camera.  

 

Figure 3.14 Ground Control Points (GCPs) on the image of camera 1 (after geometrical correction of lens distortion) 

in Kamari beach. The 3 images at the right side show the collection of GCPs during fieldwork.  

 

As image intensity at the shoreline is associated with the wave foam on the swash zone, the weighted 

mean and the maximum position of the innermost zone of high intensity are computed by taking into 

account the 3,000 images recorded during each hourly 10-min burst. Three post-images (referred as 

mosaics) for each hourly burst are generated for each camera: a) a TIMEX mosaic (expressing the time-
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average foaming positions; b) an IMMAX mosaic, expressing the time-maximum foaming positions; and 

c) a SIGMA mosaic expressing the distribution of the standard deviation of pixel intensity. For the 

purpose of this work, TIMEX and IMMAX mosaics were considered in order to detect the shoreline and 

wave run-up respectively. Finally, separate software tools (developed in the Department of Marine 

Sciences by Profs. M. Vousdoukas and V. Trygonis) are used to i) generate a single mosaic that combines 

the mosaics generated for each of the 3 and 2 cameras placed in Ammoudara and Kamari beach, 

respectively; and ii) rotate the generated mosaics by setting as reference point (x = 0, y = 0) the position 

of the optical system.  

 

Figure 3.15 a) Example of a georeferenced TIMEX mosaic of Kamari beach after overalapping the images derived 

from each camera of the BOMS system at a specific hourly burst (16/12/2016 13:00). The images show selected 

frames for each camera, whereas the red box shows the limits of the image shown in b. b) Detail of the 

georeferenced mosaic shown in (limits of red box in a); the yellow line shows the shoreline position as recorded 

during the 16/12/2016 RTK-DGPS survey. c) The same georeferenced TIMEX mosaic shown in a), rotated by setting 

the position of the optical system as reference point (x=0, y = 0).  
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Shoreline and wave run-up detection 

The optical system was set to monitor a beach stretch approximately 2400 m long at the eastern most 

dynamic part of Ammoudara beach (Fig. 3.5) and 680 m long at the southern sector of Kamari beach 

(Fig. 3.7). In order to facilitate the shoreline and wave run-up detection monitoring procedure, two 

automated coastal feature detectors were developed, following a similar concept. The detectors are 

based on a localised kernel that progressively ‘walk’ along the feature of interest on the raw or 

georectified TIMEX or IMMAX imagery, automatically following the high intensity zone along the 

shoreline (Velegrakis et al., 2016; Chatzipavlis et al. 2018; Chatzipavlis et al. 2019). The site-specific 

configuration parameters of the detectors are: (i) the preferable, in terms of shoreline/wave run-up 

following, general direction of kernel movement along the imagery (right to left for the Ammoudara and 

left to right for Kamari mosaics - see Fig. 3.18 and 3.16 respectively); and (ii) a corresponding user-

defined “root” cross-shore transect at the edge of the image which spans across the feature of interest 

(in this case, the shoreline or/and the wave run-up).  

 

Figure 3.16 a) Detail showing the detector’s performance on a SIGMA image (at the area of the green box shown in 

b) ) for better visualization. White line shows the unsmoothed detection, whereas red line shows the final recorded 

shoreline after smoothing; b) shoreline detection on the SIGMA image of 16/12/2016 16:00; c) shoreline detection 

on the TIMEX mosaic; and d) wave run-up detection on the IMMAX mosaic of the same date. 

 

Both configuration parameters are set once and apply to all images under analysis. For each image, the 

detection line initializes as a single ‘anchor’ pixel Apx(1), which is the pixel with the maximum backscatter 

intensity along the root cross-shore transect. Following the automatic detection of Apx(1), a local kernel 
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centered to Apx(1) is spawned (typical kernel size: 5 x 5 pixels), and within this kernel, the detector scans 

– towards the direction of movement – for the pixel with the maximum backscatter intensity Apx(2), 

excluding Apx(1). When detected, Apx(2) becomes the new anchor point of the detector for the next pass, 

and the process is iteratively repeated, progressively moving the detector along the shoreline; the latter 

is represented by merging the successive Apx(i) points by order of detection. A linear interpolant is then 

applied to the raw Apx(i) series, yielding a shoreline that has a uniform longshore resolution which 

matches that of the underlined mosaic (0.25 m per mosaic pixel). It must be noted that by focusing the 

detection on a local window, the process is robust to intensity variations and does not require image 

normalization (e.g. Rigos et al., 2014). The duration of the overall detection process is less than 0.5 s per 

TIMEX or IMMAX image.  

 

Figure 3.17 a) Georectified TIMEX mosaic of Ammoudara beach (02/06/2014, 08:00); the rectangle (centered at x = 

327680) shows the region magnified in panel b), and the dotted line indicates the shoreline location (x0) examined 

in panels e) and f). b) Magnified region of the TIMEX image, showing manual and automated detections of the 

shoreline (daily means). c) Standard deviation of the cross-shore shoreline position (22 daily means) for the entire 

longshore analysis span. d) Histogram of the difference of the cross-shore shoreline position detected through the 

automated and manual procedures; differences were calculated for each day separately (22 daily means) across 

the entire longshore analysis space (2725 points, spaced 0.25 m apart). e) Difference between the daily and running 

means of manual detections (location x0), for 7 randomly selected days; for each day, the running mean is 

calculated by incorporating a progressively increasing number of hourly detections (2 ~ 08:00-09:00, 3 ~ 08:00-

10:00, 4 ~ 08:00-11:00…). The daily mean is the average of all hourly detections (08:00 - 16:00, 10-minute long 

bursts).  f) As is in e, but for automated detections (from Velegrakis et al. 2016). 
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In order to assess the performance of the detector, automatically-extracted shorelines were compared 

against manual shoreline detections made by a single human operator on 143 hourly TIMEX mosaics 

from Ammoudara beach (for the period 28/05 - 19/06/2014), using the same shoreline definition 

criterion: “shoreline is defined as the mean position of the innermost zone of high intensity” (as 

expressed in TIMEX imagery). Manual detections were interpolated to the same longshore analysis span 

and resolution of the automatic detections, and smoothed using a 30-point moving average window 

(Velegrakis et al., 2016). When needed, manual corrections/digitization have been applied to the 

detectors automated output with the use of a specifically developed software.  Comparison between 

the automated and manual detections gave generally good results (Fig. 3.17). Detections from the 

automated procedure were found to be systematically located further offshore than the manual 

detections, having also lower cross-shore variability (Fig. 3.17b and 3.17c)). The automated shoreline 

detection appears to give more conservative estimations of shoreine changes (gain/loss) than those of 

the manual detection. In addition, the automated detection proved to be more robust with the 

difference between the daily and running means being more consistent as well as smaller than that of 

the manual detection (Fig 3.17e and 3.17f). 

Nevertheless, the accuracy decreases with the distance from the camera due to the increase of the pixel 

footprint. An example of decreasing optical accuracy from Ammoudara beach is shown in Fig. 3.18. 

Here, a high accuracy area is found, where the footprint of the beach cusps is recorded (between UTM 

Easting:  327200 - 327860 m); while the accuracy is progressively decreasing towards the west, affecting 

the performance of the wave run-up detector (see blue line in Fig. 3.18c). On the other hand, the 

detection of the shoreline was found to be accurate for a wider area (see red line in Fig. 3.18a). For this 

reason, shoreline detections were applied on TIMEX images from a beach stretch 1,360 m long in 

Ammoudara beach (x-coordinates between UTM Easting: 326500 - 327860 m, Fig. 3.18b), whereas wave 

run-up detections were applied on IMMAX images from a stretch 670 m long (x-coordinates between 

UTM Easting: 327200 - 327860 m, Fig. 3.18b).  
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Figure 3.18 a) Selected TIMEX mosaic of Ammoudara beach during a stormy date (29/01/2014 14:00) showing the 

limits of the cropped TIMEX and IMMAX mosaics used for the analysis (white box); the wave foaming zones suggest 

the location/architecture of the fringing reef, whereas offshore water and sediment transport is evident at the reef 

opening/xiropotamos mouth and at a secondary inlet area (at about UTM Easting: 327300  m and 327750 m 

respectively); b) the corresponding cropped TIMEX; and c) IMMAX mosaics showing the locations of the common 

selected 15 cross-shore profiles used for the analysis. Shoreline and wave run-up automated detections are also 

shown (depicted with a red and a blue line respectively). 

 

However, in order to compare shoreline and wave run-up detections, a common analysis limit was set 

following the wave run-up optimal detection limit (670 m from the optical station). In this section of the 

beach, 17 representative, equally spaced profiles (having a distance of 40 m with each other - Fig. 3.18b 

and 3.18c) have been chosen in order to access the morphological response of the beach. Similarly, 15 

cross-shore profiles (spacing 25 m with each other) covering a beach stretch of 350 m were taken into 

consideration in Kamari beach (see also Fig. 3.22).  In the case of Kamari beach, a perpendicular to the 

deployed RBR wave logger profile was examined in detail, in order to investigate the estimated wave 

run-up height/swash excursion, with the one recorded from the BOMS (see also Section 3.2.2). 
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3.2.4 Modeling with Artificial Neural Networks (ANNs) 

Beach morphodynamics is controlled by complex forcing-response processes in the swash zone, 

operating at various spatio-temporal scales (Short and Jackson, 2013; Suanez et al. 2015). An important 

determinant of the current and future beach morphological evolution is the shoreline position. This is 

generally characterized by high spatio-temporal variability, mainly controlled by complex interactions 

between the beach morphology and sediments and the incident waves. Such interactions can lead to 

large localized shoreline position changes as well as an overall short- and long-term shoreline retreat 

(beach erosion) particularly under increasing sea levels and changing storminess (Mentaschi et al. 2017; 

Monioudi et al. 2017). However, the study of these changes through traditional morphodynamic 

modeling techniques  are based on the mathematical expressions/algorithms used to parameterize the 

wave-current interactions and sediment dynamics (e.g. Roelvink et al., 2009; Karambas, 2012; Monioudi 

et al., 2017) and, thus, are constrained by: a) the high non-linearities involved in shoreline re-alignment 

due to complex nearshore hydrodynamic, sedimentological and morphological processes that have not 

yet been completely understood; b) the volume of the required field (topo-bathymetric, granulometric 

and hydrodynamic) observations; and c) high computational costs.  

Over recent years modern approaches that utilize Artificial Neural Networks (ANNs) have been proposed 

as an alternative way of predicting shoreline position (Plant et al., 2007; Kerh et al., 2014; Ahmadian and 

Simmons, 2016; Rajasree et al., 2017; Riazi and Slovinsky 2021). In the present study, specific ANNs for 

this purpose have been developed/trained and tested against other ANN structures found in the 

literature. This work has been carried out in collaboration with Prof. G. Tsekouras and Dr. T. Rigos 

(Intelligent Computer Systems (ICS) Lab, Department of Cultural Technology and Communication, 

University of the Aegean). The ANNs have been “fed” with concurrent high-frequency records of 

shoreline positions and nearshore hydrodynamics (hourly for each 10-minute burst) from both beaches. 

In Ammoudara beach, the morphology of the beachrock reef appears to be a main factor controlling the 

incoming wave energy, and thus, specific morphological parameters related with the reef’s architecture 

(width, depth, slope) were additionally considered. The structure of the ANNs and the input-output 

datasets tested/used for each beach is explained in the sections that follow.  
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Ammoudara beach 

 

In perched beaches, in addition to the changing wave forcing, shoreline realignment is also dependent 

on the nearshore bed morphology (e.g. the distance and dimensions of the offshore natural reefs or 

engineered structures) the interaction of which with the incoming waves can produce complex, non-

linear nearshore flows (Gallop et al. 2013; Alexandrakis et al., 2013; Sancho-García et al., 2013; 

Velegrakis et al., 2016). Modeling of the shoreline realignment in perched beaches requires approaches 

capable of capturing the high non-linearities of the system and which can model beach morphological 

response on the basis, if possible, of a minimum number of environmental parameters.   

The experimental ANNs methodology to predict the shoreline position in the Ammoudara perched 

beach, is based on long-term time series of shoreline positions and concurrent wave conditions (1430 

TIMEX mosaics in 122 days, obtained during the 10-month period 01/01/2014 - 05/11/2014) and high 

detailed morphological data related to the reef’s architecture (Fig. 3.19). Periods of system downtime 

and/or periods with no recorded waves from the northern sector (i.e. the sector to which Ammoudara 

beach is exposed to wave action) were ignored. 

Daily average shorelines were estimated from the TIMEX mosaics. From this information, the cross-

shore distances (y) between the shoreline and the fronting (fixed) reef crest (see Fig. 3.20) were 

estimated at 34 cross-shore positions/profiles (see Fig. 3.19a); these distances and their variability in 

time and space define shoreline realignment/rotation and form the output of the ANNs. With regard to 

wave forcing input data used by the ANNs, these were abstracted from the information collected by the 

offshore wave buoy (POSEIDON E1-M3A - Fig. 3.5a). Within the scope of this study, analysis has shown 

that waves recorded at the offshore buoy follow similar trends in terms of both wave height and period 

with those recorded by the wave logger (RBR), deployed at 10 m depth offshore of the reef during the 

highly energetic wave event of 01-05/11/2014 (see Fig. 4.4c and 4.4d). Within the ANN input variables, 3 

wave parameters are included, i.e. the significant wave height (Hs), the peak wave period (Tp); and 3) 

the wave steepness (Hs/L).  
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Figure 3.19 a) Detailed bathymetry of the monitored area showing the complex reef architecture; vertical lines 
correspond to the selected 34 cross-shore sections; b) TIMEX image, showing also the location of the optical 
system, and the extent of the analyzed shoreline (noted by a black curve superimposed on the shoreline) (modified 
from Tsekouras et al., 2017a).  

 

Τhe morphological characteristics of the reef selected as additional input variables for Ammoudara 

beach are (Fig. 3.20):  the water depth (d) of the crest of the submerged reef; the reef onshore and 

offshore slopes (ω1) and (ω2) respectively; and the reef’s width (w) at 1.2 m water depth. In the latter 

case, the depth of 1.2 m was decided after a specialized data analysis process, which showed that this 

depth imposed the most important effect in the final result.  

The aforementioned morphological features are considered as important controls on wave breaking and 

transmission over both natural and engineered submerged reefs, and thus, on the wave energy 

distribution along the shorelines they front. It must be noted, that input variables related to the beach 

sediment texture has not been selected, although sediment texture also forms a significant 

norphodynamic control. This is due to the very patchy distribution (and, in many areas, absence) of the 

seabed sediments that does not allow selection of a sediment size that could reasonably represent the 

bed sediments along the cross-shore sections of Fig. 3.19.  
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Figure 3.20 Α selected cross-shore section (Profile No. 31 in Fig. 3.19 a) ) showing the variables used to describe the 

reef’s architecture and the morphological inputs to the ANNs. The network’s output y (i.e. the crest reef-shoreline 

distance) is also shown (from Tsekouras et al., 2017a).  

 

In summary, the input/output variables selected for the ANNs during the first experimental set-up are x1 

= d, x2 = tanω1, x3 = tanω2, x4 = w, x5 = Hs, x6 = Tp,  x7 = Hs/L and the input/output variable y, (the 

distance (in m) between the reef crest and the shoreline). In total, N = 4,148 input-output data were 

generated, having the form of:  

1 2 3 4 5 6 7, | , , , , , , , , 1,2,...,T
k k k k k k k k k k kS y x x x x x x x y k Nx x     [3.20] 

The dataset was randomly divided into a training set consisting of the 60%, and a testing set consisting 

of the remainder 40% of the original data set. The input/output data are available in 

http://erabeach.aegean.gr/datasets/.  

During the experiment, two different ANNs were used which had been developed by the members of 

the ICS Lab.: a) a Hermite Polynomial Feed-Forward Neural Network  comprising 4 layers (see Fig. 3.21) 

and using a modification of the Artificial Bee Colony (Hermite PNN - ABC) learning method that can 

efficiently cope with highly complex and non-linear problems (Tsekouras et al., 2017a); and b) a Feed-

Forward Neural Network (FFNN), the nodes of which utilize Legendre polynomials as activation functions 

(see Fig. 3.21) and are characterized by powerful function approximation capabilities (Rigos et al., 2016). 

 

http://erabeach.aegean.gr/datasets/
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Figure 3.21 Structure of the developed Feed-Forward Neural Networks (FFNNs) the nodes of which utilize a) 

Legendre polynomials; and b) Hermite polynomials as activation functions (modified from Rigos et al., 2016 and 

Tsekouras et al., 2017a). 

 

The performance of the developed ANNs methods was tested/compared against 2 additional ANNs 

found in the literature: a Hermite Feed-Forward Polynomial Neural Network (Hermite PNN) (Ma and 

Khorasari, 2015) which encompasses one hidden layer of m nodes;  and a Radial Basis Function Neural 

Network (RBFNN), the parameters of which are estimated by employing particle swarm optimization 

(PSO) techniques (Clerk and Kennedy, 2002).  The four tested ANNs were compared for numbers of 

hidden nodes varying between 2 and 10 (i.e. m = 2, 3, …, 10). For each ANN, each number of nodes and 

each polynomial order was evaluated by using 20 distinct runs to monitor the Roor Mean Square Error 

(RMSE - i.e. the performance/comparison criterion) with random initializations. 
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Kamari beach 

 

The ANNs methodology used in the Kamari open beach to predict shoreline positions (Chatzipavlis et al., 

2018), involves a long-term time series of shoreline and wave run-up positions (292 TIMEX and 292 

IMMAX images) obtained during the period of 17/12/2016 – 20/01/2017) and concurrent wave records 

obtained from the deployed  wave logger deployed (RBR - see Fig. 3.7b). More specifically, three 

hydrodynamic parameters that control the beach shoreline position, namely the significant wave height 

(Hs), the peak wave period (Tp) and the (corrected) sea level (SL), have been used as input data to the 

developed/tested ANNs (see also Section 5.1). In addition to the wave parameters, wave run-up and 

shoreline positions (the output variable) were extracted from the records of the optical system 

(extracted through the automated coastal feature detectors that record the mean shoreline and the 

wave run-up position over each 10-min burst - Section 3.2.2). On the basis of this information, the 

fourth (and final) input variable of the proposed network was defined as the distance between the 

extracted wave run-up position and a reference line (Rd) (see Fig. 3.22b). 

Images from the proximal beach stretch of 350 m long were considered in the analysis (the same used 

for shoreline and wave run-up detections, accuracy of 0.25 m). Fifteen cross-shore sections (see Fig. 

3.22) were selected to train/test the proposed neural network along the proximal to the camera system 

section of Kamari beach (cross-shore section spacing of 25 m). Based on the aforementioned 

nomenclature, the network input variables are: x1 = Hs, x2 = Tp, x3 = SL and x4 = Rd. Shoreline position is 

the output variable y, defined as the distance between the detected shoreline position and the 

reference line (Fig. 3.22a). The experiments used N = 4,380 input/output data (292 hourly time series x 

15 cross-shore sections). The dataset was randomly divided into a training set consisting of the 60%, and 

a testing set consisting of the remainder 40% of the original data set. The input/output data are 

available in http://erabeach.aegean.gr/datasets/. 

During the experimental set-up four ANNs have been developed/tested: 1) a Takagi-Sugeno-Kang fuzzy 

system  incorporating  the standard Backtracking Search Algorithm (TSK-BSA);  2) a 5-layer Neuro-Fuzzy 

Network optimized by a BSA approach (NBN-BSA) introduced by Civicioglu (2013); 3) a 4-layer network 

that combines the structure of a Takagi-Sugeno-Kang structure with a Competitive Learning Network 

(TSK-CLN) based on particle swarm optimization techniques (Tsekouras et al., 2017b); and 4) a Neural 

Network that utilizes a Radial Basis Function (RBFNN, also used in Ammoudara simulations).  

 

http://erabeach.aegean.gr/datasets/
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Figure 3.22 a)-b) Examples of a hourly detected shoreline and wave run-up positions plotted on the corresponding 

TIMEX and IMMAX images, showing also the 15 cross-shore sections and the reference line (datum) used to define 

the output parameter in the experiments. Origin of axes (0, 0) at the location of the BOMS. Working accuracy of the 

video imagery and its products is estimated as about 0.25 m. 

 

The main advantage of the NBN-BSA method lies in its structure, as the algorithm encodes its 

parameters by iterative computations until convergence (Fig. 3.23b). The algorithm implements an extra 

equation in the mutation operations, and thus, is capable of dealing with multimodal and variant 

optimization problems in highly complex search spaces (Chen et al., 2017;  Lin, 2015) compared to the 

standard BSA approach. The learning procedure of the NBN-BSA approach is based on the optimization 

of the rule antecedent parameters, while TSK-CLN employs particle swarm optimization to perform this 

task. Also, the NBN-BSA employs the neuro-fuzzy network, while TSK-CLN utilizes a network that 

incorporates a Competitive Learning Network, which is based on fuzzy learning vector quantization (Fig. 

3.23b). Thus, and even with more layers, the NBN-BSA possesses a simpler structure, and can be more 

easily implemented. 

The performance criteria used to test the methods were the Root Mean Square Errors -RMSEs  (used 

also in the Ammoudara simulations) and the Mean Absolute Error - MAE. The four tested ANNs were 

compared for numbers of hidden nodes varying between 2 and 10 (i.e. m = 2, 3, …, 10). For each ANN, 

each number of nodes and each polynomial order was evaluated by using 20 distinct runs to monitor 

the RMSEs and 20 runs to monitor the MAE with random initializations (see also Chatzipavlis et al., 

2018). 
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Figure 3.23 Structure of the developed ANNs in Kamari experimental set-up/. a) a 4 layer Takagi-Sugeno-Kang fuzzy 

system with a Competitive Learning Network (TSK-CLN); and b) a 5 layer  Neuro-Fuzzy Network that utilizes an 

interconnected Backtracking Search Algorithm (NFN-BSA) (modified from Tsekouras et al., 2017b and Chatzipavlis 

et al., 2019). 
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Chapter 4:  Results, Ammoudara Beach 

4.1 Bathymetry 

The nearshore bathymetry of the monitored section of the eastern Ammoudara beach examined here is 

dominated by a beachrock reef with complex architecture (Fig. 4.1). The reef’s distance from the 

shoreline varies along the beach, decreasing towards the west. Water depths inshore of the reef are 

shallow (in all cases < 2.5 m), whereas the elevation of the reef crest varies being, in few cases, close to 

the mean sea level. The bathymetry offshore of the reef is also complex (due to the formation of ‘scour 

steps’ along its offshore toe (see Vousdoukas et al. 2007), having the potential of influencing the 

alongshore wave distribution before wave breaking.  

 

 

Figure 4.1. Detailed bathymetry of the studied section of Ammoudara beach obtained during 2015. The position of 

the ADCP deployment site is also evident. 

 

There are also reef openings/inlets, the most significant of which is located about 500 m to the west of 

the BOMS station (at x about UTM: 327260 - 327430 m - Fig. 4.1). Formation and maintenance of this 

inlet may have been influenced by the Xiropotamos river outflow (see also Fig. 3.5a) that may have 

constrained beachrock formation in this area; a trace of a submerged river channel can still be discerned 

on the seabed offshore of the beachrock reef opening (Fig. 4.1). In addition, a secondary reef inlet area 

(with depths ranging between 1 - 2 m) is evident at x about UTM: 327740-327820 m (Fig. 4.1). It has to 

be noted, that in both inlet areas offshore water and sediment transport is recorded from the TIMEX 

mosaics during stormy days (see Fig. 3.18a). 
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4.2 Meteorology and Hydrodynamics  

4.2.1 Winds and waves  

Analysis of the wind data from the Herakleion coastal meteorological station of the Hellenic National 

Meteorological Service (HNMS), shows that gale force winds (wind speeds at 10 m elevation - U10 > 10.8 

m·s-1, corresponding to 6 Beaufort) that can generate substantial waves affecting the beach were mostly 

from NW and N directions. In  2014, a significant decrease in the energetic winds from these directions 

was observed;  only 7 % of the winds from these directions recorded speeds U10 > 10.8 m·s-1, whereas 

the previous years 2012 and 2013 the percentages were 10.4 and 9.1 %, respectively (Fig. 4.2 and 

Appendix - Table A.1).  

 

 

Figure 4.2 Annual Rosegrams for the years 2012, 2013 and 2014 from the HNMS meteorological station. 

 

 

During the beach monitoring period (14/11/2013 - 30/04/2014) Ammoudara beach was affected by 17 

energetic wind events from the northern sector (3150 - 450 N) with a duration of more than 6 hours; 9 of 

these events had a duration of more than 18 hours long.  

Two major energetic events were recorded during 10 - 14/12/2013 and 09 - 14/03/2014 with average 

wind velocities of 17.9 and 15.6 m·s-1 and duration of 90 and 113 hours respectively (Appendix - Table 

A.1, see also Fig. 4.16c). The offshore characteristics of the waves from the northern sector as recorded 

at the POSEIDON E1-M3A buoy are shown on Fig. 4.3. A weak trend may be discerned; offshore wave 

heights and periods appear to be generally decreasing and the wave steepness (S0) increasing during 

spring-early summer (April - July 2014).  
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Figure 4.3 Monthly means and standard deviations of the characteristics of the offshore waves from the northern 

sector (315-450 N) as recorded at the POSEIDON Wave buoy (for location see Fig. 3.5a): a); b) Tp; and c) wave 

steepness S0 (HO/LO). Original wave data averaged over 3 hours (from Velegrakis et al., 2016)  

 

 

4.2.2 High energetic period (01 - 05/11/2014) 

During the 01 - 05/11/2014 energetic period, high velocity winds were blowing from the N - NNW (mean 

direction of about 3500) for about 60 hours. Energy inputs fluctuated during the event. The wind picked 

up on the 1st of November and recorded increased speeds until late on the 3rd of November when it 

started to subside. This event, although did not qualify as a gale, was nevertheless energetic. Wave 

energy also varied during the observation period showing a correlation to the wind intensity at both the 

POSEIDON buoy and the wave recorder offshore of the reef (Fig. 4.4c and 4.4d). In the beginning 

(01/11/2014), the significant height (Hs) and peak period (Tp) of the waves recorded offshore and 

inshore of the reef were 0.9 m and 6 s and 0.5 m and 6.1 s, respectively. Wave energy increased the 

following day, reaching its peak at between 10:00 and 11:00 h on the 2nd November: Hs of up to 1.5 m 

and 0.55 m and Tp of 6.6 s and 7.1 s were recorded offshore and inshore of the reef, respectively.  

Following this peak, wave energy progressively decreased, showing converging offshore and inshore 

wave heights and periods towards the end of the observation period (24:00 h, 4th November 2014). 

During the event, the waves were impinging almost perpendicular to the coastline (mean wave direction 

of about 1700 N inshore of the reef, identified through the ADV records). It should be noted that the 
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POSEIDON buoy and the offshore RBR recorded waves show a good correlation regarding their 

variability, with the significant wave heights recorded at the RBR sensor (10 m water depth) being 

substantially reduced relative to those recorded at the deep water buoy. 

 

 

Figure 4.4 a) Wind speed; and b) direction (3-hour averages); c) corresponding significant wave heights; and d) 

periods from the POSEIDON buoy (3 hour averages) and the RBR records (hourly averages) offshore and inshore of 

the beachrock reef at 10 and 1.4 m water depth, respectively.   

 

The corrected surface level elevation from the RBR wave loggers showed that sea level was increased 

(and above MSL) both for the offshore and the inshore areas, at the beginning of the deployment period 

(01/11 15:00 - 03/11 09:00), followed by a decreasing trend till the end of the monitored period.  

It has to be noted that at the beginning of the synchronized period of concurrent RBR records offshore 

and inshore the reef (01/11 14:00 - 02/11 15:00), the sea levels of the inshore area were higher 

compared to those of the offshore (difference range between +0.05 and +0.1 m - Fig. 4.5b and 4.5c). The 

latter is attributed to wave set-up due to a storm surge event (winds blowing from the N with velocities 

> 8 m·s-1 from 01 - 04/11/2014 - Fig. 4.4a and 4.4b) occurred at the beginning of the deployment period. 

However, this difference becomes negative for the last day of the deployment period (04/11 00:00 – 

05/11 00:00) when the wave activity (and the wave set up)  decreased followed by an increase in the 

atmospheric pressure (difference range between - 0.05 and - 0.1 m). In general, the atmospheric 

pressure for the whole period of the event shows an increasing trend which is responsible for the 

recorded depression of the sea levels below MSL in all RBR records (Fig. 4.5a).  

With regard to the sea level records of the RBR wave logger deployed for a limited period at the area of 

the reef opening , these show a similar trend with the other sea level records in the inshore area.  
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Figure 4.5 a) Atmospheric pressure measured from the deployed meteorological station; Corrected surface level 

elevation from the RBRs deployed b) offshore; c) inshore the reef; and d) at the reef opening area (MSL set at 0 

point, Offshore = 10.0 m, Inshore = 1.5 m and Opening 1.7 m respectively). 

 

Generally, energetic winds from the northern sector can be translated to energetic waves which can  

then dissipated over the beachrock reef. The recorded incoming zero-moment wave heights (Hm0) were 

exceeding 0.6 m for most of the deployment period (for 73 hours - from 01/11/2014 11:00 to  

04/11/2014 12:00), whereas peak wave period (Tp), wave length (L) and wave energy (E) values were 

ranging between 6 - 7 s, 45 - 58 m and 750 - 2960 J·m-2, respectively. For the same time, the waves 

recorded inshore of the fringing reef were characterized by significantly reduced and quite stabilized 

wave parameters,  with Hm0 ranging  between 0.4 and 0.6 m and Tp  between 6 - 8 s, while L and E 

values were ranging between 21 and 29 m and 320 and 630 J·m-2, respectively (Fig. 4.6). On the 

contrary, no significant changes were found on the wave heights and periods when the approaching 

from the offshore waves had heights equal or smaller than 0.4 m. The results suggest that the reef 

damps wave energy very effectively acting like a submerged breakwater. Not only it reduces significantly 
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the incoming wave energy, but also ‘filters out’ the variability of offshore wave heights; waves inshore of 

the reef had very similar zero-moment wave heights (about 0.5 - 0.6 m) during most of the event, 

irrespective of the offshore wave conditions (Fig. 4.6). It appears that the reef (at least at the 

observation site) dissipated disproportionately more wave energy as incident wave energy increased 

(Ferrario et al., 2014). 

 

Figure 4.6 Wave characteristics as derived from the RBRs during the 1st deployment period. 

Interestingly, it was found that when the offshore waves  had Hm0 values > 1.2 m (for 20 hours - from 

01/11/2014 19:00  to 02/11/2014 15:00), the re-constituted waves after breaking recorded in the 

inshore area of the reef had increased steepness (H/L) and peak wave periods (by 1 s), compared to rest 

of the deployment period. The maximum recorded offshore wave heights approaching the reef had a 

value of 1.55 m and corresponding Tp of 7 s, L of  58 m, and E of 2960 J·m-2 on 02/11/2014 10:00 (Fig. 

4.6). 
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As the wave energy was shown to be changing during the event, a significant reduction (about an order 

of magnitude) in spectral energy density was found inshore of the reef in all 10-minute windows (Fig. 

4.7c and 4.7d); such substantial reduction in the energy fluxes across the reef is probably due to the 

dominant effect of wave breaking across the beachrock reef crest/flat, which in this area has a 

considerable width (see Fig. 4.1). Inshore of the reef, a lower frequency energy component (at 0.04 Hz) 

appears significant (Fig. 4.7d), suggesting preferential attenuation of the short waves over the reef as 

well as non-linear wave interactions (Pomeroy et al., 2012; Van Dongeren et al., 2013). These changes 

were more pronounced during the most energetic periods of the event.  

 

 

Figure 4.7 Pressure records as derived from the RBR wave loggers a) offshore and b) inshore the fringing reef, at 

the time (burst) of the highest recorded wave (02/11/2014 10:00 – 10:10). Wave spectral density: c) offshore, and 

d) inshore of the beachrock reef (at 10.0 and 1.4 m water depths, respectively). Note the two significant peaks at b) 

(inshore records). Analysis shown is for the most energetic 10 minute window of the event (02/11/2014  10:00 - 

10:10).  
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Although there was also some wave dissipation offshore of the reef,  (see e.g. Fig. 4.14a and 4.14c), 

which  reduced wave heights to about 1.1 and 1.3 m at the offshore toe of the reef (at about 2.5 m 

water depth), interaction of the incoming waves with the reef crest/flat reduced significantly the wave 

heights to about 0.5 - 0.6 m. For the concurrent deployment period of increased wave activity (01/11 

14:00 – 04/11 02:00), which was characterized by offshore wave heights Hm0 > 0.8 m (see Fig. 4.6), the 

wave energy reduction was  70 - 80% and the wave transmission coefficient (KT  - Nelson and Lesleighter, 

1985) varied between 1.5 and  2.6 (Fig. 4.8); these results compare well with the dissipation recorded in 

similar studies at  coral reefs (e.g. Van Dongeren et al., 2013; Ferrario et al., 2014). 

 

Figure 4.8 Wave attenuation over the reef. a) Wave transmission coefficient (KT)  from the offshore to inshore the 

reef; and b) reduction of  wave height and energy. 

 

Wave attenuation during shoaling at the nearshore is investigated in more detail for a common short 

and synchronized period of records from the pressure sensors (03/11/2014 14.00 – 15.40 divided in 11 

10-minute windows). During this period, the offshore approaching waves  had heights of 1.1 m, Tp of 6.2 

s, steepness of 0.02 and energy of 1,500 J·m-2 (Fig. 4.6), when  the mean direction of wave approach was 

from 3500 N. The smallest reduction is recorded in the area of the reef opening, where wave heights and 

energy are reduced by 40 - 45% and 60 – 70 %, respectively. At the inshore area, and after wave 

breaking over the reef crest, changes in the energy flux are found to be slightly higher; here, wave 

heights are reduced by 50 – 60 % and energy by 70 – 80 % (Fig. 4.9). The reconstituted, , moving 

shoreward waves recorded in the area of the Solinst 01 logger (deployed at the same depth - 1.4 m with 
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the RBR logger inshore of the reef - see also Fig. 3.6 and Table 3.1), were found to keep their energy  

with minor changes, almost undisturbed; however, in the area close to the shoreline (at 0.33 m depth) 

wave heights were are reduced by 55 - 60 % and energy by 78 - 89 %. 

 

Figure 4.9 Reduction of a) wave height; and b) energy for a common period (bursted in 11 10-minute windows) of 

the wave recorders  (03/11/2014). 

 

Concerning wave-generated currents, both the ADV and the ADCP recorded weak onshore flows. At the 

ADV site, the recorded flow was towards the shore (with a direction of about 170° N) having mean 

speeds of about 0.07 m·s-1 at 0.38 m above the seabed at the beginning of the event. ADCP records have 

also shown mean onshore flows of about 0.08 - 0.10 m·s-1 during the more energetic part of the event, 

which appear to increase towards the channel between the reef and the shore (at about 12 m from the 

ADCP deployment site). It seems that cross-shore current jets are generated by wave set up over the 

reef crest (Johnson et al., 2005; Gallop et al., 2013), at least during the monitored conditions.  

 

4.2.3 Low energetic period (13 - 18/10/2015) 

The maximum wave heights were recorded at the beginning of the offshore RBR wave logger 

deployment period (on 14/10/2015 15:00 - 21:00 and at 7.8 m depth - see Table 3.2), having values of 

about 0.5 m with a corresponding peak wave period of 5 s, energy of 300 J·m-2 and wave length varying 
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between 15-18 m (Fig. 4.10). At the same time, the waves recorded at the area inshore of the reef (both 

from the RBR land the ADV deployed at 1.2 m and 1.7 m depth, respectively) were slightly reduced, 

whereas the records of the ADV located at the reef opening area (at 1.6 m depth) didn’t show any 

significant changes. The recorded Hm0 values inshore of the reef were of about 0.4 m and E of about 

200 J·m-2, whereas the Tp and L didn’t show any significant changes. When examining the whole period 

of concurrent  records from all the instruments, it seems that there is a threshold wave height value of 

about 0.45 m, below which no changes in wave heights approaching from the offshore is recorded (after 

15/10/2015 02:00 and till the end of the deployment period). This finding is in agreement with the 

results of the 01 - 05/11/2014 deployment period (see also Fig. 4.6). The observed threshold value, is 

furthermore validated from breaking wave  theory, according to which waves should break when they 

reach water depths of about 1.2 - 1.3 times their height  (see also Fig. 3.6).  

 

 

Figure 4.10 Wave characteristics as derived from the RBRs and the ADV during the 13-18/10/2015 deployment 

period.  

 

In order to investigate changes in wave energy from offshore towards the shore in milder wave 

conditions, changes in the wave spectral density at a time-period (15/10/2016 23:00 - 10 min. selected 
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burst size) were examined. This is the period when the incoming offshore waves had a height of about 

0.31 m and, thus, lower than the threshold value observed in the energetic period (of about 0.4 m - see 

Fig. 4.6 and Fig. 4.10). From the results it is evident that spectral density shows a pick at 0.23 Hz (equal 

to a peak wave period of 4.3 s) in all instrument positions, and thus no shift was observed (Fig. 4.11). 

However, energy appears to spread to higher frequencies in the area of the reef opening, with  the 

spreading becoming  wider in  the inshore area (both at  the ADV and RBR sites).  

 

 

Figure 4.11 Wave spectral density: a) offshore, b) at the opening area;  c) and d)  inshore the beachrock reef at a 

specific burst (15/10/2016 23:00 - 23:10) of moderate wave heights approaching from the offshore (Hm0 =0.3 m). 

 

The above energy distributions show significant reduction in the energy density from offshore to 

inshore. Offshore, the spectral density shows a peak at about 0.12 m2s, while at the reef opening area 

this value is slightly reduced to 0.09 m2s (Fig. 4.11b). The effect of the bathymetry at the area inshore of 

the reef is more pronounced. Spectral density at this point is more or less the same (of about 0.05 m2s - 

Fig. 4.11c and 4.11d), showing also similar patterns. Generally, the ADV has recorded slightly lower 

energy than the RBR, which could be explained either by the slight difference in position or/and the 

different recording frequency between the 2 instruments (see also Table 3.1). However, the ADV due to 
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its higher recording frequency shows more detail (i.e., secondary picks at 0.05, 0.41 and 0.49 Hz are 

observed - Fig. 4.11d).  

The corrected surface level elevation didn’t show significant variations amongst the different 

deployment areas. Sea levels were varying between -0.5 and 0.5 m amongst all instruments and for the 

whole deployment period, attributed mainly to the tidal signal (Fig. 4.12). Perturbations in sea level 

suggest that tide has a frequency of 12 hours and a range of 0.1 m, whereas the observed perturbation 

slight differences (of about 0.01 cm) are attributed to the introduction of different harmonics. However, 

it has to be noted that no barometric correction has been applied, as atmospheric pressure perturbation 

data were not available during this period from the meteorological station.   

 

Figure 4.12 Corrected surface level elevation from the instruments deployed during the 13-18/10/2015 period. 

(MSL set at 0 point, Offshore = 7.8 m, Back-reef - RBR = 1.2 m, Back-reef - ADV = 1.7 m and Opening 1.6 m 

respectively).  

 

With regard to the wave transmission coefficient (KT) this seems to be higher inshore of the reef (RBR 

logger records) than that at the reef opening. However, there are some hours at the end of the 

deployment period (from 17/10/2015 09:00) where the transmission coefficient was slightly higher in 

the reef opening area (Fig. 4.13).  
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Figure 4.13 Wave attenuation over the reef during 14 - 18/10/2015. a) wave transmission coefficient inshore of the 

reef and at the reef opening area. Reduction in zero-moment wave height and energy b) inshore of the reef; and c) 

at the reef opening/inlet area. 

 

The recorded reduction in wave energy varied between 0 and 40 % for the area inshore the fringing reef 

and between 0 and 15 % (with the exception of 3 recorded picks at around 30%) for the reef opening 

area. At the same time, the reduction in wave heights followrd a similar trend varying between 0 and 20 

% for both areas. 

 

4.2.4 Hydrodynamic modeling 

The hydrodynamic model was set at 2.5 m grid, using the detailed bathymetric/topographic information 

collected in the present investigation, forced by the offshore wave conditions observed during the event 

(in stationary mode) and run until stabilized. Two conditions were tested. In the first experiment, wave 

forcing was according to the conditions observed during the beginning of the 01 - 05/11/2014 energetic 

event (i.e., Hs of 1.1 m, Tp of 6.2 s at 10 m water depth and mean wave direction of 3500 N - see Fig. 

4.4d and 4.4c). In the second experiment, forcing was according to the wave conditions observed during 

the most energetic part of the event (i.e. Hs of 1.4 m, Tp of 6.6 s at 10 m water depth and mean wave 

direction of 3500 N). In order to investigate further the effect of wave direction on the nearshore 

hydrodynamics, two additional experiments were undertaken, forced by waves with wave 
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heights/periods as those recorded at the peak of the event (Hs of 1.4 m and Tp of 6.6 s), but with 

different directions (3150 N and 450 N).   

 

Figure 4.14 Hydrodynamic model results. a) Wave height distribution (in m); and b) mean wave-induced flow 

(vector scale in the inset) under Hs of 1.1 m and Tp of 6.2 s and mean direction of wave approach from 3500 N; c) 

Wave height distribution (in m) and d) mean wave-induced flow under Hs of 1.4 m and Tp of 6.4s and mean 

direction of wave approach from 450 N; e) Bathymetry of the study area showing also the location of the ADCP 

deployment; f) Distribution of the mean flow velocity inshore of the reef (distance in m from the ADCP deployment 

site); results shown are mean flows for the period 01-03/11/2014). (from Velegrakis et al., 2016) 

 

Model results show significant wave attenuation over the reef (Fig. 4.14) that is in good agreement with 

the hydrodynamic observations (see also Fig. 4.6), particularly when the domain complexity is 

considered. Under the observed wave conditions, significant wave heights inshore of the reef at the 

instrument deployment site (Fig. 3.6) were modeled as 0.4 m (Fig. 4.14a and 4.14c), a value close to the 

field observations (wave heights of 0.5 m - see also Fig. 4.6). The model suggests complex distribution of 
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wave energy inshore of the reef. Under all tested conditions, nearshore wave heights show high spatial 

variability (Fig. 4.14a and 4.14c); there are many areas where wave heights change in short alongshore 

distances. This variability is attributed to the complicated architecture of the reef that results in highly 

differential wave dissipation as well as wave train interactions. There are two main areas where wave 

dissipation is substantially decreased: the area behind the main reef inlet (at x about UTM: 327300  m) 

and an area of a secondary reef inlet (at x about UTM: 327750 m - Fig. 4.14). In these areas, the detailed 

bathymetric information showed that the beachrock reef is either absent or intermittent and lower in 

elevation and fronted by increased water depths (Fig. 4.14e).  

The complexity of the hydrodynamic conditions inshore of the reef is also reflected in the mean flow 

circulation patterns. Converging and diverging nearshore jets were simulated in both conditions tested; 

in some cases, these attained significant velocities (up to 0.3 - 0.35 ms-1 - Fig. 4.14b and 4.14d). Water 

appears to flow over the reef into the nearshore areas, the mean sea level of which was found to 

increase by up to 0.15 m during the event (at the RBR wave recorder, 1.4 m water depth - see Fig. 4.5b 

and 4.5c). This piled water seems to be drained through the reef inlets by offshore flows (rip currents) 

fed by converging longshore currents (4.14b and 4.14d), leading eventually to sediment transport, which 

is also recorded in the TIMEX mosaics (see Fig. 3.18a and Fig. 3.18b). With regard to nearshore flows, 

these were found to be of limited intensity along the beach for both conditions tested (see also 

Velegrakis et al., 2016). 

 

Figure 4.15 Comparison of the mean flow velocity and direction from the Boussinesq model (circles) and the ADCP 

observations (triangles) along a cross-shore transect towards the shore (Fig. 3.6). a) ADCP flow averaged over the 

period 01/11/2014 11:00 - 02/11/2014 05:00 and model results for significant wave height/period and direction of 

1.1 m, 6.2 s and 3500 N, respectively (at 10 m water depth); and b) ADCP records averaged in the period 

02/11/2014 05:00-03/11/2014 05:00 and model results for significant wave height/period and direction of 1.4 m, 

6.6 s and 3500 N, respectively. The reef is to the right of the figures.  
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Modeled flows also compared well with the field observations. In the area of field observations, mean 

currents were simulated to be towards the shore, having speeds of 0.10 - 0.15 ms-1, whereas recorded 

currents had very similar directions and mean speeds between 0.09 - 0.13 ms-1 under the two wave 

conditions of the event tested (Fig. 4.15). The other two tests (wave forcing with similar conditions to 

those observed during the event i.e., Hs of 1.4 m and Tp of 6.6 s, but with wave directions from the NW 

and NE) also showed generation of complex inshore water circulation which, although very similar in 

magnitude, also differed to that induced by the northerly waves in terms of the alongshore wave energy 

distribution and the form/interaction of the inshore current jets (see e.g. Fig. 4.14b and 4.14d).  

In summary, both hydrodynamic records and modeling suggest: a) differential wave dissipation along 

the reef, which is controlled by the elevation and width of the reef crest/flat; and b) generation of a 

complex circulation regime inshore of the reef consisting of slow converging and/or diverging jets that 

feed rip currents transporting water and sediment offshore, mainly through the reef inlets. 

 

4.3 High resolution morphological changes from optical data  

4.3.1 Shoreline position changes  

Shoreline position showed high variability during the 168 days (14/11/2013 - 30/04/2014) monitoring 

period. At any shoreline section 0.25 m long, the minimum detected cross-shore change (i.e. the range 

between the most inshore and most offshore shoreline position) was 3.1  m and the maximum 8 m. The 

maximum and minimum inshore shoreline position is shown in Fig. 4.16a. Changes appeared more 

prominent at three main areas of increased variability: i) the area of the major reef inlet (at x about 

UTM: 327200 - 327400 m); ii) the area at the west of the secondary inlet (at x about UTM: 327650 – 

327680 m). In these areas shoreline position was found to range more than 5 m, whereas the remaining 

monitored shoreline positions were found to range between 3 - 4 m during the analysis period (Fig. 

4.16b). The largest variability was recorded at the area of the major of reef inlet, whereas the minimum 

variability was recorded at the central section of the monitored beach section (at x about UTM: 327520 - 

327680m). 

In order to gain a better understanding of the temporal evolution of the spatial variability of the 

shoreline position, 17 cross-shore locations (spacing 40 m with each other, the same with those isolated 

for modeling with ANNs for the same beach length) were selected and the positions of the shoreline 

were identified. However, for visualization purposes, 6 of them (spacing 120 m with each other) are 



             Department of Marine Sciences, University of the Aegean 

_____________________________________________________________________________________ 
CHAPTER 4: Results, Ammoudara beach                                                                                                               70 

   

shown (x1, x4, x10, x13 and x16 - Fig. 4.16a and 4.16c). Furthermore, the shoreline’s spatio-temporal 

evolution was evaluated against the wind and wave records described in previous sections (see Fig. 4.3 

and Appendix - Table A.1).  

 

 
Figure 4.16 a) Geo-rectified TIMEX mosaic at the beginning of the monitoring period (14/11/2013 10:00) from the 

eastern part of Ammoudara beach showing also the locations of the 17 selected/representative profiles; black line 

shows the shoreline detection on the plotted TIMEX mosaic, whereas red and brown lines depict the maximum and 

minimum inshore positions of the shoreline detected during the 168 days monitoring period (14/11/2013 – 

30/04/2014). b) Spatial distributions of the standard deviation (std) of cross-shore shoreline position and range 

between the most offshore (max) and most inshore (min) shoreline position detected during the monitoring period. 

c) Temporal changes in cross-shore beach accretion/erosion at 6 selected/representative locations (see panel a); 

changes are relative to the shoreline position in the beginning of the monitoring period shown in panel a; d) Wave 

heights recorded from the POSEIDON buoy offshore Ammoudara beach during the monitoring period; light gray 

stripes indicate the timing, duration and speeds of energetic wind events (winds from the northern sector with 

speeds > 10.8 m·s-1 at 10 m and duration > 6 hours).  
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The spatial variability of the cross-shore shoreline position (compared to the beginning of the 

monitoring period) started to significantly increase at the beginning of the monitoring period. All of the 

examined shoreline cross-shore positions were found to be under erosion at 10/12/2013, 01/02/2014 

and 23/02/014 in response to the recorded energetic events of this period (mean U10 equal to 17.9 and 

11.2 ms-1 with durations of 90 and 18 hours respectively, - Fig. 4.16c and 4.16d, see also Appendix - 

Table A.1). However, adjacent shoreline sections showed different temporal patterns of beach 

erosion/accretion. The most consistent trends were recorded along the location of the main reef inlet 

(locations x1, x4 and x7). These locations are mainly characterized by beach erosion, observed from 

28/12/2013 till 30/01/2014.  

For the same period, the locations of the central and eastern section of the examined beach sector (x10, 

x13 and x16 showed in general a quite stabilized morphological behavior, and even accretion. From 

30/01/2014 and till the end of the monitoring period, all of the examined beach sections seem to 

recover, with the exception of location x1, at the western part of the reef inlet which has retreated more 

than 3 m compared to the initial recorded location. Interestingly, accretional patterns were observed for 

all of the examined cross-shore locations during the most energetic recorded wind event (mean U10 = 

15.5 ms-1 with a duration of 114 hours, recorded at 09/03/2014); however, locations x1, x4 and x7 

showed erosional patterns at the beginning of the event. It is also noteworthy, that in the period 19 – 

27/1/2014, there was significant erosion at the western section of the area (locations x1, x4 and x7, Fig. 

4.16c) although no significant wind events were recorded at the beach. This could be attributed to 

increased swell waves (Fig. 16d), which reached heights (Hm0) of over 2 m and up to 3.5 m.     

It seems that the morphological response of each cross-shore sector of this perched beach is not very 

apparent, as even neighboring areas (e.g., locations x1 and x4) show different patterns of 

accretion/erosion. Nevertheless, the morphodynamic mechanisms seem to be controlled by i) the 

complex architecture of the reef that controls the nearshore hydrodynamics, and thus, the sediment 

dynamics; and ii) the potential discharges of Xiropotamos seasonal river that have not been considered  

in this study. 

 

4.3.2 Wave run-up position changes 

During the monitored period, wave run-up changes along the shoreline (with a 0.25 m analysis) were 

found to range between 11 - 34 m, showing significant variability (Fig. 4.17b). Main areas of low wave 

run-up variability/range (less than 15 m) were found mainly at the eastern and central parts of the 
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examined beach sector (at x about UTM: 327290, 327740 , 327560, 327640, 327720    and  327840 m) , 

327740 m, 327760 – 327650 m and 327550 – 327570 m), whereas the maximum variability  was 

detected in two areas (at x about UTM: 327330 - 327360  m and 327650 - 327670 m) with recorded 

wave run-up ranges of about 29 and 34 m , respectively). The maximum wave run up excursion (i.e. the 

‘‘aigialos’’ line for the monitoring period) is shown in Fig. 4.17a.  

 

Figure 4.17 a) Georectified IMMAX mosaic at the beginning of the monitoring period (14/11/2013 10:00) from the 

eastern part of Ammoudara beach showing also the locations of the 17 selected/representative profiles; black line 

shows the wave run-up detection on the plotted IMMAX mosaic, whereas blue and light blue lines depicts the 

maximum and minimum inshore positions of the wave run up excursion detected during the 168 days monitoring 

period (14/11/2013 – 30/04/2014). b) Spatial distributions of the standard deviation (std) of cross-shore wave run-

up position and range between the most offshore (min) and most inshore (max) wave run-up position detected 

during the monitoring period. c) Temporal changes in wave run-up at 6 selected/representative locations (see panel 

a); changes are relative to the wave run-up position in the beginning of the monitoring period shown in panel a; d) 

Wave heights recorded from the POSEISON buoy offshore Ammoudara beach during the monitoring period; light 

gray stripes indicate the timing, duration and speeds of energetic wind events (winds from the northern sector with 

speeds >10.8 ms-1 at 10 m and duration > 6 hours).  
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The wave run-up spatio-temporal variability was found to have a similar trend in all of the 6 selected 

cross-shore locations. Wave run-up positions show good correlation with the recorded energetic wind-

wave events.  More specifically, at the beginning of the monitoring period, wave run-up positions were 

found to propagate inshore by 4 - 5 m in all of the examined cross-shore locations. The larger 

propagation of wave run-up positions (compared to the previous day) was found at 10/12/2013, being 

more than 15 m for locations x1, x4, x13 and x16 and more than 6 m for locations x7 and x10. This was s 

also the day of the highest recorded mean wind velocity (U10 of 17.9 ms-1) and the highest recorded 

wave height (Hm0 of 4.1 m) at the location of A1M3A POSEISON Buoy (Fig. 4.17c and 4.17d). It also 

appears that the behaviors of the shoreline and wave run-up excursions at the same beach sections are, 

somehow, decoupled (see Fig. 4.16b,  4.16c ; and 4.17b, 4.17c); this might be attributed to the complex 

inshore wave interactions generated by the reef.  

It is noteworthy that there are cases of increased propagation of the wave run-up position propagation 

to the inshore, for which no energetic wind events have been detected. The latter may be attributed to 

swell waves, generated elsewhere at the north of Ammoudara beach (estimated effective fetch of about 

104 km) which, nevertheless, were recorded by the POSEISON buoy. When the latter is taken into 

account, it seems that wave run-up responds by propagating inshore for most of the recorded wave 

heights greater than 1.5 m.   

 

4.4 Modeling with ANNs  

In perched beaches, in addition to the changing wave and sea level forcing and the sediment budget, 

shoreline realignment is controlled by the position and characteristics of the nearshore natural reefs or 

engineered structures, the interaction of which with the incoming waves can produce complex, non-

linear nearshore flows (Gallop et al. 2013; Velegrakis et al., 2016). Thus, the ANN modeling of the 

shoreline position changes for the Ammoudara perched beach used input parameters that could capture 

(as much as possible) the variability of nearshore morphological variability (Figs.3.19, 3,20). The 

methodology to predict the shoreline position in the Ammoudara perched beach, is based on the 

available optical information (time series of shoreline positions) and concurrent wave conditions (1430 

TIMEX mosaics in 122 days, obtained in the period 01/01/2014 - 05/11/2014) and detailed data on the 

reef’s architecture (see Fig. 3.19).  Daily average shorelines were estimated from the TIMEX mosaics. 

From this information, the cross-shore distances (y) between the shoreline (as estimated from the daily 

TIMEX shorelines) and the fronting (fixed) reef crest were estimated at 34 cross-shore profiles (see Fig. 
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3.19a). These distances and their spatio-temporal variability define shoreline realignment/rotation and 

form the output of the ANNs. With regard to wave forcing, the input data were abstracted from the 

records from the offshore wave buoy (POSEIDON E1-M3A - Fig. 3.5a). This was justified by the  analysis 

that has shown that waves recorded at the offshore buoy follow similar trends (in wave heights and 

periods) with those recorded by the wave logger deployed at 10 m depth offshore of the reef during the 

highly energetic wave event of 01 - 05/11/2014 (see Fig. 4.4c and 4.4d). 

Within the ANN input variables, 3 wave parameters are included, i.e. the significant wave height (Hs), 

the peak wave period (Tp); and 3) the wave steepness (Hs/L). Τhe morphological characteristics of the 

reef selected as input variables  were (see also Fig. 3.20): the water depth (d) of the crest of the 

submerged reef; the reef onshore and offshore slopes (ω1) and (ω2) respectively; and the reef’s width 

(w) at 1.2 m water depth. The depth of 1.2 m was decided after a specialized data analysis process that 

showed that this depth imposed the most important effect in the final result. Input variables related to 

the beach sediment texture has not been selected due to the very patchy distribution (and, in many 

areas, absence) of the seabed sediments.   

 

Table 4.1 RMSEs and the corresponding standard deviations obtained by the developed Hermite PNN-ABC for 

various numbers of nodes (m)
 
and polynomial orders (n). 

# Nodes 
(m)

 
n = 2 n = 3 n = 4 n = 5 

Training Data 

2 6.5  0.3 6.1  0.2 6.1  0.3 6.2  0.3 

3 6.1  0.2 5.6  0.3 5.8  0.5 5.8  0.5 

4 6.0  0.2 5.5  0.5 5.5  0.6 5.6  0.6 

5 6.1  0.2 5.5  0.4 5.5  0.4 5.7  0.4 

6 6.0  0.2 5.6  0.4 5.6  0.4 5.8  0.5 

7 6.2  0.2 5.8  0.4 5.8  0.4 5.8  0.4 

8 6.1  0.3 5.8  0.4 5.7  0.4 6.0  0.3 

9 6.3  0.3 5.8  0.4 5.7  0.4 5.9  0.4 

10 6.3  0.2 5.9  0.3 5.6  0.4 5.9  0.4 

                       Testing Data 

2 7.5  0.3 7.4  0.3 7.3  0.4 7.5  0.3 

3 7.2  0.4 6.7  0.4 6.9  0.6 6.9  0.7 

4 7.2  0.3 6.6  0.6 6.6  0.7 6.8  0.5 

5 7.2  0.3 6.6  0.5 6.5  0.4 7.0  0.3 

6 7.2  0.2 6.7  0.5 6.7  0.5 7.0  0.5 

7 7.3  0.3 6.9  0.5 6.9  0.4 7.1  0.4 

8 7.2  0.3 6.9  0.5 6.9  0.4 7.2  0.3 

9 7.5  0.3 7.0  0.4 6.8  0.5 7.1  0.3 

10 7.4  0.4 6.9  0.3 6.7  0.5 6.9  0.3 
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The application of ANNs as a modeling tool for the prediction of shoreline position in Ammoudara 

perched beach showed promising results. The best Root Mean Square Error (RMSE) results  and the 

corresponding standard deviation for all node numbers  were obtained by the developed Hermite PNN-

ABC for polynomial orders  n =3, 4 (Table 4.1). Hermite PNN is found to be competitive to the Hermite 

PNN-ABC network for polynomial order n = 2, whereas it clearly outperforms the Legendre PNN and the 

RBF NN which show the worst performance in all cases (Table 4.2). The statistical analysis of the 

performance of the four developed/tested networks has been conducted with respect to the testing 

data only. Fig. 4.18a shows the performance of the four developed/tested networks for the case of 4th 

degree polynomial order (n = 4) and for different number of nodes (m), with respect to the testing 

dataset. From the results it is clear that the developed Hermite PNN-ABC performed better when 

compared to the other ANNs tested. Mean RMSEs of the Hermite PNN-ABC are ranging between 6.5 - 

7.0 m, whereas this range was found to be 7.0 - 8.5, 9.1 - 9.7 and about 10.5 m for the Hermite PNN, 

Legendre PNN and the RBF NN, respectively. Hermite PNN is found to be competitive to the Hermite 

PNN-ABC network for polynomial order n = 2 while it clearly outperforms the Legendre PNN and the RBF 

NN which show the worst performance in all cases (Table 4.2).  

 

Table 4.2 RMSEs (in meters) and corresponding standard deviations ( ) for various node numbers and polynomial 

order n = 2.  

# Nodes 
(m)

 
Hermite PNN Legendre PNN RBF NN 

Training Data 
2       10.6  2.9      10.3  0.8 10.9  0.5 

3 9.4  1.8      10.0  1.1 10.7  0.1 

4 7.7  1.9 9.3  0.8 10.6  0.1 

5 7.7  1.3 9.4  1.4 10.6  0.1 

6 7.6  1.3 9.2  1.5 10.5  0.1 

7 6.8  0.7 9.1  1.3 10.5  0.1 

8 7.0  0.8 8.9  1.6 10.4  0.1 

9 6.3  0.4 9.2  1.2 10.4  0.1 

10 6.5  0.6 8.9  1.3 10.4  0.1 

                 Testing Data 

2       10.7  2.6      10.5  0.8 10.9  0.6 

3 9.8  1.7      10.2  0.9 10.6  0.1 

4 8.5  1.6 9.5  0.7 10.6  0.2 

5 8.3  1.0 9.6  1.9 10.5  0.1 

6 8.2  0.9 9.5  1.3 10.4  0.2 

7 7.7  0.4 9.2  1.2 10.3  0.2 

8 7.8  0.6 9.0  1.4 10.3  0.1 

9 7.2  0.4 9.3  1.2 10.3  0.2 

10 7.3  0.5 9.2  1.1 10.3  0.1 
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The statistical analysis of the performance of the four developed/tested networks is conducted with 

respect to the testing data only. Fig. 4.18a shows the performance of the four developed/tested 

networks for the case of 4th degree polynomial order (n = 4) and for different number of nodes (m), with 

respect to the testing dataset. From the results is clear that the developed Hermite PNN-ABC performed 

better when compared to the others tested. Mean RMSEs of the Hermite PNN-ABC are ranging between 

6.5 - 7.0, whereas this range was found to be between 7.0 - 8.5, 9.1 - 9.7 and of about 10.5 for the 

Hermite PNN, Legendre PNN and the RBF NN respectively. 

The Hermite PNN-ABC performs more efficient for a small number of nodes (i.e., m = 4, 5), while it 

appears to reasonably model the nonlinearities utilizing small polynomial orders (i.e., n = 3, 4).  

Interestingly, the Hermite PNN is found to perform better in larger number of nodes (i.e., m = 9, 10), 

whereas the developed Legendre PNN and the tested RBF NN were found to have a slightly decreasing, 

but not clear, trend in their RMSEs when the number of nodes  increases (Fig. 4.18a). With regard to the 

RMSEs distribution (Fig. 4.18b), it is shown that the RMSE values exhibit different variability for the four 

ANNs, with the RBFNN showing the lowest variability. The pooled standard deviations in RMSE were 

equal to 0.5 for the Hermite PNN-ABC, 0.9 for the Hermite PNN, 1.29 for the Legendre PNN and 0.1 for 

the RBF NN. Based on the above analysis, it is evident that the Hermite PNN-ABC avoids over-fitting 

because it utilizes small number of nodes and polynomial order to optimize the process, and thus, is 

able to model shoreline realignment at the reef-fronted Ammoudara beach more efficiently than rest of 

the tested ΑΝΝs (Tsekouras et al., 2017a). 

 

 

Figure 4.18 a) Mean values of the RMSEs for the testing data versus the number of nodes for the four networks; 

and b) boxplots of the RMSEs for the four methods.(modified from Tsekouras et al., 2017) 
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The cross-shore shoreline position showed significant variability in relation to the fronting reef along the 

34 selected cross-sections during the 10-month monitoring period (Fig. 4.19b); changes in y   (i.e. 

differences between the minimum and maximum y at a cross-section) were found to range between 3.1 

and 6.7 m. Main areas of increased variability of y are associated with the reef inlets, with the variability 

being greater at the shoreline behind and to the west of the main reef inlet (at profiles 14 - 20, Fig. 

4.19a). These areas are dominated by complex, non-linear wave induced flows (see also Fig. 4.14b and 

Fig. 4.14d).  

RMSEs between the observed and the modeled distances (y) between the reef crest and the shoreline 

were estimated to be less than 6 and 7 m for the training and testing data sets, respectively (Table 4.1), 

which is considered reasonable if the complexity of the domain and the small number of input variables 

utilized are taken into account. RMSEs between modeled and observed shoreline position are 4.6 and 

5.5 m for the training and testing experiments respectively, while the model efficiency is improved when 

cross-sections associated with inlets and/or particular wide sections of the reef are not considered (Fig. 

4.19b). 

 

 

Figure 4.19 a) The bathymetry of the examined sector of Ammoudara beach and the 34 cross-shore profiles chosen 

for the analysis. The reef crest on each profile is also shown; b) Example run showing the comparison between 

observed and modeled ranges between the minimum and maximum reef crest- shoreline distances during the 

monitoring period (from Tsekouras et al., 2017a). 
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When cross-sections that are associated with reef inlets or aparticularly wide section of the reef at the 

eastern margin of the beach (profiles 20, 21, 22, 26, 33, 34) where field observations/modeling have 

shown particular complex cross-reef flows (Fig. 4.14) are not considered, RMSE decreases to 4 m. This 

RMSE is close to the lower end of the minimum cross-shore shoreline change (4.1 m) detected in 

Ammoudara during the monitoring period (Fig. 4.16), and, thus, it appears as a reasonable prediction 

considering the complexity of the domain. It is also interesting to note that the relative trend of the 

modeled and observed shoreline positions changes to the east of the main inlet (i.e. east of profile 24), 

the model appears to underestimate shoreline retreat (i.e. its predictions for y is generally lower than 

those observed).  
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Chapter 5: Results, Kamari Beach  

5.1 Topo-bathymetric and morphological data  

From the topo-bathymetric data taken during the 17/12/2016, depth changes of Kamari beach can be 

divided into 3 main sectors/zones: i) a sector from the shoreline until the contour of -10 m showing 

milder slopes and located at the southern part of the studied area; ii) a sector from the contour of -10 m 

till the contour of -15 m where slopes are sharper located at the northern sector of the studied area; 

and iii) a zone from the contour of – 15 m till the deepest measured point which is also characterized by 

sharper slopes in the northern sector (Fig. 5.1). 

 

Figure 5.1 Detailed topo-bathymetry of Kamari beach during the 17/12/2016 survey. Technical works (groynes and 

breakwaters) evident at the northern part of the beach are also shown. 

 

The upper part of Kamari beach is highly urbanized and mainly occupied by buildings supporting the 

touristic activity (restaurants, cafes and hotels). In the northern part of the beach, 4 groynes vertical to 

the shoreline and 2 submerged breakwaters can be found, constructed as an effort to reduce/balance 

the erosion processes (Fig. 5.1). In order to gain a better understanding of the morphological changes 

that take place in the beach, the 2 detailed shallow topo-bathymetries obtained from the field (Fig. 5.2 a 

and 5.2b) have been compared with each other (Fig. 5.2c). The comparison showed that in general the 
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upper/northernmost part at the foot of each groyne showed aggradation, whereas the southernmost 

part was eroded.    

The largest erosion (elevation difference varying between -0.5 and -2 m) was recorded at the central 

area of the beach (a sector of about 700 m from (UTM, Northing: 4026750 m, Easting: 364230 m) till 

(UTM, Northing: 4026430 m, Easting: 364000 m). Interestingly, the section of the beach that is located 

between the 2 submerged breakwaters showed significant sediment loss (of up to -1.7 m elevation 

difference) at the foot of the groyne, whereas the area of about 160 m length, located between the 2 

groynes (between (UTM, Northing: 4027020 m, Easting: 364300 m) and (UTM, Northing: 4027180 m, 

Easting: 364300 m)) showed increased accretion (up to +2 m at the southernmost point). Significant 

accretion was recorded at the southernmost part of the beach ( of up to +2 m elevation difference), 

which is limited by a natural rocky cape. 

 

 

Figure 5.2 Shallow topo-bathymetries of Kamari beach during a) 20/04/2016; and b) 16/12/2016. c) Elevation 

changes between the 2 topo-bathymetries. 
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The echographic mosaic produced from the side scan sonar dataset showed the existence of 4 

reflectivity types (RTs 1a, 1b, 2 and 4) till the -15 m contour (zone of smooth slopes). More specifically, 

RT 2 is the prevailing reflectivity type (corresponding to sea floor covered by sand, pebbles and rocky 

environments) of the zone ranging from the shoreline till a depth of about 4-5 m, corresponding to the 

existence of areas where beachrock formations are evident, alternating with  small zones of sandy 

bottom covered by scattered pebbles (Fig. 5.3). The zone ranging between 5-10 m depth is characterized 

by the existence of scattered and heterogeneous areas where the sea floor is covered i) by well 

formatted sand ripples developed in coarse sands (RT 1a); or ii) sand ripples of significantly smaller size 

and fine sands (RT 1b). In the northern sector of the beach, characterized by sharp slopes, small areas 

covered by patches of Posidonia oceanica (RT 4) can be found amongst the sandy environment, while 

sand is the prevailing sea floor component of the southern sector of the beach, characterized by mild 

slopes. The offshore zone of Kamari (depths > 15 m) is dominated by dense vegetation of Posidonia 

oceanica plants (RT 3). It has to be noted that the symmetric development of the sand ripples in depths 

greater than 10 m at the northern sector of the beach provides evidence of intense hydrodynamic 

action.  

 

Figure 5.3 Echographic mosaic (left) and the corresponding reflectivity types (right) of the sea floor of Kamari 

beach. 
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With regard to the granulometric distribution, it was found that the samples taken from the sea floor 

(i.e. S1 till S7) where found to have significantly finer diameters than those taken from the shoreline, 

being identified as coarse and fine sands. Shoreline sediments are significantly coarser, and found to 

range between very fine to fine gravels. In general sediments were found to be medium to poorly 

sorted, mainly due to the presence of biogenic fragments In the samples collected from greater depths 

(S3 and S4). Skewness and kurtosis values showed the sediments to be  finely to coarsely skewed and 

with a fine to coarsely kurtosis, suggesting a combination of sediment distribution processes with 

significant spatial variability.    

Table 5.1 Granulometric distribution of the sediment samples collected in Kamari beach. 

Sample ID d50 (mm) Sorting (mm) Skewness Kurtosis 

S1 1.0 1.6 -0.008 0.738 

S2 1.3 1.8 0.052 1.021 

S3 1.4 2.3 0.212 1.155 

S4 0.8 3.4 0.233 0.927 

S5 0.7 2.2 -0.219 0.820 

S6 0.2 1.6 0.021 1.496 

S7 0.2 1.5 0.004 1.399 

S8 2.2 2.1 -0.259 1.640 

S9 3.9 2.1 0.367 1.203 

S10 2.8 2.9 0.305 0.903 

S11 4.2 2.6 0.115 0.727 

S12 5.3 2.1 0.327 0.722 

S13 3.0 3.7 -0.129 1.096 

S14 2.3 1.7 -0.041 1.334 

S15 9.5 1.7 0.000 0.738 

S16 4.4 2.0 0.492 0.883 

S17 3.7 1.9 0.480 1.758 

 
 

5.2 Meteorology and Hydrodynamics 

5.2.1 Winds and Waves 

Analysis of the wind data for the time coverage between the two bathymetries (April - December 2016), 

available from the deployed meteorological station; showed that during this period there where limited 

winds blowing from the southern sector, while most of the maximum recorded wind velocities (U10 > 

10.8 ms-1 - greater than 6 Beaufort) where blowing from the northern sector (Fig. 5.4 and Appendix - 

Table A.2). The latter provides evidence of alongshore sediment transport from the northern to the 
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southern part of Kamari beach and is consistent with the recorded trend in elevation changes and the 

smooth slopes of the southern sector.  

 

Figure 5.4 Wind rosegram of Kamari beach from the data of the meteo station during 17/04/2016 - 16/12/2016. 

 

The records of the RBR wave logger deployed at 9.2 m depth for a 3.5 month energetic winter period 

(16/12/2016 - 29/03/2017) are characterized by increased waves, 33% of all records (1 in 3 

measurements) had zero-moment wave heights greater than 0.5 m, whereas 45% of the recorded wind 

velocities had values greater than 4 Beaufort (i.e. > 5.5 m·s-1) deriving from the N, S, SW sectors.  In 

addition, there have been 5 time periods where the recorded waves had heights > 1.5 m and periods > 6 

s (during 22/12/2016 05:00,  29/12/2016 20:00 - 30/12/2016 11:00, 24/01/2017 04:00 - 23:00 and 

07/02/2017 06:00 – 12:00). For the same period the corresponding wind velocities greater than 5 

Beaufort (9.0 m·s-1) deriving from North and South directions (Fig. 5.5).  
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Figure 5.5 Wind and wave characteristics recorded from the meteorological station and the RBR logger in Kamari 

beach (16/12/2016 – 29/03/2017) 

 

Wave energy was increased at the same time period of increased wave heights. 5 energetic (E > 4000 

J·m-2) were recorded, corresponding to wave heights > 1.5 m, increased wave lengths ( > 50 m) and 

steepness (> 0.03). Wave celerity was ranging between 7-8 m·s-1 for the whole deployment period (Fig 

5.6). An extreme event was recorded at 24/01/2017   11:00,  during this event, winds had velocities of 

up to U10 = 14.8 m·s-1 corresponding to 7 Beaufort, blowing from the S-SE sector (135° – 180°) and 

produced wave heights up to 2.9 m with a corresponding peak wave period of 7.3 s, carrying an extreme 

energy package  of about 10,000 J·m-2. 
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Figure 5.6  Wave characteristics recorded from the RBR  logger in Kamari beach (16/12/2016 – 29/03/2017). 

 

 

The recorded tidal range was at 33 cm (minimum and maximum recorded values of -0.16 and +0.18 m 

from the MSL, whereas the complete monthly tidal cycle had a period of 16 days (i.e. change from neap 

to spring tide - Fig. 5.7). At days of increased atmospheric pressure tidal values are slightly lower (e.g. at 

the periods between 18-23/01/2017 and 14-18/03/2017 - see Fig. 5.7 and Fig. 5.8a). 

 

 

 

Figure 5.7 Tidal signal recorded from the RBR logger in Kamari beach (16/12/2016 - 29/03/2017). 
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Atmospheric pressure changes were significant during the monitoring period varying from the reference 

atmospheric pressure of about 1013 mbar, having a range between 1000 - 1030 mbar (Fig. 5.8b). The 

recorded sea level perturbations from the MSL were increased during the periods of low barometer (Fig. 

5.8a), which are also associated with the periods of increased wave heights and energy (Fig 5.5 and 5.6). 

The tidal range was found to be at about 0.3 m.  

 

 
Figure 5.8  a) Atmospheric pressure; and b) distance from MSL tidal signal recorded from the meteorological 

station and the RBR logger in Kamari beach (16/12/2016 - 29/03/2017). 

 

 

 

5.2.2 Short-term hydrodynamic records 

During the 13-16/12/2016 deployment period an energetic window of 18 hours (between 13/12/2016 

22:00 – 14/12/2016 16:00) was evident (Hm0 > 1 m), whereas for the rest of the deployment period 

wave conditions were quite low (Hm0 < 0.25 m). During this energetic window/event, the recorded 

winds were blowing from the N (350° – 360°) having velocities greater than 5.5 m·s-1, ranging between 

4-5 Beaufort. For the same time the corresponding wave heights recorded both from the RBR and the 

ADV instruments were greater than 0.5 m with peak periods of about 6 s and wave celerity of about 5.7 

m·s-1 (Fig. 5.9). The maximum wave height had a value of about 1.4 m, recorded at 13/12/2016 23:00. 
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Figure 5.9 a) Wiind velocity; and b) direction as recorded from the deployed meteorological station. c) zero-

moment wave height; d) peak wave period; and f) wave celerity as recorded from the RBR and the ADV deployed 

close to each other and at the same depth (3.9 m). 

 

The recorded atmospheric pressure was high for the deployment period and especially for the time of 

the energetic even when it was ranging between 1020 – 1027 mbar. Sea level perturbations had a range 

of 0.12 m from the mean sea level for both RBR and ADV instruments. From the results it is clear that 

the high atmospheric pressure resulted in sea levels lower than the MSL (during 14/12/2016 02:00 – 

19:00 and 15/12/2016 15:00 – 20:00). However, at the end of the energetic window, and when the 

wave heights and energy start to progressively decrease (on 15/12/2016 16:00), sea level is increasing 

reaching its maximum recorded value of about 0.075 m above MSL; which could be attributed to wave 

set-up following the previously increased wave activity. 
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Figure 5.10 Atmospheric pressure recorded from the meteorological station and corrected surface level elevation 

recorded from the RBR and the ADV loggers. 

 

Wave energy follows the trend of the wave height, being low at the times of minor wave conditions. For 

the energetic window/period of 18 hours (between 13/12/2016 16:00 - 14/12/2016 22:00), wave 

lengths were ranging between 25 - 34 m, while wave energy was greater from 1000 J·m-2 reaching its 

pick at about 2,500 J·m-2 at the same time of the highest wave (13/12/2016 23:00). On the contrary, 

while shear-stress for the same period was ranging between 0.5 - 2.4 N·m-2 (in absolute values), the 

highest values were not recorded at the time of the maximum wave height, but when Hm0 and E were 

at about 1 m and 1,000 J·m-2 respectively (Fig. 5.10). For the same energetic period, the recorded 

nearshore currents had velocities ranging between 0.04 - 0.1 m·s-1, with the prevailing directions being 

towards the S-SW sector (180° - 240°N).  
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Figure 5.11 a) Wave energy; b) wave length from the deployed RBR and ADV instruments; c) near bed shear-stress; 

d) mean flow velocity and e) mean flow direction as recorded from the ADV. Shear-stress (Tb) is shown as absolute 

values. 

 

 

Pafitis  (2001) investigated in depth the functions between sediment movability and critical shear stress. 

Based on 29 studies/experiments, he re-examined some of the empirical curves that are most 

commonly used for the prediction of sediment threshold and proposed a movability diagram (Fig. 5.12), 

which correlates sediment’s grain size with the critical shear stress threshold value needed for sediment 

mobilization. The sediment samples obtained from the shoreline close to the area of the ADV 

deployment site (S10 and S11 - see Fig 3.3) had d50 values of 0.28 and 0.42 cm respectively (Table 5.1), 

corresponding to a critical shear stress values of 23 and 41 dynes·cm-2 (equal to 0.23 and 0.41 N·m-2) 

according to the diagram. However, S10 and S11 samples have been taken from the shoreline area, 

while the ADV was deployed at 3.9 m depth, where the sediments are finer. By taking into account the 

d50 value of the S5 sample (equal to 0.07 cm) retrieved from a depth quite close to the ADV (6.2 m), the 

corresponding threshold value of critical shear stress is of about 0.7 N·m-2.  
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Figure 5.12  Shear stress (Tb) as function of grain diameter (D). Diagram was conducted  for quartz density material 

settling through water of 20°C water temperature (modified from Pafitis (2001) ). 

 

The shear stress values recorded from the ADV were greater than the threshold mobilization value of 

0.7 N·m-2 during 13/12 09:00 – 14/12 18:00 and corresponding current velocities were ranging between 

3-9 cm·s-1 (Fig. 5.11c and 5.11d). Thus, it is safe to assume that during this period there was increased 

sediment mobilization and transfer at the nearshore area of Kamari beach.  

 
 

5.2.3 Hydrodynamic Modeling 

The model was set at dense grid (2.5 x 2.5 m) based on the high resolution bathymetric records obtained 

in the present study. In order to exam any differences in circulation patterns, two wave conditions were 

tested based on two directions (NE and SE) of beach exposure. In the first simulation (Hs of 2.9 m, Tp of 

7.5 s at 9.2 m depth and mean wave direction of 1350 N) the wave forcing was according to the 

maximum observed wave conditions recorded by the wave-current loggers during the 3-day deployment 

at 3.9 m depth, driven to the offshore with the use of wave theory. When examining the raw optical 

data (videos), it was evident that waves are approaching the beach after refraction in the northern part 

of the beach. In addition, the wind data analysis showed that most of the winds are blowing from the 

northern sector (see Fig. 5.4). In order to examine this case, the second experimental simulation 

involved lower wave heights, approaching from SE (Hs of 1.4 m, Tp of 6 s and mean wave direction of 

450 N). 
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Figure 5.13 Hydrodynamic model results. a) Wave height distribution (in m); and b) mean wave-induced flow 

(vector scale in the inset) under Hs of 2.9 m and Tp of 7.5 s and mean direction of wave approach from 1350 N; c) 

Wave height distribution (in m) and d) mean wave-induced flow under Hs of 1.4 m and Tp of 5.9 s and mean 

direction of wave approach from 450 N. 

 

 

In the simulation of increased wave heights approaching from SE direction, modeled waves show 

heights of about 2.6 m at the southern part of the beach, whereas the approaching waves show lower 

heights (of about 1.4 m) at the central beach sector. Wave heights are reduced (as expected) at the area 

of the constructed breakwaters (at about x between 1000 - 1300 m), whereas they show increased 

values at the northernmost section of the beach, close to the constructed groynes (Fig. 5.13a). With 

regard to current circulation, nearshore currents of about 5 cm·s-1 with southward direction are 

projected at the central and southern sectors (Fig. 5.13b). The results come in agreement with the 

nearshore ADV records at the time of the simulated wave height (recorded currents with velocity of 

about 6 cm·s-1 with a southward direction - see Fig. 5.11d and 5.11e). In addition, alongshore currents of 

low speeds (of about 0.02 cm·s-1 are evident at the area of the coastal protection structures (groynes 

and breakwaters) at about x between 1100 - 1450 m, while nearshore flows with opposite directions 

seem to be generated at the northernmost part of the beach, where the last groyne is located (at about 

x = 1600 m). The second simulation didn’t show significant circulation trends. Wave heights are reduced 

at the shadow of the breakwaters generated similarly low nearshore flows, although longshore currents 

of moderately increased speeds (of about 0.05-0.07 m·s-1) are projected at the area of the last groyne 

(Fig. 5.13c and 5.13d).  
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5.3 High resolution morphological changes from optical data 

5.3.1 Shoreline position changes 

During the 106-day monitoring period, cross-shore shoreline position showed significant variability. At 

any shoreline section 0.25 m long, the differences between the minimum and maximum y-point was 

ranging between 6 and 19 m (Fig. 5.14b). Areas of increased variability are associated mainly with areas 

of the southern (at about x between 50 - 225 m) and central (at about x between 475 - 550 m) parts of 

the beach. In these sectors the variability is more than 10 m, whereas the remaining areas have slightly 

lower variability (range between 6 and 13 meters (Fig. 5.14b). By comparison, two sections of the beach 

showed standard deviations lower than 2 m and seem to be quite stabilized (at about x between 250 - 

300 m and 575 - 650 m). 

Morphodynamics becomes clearer when examining the temporal changes of the 7 

selected/representative equally distanced profiles (Fig. 5.14a and 5.14c). The cross-shore profiles 

located at the southern part of the monitored beach sector (x1, x2 and x3) showed accretion behavior, 

with the highest accretion observed for profiles x1 and x2 (of about 10 m) compared to the starting day 

of the monitored period. On the contrary, for the same period, cross-shore profiles x7, x9 and x11 

showed beach erosion (of about 10 m), whereas cross-shore profile x13 located at the northernmost 

part of the monitored beach area didn’t show significant changes. Beach response is found to be very 

energetic to the events detected/recorded during the monitored period (Fig. 5.14d). During the event 

recorded at the beginning of the monitored period (wave heights of about 1 m and mean U10 of 11.4  

ms-1, duration of 35 hours), cross-shore location x11 showed to be eroded by up to 5 m, while the 

remaining of the examined locations didn’t show significant changes. However, as waves become higher 

(i.e. more than 1.5 m at the events recorded at 23 and 31/12/2016), most of the examined cross-shore 

locations showed cross-shore changes of up to 10-15 m. Shoreline locations x7 and x9 are related with 

beach gain, while location x1 with beach loss at 25/01/2017 compared to the exactly previous recorded 

state. Interestingly, the beach didn’t show significant morphological changes in most of the examined 

cross-shore locations after the event of 31/12/2016, and for the remaining 3 months of the monitored 

period. However, all of the examined cross-shore sections are found to respond to the detected storm 

events with wave heights greater than 1 m approaching from directions where the beach is exposed 

(e.g. at the events of 27/01 14/02 and 09/03). 
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Figure 5.14 a) Georectified TIMEX mosaic at the beginning of the monitoring period (16/12/2016 09:00) from the 

southern part of Kamari beach showing also the locations of the 13 selected/representative profiles and the 

location of the optical system (red circle); black line shows the shoreline detection on the plotted TIMEX mosaic, 

whereas red and yellow lines depict the most inshore and offshore position of the shoreline detected during the 106 

days monitoring period (16/12/2016 - 31/032017). b) Spatial distributions of the standard deviation (std) of cross-

shore shoreline position and range between the most offshore (max) and most inshore (min) shoreline position 

detected during the monitoring period. c) Temporal changes in cross-shore beach accretion/erosion at 7 

selected/representative locations (see panel a); changes are relative to the shoreline position in the beginning of 

the monitoring period shown in panel a. d) Wave heights recorded from the RBR logger at 9.2 m depth offshore 

Kamari beach during the monitoring period; light gray stripes indicate the timing, duration and speeds of energetic 

uwind events (winds from the southern sector with speeds > 10.8 ms-1 at 10 m and duration > 6 hours). 

 

In general, the similarly recorded magnitudes of morphological changes (of about 10 m) provide 

evidence of alongshore sediment transport from the northern and central sectors, towards the southern 

part of the monitored beach area, which is consistent with the recorded elevation changes recorded in 

the topographic comparison (see Fig. 5.2). The latter is additionally enhanced when concerning the 

nearshore current distribution of the events deriving from N and NE directions (Fig 5.14a and 5.14b), 

which the prevailing wind directions compared to those having SE direction affecting the beach (Fig. 

5.4), and the protection provided from the southern cape to the wind-wave events approaching from S 

and SW directions.  
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5.3.2 Wave run-up position changes 

During the monitored period, wave run-up changes along the shoreline were found to range between 

21- 40 m, showing a most significant variability (Fig. 5.15b). The maximum recorded variability is 

concentrated at the central sector of the monitored beach (at about x between 125 – 525 m) with wave 

run-up variability ranging between 30 - 40 m in most cases, whereas the edge parts of the monitored 

beach show lower values. The minimum and maximum recorded wave excursion along the shoreline 

(with a 0.25 m spatial resolution) for the monitored period are shown in Fig. 5.15a.  

 

 

Figure 5.15 a) Georectified IMMAX mosaic at the beginning of the monitoring period (16/12/2016 09:00) from the 

southern part of Kamari beach showing also the locations of the 13 selected/representative profiles; black line 

shows the wave run-up detection on the plotted IMMAX mosaic, whereas blue and brown lines depict the most 

inshore and offshore wave run-up positions detected during the 106 days monitoring period (16/12/2016 - 

31/03/2017). b) Spatial distributions of the standard deviation (std) of cross-shore wave run-up position and range 

between the most offshore (min) and most inshore (max) wave run-up position detected during the monitoring 

period. c) Temporal changes in wave run-up at 6 selected/representative locations (see panel a); changes are 

relative to the wave run-up position in the beginning of the monitoring period shown in panel a. d) Wave heights 

recorded from the RBR logger at 9.2 m depth offshore Kamari beach during the monitoring period; light gray stripes 

indicate the timing, duration and speeds of energetic wind events (winds from the southern sector with speeds > 

10.8 ms-1 at 10 m and duration > 6 hours). 
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The wave run-up changes of the studied period were found to be significantly correlated with the 

recorded wind-wave climate. Wave run-up changes follow a similar trend in all of the examined 

representative cross-shore locations is shown in Fig. 5.15c. It is evident that during events of increased 

wave energy approaching the beach, wave run-up responds in all cases by excursion to the inshore. In 

general, the higher the approaching waves are, the higher the wave excursion to the inshore is. 

However, there is a wave height threshold value of 1 m, above which the recorded wave run-up changes 

are similar (of about 10 m) in all cases, something that has also been recorded for pocket beaches 

(Chatzipavlis et al., 2019 ). In general, higher values of wave run-up are recorded for the central section 

of the beach, compared to the southern and the northernmost sectors, attributed to the milder slopes, 

especially those of the southern part of the beach (see Fig. 5.1). 

With regard to the estimated swash excursion at the selected cross-shore profile (x1 - Fig. 5.15a), 

perpendicular to the RBR wave logger, no significant correlation was found. The estimated swash 

excursions for each of the 31 selected hourly bursts at the beginning of the deployment perios, were 

found to be significantly larger (of about 2 m in most cases) than those recorded by the BOMS (Fig. 

5.16a). 

 
Figure 5.16 a) Estimated and recorded swash excursion from the records of the RBR wave logger and the optical 
data; b) Recorded wave heights at the location of the RBR wave logger in Kamari beach, and estimated deep water 
wave heights. 
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The latter is attributed to the ever changing beach morphology, which at the area of the southern sector 

of the beach was found to be very dynamic, especially when the waves approaching the beach have 

wave heights greater than 0.5 m (see also Fig. 5.14). 

 

5.4  Modeling with ANNs  

The ANNs methodology used in the Kamari open beach (Chatzipavlis et al., 2018), involved time series of 

shoreline and wave run-up positions (292 TIMEX and 292 IMMAX images) obtained in 17/12/2016 – 

20/01/2017) and concurrent wave records, i.e. the significant wave height (Hs), the peak wave period 

(Tp) and the (corrected) sea level (SL).. Wave run-up and shoreline positions (the output variable) were 

extracted from the records of the optical system (Section 3.2.2). On the basis of this information, the 

fourth (and final) input variable of the proposed network was defined as the distance between the 

extracted wave run-up position and a reference line (Rd) (see Fig. 3.22b and Sections 3.2.4 and 5.1). 

Fifteen cross-shore sections (see Fig. 3.22) were selected to train/test the proposed neural network 

along the proximal to the camera system section of Kamari beach (spacing of 25 m). The experiments 

used N = 4,380 input/output data (292 hourly time series x 15 cross-shore sections). The dataset was 

randomly divided into a training set consisting of the 60%, and a testing set consisting of the remainder 

40% of the original data set.  

Modeling shoreline position with ANNs in Kamari open beach proved to be a promising technique. 

RMSEs of all developed/tested ANNs were in all cases smaller than 5 m and in most cases smaller than 3 

m. The developed NFN-BSA algorithm is found to outperform the other methods tested, both for training 

and testing data (of about 2.5 m for all cases - Table 5.2). Regarding rest of the developed/tested ANNs, 

RBFNN is found to have the largest RMSEs (greater than 4 m in all cases), whereas the ANNs based on 

Takagi-Sugeno-Kang fuzzy sytem (TSK-BSA and the developed TSK-CLN) were found to have RMSEs 

ranging between 2.7 - 3.7 m. The TSK-BSA algorithm was found to be slower (as expected) than the 

standard TSK-BSA approach, however in all cases simulation time was always smaller than 1.6 s for each 

run.  
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Table 5.2 RMSEs, MAEs and the corresponding standard deviations for various numbers of nodes (m) and for 

polynomial order n (modified from Chatzipavlis et al., 2019).   

# 
Nodes 

(m)
 

NFN-BSA TSK-BSA TSK-CLN RBFNN 

Training Data  

2 2.54  0.01 3.6  0.3 3.4  0.1 4.5  0.1 

3 2.51  0.01 3.5  0.4 3.2  0.2 4.4  0.1 

4 2.48  0.01 3.5  0.3 3.3  0.2 4.4  0.1 

5 2.47  0.01 3.4  0.3 3.1  0.1 4.3  0.1 

6 2.46  0.01 3.2  0.3 3.0  0.1 4.4  0.1 

7 2.47  0.02 3.2  0.4 3.0  0.1 4.2  0.1 

8 2.47  0.01 3.2  0.3 3.0  0.1 4.2  0.1 

9 2.46  0.01 3.2  0.3 2.7  0.1 4.2  0.1 

10 2.45  0.01 3.1  0.2 2.8  0.1 4.3  0.1 

                      Testing Data  

2 2.56  0.44 3.8  1.3 3.5  0.5 4.7  0.9 

3 2.44  0.05 3.5  0.4 3.6  1.1 4.3  0.3 

4 2.40  0.04 3.4  0.6 3.5  0.6 4.6  0.9 

5 2.45  0.19 3.5  0.6 3.2  0.5 4.3  0.4 

6 2.45  0.06 3.3  0.5 3.1  0.5 4.5  0.7 

7 2.43  0.07 3.2  0.5 3.1  0.4 4.1  0.3 

8 2.43  0.06 3.2  0.6 2.9  0.3 4.2  0.2 

9 2.44  0.05 3.1  0.5 2.8  0.1 4.1  0.2 

10 2.40  0.03 3.1  0.3 2.7  0.1 4.2  0.3 

 
 

With regard to the variability range of the RMSEs influenced by the no. of nodes, it is evident that  the 

developed NFN-BSA method is found to have substantially low variability  compared to rest of the ANNs 

(Fig. 5.17).  
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Figure 5.17 Box plots of the RMSEs of the developed/tested ANNs per no. of node (m). The lines correspond to the 

medians (modified from Chatzipavlis et al., 2018). 

 

During the 35-day monitoring period, cross-shore shoreline position showed significant variability along 

the 15 selected cross sections (Fig. 5.18a), with differences between the minimum and maximum y at a 

cross section found ranging between 8.1 and 15.3 m. Areas of increased variability are associated mainly 

with cross-shore sections CS-5, CS-12 and CS-13; at those sections, changes between the minimum and 

maximum detected y were found to be[12.5 m. By comparison, cross sections CS-8 to CS-11 showed low 

variability, with changes between the minimum and maximum detected y found to be between 8.1 and 

10 m, showing also tighter spread. Regarding wave run-up, observed changes found to range between 

22.8 m (at CS-1) and 38.8 m (at CS-8). Most of the cross-shore sections (9 in total, from CS-5 to CS-10 

and CS-2, CS-14, CS-15) found to be areas of increased variability (i.e., differences between the 

minimum and maximum recorded values of about 30 m), whereas in the other 6 cross-sectional 

variability found to be always 23 m (Fig. 5.18b). It seems that beach slope at these 9 sections is milder, 

which is also verified by the topo-bathymetric survey. It is noteworthy that cross sections with low 

shoreline variability (i.e., CS-8 to CS-11) showed high wave run-up variability.  
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Figure 5.18  a) Example of the detected positions of the shoreline and maximum wave run-up position (24/12/2016, 

8.00) superimposed on the corresponding TIMEX image, showing also the compared cross-shore sections as well as 

the reference line used as a datum for the observed changes; b) comparison between the observed and modeled 

changes (from Chatzipavlis et al., 2018).  

 

In terms of the performance of the developed NFN-BSA method, RMSEs in shoreline position were 

estimated to be always less than 2.6 m for the testing data set, with model efficiency improving 

moderately when higher numbers of rules/nodes are used (Table 5.1 and Fig. 5.17). Such RMSEs 

between model and observations are considered very reasonable, particularly if the dynamic nature of 

the beach is taken into account. It appears that the input variables utilized, although few in number, can 

model quite effectively shoreline changes, with the use of the maximum wave run-up variable improving 

considerably model performance (Tsekouras et al., 2017b). It should be noted that shoreline position 

observations are not only accurate (accuracy less than 0.25 m), but also represent the integrated beach 

response to all coastal processes. By comparison, model outputs are based on the four input variables 

and do not consider other variables that could exert significant influence, such as the wave direction and 

the beach sediment texture (e.g. Monioudi et al., 2017) due to lack of available data. It is submitted that 

if such information would to be included as input variables, the accuracy of the predictions of the 

proposed method would be further improved.  
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Chapter 6: Discussion and Conclusions 

6.1 Ammoudara 

The recorded morphological changes suggest a variable shoreline at the eastern part of Ammoudara 

perched beach. Cross-shore shoreline change during the 168-day monitoring period was more than 3.1 

m along the shoreline; in comparison maximum tidal shoreline displacement in this area has been 

estimated to be smaller than 1.2 m, due to the negligible tides (0.1 m) and high beach face slopes. The 

difference between the minimum and maximum cross-shore shoreline displacement was found as 

between 3.1 and 8 m along the monitored shoreline, whereas shoreline changes during single energetic 

events were found to be as high as 3.5 m. These changes are of similar magnitude to that suggested by 

Alexandrakis et al (2013) to be the recent long-term beach loss in this area (5 m in 2005 - 2012) and are 

also consistent with the annual shoreline change (4 - 8 m between 2011 - 2012) recorded by 

Rentzepopoulou (2013). 

Greater variability (> 5 m) is recorded in the cross-shore positions located at, or very close to, the beach 

inlets fronted by increased water depths (at x between UTM: 327200 - 327400 m and 327740 - 327820 

m, see Figs. 4.16 and 4.17). In these areas, the hydrodynamic records during the high energetic period 

showed that wave dissipation is substantially decreased, while at the same time water flows over the 

reef into the back reef areas, followed by an increase of the mean sea level (by up to 0.15 m). This piled 

water seems to be drained through the reef inlets by offshore flows (rip currents) fed by converging 

longshore currents which are evident in both simulations (Fig. 4.14b and 4.14d), leading eventually to 

increased sediment transport that is also recorded in the generated TIMEX mosaics (see Fig. 3.18a and 

3.18b).   

Nearshore flows have been found to be of limited intensity along the beach. Such flows on their own 

can have only limited effects on nearshore seabed sediment mobility, due to the coarse texture of the 

nearshore seabed sediments (if present, d50 values between 1.8 and 2.7 mm - Alexandrakis et al., 2013). 

Nevertheless, mobility/resuspension of the finer fractions of the seabed sediments should take place 

under different conditions, particularly in the areas exposed to higher nearshore waves as e.g. at the 

areas behind the reef inlets (Fig. 4.14e). These areas have been observed on TIMEX mosaics to be 

occasionally associated with turbid water plumes (see Fig. 4.16a and 4.16b). Resuspension/winnowing of 

the finer fractions of the seabed sediments under energetic events might explain the increased grain 

sizes of the seabed sediments found in these locations, especially at the main reef inlet (Alexandrakis et 
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al., 2013). In addition, modeling results suggest that the area to the west of the major inlet is associated 

with relatively strong nearshore flows feeding the inlet rip current from the west, as well as increased 

nearshore wave energy under the conditions tested (Fig. 4.14a-d). Under more energetic conditions, 

wave/current interaction in this area might result in nearshore sediment mobilization, beach face 

sediment ‘draw-downs’ and, ultimately, shoreline accretion as those identified through the TIMEX 

imagery  (e.g. at location x1 - Fig. 4.16c). It should be also noted that during winter (January - March) 

riverine sediments are supplied to the system from the Xiropotamos river (Kontogeorgos, 2014); this 

sediment supply might affect the shoreline variability, especially at the area of the major inlet 

(Velegrakis et al., 2016). 

Both hydrodynamic modeling and records showed that the reef can filter wave energy very efficiently 

and differentially depending on its local architecture. Nearshore flows were found to be of limited 

intensity along the beach for both tested conditions. This is related with the small changes of the 

shoreline which appears to remain quite stable (standard deviation < 1 m) in most cases, with the 

exception of the reef inlet locations despite the increased energetic events recorded at the offshore. In 

some areas, the reef allows only low energy waves to impinge on the shoreline, whereas elsewhere 

penetration of higher waves is facilitated by the low elevation and limited width of the reef, or by the 

inlet presence.  Wave/reef interaction can also generate complex circulation, including rip currents that 

appeared to be also constrained by the reef architecture (Fig. 4.14).  

Adjacent sections of the beach showed contrasting patterns of shoreline and wave run-up changes 

during the 168-days monitoring period. Cross-shore positions located at or close to the main reef inlets 

appeared to be quite stable or even accreting, whereas positions of the central and eastern part of the 

monitored beach sections are found to be eroded, with regard to the initial recording day (Fig. 4.16c). 

This is well correlated with changes in the wave run-up for the same period. In locations at, or close to 

the main inlets, the wave run-up change is found to be increased compared to the other locations. This 

is more evident at the time of the highest recorded wave where the wave run-up difference is up to 10 

m (Fig. 4.17c and 4.17d).  

It appears that beach response (loss/gain patterns) to energetic events is complicated and not 

straightforward to explain. Unfortunately, long-term directional wave data are not available closer to 

the shoreline, whereas comparison of the available wave information recorded at the offshore 

POSEIDON buoy does not provide clear evidence. Nevertheless, some patterns can be discerned. 

Generally, spatial variability appears to be triggered by the sequence of the detected energetic events 
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affected the beach. All of the examined beach locations responded on a similar way (advance or retreat) 

to the energetic events deriving from the northern sector. However, there are cases of increased 

changes, for which no energetic wind events have been detected. This is probably due to swell waves 

generated at the north of Crete, which are recorded by the POSEISON buoy, considering also the high 

effective fetch of Ammoudara beach. When the latter is considered, it seems that under recorded wave 

heights greater than 1.5 m, both shoreline and wave run-up positions are propagating to the inshore. 

Also, it has to be noted that periods of increased shoreline/wave run-up changes might be correlated 

with the cumulative effect of sequences of lower, higher steepness waves that can impinge on the 

coastline without significant dissipation over the reef (Fig. 4.14a and 4.14d) interlaced with more 

energetic events; and the effect of the seasonal, intermittent sediment supply from Xiropotamos river 

(Velegrakis et al., 2016). It appears that long-term, high resolution monitoring of the beach combined 

with concurrent measurements of the nearshore hydrodynamics is required to resolve its long-term 

morphodynamics. 

Short and medium- term beach changes at the eastern section of Ammoudara beach appears to be 

controlled by the architecture of the fronting beachrock reef which influences the alongshore 

distribution of the wave energy and generates complex nearshore circulation. The reef does not only 

damp energetic waves very efficiently due to wave breaking on its steep offshore slope (e.g. Pomeroy et 

al., 2012), but also filters wave energy due to its (varying) width allowing energetic waves to reach only 

certain parts of the shoreline. Lower frequency waves (0.04 Hz) appeared to become significant inshore 

of the reef. Mean wave-driven circulation cells were also indicated for the study area, with flows 

becoming more longshore-dominated before exiting the system through (particularly) the reef inlets 

(Van Dongeren et al., 2013).  

It has been previously observed that variations in reef architecture can drive alongshore variations in the 

mode/magnitude of seasonal erosion and accretion at perched beaches (Gallop et al., 2013), The thesis 

results supports these observations and also show that reef architecture can affect beach loss/gain 

patterns in much finer spatio-temporal scales. These findings may have a bearing for the design of 

erosion adaptation options (e.g. Ranasinghe and Turner, 2006; Harley and Ciavola, 2013). However, 

more detailed assessments are needed to evaluate the role and effectiveness of such reefs for natural 

hazard mitigation (Temmerman et al. 2013; Ferrario et al., 2014; Velegrakis et al., 2016).  

The study investigated the potential of the developed/tested ANNs to model shoreline position along 

Ammoudara perched beach, fronted by a highly irregular irregural beachrock reef which introduces 
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significant non-linearity in the nearshore hydrodynamics and morphodynamics. The ANNs were tested 

on the basis of a small number of input variables related to reef morphology and the wave forcing 

(Tsekouras et al. 2017a). It is shown that the developed Hermite PNN-ABC can model shoreline 

realignment reasonably well and, generally, much better than the 3 other neural networks 

developed/tested (i.e. a Hermite PNN, a Legendre feedforward PNN and a RBFNN). It is also shown that 

there is no significant gain in increasing the number of nodes above 4; at this setting, the Hermite PNN-

ABC proposed network achieves its best performance and is clearly superior to the ANNs tested.  

Concerning the efficiency of the ANNs, RMSEs between the observed and modeled shorelines (i.e. their 

proxies y - the distance between the reef crest and the shoreline) are estimated to be less than 10.5 m 

in all cases, however the Hermite PNN-ABC had the lowest RMSEs values, being less than 6 and 7 m for 

the training and testing data sets, respectively, in all simulations. Model efficiency improves when cross-

sections associated with the reef inlets and/or particular wide sections of the reef are not considered; in 

this case, RMSE decreases to 4 m, a reasonable prediction considering the complexity of the domain. 

The aforementioned RMSEs values are within the range of the detected cross-shore shoreline changes 

during the monitoring period (3 - 8 m). 

Part of the difference found between the observed and modeled shorelines may be related to the 

nature/characteristics of the input and output variables used in the proposed network. Τhe 

morphological variables related to the reef  (i.e. the d, w, ω1 and ω2  - see Fig. 3.20) form only geometric 

approximations of the highly uneven cross-sections of the natural reef, and there are no input variables 

related to significant morphodynamic controls such as tidal oscillation, wave direction and beach 

sediment texture. On the other hand, the data forming the output of the network (y) are not only very 

accurate (accuracy of < 0.25 m), but also represent the integrated beach response to the nearshore 

hydrodynamics and sediment dynamics and their interaction with the actual, complex reef architecture 

(see also Tsekouras et al., 2017a). Therefore, differences between the observed and modeled shorelines 

are expected, particularly for a nearshore environment of such complexity.  

The accuracy of ANNs predictions is expected to increase substantially in beaches protected by 

engineered reefs with simpler, designed cross-sections (e.g. Iglesias et al., 2009; Ahmadian and Simons, 

2016). It might also be beneficiary to the efficiency of the method to consider also the seasonal 

variability in wave forcing. It will be interesting in future analysis to study the prediction efficiency in the 

case of a divided data set into winter and summer clusters. In this context, ANNs, which has been able to 
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reasonably model shoreline realignment at a very challenging coastal environment may present a 

promising way forward.   

By way of next steps, future efforts could be made in the following directions. First, testing of the 

present methodology at more reef-fronted beaches with strong non-linear effects would be appropriate 

for further validation of the network’s performance. Second, an experiment could be designed involving 

engineered structures (e.g. low crested breakwaters) with simpler dimensions and acquisition of 

nearshore wave records concurrently with the optical images; such an experiment will assess the 

efficiency of the proposed network to model beach response behind coastal protection structures and 

might lead to successful design parameterizations. Third, the present network could be extended to 

neuro-fuzzy network structures implemented in terms of various orthogonal polynomials. Finally, the 

learning strategy could be modified as to involve novel stochastic optimization features able to reduce 

the computational complexity of the overall training process. 

 

6.2 Kamari 

Beach morphology of the southern part of Kamari beach was found to be highly variable during the 106-

day monitoring period. At any beach cross-shore position (with a 0.25 m alongshore analysis) the 

differences between the minimum and maximum y-point of shoreline and wave run-up positions was 

found to range between 6 - 19 m and 21 - 40 m respectively (Fig. 5.14b and 5.15b), whereas tidal 

displacement is considered to be small due to the low tidal signal (of about 0.15 m - Fig. 5.7). Maximum 

changes in shoreline position are recorded for the southernmost sector of the beach, whereas wave run-

up variability for the same sector was found to be close to the lowest recorded value (of about 25 m). In 

addition, the minimum changes in shoreline position are found at the same location, with the highest 

recorded wave run-up values (at x about 200 - 250 m). Areas of common high shoreline and wave run-

up variability are found at the central part of the examined beach area (e.g. at x between 300 - 550 m - 

Fig. 5.14b). The shoreline was more variable (over time) at the southern and central sectors of the beach 

with estimated standard deviations greater than 2.5 m, while two sections of the beach showed 

standard deviations lower than 2 m and seem to be quite stabilized, at about x between 250 - 300 m and 

575 - 650 m (see also Chatzipavlis et al., 2019). 

These intriguing patterns between shoreline and wave run-up variability can be explained when 

examining the nearshore hydrodynamics. Most of the recorded energetic wave events of the monitored 
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period were found to approach the beach from the NE, E and SE sectors (Fig. 5.14d), being able to create 

increased nearshore flows (near-bed recorded velocities of 0.04 – 0.1 m·s-1 with equivalent critical bed 

shear stress between 1 - 2.5 Nm-2) towards the southern part of the beach (Fig. 5.11d, 5.11e) which 

were also modeled Fig. 5.14b). It is also shown that flows of this magnitude are able to mobilize coarse 

sediments with mean grain size (about 5 mm) greater than that found in the beach sediments along 

most of the monitored shoreline (estimated d50 values between 2.2 - 5.3 mm, see samples S8 - S12 in 

Fig. 3.3 and Table 5.1). In addition, sediments were found to decrease in mean size from north to south, 

providing further evidence of sediment mobilization. 

From the above, is evident that nearshore hydrodynamics can mobilize sediments and transport them 

from the northern sector, and especially from beach sections that their morphology appears more 

variable. This becomes clearer, when examining the cross-shore temporal variability of the selected 

locations. During the monitoring period, shoreline locations of the central and north part (x7, x9, x 11) 

were found to get eroded, while on the contrary locations of the south part were found to (x1, x3, x5) to 

accrete with similar rates, both in the short-term detected energetic events, and in the longterm (final 

difference of initial and final recorded shoreline changes of up to 10 m for both accreted and eroded 

profiles). The observed sediment transport trends from one beach section to another has been also 

observed in other cases (e.g. Vousdoukas et al. 2009a).  

A main objective of the current study was the investigation of the potential use of Artificial Neural 

Networks (ANNs) to model shoreline position on the basis of a small number of input variables related 

to wave forcing and beach morphology. For this purpose, four ANNs, developed by Prof. G. Tsekouras 

and Dr. T. Rigos were used. More specifically, an innovative technique utilizing a novel Backtracking 

Search Algorithm approach (NBN-BSA) was compared against a Takagi-Sugeno-Kang fuzzy system 

incorporating the standard BSA algorithm (TSK-BSA) and a Competitive Learning Network (TSK-CLN), as 

well as a Radial Basis Function Neural Network (RBFNN). The ANNs used high-frequency time series of 

waves, sea levels and wave run-up maximum excursions as input variables, whereas the output variable 

was time series of the shoreline position at selected cross-shore positions of Kamari beach (Chatzipavlis 

et al., 2018).  

The main algorithmic novelty of the NBN-BSA network lies in a new evolutionary BSA approach that can 

achieve a tradeoff between exploration and exploitation of the algorithm’s parameters. Two 

modifications were considered:  i) the extra equation involved in the mutation operations compared to 

the standard BSA approach; and ii) certain changes that improved the exploration performance of the 
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crossover operation. This approach increased the network’s capability of dealing with highly non-linear 

and multivariate datasets, and thus can be a promising technique in providing improved modeling 

predictions of the shoreline position (Chatzipavlis et al., 2018). 

The results show that all of the tested methodologies are able to model reasonably well changes in 

shoreline position, achieving RMSEs between the modeled and observed shoreline positions in the 

testing data set of less than 4.5 m. Τhe RMSEs is of a similar order to the standard deviation (up to 3.5 

m) of the cross-shore shoreline position. The NBN-BSA approach is found to perform better than all the 

other methods tested by achieving RMSEs of about 2.5 m in all cases. The results are encouraging and 

the effectiveness of the proposed network could be further improved by changes (fine-tuning) of the 

input variables, and thus, it might be a promising way forward considering the small number of input 

variables and the superfast simulation time (less than 1.6 sec in all cases).  

 

6.3 Comparison 

Both Ammoudara and Kamari beaches are microtidal (maximum tides of about 0.15 m) beaches, 

exposed to large effective fetches and, thus, receiving focused wave energy. Both beaches were 

monitored during winter periods of increased wind-wave action (16 and 14 energetic events were 

recorded affecting Ammoudara and Kamari beach, during the 168-day and 108-day monitoring periods, 

respectively). However, the fronting beachrock reef in Ammoudara beach exerts significant geological 

control on beach morphodynamics. The reef acts in a similar manner to a submerged breakwater, 

significantly absorbing the incoming wave energy. During energetic events, the nearshore waves, after 

breaking in the reef, were found to have heights smaller than 0.6 m. In Ammoudara, a complex 

circulation has been observed/modelled inshore of the reef, consisting of slow converging and/or 

diverging jets that feed rip currents transporting water and sediment offshore, mainly through the reef 

inlets. In Kamari beach, the nearshore wave heights (at similar depths) were found to be higher both in 

observations and the model results. These higher inshore waves can produce increased nearshore 

circulation (Fig. 5.11) which, together with the wave-bed interactions, can mobilize the nearshore 

sediments and transport them towards a prevailing (during the observation period) north to south 

sediment transport pathway.  

In both beaches, under energetic events of similar duration and offshore wave conditions during the 

deployment period (i.e. 1.5 m  - Fig. 4.16d and Fig, 5.14d), the morphological response of the examined 



             Department of Marine Sciences, University of the Aegean 

_____________________________________________________________________________________ 
CHAPTER 6: Discussion and Conclusions                                                                                                             107 

   

cross-shore locations was greater in Kamari beach than in the Ammoudara beach (recorded changes of 5 

m and 2 m, respectively, - Fig. 4.16c and 5.14c). The standard deviation of the shoreline locations is 2 

times greater in Kamari beach (range between 0.6 - 1.6 m and 4.5 - 8 m respectively - Fig. 4.16a and Fig. 

5.14a), suggesting that a more stable shoreline in Ammoudara beach.  

The wave run-up positions at the examined cross-shore sections showed good agreement with the wave 

forcing records in both beaches. However, there are beach sections in both beaches where the wave 

run-up maxima didn’t occur at the time of the highest recorded wave. This is attributed to the ever 

changing beach morphology (and especially the seabed slope), which also controls the swash maxima 

excursion  (Stockdon et al., 2006).  

 

 

6.4 Final considerations  

The thesis results suggest that the beach optical monitoring system can provide a fast, powerful and 

efficient beach monitoring tool, capable to provide high-frequency time series of shoreline and wave 

run-up positions. Both positions are of high importance for coastal planners and engineers, as they form 

fundamental parameters of the swash zone dynamics. These two morphological parameters are crucial 

factors to be considered for the: i) design of coastal works; ii) prediction of the impacts of changes in the 

hydrodynamic regime (e.g. storm surges, waves, mean sea level); and iii) effective design/planning of 

coastal management schemes (Vousdoukas 2014). At the same time, these morphological parameters 

form regulatory boundaries designed to moderate the already significant exposure of coastal 

populations, activities and assets which is likely to increase even more in the future due to the projected 

mean sea level rise (e.g. Allenbach et al., 2015; Vousdoukas et al., 2016; IPCC, 2019; UNFCCC, 2020).  

The shoreline position defines the beach carrying capacity (i.e. the number of visitors/tourists that can 

be hosted simultaneously in a beach), whereas the swash maxima (i.e. the maximum recorded wave 

run-up) of a beach forms a reference line (defined as the “aigialos line” in Greek) beyond which a ‘set-

back’ zone of no further development/constructions are allowed according to the national (Greek Law 

2971/2001), European (e.g. the Floods Directive 2007/60/EEC and the amended EIA Directive 

2014/52/EU) and interational legislation (e.g. the ICZM Protocol to the Barcelona Convention (Art. 8(2)). 

A significant result of the present work is the development of an objective and cost-effective 

methodology to define such coastal regulatory boundaries. 
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The automated approach developed to extract shoreline and wave run-up positions from TIMEX and 

IMMAX images showed to be an efficient tool in resolving beach variability in fine spatio-temporal 

scales. The procedure is fast, processing large numbers of video imagery mosaics in negligible time and 

its results were found to compare well with those obtained from a manual shoreline detection 

procedure. It should be, however, noted that the criterion used to define the shoreline, i.e. that the 

detector kernel grows along the line representing the weighted mean of the most inshore high intensity 

zone formed by the wave generated foam, may generate some uncertainty. The method identifies a 

feature that, under low energy conditions is related to the swash zone, whereas under high energy 

conditions might also include the most inshore wave breaking zone; thus the method may overshoot 

seaward the shoreline position under high energy conditions. This tendency is supported by the results 

of the comparison between the automated and manual shoreline detections which showed that 

although the automated detection was more robust, was also more conservative in recording beach loss 

(Fig. 3.17). It has to be noted that detections are focused at (proximal) beach sections for both beaches, 

due to the increased pixel footprint in these areas; thus, the results are characterized by extremely high 

accuracy. However, in the case of defining set-back zones (see above), detections of lower accuracy 

could be also used, and thus, longer beach sections can be moitored.   

In the present thesis, systematic methodologies that use a specialized experimental setups and novel 

Artificial Neural Networks (ANNs) to model and predict shoreline position were used for the two 

different types of beach systems (Tsekouras et al., 2017a,b; Chatzipavlis et al., 2018). Sets of 

morphological and wave variables were identified in each case that can affect shoreline position, which 

together with records of hourly shoreline positions obtained from the novel coastal video imagery 

system, were utilized to generate the ANNs’ input-output data. Under a changing climate, large changes 

are projected for the global beaches, the majority of which is expected to suffer severe erosion (e.g. 

Allenbach et al., 2015; Monioudi et al., 2017; Vousdoukas et al., 2020). Different adaptation options 

should be considered, including beach nourishment schemes and offshore engineered structures (e.g., 

breakwaters). Neural networks that can model shoreline evolution on the basis of relatively few 

environmental variables might be efficient tools to assess future erosion risk and test designs of 

technical responses to unfavorable beach realignment and/or erosion. In this context, the proposed 

methodology based in the use of ANNs presents a promising way forward. 

The tested ANNs methodologies are able to model reasonably well changes in shoreline position 

achieving relatively small RMSEs that are within the range of the detected shoreline variability during 
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the monitoring periods. However, Ammoudara showed increased RMSEs compared to Kamari beach 

(best performance of 7.0 m and 2.5 m respectively for testing data). The latter is attributed to the 

experimental set-up, as in Ammoudara case, the wave run-up position was not included as input 

parameter to the ANNs, a parameter that is correlated/controlling the position of the shoreline. If this 

additional parameter is included, It is expected that the RMSEs values will be significantly lower. 

Generally, the encouraging results of the ANNs modeling exercises suggest that the proposed 

methodology, after a fine-tuning of the input variables, can be used to model the shoreline and wave 

run-up positions in beaches characterized by variable morphodynamics, on the basis of a small number 

of environmental variables. In order to improve the behavior/projections of the ANNs, future efforts 

could be made in the following directions, First, testing of the ANNs found to have the best performance 

(i.e. Hermite PNN-ABC and NBN-BSA) on the basis of longer time series of data from more (and 

different) beaches, i.e. through various datasets of different scaling and complexity. Secondly, a cost-

effective approach to be designed to extract wave direction from the available data, possibly through 

specialized analysis of the optical images, in order to include nearshore wave directions as an input 

variable; a more straightforward option would be of course the use of directional wave sensors. Thirdly, 

a variable that can define the ‘antecedent’ cross-shore position of the shoreline could be included. A 

good guess for this variable could be the average shoreline position of the previous day for each tested 

cross-section that could be easily defined from the TIMEX imagery. Fourth, as shown in Ammoudara 

beach the nearshore total water level during energetic events is controlled mostly by the storm-induced 

level increases rather than the tidal signal. In this case, it makes sense to include an input variable 

reflecting this process (i.e. the total nearshore water level).  
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Appendix 

Table A.1 Detected storms of magnitude greater than 6 Beaufort that affected Ammoudara beach during the 

14/11/2013 - 30/04/2014 monitoring period (see also Fig. 4.16d and Fig. 4.17d). 

Storm ID Start Date 
(dd/mm/yy) 

End Date 
(dd/mm/yy) 

Mean U10 
(ms-1) 

Main Direction 
(degrees) 

Duration 
(hours) 

01 16/11/2013 21:00 17/11/2013 18:00 13.0 344 21 

02 22/11/2013 09:00 22/11/2013 15:00 11.7 320 6 

03 03/12/2013 09:00 05/12/2013 12:00 16.9 331 51 

04 07/12/2013 09:00 08/12/2013 00:00 15.4 355 15 

05 10/12/2013 06:00 14/12/2013 00:00 17.9 353 90 

06 16/12/2013 09:00 18/12/2013 00:00 12.0 19 39 

07 29/12/2013 03:00 29/12/2013 12:00 12.1 335 9 

08 30/12/2013 09:00 31/12/2013 03:00 11.6 318 18 

09 08/01/2014 06:00 08/01/2014 15:00 10.8 340 9 

10 11/01/2014 09:00 11/01/2014 15:00 11.2 310 6 

11 01/02/2014 00:00 01/02/2014 18:00 11.2 37 18 

12 14/02/2014 09:00 16/02/2014 00:00 13.1 335 39 

13 23/02/2014 09:00 23/02/2014 15:00 12.5 320 6 

14 09/03/2014 12:00 14/03/2014 06:00 15.5 335 114 

15 17/03/2014 03:00 17/03/2014 09:00 10.8 340 6 

16 08/04/2014 06:00 08/04/2014 15:00 11.2 322 9 

17 25/04/2014 06:00 25/04/2014 15:00 14.0 315 9 

18 30/04/2014 09:00 30/04/2014 18:00 12.3 310 9 

 

Table A.2 Detected storms of magnitude greater than 6 Beaufort that affected Kamari beach during the 

16/12/2016 - 29/03/2017 monitoring period (see also Fig. 5.14d and Fig. 5.15d). 

Storm ID Start Date 
(dd/mm/yy) 

End Date 
(dd/mm/yy) 

Mean U10 
(ms-1) 

Main Direction 
(degrees) 

Duration 
(hours) 

01 16/12/2016 10:00 17/12/2016 22:00 11.4 07 35 

02 21/12/2016 04:00 23/12/2016 03:00 13.2 08 47 

03 24/12/2016 12:00 25/12/2016 07:00 11.3 351 20 

04 26/12/2016 22:00 27/12/2016 09:00 11.1 350 10 

05 28/12/2016 16:00 31/12/2016 13:00 12.2 06 68 

06 05/01/2017 03:00 06/01/2017 15:00 11.9 204 36 

07 08/01/2017 00:00 08/01/2017 22:00 11.2 04 22 

08 20/01/2017 21:00 21/01/2017 10:00 10.9 357 14 

09 24/01/2017 06:00 24/01/2017 18:00 11.5 143 22 

10 26/01/2017 10:00 28/01/2017 00:00 12.1 358 38 

11 06/02/2017 22:00 07/02/2017 13:00 12.4 159 16 

12 11/02/2017 06:00 16/02/2017 22:00 13.1 359 137 

13 01/03/2017 22:00 02/03/2017 10:00 11.3 256 11 

14 08/03/2017 01:00 08/03/2017 10:00 11.2 169 09 
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