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Fig. 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.  
 

52 

Fig. 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). 
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Fig. 4.1 Detailed bathymetry of the studied section of Ammoudara beach obtained during 2015. The 
position of the ADCP deployment site is also evident. 
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Fig. 4.2 Annual Rosegrams for the years 2012, 2013 and 2014 from the HNMS meteorological station. 
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Fig. 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.  
 

56 

Fig. 4.4 a) Wind speed; and b) direction; c) corresponding significant wave heights; and d) periods from the 
POSEIDON buoy and the RBR records offshore and inshore the fringing reef. 
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Fig. 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). 
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Fig. 4.6 Wave characteristics as derived from the RBRs during the 1st deployment period. 
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Fig. 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. Wave spectral density: c) offshore, and d) inshore 
of the beachrock reef. 
 

60 

Fig. 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. 
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Fig. 4.9 a) Wave height; and b) energy reduction for a common period of the wave loggers. 
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Fig. 4.10 Wave characteristics as derived from the RBRs and the ADV. 
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Fig. 4.11 Wave spectral density: a) offshore, b) at the opening area;  c) and d)  inshore the beachrock reef at 
a specific burst  of moderate wave heights approaching from the offshore. 
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Fig. 4.12 Corrected surface level elevation during the 5-day period. 
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Fig. 4.13 Wave attenuation over the reef during 5-day period. a) wave transmition coefficient inshore the 
reef and at the reef opening area; Reduction in zero-moment wave height and energy b) inshore 
the reef; and c) at the reef opening area. 
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Fig. 4.14 Hydrodynamic model results. a) Wave height distribution; and b) mean wave-induced flow 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 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. 
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Fig. 4.15 Comparison of the mean flow velocity and direction from the Boussinesq model and the ADCP 
observations along a cross-shore transect towards the shore. a) ADCP flow averaged and model 
results for significant wave height/period and direction of 1.1 m, 6.2 s and 3500 N, respectively; and 
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m, 6.6 s and 3500 N, respectively. 
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Fig. 4.16 a) Georectified TIMEX mosaic from the eastern part of Ammoudara beach showing also the 
locations of the 17 selected/representative profiles;  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;  d) Wave heights 
recorded from the Poseidon buoy offshore Ammoudara beach during the monitoring period.  
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Fig. 4.17 a) Georectified IMMAX from the eastern part of Ammoudara beach showing also the locations of 
the 17 selected/representative profiles; 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;  d) Wave heights recorded from the Poseidon buoy 
offshore Ammoudara beach during the monitoring period.  
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Fig. 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. 
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Fig. 4.19 a) The bathymetry of the examined sector of Ammoudara beach and the 34 cross-shore profiles 
chosen for the analysis; b) example run showing the comparison between observed and modeled 
ranges between the minimum and maximum reef crest- shoreline distances during the monitoring 
period. 
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Fig. 5.1 
 

Detailed topo-bathymetry of Kamari beach during the 17/12/2016 survey. Technical works evident 
at the northern part of the beach are also shown. 
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Fig. 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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Fig. 5.3 Echographic mosaic and the corresponding reflectivity types of the sea floor of Kamari beach. 81 
Fig. 5.4 Wind rosegram of Kamari beach from the data of the meteorological station. 
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Fig. 5.5 Wind-wave characteristics recorded from the meteostation and the RBR logger. 
 

84 

Fig. 5.6   Wave characteristics recorded from the RBR  logger in Kamari beach. 
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Fig. 5.7 Tidal signal recorded from the RBR logger in Kamari beach. 
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Fig. 5.8   a) Atmospheric pressure; and b) distance from MSL tidal signal recorded from the meteorological 
station and the RBR logger in Kamari beach. 
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Fig. 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. 
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Fig. 5.10 Atmospheric pressure recorded from the meteorological station  and corrected surface level 
elevation recorded from the RBR and the ADV loggers. 
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Fig. 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. 
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Fig. 5.12   Shear stress (Tb) as function of grain diameter (D). 
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Fig. 5.13 Hydrodynamic model results. a) Wave height distribution; and b) mean wave induced flow 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 and d) mean wave-induced flow under Hs of 1.4 m and Tp of 5.9 s and mean direction 
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logger. 
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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 
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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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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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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 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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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). 



             Department of Marine Sciences, University of the Aegean 

_____________________________________________________________________________________ 
CHAPTER 3: Methodology                                                                                                                                         24 

 

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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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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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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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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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). 

 









http://erabeach.aegean.gr/datasets/




http://erabeach.aegean.gr/datasets/
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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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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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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 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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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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