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Abstract: Myrtos Beach (Cephalonia Island, Ionian Sea, Greece) represents a pocket beach with
strong touristic, economic and natural interest. In this research, the morphodynamic behavior of the
coastal area (e.g., hydrodynamic and sedimentary state, morphology, orientation, etc.), the current
wave conditions (extreme and dominant waves, wave exposure), and also external factors, such as
human impact and the geotechnical condition of the wider area, are examined. Short- and medium-to-
long-term analysis took place, such as mapping, sediment analysis, wave/wind analysis, numerical
modeling, and satellite monitoring, in order to identify the dynamic forcing parameters related to
geomorphology, sedimentology, and hydrology that prevail in the area. Additionally, the intense
tectonics, the karstified limestones, and the steep slopes of the cliffs in combination with the frequent
seismic events on the island set up a geotechnically unstable area, which often cause landslides on
the beach of Myrtos; these supply the beach with a large amount of aggregates, constituting the
main sediment supply. Wave exposure forcing conditions, longshore–rip current direction, and other
hydrodynamic processes are stable with high values in the area, causing notable sediment transport
within the bay boundaries. As a result, at Myrtos Bay there is a dynamic balance of the natural
system, which is directly affected by human interventions. Taking also into consideration that Myrtos
is one of the most famous beaches in Greece and one of the main attractions of Cephalonia Island
with thousands of visitors every year, beach management must be focused on preserving the natural
system of the coastal area.

Keywords: pocket beach; sand transport; longshore–rip current; hydrodynamic and sedimentary
modeling; beach rotation; shoreline displacement

1. Introduction

A pocket beach is defined as a limited beach that is laterally bounded by two head-
lands [1–5]. The headlands significantly inhibit the sediment transport of nearby areas,
restricting any hydrosedimentary processes between their boundaries and making them
an autonomous and independent ecosystem, ideal for investigating beach morphody-
namics [3,6–11]. Hydrodynamic conditions (longshore and rip currents, etc.) and beach
characteristics (slope, grain size, nearshore bars, etc.) determine the morphological be-
havior of pocket beaches, which present a different circulation pattern than open water
beaches [6,7,12–14]. An area with high wave exposure and increased wave radiation stress
leads to coastal erosion in the exposed part and aggression in the sheltered part [7], making
the determination of nearshore circulation (e.g., rip currents and longshore currents) and
sediment transport trends important. Hence, pocket beaches are characterized as areas of
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limited sediment supply or as closed systems with restricted sediment exchange between
them [3,15]. Under the worst-case scenarios, pocket beaches can lose significant volumes
of sediment (temporarily or even permanently) if the sediment is transported outside the
closure depth, which threatens their existence, posing significant risks landwards [16]
(e.g., landslides and inundations). New sediment input can also occur through nearshore
sediment sources [17], such as erosion of the backshore [18] (e.g., cliff and dunes) or in-
put from local streams during stormy periods [19]. It is obvious that pocket beaches are
particularly important areas for the ecosystem and the local tourism economy, yet, they
are extremely sensitive to any change in existing conditions; therefore, their vulnerability
to any dynamic change is of great significance at a global level [1,12,16,20,21]. Human
activities are often the reason for the disruption of the coastal system, such as through civil
engineering structures (e.g., river dredging, river damming and armoring, and anchored
steel meshes) [22]. These factors reduce the available sediment that is naturally deposited
in the coastal area, determining the inception of the erosion state.

The study of pocket beaches provides useful information on the prevailing pattern of
nearshore sediment transport during different environmental conditions and its impact on
beach evolution, but also regarding beach management [23]. Beach orientation, sediment
classification, morphology, bottom composition, currents, and prevailing wind-generated
waves are the main parameters for the morphodynamic variability that acts along and across
the shore. The identification of the equilibrium in the beach planform could be characterized
as static equilibrium, dynamic equilibrium, or unstable or natural reshaping [24]. Such
parameters can help to determine the wave effect on sediment transport, to determine the
duration of wave action, and to identify if there is a potential threat to the wider area.

In the present work, by identifying these processes, we aim to specify the coastal
system formation of a pocket beach and to understand the nearshore hydrodynamics by
analyzing the impact of the geomorphological parameters and the induced variability on
circulation patterns. Numerical modeling with the MIKE 21 Flow Model (HD, SW, ST, and
Shoreline Morphology modules) in addition to extensive subaerial and subaqueous field
work and laboratory analysis may give promising predictions of beach evolution [25,26].
The ultimate goal of our work is to assess the dynamic balance of the natural system of
the coastal area in a sustainable manner. Quantitative and qualitative results of sediment
transport, and morphodynamic and hydrosedimentary results are presented alongside
representative/extreme wave model simulations that were taken into account for the coast
of Myrtos.

Myrtos Beach is a unique national monument of nature with high touristic and eco-
nomic value, visited every year by thousands of tourists, and thus offering significant
benefits to the local community of Cephalonia Island. Any negative evolution in the coastal
system, such as coastal erosion, has a negative social and economic impact on coastal areas
that revolve around tourism. Through the results of our study, the competent authorities
will be able to implement better long-term management in the specific area of significant
economic importance and take preventive actions. Nature-based strategic management
activities are carried out to ensure long-term success in almost all sectors (environmental,
touristic, economic, social, etc.). They can achieve effective long-term management by fo-
cusing on the preservation of natural and cultural resources while promoting the economic
contribution to local communities.

2. Geological and Geomorphological Setting

Cephalonia Island is in the Ionian Sea (Greece). Myrtos Bay is located at the north-
western part of the island, between the northern section of Mt. Aenos and the southern
part of Erissos peninsula (Figure 1). The stratigraphy of the area consists of carbonate
sequences, marl formations, and turbidite limestones [27]. The tectonism in the area is
intense and is characterized by faults in the NE–SW and NW–SE direction. The reverse fault
of Agia Efimia, with a NW–SE direction, crosses the northern part of the bay, presenting
a strike-slip component, and is characterized by uplift and erosion. The fault of Agia
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Efimia, along with other active faults with a NE–SW and NW–SE direction, cut across
Myrtos Bay and form a geotechnically unstable area [28,29]. Therefore, limestones on
the slopes of Myrtos are strongly fragmented and locally karstified, and in some places,
they turn into tectonic lattice due to the intense tectonism from the fault; they are also
covered by colluvial deposits that derive from the weathering of steep slopes and consist of
sand, gravel, and irregular limestone fragments [30]. Frequent seismic sequences on the
island and weathering processes often cause landslides and rock falls on the steep slopes
of the cliffs, causing damages on the beach of Myrtos and at various points on the road
network [28]. The occurrence of landslides forms scree landforms, which also supply a
large amount of aggregates to the beach.
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Figure 1. The island of Cephalonia located in the Ionian Sea. Myrtos Beach is located at the north-
western part of the island. The direction of Myrtos Bay ranges between 265 and 343◦, whereas the
orientation of the coastline is 304◦.

The hydrographic network of the area is not well developed due to the karstic car-
bonate formations and the intense tectonics of the wider area. Independent and isolated
seasonal streams of limited length and sediment supply flow in the bay; these streams are
characterized by significant momentum during periods of heavy rainfall (flash floods), and
deep erosion due to the steep slopes [28].

Geologically, the Myrtos area is part of the Pre-Apulian zone (external Hellinides,
Paxos unit) and the lithological formations of which it is comprised are Upper Cretaceous
limestone, Paleocene limestone, Eocene limestone, Miocene deposits, and Plio-Quaternary
deposits (from the earliest to the latest). The approximate values that characterize the beach,
considering its variability, are as follows: a length of 850 m, and a width of 100 m in the
center and 30 m on both sides, whereas at the backshore a steep cliff of 30 to 300 m delimits
the beach (Figure S1).

The direction of Myrtos Bay ranges between 265◦ and 343◦, whereas the orientation of
the coastline is 304◦ facing the NW, with a total width of 800 m from the entrance of the
bay to the coast; it is bounded by two headlands preventing any sediment exchange with
the neighboring coasts.
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Based on the geographical position, the orientation of the bay, and the wind/wave
data collection, resulting in the numerical reconstruction located at lat: 193,980.992 m/lon:
4,250,162.324 m (coordinates from Greek Grid) for Myrtos Bay for the period 1995–2004 [31],
the coastline is mainly exposed to incoming waves from the N, NW, and W direction, with
a fetch length extending to 266 km for the northwest direction, limited by the Apulian
peninsula of Italy. The main annual wind intensity is classified between 3.3 and 7.9 m/s of
the order of 3 to 4 Beaufort, with a frequency of ~13% and a NW direction. Extreme wind
velocity values are also noticed from the same direction (10.7 to 19.3 m/s, 6 to 8 Beaufort)
with a frequency of less than 2% [31]. Regarding the annual wave conditions, the most
common wave approach direction to the beach is from the NW with a ~30% frequency, with
prevailing waves of 0.5 to 1 m (~12.5% frequency). Extreme wave height values (2 to 5.2 m)
also have a NW approach direction with a frequency of less than ~1.5% [31] (Figure S2).

3. Materials and Methods

The current coastal morphodynamic analysis was determined with two distinct ap-
proaches related to the duration. In situ field observations and measurements took place
in October 2018 and March 2019, and allowed the short-term analysis of Myrtos Beach
characteristics (e.g., topographic sections, sediment samples, bathymetric data, etc.), such as
seasonal variations that change in short times. On the other hand, the medium-to-long-term
analysis of the beach was accomplished using data on the wind and wave conditions for the
period 1995–2017 [31–34] in order to identify the prevailing wave conditions and develop
simulation scenarios. These scenarios were applied to the sediment and hydrodynamic
transport numerical MIKE 21 Flow Model, which was coupled with the HD, SW, ST, and
Shoreline Morphology modules in order to simulate the prevailing conditions through a
dense array of measurements. Satellite images were also used (Google images from 2003 to
2019) to estimate the shoreline displacements through time. Medium-to-long-term analysis
gives a sense how the coastal area has evolved over time and provides information on how
it is likely to evolve in the near future (Figure 2).
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3.1. Short-Term Analysis and Measurements

In situ field surveys and measurements were carried out in two different periods, in
October 2018 and March 2019, in order to estimate the representative characteristics of the
beach in each season (summer/winter). Specifically, for each period the following were
measured: (a) the evolution of seven sedimentary cross-shore profiles with 32 sediment
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samples (equally spaced in distance, ~80 m), (b) 55 topographic shore-sections at ~10 m
distance and perpendicular to the coastline, which allowed a high resolution of the beach
and c) recording of the coastline. A marine survey was also carried out, which included
seabed morphological mapping of the bay, a bathymetric survey, and collection of 11 seabed
sediment samples at a depth from 2 m to 15 m during each time period (Figure S3).

The elevation and geographical position were precisely determined byusing a Real-
Time Kinematic (RTK) Differential Global Positioning System (DGPS). The detailed topo-
bathymetric data were collected by the acquisition of side-scan sonar imagery (StarFish 450)
and a single-beam echo sounder (Lowrance LCX-15MT). The substrate component mapping
of the seabed was also performed with in situ field observations through a diving survey
and underwater photography. The sediment samples for both periods were analyzed by
dry granulometry and were sorted according to Folk and Ward’s (1957) [35] nomenclature
using the GRADISTAT (version 8.0) software by Simon J. Blott and Kenneth Pye (Royal
Holloway University of London, UK) [36].

3.2. Medium-to-Long-Term Analysis
3.2.1. Digital Shoreline Analysis System (DSAS)

The comparison of the satellite images from 2003 to 2019 led to the quantification of
the long-term shoreline displacements using the Digital Shoreline Analysis System (DSAS)
application and the Net Shoreline Movement (NSM) tool in the ArcGIS (version 10.3)
software by Esri (Redlands, California, U.S.) [37]. This tool offers the ability to calculate the
distance between the oldest and the newest coastline and provides a value of the retreat
or advance [38]. The satellite images were from the periods 06/2003, 12/2005, 01/2008,
04/2013, 07/2013, 03/2016, 04/2017, 10/2018, and 03/2019, and were selected because
of their clearance at the land–water interface. They were georeferenced from WGS 84′ to
WGS 84/UTM zone 34N. The National Cadastre was used as a reference base map, as it
is a unified and constantly updated information system that records legal, technical, and
other additional information on real estate and rights that are under the responsibility of
the state.

3.2.2. Wind and Wave Data

The role of wind forcing is crucial for pocket beaches as, in most cases, it is the major
forcing factor of wind-generated waves. The prevailing significant waves with high-energy
flux, depending on their approaching direction, produce nearshore currents (longshore/rip
current) that cause sediment transportation along the coast [39].

The wind and wave data for Myrtos Bay concern the period 1995–2017. The 10 years
of data (1995–2004) are the result of the numerical reconstruction of wind and wave
conditions [31] located at lat: 193,980.992 m/lon: 4,250,162.324 m (coordinates from Greek
Grid). The wind regeneration data were derived from the atmospheric nonhydrostatic
model SKIRON/ETA and the wave data from a combination of the above model with the
WAM-Cycle 4 wave model [31]. The values of the quantities, since they derive from a
numerical reconstruction, always involve a margin of error in relation to the actual wave
and wind conditions. The wave data for 2005–2017 derive from the Copernicus Climate
Change Service (ERA-Interim reanalysis dataset), providing a consistent European dataset
for wave conditions that is produced by the ECMWF (European Centre for Medium-Range
Weather Forecasts) [32–34].

3.2.3. Modeling

The numerical MIKE 21 Flow Model, coupled with the HD, SW, ST, and Shoreline
Morphology modules, takes into account the space and time period of the prevailing
and extreme conditions of the phenomena of interest by simulating the morphodynamics
of an embayed beach with sediment transport and bed level changes due to currents
or combined waves/currents. The MIKE 21 Flow Model has the efficiency to study the
wave transformation over different temporal and spatial scales; it also allows repeating
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running tests with different wave exposure forcing conditions along different values of
parameters [40] in order to better understand the nearshore circulation.

The numerical model estimates the coastal erosion processes and the natural variations
in sand budgets, and allows for an assessment of marine spatial planning and the study
of the impact and effectiveness of shore interference works. The reliable key calibration
parameters, such as sediment grading, grain diameter, manning, and bed thickness, were
calculated and used in the MIKE 21 Coupled Model FM simulations (Table 1) [41] in
combination with bathymetry, sediment analysis, and substrate component data from
the bay. The values of the main parameters used by the model were set based on the
program manuals along with empirical validation through the repeated running of tests.
The model was successfully applied and tested in a number of basic, idealized, realistic,
and complicated situations from which the output results can be compared with analytical
solutions or information from the literature [42–44].

Table 1. Main parameters of MIKE 21 Coupled Model FM used in simulations.

Parameters Values

Sediment Grading (
√

(d_84 ÷ d_16)) 1.1–2
Mean Grain Size (Mz) 0.07–1.9 mm
Manning Number 10–32 m1/3/s
Bed Thickness 0.05–2 m

4. Results

The results of this work concern two distinct approaches, related to the in situ mea-
surements and the statistical and numerical model results, which are presented below. The
results from the topographic, sedimentological, and morphodynamic seasonal analysis
of the subaerial part of the morphological profile sections reveal the difference between
the two seasonal periods. Additionally, the statistical results of the DSAS-NSM from 2003
to 2019 allowed to identify the displacement of the coastline. Finally, the results from
the MIKE 21 Coupled Model FM simulations examined the hydrodynamic and sediment
transport for each scenario/situation.

4.1. Morphological and Nearshore Characteristics and Grain Size Analysis

The coastline length of Myrtos Beach is 860 m, with a limited width at both ends
having an average value of 30 m, whereas the central part of the coastal width reaches 80 m.
Vegetation is observed, during both periods, only at the central part of the coast, at the
backshore area, and near the cliffs (~60 m from the coastline). Human impact is limited at
the base of the cliff through the construction of a local road and a parking area, and also at
the central area of the backshore with a human structure.

The sedimentary materials in both periods show some similarities in terms of grain
distribution. Figure 3a,b depicts that, for marine sediments, the finest material is concen-
trated in the SW area, developing a long tongue of fine sediments (mud, sand) surrounded
by hard substrate with coarse-grained sediments (granule, pebbles), whereas in the coastal
area there is a difference in the grain distribution, as in summer the backshore and foreshore
area consists mainly of fine sediments (sandy sediments) in contrast to the winter period,
where the sediment distributed in the area is characterized as coarse (gravel).
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Figure 4 depicts the temporal evolution of the beach profiles from October 2018 to
May 2019, located from the backshore until the water breaker zone. Significant variability
is present at the surf and swash zone where the seasonal fluctuation is clear, with sediment
accumulation during the summer months and erosion during the winter months. The
summer Beach Profile 3 displays the highest sediment supply compared to that of the
winter period. The other beach profiles follow the same pattern (compared to the summer
and winter profile) on a smaller scale. Additionally, morphological formations such as
beach berms are formed along the beach in both periods, but in the winter months they
are smaller and more in number in contrast to the summer months. Sediment composition
in both periods is characterized as gravelly sand to coarse gravel, confirming that the
sediment supplies is a combination derived from landslide materials off nearby cliffs and
the coastal high-energy environment. The beach area is composed of different spatial and
quantitative values, with the coarser sediments located landward and well sorted, whilst
at the dynamic swash zone, different sizes of sediments are located and poorly sorted.
Most fine sediments are absent due to high wave energy, whereas the coarser remains. The
winter profiles are characterized by coarser sediments that are found mainly at the swash
zone in contrast to the summer profiles.

Beach Profile 2 to Beach Profile 5 display a smoother profile with finer sediments than
the rest of the beach profiles (BP 1, BP 6–7), especially during the summer period. Beach
Profile 4 and 5 are the most exposed to the wave conditions, as topographic anomalies
occur along their entire length.
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Figure 4. Seasonal evolution of beach profiles. (a–g) display the corresponding beach profile, focusing
on the surf and swash zone. (h) specifies the geospatial location of the beach profiles sections.

Myrtos Bay presents a topographic anomaly in the slope at the bottom, as between
the depths of 2 and 8 m the slope is steep (20 m from the coastline); then, until the depth
of 20 m, the slope becomes relatively gentle, and up to a depth of 34 m it becomes steep
again (Posidonia Oceanica meadow area). Afterwards, the seabed presents a variation of
inclination from steeper to mild values. The closure depth is estimated at 10 m with a
nearshore slope at 5◦. The calculation of the closure depth is supported by the Hallermeier
equation [45]. The maximum measured depth of the enclosed bay is 45 m and is located
at the entrance of the bay. The bathymetric contours are parallel to the coastline from the
entrance of the bay until the isobaths of 18 m, whereas from this area until the shoreline,
the bay is divided into two parts. The first includes the SW area where the isobaths are
parallel to the coastline, and the second, the NE area where the isobaths are affected by the
hard substrate, creating a swallow environment (Figure 5a). The Myrtos pocket beach can
be exposed to high wave energy due to the steeply sloping sea bottom near the coast.

Wave radiation stress is significant to detect the circulation pattern in the coastal area,
where longshore and cross-shore currents act, especially at the surf zone. Wave radiation
stress acts on mean flow, causing wave setup and wave-induced current [46]. Figure 6
shows the isobaths, the gradient spatial distribution, and the sea bottom composition,
which specify the fluctuation of the radiation stress areas. At the central part of this area,
the radiation stress is generally normal towards the coastline and reaches maximum when
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the bottom topography changes abruptly, as at the wave break zone, where the significant
wave height changes most (hard substrate, isobaths of 8 m).
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Figure 5. (a) Bathymetry map of Myrtos Bay, (b) substrate component mapping of the seabed of
Myrtos Bay.

The total surface area of the bay is about 1 km2 and the seafloor consists of noncohe-
sive material (0.58 km2), rocky outcrops (0.32 km2), and a seagrass (Posidonia Oceanica)
meadow (0.1 km2). The sandy, gravelly, and hard substrate is located from the nearshore
zone to a depth of 22 m. The meadow is developed at depths between 22 and 32 m, whereas
the deepest part of the bay is covered by fine-grained sediment (mud) (Figure 5b).
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4.2. Digital Shoreline Analysis (DSAS)

The use of satellite images from 2003 to 2019, in combination with the DSAS-NSM
(ArcMap) software tool, led to the quantification of the long-term shoreline displacements.
The statistical results show that the earthquake event of 2014 [28,29,47–50] had a significant
role in the evolution of the coast, as from 2003 to 2013 the average retreat of the shoreline
reached 8 m for the central and southern part of the beach due to the limited sediment
supply from the land, with an average regression rate of 1.3 m/year. In the northern part,
sediment deposition results showed an average coastal advance of 4 m, as a result of the
beach rotation mechanism. After the earthquake event and until 2019, the statistical results
demonstrate that deposition phenomena prevailed in the area, with an average shoreline
progradation of about 15 m (Figure 7). The shoreline progradation had an average rate of
1.4 m/year at both edges of the coast and 2.5 m in the central part of the beach.
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Figure 7. (a) Shoreline evolution. Nine different shoreline displacements for the period 2003 to 2019.
(b) Net shoreline movement at Myrtos Beach. The figure displays the coastline fluctuation for the
period 2003 to 2019.

The result for the seasonal displacement of the shoreline (10/2018–05/2019) reflects
a stable situation with little variation between summer and winter, based mainly on the
seasonal beach rotation mechanism.

4.3. Model Examination

The boundary conditions applied to the model were obtained from two directions,
depending on the significant wave’s direction and the orientation of the coastline, as
the sediment transportation takes place in both directions. For each part of the coast,
one scenario corresponds to the prevailing conditions, depending on their approaching
direction, which contribute to the sediment transport from one side to the other, and
the second scenario corresponds to the opposite direction. The prevailing conditions
correspond to the representative significant waves for each scenario according to the
maximum wave energy flux in each direction annually [41,51–55], estimating the potential
and total sediment transport at the time of simulation. The direction of Myrtos Bay ranges
between 265◦ and 343◦, whereas the orientation of the coastline is 304◦; a scenario for each
direction of the coast was determined, estimating the pure and total sediment transport
at the time of simulation (scenario 1: 264–304◦, scenario 2: 305–343◦) (Figure S4). The
duration of each simulation scenario was determined from the total flow of wave energy at
an annual frequency to the maximum energy flux (Table 2).

Table 2. Representative scenarios taken into account for Myrtos Bay.

Scenario H Sign. (m) T(s) MWD (Deg N) Duration (Days)

1 2.25 8.25 300 7
2 0.75 5.25 315 203

Additionally, notable is the sediment transport that takes place during extreme wave
events. Taking into account the wind and wave data of the study area [31–34], the most
extreme event was identified as occurring between the 265 and 343◦ direction [56] (Table 3).
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Table 3. Extreme wave event taken into account for Myrtos Bay.

Scenario Hmean (m) Hmax (m) Tmax (s) MWD (Deg N) Duration (Days) Start Date—Time

Extreme Event 2.7 5.19 10.26 304 2.2 24/11/2001—00:00

Wave radiation stress is significant where the depth bottom decreases drastically,
leading to an increase in wave energy dissipation through bottom friction and wave
breaking, especially within the surf zone area, and a decrease in wave height.

The circulation patterns (longshore/cross-shore currents) for each wave radiation
stress in the respective scenarios and each extreme wave event are the result of the contri-
bution of wave breaking due to depth change, wave refraction, wave diffraction, and sea
bottom component effects (Figures 5 and 6) [46]. The prevailing conditions corresponding
to the annual representative waves from 265 to 304◦ were simulated for scenario 1, and
they have a mean energy flux direction of 300◦, significant wave height of 2.25 m, wave
period of 8.25 s, and time of simulation of 7 days (Figure 8a). The coastal currents of the
study area are characterized by an average velocity of 0.19 m/s and a maximum value
of 1.09 m/s, located in the southern part of the coast and parallel to the coastline in a
NE direction. It is worth noting the formation of two longshore currents parallel to the
coastline, which are oriented from SW to NE and from NE to SW; they meet each other
in the middle of the coastline, where they create a rip current with an average velocity
of 0.11 m/s (maximum value 0.28 m/s), up to a depth of ~10 m, at a distance of 240 m
from the coastline (Figure 8b). Sediment transportation and seabed variation values are
directly affected by the way coastal currents act on the area. The first is oriented to the NE
and the other to the SW, whereas they meet each other in the middle of the coastline, with
a direction to the NW and to the deeper parts. The largest volumes of coastal sediment
transportation occur along the coastline with values ranging between 1.1 × 10−6 and
5.7 × 10−4 m3/sec/meter (average value 4 × 10−5 m3/sec/meter). Affected by the coastal
currents and the sediment transportation, seabed variation concerns the transport and
deposition of sediments from the coast, and especially from the surf zone to the deeper
parts (7 m), creating longshore bars at a distance of 60 m from the coastline, with a range of
values between −2 m (surf/swash zone) and −3.4 m (breaker zone) (Figure 9).

Scenario 2 is characterized by a mean energy flux direction of 315◦, significant wave
height of 0.75 m, wave period of 5.25 s, and time of simulation of 203 days in order to simu-
late the prevailing conditions corresponding to the annual representative waves between
305 and 343◦(Figure 10a). The energy flux that reaches the coast is significantly reduced com-
pared to Scenario 1. Coastal currents have an average velocity of 0.06 m/s and a maximum
value of 0.47 m/s in the southern part of the coast, perpendicular to it. A typical longshore
current is formed at the northern part of the coast with an orientation to the SW, whereas at
the southern part of the coast the currents act perpendicular to the coast (Figure 10b). The
values of sediment transportation and seabed variations depend on coastal current values;
sediment transportation takes place in two areas: (a) from north to south until the middle
of the coast, with an average value of 1.3 × 10−5 m3/sec/meter, and (b) perpendicular
to the coast, in its southern part, with an average value of 1.9 × 10−5 m3/sec/meter. The
prevailing trend of seabed variation concerns the transport and deposition of sediments by
displaying erosion at the northern part of the coast, with average values of −0.15 m, and
deposition at the southern part with average values at 0.88 m. Maximum values of seabed
variations are estimated as −1.96 m for the eroded area and 3.97 m for the deposition area
(Figure 11).
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Figure 11. Model simulation for scenario 2. (a) Stereo transport map of sediments. (b) Map of seabed-
level change. The arrows show the pattern of behavior of the (a) coastal sediment transportation.

In order to estimate the sediment volumes that were transported based on the two
scenario simulations, the study area was separated into three sections. For each section,
the sediment volumes transported on either side of each section for each scenario were
quantified annually. The total sediment volume for Section 1 was estimated at 3047 m3,
directed to the southwest, and for Section 2, at 4744 m3 in the same direction, causing
erosion in the intermediate area. In Section 3, the transported sediment volumes were
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decreased (745 m3), indicating a depositional environment in the southern part of the study
area, between Sections 2 and 3 (Figure 12).
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Figure 12. (a) A potential sediment direction that cross each section on an annual basis for scenarios
1 and 2, by dividing the study area in three sections. (b) An overall estimate (total) and volume of
sediments that cross each section on an annual basis for scenarios 1 and 2, by dividing the study area
in three sections.

Taking into account the data of wind and wave conditions for the study area [31–34]
and the orientation of the coast, the most extreme event was on 24/11/2001 at 00:00; it was
characterized by a mean wave height of 2.7 m, maximum wave height of 5.19 m, maximum
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wave period of 10.26 m, and mean wave direction of 304◦, with a duration of 2.2 days.
The highest values of wave height and wind speed were recorded on 24/11/2001 between
12:00 p.m. and 22:00 p.m. (wave height > 4 m, wind speed > 15 m/s) with a general wave
direction of 307◦ and wind direction of 325◦ (Figure 13). For the specific time period, the
average velocity of the coastal current was 0.22 m/s and the maximum value was 2.95 m/s,
located at the southern part of the area with a NE direction. The actions of the coastal
currents have the same impact at the coastal area as that which prevailed in scenario 1, with
the formation of two longshore currents parallel to the coastline that are oriented from SW
to NE and from NE to SW. The morphodynamics of the area favors the longshore current
with a SW direction, and hence, it prevails over the one from NE direction; at the contact
point a new current is created in the deeper parts of the bay with a SW direction. The
average velocity of the longshore current with a SW direction is 0.4 m/s with a maximum
of 2.5 m/s, whereas the average velocity for the current with a SW direction at the deepest
parts of the bay is 0.45 m/s (maximum 0.83 m/s), up to the depth of 20 m (Figure 14a).
Sediment transportation has a tendency to move from the surf zone to the deeper part
perpendicular to the coast, especially in the area where the currents act. The largest volumes
of coastal sediment transportation range from 1 × 10−5 to 3 × 10−3 m3/sec/meter, with
a prevailing orientation towards the deeper parts of the bay. Affected by the sediment
transportation, seabed variation concerns the transport and deposition of sediments from
the coast, and especially from the surf/wave zone to greater depths (10 m) at the central
and south area, creating longshore bars at a distance of 100 m from the coastline, with a
range of values between −2 m and 3.6 m (Figure 14b,c). It is worth noting that for the
considered extreme event, small-scale hydrodynamic and sedimentary procedure occurred
in the deepest parts of the bay and, specifically, in the SW sandy part, up to a depth of 33 m
and at a distance of 750 m from the coastline.
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Figure 13. Model simulation for the maximum extreme event. (a) Diagram of the wind and wave
conditions of the time period in which the extreme event occurred. (b) Map of significant wave height
distribution. The arrows show the pattern of behavior of the (b) Sign. wave.
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of behavior of the (a) current and the (b) coastal sediment transportation.

5. Discussion

The wider area of Myrtos is a part of a constantly evolving process, controlled by both
the intense geodynamic neotectonic processes (onshore/offshore) and hydrometeorological
phenomena. These processes form a geotechnically unstable area, affecting its morphology,
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such as bathymetry and topography, whereas landslides that are caused mainly at the
northern part of the cliff constitute the main sediment supply to Myrtos Beach [28,29,47,50].

The topographic, sedimentological, and morphodynamic seasonal analysis of the
coastal area during 10/2018 and 03/2019 and the morphological profile sections revealed
the seasonal fluctuations between those two periods, with erosion patterns in the winter
months by the more energetic waves, and sedimentation during the summer
months [26,57–60]. In all sections and mainly in Beach Profile 3 (Figure 4), the sediment
deposition during the summer period was recorded over the winter deposits, revealing a
progression in sediment loss or gain along successive beach profiles. Additionally, beach
berms were noticed along the cross sections at the beach face and were characterized by
steep slopes and coarse sediments that followed the weather profile, becoming also a
frequent practice to buffer coastal erosion. The gravelly sand to coarse gravel sediment
composition of the beach is characterized by heterogeneous properties, and the sediments
are located in high-energy environments [61], with the coarser sediments located landward
and well sorted, and at the dynamic swash zone different sediment sizes are found which
are poorly sorted [4,62,63].

The summer beach berms present a smoother topography, formed as a result of low
energy swelling waves, whereas the winter beach berms are formed in large numbers
with a limited extent due to storm events. The fluctuations between the topography and
sedimentology indicates the importance of morphodynamic stages and, consequently,
energy levels [64,65]. The different behavior of the beach profiles, mainly at the surf
zone, is related to the cross-shore and longshore transportation perpendicular or at an
angle to the shore, caused by the combined action of wind and waves and shore currents;
the coarser material suggests its origin from landslides, which, in combination with the
prevailing hydrodynamic conditions, play an important role in the sedimentation of the
area [2,66]. The evaluation of the shoreline displacement at a seasonal scale (short-to-
medium-term analysis) reveals that beach rotation (erosion at one end of the coast with
deposition at the other end) is common and can result from seasonal fluctuations that affect
waves [66–68]. The influence of landslides in the area can be identified through the evolu-
tion of the shoreline, as from 2003 to 2013 there was a tendency of retreat in most of the
beach (Figure 15a); then, in 2014 two earthquakes occurred in the area, causing landslides
and rock falls on Myrtos Beach [28,29,47,48,50]. This resulted in the supply of the beach
with large volumes of material, causing shoreline progradation of about 15 m during the
period 2013–2019 (Figure 15b). The advance rate varied between 1.4 m/year at both edges
of the coast and 2.5 m/year in the central part of the beach. These rates are indicative for
the period 2013–2019, as after each landslide the values change.

The numerical model indicates that for both annual representative scenarios and
the extreme event, the prevailing morphodynamic and hydrodynamic conditions are
identical. As the wind-induced waves are decisive for the hydrodynamic circulation of
the pocket beach, wind direction and beach orientation, are two crucial parameters for
the produced longshore currents.. The only difference is in the value range for each
category (e.g., coastal current velocity, total load of sediment transported, seabed-level
change) and the duration of the simulation, as depending on wave energy conditions,
the hydrodynamic circulation can rapidly change. Scenario 2, although with low values,
prevailed in the morphodynamic formation of the bay due to the long-term simulation
(203 days), according to the annually maximum wind-induced wave energy flux from that
direction (315◦) [41,51–55] (Table 4). The hydrodynamic conditions formed by the specific
scenarios create a typical circular surface current pattern developed in pocket beaches by
two wave-induced longshore currents parallel to the coast in opposite directions (SW to NE
for the southern part of the beach and NE to SW for the northern part) [12], making them
the major contributor to sediment transport along the shoreface. Due to the morphology
of the seabed and the dominance of the hard substrate in the northern area, the currents
coming from the north prevail over the others, with the sediment transportation taking
place mainly in the central part, but also in the deeper parts of the southern bay. This
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confirms that the geomorphological substrate controls the location and intensity of coastal
currents. An anti-clockwise circulation pattern was also observed in the southern part
of the area, enhancing the assumption of sedimentation at that certain area. In fact, the
sediment transportation at the bay is determined by the combination of the current and
wave direction. The currents that dominated at the coastal area are produced according
to the wave-induced current. Therefore, the morphological changes of the beach (e.g.,
longshore bar, beach berm, erosion/deposition area) and the direction of those features
demonstrate that the prevailing significant waves with high-energy flux, depending on their
approaching direction, play a major role in sediment transportation along the coast [39,69]
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Figure 15. Net shoreline movement at Myrtos Beach. The figures display the size of coastline
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in the area, causing landslides and rock falls on Myrtos Beach [28,29,47,48,50], causing shoreline
progradation.
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Table 4. Potential sediment transport (m3/year). The sediment transport direction is defined accord-
ing to an observer on the sea, facing the coast. The negative values indicate a transport to the right
and positive values indicate a transport to the left.

Scenario 1 Scenario 2 Extreme Event

Section 1 −811.848 −2235.61 −638.776
Section 2 −558.566 −4184.97 −872.509
Section 3 1900.41 −1155.65 5680.17

According to Table 4 and and Figure 16a,b the current patterns from the simulations,
the largest sediment volume is transported from the northern (Section 1) to the central and
southern part of the coast (Sections 2 and 3); a large percentage of sediment is deposited
near the coast down to a 10 m depth between Sections 2 and 3, whereas in extreme events
it can reach deeper parts of the bay, down to a 34 m depth. In addition, the formation
of longshore bars indicates sediment removal and transportation from the coast, causing
sea bottom fluctuations mainly up to the break zone. In these areas, the breaking waves
increase the accumulation of sandy sediments due to increased local bed shear stress and
form longshore bars [70].

These observations suggest that beach morphodynamic, hydrodynamic, topographic,
and sedimentological functions of a pocket beach (limited by headlands) are a part of the
geological/geodynamic condition of the area (e.g., coast orientation, substrate mapping,
coastal plain morphology, sediment source) and hydrodynamic factors (e.g., wind/wave
condition, currents, sediment transportation, longshore bar). As the headlands act as a
physical barrier to any renourishment from neighboring coasts, Myrtos Bay shows a certain
ability to retain sediments, enhancing their movement between this area despite the high in-
tensity wind-induced waves and currents, creating a local morphodynamic/hydrodynamic
environment [1,3,10,12]. Essentially, the Myrtos pocket beach is considered to behave with
its own limited sediment supply, recycling sediments between the nearshore, foreshore,
and backshore. This work showed that the sediment fluxes carried mainly by longshore
and rip currents until water depths of 10 m for the annual scenario and 33 m for the
extreme wave event were a function of the direction and energy of wave-induced flux,
of the substrate type, of the coast morphology, and of the sediment characteristics. The
sedimentary material coming from the landward part is also notable; the sediment supply
derives almost entirely from the landslide material from the neighboring cliffs and in rela-
tion to the prevailing hydrodynamic/topographic factors; they are deposited in the central
and southern area of the bay. Landslides are characterized as episodic events that occur
relatively often because the force of the earthquake, heavy rainfall (flash floods), human
activity, and wave erosion disturb the natural stability of a slope (gravity moves), offering
significant volumes of sediment to the Myrtos pocket beach during these events [18].

It is generally accepted that climate change has resulted in a further rise in global
sea-levels [71–73] and, consequently, many coastal areas’ susceptibility to floods has in-
creased [74]. The coastal zone is among the most densely populated and fastest-growing
areas on Earth, and these areas need to be viewed as interactive systems, including both
human and physical components [75,76]. The sustainability of coastal environments de-
pends on understanding these interactions. The pressures that intense human use brings
are exacerbated by climate change, particularly the observed and anticipated sea-level
rise, which increases coastal erosion and inundation, resulting in habitat loss and caus-
ing what has been called “coastal squeeze” as well as impacting local populations and
tourism [77]. The overall rise in the sea-level is expected to directly affect coastal human
activities and infrastructure, as well as cultural and geological heritage, agriculture, and
biodiversity [78–80].
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In this sense, our findings between hydrodynamic and sediment circulation, geomor-
phology, and the geological context (embayed setting, landslides, rocky shoreface) may be
crucial for better management by the local authorities, as any inappropriate method will
degrade the quality of the environment and directly affect the environmental and economic
sustainability of the wider area. Risk management policies focus on structural defense
investments, such as reinforcing slope material, installation of structures such as piles and
retaining walls, diversion of debris pathways, and rerouting of surface and underwater
drainage. Such methods aim to protect the affected area from landslides, but they also
significantly reduce the sedimentary material offered by landslides.

Any method of a “hard/soft technique” that is going to be used must be environmen-
tally acceptable in order to maintain a dynamic balance of the natural system of the coastal
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area [81–83]. The investment in structural defense should be focused on soil management in
relation to landslide prevention, combining this with the economic and tourist development
of the wider area with regard to security and sustainability.

6. Conclusions

The coastal morphodynamics of the Myrtos pocket beach was investigated through in
situ measurements and statistical and numerical models, with the aim to evaluate its short
and medium-to-long-term dynamics. Our study revealed a dynamic condition with a high-
energy environment and results showing an environment under deposition. Specifically,
in a short-term analysis, the beach profiles allowed the characterization of a high-energy
environment with coarse sediments and with seasonal fluctuations in the topography
and the granulometry, responding to the different weather conditions prevailing in the
area for each period. Through the satellite images, shoreline progradation was noted
with an advance rate close to 2 m/year for the period 2013–2019 and after two landslides
that occurred from the 2014 earthquakes. The extensive field work, laboratory analysis,
and hydrographical and sediment transport model simulations presented in this work
confirmed sediment transportation and deposition that is mainly at the coastal region from
the northern to the central and southern part of the bay, developing the expected circular
pattern that characterizes a typical pocket beach. In an extreme event, this transportation
and sedimentation can take place in deeper areas. However, all the sediment dynamics
take place between the two headlands that isolate the bay, whereas the sediment sources
are exclusively material deriving from landslides.

Our findings may be used for practical approaches to achieve a better environmental
and economic management of the coastal area seeking dynamic equilibrium by creating a
static bay pocket beach that can remain stable without requiring external contribution. Any
activity that is to be implemented, such as a defense structure to stabilize landslides, should
not have any negative consequences for the development of the beach, as any change
to beach sediment budget, sediment characteristics, morphology, and hydrodynamics is
critical for long-term changes and the preservation of pocket beaches for future human use
considering climate change.
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