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Abstract: Wave-induced morphodynamic processes that cause formation, preservation, and de-
struction of the Prasonisi tombolo in Rhodes Island are investigated, based on satellite image anal-
ysis and numerical modeling. A new method is developed for extracting wave events that consist
of successive wave data of similar characteristics. The wave events refer either to wind seas or swell
seas. This process combined with the satellite image analysis is then utilized for the derivation of
the most representative wave scenarios that affect tombolo and salient formation. In particular, the
main factors that play a significant role in tombolo and salient evolution are the offshore wave con-
ditions, the location and width of the surf zone, the maximum value of the wave breaking index in
the study area, and the initial bottom bathymetry before the study area is exposed to a new sea state.
In general, the proposed method provides a realistic insight into tombolo morphodynamics and can
be used to provide a cost-effective approach and a wave data-reduction technique for coastal engi-
neering studies.
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1. Introduction

A tombolo, also known as a “sandy isthmus”, is a dynamic landform of great geo-
morphological and socioeconomic interest that is altered by wind, waves, and coastal cur-
rents in a continual process of accretion and erosion. A tombolo is defined as a pair of
opposing beaches or a sandbar that joins an island with a mainland or another island as a
result of longshore drift or the migration of an offshore bar toward the coast [1]. It is a
constructive feature occurring above a shoal—a natural submerged (rocky or sedimen-
tary) ridge—which is well protected from large waves due to the presence of islands.

The formation of a tombolo is caused by the wave diffraction at the ends of a natural
or artificial obstacle originally detached from the mainland, the subsequent convergence
of opposing flows behind the obstacle, and the final deposition of sediment at the area
between the obstacle and the mainland. The last stage of this process is the emergence of
a sedimentary bar connecting the obstacle and the mainland.

A salient is a dynamic landform developed in response to patterns of diffraction and
energy reduction in the lee of an island or a coastal structure [2] and as a result the beach

Water 2022, 14, 2016. https://doi.org/10.3390/w14132016

www.mdpi.com/journal/water



Water 2022, 14, 2016

2 of 33

forms a sinusoidal shape in this region. In the case of a salient, the island or coastal struc-
ture and the mainland are disconnected; this is the main difference between the states of
salient and tombolo. A salient can also be formed by the eroding effects of high-energy
waves attacking a tombolo. The transition from tombolo to salient usually has a shorter
duration than tombolo formation as a consequence of diffraction and low-energy condi-
tions.

The processes of a tombolo or a salient formation, though detectable, are not so
clearly understandable and predictable [3]. This is mainly due to the complex interaction
between the underwater and the terrestrial morphology of the tombolo [4], the shape and
dimensions of the island and its distance from the mainland [5,6], the availability and tex-
ture of the sediments [7], and the sea state [8,9].

Although some tombolos, formed earlier than or during Holocene, remain stable for
a long time, in terms of their evolution, such as those located on the coast of Western
Australia [4], the Perachora Peninsula, the Eastern Gulf of Corinth, Greece [10], Tyre, Leb-
anon [11], and Biiyiiksivri Tepe of Ephesus, Turkey [12], the majority of them are active
(ephemeral) features formed, modified, and destructed within a short time period of less
than a year to a few centuries [13].

Additionally, based on the existing literature [14-19], the main morphometric fea-
tures that can be measured in tombolos are the tied island’s length (L), the tombolo’s
length from the initial shoreline to the island (D), and the smallest tombolo width (b),
whereas for salients, b is the width at the inflexion point and D is the distance from the tip
of the salient to the initial shoreline. Furthermore, there is a demarcation line between
tombolos and salients, referring to the ratio L/D. However, there is a significant scatter in
the results provided by many researchers [14-19]. An approximate value of this ratio at
1.0is in accordance with the relevant international literature, i.e., L/D ratios of usually less
than 1.0 lead to the formation of a salient, while ratios larger than 1.0 lead to tombolo
formation. Referring now to our case study, the Prasonisi island has a ratio of L/D equal
to 1.7, which agrees well with the fact that this is a tombolo.

Referring to the touristic, economic, and environmental value of tombolos, the
broader area of Prasonisi is of great importance for the local community. The tourist per-
ception for the Mediterranean region is concentrated into three significant factors: the sun,
sea, and sand (3S) market. Especially, a high percentage of international tourists visiting
Mediterranean countries (Spain, France, Italy, Greece) are interested in beach-related tour-
ist activities [20]; a characteristic also observed at the international level that beaches are
a major factor in the tourist decision market. Tombolos consist of sandy sediments [21]
and produce two beaches in most cases, placing them between the top priorities for tour-
ism [22]. This has also been justified by different research approaches concerning the suit-
ability of tourism exploitation of tombolos, which showed significant results [23]. Moreo-
ver, they produce beautiful scenery, being one of the top considerations of tourists in or-
der to visit a region. Tombolos usually belong to protected areas and this fact acts in many
cases positively in the decision-making procedure for tourists [22].

The Prasonisi tombolo is the largest geomorphologically active tombolo in Greece,
linking the Prasonisi Isle with the Rhodes Island. It is subject to wave activity from two
completely opposing directions, which causes strong short-term morphological changes
over the years.

The present study investigates the morphodynamic processes that cause formation,
preservation, and destruction of the Prasonisi tombolo. Some remarks derived from the
above investigation will be generalized for all tombolos. In particular, the main goals of
this paper are: (a) the determination of the sea state characteristics that affect the tombolo’s
morphological changes (i.e., tombolo formation, salient formation, tombolo or salient
preservation) using satellite image analysis and numerical modeling; (b) the development
of a methodology for extracting the most representative wave scenarios that affect tom-
bolo and salient formation; and (c) the comparison of the representative wave scenarios
of tombolo and salient formation.
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2. The Study Area

The Prasonisi tombolo is located in the southeastern Aegean Sea, Greece, connecting
the Prasonisi islet with the southern landmass of Rhodes Island (Figure 1). The six aerial
photos [24] (of years 1960, 1971, 1975, 1980, 1990, and 2005) displayed in Figure 2 show
the changeable shape of the Prasonisi tombolo’s shoreline.
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Figure 1. Location map: (A) location of Rhodes Island in Greece, (B) location of the study area in
Rhodes Island, (C) detailed geographic information of the study area, along with the sampling po-
sition. Topographic data gathered from National Cadastre and lithological formations extracted
from the geological map of Rhodes, Sheet “Rhodes” [25]. Figure created in Arcmap 10.7.1.
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Figure 2. Aerial photos showing the changeable shape of Prasonisi’s tombolo [24]. Figure created
in ArcGIS.

The surface area of the Prasonisi Islet is about 1.5 km?, having a maximum length and
width of 2 km and 1.3 km, respectively. It consists of Plio-Pleistocene limestones and its
coast is abrupt and rocky. The southernmost coast of Rhodes Island consists of Pleistocene
calcareous and Pliocene clastic (conglomerates) formations drained by small ephemeral
streams (Figure 1).

There is not any significant and permanent sediment source feeding the wider area
of the tombolo. The available solid material has been derived probably from the long-term
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erosion of the coastal cliffs and the runoff from the southernmost watersheds of Rhodes
Island.

The tombolo is a relatively large (c. 750 m in length along its longitudinal axis and c.
850 m in width along its maximum lateral axis) delta-shaped tombolo composed of me-
dium sand. However, its shape is constantly changing, as evidenced by a series of availa-
ble aerial photographs and satellite imagery since 1960 (Figure 2) and recent photographs
(Figure 3). Sometimes, the morphological changes are so severe that the tombolo is cut off
from the islet, forming a salient. The salient can be maintained for a period of a few months
to a few years, switching afterwards to a tombolo again as a result of coastal morphody-
namics. This changeable landform seems to adapt its shape to the dominant wave regime,
since the tidal range is very low (a few tens of centimeters) [26]. It is quite possible that
during the constructive periods, sediment being transported from the nearshore zone to
the beach nourishes and feeds the tombolo, while during the destructive periods, sedi-
ment moves in the opposite direction to the sea building or expands submerged longitu-
dinal sandbar.

Figure 3. Recent photographs showing the changeable shape of Prasonisi’s tombolo, taken on 27
December 2021 (left) and on 02 January 2022 (right) by Dimitrios Touvras.

The mean seafloor slope at the northwestern side of the tombolo is 1%, which is about
half of that at the southeastern side (2%). The nearshore zone from both sides of the tom-
bolo consists of medium-to-fine sand, while seagrass meadows are absent at depths shal-
lower than 20 m.

The prevailing winds come from the WNW direction and usually have an intensity
of 7-21 knots (for 60% of the winds), while waves usually come from the NW direction,
having an average significant wave height of about 1 m. Although the frequency of E, S,
and SE winds and waves is very low, these wind and wave conditions are relatively strong
[27] (see Figure 4).
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Figure 4. Rose diagram of wind velocity Uw (left) and significant wave height HmO (right) in the
time period of 1995 to 2004, as extracted from Wind and Wave Atlas of the Hellenic Seas [28]. Figure
created in Grapher 9.

Moreover, Prasonisi is currently included in the Natura 2000 network for the pro-
tected areas in Greece. Particularly, Prasonisi and the broader area is integrated at the
Natura_2000 network as a Special Protection Area (SPA), Site of Community Importance
(SCI), and Special Area of Conservation (SAC) with the code GR4210031 and site name
“Notio Akro Rodou, Prasonisi, Ygrotopos Livadi Kattavias” since 2005. It is also well
known for different tourist activities such as windsurfing, kitesurfing, hotel amenities,
beach bars, etc., due to its distinctive morphology and since it is exposed to a variety of
wind-wave conditions [26].

3. Materials and Methods
3.1. Used Data

The fieldwork, including the terrestrial and underwater geomorphological mapping
of Prasonisi’s tombolo, was conducted during numerous missions lasting from 2014 to
2021. This study was based on geological and neotectonic data provided by E. Mutti et al.,
[29] and Lekkas et al., [25] and bathymetric data collected from nautical maps of the Hel-
lenic Navy Hydrographic Service.

The morphological changes of the tombolo were based on the analysis of free access
Landsat satellite images (TM: Thematic Mapper, ETM+: Enhanced Thematic Mapper Plus
and OLI: Operational Land Imager) acquired over the period 19952021, with an 8-day or
16-day repeat cycle and a spatial resolution of 15 m or 30 m. The Landsat imagery was
downloaded in GeoTIFF format from the United States Geological Survey (USGS) Earth
Explorer Website (http://earthexplorer.usgs.gov/ (accessed on 15 February 2021)). In ad-
dition, Sentinel-2 Level-2A multispectral images were taken between 2017 and 2021 with
a 10-day repeat cycle and a spatial resolution of 10 m. The Sentinel-2 imagery was down-
loaded from the European Space Agency website (https://scihub.copernicus.eu/ (accessed
on 15 February 2021)). After the necessary corrections, the shoreline was automatically
extracted from the available satellite imagery after applying the Normalized Difference
Water Index (NDWI).

The time series of wind and wave data used for the current analysis were obtained
from three datasets: the Wind and Wave Atlas of the Hellenic Seas [28], the Copernicus-
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MEDSEA_HINDCAST_WAV_006_012 [30], and the Copernicus-MEDSEA_ANALY-
SISFORECAST_WAV_006_017 [31]. The point of wind and wave data sampling is de-
picted in Figure 1. The time range and time interval of these three datasets are presented
in Table 1.

Table 1. The available datasets used to extract wave scenarios.

s/n Datasets From To At (h)
. . 31 December
1 Wave and Wind Atlas of the Hellenic Seas 1 January 1995 2004 3
2 Copernicus-sMEDSEA_HINDCAST_WAV_006_012 2 February 2006 1 January 2020 1
3 Copernicuss-sMEDSEA_ANALYSISFORECAST_WAV_006_017 2 January 2020 2 June 2021 1

3.2. Extraction of Wave Scenarios

A methodology is developed aiming to extract the characteristic wave scenarios from
the available wave and wind datasets (Table 1) that cause significant short-term sea bot-
tom morphological changes in the study area.

Particularly, certain subsets of the available wave and wind data are examined, rep-
resenting specific types of the tombolo’s morphological state for specific periods of time.

Initially, the swell criterion is applied to the datasets, based on the Thompson et al.,
[32] classification to discriminate swell seas from wind seas. This criterion is implemented
because the two wave types have distinct characteristics [33], which in turn produce dif-
ferent effects upon the sea bottom and the beach profile. Wind seas usually have an off-
shore peak wave steepness higher than 0.025. This steepness is defined as the ratio of off-
shore spectral significant wave height (Hm0) and wave length Lp, based on peak wave
period Tp. The swell steepness diminishes as the wave moves away from the fetch region
[34]. Swell seas with steepness values of 0.010-0.025, 0.004-0.010, and <0.004 are classified
as young, mature, and old, respectively.

Since sea bottom morphological changes are mainly caused by wave-induced cur-
rents and short-crested waves are generated by wind, wind characteristics and their time
history have been used here to extract representative wave scenarios for wind seas. The
primary aim in the present analysis is the derivation of wind—wave events that are defined
here as consecutive wave data of wind seas corresponding to approximately constant
wind. It is noted that these wind-wave events could be of different types, such as fetch-
limited or duration-limited growing seas or fully developed seas (e.g., [35,36]). It is also
noteworthy that the definition of constant wind is commonly used for the estimation and
prediction of offshore wave conditions of fetch-limited or duration-limited growing seas
or fully developed seas based on wind data.

Moreover, wind intensity and direction in deep waters in combination with fetch
length affect the magnitude of wave characteristics of wind seas that are responsible for
sediment transport in shallow waters. Thus, the definition of constant wind is utilized [37]
to determine the segment of the consecutive data that correspond to each wind-wave
event. In this manner, wind duration at it (e.g., hourly) wind data is considered equal to
the number of successive hours that satisfy the two conditions [36] displayed below:

|Uy; — Uy| < 2.5ms™! (1)
D = Dy | < 15° 2)

where U,, and D,, are the mean values of successive and acceptable (e.g., hourly) wind
speed U,,; and direction D,,; data, respectively.

Since wind direction is a circular variable, and thus has a discontinuity at 360 °, the
mean value D,, can be estimated via the use of an appropriate formula based on approx-
imations, e.g., [38—41]. In a similar rationale, the absolute difference angle between D, ;
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and D,, is considered the acute angle between mean wind direction and in wind direc-
tion.

Following the above two conditions of constant wind, each wind-wave event in the
present paper is determined by a segment of non-overlapped consecutive wind data that
satisfy the statement, noted below:

vt € [ty,t,]: U, (t) — U, | < 2.5ms™t and |D,,(t) — D,,| < 15° 3)

where t is the time variable and [¢ty,t;] is the time interval covered by a certain wind-
wave event.

Referring now to linear data, such as wave height and wave period, the representa-
tive wave characteristics of each wind-wave event are the arithmetic mean values of the
corresponding consecutive wave data as follows:

N
_ i=1 Hj
Hipo = %'Hi = Hpo(t), t € [ty, 5] @
_ N.T;
Ty = 25— Ti = Ty(0), t € [t1,1;] ©)
N
D= Zm ©)

i=1

where Hp,, T,, are the mean values of the successive data of the significant wave heights
H;, peak wave periods Tj, respectively, included in each wind—wave event, N is the num-
ber of successive data, and t is a discrete variable here for time. In addition, At is the
time resolution of the dataset used (see last column of Table 1) and D is the duration
covered by a wind-wave event that satisfies conditions described in Equation 3.

As for the circular variable MWD, this has been decided to be estimated by the fol-
lowing formula (referenced in, e.g., [38-41]).

( atan(i—;l), if sg>0andc, >0
MWD = atan(i—z>+n,if e <0 (7)
atan(i—2)+2n, if sy <0andc, >0
where: s, = YN, sin (D;), D; = MWD(t), t € [ty,t,] (8)
ca = XiLqcos (D)), Dy = MWD(t), t € [ty,t,] )

where MWD is the mean value of the successive data of mean wave direction D; in-
cluded in each wind—wave event.

It is noted that an assumption is made in the above methodology, i.e., wind charac-
teristics in the point of data collection are the same as those in the wave-generation area,
and that wind characteristics in each time step are responsible for wind-wave character-
istics in the same time step. The latter means that the time step is adequately large in order
that waves generated by the wind in the source area have traveled and reached the check
point, but also wave and wind conditions are stable during the whole time interval.

Nevertheless, the condition of constant wind cannot be applied to swell data, due to
the fact that swell waves are generated as a consequence of the dispersion of wind waves
from distant weather systems and, consequently, their characteristics have been altered as
they move out from their source area. It is noted that another assumption is made in the
present methodology, for reasons of simplicity; particularly, that all successive values of
swell data between two wind-wave events belong to the same swell event.

Moreover, a minimum duration of 3 h is applied to wind-wave and swell events,
eliminating in this manner events of short duration that are probably not able to cause
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significant short-term morphological sea bottom evolution. As for the characteristics of
each representative swell scenarios, these are estimated as the mean values of their suc-
cessive data, similarly to wind-wave events.

It is noted that this methodology differs from wave climate schematization tech-
niques, e.g., [42,43], that are appropriate for long-term morphological simulations (=1 yr)
aiming to assess the potential sediment transport over a long time period. However, a
similar approach to the long-term wave climate schematization techniques could also be
performed by using the method mentioned above, via grouping of the wind-wave events
and swell events.

Moreover, the methodology developed for the extraction of wave events has a main
advantage for the investigation of the short-term sea bottom evolution. In particular,
wind-wave events consist of wind and wave successive data of similar wind and wave
characteristics; thus, from a statistical point of view they can be represented more properly
by their mean values compared with wave events extracted from non-successive data or
data presenting a significant variability. In this manner, wave events of a variety of wave
intensities can be derived and thus the analysis is not only restricted in extreme wave
events (storm events) [44,45] as is usually the case in extreme value analysis. Therefore,
either coastal erosion (e.g., [46—48]) or accretion [49] as well as beach recovery can well be
considered and investigated. In addition, the chronology of wave events could also be
used when studying the coastal morphodynamics and sea bottom evolution in a sequence
of wave events. However, this has not been studied in the present paper, as a preliminary
investigation of a tombolo’s most representative wave conditions is conducted.

A more detailed description of the wind-waves events and swell events extraction
method from wind and wave data is presented in Figure S1 and Figure S2. Besides, an
application example of the methodology is displayed in Table S1 where the dataset is pre-
sented, whereas Figure S3 and Table 2 depict the derived results.

3.3. Numerical Model Setup
3.3.1. Numerical Models, Time, and Sediment Parameters Description

The following TELEMAC-MASCARET modules (http://www.opentelemac.orgy/)
(Accessed on 15 February 2021) have been implemented in the present application: TE-
LEMAC-2D (2DH current field prediction), TOMAWAC (wave field prediction), and SIS-
YPHE (sand transport and seabed morphology prediction). The modules are run in par-
allel and internally coupled in order to simulate waves, currents, and sea bottom evolu-
tion, explained in Figure 5. Bathymetry is updated at each time step of coupling between
SISYPHE and TELEMAC-2D and the new bathymetry derived feeds the three modules at
the next time step.
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Figure 5. Schematic coupling of the three modules to simulate waves, currents, and sea bottom evo-
lution for different coupling periods (left) and for identical coupling periods between the modules
(right).

TOMAWAC is a 3rd generation spectral wave model that simulates the generation
and propagation of wind-induced irregular wave fields on triangular finite element
meshes [50]. It is a phase-averaged directional spectral wave model that can reproduce
the irregular wave shoaling, refraction and depth-limited breaking, the energy dissipation
due to bottom friction, and the non-linear triad and quadruple wave-wave interactions,
as well as diffraction effects to some degree.

TELEMAC-2D code solves the depth-averaged free surface flow equations as derived
first by Barré de Saint-Venant in 1871 (see [51]), derived by integrating the Reynolds-av-
eraged Navier-Stokes equations over the flow depth. The main results at each node of the
computational mesh are the depth of water and the depth-averaged horizontal velocity
components. The model takes into account the following phenomena: propagation of long
waves, including non-linear effects, bottom friction, porosity phenomena, wave-induced
currents (by coupling with TOMAWAC module), and coupling with the sediment
transport module.

SISYPHE is an open-source sediment transport and bed evolution module of the TE-
LEMAC-MASCARET SYSTEM that can be used to simulate sediment transport processes,
i.e., bed load, suspended load, or total load. The prediction of morphological changes of
bathymetry at each time step of simulation is derived by consideration of hydrodynamics
(conservative laws of mass and momentum), sediment transport (predictors for sediment
transport capacity), and bottom evolution (conservative law for sediment mass). The term
“bed load” refers to sediment particles in water that are transported along the bed, while
“suspended load” is the portion of the sediment that is carried by water flow that settles
slowly enough such that it almost never touches the bed. Bed load moves by rolling, slid-
ing, and/or saltating. Suspension is a result of turbulence in the flowing water and consists
of particles generally of the fine sand.
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The time step of the three models is set equal to 1 s to ensure simulation run stability,
enabling the Courant number to be continuously less than unity during the simulation.
Thus, the coupling period between TELEMAC2D and the other two models is set to 1.
Furthermore, the small and identical time step between the models is expected to provide
more realistic results compared with simulations with higher time steps and coupling pe-
riods. Nevertheless, it is noted that higher time steps (e.g., 10 s, 100 s, 300 s) and large
coupling periods of the models tend to speed up the simulations but may cause stability
issues depending on each simulation case and space discretization.

The sediment type is mainly sand, the median diameter dimension of which is con-
sidered equal to 0.23 mm, as derived from granulometric analysis applied to sediments of
a neighboring sea coastal area. Sand density is considered equal to 2650 kg/m? and water
density equal to 1025 kg/m3.

The setup of the TOMAWAC model has been made as follows: the minimal fre-
quency is considered equal to 0.06 s-1 and the number of frequencies and directions of the
directional wave spectrum are set to 24 and 36, respectively. For a growing wind sea, ir-
regular wave modeling has been considered and a JONSWAP spectrum [52] for each sea
state with a peak-enhancement factor equal to 3.3, while the directional spread is set equal
to 27 deg. [53]. As for swells, in similarity to wind waves, a JONSWAP spectrum has also
been used, but with a peak-enhancement factor larger than 3.3 [54] and a directional
spread equal to 10 deg. (e.g., [55]). This is because when wind sea evolves into decaying
swell, waves tend to become more regular. Furthermore, tide and wind forcing have not
been considered in our simulations.

In the TELEMAC-2D model, the friction law on the bottom used in the hydrodynamic
calculation is the law of Nikuradse, while in the SISYPHE model the morphological factor
is equal to 1. In addition, the bed and suspended load transport formula by Soulsby [56]
and van Rijn [57] is chosen among other transport formulas to consider the combined ef-
fects of currents and waves.

Additionally, the suspended load, i.e., the portion of sediment carried by the water
flow that settles slowly such that it almost never touches the bottom, is maintained by the
turbulence in the flow. Suspended sediment transport is considered in the SISYPHE
model by solving the 2-D advection-diffusion equation, whereby turbulence is accounted
for by the turbulent diffusivity of the sediment often related to the eddy viscosity and
Schmidt number. In TELEMAC-2D, the Elder turbulence model is used in our simulations
in order that the diffusion coefficient also includes the dispersion due to the heterogeneity
of velocities on the vertical direction.

Moreover, as for the sediment deposition rate, which is a function of the settling ve-
locity and the near-bed concentration, evaluated at the interface between the bed load and
the suspended load, the SISYPHE model has been calibrated in order that the settling ve-
locity be calculated by the model (as a function of the grain diameter and relative sedi-
ment-water density), while a Rouse profile is assumed for the vertical concentration dis-
tribution, which is theoretically valid in uniform steady flow conditions [58].

3.3.2. Bathymetry

Bathymetry and coastline information in the study area have been provided by the
Hellenic Navy Hydrographic Service (https://www.hnhs.gr/ (accessed on 1 March 2021)).
The model domain (Figure 6), including both the coastline and an area of open sea, was
represented using a triangular unstructured finite element grid. A high resolution (5-20
m) mesh was applied within the area of the tombolo and also in the surf zone to allow
high resolution of the significant bathymetric features, while a coarser grid resolution (up
to 250 m) was applied offshore to reduce computational cost. Additionally, a filled contour
map of the bathymetry in the intermediate and shallow water area is presented in Figure
7. These data of the study area will be used as the initial bathymetry for all simulated
wave scenarios. As we can see in Figures 6 and 7, the narrow area between Prasonisi and
Rhodes Island is of the salient type.
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Figure 6. Triangular finite element mesh with bottom level information in the wide area of inter-
est. Mesh created in Blue Kenue™ software tool for hydraulic modellers.
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Figure 7. Filled contour map of the bottom level information in the intermediate and shallow water
area of interest. Map created in Blue Kenue™ software tool for hydraulic modellers.

4. Results

4.1. Investigation of Long-Term Morphological Changes and Seasonality of the Prasonisi
Tombolo and Salient Based on Satellite Images

By using observations from Sentinel and Landsat satellite sensors, we are able to rec-
ord and qualitatively evaluate the morphological changes of the Prasonisi tombolo (Table
2). It is noted that only qualitative information has been provided by satellite images re-
garding the state of morphology of the study area in certain time periods; thus, we can
search more efficiently in these time periods for the derivation of the tombolo’s most con-
structive and destructive wave scenarios. Therefore, it is clarified that the bathymetry and
the coastline information used in the numerical simulations have not been extracted from
the available satellite imagery.

The satellite image analysis reveals the presence of eight cycles in the time period
examined from 10 November 1995 to 08 February 2022. In this analysis, tombolo formation
is considered the transition from the salient to the tombolo state, whereby the opposite
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applies for salient formation, as verified by the available satellite images. Tombolo preser-
vation and salient preservation are the states that the landform of tombolo and salient
preserved their states, respectively, since their formation.

Table 2. Time periods covering specific morphological characteristics of the study area.

Start[Date End)Date State of Morphology Satellite Symbol
10 November 1995 24 March 1996 salient formation Landsat 4-5 TM 1_sf
24 March 1996 28 June 1996 salient preservation Landsat 4-5 TM 2_sp
28 June 1996 15 August 1996 tombolo formation Landsat 4-5 TM 3_tf
15 August 1996 9 January 1998 tombolo preservation Landsat 4-5 TM 4_tp
9 January 1998 30 March 1998 salient formation Landsat 4-5 TM 5_sf
30 March 1998 13 August 2001 salient preservation Landsat 4-5 TM 6_sp
13 August 2001 22 August 2001 tombolo formation Landsat 4-5 TM 7_tf
22 August 2001 9 August 2002 tombolo preservation Landsat 4-5 TM 8_tp
9 August 2002 25 June 2003 salient formation Landsat 4-5 TM 9 _sf
25 June 2003 18 June 2004 salient preservation Landsat 4-5 TM 10_sp
18 June 2004 6 September 2004 tombolo formation Landsat 4-5 TM 11_tf
6 September 2004 11 December 2004 tombolo preservation Landsat 4-5 TM 12_tp
11 December 2004 15 January 2005 salient formation Landsat 4-5 TM 13_sf
15 January 2005 7 July 2005 salient preservation Landsat 4-5 TM 14_sp
7 July 2005 8 August 2005 tombolo formation Landsat 4-5 TM 15_tf
8 August 2005 4 February 2010 tombolo preservation Landsat 4-5 TM 16_tp
4 February 2010 11 February 2010 salient formation Landsat 4-5 TM 17_st
11 February 2010 12 June 2010 salient preservation Landsat 4-5 TM 18_sp
12 June 2010 28 June 2010 tombolo formation Landsat 4-5 TM 19_tf
28 June 2010 19 November 2010 tombolo preservation Landsat 4-5 TM 20_tp
19 November 2010 28 December 2010 salient formation Landsat 4-5 TM 21 _sf
28 December 2010 12 October 2011 salient preservation Landsat 4-5 TM 22 sp
12 October 2011 6 November 2011 tombolo formation Landsat 4-5 TM 23 _tf
6 November 2011 ? tombolo preservation Landsat 4-5 TM 24 tp
? 19 May 2013 salient formation Landsat 8 OLI/TIRS 25_sf
19 May 2013 30 August 2013 salient preservation Landsat 8 OLI/TIRS 26_sp
30 August 2013 15 September 2013 tombolo formation Landsat 8 OLI/TIRS 27 tf
15 September 2013 4 February 2019 tombolo preservation Sentinel-2 L2A 28_tp
4 February 2019 14 February 2019 salient formation Sentinel-2 L2A 29 sf
14 February 2019 2 June 2021 salient preservation Sentinel-2 L2A 30_sp
2 June 2021 13 November 2021 tombolo formation Sentinel-2 L.2A 31_tf
13 November 2021 2 January 2022 tombolo preservation Sentinel-2 L2A 32_tp
2 January 2022 8 February 2022 salient formation Sentinel-2 L2A 33_sf
8 February 2022 7 April 2022 salient preservation Sentinel-2 L2A 34_sp

It is noted that one cycle period is considered the duration of a tombolo formation till
the next tombolo formation; thus, each cycle consists of four different morphological states
of the study area; the tombolo and salient formation, and the tombolo and salient preser-
vation. The mean cycle period of the eight cycles observed was approximately 43 months,
while their minimum and maximum values were 13 months and 94 months, respectively.
Moreover, the state of tombolo formation had a mean duration of 2 months, with a mini-
mum value of less than 1 month (9 days) and a maximum value of 5 months. In a similar
manner, the duration of salient formation had a mean value of 3 months and a minimum
value of less than 1 month (7 days), but a maximum value of 13 months, which was greater
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than the maximum value of tombolo formation. Tombolo conservation lasted 22 months
on average, while its minimum and maximum duration was 2 months and 66 months,
respectively. Additionally, salient conservation lasted 13 months on average, while its
minimum and maximum duration was 3 months and 41 months, respectively.

The monthly distribution of the four different morphology states of the Prasonisi
tombolo shows that the tombolo formation appears mostly from June to November, as
expected, since this period is characterized by more fair-weather conditions compared
with the remaining months of the year (see Table 2 and Figure 8). The maximum fre-
quency of tombolo formation is observed in July and August. The maximum frequency of
salient formation is observed in January, February, and December, when most extreme
storms occur. The only month that has zero frequency of salient formation is July. Fur-
thermore, the formation of the tombolo has a lower duration than the salient formation. It
is also noteworthy that the tombolo formation does not appear every year but only in 14
months in the time period of about 26 years examined, while the salient formation appears
in 23 months in this period. Thus, the tombolo of Prasonisi is not characterized by signif-
icant seasonality. Nevertheless, as noted above, the salient formation is observed mainly
in winter and the tombolo formation mainly in summer. The relative frequency of tom-
bolo formation is 4.5%, while that of salient formation is 7.3%.

month

M salient formation salient preservation tombolo formation tombolo preservation

Figure 8. Frequency of occurrence of different states of morphology of the tombolo of Prasonisi
extracted from the satellite images covering the period from 10 November 1995 to 08 February 2022.

Regarding the other states of morphology, they are observed in all months, though the
rate of salient preservation during the year was different from the corresponding trend of tom-
bolo preservation. In particular, the relative frequency of tombolo preservation is 55.4% and
the relative frequency of the salient one is 32.8%. Hence, although tombolo formation covered
a lower time period than salient formation, tombolo preservation had a higher duration than
salient preservation.

At this step, a preliminary statistical analysis of the offshore Hm0 is conducted referring
to the two latest cycles, covering the time periods of 30 August 2013-2 June 2021 and of 2 June
2021-8 February 2022, as extracted from the observation of the satellite images (Figure 9). In
this preliminary analysis, the mean values of the most crucial wave parameters, Hm0 and
MWD, are estimated via Equations 4 and 7, respectively, by considering all wave data in time
periods of tombolo and salient formation. In the latest cycle, during tombolo formation, Hm0
has a mean value of 0.99 m + 0.43 (stdev), a maximum value of 2.54 m, and a prevailing value
of 0.71 m. Additionally, the corresponding mean wave direction (MWD) has a prevailing
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value of 305 deg. (northwest). In the older cycle, during the same state of morphology, Hm0
has a mean value of 1.43 m + 0.53 (stdev), a maximum value of 2.47 m, and a prevailing value
of 0.55 m. Additionally, the corresponding MWD has a prevailing value of 309 deg. (north-
west). As seen, as far as the tombolo formation is concerned, the two cycles have similar wave
height conditions, and the construction of the tombolo is succeeded from waves coming from
the same direction, i.e., from the northwest.
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Figure 9. Satellite images of the Prasonisi tombolo (left) and salient (right) formation in two cycles,
covering the time periods of 30/8/2013-2/6/2021 (up) and of 2/6/2021-8/2/2022 (below)
(https://apps.sentinel-hub.com/). Figure created in QGIS.

As far as the salient formation is concerned, in the latest cycle, Hm0 has a mean value
of 1.63 m * 0.73 (stdev), a maximum value of 2.68 m, and a prevailing value of 2.36 m.
Additionally, the corresponding MWD has a prevailing value of 280 deg. (west). In the
older cycle, during the same state of morphology, HmO has a mean value of 1.64 m + 0.77
(stdev), a maximum value of 4.53 m, and a prevailing value of 1.73 m. Additionally, the
corresponding MWD has a prevailing value of 140 deg. (southeast). As seen, the two cy-
cles have similar mean HmO values, albeit the maximum and mode values are signifi-
cantly different in the two cycles. Furthermore, the construction of the salient is accom-
plished due to waves coming from two different directions in the two cycles. Moreover,
it is observed that waves coming from the northwest could construct either a tombolo or
a salient, depending on their intensity and wave energy.

4.2. Long-Term Wave Climate

The prevailing wave scenarios that correspond to time periods of tombolo formation
are characterized by low and (more rarely) moderate wave heights (Figure 10). In periods
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of tombolo formation, HmO0 has a mean value of 1.05 m, while its maximum value is ob-
served in period 3_tf, being equal to 2.83 m. The period of tombolo formation with the
shortest duration (9 days) is the one symbolized by 7_tf and consists of fair-weather waves
associated with significant wave heights with a maximum value of 1.81 m and a mean
value of 0.56 m. Additionally, those sea states appear to have low variability with respect
to mean wave direction as they all come from the NW direction.
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Figure 10. Rose diagram of offshore HmO corresponding to time periods of tombolo formation, i.e.,
(a) 3_tf, (b) 7_tf, (c) 11_tf, (d) 19_tf, (e) 23_tf, and (f) 27_tf (for symbols see Table 2). Figure created
in Grapher 9.
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In the case of the salient formation, high significant wave heights and extreme wave
events are observed, showing higher variability regarding the mean wave direction compared
with those of the tombolo formation. Extreme wave events usually come from NW, SE, and
SW (Figure 11). In periods of salient formation, HmO has a mean value of 1.68 m and a maxi-
mum value of 5.67 m. The latter appeared in the 29_sf period, whereas the period of salient
formation with the lowest maximum value (4.10 m) of HmO is the 9_sf period.
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Figure 11. Rose diagram of offshore HmO corresponding to time periods of salient formation, i.e.,
(a) 1_sf, (b) 5_sf, (c) 9_sf, (d) 17_sf, (e) 21_sf, and (f) 29_sf (for symbols see Table 1). Figure created
in Grapher 9.
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4.3. Extracting Wave Scenarios for the Investigation of the Tombolo and Salient Formation

The implementation of the swell criterion to subsets of data covering the time periods
of tombolo formation, as they are defined from satellite image analysis, shows that wind
seas and young swells are the more frequent types of sea states (Figure 12). The applica-
tion of the methodology applied for the extraction of the characteristic wave scenarios and
the segments of their successive data reduced the sample size by 85% of the initially avail-
able data.
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Figure 12. Discrimination of subsets of data corresponding to tombolo formation (subsets: 3_tf and
7_tf) and into wind seas and swells of different age, based on the wave steepness (HmO/Lp).

The wave scenarios extracted have a mean HmO value equal to 0.85 m, with a stand-
ard deviation of 0.28 m, and only the fifth scenario has a representative Hm0 that is rela-
tively high attaining the value of 1.5 m (Figure 13). In all wave scenarios, Tp varies be-
tween 4.5 s and 7.8 s, while MWD appears with very low variability since the majority of
waves comes from the northwest. Additionally, the maximum value of Hm0 observed in
the fifth scenario in the sequence (Figure 13) is equal to 1.85 m.
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Figure 13. Wind velocity (Uw), wind direction (Dw), significant wave height (Hm0), mean wave
direction (MWD), spectral peak wave period (Tp), and representative characteristics of wave sce-
narios covering a subset of time period (7_tf) of tombolo formation for swell and wind seas, ex-
tracted from the methodology applied.

The application of the aforementioned methodology for the time periods of salient
formation reduced the sample size by 90% of the initial dataset and shows that wind seas
and young swell are the more frequent types of sea states, similarly to the case of tombolo
formation (Figure 14).
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Figure 14. Discrimination of subsets of data (5_sf) corresponding to salient formation into wind seas
and swells of different age, based on the wave steepness (HmO/Lp).

The wave scenarios extracted in the period of the salient formation (5_sf) have a mean
representative HmO value equal to 0.98 m with a standard deviation of 0.57 m, presenting
thus higher variability than the wave scenarios in the period of the tombolo formation
(7_tf) (Figures 12 and 13). Additionally, the maximum value of the representative HmO is
3.68 m and the maximum value of HmO is 5.83 m. In all scenarios, Tp varies between 1.6 s
and 10.3 s, and the MWD varies between 2 deg and 356 deg from the north, having a
prevailing value of 303 deg (southwest) (Figure 15). In comparison with the wind and
wave characteristics detected during the tombolo formation, the HmO, Tp, and MWD are
more variable during the salient formation.
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Figure 15. Wind velocity (Uw), wind direction (Dw), significant wave height (Hm0), mean wave
direction (MWD), spectral peak wave period (Tp), and representative characteristics of wave sce-
narios covering a subset of time period (5_sf) of salient formation for swell and wind seas, extracted
from the methodology applied.

Even though a significant data reduction (up to 90% (This is the value of data reduc-
tion extracted from the total wind and wave dataset.) can be accomplished via the use of
the methodology developed, the most characteristic wave scenarios should be selected
among the scenarios extracted. These scenarios are selected regarding the degree of how
representative they are, depending on the tombolo and salient formation. The first four
scenarios have the same MWD, as they all come from the northwest. The first two scenar-
ios refer to wind—-wave events of fair and moderate weather characterized by different
values of Hm0 and Tp, aiming at deriving the most effective one regarding tombolo for-
mation with respect to wave intensity. The other two scenarios concern swell seas in order
to be compared with the wind—wave scenario 1 of the same offshore Hm0 but different
Tp. In this manner, the impact of the wave period on the short-term morphological
changes of the tombolo’s formation will be investigated. Moreover, the last two cases are
scenarios of more extreme weather than the other scenarios tested, coming from the south-
east and the northwest. These MWDs are the most probable ones associated with storm
events appearing in periods of salient formation.

It is noted that the characterization of sea states depending on their intensity (i.e.,
fair, moderate, and extreme wave conditions) has been based on the estimated impact of
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a large number of different simulations on the sea bottom bathymetry and not on a statis-
tical analysis, albeit the two approaches might be in compliance to a considerable degree
with each other. From this numerical modeling analysis of sea bottom evolution in the
study area, it has been derived that sea states with HmO0 values lower than 0.5 m can be
neglected [49], while HmO values ranging between 0.5 m and 1.0 m are considered as fair
wave conditions. Additionally, HmO values in the range of 1.0 m to 1.8 m are moderate
wave conditions, and more intense waves of Hm0 greater than 1.8 m belong to extreme
wave conditions in the study area. From a statistical point of view, the 50th percentile of
HmO is equal to 1.05 m, and the 90th and 95th percentiles of HmO correspond to 1.89 m
and 2.20 m, respectively.

The characteristic wave scenarios that will be simulated and presented in Table 3
have been extracted via the aforementioned method from subsets 7_tf and 5_sf, for tom-
bolo and salient formation, respectively. In particular, in the subset of data 7_tf, the pre-
vailing wave event has an HmO value close to 1.0 m, and the most intense wave event has
an HmO value equal to 1.5 m, while all wave events come from the northwest. As for Tp
in the dataset of 7_tf, it varies between 4.5 s and 7.8 s. Hence, the first four wave scenarios
have been chosen to be simulated based on the wave event variability in this short time
period of tombolo formation. Additionally, regarding the salient formation time period
5_sf, the most extreme wave events coming from two different directions have been cho-
sen in order that the most destructive wave conditions of the tombolo be examined. The
real time simulation of each wave scenario is set equal to 3 hr, being regarded adequate
enough to cause a considerable short-term morphological bottom change. This duration
ensures adequately reliable results, but also speeds up the numerical investigation. It is
noted that in the present paper, the same duration is applied for all wave scenarios to be
simulated in order that they can be compared on equal terms, regarding their effects on
short-term sea bottom evolution.

Table 3. Wave scenarios to be simulated.

HmO0 Tp MWD o,f Propa- Duration
a/a (m) ) gation (h)
(deg. from north)
1 1.00 4.60 120 3
2 1.50 5.55 120 3
3 1.00 6.40 120 3
4 1.00 7.80 120 3
5 3.00 7.70 130 3
6 4.70 9.15 310 3

4.4. Numerical Investigation of the Tombolo and Salient Formation

Since the initial bathymetry of the interest area tested is salient, wave scenarios are
simulated and tested with respect to whether they result in further erosion of the salient
area or whether they cause sand accretion in the salient area. The first four wave scenarios
are considered tombolo constructive scenarios, while the last two scenarios (fifth and
sixth) are considered salient constructive scenarios. Results are provided regarding the
spatial distribution of HmO (m), current velocity (m/s), and bottom level change (m) in the
sea area of interest for all scenarios simulated (Figures 16-18). As observed in the numer-
ical investigation, the first four wave scenarios of fair and moderate wave conditions
seemed to have a tombolo constructive action, while the last two ones have an eroding
effect upon the salient area. This is obvious, since the fifth and sixth scenarios correspond
to extreme wave conditions. Nevertheless, a more insightful description of the impact of
each critical parameter inducing the sea bottom change is conducted in the Discussion
section, illustrating the causal relation of each parameter with the corresponding result.
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Figure 16. Maps of HmO (m), current velocity (m/s), and bottom level change (m) in the sea area of
interest for wind-wave scenario 1 (a,c,e) and for wind-wave scenario 2 (b,d,f), respectively. The
dotted closed line encloses the active domain of the study area for tombolo formation. Maps created
in Blue Kenue™ software tool for hydraulic modellers.



Water 2022, 14, 2016 24 of 33

4 HmO (m) HmO (m)
% . Above 1.50 .Ahuve 1.50
1.25 to 1.50 1.25 to 1.50

1.00t0 1.25

Below 0.25

VELOCITY UV {mis} . VELOCITY UV [mis}
Above 1.0 784 50 Above 1.0
09101.0
081009
071008
061007
05006
041005
0.3to04
021003
01100.2
Below 0.1

bottom level changa (m) Eotom level changs (m)

Abave 1.0 —— ve 10
06110

(e) (f)

Figure 17. Maps of HmO (m), current velocity (m/s), and bottom level change (m) in the sea area of
interest for swell wave scenario 3 (a,c,e) and for swell wave scenario 4 (b,d,f), respectively. The
dotted closed line encloses the active domain of the study area for tombolo formation. Maps created
in Blue Kenue™ software tool for hydraulic modellers.
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Figure 18. Maps of HmO (m), current velocity (m/s), and bottom level change (m) in the sea area of
interest for extreme wind-wave scenario 5 (a,c,e) and for extreme wind-wave scenario 6 (b,d,f),
respectively. The dotted closed line encloses the active domain of the study area for salient for-
mation. Maps created in Blue Kenue™ software tool for hydraulic modellers.

5. Discussion

From the six representative scenarios examined, four of them (one, two, three, and
four) resulting in sand deposition in the area of tombolo are hereinafter characterized as
tombolo constructive wave scenarios. In a similar manner, the fifth and the sixth wave
scenarios resulting in sand erosion in the area of tombolo are characterized as tombolo
destructive, or equivalently salient constructive, wave scenarios. Therefore, the active do-
main of the study area for tombolo formation (see Figures 16 and 17) and for salient for-
mation (see Figure 18) are defined as follows: the first one is considered the union area of
sand accretion of the first four tombolo constructive wave scenarios (Table 4), and the
second one is the union area of sand erosion of the fifth and the sixth tombolo destructive
scenarios (Table 5).
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Table 4. Comparison of tombolo constructive wave scenario results of total volume of sand accre-
tion and loss in the active area for tombolo formation.

Wave Scenario Hmo Tp MWD Total S‘a nd Total Sand Loss
a/a Accretion ()
(m) (s) (deg) (m3)
1 1.00 4.60 120 1207 0
2 1.50 5.55 120 25,154 0
3 1.00 6.40 120 4567 0
4 1.00 7.80 120 7191 0

Table 5. Comparison of tombolo destructive wave scenario results of total volume of sand erosion
in the active area for salient formation.

Wave Scenario Hm0 Tp MWD Total Sand Accretion Total Sand Loss
/ 3 3) (2
e (m) (s) (deg) (m) (m?) (2)
5 3.00 7.70 130 3.00 281,013
6 4.70 9.15 310 4.70 194,724

The total volume of sand accretion and sand loss in these two active domains are
characteristic measures of the degree that each combination of simulated offshore wave
conditions (HmO0, Tp, MWD) contribute to the corresponding tombolo (Table 4) or salient
(Table 5) formation. According to this analysis, it is verified that wind-wave events of low
intensity and swell events usually result in sand deposition in the tombolo’s active for-
mation area. Specifically, wave events of low HmO values (e.g., ~1.0 m in this case study)
have a constructive action for tombolo formation, especially when combined with high
Tp values. As for moderate waves (1.0 m < Hm0 < 1.8 m), these events are more effective
regarding tombolo construction than events of low intensity, as they correspond to higher
wave energy conditions capable of initiating sediment transport in the active area.

Offshore wave conditions, i.e., Hm0, Tp, and MWD, are the critical wave parameters
that can have a different impact on the tombolo or salient sea bottom evolution. In the
general case of tombolo formation, tombolos are formed mainly by wave refraction and
diffraction around the former island [59], whereas in the other cases, their formation is
usually as a result of a unidirectional longshore drift due to oblique wave incidence on
one side of the tombolo. For instance, in the case of Prasonisi, low and moderate values of
HmO (<1.8 m) coming from a certain directional sector (NW) can result in sand deposition
in the salient or tombolo sand bar, while extreme values of HmO (>1.8 m) coming from the
NW or SE have as a consequence the erosion of the sandbar. As for swell events, when
they are associated with low values of HmO, they could result in sand accretion, especially
when they are combined with high values of Tp (e.g., [60,61]).

It is noted that the presence and location of wave breaking plays an important role in
coastal morphodynamics. For many decades, the energy principle approach (e.g., [62,63])
is commonly used to investigate the wave-induced longshore sand transport [64]. The
quantity of sand transported due to the combined wave and current action is a function
of the energy available for transporting the sediments. Thus, wave breaking is a crucial
factor for energy dissipation producing the littoral drift. In particular, outside the surf
zone, energy dissipation is primarily due to bottom friction, hence the main mode of sed-
iment transport is the bed load, while inside the surf zone is significantly increased mainly
due to turbulence, and consequently the primary mode of transport is the suspended load
[64]. Moreover, following Shibayama et al., [65], the agitation of the bed materials in the
surf zone is strong and the suspended sand concentration in the vicinity of the wave
breaking point is extremely high. These suspended sediments, plus some of the sediments
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on the seabed, are then carried along the shoreline by the longshore current, which has its
maximum velocity near the breaker line [66].

Therefore, as in coastal morphodynamics, the location of the surf zone is of major
importance for the sea bottom evolution near the area of the tombolo/salient. As a result,
following the wave breaking criterion by Thornton and Guza [67], within the saturated
(The saturated breaking zone is the zone where essentially all waves are breaking. For
gently sloping shorefaces, (typically slope < 0.02), it may be assumed that wave breaking
is saturated throughout the surf zone [68].) depth-induced breaking zone for irregular
waves, the spectral significant wave height H,,,, may be related to water depth, approx-
imately, as follows:

Hpop = 0.6d (10)

where d is the water depth.

It can be observed that when Tp is increased, and thus sea bottom effects on wave
characteristics are met in deeper waters compared with lower Tp values, the width of surf
zone is wider, and its location is closer to the area of interest, resulting in further sand
deposition in the tombolo area (Figure 19a,c,d). Therefore, wave breaking of fair weather
that takes places near the tombolo’s active area contributes to the tombolo’s formation.
The condition of fair weather is necessary in order that waves and currents have a com-
bined constructive action, while the appropriate characteristics of the surf zone make this
constructive action more enhanced.
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Figure 19. Maps of the approximate surf zone index, i.e., Hm0/depth, in the sea area of interest for
wave scenario 1 (a), 2 (b), 3 (), 4 (d), 5 (e), and 6 (f). Maps created in Blue Kenue™ software tool for
hydraulic modellers.
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Contrariwise, extreme offshore wave conditions coming from the NW and SE (Figure
19¢,f) have a destructive action upon the sandbar of the salient/tombolo. This is because
the surf zone is located in deeper water depths compared with fair and moderate wave
conditions, and the surf zone has a large width. Moreover, the current velocity in the sub-
merged sand bar area of the salient is relatively high, resulting in the latter’s further ero-
sion.

Additionally, as in the present case when a submerged sandbar is located in shallow
waters between the mainland and the tied island, waves traveling from offshore towards
the sandbar undergo increasing bottom effects (e.g., shoaling, refraction, breaking, dif-
fraction, etc.). However, when they pass the sandbar, the water depth is increased again,
which could lead to decreasing bottom effects downstream of the submerged sandbar.
The bottom complexity in this zone under certain wave conditions, and mainly when
wave breaking takes place and as a consequence the flow becomes extremely turbulent,
could cause the presence of the surf zone upstream and downstream of the sandbar. This
phenomenon enhances the sea bottom’s morphological changes in this region. This is ob-
served in wave scenarios two, four, and six (see Figure 19b,d,f), respectively. Moreover, it
is observed that a breaker index greater than 0.6 results in sand accretion (e.g., Figure 19b)
or erosion (Figure 19d,f) to a greater degree than in cases of values lower than 0.6.

Therefore, low non-breaking waves or waves of fair weather whose breaking takes
place near the active domain of the study area for tombolo formation contribute to the
tombolo’s formation, whereas wave breaking of extreme weather that takes place near the
active domain of the study area for salient formation has a destructive action upon the
sandbar.

Moreover, a large width of the surf zone is responsible for a sea bottom morpholog-
ical change to a greater degree than in the case of a smaller width. Particularly, an ade-
quate surf zone width and low offshore conditions are necessary for a considerable sand
deposition in a salient/tombolo sandbar (scenarios two and four), and a large width of the
surf zone and extreme offshore wave conditions have a more destructive power (as in
scenarios five and six).

Additionally, the maximum value of the breaking index in a coastal area is site-spe-
cific, since it depends on the bottom slope, the bottom complexity, and the wave condi-
tions (e.g., [69]). However, it is noticed that higher values of the wave breaking index have
a more drastic action on the sea bottom. Furthermore, bathymetry is also a significant
factor for coastal morphodynamics, since a different coastal bathymetry can alter the re-
sults to a certain degree, e.g., the location and width of the surf zone. For example, the
different bathymetry in the two sides of the tombolo’s intermediate and shallow water
area is the main reason that an extreme wave event coming from the NW, even of lower
intensity, can be more destructive (scenario five) than another one of higher intensity com-
ing from the SE (scenario six).

Considering the processes discussed above, the Prasonisi tombolo is not formed
mainly by wave refraction and diffraction around the Prasonisi Islet (Figure 20A, but its
formation is usually as a result of a unidirectional longshore drift due to oblique wave
incidence on one side of the tombolo (see Figure 20B (e.g., [59,70])). The first case refers to
the most usual case of tombolo formation induced by the longshore drift from the two
sides of the tombolo, resulting in a symmetry of sea bottom bathymetry around the tom-
bolo, while the second one describes tombolo construction as a result of a unidirectional
longshore drift from one side of the tombolo. On the contrary, the destructive action of
extreme wave conditions could result in salient formation (Figure 20C depicts a salient
construction from the eroding effects of extreme waves).
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Figure 20. Description of (A) the general case of tombolo formation by longshore drift from the two
sides of the tombolo, (B) another case of tombolo formation by a unidirectional longshore drift, and
(C) the case of salient formation by extreme wave conditions.
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6. Conclusions

The methodology developed for the extraction of wave events has a main property
concerning the investigation of short-term sea bottom evolution. In particular, wind—wave
events consist of wind and wave successive data of similar wind and wave characteristics;
thus, from a statistical point of view they can be represented more properly by their mean
values compared with wave events extracted from non-successive data or data presenting
a significant variability. In this manner, wave events of a variety of wave intensities can
be derived, and thus the analysis is not only restricted in extreme wave events, as is usu-
ally the case in extreme value analysis. Therefore, either coastal erosion or accretion as
well as beach recovery can well be considered and investigated. Additionally, the chro-
nology of wave events could also be used when studying the coastal morphodynamics
and sea bottom evolution in a sequence of wave events. However, this has not been stud-
ied in the present paper, as a preliminary investigation of a tombolo’s most representative
wave conditions is conducted.

As for the main factors that play a significant role in tombolo formation, these are:
the offshore wave conditions, the location and width of the surf zone, the bottom slope,
the maximum value of wave breaking index in the study area (a function of the previously
mentioned parameters), and the initial bottom bathymetry before the study area is ex-
posed to a new wave event. Additionally, a low ratio of wave breaking height towards
breaking depth that takes place near the salient sand bar area contributes to the tombolo
formation, while its high ratio in combination with a large surf zone width contributes to
the salient formation. Moreover, as expected, it is shown from the present paper that dur-
ing high-energy conditions, the sand bar of the tombolo/salient, in similarity to the
beaches, is attacked severely by the incoming waves, usually resulting in erosion pro-
cesses, while fair- and moderate-weather waves and swells return the sediments towards
the tombolo/salient sandbar.

Referring now to the case of Prasonisi, the area of the Prasonisi tombolo is protected
to a great degree by the Prasonisi island, hence opposite flows from diffraction around
the obstacle are not the main reason causing tombolo formation, but fair- and moderate-
weather waves and swell waves coming from the northwest. Moreover, the study area
can be eroded from extreme waves coming from the same direction as waves that cause
sand deposition in the study area (northwest) and from the southeast. Therefore, the tom-
bolo seems to have similar morphodynamics to beaches exposed to waves coming from
two directional sectors, although the area is more protected from waves coming from the
northwest than the southeast.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/w14132016/s1, Figure S1. The process for wind—wave event extrac-
tion from wind and wave data; Figure S2. The process for the representation of wind-wave events
by their mean wave parameters; Table S1. Example of wind and wave dataset; Table S2. Character-
istic values of the extracted wind-wave events and swell events of the dataset (see Table S1, Figure
S3).

Author Contributions: Conceptualization, D.I.M., G.-A.H., and V.K; data curation, D.LM., S.P.,
D.V, KK, G.-AH, F-K.G, LP.P,, and V.K; formal analysis, D.ILM., KK., LP.P,, and V.K,; funding
acquisition, G.-A.H.; investigation, D.IM., F.-K.G., and V.K.; methodology, D.LM., S.P., D.V,, KK,
F.-K.G,, LP.P,, and V.K,; project administration, G.-A.H.; resources, D.LM., S.P., D.V,, KK, and F.-
K.G,; software, D.I.M., S.P., D.V,, and V.K,; supervision, V.K; validation, D.I.M., F.-K.G., and V.K,;
visualization, D.LM.; Writing—original draft, D.ILM.; Writing—review and editing, G.-A.H. and
V K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the project “DRESSAGE” (MIS 5045792) which is imple-
mented under the Action “Reinforcement of the Research and Innovation Infrastructure”, funded
by the Operational Programme "Competitiveness, Entrepreneurship and Innovation" (NSRF 2014-
2020) and co-financed by Greece and the European Union (European Regional Development Fund).



Water 2022, 14, 2016 31 of 33

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Acknowledgments: The authors are grateful to the three anonymous reviewers for their insightful
comments. D.I. Malliouri is thankful to colleague Gerasimos Korres for fruitful conversations re-
garding statistical analysis of circular directional data. The authors are also thankful to Dimitrios
Touvras for kindly providing them with the two recent photographs of the tombolo of Prasonisi.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. de Mahiques, M.M. Tombolo. In Encyclopedia of Estuaries. Encyclopedia of Earth Sciences Series; Kennish, M.]., Ed.; Springer: Dor-
drecht, The Netherland, 2016; pp. 713-714.

2.  Tsiaras, A.-C.; Karambas, T.; Koutsouvela, D. Design of Detached Emerged and Submerged Breakwaters for Coastal Protection:
Development and Application of an Advanced Numerical Model. . Waterw. Port Coastal Ocean Eng. 2020, 146, 04020012.
https://doi.org/10.1061/(ASCE)WW.1943-5460.0000566.

3.  Elghandour, A.; Roelvink, D.; Huisman, B.; Reyns, J.; Costas, S.; Nienhuis, J. Reduced Complexity Modeling of Shoreline Re-
sponse Behind Offshore Breakwaters. Coast. Eng. Proc. 2020, 34, 1. https://doi.org/10.9753/icce.v36v.papers.34.

4. Sanderson, P.G.; Eliot, I. Shoreline salients, cuspate forelands and tombolos on the Coast of Western Australia. J. Coast. Res.
1996, 12, 761-773.

5.  Da Fontoura Klein, A.H.; Junior, N.A.; De Menezes, ].T. Shoreline Salients and Tombolos on the Santa Catarina coast (Brazil):
Description and analysis of the morphological relationships. J. Coast. Res. 2002, 36, 425-440. https://doi.org/10.2112/1551-5036-
36.sp1.425.

6.  Specht, C.; Lewicka, O.; Specht, M.; Zblewski, S. Impact of hydrotechnical structures on forming the tombolo oceanographic
phenomenon in kotobrzeg and sopot. TransNav 2021, 15, 687—-694. https://doi.org/10.12716/1001.15.03.25.

7. Shigemura, T.; Takasugi, J.; Komiya, Y. Formation of tombolo at the west coast of Iwo-Jima. Coast. Eng. 1984 1985, 1403-1419.

8.  Suh, K.D.; Hardaway, C.S. Calculation of Tombolo in shoreline numerical model. Proc. Coast. Eng. Conf. 1995, 3, 2653-2667.
https://doi.org/10.1061/9780784400890.193.

9.  Flinn, D. The role of wave diffraction in the formation of St. Ninian’s Ayre (Tombolo) in Shetland, Scotland. ]. Coast. Res. 1997,
13, 202-208.

10. Pirazzoli, P.A.; Stiros, S.C.; Arnold, M.; Laborel, J.; Laborel-Deguen, F.; Papageorgiou, S. Episodic uplift deduced from Holocene
shorelines in the Perachora Peninsula, Corinth area, Greece. Tectonophysics 1994, 229, 201-209. https://doi.org/10.1016/0040-
1951(94)90029-9.

11. Marriner, N.; Goiran, J.P.; Morhange, C. Alexander the Great’s tombolos at Tyre and Alexandria, eastern Mediterranean.
Geomorphology 2008, 100, 377-400. https://doi.org/10.1016/j.geomorph.2008.01.013.

12.  Stock, F.; Halder, S.; Opitz, S.; Pint, A.; Seren, S.; Ladstétter, S.; Briickner, H. Late Holocene coastline and landscape changes to
the west of Ephesus, Turkey. Quat. Int. 2019, 501, 349-363. https://doi.org/10.1016/j.quaint.2017.09.024.

13. Hansom, ].D. St Ninian * S Tombolo. Coast. Geomorphol. Great Britain. Geol. Conserv. Rev. 2003, 28, 1-5.

14. Sunamura, T.; Mizuno, O. A study on Depositional Shoreline Forms Behind an Island. Annual Report No. 13; University of Tsukuba,
Tsukuba Japan, 1987.

15. Ming, D.; Chiew, Y.M. Shoreline Changes behind Detached Breakwater. J. Waterw. Port Coastal Ocean Eng. 2000, 126, 63-70.

16. Black, K.P.; Andrews, C.J. Sandy Shoreline Response to Offshore Obstacles Part 1: Salient and Tombolo Geometry and Shape.
J. Coast. Res. 2001, SI 29, 82-93.

17.  Gonzélez, M.; Medina, R. On the application of static equilibrium bay formulations to natural and man-made beaches. Coast.
Eng. 2001, 43, 209-225. https://doi.org/10.1016/S0378-3839(01)00014-X.

18. Bricio, L.; Negro, V.; Diez, ].J. Geometric Detached Breakwater Indicators on the Spanish Northeast Coastline. ]. Coast. Res. 2008,
245, 1289-1303. https://doi.org/10.2112/07-0838.1.

19. Van Rijn, L. Design of Hard Coastal Structures Against Erosion. Available online: http://www .leovanrijn-sediment.com/pa-
pers/Coastalstructures2013.pdf (accessed on 10 February 2022).

20. Clark, J. Coastal Zone Management Handbook; CRC Press/Lewis Publishers: Boca Raton, FL, USA, 1996.

21. Houston, J.R. The economic value of beaches— A 2013 update. Shore Beach 2013, 81, 3-11.

22. Mooser, A.; Anfuso, G.; Mestanza, C.; Williams, A. Management Implications for the Most Attractive Scenic Sites along the
Andalusia Coast (SW Spain). Sustainability 2018, 10, 1328. https://doi.org/10.3390/su10051328.

23. Ramli, LR, Bahar, A.; Samad, W. Beach Tourism Development Strategy in Coastal Area District Tete Bone, South Sulawesi,
Indonesia. Int. . Environ. Agric. Biotechnol. 2019, 4, 1762-1767. https://doi.org/10.22161/ijeab.46.22.

24. Hellenic Military Geographical Service. Available online: https://www.gys.gr/index_en.html (accessed on 20 February 2022).



Water 2022, 14, 2016 32 of 33

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lekkas, E.; Papanikolaou, D.; Sakellariou, D. Neotectonic Map of Greece, Rhodes Sheet 1:100,000; National and Kapodistrian Uni-
versity of Athens, Athens, Greece, 2000.

Vandarakis, D.; Panagiotopoulos, I.P.; Loukaidi, V.; Hatiris, G.-A.; Drakopoulou, P.; Kikaki, A.; Gad, F.-K,; Petrakis, S.; Mal-
liouri, D.I; Chatzinaki, M.; et al. Assessment of the Coastal Vulnerability to the Ongoing Sea Level Rise for the Exquisite Rhodes
Island (SE Aegean Sea, Greece). Water 2021, 13, 2169. https://doi.org/10.3390/w13162169.

Gad, F.-K.; Chatzinaki, M.; Vandarakis, D.; Kyriakidou, C.; Kapsimalis, V. Assessment of Wave Storm-Induced Flood Vulnera-
bility in Rhodes Island, Greece. Water 2020, 12, 2978. https://doi.org/10.3390/w12112978.

Soukissian, T.; Prospathopoulos, A.; Korres, G.; Papadopoulos, A.; Hatzinaki, M.; Kambouridou, M. A new wind and wave
atlas of the Hellenic Seas. In Proceedings of the 27th International Conference on Offshore Mechanics and Arctic Engineering,
Estoril, Portugal, 15-20 June 2008. Mutti, E.; Orombelli, G.; Pozzi, R. Geological studies on the Dodecanese Islands (Aegean
Sea): IX. Geological map of the Island of Rhodes (Greece); explanatory notes. Ann. Géologiques Pays Helléniques 1970, 22, 79-226.
Korres, G.; Ravdas, M.; Zacharioudaki, A.; Denaxa, D.; Sotiropoulou, M. Mediterranean Sea Waves Reanalysis (CMEMS Med-
Waves, MedWAM3 system) (Version 1) set. Copernicus Monitoring Environment Marine Service (CMEMS).
https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_WAV_006_012 (accessed on 15 February 2021).

Korres, G.; Ravdas, M.; Zacharioudaki, A.; Denaxa, D.; Sotiropoulou, M. Mediterranean Sea Waves Analysis and Forecast
(CMEMS MED-Waves, MedWAMS3 system) (Version 1) set. Copernicus Monitoring Environment Marine Service (CMEMS).
https://doi.org/10.25423/CMCC/MEDSEA_ANALYSISFORECAST_WAV_006_017_MEDWAMS3 (accessed on 15 February
2021).

Thompson, W.C.; Nelson, A.R.; Sedivy, D.G. Wave Group Anatomy of Ocean Wave Spectra. Proc. Coast. Eng. Conf. 1985, 1, 661—
677. https://doi.org/10.1061/9780872624382.046.

Silvester, R. Engineering Aspects of Coastal Sediment Movement. ]. Waterw. Harb. Div. 1959, 85, 11-40.

Rashmi, R.; Aboobacker, V.M.; Vethamony, P.; John, M.P. Co-existence of wind seas and swells along the west coast of India
during non-monsoon season. Ocean Sci. 2013, 9, 281-292. https://doi.org/10.5194/0s-9-281-2013.

Carter, D.J.T. Prediction of wave height and period for a constant wind velocity using the JONSWAP results. Ocean Eng. 1982,
9, 17-33. https://doi.org/10.1016/0029-8018(82)90042-7.

Kazeminezhad, M.H.; Etemad-Shahidi, A.; Mousavi, S.J. Application of fuzzy inference system in the prediction of wave pa-
rameters. Ocean Eng. 2005, 32, 1709-1725. https://doi.org/10.1016/j.oceaneng.2005.02.001.

United States; Coastal Engineering Manual; U.S. Army Corps of Engineers: Washington, DC, USA, 2006.

Yamartino, R.J. A Comparison of Several “Single-Pass” Estimators of the Standard Deviation of Wind Direction. J. Clim. Appl.
Meteorol. 1984, 23, 1362-1366. https://doi.org/10.1175/1520-0450(1984)023<1362: ACOSPE>2.0.CO;2.

Fisher, N.I. Statistical Analysis of Circular Data; Cambridge University Press: Cambridge, UK, 1995.

Mardia, K.V.; Peter, L.]. Directional Statistics; Mardia, K.V., Jupp, P.E., Eds.; Wiley Series in Probability and Statistics; John Wiley
& Sons, Inc.: Hoboken, NJ, USA, 1999; ISBN 9780470316979.

Soukissian, T.H. Probabilistic modeling of directional and linear characteristics of wind and sea states. Ocean Eng. 2014, 91, 91—
110. https://doi.org/10.1016/j.oceaneng.2014.08.018.

Walstra, D.J.R.; Hoekstra, R.; Tonnon, P.K.; Ruessink, B.G. Input reduction for long-term morphodynamic simulations in wave-
dominated coastal settings. Coast. Eng. 2013, 77, 57-70. https://doi.org/10.1016/j.coastaleng.2013.02.001.

Benedet, L.; Dobrochinski, ].P.F.; Walstra, D.J.R.; Klein, A.H.F.; Ranasinghe, R. A morphological modeling study to compare
different methods of wave climate schematization and evaluate strategies to reduce erosion losses from a beach nourishment
project. Coast. Eng. 2016, 112, 69-86. https://doi.org/10.1016/j.coastaleng.2016.02.005.

Coles, S.G. An Introduction to Statistical Modeling of Extreme Values; Springer: London, UK, 2001.

Martzikos, N.T.; Prinos, P.E.; Memos, C.D.; Tsoukala, V.K. Statistical analysis of Mediterranean coastal storms. Oceanologia 2021,
63, 133-148. https://doi.org/10.1016/j.0oceano.2020.11.001.

Dissanayake, P.; Brown, J.; Wisse, P.; Karunarathna, H. Effects of storm clustering on beach/dune evolution. Mar. Geol. 2015,
370, 63-75. https://doi.org/10.1016/j.margeo.2015.10.010.

Eichentopf, S.; Karunarathna, H.; Alsina, ].M. Morphodynamics of sandy beaches under the influence of storm sequences: Cur-
rent research status and future needs. Water Sci. Eng. 2019, 12, 221-234. https://doi.org/10.1016/j.wse.2019.09.007.
Papadimitriou, A.; Panagopoulos, L.; Chondros, M.; Tsoukala, V. A Wave Input-Reduction Method Incorporating Initiation of
Sediment Motion. ]. Mar. Sci. Eng. 2020, 8, 597. https://doi.org/10.3390/jmse8080597.

Karathanasi, F.E.; Belibassakis, K.A. A cost-effective method for estimating long-term effects of waves on beach erosion with
application to Sitia Bay, Crete. Oceanologia 2019, 61, 276-290. https://doi.org/10.1016/j.0ceano.2018.12.001.

Benoit, M.; Marcos, F.; Becq, F. Development of a third generation shallow-water wave model with unstructured spatial mesh-
ing. In Proceedings of the 25th International Conference on Coastal Engineering, Orlando, FL, USA, 2-6 September 1996; pp.
465-478.

Hervouet, J.-M. Hydrodynamics of Free Surface Flows. Modelling with the Finite Element Method; Wiley: Hoboken, NJ, USA, 2007;.
Hasselmann, D.E.; Dunckel, M.; Ewing, J.A. Directional wave spectra observed during JONSWAP 1973. ].Phys. Ocean. 1980, 10,
1264-1280.

Forristall, G.Z.; Ewans, K.C. Worldwide Measurements of Directional Wave Spreading. ]. Atmos. Ocean. Technol. 1998, 15, 440—
469. https://doi.org/10.1175/1520-0426(1998)015<0440: WMODWS>2.0.CO;2.



Water 2022, 14, 2016 33 of 33

53.

54.

55.
56.

57.
58.
59.
60.

61.
62.

63.

64.

65.
66.

67.

68.
69.

Alpers, W. Monte Carlo simulations for studying the relationship between ocean wave and synthetic aperture radar image
spectra. J. Geophys. Res. 1983, 88, 1745. https://doi.org/10.1029/JC088iC03p01745.

Ewans, K.C. Directional Spreading in Ocean Swell. In Ocean Wave Measurement and Analysis (2001); American Society of Civil
Engineers: Reston, VA, USA, 2002; pp. 517-529.

Soulsby, R. Dynamics of Marine Sands; Thomas Telford, London, UK, 1997.

Rijn, L.C. van Sediment Transport, Part II: Suspended Load Transport. ]. Hydraul. Eng. 1984, 110, 1613-1641.
https://doi.org/10.1061/(ASCE)0733-9429(1984)110:11(1613).

Celik, I.; Rodi, W. Modeling Suspended Sediment Transport in Nonequilibrium Situations. J. Hydraul. Eng. 1988, 114, 1157-1191.
https://doi.org/10.1061/(ASCE)0733-9429(1988)114:10(1157).

Easterbrook, D.T. Surface Processes and Landforms, 2nd ed.; Prentice Hall Inc.: Upper Saddle River, N.J.,, New, 1999.
Kamphuis, ].W. Along shore sediment transport rate. ]. Waterw. Port Coastal Ocean Eng. 1991, 117, 624—641.

Guillou, N. Estimating wave energy flux from significant wave height and peak period. Renew. Energy 2020, 155, 1383-1393.
https://doi.org/10.1016/j.renene.2020.03.124.

Bagnold, R.. Mechanics of Marine Sedimentation, The Sea. Intersci. Publ. 1963, 3, 507-528.

Komar, P.D. The mechanics of sand transport on beaches. ]  Geophys. Res. 1971, 76, 713-721.
https://doi.org/10.1029/JC076i003p00713.

Thornton, E.B. Distribution of sediment transport across the surf zone. Coast. Eng. Proc. 1972, 1, 52.
https://doi.org/10.9753/icce.v13.52.

Shibayama, T.; Higuchi, A.; Horikawa, K. Sediment transport due to breaking waves. Coast. Eng. Proc. 1986, 1, 111.
https://doi.org/10.9753/icce.v20.111.

Dally, W.R.; Dean, R.G. Discussion on: Mass flux and underflow in a surf zone. J. Coast. Eng. 1986, 10, 289-299.

Thornton, E.B.,; Guza, R.T. Transformation of wave height distribution. ]. Geophys. Res. 1983, 88, 5925.
https://doi.org/10.1029/JC088iC10p05925.

LeMehaute, B. On non-saturated breakers and the wave run-up. In Proceedings of the 8th International Conference Coastal
Engineering, Tokyo, Japan, 3-5 April 2001; ASCE, 1962; pp. 77-92.

Weggel, R.G. Maximum breaker height. ]. Waterw. Harb. Coast Eng Div. 1972, 98, 529-548.

Owens, E.H. Tombolo. In Beaches and Coastal Geology. Encyclopedia of Earth Sciences Series; Springer: New York, NJ, USA, 1982;
pp- 838-839.



