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Abstract. The wave parameters in the MUSAN underwater park in Ayia Napa,
Cyprus http://www.musan.com.cy/en/home were examined for a period of 5
months, December 2021 to April 2022, by means of numerical analysis tools
based on the application of a nested Delft3D-WAVE (SWAN wave model) tar-
geting the near coastal sea area. The implemented wave model used an ultra-
high-resolution bathymetry of 5m, which was constructed based on local Lidar
observations and EMODnet bathymetry data. The SKIRON forecasting high fre-
guency winds and the CYCOFOS forecasting waves were used, respectively for
surface forcing and lateral boundaries. The analysis of the obtained wave param-
eters, as well as of the wave induced forces-pressure over 4 sites closely sur-
rounding the MUSAN underwater park in Ayia Napa demonstrate that seven ex-
treme wave events occurred during the examined period, one in December 2021,
four in January 2022 and two in March 2022. Each extreme wave event lasted
for a time of few hours, with maximum SWH between 2.50 to 3.30m and maxi-
mum wave induced pressure at the sea surface between 220 to 354kPa. At the
subsurface water layers during the extreme wave events, the wave induced pres-
sure in general is decreased, where at the water depth of 2m the maximum wave
induced pressure varied between 200 to 299kPA, while at the water depth of 4m
the maximum wave induced pressure varied between 180 to 270kPa. The local
authorities responsible for the MUSAN underwater park, after the accomplish-
ment of the present study confirmed that the damages of the underwater struc-
tures of the park were caused during the wave extreme events in December 2021.

Keywords: extreme wave event, numerical modeling, wave forecasting.

1 Introduction

Recent developments and advances in the environmental sciences have increased the
interest and the necessity for systems able to accurately monitor and simulate met-ocean
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parameters. The main tools that the researcher have available today to respond ade-
quately to the above issues are the observation networks, that record the evolution of
the parameters of interest, and the numerical models which simulate their evolution in
time and space. The level of difficulty in observational approaches increases when fo-
cusing on sea wave characteristics due to the lack of observational networks able to
provide systematic records of the wave characteristics at a sufficient resolution. This
fact underlines the importance of wave modeling systems coupled with atmospheric
modeling data. Nowadays, with the development of the operational oceanography at
regional and sub-regional scales there is quite a well coverage of the offshore wave
characteristics, which periodically are validated against observational in-situ wave data,
whenever are available [1], to reduce the unavoidable simulation uncertainty.

To address the coastal shallow or deep-sea areas, the downscaling approach is com-
monly applied, where the coastal higher resolution model is nested with the course res-
olution model providing the lateral and or initial boundaries conditions.

This work is implemented in response of a request by the Cyprus Department of
Fisheries and Marine Research for a third-party scientific study. The work studies the
wave conditions and the associated wave induced forces-pressure in the sea area of the
MUSAN Ayia Napa underwater park (Fig. 1), during the winter period from December
2021 to April 2022. The analysis is based on the state-of-the-art numerical model sim-
ulations and provides estimations on the hourly (a total of 3331 hours) significant wave
height, the wave base, the identification, and the definition of the magnitude of the
extreme wave events and their maximum wave induced forces-pressure at sea surface,
at 2 and 4m water depths.

Therefore, to obtain robust numerical statistics on the wave conditions in the shallow
coastal area of MUSAN Ayia Napa underwater park, the identification of the extreme
wave events and of the associated wave induced forces-pressure, the current numerical
simulations were performed using the Delft3D-WAVE (SWAN wave model) at a very
high horizontal resolution of 5m. For the implementation of the wave model in the area
of interest the surface forcing from the SKIRON hourly winds, the lateral boundaries
from the CYCOFOS WAM hourly waves [1-3], the local bathymetric Lidar data from
the Cyprus Department of Survey and Land and the bathymetric data from the EMOD-
net portal were used. The CYCOFOS WAM wave forecast model was used to perform
an extended numerical simulation in the Levantine basin for a period of 10 years, cov-
ering the years 2001-2010 to investigate the mean monthly and mean interannual vari-
ability of the wave characteristics toward the examination and evaluation of the wave
energy potential of the area [1] (Fig. 2).

The contents of the current work involve the data sources description with respect to
the bathymetry and met-ocean input data in the following chapter (chapter 2). It is fol-
lowed by the mathematical description on the wave model in chapter 3 accompanied
by the setup, boundary and initial conditions of the problem. Chapter 4 discusses the
results for the wave distribution in different water depths and the enacting forces and
pressure on specific site positions and chapter 5 provides the conclusions and a sum-
mary of the project.
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Fig. 1. MUSAN Ayia Napa underwater park coastal location. Horizontal units: degrees,
minutes, seconds (WGS84).
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Fig. 2. Example of the wave characteristics from the numerical simulations in the Levantine ba-
sin [1]: left is the mean SWH for the years 2001-2010, middle and right are the wave energy
potential Kurtosis for January and December 2005, indicating that its distribution contains ex-
treme values, that is also applied to the broader offshore sea area of Ayia Napa.

2 Data Sources and Description: bathymetry and met-ocean
data

The met-ocean and bathymetric data originated from open-source libraries and da-
tabases such as: (i) Eta/Skiron Regional Forecasting Model of the National and Ka-
podistrian University of Athens, School of Science, Department of Physics, Division
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of Environment Physics — Meteorology, Atmospheric Modeling and Weather Forecast-
ing Group. (ii) CYCOFOS WAM: Cyprus coastal ocean forecasting and observing sys-
tem [1-5]. (iii) EMODNET Physics Portal (http://www.emodnet-physics.eu/Portal) and
the EMODnet-Bathymetry portal (http://www.emodnet-bathymetry.eu/home), [6]. (iv)
Lidar high-resolution bathymetry provided by the Department of Lands and Surveys,
Ministry of Interior, Republic of Cyprus (Fig. 3).
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Fig. 3. Ayia Napa local high-resolution bathymetry based on 10m grid resolution (source: De-
partment of Lands and Surveys, Ministry of Interior, Republic of Cyprus). Positive values im-
ply increasing depths; negative values imply above sea level terrestrial elevation. Vertical units:
meters; Horizontal units: meters (under WGS 84 / UTM zone 36N - EPSG:32636).

The Ayia Napa local bathymetry is based on a 10m resolution spatial grid (source:
Department of Lands and Surveys, Ministry of Interior, Republic of Cyprus). The data
were compared to other bathymetric distributions for validity [6,7]. No corrections were
required to the original data, since the spatial distribution of the input grid points is
fairly smooth without perturbations. In Fig. 3, positive values imply increasing depths;
negative values imply above sea level elevation. Based on the bathymetry shown in
Fig. 3, the computational seabed 5m resolution grid of Fig. 4 was constructed via inter-
polation and used hereafter for the wave numerical simulations.
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Fig. 4. Ayia Napa 5m resolution numerical domain. Positive values imply increasing depths.
Vertical units: meters; Horizontal units: Decimal degrees (WGS84).

The NetCDF file format is used for the geo-spatial and marine data where possible.
The Network Common Data Form (NetCDF) is an interface to a library of data access
functions for storing and retrieving data in the form of arrays. Each NetCDF array is an
n-dimensional (where nis 0, 1, 2, ...) rectangular structure containing items which all
have the same data type (e.g., 8-bit character, 32-bit integer, etc). A scalar (simple sin-
gle value) is a 0-dimensional array. In order to manipulate large NetCDF files the open-
access NCO toolkit [8] has be used under Linux to support big-data operations. The
NCO toolkit manipulates and analyzes data stored in NetCDF-accessible formats. It
exploits the geophysical expressivity of many CF (Climate & Forecast) metadata con-
ventions, the flexible description of physical dimensions translated by UDUnits, the
network transparency of OPeNDAP, the storage features (e.g., compression, chunking,
groups) of HDF (the Hierarchical Data Format) and many powerful mathematical and
statistical algorithms of GSL (the GNU Scientific Library). The associated metadata
are stored in the project’s database and relevant queries can be performed by setting up
and using MySQL schemas [9]. The use of the NetCDF file format ensures the com-
patibility to a very large number of pre- and post-processing software. Additionally, the
data are kept as a structured block on a unique database with predefined metadata de-
scription.
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2.1  Data Sources Inventory and Description

In terms of data/modelling products use, the project incorporated data from the
Eta/Skiron Regional Forecasting Model of the National & Kapodistrian University of
Athens, and the CYCOFOS: Cyprus coastal ocean forecasting and observing system
[2-5, 10]. The computational model uses the wave modelling products as input data/pa-
rameters. The wave data for the corresponding validation periods are acquired from
CYCOFOS WAM model. These are wave hindcast products composed by hourly wave
parameters at 1/24° horizontal resolution (approximately 4.6km), covering the offshore
region of the Ayia Napa coastal area. The hindcast product variables are summarized
in Table 1.

Table 1. Main wave parameters and units in SI.

Parameter Unit (SI)
Spectral Significant Wave Height (HmO0) m
Wave Period at Spectral Peak / Peak Period (Tp) S
Spectral Moments (-1,0) Wave Period (Tm-10) S
Spectral Moments (0,2) Wave Period (Tm02) s

Mean Wave Direction from (Mdir) degrees
Spectral Significant Wind Wave Height m
Spectral Moments (0,1) Wind Wave Period S

Mean Wind Wave Direction from degrees
Spectral Significant Primary Swell Wave Height m
Spectral Significant Secondary Swell Wave Height m
Spectral Moments (0,1) Primary Swell Wave Period S
Spectral Moments (0,1) Secondary Swell Wave Period S

Mean Primary Swell Wave Direction from degrees
Mean Secondary Swell Wave Direction from degrees
Wave Principal Direction at Spectral Peak degrees
Stokes Drift U ms?
Stokes Drift V ms?

3 Delft3D-WAVE Model

To simulate the evolution of random, short-crested wind-generated waves in estuar-
ies, tidal inlets, lakes etc., the third-generation SWAN model (Simulating WAves Near-
shore model) has been applied for the present project.
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This SWAN model is the successor of the stationary second-generation HISWA
model. The main characteristics of SWAN with respect to the physics and numeric are:
(i) The physics in SWAN are explicitly represented with state-of-the-art formulations.
(if) The SWAN model is fully spectral in frequencies and directions (0°— 360°). (iii)
The wave computations in SWAN are unconditionally stable due to the fully implicit
schemes that have been implemented. (iv)  The computational grid in SWAN has not
to be oriented in the mean wave direction and so the grid can handle all wave directions.

Additional aspects, which may be of importance in practical applications of the
Delft3D-WAVE module, are: (i) SWAN can perform computations on a curvilinear
grid. (ii) The wave forces can also be computed on the gradient of the radiation stress
tensor (rather than on the dissipation rate as in the HISWA model) (iii) Output can be
generated in terms of one- and two-dimensional wave spectra.

3.1  Action balance equation

In SWAN model the waves are described with the two-dimensional wave action
density spectrum, even when non-linear phenomena dominate (e.g., in the surface
zone). The rational for using the spectrum in such highly non-linear conditions is
that, even in such conditions it seems possible to predict with reasonable accuracy
this spectral distribution of the second order moment of the waves. The spectrum
that is considered in SWAN is the action density spectrum N(g, 9) rather than the
energy density spectrum E(o, 9) since in the presence of currents, action density is
conserved whereas energy density is not. The independent variables are the relative
frequency o (as observed in a frame of reference moving with the current velocity) and
the wave direction ¢ (the direction normal to the wave crest of each spectral compo-
nent). The action density is equal to the energy density divided by the relative fre-
quency: N(o, 9 = E(o, 8)/o. In SWAN this spectrum may vary in time and space.

In SWAN the evolution of the wave spectrum is described by the spectral action
balance equation which for Cartesian coordinates is [11]:

aN+a N+a N+a 1V+a N—S
ot T ox X Tyt T Taget Ty

1)
The first term in the left-hand side of this equation represents the local rate of
change of action density in time, the second and third term represent propagation of
action in geographical space (with propagation velocities cx and cy in x- and y-space,
respectively). The fourth term represents shifting of the relative frequency due to
variations in depths and currents (with propagation velocity cs in o-space). The fifth
term represents depth-induced and current-induced refraction (with propagation
velocity cs in 9-space). The expressions for these propagation speeds are taken from
linear wave theory [12]. The term S (= S(o, 9)) at the right-hand side of the action
balance equation is the source term in terms of energy density representing the
effects of generation, dissipation and non-linear wave-wave interactions. A brief
summary of the formulations that are used for the various source terms in SWAN is
given below. The following processes are accounted for in SWAN: (i) generation by
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wind, (ii) dissipation by white capping, (iii) bottom friction and depth-induced break-
ing, (iv) non-linear wave-wave interaction (quadruplets and triads).

Transfer of wind energy to the waves is described in SWAN with a resonance mech-
anism and a feedback mechanism. The corresponding source term for these mecha-
nisms is commonly described as the sum of linear and exponential growth:

Sin(0,8) = A + BE(5,0) @)

in which A and B depend on wave frequency and direction, and wind speed and
direction. The effects of currents are accounted for in SWAN by using the apparent
local wind speed and direction. The expression for the term A is due to [13] with a filter
to avoid growth at frequencies lower than the Pierson-Moskowitz frequency. Two op-
tional expressions for the coefficient B are used in the model. The first is taken from an
early version of the WAM model (known as WAM Cycle 3) [14].

The drag coefficient to relate U to the driving wind speed at 10m elevation U10 is
taken from [15]. The second expression for B in SWAN is taken from the most recent
version of the WAM model (known as WAM Cycle 4, [11]). It is due to the work of
Cavaleri & Malanotte-Rizzoli [13] and it accounts explicitly for the interaction between
the wind and the waves by considering atmospheric boundary layer effects and the
roughness length of the sea surface. The corresponding set of equations is solved (as in
the WAM model) with an iterative procedure.

The boundary conditions in SWAN, both in geographic and spectral space are fully
absorbing for wave energy that is leaving the computational domain or crossing a coast
line. The incoming wave energy along open geographic boundaries needs to be pre-
scribed by the user. For coastal regions such incoming energy is usually provided only
along the deep-water boundary and not along the lateral geographic boundaries (i.e.,
the spectral densities are assumed to be zero). This implies that such erroneous lateral
boundary conditions are propagated into the computational area. The affected areas are
typically triangular regions with the apex at the corners between the deep-water bound-
ary and the lateral boundaries, spreading towards shore at an angle of 30° to 45° (for
wind sea conditions) on either side of the deep-water mean wave direction (less for
swell conditions; this angle is essentially equal to the one-sided width of the directional
distribution of the incoming wave spectrum). For this reason, the lateral boundaries
should be sufficiently far away from the area of interest to avoid the propagation of this
error into the area.

3.2  Wave induced forces

The enacting wave-induced forces per unit surface area is the gradient of the radia-
tion stresses in the x- and y- directions and defined by:

08 05y 38y 0Sy,

b= 0x dy IEEY = T dy

@)

where S is the radiation stress tensor defined by:
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1
Sex = pgf (ncosze +n-— E) Edodf 4
Sy = Syx = Pg f(nsin@cosG)EdadG (5)
1
Syy = ng- <nsin29 +n— E) Edad6 (6)

where n is the ratio of group velocity over phase velocity and E(s,0) is the energy
density spectrum.

3.3  Time-varying and space-varying wave boundary conditions

In Delft3D-WAVE, time series of wave boundary conditions have been imple-
mented using the CYCOFOS WAM model data at multiple time points.

The following example in Table 2 shows a scenario of spatial-varying and time-
varying wave boundary conditions. For each boundary, different parameters such as
wave height, period, direction, dir. spreading could be defined at different time points.
Here a multiple time-varying and space-varying wave boundary conditions is given as
reference. Note that the wind field is not defined here and is provided separately at
gridded field data (U10, V10 variables) at each time-step.
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Table 2. Example setup of spatial-varying and time-varying wave boundary conditions in
DELFT3D-WAVE

[WaveFilelnformation] [Boundary]
FileVersion = 02.00 [General] Name = Boundary West
ProjectName = MUSAN Definition = xy-coordinates
ProjectNr =1 StartCoordX =5.00E+05
Description = EndCoordX =5.00E+05
Description =fnl run StartCoordY =4.93E+06
OnlyInputVerify = FALSE EndCoordY =4.79E+06
SimMode = stationary SpectrumSpec = parametric
DirConvention = nautical SpShapeType = jonswap
ReferenceDate =2022-1-5 PeriodType = peak
TSeriesFile = timeseries.bcw DirSpreadType = power
[TimePoint] PeakEnhanceFac =3.30E+00
Time =6.00E+01 GaussSpread =1.00E-02
WaterLevel =0.00E+00 CondSpecAtDist =2.78E+04
XVeloc =0.00E+00 CondSpecAtDist =5.55E+04
YVeloc =0.00E+00 CondSpecAtDist =6.33E+04
WindSpeed = CondSpecAtDist =8.33E+04
WindDir = CondSpecAtDist =1.11E+05
[TimePoint] CondSpecAtDist =1.39E+05
Time =1.20E+02 [Boundary]
WaterLevel =0.00E+00 Name = Boundary South
XVeloc =0.00E+00 Definition = xy-coordinates
YVeloc =0.00E+00 StartCoordX =5.00E+05
WindSpeed = EndCoordX =6.22E+05
WindDir = StartCoordY =4.76E+06
[TimePoint] EndCoordY =4.76E+06
Time =1.80E+02 SpectrumSpec = parametric
WaterLevel =0.00E+00 SpShapeType = jonswap
XVeloc =0.00E+00 PeriodType = peak
YVeloc =0.00E+00 DirSpreadType = power
WindSpeed = PeakEnhanceFac =3.30E+00
WindDir = GaussSpread =1.00E-02
[TimePoint] CondSpecAtDist =0.00E+00
Time =2.40E+02 CondSpecAtDist =1.00E+03
WaterLevel =0.00E+00 CondSpecAtDist =1.00E+04
XVeloc =0.00E+00 CondSpecAtDist =2.04E+04
YVeloc =0.00E+00 CondSpecAtDist =4.08E+04
WindSpeed = CondSpecAtDist =6.11E+04
WindDir = CondSpecAtDist =8.15E+04
[TimePoint] CondSpecAtDist =1.02E+05
Time =3.00E+02 CondSpecAtDist =1.22E+05
.. etc .. etc
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4 Results and Discussion

The results provided in this section include four monitoring sites closely surrounding
the Ayia Napa underwater park, with coordinates and bottom depth. Their coordinates
are listed in Table 3 and their positions are illustrated in Fig. 5.

Table 3. MUSAN Ayia Napa underwater park numerical monitoring sites

Decimal Degrees Longi- Decimal Degrees Latitude

Position No. Bottom depth (m)

tude (WGS84) (WGS84)
1 33.98403055555556° 34.98229444444445° 8.7
2 33.98378611111112° 34.98300277777778° 6.8
3 33.98378611111112° 34.98229444444445° 8.8
4

33.98403055555556°

34.98300277777778° 53
- "f' ..c I g <

v

7z g K

Fig. 5. The four numerical monitoring sites for wave parameters in the MUSAN Ayia Napa un-
derwater park.

4.1 Significant Wave Height - SWH

The SWH time series during the examined period show (Fig. 6a; b) seven extreme
wave events for all 4 numerical monitoring sites.

For the numerical monitoring site 1 (Fig.6a: Position 1), one extreme wave event
simulated in December 2021, between 19 to 20 December with maximum SWH up to
3.16m. Four extreme wave events were simulated in January 2022: one event between
9-10 January with maximum SWH up to 2.30m, a second event on the 19 January with
maximum SWH 3.07m, a third event on the 23 January with maximum SWH 2.57m
and a fourth event on the 25 January with maximum SWH 2.58m. Moreover, two
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extreme wave events were simulated in March 2022: one event between 3-4 March
with maximum SWH 3.30m and a second event between 10-11 March with maximum
SWH 2.99m. Therefore, in the numerical monitoring site 1, maximum SWH greater
than 3m were simulated in December 2021, January, and March 2022. No extreme
wave event was simulated at the numerical monitoring site 1 during February and April
2022.

Position 1: Significant Wave Height
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o i 2o 2% o

time

Position 2: Significant Wave Height

o> o> o o
o ® o o o

time

Fig. 6a. Ayia Napa Significant Wave Height (SWH) timeseries at the first and second numeri-
cal monitoring sites, 11 December 2021 to 30 April 2022.

Position 3: Significant Wave Height
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Fig. 6b. Ayia Napa Significant Wave Height (SWH) timeseries at the third and fourth numeri-
cal monitoring sites, 11 December 2021 to 30 April 2022.
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For the numerical monitoring site 2 (Fig. 6a: Position 2), one extreme wave event
was simulated in December 2021, between 19 to 20 December with maximum SWH
up to 2.40m. Four extreme wave events were spotted in January 2022: one event be-
tween 9-10 January with maximum SWH up to 1.80m, a second event on the 19 January
with maximum SWH 2.33m, a third event on the 23 January with maximum SWH
1.94m and a fourth event on the 25 January with maximum SWH 1.99m. Finally, two
extreme wave events were simulated in March 2022, one between 3-4 March with max-
imum SWH 2.42m and a second between 10-11 March with maximum SWH 2.21m.

Therefore, in the numerical monitoring site 2, maximum SWH greater than 2m was
simulated in December 2021, January, and March 2022. No extreme wave events were
spotted at the numerical monitoring site 2 during February and April 2022 in the area
under study.

For the numerical monitoring site 3 (Fig. 6b: Position 3), one extreme wave event
was simulated in December 2021, between 19 to 20th of December with maximum
SWH up to 3m. Four extreme wave events were spotted during January 2022: one event
between 9-10 January with maximum SWH up to 2.23m, a second event on the 19
January with maximum SWH 3m, a third event on the 23 January with maximum SWH
2.53m and a fourth event on the 25 January with maximum SWH 2.54m. Finally, two
extreme wave events were simulated during March 2022: one event between 3-4 March
with maximum SWH 3.24m and a second event between 10-11 March with maximum
SWH 2.93m.

Therefore, in the numerical monitoring site 3, maximum SWH greater than 3m were
observed in December 2021, January, and March 2022. No extreme wave event was
spotted at the numerical monitoring site 3 during February and April 2022 in the area
under study.

For the numerical monitoring site 4 (Fig.6b: Position 4), one extreme wave event
was simulated in December 2021, between 19 to 20 December with maximum SWH
up to 2.70m. Four extreme wave events spotted in January 2022, one event between 9-
10 January with maximum SWH up to 2m, a second event on the 19 January with max-
imum SWH 2.53m, a third event on the 23 January with maximum SWH 2.11m and a
fourth event on the 25 January with maximum SWW 2.15m. Two extreme wave events
were simulated in March 2022, one event between 3-4 March with maximum SWH
2.72m and a second event between 10-11 March with maximum SWH 2.50m.

Therefore, in the numerical monitoring site 4, maximum SWH greater than 2.50m
were spotted in December 2021, January, and March 2022. No extreme wave event
occurred at the numerical monitoring site 4 during February and April 2022 in the area
under study.

4.2 Wave induced forces-maximum pressure at sea surface

Similarly, to the SWH, the wave induced forces-pressure time series at sea surface
during the examined period show (Fig. 7a; b) seven extreme wave induced forces-pres-
sure events for all 4 numerical monitoring sites.

For the numerical monitoring site 1 (Fig. 7a: Position 1), one extreme event was
simulated in December 2021, between 19 to 20 December with maximum surface pres-
sure (Psmax) 63kPa. Four extreme events spotted in January 2022, one event between 9-
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10 January with Ps max= 26 kPa , a second event on the 19 January with maximum pres-
sure with Psmax= 49 kPa , a third event on the 23 January with Psmax= 38 kPa and a
fourth event on the 25 January with Psmax= 33kPa. Two extreme pressure events were
simulated in March 2022, one event between 3-4 March with Psmax= 65kPa and a sec-
ond event between 10-11 March with Ps max= 43kPa.

Therefore, in the numerical monitoring site 1, maximum wave induced forces-pres-
sure greater than 50kPa spotted in December 2021 and March 2022. No extreme wave
induced forces-pressure event occurred at the numerical monitoring sitel in February
and April 2022 in the area under study.

For the numerical monitoring site 2, the wave induced forces-pressure time series at
sea surface during the examined period show (Fig. 7a: Position 2), one extreme event
was simulated in December 2021, between 19 to 20 December with Psmax= 70 kPa.
Four extreme events spotted in January 2022, one event between 9-10 January with
Psmax= 37 kPa, a second event on the 19 January with Psmax= 60 kPa, a third event on
the 23 January with Psmax= 56 kPa and a fourth event on the 25 January with Psmax= 38
kPa. Two extreme pressure events were simulated in March 2022, one event between
3-4 March with Psmax= 112kPa and a second event between 10-11 March with Psmax=
71kPa.

Therefore, in the numerical monitoring site 2, maximum wave induced forces-pres-
sure greater than 50kPa spotted in December 2021 and March 2022. No extreme wave
induced forces-pressure event occurred at the numerical monitoring site 2 in February
and April 2022 in the area under study.
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Fig. 7a. MUSAN Ayia Napa wave induced pressure at sea surface, 2m and 4m water depths, at
the first and second numerical monitoring sites, 11 December 2021 to 30 April 2022.

For the numerical monitoring site 3, the wave induced forces-pressure time series at
sea surface during the examined period show (Fig. 7b: Position 3), one extreme event
was simulated in December 2021, between 19 to 20 December with Psmax= 130 kPa.
Four extreme events spotted in January 2022, one event between 9-10 January with
Psmax= 50kPa, a second event on the 19 January with Psmax= 99kPa, a third event on the
23 January with Ps max= 80kPa and a fourth event on the 25 January with Psmax= 74 kPa.
Two extreme pressure events were simulated in March 2022, one event between 3-4
March with Psmax= 144 kPa and a second event between 10-11 March with P max= 94
kPa.

Therefore, in the numerical monitoring site 3, maximum wave induced forces-pres-
sure greater than 100kPa spotted in December 2021 and March 2022. No extreme wave
induced forces-pressure event occurred at the numerical monitoring site 3 in February
and April 2022.

For the numerical monitoring site 4, the wave induced forces-pressure time series at
sea surface during the examined period show (Fig. 7b: Position 4), one extreme event
was simulated in December 2021, between 19 to 20 December with Psmax= 270KkPa.
Four extreme events spotted in January 2022, one event between 9-10 January with
Psmax= 153kPa, a second event on the 19 January with Psmax= 227kPa, a third event on
the 23 January with Psmax= 220kPa and a fourth event on the 25 January with Pgmax=
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166kPa. Two extreme pressure events were simulated in March 2022, one event be-
tween 3-4 March with Psmax= 354kPa and a second event between 10-11 March with
Ps,max: 288kPa.

Therefore, in the numerical monitoring site 4, maximum wave induced forces-pres-
sure greater than 200kPa spotted in December 2021, January 2022 and March 2022.
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Fig. 7b. MUSAN Ayia Napa wave induced pressure at sea surface, 2m and 4m water depths, at
the third and four numerical monitoring sites, 11 December 2021 to 30 April 2022.

4.3  Wave induced forces-pressure at 2m water depth

The wave induced forces-pressure time series at the 2 m water depth during the ex-
amined period show (Fig. 7a; b) seven extreme wave induced forces-pressure events
for all 4 numerical monitoring sites.

For the numerical monitoring site 1, the wave induced forces-pressure time series at
2m water depth during the examined period show (Fig. 7a: Position 1), one extreme
event was simulated in December 2021, between 19 to 20 December with maximum
pressure (P2max) 45kPa. Four extreme events spotted in January 2022, one event be-
tween 9-10 January with P2 max= 18kPa, a second event on the 19 January with P2 max=
35kPa, a third event on the 23 January with P, max= 27kPa and a fourth event on the 25
January with Pomax= 22kPa. Two extreme pressure events were simulated in March
2022, one event between 3-4 March with P, max= 53kPa and a second event between 10-
11 March with Py max= 35kPa.
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Therefore, in the numerical monitoring site 1, maximum wave induced forces-pres-
sure at 2m water depth greater than 40kPa spotted in December 2021 and March 2022.
No extreme wave induced forces-pressure event occurred at the numerical monitoring
sitel in February and April 2022 in the area under study.

For the numerical monitoring site 2, the wave induced forces-pressure time series at
2m water depth during the examined period show (Fig. 7a: Position2), one extreme
event was simulated in December 2021, between 19 to 20 December with P ma=
50kPa. Four extreme events spotted in January 2022, one event between 9-10 January
with Py max= 22kPa, a second event on the 19 January with P max= 41kPa, a third event
on the 23 January with P2 max= 37kPa and a fourth event on the 25 January with Py max=
27kPa. Two extreme pressure events were simulated in March 2022, one event between
3-4 March with P2 max= 91kPa and a second event between 10-11 March with P2 max=
56kPa.

Therefore, in the numerical monitoring site 2, maximum wave induced forces-pres-
sure at 2m water depth greater than 40kPa spotted in December 2021, January and
March 2022. No extreme wave induced forces-pressure event occurred at the numerical
monitoring site 2 in February and April 2022.

For the numerical monitoring site 3, the wave induced forces-pressure time series at
2m water depth during the examined period show (Fig. 7b: Position 3), one extreme
event was simulated in December 2021, between 19 to 20 December with Pma=
90kPa. Four extreme events spotted in January 2022, one event between 9-10 January
with Pymax= 36kPa, a second event on the 19 January with P2 max= 71kPa, a third event
on the 23 January with P2 max= 56kPa and a fourth event on the 25 January with Py max=
51kPa. Two extreme pressure events were simulated in March 2022, one event between
3-4 March with P2 ma= 117kPa and a second event between 10-11 March with Py max=
75kPa.

Therefore, in the numerical monitoring site 3, maximum wave induced forces-pres-
sure greater than 50kPa spotted in December 2021, January, and March 2022. No ex-
treme wave induced forces-pressure event occurred at the numerical monitoring site 3
in February and April 2022 in the area under study.

For the numerical monitoring site 4, the wave induced forces-pressure time series at
2m water depth during the examined period show (Fig. 7b: Position 4), one extreme
event was simulated in December 2021, between 19 to 20 December with P2 max=
208kPa. Four extreme events spotted in January 2022, one event between 9-10 January
with P2max= 105kPa, a second event on the 19 January with P2 max= 167kPa, a third
event on the 23 January with P2 max= 175kPa and a fourth event on the 25 January with
P2.max= 110kPa. Two extreme pressure events were simulated in March 2022, one event
between 3-4 March with P, max= 299kPa and a second event between 10-11 March with
P2max= 237kPa.

Therefore, in the numerical monitoring site 4, maximum wave induced forces-pres-
sure greater than 150kPa spotted in December 2021, January and March 2022. No ex-
treme wave induced forces-pressure event occurred at the numerical monitoring site 4
in February and April 2022 in the area under study.
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4.4 Wave induced forces-pressure at 4m water depth

The wave induced forces-pressure time series at the 4m water depth during the ex-
amined period show (Fig. 7a; b) seven extreme wave induced forces-pressure events
for all 4 numerical monitoring sites.

For the numerical monitoring site 1, the wave induced forces-pressure time series at
4m water depth during the examined period show (Fig. 7a: Position 1), one extreme
event was simulated in December 2021, between 19 to 20 December with maximum
pressure (Pamax) 33kPa. Four extreme events spotted in January 2022, one event be-
tween 9-10 January with Psma= 12kPa, a second event on the 19 January with P4 max=
27KkPa, a third event on the 23 January with P4max= 20kPa and a fourth event on the 25
January with Psmax= 16kPa. Two extreme pressure events were simulated in March
2022, one event between 3-4 March with P4 max= 45kPa and a second event between 10-
11 March with P4 max= 29kPa.

Therefore, in the numerical monitoring site 1, maximum wave induced forces-pres-
sure at 4m water depth greater than 20kPa spotted in December 2021, January and
March 2022. No extreme wave induced forces-pressure event occurred at the numerical
monitoring sitel in February and April 2022 in the area under study.

For the numerical monitoring site 2, the wave induced forces-pressure time series at
4m water depth during the examined period show (Fig. 7a: Position2), one extreme
event was simulated in December 2021, between 19 to 20 December with P max=
37kPa. Four extreme events spotted in January 2022, one event between 9-10 January
with Psmax= 15kPa, a second event on the 19 January with P4 max= 31kPa, a third event
on the 23 January with Psmax= 27kPa and a fourth event on the 25 January with Psmax=
20kPa. Two extreme pressure events were simulated in March 2022, one event between
3-4 March with P4max= 77kPa and a second event between 10-11 March with P4 max=
47kPa.

Therefore, in the numerical monitoring site 2, maximum wave induced forces-pres-
sure at 4m water depth greater than 20kPa spotted in December 2021, January and
March 2022. No extreme wave induced forces-pressure event occurred at the numerical
monitoring site 2 in February and April 2022 in the area under study.

For the numerical monitoring site 3, the wave induced forces-pressure time series at
4m water depth during the examined period show (Fig. 7b: Position 3), one extreme
event was simulated in December 2021, between 19 to 20 December with Py max=
67kPa. Four extreme events spotted in January 2022, one event between 9-10 January
with Psmax= 23kPa, a second event on the 19 January with P4 max= 53kPa, a third event
on the 23 January with Psmax= 43kPa and a fourth event on the 25 January with Psmax=
36kPa. Two extreme pressure events were simulated in March 2022, one event between
3-4 March with P4 max= 98kPa and a second event between 10-11 March with P4 max=
63kPa.

Therefore, in the numerical monitoring site 3, maximum wave induced forces-pres-
sure at 4m water depth greater than 30kPa spotted in December 2021, January and
March 2022. No extreme wave induced forces-pressure event was occurred at the nu-
merical monitoring site 3 in February and April 2022 in the area under study.
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For the numerical monitoring site 4, the wave induced forces-pressure time series at
4m water depth during the examined period show (Fig. 7b: Position 4), one extreme
event was simulated in December 2021, between 19 to 20 December with Pamax=
180kPa. Four extreme events spotted in January 2022, one event between 9-10 January
with P4 max= 88kPa, a second event on the 19 January with Psmax= 140kPa, a third event
on the 23 January with P4 max= 150kPa and a fourth event on the 25 January with P4 max=
99kPa. Two extreme pressure events were simulated in March 2022, one event between
3-4 March with Psma= 270kPa and a second event between 10-11 March with P max=
210kPa.

Therefore, in the numerical monitoring site 4, maximum wave induced forces-pres-
sure at 4m water depth greater than 100kPa spotted in December 2021, January and
March 2022. No extreme wave induced forces-pressure event occurred at the numerical
monitoring site 4 in February and April 2022 in the area under study.

45 Wave Base

The timeseries of the wave base values at the 4 numerical monitoring sites are quite
variable and are closely connected to the variability of the wavelength (Fig. 8a; b). The
maximum wave base values were computed to vary between 15 to 22m and are coin-
cided to occur during the seven extreme waves events mentioned in the previous para-
graphs. Therefore, the sea bottom of the MUSAN Ayia Napa underwater park is af-
fected during the extreme wave events, because it is shallower compared to the maxi-
mum wave base values. Nevertheless, as from the frequency distribution of the wave
base values during the entire period under examination (Fig. 9a; b), the mean average
of the wave base at its maximum frequency distribution is estimated to be close to 5m.
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Fig. 8a. MUSAN Ayia Napa wave base at the first and second numerical monitoring sites,
11 December 2021 to 30 April 2022.
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Fig. 8b. MUSAN Ayia Napa wave base at the third and four numerical monitoring sites, 11 De-
cember 2021 to 30 April 2022.
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Fig. 9a. MUSAN Ayia Napa wave base frequency at the first and second numerical monitoring
sites, 11 December 2021 to 30 April 2022.
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Fig. 9b. MUSAN Ayia Napa wave base frequency at the third and four numerical monitoring
sites, 11 December 2021 to 30 April 2022.
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5 Conclusions

The results presented and analyzed in the previous sections, based on ultra-high-
resolution wave modeling over four sites surrounding the area under study, by means
of state-of-the-art numerical models, prove that the MUSAN Ayia Napa underwater
park was affected by seven extreme wave events during the period December 2021 to
April 2022, as shown in Table 4. One event was simulated between 19-20 December
2021 while four more extreme wave events spotted in January 2022: one between 9-10
January, a second on the 19th of January, a third one on January 23 and a fourth event
on the 23d of January. During March 2022, two more extreme wave events were spot-
ted, one between 3-4 March and the second between 10-11 March.

The maximum SWH was numerically simulated during the above months at the sites
1 and 3 with values a little above than 3m, while over the sites 2 and 4 the maximum
simulated SWH was simulated between 2.5 and 3m. During February and April 2022
no extreme wave events were simulated.

The maximum mean averaged wave induced forces-pressure at sea surface during
the entire period of the simulations was 240kPa at the site 4, while the maximum pres-
sure at sea surface was also found at this site with values up to 354kPa during 3-4 March
2022. Similarly, at the water depth of 2 and 4m at the same site and same period, the
maximum pressure was 299kPa and 270kPa, respectively.

The maximum wave base was simulated during the seven extreme wave events with
values between 15-22 m, while for the rest period the mean wave base should be con-
sidered 5m based on the wave base frequency distribution.

The local authorities responsible for the MUSAN underwater park, after the com-
pletion of the present work confirmed that the damages of the underwater structures of
the park were caused during the wave extreme events in December 2021.

Table 4. The MUSAN Ayia Napa underwater park maximum SWH, wave induced forces-
pressure at sea surface, 2m and 4m water depths

Site 1 SWH P, max Pamax  Pamax

extreme wave events m (kPa) (kPa) (kPa)
19/12/2021 3.16 63 45 33
9-10/01/2021 2.30 26 18 12
19/01/2022 3.07 49 35 27
23/01/2022 2.57 38 27 20
25/01/2022 2.58 33 22 16
3-4/03/2022 3.30 65 53 45
10-11/03/2022 2.99 43 35 29

Mean max. average 3.07 45 33 26
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m e e Gen
19/12/2021 2.40 70 50 37
9-10/01/2021 1.80 37 22 15
19/01/2022 2.33 60 41 31
23/01/2022 1.94 56 37 27
25/01/2022 1.99 38 27 20
3-4/03/2022 2.42 112 91 77
10-11/03/2022 2.21 71 56 47
Mean max average 2.15 63 46 36
m e e e
19/12/2021 3.00 130 90 67
9-10/01/2021 2.23 50 36 23
19/01/2022 3.00 99 71 53
23/01/2022 2.53 80 56 43
25/01/2022 2.54 74 51 36
3-4/03/2022 3.24 144 117 98
10-11/03/2022 2.93 94 75 63
Mean max average 3.17 96 71 55
m e ey e
19/12/2021 2.70 270 208 180
9-10/01/2021 2.00 153 105 88
19/01/2022 2.53 227 167 140
23/01/2022 211 220 175 150
25/01/2022 2.15 166 110 99
3-4/03/2022 2.72 354 299 270
10-11/03/2022 2.50 288 237 210
Mean max average 2.39 240 186 162
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