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ABSTRACT: An oil spill occurrence is a concerning pervasive situation that can result in significant risk, depending on where it starts, the oil properties, and the environmental
conditions. In the region of Cyprus, there is an intense traffic of shipping activities which intensifies the risk of an oil spill due to vessel density and prolongated permanence time.
The purpose of this work is to obtain the relative potential impact in Cyprus by performing an assessment based on mathematical simulations to identify the critical places in the
Eastern Mediterranean Sea, aiming at increasing the readiness for minimising the impact of an oil spill in sensitive areas, with attention to the atmosphere, hydrosphere, lithosphere,
biosphere, and anthroposphere. This work simulated 384 scenarios using Mohid and Opendrift platforms with the same data input. The preliminary results presented significant
impact in Cyprus’ western regions, mainly. However, after interpolating with history, sensitivity, distance, and two models, only three specific regions showed a potential relative
impact. Though different platforms have been used, there were some equivalences in the predictions. Based on it, a new and more specific mathematical method was proposed to
assess the potential relative impact of an oil spill in Cyprus, concluding that even with much more intense oil transport in other areas of the Eastern Mediterranean Sea, the most
significant relative risks are in fact, in the areas surrounding Cyprus. In particular, the region in the south, east and west of Cyprus. It must be emphasised that the south of Cyprus is
an important region for the economy of the country.
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RESUMO: Uma ocorréncia de derramamento de dleo € uma situagdo comum e preocupante que pode resultar em um risco significante, dependendo de onde iniciou, as
caracteristicas do dleo e as condigdes ambientais. Na regido do Chipre, ha um intenso trafego de atividades de transporte maritimo o qual intensifica o risco de um vazamento
de dleo dada a densidade de embarcagdes e tempo de permanéncia prolongado. O objetivo deste trabalho € de se obter o impacto potencial relativo no Chipre através de uma
avaliagdo, baseada em simulagdes matematicas a fim de identificar os pontos criticos no Mar Mediterraneo Oriental, buscando aumentar a preparagao para minimizagao de
impactos de um vazamento de dleo em dreas sensiveis, atento a temas de atmosfera, hidroesfera, litoesfera, biosfera e antroposfera. Este trabalho simulou 384 cendrios usando
as plataformas MOHID e Opendrift, usando os mesmos dados de entrada. Os resultados preliminares apresentaram impactos significativos a regido mais oriental do Chipre,
principalmente. Contudo, apds interpolagdo com dados histdricos, sensibilidade e dois modelos, apenas trés regioes especificas ofereceram impacto relativo consideravel. Foi
observado que mesmo em diferentes plataformas, houve equivaléncia de resultados. Baseado nestas equivaléncias, um método matematico novo e mais especifico foi proposto
para avaliar o impacto relativo potencial de um vazamento de dleo no Chipre, concluindo que, mesmo com maior intensidade no transporte de dleo em outras dreas do Mar
Mediterraneo Oriental, os riscos relativos mais significantes foram, de fato, nas dreas proximas ao Chipre. Especificamente, na regiao ao sul, leste e oeste do Chipre. Deve-se
esclarecer que ao sul do Chipre, hd uma regido importante para a economia do Pais.
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1. INTRODUCTION

The petroleum oil spill is a major environmental problem.
Despite several technological and legislative enhancements
worldwide, the potential damage effects of this mineral continue
to be a pervasive issue in several regions.

In the Mediterranean Sea, the accidents related to oil activities
are significant (Kostianoy and Carpenter, 2018). Maritime
vessel allision and collision seem to be the most common and
concerning disasters in the region of the Mediterranean Sea
(ITOPF, 2020). It is impossible to precisely predict the amount
of oil spilled over the Mediterranean Sea, however, the literature
estimates its worst-case to be round 1,000,000 tonnes of crude
oil per year, not considering the intense oil spills, which are rare
(Kostianoy and Carpenter, 2018). In the Eastern Mediterranean
Sea, the shipping density is intense, as there are most of the
exploration activities closer to this region, intensifying the
potential for oil spills (Kirkos et al., 2018; Kostianoy and
Carpenter, 2018).

This work enquiries whether an accident near and far from
Cypriot shore would be a concern for the country. Spills at spots
near the shoreline are expected to arrive easily and rapidly onto
the shore. The farthest spills are expected to be of lower or no
impact to the shore; though that could change for causes that
cover the geophysical forces and anthropological activities. It is
known that the lithosphere formation and water circulation in
this region are complex, which makes more challenging the oil
behaviour predictions (EI-Geziry and Bryden, 2010; Millot and
Taupier-Letage, 2005).

The Cypriot economy is highly influenced by tourism and
aquaculture in coastal sites (Lemesios et al., 2016; Mavris,
2011). If there is an oil spill occurrence, it is likely to have strong
interference in the recreational and environmental attractions
of the affected regions (Ha, 2018), repealing national and
international visitors (Katircioglu, 2009)this can not be said
about tourism and growth or trade and tourism. This study
employs the bounds test for cointegration and Granger causality
tests to investigate a long-run equilibrium relationship between
tourism, trade and real income growth, and the direction of
causality among themselves for Cyprus. Results reveal that
tourism, trade and real income growth are cointegrated; thus,
a long-run equilibrium relationship can be inferred between
these three variables. On the other hand, Granger causality test
results suggest that real income growth stimulates growth in
international trade (both exports and imports.

The aquaculture activities can be seriously compromised due
to the intoxication of the organisms. The biosphere of the
aquaculture regions can be affected by biochemical reactions
between the oil and the local species leading it to instant
death or diseases that make it inappropriate for consumption
(Newman, 2015; Osuagwu and Olaifa, 2018).

Based on the preliminary expectations aforementioned, it is
possible to compile a relative impact risk assessment intended
to categorise more and less likely risks for an oil spill occurrence
in specific spots. This analysis provides arguments to assess
whether a region should be considered in an oil spill trajectory
prediction.

Mathematical modelling is an increasingly used approach that
allows predictions of scenarios in case of an oil spill event.
Different strategies are used depending on the intention and
the coverage area (Al-Rabeh et al., 1989; Chen et al., 2007;
Dagestad et al., 2018; Silva et al., 2013). Occasionally, GIS
(Geographical Information System) is used together with the
mathematical modelling software for a georeferenced and
classified map (Balogun et al., 2021).

Although many platforms are available to create predictions
of oil spill events, they differ in programming technology and
computational needs. In the present work Mohid Studio (Miranda
et al., 2000) and Opendrift (Dagestad et al., 2018) platforms
are used for oil spill events. Mohid is a robust FORTRAN-95
program that has been under constant development since
1985 (Neves, 1985), it covers land and sea, and has wide
applicability in hydrodynamics and oil trajectory prediction.
Several applications are noticed in the Mediterranean Sea,
rivers, and the Atlantic Ocean (Lugon Jr. et al., 2020; Oliveira et
al., 2020; Paiva et al., 2017).

The Opendrift package was programmed in Python platform
and has been under constant development (Dagestad et al.,
2018). This platform has wide application for ocean trajectory
modelling (Dagestad et al., 2016). Using the Lagrangian tracking
methods, it covers oil spills (Jones et al., 2016) and search-
and-rescue applications (Licer et al., 2020). Also, Opendrift
has contributed to the understanding of the possible prehistoric
maritime trajectories between Cyprus and other regions nearby,
by simulating ocean modelling and particle tracking (Nikolaidis
et al., 2020).

As technologies advance, computer programmes are becoming
more precise in representing the various phenomena involved
in a process of an oil spill. For the oil moving prediction, Mohid
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and Opendrift trace the oil particles using the Lagrangian
transport method. This method is useful to trace each particle
individually.

Several phenomena are considered in Mohid and Opendrift
platforms. For a general 2D view: atmosphere winds, surface
movement area, oil spreading velocity, and its evolution. For the
particle: vertical oil movement, sedimentation of the oil particles,
and the moment the particles reach the shoreline (beaching).
For the weathering: evaporation, sedimentation, dissolution,
dispersion, entrainment, emulsification, and biodegradation.
Mohid could not predict the oil biodegradation, nevertheless, a
new study provided a comprehensive oil spill simulation in which
a new biodegradation approach was explored and presented (Li
et al., 2017). The dissolution process is not currently covered by
Opendrift (Dagestad et al., 2018). As the programmes differ in
the mathematical approach used in its core, it is expected slight
differences in the oil trajectories.

This paper presents the use of mathematical modelling to
identify the potentially most critical places of the Eastern
Mediterranean Sea, aiming at minimising the impact of an oil
spill in the sensible areas of Cyprus.

The preliminary results could present a considerable impact in
Cyprus’ western regions, mainly. However, after interpolating with
accident history, region sensitivity, distance to the shoreline,
combining two modelling platforms, only three specific regions
showed a potential relative impact.

2. STUDY AREA AND METHODOLOGY

Cyprus is an island located in the eastern part of the
Mediterranean Sea. It is surrounded by several oil-gas activities,
being the shipping the most notable one (Kirkos et al., 2018).
One of the most pressing problems of this area is that the
intense shipping activities give room for accidents which
could lead to direct damages for Cyprus. Figure 1 presents the
EMODnet projection (EMSA, 2019; Johns, 2019) for route and
permanence of vessels in the study area. Accidents are not
uncommon to be reported in the Eastern Mediterranean area
(Kostianoy and Carpenter, 2018), as can be seen in Figure 2.
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Figure 1. EMODnet projection for average vessel route and permanence density (2019).
The darker regions indicate intense shipping activities.
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Figure 2. Accident occurrence spots provided by EMODnet in the Eastern Mediterranean
Sea from 1977 to 2020. The solid circles in green colour were plotted on the map using
ARCmap.
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Alves et al. (2016) performed 19 simulations in the same region
and found several oil-spill spots that beached in Cyprus. Three
simulations showed a significant relative risk of oil invasion
in Cyprus territory in which two spills were initiated between
Cyprus island and Turkey, and one was initiated between
Egypt and Cyprus. These simulations motived this paper to run
an investigation taking the time range of one entire year with
several spill points, in order to evaluate whether and from where
the oil spill reaches the shoreline of Cyprus.

3. METHODOLOGY AND PRELIMINARY EXPECTATIONS

In order to address the relative potential impact, the developed
methodology schematically represented in Figure 3. The platforms
Mohid and Opendrift are used to include the pollutant trajectory
dimension into such evaluation. In that sense, atmospheric
and hydrodynamic information is required. Besides, in the
construction of the relative risk indicator, a sensitivity scale to
the impact assessment parameters was taken into account.

First, a simple relative impact risk assessment was run, based
upon a formulation inspired by a common risk assessment concept
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used in engineering (Aven, 2012)also covering recent years.
It is questioned if, and to what extent, it is possible to identify
some underlying pattemns in the way risk has been, and is being
understood today. The analysis is based on a new categorisation of
risk definitions and an assessment of these categories in relation
to a set of critical issues, including how these risk definitions
match typical daily-life phrases about risk. The paper presents a
set of constructed development paths for the risk concept and
concludes that over the last 1520 years we have seen a shift
from rather narrow perspectives based on probabilities to ways of
thinking which highlight events, consequences and uncertainties.
However, some of the more narrow perspectives (like expected
values and probability-based perspectives, which presents the
interpretation for any impact 7, considering the probability of this
risk to happen P, and the consequences in case it happens C.
Nevertheless, this paper adds two extra concepts: a barrier B and
a constant a.. The barrier would be the distance that the oil must
travel to reach the shoreline, and is a sealing coefficient such that
I lies in the range from 0% to 100%.
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Figure 3. Schematic representation of the developed methodology.
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In order to regulate the parameters to be used in this equation,
it is considered that the probability of an accident to happen
is intensified by the history of this location, whether and where
the accidents have already happened; the occurrence and the
density of the shipping activities in the region; and the period a
vessel stays in the area, as it is expected that the longer it stays
in the region, the higher is the risk of an accident. Qil spills in
near regions can compromise the shoreline. A parametrisation
was proposed for the calculation (see Table 1).

History parameter was taken from EMODNet history data
for P; the distance D was retrieved by using ARCMap ruler
measurement from the centre of each cell to the nearest corner
snap of the island. The cost coefficient was designed to account
for the difference each region can present when mitigation is
required.

The study area was divided in a 6x6 fishnet projection in
ARCmap, totalising in 36 cells, where four were excluded as they

Table 1. Parameters proposed to use in Eq(1).

represent the land area (see Figure 4). Equation (1) was used
to perform a preliminary heuristic classification for the oil spill
event. The black mark indicates the georeferenced region. The
areas were coloured following the relative impact risk results
provided by Eq. (1). Some marks nearing the shoreline in the
east were adjusted to be in the ocean area and they are not
fitting the central coordinate accurately in the geometric forms.

Based on the results obtained: three distinct categories were
created. Red category: in cases where the oil spill relative
impact risk exceeded 60%. Yellow category: in cases between
10% and 60%. Gray category: low significance - for cases until
10% (see Figure 4).

The first observation reinforces, as expected, that areas nearing
the country are more sensitive to oil spill events. The four red
cells, located in the north and the south of the country, implies
in a considerable risk of oil spill impact. The consequences
could reach a wide length of Cyprus’ shoreline.

Variables Input Definition Unit
P 1-5 1=no history reported or one accident reported  Dimensionless variable
2 =two reported accidents in the region
3 = three reported accidents in the region
4 = four reported accidents in the region
5 = more than five reported accidents
C 0-20 Estimated cost coefficient of the shoreline  Dimensionless variable
affected
B 50-450 Distance from Cyprus’ shoreline Km
0.5 Fixed Correction Value kmt
N
Legend
B I>60%
O 10%<1=60%
(| I1<10%

037575 150 225 300
B Kilometers

Figure 4. Eastern Mediterranean Sea grid cells and preliminary heuristic impact risk classification, Eq.(1). Grey: I<10%; Yellow:

10%<1<60%; Red: | >60%.
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The eastern regions of Cyprus presented two different interlaying
categories, represented by yellow and grey cells. This situation
happened due to the accidents recorded in the region rather
than to the vessel density. In the west region of Cyprus, the
northern sea oil spills yield a moderate impact risk, and the
main reason is the proximity to the country.

The south region of the Cypriot sea was uniform with respect to
the preliminary heuristic relative impact assessment. Induced
by the distance, the relative impact risk assessment reached
significantly low results, even with occasional accidents,
that would result in a 7.5% risk. The port regions of Cyprus
neighbouring countries have a high density of vessels and a
prolonged stay, which contributed to the moderate estimated
impact risk. The distance, nevertheless, is expected to reduce
the risk for Cyprus, significantly.

Model Implementation

In this work, it is used the Copernicus catalogue for maritime
data. In Copernicus, the database for this region can be
found for every single hour in MEDSEA_ANALYSIS_FORECAST_
PHY_006_013 dataset (Clementi et al., 2019) as well as the
bathymetry, which is found on the dataset GLOBAL_ANALYSIS_
FORECAST_WAV_001_027 (Ardhuin et al., 2010). Atmospheric
data was incorporated from the NOAA/NCEP catalogue NCEP
GFS 0.25 Degree Global Forecast Grids Historical Archive -
6-hour timeframe (NCEP, 2015). A non-specific type of oil was
used in the simulations presented in this work, with attention to
the oil properties that are compatible with the tankers’ content
in the region of interest.

A 10-day simulation was deliberately chosen as it is expected
that after this period, emergency actions would have already
been carried out and the simulation would lose its reliability.

The periods were decided to take into consideration the different

Table 2. Pre-defined timeseries for the first semester of 2020.

moon phases and extreme temperatures in all months of the
year 2020 (see Tables 2 and 3).

All' the simulations were performed on the same group of
coordinates and using the same properties. The projection in
Figure 4 was used as a starting point. The projection returned
36 coordinates from which four coordinates were discarded as
they occurred in regions of land. Thus, a total of 32 coordinates
per month were computed and simulated individually, totalising
384 simulations (32 simulations x 12 months).

4. RESULTS AND DISCUSSION

Both platforms used in this work - Mohid and Opendrift - are
programmed to trace the oil considering the physical and
chemical properties and its fate. Mohid and Opendrift achieve
the oil fate by spreading, advection, and diffusing of the oil
particles, which is incorporated in a Lagrangian module so as to
compute the spatial evolution of these particles according to the
calculated or imposed wind drift values, ocean current velocity,
particle movement, and a random velocity (diffusive transport)
(Fernandes, 2017; Rodrigues, 2012). The difference between
the platforms is the equations that rule over the calculations.

The random walk and Stokes drift, for instance, are retrieved
by different mathematical formulations in Mohid and
Opendrift. For random walk in Mohid, the initial velocity (z’)
is reduced as the tracers pass through the mixing length (L).
The adapted method from Allen (1982) and Sullivan (1971)
proposes the random movement. The time to have a random
walk is the mixing length divided by the standard deviation of

the turbulent velocity d¢t = Provided that the mass

u'u’
flux (x) is dependent on the water turbulence to move and

Months: 1 2 3 4 5 6
Days 3/Jan-13/Jan | 25/Feb-5/Mar | 24/Mar-3/Apr | 15/Apr- 25/Apr | 7/May-17/May | 13/Jun-23/Jun
Period: Y moon Lowest water °C New moon % moon Full moon Y% moon
Table 3. Pre-defined timeseries for the second semester of 2020.
Months: 7 8 9 10 11 12
Days 05/Jul-15/Jul | 05/Aug-15/Aug | 17/Sep-27/Sep | 10/0ct- 20/0ct | 30/Nov-10/Dec | 14/Dec-24/Dec
Period: % moon Highest water °C New moon % moon % moon New moon
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considering that traceable particles are emitted in a specific

. e — .
spot x=0, it means thatﬁ(x ) = 2xu’. As the correlation

between x and «” is extremely low 2w’ — O when x>L, a
modification of language is proposed and ' = L, where

U = V W, indicating the square root of the variance of
the turbulent velocity in the function of x and the mixing length
L. When the velocity is thoroughly through, it is restarted based
on a statistical distribution of null average and variance ().
L values can be constant or not depending on the means it
flows through. The values admitted by the platform consider L
and u, as a constant value throughout the complete domain, as
demonstrated in Table 4.

For random walk in Opendrift, Visser (1997) observed after
experimentations that tracers at a particular position (depth)
are influenced by eddies with different energy levels, making
them not constant. This observation proposes a method that
is not related to stochastic differential equations. Rather, it
proposes that diffusivity K(m2s?) of the square of the particle

d
movement z in a 1-dimensional situation is %(ZQ) = 2k.

As position changes Z to Z +1 along the time d¢, the work
presented Z . = Z +R(2r'Kdt)"?, considering R the
random process, mean and standard deviation respectively
(R?) = 0 and (R?) = r. Finally, the boundary conditions are
implemented in the model giving the equation in Table 4.

Table 4. Random walk and Stokes drift methods in software compilation.

Particles are also induced by waves (Stokes drift) and the platforms
differ in their mathematical approach. For Mohid, the stokes
transport (u ) for all particles is calculated individually and added
up to its horizontal velocity component (see Table 4) (Daniel et al.,
2003). The depth has a major influence over the stokes drift effect
so a depth independent term (C) is proposed as an arbitrary
—a’c sinh 2kh
4h sinh? kh
k= 2m/L whereas L = wavelength, /2 = depth, and ¢ = 27/P,
whereas P = wave period (Longuet-Higgins, 1953) apart from
their orbital motion, a steady second-order drift velocity (usually
called the mass-transport velocity.

constant C' = , Where a = wave amplitude,

In Opendrift the Stokes drift velocity profile is based on Phillips
spectrum, which gives a fair approximation based on the
equilibrium range of the spectrum of waves forced by the wind
above the spectral peak (Breivik et al., 2013) see Table 4. The
Stoken transport in Opendrift depends on the Phillips spectrum
profile, which is expected to balance the equation of the spectrum
of waves forced by the wind above the spectral peak. A coefficient
/3 for the Phillips spectrum is presented in Breivik et al.(2013) work
and commonly retrieves exactly one. However, an approximated
2(w°F(w))
GUoWp
dimension frequency spectrum , where w = circular frequency,
F(w) = Frequency spectrum, g = gravity, v, = initial stokes drift
velocity, wp = peak frequency (Breivik et al., 2016; Janssen, 2009).

formulation is also presented as: 3 = in a one-

Phenomenon | Platform | Random walk behaviour Reference
L
Mohid dt = — (Allen, 1982; Sullivan, 1971)551-576 (1971
Uy
Random walk 1
. 1 z|
Opendrift | 2,1 = 2, + K'(z,)0t + R {QTIK [zn + EK'(zn)ét} 5t} Visser (1997)
cosh|2-k(z—h Daniel et al. (2003) and Longuet-Higgins
Mohid Us = a® - w - [, ( )]+C BuetHies
2 - sinh?(k - h) (1953)
Stokes drift
Vo 2
Opendrift V= Tkp( — ?ﬁ) Breivik et al., (2016)

Where in Mohid equation (random walk): ¢ = time variation, Z = mixing length, and V w'u In Opendrift equation (random walk): z = particle displacement, K "= diffusivity
derivate, o¢=time delta, R = random process. In Mohid equation (Stokes drift): z = depth undemeath surface, @ = wave amplitude, w = wave circular frequency, & = wave number,
C = depth independent term. And in Opendrift: /= Stokes drift velocity, VO=surface velocity, kp = peak wavenumber, 3 = constant.
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Figure 5 shows the steps considered in the methodology
application indicating, also, the corresponding figures with the
input information and results obtained.

The simulation provided results for each month and as can be
seen for the first semester predictions (Figure 6) and the second
semester predictions (Figure 7). The results suggested that 11
out of the 32 simulated points of oil discharge led to a beaching
effect, and all of them near Cyprus.

In simulations made for the October and November months, the
first row of cells (to the south closer to the Cyprus shoreline)
presented a beaching effect. Nevertheless, the next rows to the
south did not have the same result in any period within the 12
months of simulations. Qiao et al. (2019) made 19 simulations
over the same region and created several spill origins based
in port regions or nearby, mainly in the Egypt and Israel shore
regions. The result suggested that five emissions reached the

Cypriot shore, two from the northern region and the other three
from the south. The variations observed between this work
and others seem to be reasonable as the timeframe chosen
for simulations are not expected to be the same and many
phenomena change their behaviour throughout the years. An
additional plausible reason would be the anticyclonic eddies
located in the south region of Cyprus, i.e. the Shikmona gyre
(Zodiatis et al., 2005). The simulations with Mohid showed a
higher dispersity of the oil particles in the first moments of the
simulations, whilst Opendrift showed a neat round movement
of several oil slicks in the same region and at the same period.
Shikmona gyre phenomenon could have modified the trajectory
of the particles in a different direction other than toward Cyprus.

The results from both platforms indicate that in February, no
oil spill from any area would reach the Cypriot shoreline. It was
a unique condition that hindered the proximity of the oil slick

it arld FrequenFy Regions where Final result:
Opendrift based on_smg\e hamodsllars Impact
Gestlts per bedching matched quantification
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eFigure 6 eFigure 8 sFigure 9 eFigure 10
eFigure 7
Figure 5. Methodology steps and results presentation structure.
¥ P
y )
b /,,'/
= b . Legend
. . o A ) :\:ohid Trajectories
= ~ i :‘-“; 1 January
- N--- 3 Maren
; 4 Apni
"‘\ A ---- 5 May
y oo === 8 June
Opendrift Trajectories
Id
/" — 1 January
® ® 3 March
6 June
Simulated Coordinates
Id
@  Simulated Coordinates
@ Suppressed Coordinates

0 55 110 220 Kilometers
HE BN

Figure 6. Simulations for the first semester of 2020 in Mohid and Opendrift.
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Figure 7. Simulations for the second semester of 2020 with both Mohid and Opendrift platforms.

throughout its trajectory. The movement of the oil slick from
the north-eastern region of the sea revealed moments that the
northern coast in the island was hit by the oil, after a while,
a northward trend onto Turkey country was perceived and the
oil no longer threatened the island. Particles did not present a
strong dispersion, which may be due to two reasonable reasons:
(1) Hydrodynamic effect caused by the coldest temperature or
(2) Coincident non-favourable hydrodynamic/weather in the
period selected. The latter could explain the phenomenon that
made November simulations remarkable for their rapidness and
intensity in a westward movement in the East of Cyprus (in the
Famagusta region).

Further, all the months except for February, October, and November
had oil spills that reached the Cypriot shoreline sourcing from the
west region of the sea. It is clear at this stage that the west of
Cyprus is a critical area to be considered in oil spill events.

Simulations with both Mohid and Opendrift for June and July
months, had the same oil spill origins being responsible for the
beaching effect, indicating a lengthy period of an eastward trend
that affected Cyprus intensively.

An interesting overall observation of the simulations
demonstrated that both platforms could often show equivalent
results. From the oil spill locations, Mohid resulted in more

beaching results (24) compared to Opendrift (18) in the entire
period of simulations. Mohid and Opendrift presented a perfect
match for the oil spill location and the corresponding results in
eleven simulations (see Figures 6 and 7). Months that did not
have the beaching effect were not included in the figures.

One thought-provoking observation for December simulations is
that Opendrift presented one individual location for the beached
oil source (east - near Famagusta region), whilst Mohid showed
four distinct spots: three in the west and one in the north of
the country. The simulations for December showed the largest
discrepancy in the computational platforms’ outputs compared
to the other simulations.

In sequence, it was observed the importance of coupling both
estimations by an evaluation relating the frequency of beaching
occurrences and the corresponding oil spill locations. The results
created Figure 8 and summarises the 42 beached spills (24 -
Mohid and 18 - Opendrift). The red cells represent particularly
important locations, since there is a high frequency of occurrences
(from nine to twelve), the yellow marks represent a moderate
range from six to eight occurrences, and the grey cells indicate low
frequency from one to five occurrences. Observe that this colour
scale is not related to the one used to indicate the preliminary
heuristic impact risk classification graphically shown in Figure 4,
with the calculated values obtained with Eq.(1).
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In Figure 9, it is possible to observe the agreement between
both platforms, Mohid and Opendrift. The red cells indicate the
highest frequency of occurrences (three matches). In the yellow
cell, it reached two simulations. The grey cells present locations
that the platforms matched only once.

The region on the west of Cyprus showed high significance in
this impact risk assessment, implying that an oil spill in the west
region would have a higher risk of reaching the shoreline.

All the simulations were performed in an Intel ® Core (TM) i7-
8565U CPU @ 1.8 GHz with 8GB RAM in Windows 10 Professional
0S. The simulation processing time for each month in Mohid
was about 2 hours while in Opendrift, about 20 minutes.

5. RELATIVE POTENTIAL IMPACT ASSESSMENT

In order to decide which areas are more sensible regarding oil
spills and corresponding beaching occurrence, a simplified
empirical relative potential impact assessment was proposed
based on the preliminary heuristic evaluation given by Eq.(1),
incorporating new effects, supported by the platforms Mohid
and Opendrift.

Reey x SxMxCy xdx H
Ry=f- (= b )@

The parameters used to calculate Rq are described in Table 5.

Legend
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Figure 8. Frequency based on single beaching occurrence where grey: 1 to 5; 6<yellow<8; 9<red<12 occurrences.
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Figure 9. Regions where the Mohid and Opendrift beaching results matched. Red: 3 matches; Yellow: 2 matches; Grey: 1 match.

Table 5. Parameters proposed to use in Eq (2) for the relative potential impact assessment Rq.

Description Values Unit Meaning

Risk cell, Recell 1, 25,50 Dimensionless Increasing values according to the cell High-risk cells (50), moderate risk cells (25), lower risk cells (1)
Sensitivity, S lorb Dimensionless If it is a classified region (5); otherwise (1)

Matches, M lorb Dimensionless If both programmes match the region (5); otherwise (1)

Hit the Target, C, Oorl Dimensionless If models hit the target (1); otherwise (0)

Vessel Density, d lor2 Dimensionless For high density (2); For low density (1)

History, H lor2 Dimensionless Prior accident reported in the block (2); No prior accident reported (1)

Distance, D Distance value >50 km For distances < 50km use D = 5.0km

Constant, # 0.25 km Fixed value
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Some particularities must be considered in order to have
appropriate use of Eq.(2). This paper understands that the
frequency of accidents (/) reported (Figure 2) is relevant to
estimate the risk of a new accident occurrence. There are many
known reasons which can develop into an accident such as
human mistakes, machinery problems, and weather conditions.
Even a single vessel could have problems with the machinery or
anchoring procedures which would lead to spillage. It is expected
that intense vessel density (Figure 1) would strengthen the risk
of an accident (c/), however, the distance (D) to the shoreline is
expected to be an obstacle for the spilled oil to reach the land.

Based on the simulation outputs (Figure 8 and Figure 9), a risk
cell argument (Rcell) and a confirmation based on equivalent
outputs () were created in the equation, so that it is possible
to qualify a relevant risk of a beaching effect. A beaching effect
is always an unwanted effect that can happen after a spillage;
however, environmental problems are relevant even though the oil
does not reach the shore. This paper did not study the sensitivity
of the regions thoroughly (S). Rather, it is based on the premise
that the south of the island is the most sensitive area. This premise
is because aquaculture and tourism hotspots are present in this
region (Cyprus, 2021, 2019). The simulation platforms were quite
significant (Fig 9) at this stage, presenting whether the oil would
reach the shoreline (C'). In order to provide a reasonable scale
of the relative potential impact assessment, a constant /5 was
created.

Based on Eq. (2), Figure 11 was created. Three distinct categories
were created and represented in Figure 11 with a colour scale.
Red indicates Rq > 50, yellow: 2.5% < Rq < 50%, and grey: Rq
<2.5%.

Different volumes of oil spills over the Eastern Mediterranean Sea
could result in a different dispersion in the model. For instance, it
is expected that in case of a large oil spill in the south of the region
(near the Israel coastline), some particles could eventually reach
the Cypriot country due to the atmosphere and hydrodynamic
forces. These regions have intense shipping activities and a history
of accidents, increasing the beaching risk. The numerically low
relative risk areas (in grey) corroborate what has been discussed
in this work.

The red areas, however, still represents a threat to the country in
nearby areas. Equations (1) and (2) provided different results, as
can be observed in Figures 4 and 10 as more details were inserted
in the calculation of Rq. In only one situation they matched the
location (red cell in the south of Cyprus shoreline), reinforcing the
importance of this area in the dynamics of an oil spill event.

6. SENSIBLE REGIONS IN CYPRUS

The simulations performed in this work indicated a strong
movement of oil particles toward Limassol (south), Paphos
(west), and Paralimni (east). According to tourism statistics
provided by the Ministry of Finance from Cyprus, these three
regions correspond to 63% of all tourism in Cyprus (35.5%
Paphos; 14% Paralimni; and 13.6% in Limassol) (Cyprus, 2019).

Aquaculture economy is also present in Cyprus and the data
provided by the Department of Fisheries and Marine Research
of Cyprus acknowledges that pandora (Pagellus erythrinus),
gilthead seabream (Sparus aurata), red bream (Pagrus
pagrus), Japanese bream (Pagrus major), and meagre (Argyros
omusregius), European seabass (Dicentrachus labrax),
rabbitfish (Siganus rivulatus), and shrimps are present in
aquaculture activities which are located closer to the shore
(Cyprus, 2021).

When there is an oil spill, the insoluble fraction remains in
surface forming a layer that blocks gas exchange and light
permeation in the water column (Gomes et al., 2017) affecting
the photosynthesis process (Newman and Clements, 2008). The
soluble part, such as benzene, toluene, and xylene (Baird and
Cann, 2012; Doherty et al., 2019; Niaz et al., 2015), although
highly diluted in the ocean, are polycyclic hydrocarbons that
bind to the biotic ligand. After its metabolization, the organisms
develop highly reactive metabolites, which are extremely toxic,
affecting the organism'’s life severely by disorders in metabolism,
oxidative stress, genotoxicity, morphological damage, and
endocrine disruption (Gomes et al., 2017; Newman, 2015).
Humans can also be affected by consuming these organisms
(EFSA, 2012; Osuagwu and Olaifa, 2018).

It is still not possible to predict all consequences the oily water
may result (Grosell and Pasparakis, 2021; Pasparakis et al.,
2019; Ward, 2017). It is common knowledge that physical and
chemical modification in the water will alter the equilibrium
framework of the region jeopardising the survival and the
reproduction of these organisms (Chen et al., 2019; Gomes et
al., 2017).

7. CONCLUSIONS

The current and yet growing demand for petroleum encourages
researchers to find means to mitigate the negative consequences
of this activity.
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The use of computational platforms based on mathematical
modelling proved to be essential to predict critical areas in
case of an oil spill. Due to computational limitations, it was
reasonable to propose a heuristic preliminary expectation
and limit the simulation area. In addition, using two different
platforms providing equivalent results reinforced the results,
mainly because they are based on different mathematical
backgrounds.

Based on a relative potential impact assessment equation, the
simulations suggested that accidents happening near Cyprus
are far more critical. Regions such as Paphos, Limassol, and
Paralimni had the most critical classification. These regions are
Cypriot economy hotspots for tourism and aquaculture and their
protection is highly recommended. However, the region is a path
where several ships travel during the year and the possibility of
an accident and a beaching effect is considerable.

It was interesting to use both platforms to compare the oil
spill results. They could provide clear and precise predicted
information regarding the trajectory performed by the oil.
Besides that, the equivalence of the results was valuable to
this work suggesting that even different mathematical models
for some spillages in specific coordinates would reach the
same results. Both platforms are open-source code, which is an
advantage for researchers.

Identifying potential risks and consequences in case of an
oil spill is an important strategy to certify the wellness and
emergency actions in case of necessity. Computational models
are important tools that allow systematic approaches which
are helpful to enhance the assessment of an oil spill event and
the design of remediation measures, besides increasing the
readiness for the realisation of such measures.

Future research could examine the sensitivity of the region of
Cyprus, providing more precise sensitivity argument, mainly in
aquaculture regions, considering the biological disturbances in
case of an oil spill event.
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