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Abstract

The Aegean Sea is one of the world’s busiest waterways, combined with complex and
intense weather and sea current patterns with strong seasonality, complicated coastline
and bathymetry. Therefore, the uncertainty assessment of the oil spill forecasting
systems in this region is of great interest. The purpose of this study is to evaluate the
impact of the uncertainty of the atmospheric forcing on the performance of the oil spill
modelling and the dispersion of the pollutants in the marine environment. Ensemble
simulations were carried out using the ECMWF Ensemble Prediction System and the
oil spill model MEDSLIK II. The Aegean Sea was chosen as the study area performing
ensembles of 50 members with seven days forecast lead time, during different seasons.
Three types of oil were chosen representing lighter, medium and heavier oil spills,
covering also a wide range of oil densities. The oil spill duration and the spill rate were
chosen taking into account significant accidents of the past like for instance the Prestige
case. Results suggest that the model errors in the oil spill trajectories are sensitive to
the atmospheric forcing uncertainties. An ensemble approach assuming model errors in
the atmospheric forcing shows great potential for predicting several possible pathways
of oil spill transport, which could provide important information for the control and
mitigation strategies, in the event of an oil spill accident.
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IHepiinwn

To Avyaio eivan £vag omd ToVE o TOAVSHYVAGTOVS BAAAGG10VG SLVAOVS TOL KOGHLOV,
oLVOLALOVTOG TOAVTAOKT KOl £VTOVY] OTHOCQAIPIKY Kol BaAdocio kukAogopio pe
évtovn emoyikdtnTo, TEPImAoK aktoypapun kot Babvuerpio. Emopévoc, n extipnon
™G afePotdTNTOg TOV GLOTNUATOV TPOYVAOONG OGTOPAG TETPEAUOKNAIOWY GTNV
TEPLOYN OVTN EYEL UEYOAO EVIPEPOV. XKOTOG NG Tapovoos UEAETNG &ivol va
exTiun 0t 10 avtiktumo g afePoldTNTAG TOV OTHLOCOUPIKMOV OPACEDY GTNV ATOS0GN
TOV HOVTEAOL SlooTOpdG TETPEAAIOKNAISOG Kot oty Olomopd TV pOTOV GTO
Bordooo  mepiBdArov. Ilpaypotomombnikoyv TPOGOUOOGCELS TOTOV  «OVOOUTAY
ypnowonowwvtag oedopéve. tov ECMWF Ensemble Prediction System kot to
apBuntikd poviého MEDSLIK II. To Atyaio [TéAayog emAéybnke wg meproyn per&ng
OOV TPy HOTOTOMONKAY «OVGAUTAG) S50 HEA®V, SIAPKELNG 7 NUEPDY GE SLOPOPETIKES
emoyéc. EmdéyOnkav tpeig THmot meTpeAaion mov ovTTpos®TEHOLV ELUPPES, LECOIES
Kot PoapOtepeg TETPEAUOKNAIOEG, KAADTTOVTOG €MIONG £VOL €VPV PAGHO. TUKVOTHTOV
netpedaiov. H obpkeln kot o puBuodg dwappong tov meTpelaiov emAEyOnKav
AOUBAVOVTOG LTTOWYT TO CTIUOVTIKA OTUYNHOTO TOV TApEAOOVTOC, OTMS TO OTHYNLLO TOV
Prestige. Ta amoteAécpaTo VTOSEIKVOOVY OTL TO. GOAALOTO TOV LOVTEAOL GTIG TPOYLESG
™G meTpeAalokNAdag eivar evaicOnta oy afefaidotTo TOV  ATHOCQOUPIKOV
dpboewv. Mia Tpocéyyion TOTOV «OVGAUTAY» Tov Be®pel GPAALOTO TOL LOVTEAOV OTIG
OTHLOGPAIPIKEG OPACELS TaPOLGLALEL peYAAEG dLVATOTNTEG YoL TNV TPOPAEYT TOAAGDV
TOOVAOV «LOVOTOTIOVY UETOPOPAS TETPELAio, Ta. omoia Bo Lropovoay Vo TapEYovV
ONUOVTIKES TANPOPOPIES Y1 TIG CTPATNYIKEG EAEYYOL KOl LETPLOGOV, GE TEPITTMOT)
€VOG ATUYNIATOG TETPEAULOKNALOOC.

A&Eerc-khewond: Avyaio IIEAayog, MEDSLIK II, metpelatoknAidn, mpocopoimon
«ovodumiy, afefoatdoTnta
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1. Introduction

1.1. Introduction

Although unintentional oil pollution caused by ships is declining over the years,
increased oil shipments may pose an increased risk. In the event of an oil spill, oil spill
modelling predictions serve as the initial/forefront tools to assist regional and national
contingency plans (Zodiatis et al., 2017). The behavior of some environmental variables
may alter the physical and chemical processes acting on oil spills. Uncertainties related
to parameters like met-ocean conditions, influence the transportation and weathering of
oil and the accuracy of oil spill modelling predictions. Thus, the identification of such
factors, the analysis of their sensitivity and the validation of the oil spill models are
necessary for the improvement of oil spill forecasts.

Wind is a major error source of oil spill transport modelling, especially for long time
simulations. Incomplete knowledge of the initial conditions of the atmosphere and
unavoidable simplifications of the equations used to describe the complexity of the
weather, due to limitations in computer power, are the major sources of uncertainty in
numerical weather predictions. A good method to overcome this problem and improve
the accuracy of oil spill modelling is to follow an alternative approach shifting from a
deterministic to a probabilistic approach, using an ensemble of wind predictions. The
basic idea of ensemble-based forecasts is the representation of the atmospheric state,
by a number of different, but equally possible model forecasts, created by perturbed
initial conditions and/or state variables. The ensemble spread can be regarded as a proxy
of the model uncertainties in the forecast. A large spread indicates large model errors
in the prediction and yields several forecast predictions increasing the possibility some
of them to be closer to the true (unknown) state (fig. 1.1).
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Figure 1.1: Uncertainty captured in an Ensemble Weather Forecast. Reprinted from
“Recommendations on trajectory selection in flight planning based on weather uncertainty” by
Cheung et al. (2015), SESAR Innovation Days.

Ensemble oil spill simulations have been used in the past mainly to access the risk of
oil spills and their potential environmental impacts. Hazard mapping was used to
quantify this risk by Sepp Neves et al. (2020), Al Shami et al. (2017), Sepp Neves et al.
(2016), Liubartseva et al. (2015), Goldman et al. (2015), Jiménez Madrid et al. (2016),
Price et al. (2003), Olita et al. (2019), Amir-Heidari et al. (2019). Perturbed forcing
fields have been used to assess the impact of forcing errors in an oil spill forecasting
system by Jorda et al. (2007), while a stochastic approach has been used for the forecast
of the transport and transformations of a point mass oil spill by B.J. Snow et al. (2014).
Furthermore, important work has been done, to demonstrate the potential of ocean
ensemble forecasting, using the ensemble approach for the atmospheric forcing for the
Deep Water Horizon oil spill case, in the Gulf of Mexico (Khade et al., 2017).



1.2. Study area

1.2.1. Risk of marine oil pollution in the Aegean Sea

Maritime transport is a major source of pollution from oil and polycyclic aromatic
hydrocarbons (PAHs) in the Mediterranean Sea, and it has been shown that the
distribution of oil spills is associated with the major shipping routes (UNEP/MAP,
2012) (fig. 1.2 & 1.3). The total activity of vessels in the Mediterranean has been
steadily increasing in recent years and is expected to continue over the next decade.
Increasingly larger merchant vessels operate within and through the Mediterranean,
transporting more goods. As seen in fig. 1.3, the main oil transport route (90% of the
total traffic), extends from the eastern to the western Mediterranean and connects the
passages of the Dardanelles Strait and the Suez Canal, with the Straits of Gibraltar.

Density of maritime traffic

uuuuuu Source: MarineTraffic, 2017

Figure 1.2: Density of maritime traffic in the Mediterranean Sea (Source: MarineTraffic, 2017).
Reprinted from “Environment Programme, Mediterranean Action Plan Barcelona Convection”.



The Aegean in particular, as one of the world’s busiest waterways, has a relatively high
probability of occurrence of significant oil spills. It is also important here to mention
the large number of maritime accidents in relation to other areas of the Mediterranean
(EMSA, 2019) (fig. 1.4). Kafireas Strait, which was chosen as the study area, is a
channel for one of the main traffic routes in the Mediterranean, especially for the
transportation of crude oil from Novorossiysk in the Black Sea, to destinations in the
Mediterranean Sea, through the straits of the Dardanelles.

Maritime transportation routes
in the Mediterranean
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Figure 1.3: Maritime transportation routes in the Mediterranean. Reprinted from “UNEP/MAP:
State of the Mediterranean Marine and Coastal Environment”, UNEP/MAP — Barcelona
Convention, Athens, 2012.

Figure 1.4: Distribution of marine casualties and incidents within sub-sea areas around EU
waters for 2011-2018. Reprinted from “Annual Overview of Marine Casualties and Incidents
20197, by European Maritime Safety Agency (EMSA).



1.2.2. Physical properties and geography of the Aegean Sea

The Aegean Sea is located in the Northeastern part of the Mediterranean and is bordered
to the west and north by the coasts of Greece, to the east by the coasts of Turkey and to
the south by the island of Crete. The Aegean Sea is connected through the straits of the
Dardanelles and Bosporus to the Marmara and Black Seas. It is a basin with complex
and intense weather and sea current patterns with strong seasonality, complicated
coastline and bathymetry (fig. 1.5). Therefore, the uncertainty assessment of the oil spill
forecasting systems in this region is of great interest.

Aegean Sea bathymetry
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Figure 1.5: Bathymetry and coastlines of the Aegean Sea.

The surface water circulation of the Aegean Sea (fig. 1.6) is characterized by a generally
cyclonic circulation on the scale of the basin, cyclonic and anticyclonic mesoscale gyres
and transient eddies. Seasonal changes in meteorological conditions, the complex
topography and bathymetry of the area, the inflow of lower temperature and salinity
water from the Black Sea and the outflow of rivers in Greece and Turkey create a
complex circulation that changes temporally and seasonally. Perhaps the most
important feature of the circulation is the low salinity waters of the Black Sea (BSW)



that enter the Aegean through the straits of the Dardanelles. After its entry into the
Aegean, this water mass generally follows a cyclonic course. From the Dardanelles it
continues in a westerly direction, passing North of Lemnos, south of Halkidiki and then
southwestward moving along the island of Euboea, as it finally enters the south Aegean
through the strait of Kafireas and the strait of Mykonos-Ikaria.

Figure 1.6: Schematic representation of the Aegean Sea upper circulation. Reprinted from
“Circulation and hydrological characteristics of the North Aegean Sea: a contribution from real-
time buoy measurements” by NITTIS, K., & PERIVOLIOTIS, L. (2002), Mediterranean
Marine Science.

The wind field of the Aegean Sea is dominated mainly by north winds with average
monthly values ranging from 3 m/s to > 7.5 m/s. These north winds show an annual
fluctuation with two maximums: one in winter during the period from December to
February and one in summer from July to August. During the winter, strong, cold and
dry north winds blow over the Aegean Sea, while occasionally south winds may occur.
During the warm season, the wind field is dominated by the Etesian Winds, a system
of strong and dry north winds (Poulos et al., 1997).



1.3. Objectives

The purpose of this study is to evaluate the impact of the atmospheric forcing
uncertainty on the performance of the oil spill modelling and the transport of the
pollutants in the marine environment. To that end, we use a probabilistic approach for
the simulation of the oil spill by using an ensemble of wind predictions (based on the
ECMWF EPS) and generate an ensemble of oil spill forecasts. Finally, after evaluating
this impact, we try to answer if the ensemble approach for the oil spill prediction can
provide additional information with respect to a deterministic approach, providing the
decision-makers with a picture of several equally possible outcomes, to better plan the
mitigation procedures in the event of an oil spill.



2. Methodology

2.1. Model description

The numerical model MEDSLIK II (De Dominicis et al., 2013a), (De Dominicis et al.,
2013b), is a freely available community model, which is based on its precursor the oil
spill model MEDSLIK (Lardner et al. 1998, Lardner et al. 2006, Zodiatis et al. 2005,
Zodiatis et al. 2008). It 1s designed to predict the transport and weathering of an oil
spill, caused by complex physical processes occurring at the sea surface, using a
Lagrangian representation of the oil slick. This numerical representation requires the
following different state variables: the oil slick, the particle and the structural state
variables, which are all used for different calculations. The transformation and
movement of an oil slick depend on many factors, the main ones being: meteorological
and oceanographic conditions at the air-sea interface, the marine currents in the oil spill
arca as well as the chemical characteristics, the initial volume and the rate of oil release.

A brief description of the basic equations used by MEDSLIK II is given below based
on De Dominicis et al. (2013a), De Dominicis et al. (2013b) and Zodiatis et al. (2017),
and a schematic representation of the model’s solution procedure methodology can be
seen in fig. 2.1. Over time, as the oil moves, its concentration changes due to physical
and chemical processes also known as "weathering", e.g. evaporation, emulsification,
dispersion in the water column and viscosity changes. The general equation for
calculating the oil concentration C (X, y, z, t) in the marine environment is:

M

ac B
 +U-VC —V-(KVC)+Z7‘J~(x,C(X,t),t) (1)

j=1

where 0C/0t is the time rate of oil concentration change, U is the sea current mean field
with components (U, V, W), K is the diffusivity tensor which parameterizes the
turbulence and rj(C) are the number of M transformation rates that change the oil
concentration due to physical and chemical transformation processes.

The solution of the above equation and the calculation of the evolution of the oil
concentration based on a Lagrangian formalism, is based on the following fundamental
assumptions:



e Water hydrodynamics and other processes generally are not influenced by the
constituent particles.

e The constituent particles behave like water parcels, moving through
infinitesimal displacements with the absence of inertia and with no interaction
among themselves.

e Physical and chemical processes modify the volume associated with each
particle, by acting on the entire slick rather than on the properties of every single
particle.

Based on these assumptions, Eq. 1 is divided into two components:

1. The transformation equation due to "weathering":

M

ac
2= ;rj(x, C(x,6),¢) )

where C is the concentration of oil due to "weathering" processes. The transformation
processes act on the total volume of the oil slick and the oil slick state variables are
defined. The "weathering" processes are calculated through Mackay et al. (1980) fate
algorithms. In order to be used, the surface volume of the oil slick is divided into a thin
part, V1n, at the edges of the oil slick, and a thick part, Vrk, near its center.

2. The advection-diffusion equation:

acC
== —U-VC, + V- (KVC,) (3)

where the oil slick is discretized into a large number of particles, transported by sea
currents, wind, waves and diffusion processes, with associated particle state variables,
some of which are deduced from the oil slick state variables. Concentration C is
subdivided into its following components, called structural state variables: The surface
oil concentration, Cs, subsurface Cp, adsorbed on the shore, Cc and in bottom sediments
Cs.

Finally, to fully solve the problem of advection-diffusion and transformation, of the
general equation for calculating concentration (Eq. 1), a numerical grid must be
determined where the particles can be measured and the concentration calculated.



INITIAL CONDITIONS AND ENVIRONMENTAL VARIABLES

DISPERSION

VARIABLES

CHANGE PARTICLE STATUS

CALCULATE CONCENTRATIONS

Figure 2.1: MEDSLIK-II model solution procedure methodology. Reprinted from “MEDSLIK-
II, a Lagrangian marine surface oil spill model for short-term forecasting — Part 1: Theory” by
M. De Dominicis et al. (2013), Geoscientific Model Development.
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2.2. Model inputs — Data

As mentioned above, MEDSLIK-II requires the input of data on atmospheric winds,
sea surface temperature, marine currents and information about the oil spill, in order to
calculate the oil transport and transformation processes.

2.2.1. Oceanic forcing

For the oceanic forcing, daily three-dimensional currents were used (velocity and
temperature), covering the area 18 ° E to 32 ° E and 32 ° N to 43 ° N, with depths from
1.0181 m up to 153.43 m. We selected two periods of seven-day simulations, the one
in winter (mid-January 2017) and the other in spring (mid-May 2017). The input
currents were interpolated to 1 h time step, which is used by the oil spill model
MEDSLIK II.

The data were provided by the physical component of the Mediterranean Forecasting
System (Med-Currents), a coupled hydrodynamic-wave model, whose outputs are
freely available on the Copernicus Marine Environment Monitoring Service (CMEMS)
portal (marine.copernicus.eu). The model covers the entire Mediterranean with a
horizontal grid resolution of 1/24° (approximately 4 km) and 141 unevenly distributed
vertical levels. Hydrodynamics is provided by NEMO v3.6 while the wave component
is provided by Wave Watch-III.

Figures 2.2 and 2.3 present the rose diagrams of the daily surface sea current velocity,
for a point near the starting position of the oil slick. Figure 2.2 shows the speed and
direction of the surface sea current for the period from 2017-01-10 to 2017-01-16
(winter), while fig. 2.3 for the period from 2017-05-10 to 2017-05-16 (spring). The
prevailing direction of the surface sea currents is south-southwest for both time periods,
which is in agreement with the bibliography about the surface water circulation of the
Aegean Sea, with values ranging from 0.1 to 0.4 m/s in winter and 0 to 0.5 m/s in spring.

11



Surface current rose: 2017-01-10 to 2017-01-16

Figure 2.2: Surface current speed rose of the deterministic simulation for the time period: 2017-

01-10 to 2017-01-16.

Surface current rose: 2017-05-10 to 2017-05-16
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Figure 2.3: Surface current speed rose of the deterministic simulation for the time period: 2017-

05-10 to 2017-05-16.




2.2.2. Wind forcing

For the wind forcing, 50 ensemble members of 3-h wind velocities were used, covering
the area of 18 ° E to 32 ° E and 32 ° N to 43 ° N and a horizontal grid resolution of 9
km for the deterministic and 18 km for the ensemble members. Two periods of seven-
day simulations were selected (mid-January 2017 and mid-May 2017). The input
winds, like the three-dimensional currents, were also interpolated to 1 h time step,
which is used by the oil spill model MEDSLIK II. The ensembles, which are used as a
product in this study, were generated via the ECMWF Ensemble Prediction System
(ECMWF EPS), a system used for the generation of probabilistic weather forecasts.

Figures 2.4, 2.5, 2.6 and 2.7 present the wind roses of the 3-h wind velocity at 10 m for
a point near the starting position of the oil slick. Figure 2.4 shows the wind speed and
direction of the deterministic simulation for the period from 2017-01-10 to 2017-01-16
(winter), while fig. 2.5 shows the total values of the wind speed and direction of the 50
ensemble members for the same time period. The prevailing wind direction is north-
northeast, nearly opposite to the currents in the area, with a maximum value above 12
m/s for both wind roses. The total ensemble wind displays a larger variability of wind
directions, as a result of the spread of the ECMWF ensembles.

Likewise, fig. 2.6 and 2.7, present the wind speed and direction of the deterministic
simulation and the total ensemble values of the wind speed and direction of the 50
members respectively, for the period from 2017-05-10 to 2017-05-16 (spring). The
prevailing wind direction is to the south, with a maximum value between 8 to 10 m/s.
In spring, the intensity of the wind is lower than the winter and the prevailing wind
direction is closer to that of the currents in the area. Also, the differences between the
deterministic and the total ensemble, as well as the spread of the wind velocity values,
are lower than the winter case.
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10m deterministic wind speed rose: 2017-01-10 to 2017-01-16
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Figure 2.4: Wind speed rose at 10m of the deterministic simulation for the time period: 2017-

01-10 to 2017-01-16.
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Figure 2.5: Wind speed rose at 10m of the total ensemble for the time period: 2017-01-10 to

2017-01-16.
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10m deterministic wind speed rose: 2017-05-10 to 2017-05-16
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Figure 2.6: Wind speed rose at 10m of the deterministic simulation for the time period: 2017-

05-10 to 2017-05-16.
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The sudden changes of the wind in the winter, as shown in fig. 2.8a, especially between
50 to 75 hours and 125 to 168 hours, indicate the high variability of the atmosphere
during the period under investigation and potentially a higher uncertainty in the
forecasts if phase errors are present in the ECMWF system. In spring the lower wind
intensity and the gradual change of the wind, as shown in fig. 2.8b, indicate a less
variable wind pattern and potentially smaller phase errors and uncertainty.

10m wind speed: 2017-01-10 to 2017-01-16
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Figure 2.8: 10m wind speed of deterministic and ensemble mean for (a) winter and (b) spring.
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2.2.3. Bathymetry and Coastlines

Bathymetry used in the MEDSLIK II simulations was obtained from the General
Bathymetric Chart of the Oceans (GEBCO). The data set GEBCO 2014, a global grid
at 30 arc-second intervals, was used for the defined study area (from 23 ° E to 26 ° E
and 36 ° N to 39 ° N). For coastlines, version 2.3.7 of the high-resolution GSHHG
geographic data set was used. In addition to the MEDSLIK II simulations, this data set
was also used in the creation of the maps displaying the surface/dispersed and beached
oil, for greater consistency. Figure 2.9 presents the bathymetry and the coastlines of the
study area, along with the names of the locations and the starting point of the oil spill
(shown as a red cross in the map).

Bathymetry and coastlines of the study area
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Figure 2.9: Bathymetry, coastlines and names of the locations in the study area, as well as the
starting point of the oil spill.

17



2.3. Ensemble experiment setup

A single oil release point was used performing simulations of 7 days forecast lead time,
with continuous oil release and a rate of spillage of 5 tons per hour. The oil spill duration
and the spill rate were chosen, taking into account significant accidents of the past, like
for instance the Prestige case (Portman, 2016), (Sepp Neves et al., 2016). The number
of parcels, used in the simulations to calculate diffusion and dispersion and to estimate
the concentration of oil in the oil slick, was 10°, while the values of horizontal and
vertical diffusions remained constant during experiments and the default model values
were used. Stokes drift was taken into account in the calculation of oil transport, and
the depth of the mixing layer for the periods January 2017 and May 2017 was set at 50
m and 10 m respectively, according to the oceanographic data used.

The range of experiments performed included:

e An atmospheric forcing of 50 ensembles of hourly (1h) wind speed values at
10 m as well as the ECMWF-HRES deterministic simulations for the time
period of January 2017 and May 2017 (a total of 50+1 simulations per
experiment/period).

e The corresponding oceanographic data (marine current velocity and
temperature) for the above two periods and for depths of 0 m, 10 m, 30 m, 120
m.

e 3 types of oil: API 12, API 31 and API 38 representing heavier, medium and
lighter oil spills, covering also a wide range of oil densities (Sepp Neves et al.,
2016).

A total of 306 simulations were performed for a period of 168 hours (i.e. 7 days) shown
in Schematic 2.1.
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Schematic 2.1: Experimental design.

As an example of the oceanic and wind forcing used in the experiment, we present for
winter and spring in fig. 2.10 and fig. 2.11 respectively, the state of the wind field,
according to the deterministic simulations, and the surface marine currents for four
different times. The oceanic and the wind forcing are used by MEDSLIK II for the
simulation of the deterministic oil spills for the corresponding times.
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Figure 2.10: State of wind field (according to the deterministic simulation) and surface marine
currents for winter and: (a) 24, (b) 72, (c) 120 and (d) 168 hours.
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Figure 2.11: State of wind field (according to the deterministic simulation) and surface marine
currents for spring and: (a) 24, (b) 72, (c) 120 and (d) 168 hours.
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2.4. Metrics

2.4.1. Convex hull area

The convex hull of a given set of oil spill particle positions in the area of interest is
defined as the smallest convex polygon that contains all positions in the set of modelled
particles. In this study convex hull is used to examine the spreading, transport and
dispersion of the simulated oil spills and evaluate the uncertainty of the area affected
by the oil particles simulated by the deterministic and the ensemble members. An
example of a convex hull of a set of points as they spread in time is presented in fig.
2.12.

Figure 2.12: Example of convex hull of a set of points as they spread in time.

In addition, we use the convex hull to compute two more metrics, Aexceed and DA. Aexceed
denotes the area of the deterministic convex hull that exceeds the area of one ensemble
member’s convex hull, while DA denotes the difference in the size between the
deterministic convex hull and the convex hull of the combined ensemble oil spills. We
use the Acxceed metric to compare the differences between the deterministic and each
ensemble member convex hull as well as the differences between the convex hulls of
the ensemble members, using as the area of reference the extent of the deterministic
convex hull. An example of the Acxceed metric is presented in fig. 2.13. Aexceed 1S depicted
as the hatched area.
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I Deterministic convex hull
W Ensemble member convex hull

Figure 2.13: Area of deterministic that exceeds the area of the ensemble member convex hull
(Aexceed)-

Furthermore, apart from the DA metric, we use percentage change to calculate the
percentage increase (or decrease) between the deterministic convex hull and the convex
hull of the combined ensemble oil spills (total ensemble convex hull). Namely, to
calculate the percentage of how much bigger (or smaller) is the total ensemble convex
hull, in comparison to the deterministic and to quantify in a way how much more (or
less) information it provides. We define the percentage change as:

DA

Deterministic
convex hull area

Percentage change(%) = * 100% (4)

2.4.2. RMSE

The root mean square error (RMSE) of the ensembles is estimated with respect to the
deterministic simulation, calculating the separation distance between the deterministic
and the ensemble means of oil spill Lagrangian trajectories, as a function of the forecast
lead time (De Dominicis et al., 2013b). In this study, the Lagrangian trajectory
definition refers to the mean trajectory geographically weighted by the number (and
subsequently concentration) of the released oil spill particles.
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§=1 di(xs(ti);xo(ti))z (5)

RMSE(t;) = 5

where d; is the distance between the deterministic, Xo, and the ensemble, x;, mean
positions respectively, at a given forecast lead time t; following the mean trajectories
after the initial release of particles, and S is the total number of the ensemble members.

2.4.3. Uncertainty index s

The non-dimensional index s according to De Dominicis et al. (2013b) and Liu &
Weisberg (2011) is defined as:

A CAGENG))

S
1
s(ty) = §; Tele, Lot (x0(t0), %0 (1)) ©

where di and S have already been defined in Eq. 5 and lo; is the length of the simulated
deterministic mean trajectory at a given forecast lead time ti, following the mean
trajectories after the initial release of particles at time to. As seen by the above equation,
the average of the separation distances between the simulated deterministic and
ensemble members is weighted by the length of the deterministic trajectory, aiming at
the reduction of possible evaluation errors that could arise by using only the Lagrangian
separation distance (as in RMSE). For this reason, the uncertainty index s is used
alongside the RMSE as it provides a more accurate quantification of the uncertainty in
the oil spill trajectories. A trajectory model skill score (ss) can also be defined, using
this index.

In most studies, RMSE and index s (and subsequently skill score ss) are used in the
comparison between observed and simulated trajectories, as negative oriented metrics,
in order to evaluate the modelling system’s capability in reproducing the observed
trajectories (predictability of the trajectories). The lower the RMSE and s values, the
better the performance and predictability of the model simulations, with 0 indicating a
perfect fit between observation and simulation. In this study, we use RMSE and index
s, as positive oriented metrics, to compare the deterministic with the ensemble
trajectories. Higher RMSE and s values indicate more significant differences between
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the deterministic and ensemble trajectories and consequently the importance of the
uncertainty generated by the ensemble simulations.

2.4.4. Oiling probability

The description of oiling probability is presented by Amir-Heidari et al. (2019) and
Goldman et al. (2015). In the event of an oil spill, the oiling probability for a receptor
(e.g. the coastline in our case) indicates the chance of the receptors’ exposure to oil.
The traditional approach for the calculation of oiling probability is based on a binary
philosophy, i.e. oil spill events counted as “0” for nonexistent concentrations of oil in
the beach or “1” for measured concentration regardless the amount of oil. The oiling
probability for a total of n oil spill scenarios, with one source and one receptor only is
according to Amir-Heidari et al. (2019):

N
i=1 Bi

p==""— (7)

where Bi equals “1” or “0” if during the i simulation we measure oil concentrations or
not, and N is the total number of simulations.
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3. Results

In this section we present the results of MEDSLIK II simulations and quantify, using
the metrics discussed in section 2.4, the uncertainty generated in the oil spill forecasting
by the wind forcing (ECMWF EPS) ensembles and their possible use in concert with
the deterministic simulation. This chapter presents the results for oil API: 31 which
represents the most common type of oils (medium oils) and a middle case scenario for
our study, while the results for the other two types are presented only briefly here
(section 3.3) and in the appendices. Each oil slick was represented by 10° independent
Lagrangian particles in the simulations.

Section 3.1, presents the surface oil maps of the ensemble oil spill simulations for seven
days forecast lead time in the chosen study area (Kafireas strait), and the use of the
previously mentioned metrics i.e. the convex hull, the trajectory of the oil spill mean
point, the RMSE and the uncertainty index s, to quantitatively assess the uncertainty.
Section 3.2, presents the beached oil maps of the ensemble oil spill simulations and the
use of metrics like oiling probability, to quantify the uncertainties in beached oil
forecasting.

3.1. Oil trajectory — spreading

3.1.1. Surface oil concentration maps

The direction of spreading and transportation of surface oil is greatly controlled by the
direction of the wind, as seen in fig. 3.1, 3.2, 3.3 and 3.4, in conjunction with the wind
field changes, presented previously in fig. 2.4 - 2.8. The concentrations of the ensemble
oil spills, as simulated by the model, are constant, but there are variations in the
transport and the evolution of the shape and size of the oil spills between members
solely because of the wind spread.

Figure 3.1 illustrates the surface oil concentrations and spreading of the deterministic
simulation for winter and for 24, 72, 120 and 168 hours. Different colors represent the
different concentrations of particles. On the first day of the simulation, the oil slick is
transporting southwest, following the direction of the marine currents and the wind, as
seen in fig. 3.1a. Between 24 to 72 hours, the sudden changes in the wind field are
responsible for the spread of the oil slick, observed in fig. 3.1b. Afterwards, the oil slick
spreads mainly in the downwind direction and is transporting northeast while beginning
to interact with the coast of Andros (fig. 3.1¢). Finally, in the following days of the
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simulation, the oil slick spreads further in the area, as seen in fig. 3.1d, once again as a
result of the sudden changes in the wind. As can be seen in fig. 3.2, although the
prevailing transport of the ensemble oil spill members is also downwind and similar to
the deterministic oil spill, there are considerable differences in the shapes of the oil
slicks. These differences in the direction and extension of the oil slicks, are caused by
the different atmospheric forcing among the members and the sudden changes of the
wind field associated with phase errors in the ensemble (discussed also in section 2.2.2).
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Figure 3.1: Surface oil concentrations of deterministic simulation for winter, 31 API and
simulation time of: (a) 24, (b) 72, (c) 120 and (d) 168 hours.
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Figure 3.2: Surface oil concentrations of some of the ensemble members for winter, API 31 and
simulation time of 168 hours.
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Similarly, fig. 3.3 illustrates the surface oil concentrations and spreading of the
deterministic simulation for spring and for 24, 72, 120 and 168 hours. The oil slick is
transporting southwest for the first day of the simulation according to the marine
currents and the wind forcing (fig. 3.3a). Afterwards, due to a change in the direction
of the wind, the oil slick transports northeast (fig. 3.3b), in the downwind direction until
the 100™ hour of the simulation approximately, while also interacting with the coasts
of Euboea and Andros. Finally, in the remaining days of the simulation, the oil slick
transports southwest as seen in fig. 3.3c and 3.3d. As expected, differences in the oil
spill distribution between the deterministic and the ensemble simulations (fig. 3.4) are
also present in spring, although on a lesser extent compared to winter, which is mainly
attributed to the lower wind spread of the ensemble and the more gradual change of the
wind, as described previously on sections 2.2.1 and 2.2.2.
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Figure 3.3: Surface oil concentrations of deterministic simulation for spring, 31 API and
simulation time of: (a) 24, (b) 72, (c) 120 and (d) 168 hours.
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Figure 3.4: Surface oil concentrations of some of the ensemble members for spring, API 31 and
simulation time of 168 hours.
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3.1.2. Uncertainty assessment for oil spill trajectory and spread

Figure 3.5 presents the convex hull of the deterministic and ensemble members for
winter and simulation times of 72 and 168 hours. Both surface and subsurface parcels,
as well as those deposited on the coast were used in the computation, to better describe
the extent of the oil spills simulated by MEDSLIK II and the extent of the area they
affect. Asshown in fig. 3.5, the oil spill is advected according to the wind forcing (fig.
2.8a) and the marine currents in the area (fig. 2.2), moving southwest for the first few
hours of the simulation and then spreading around the area. Variations in the extent of
the area affected by the ensemble oil spills are observed, as shown by the differences
in convex hulls (fig. 3.5 b & d).

These variations in the extent of the area affected by the ensemble oil spills are better
shown in fig. 3.6, where we present the area of the deterministic convex hull that
exceeds the area of each member’s convex hull, for the duration of the simulations.
This area expressed by the metric Aecxceed (also discussed in section 2.4.1), increases
over time with a maximum of around 370 km? for 156 hours. The Aexceed Spread
increases because we continuously force the MEDSLIK II model with different
atmospheric forcing per timestep. Also, it is worth noting that there is a rapid increase
of Acxceed sSpread around 75 to 114 hours and 125 to 168 hours, linked to the sudden
changes in the wind forcing and the possible phase errors in the wind ensembles, as
discussed in section 2.2.2. The moment the Aecxceed Spread increases rapidly and the
difference in the extent of the oil spills and the area they affect, could prove important
knowledge in the formation of the mitigation strategy and the expected length of the
deployed booms.
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Figure 3.5: QOil spreading of deterministic and ensemble members for winter, oil API: 31 and
simulation time of (a - b) 72 hours and (c - d) 168 hours.
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Figure 3.6: Area of deterministic oil spill that exceeds the area of each ensemble member
(Aexceed), for winter and oil API: 31.

Figure 3.7 illustrates the difference in the extent between the convex hull of the
deterministic oil spill and the convex hull of the combined ensemble oil spills, for
winter. The convex hull area covered by the whole ensemble (total ensemble convex
hull) is larger than the area simulated by the deterministic approach, illustrating that the
oil spill may affect a larger area. For example, in fig. 3.7 the total ensemble convex hull
indicates a higher risk for the island of Syros (24.91° E, 37.43° N) and the possible
appearance of oil if the simulation continued after the time point of 7 days. There is a
continuous increase in the difference between the two convex hulls, as shown in fig.
3.8 and denoted by the metric DA (also discussed in section 2.4.1), with a maximum
value of about 950 km?. The rate of increase is higher and more variable in the earlier
hours of the simulation as denoted by percentage change (fig. 3.8), with the total
ensemble convex hull being greater than the deterministic convex hull by 38% - 102%
for the first day of the simulation, while it decreases and stabilizes in the latter hours,
with a percentage change of 25% - 30% after the 120 hour mark. The percentage of the
additional information offered through the use of the total ensemble convex hull is
significantly higher than that of the deterministic in the earlier hours of the simulation
and although in the latter hours this percentage drops, the additional information offered

34



by the total ensemble convex hull is equally or even more important than the earlier
hours due to the continuous growth in the extent of the oil spills over time.

For the most part of the simulation, the deterministic convex hull area is enclosed by
the whole ensemble, considering all areas spanned by all members, as shown in fig. 3.7
& 3.8. The information for the extent of the oil spills and the extent of the area they
affect provided by this approach (ensemble approach), which takes into account the
predictability of the atmospheric forcing, is of added value, compared to the
deterministic approach.

2017-01-10, API:31, Oil spill convex hull, time: 168 h
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Figure 3.7: Oil spill convex hull for the deterministic and the total ensemble, for winter, oil
API: 31 and 168h.
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Figure 3.8: Area difference (DA) and percentage change between the deterministic and the total
ensemble convex hull, for winter, and oil API: 31.

In spring, as illustrated in fig. 3.9, the oil spill is advected mainly to the southwest and
then to the northeast for the first 3-4 days of the simulations, while interacting heavily
with the coastline and later to the southwest again following the marine currents in the
area (fig. 2.3) and the change in the wind direction, as shown in fig. 2.8b. In contrast to
the winter case, differences between the convex hulls are smaller, likely due to the
lower intensity of the wind and the more gradual changes in the wind field, associated
with lower phase errors in the ensemble (also discussed in section 2.2.2). Also, as
shown in fig. 3.10, the Acxceed area and Aexceed Spread are smaller in spring. The rapid
increases of Aexceed Spread around 25 to 50, 75 to 100 and 125 to 150 hours, as shown
in the same figure, is most likely due to a change in the direction of the wind. Although
the uncertainty in the extent of the oil spill forecasts generated using ensemble wind
forcing is smaller in spring, this information is just as important, due to the greater
interaction between the oil spill and the shoreline, as opposed to winter with greater
spread. Figure 3.11 illustrates the difference in the extent between the convex hull of
the deterministic oil spill and the convex hull of the combined ensemble oil spills, for
spring. Similarly to the winter case, the convex hull area covered by the whole ensemble
is larger than the area simulated by the deterministic approach and for the most part of
the simulation, the whole ensemble convex hull area encloses the deterministic convex
hull area. Likewise, there is a continuous increase in the difference between the two
convex hulls, as shown in fig. 3.12. In contrast to the winter, this difference is lower,
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with a maximum value of about 620 km?. Furthermore, the percentage change, as
shown in fig. 3.12, is lower and steadier than the winter, with the total ensemble convex
hull being greater than the deterministic convex hull by 35% - 58% for the first day of
the simulation and around 20% for the following days.
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Figure 3.9: Oil spreading of deterministic and ensemble members for spring, oil API: 31 and
simulation time of (a - b) 72 hours and (¢ - d) 168 hours.
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Figure 3.10: Area of deterministic oil spill that exceeds the area of each ensemble member
(Aexceed), for spring and oil API: 31.
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Figure 3.11: Oil spill convex hull for the deterministic and the total ensemble, for spring, oil
API: 31 and 168h.

39



DA, 2017-05-10, oil API: 31

1200 B DA (km?)
[N Percentage Change (%)

1000

800

600 Y-
200 I~ ,J“/
~

200 M

S

0 25 50 75 100 125 150 175
time (hours)

DA (km?)

Figure 3.12: Area difference (DA) and percentage change between the deterministic and the
total ensemble convex hull, for spring and oil API: 31.

Figure 3.13 shows the trajectories of the simulated parcels’ mean of every individual
ensemble member with 168 hours forecast lead time, during winter and spring. It is
important to investigate the oil spill transport also by means of Lagrangian trajectories,
since those trajectories can be considered as a proxy of the most pollutant ocean routes
carrying the highest levels of oil concentration. As expected, the trajectory spread
increases with time for both cases, displaying a higher spread in winter (fig 3.13a), as
a result of the higher wind forcing uncertainty. This uncertainty in the trajectory
prediction, generated by the ensembles in both time periods, is an important element to
consider in the event of an oil spill.
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Figure 3.13: Mean coordinates trajectory of each ensemble member for API 31, simulation time

of 168 hours and two time periods: (a) winter, (b) spring.
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To further evaluate the uncertainty in the oil spill, focusing now on the mean oil
Lagrangian trajectories, we use the RMSE and the uncertainty index s, described in
detail in sections 2.4.2 and 2.4.3. As expected, both RMSE and uncertainty index s are
increasing with time (fig. 3.14, fig. 3.15), with higher values and a more gradual
increase in the winter case. In winter as shown in fig. 3.14a, there is a significant
increase in RMSE after the first 125 hours of the simulations, associated with the high
spread of the oil spill trajectories (fig. 3.13a) most likely as a result of phase errors in
the wind field and the ensemble spread (section 2.2.2). In spring (fig. 3.14b), RMSE
displays a discontinuous increase with two significant peaks around 70 and 110 hours,
primarily due to the high interaction of the oil spill with the coastline around those two
time periods and secondary, as a result of phase errors in the wind field and the
ensemble spread. After the first 125 hours, the rate of increase of RMSE appears to be
decreasing, most likely due to the stabilization of the wind field (section 2.2.2). Overall
the RMSE displays lower values in spring, in agreement with the low trajectory spread
(fig. 3.13b) and most likely due to the gradual change of the wind field and the lower
ensemble spread as opposed to the winter case (section 2.2.2). The added value of the
ensemble oil spill forecasts is shown to be more important when the RMSE is
increasing, suggesting that the Lagrangian trajectories of the oil spill members span a
larger area than the single trajectory of the deterministic run. The continuous increase
of the RMSE over time is attributed to the different atmospheric forcing per member
imposed through the whole simulation period.

These observations are supported by uncertainty index s, presented in fig. 3.15. In
winter (fig. 3.15a) the uncertainty index s increases over time presenting an almost
linear growth. Unlike the winter case, in spring (fig. 3.15b), uncertainty index s displays
lower overall values, fluctuations in its growth, and a decrease in its value after the first
120 hours. In this study, the s index is used to show the periods where the contribution
of the atmospheric ensemble is most noticeable in terms of increasing the oil spill
uncertainty, so as the ensemble prediction to be more useful operationally with respect
to the deterministic prediction. We note that this occurs in periods when there is a
noticeable increase in the s index, suggesting an increase in the distance of the ensemble
Lagrangian trajectory compared with the deterministic. In the opposite case when the s
index is decreased, there is a “collapse” of the ensemble envelop with respect to the
deterministic simulation, denoting a period with not much contribution in terms of
uncertainty.
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Figure 3.14: RMSE for each API value and time periods of: (a) winter and (b) spring.
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Figure 3.15 Uncertainty index s for each API value and time periods of: (a) winter and (b)
spring.
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3.2. Beached oil

“Beaching” is a term commonly used in literature to describe the interaction between
the oil and the shoreline and is an essential part of oil spill modelling and impact
assessment due to the importance of coastal areas (Samaras et al., 2014). In this section
we present the beached oil maps, the total amount of oil beached and fixed on the coast
every time step (total fixed oil) and use metrics like oiling probability, in order to
determine quantitatively the spatiotemporal uncertainties in beached oil forecasting
generated by the wind forcing ensembles. These uncertainties are important to estimate
the impact of an oil spill on a coastal area and to better plan the mitigation procedures,
including several equally possible oil spill states expressed by our ensemble protocol.

3.2.1. Beached oil maps

Figure 3.16 illustrates the beached oil concentrations of the deterministic simulation for
winter and 168 hours forecast lead time (i.e. at the end of the run). The different
concentrations of beached oil particles are represented by different colors. The
deterministic simulation, predicts a maximum value of 0.47 tons/km. As seen in fig.
3.17, a maximum concentration of 1.44 tons/km (members 017 & 030) is predicted for
the presented ensemble members, with significant differences between them, indicating
a high degree of uncertainty in the amount of beached oil concentrations. These
differences in the beached oil predictions are the result of the differences and
uncertainty of the ensemble spread, discussed in section 3.1.
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Figure 3.16: Beached oil concentrations of deterministic simulation for winter, simulation time
of 168 hours and 31 APL
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2017-01-10, Ensemble member 012, API 31, Beached oil concentrations for 168h 2017-01-10, Ensemble member 017 , API 31 , Beached oil concentrations for 168h
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Figure 3.17: Beached oil concentrations of some of the ensemble members for winter, API 31
and simulation time of 168 hours.
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Similarly, fig. 3.18 illustrates the beached oil concentrations of the deterministic
simulation for spring and 168 hours forecast lead time, with a maximum value of 13.52
tons/km, and fig. 3.19 the beached oil concentrations of a portion of the members, with
a maximum value of 18.54 tons/km (ensemble member 034). Although the
concentrations of the beached oil in spring are higher than the winter case, differences
in the beached oil predictions are lower, as shown in fig. 3.19, due to the lower
differences and uncertainty of the MEDSLIK II simulations ensemble spread, discussed
in section 3.1. Nevertheless, in both cases, the uncertainties generated by the use of the
ensemble approach for the wind forcing and the information about the possible
concentration values and hit locations of the beached oil, provide a useful tool to assess
the impact on the coastal area and to better prepare, by taking into account the possible
scenarios.

2017-05-10, Deterministic , APl 31, Beached oil concentrations for 168h
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Figure 3.18: Beached oil concentrations of deterministic simulation for spring, simulation time
of 168 hours and 31 APL.
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2017-05-10, Ensemble member 002, API 31, Beached oil concentrations for 168h
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Figure 3.19: Beached oil concentrations of some of the ensemble members for spring, API 31

and simulation time of 168 hours.
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3.2.2. Uncertainty assessment for beached oil

The above results can be further verified by looking at the total amount of oil beached
and fixed at the coast (total fixed oil) over time. In winter, the variability of the total
fixed oil between members is high (fig. 3.20a). This variability can be further expressed
as uncertainty, as seen in fig. 3.21, by examining the mean and standard deviation of
total fixed oil. The standard deviation is of great magnitude in comparison to the mean,
indicating a large distribution about the mean. This high variability is also the reason
for the difference in the total fixed oil values between the deterministic and the
members’ mean (fig. 3.21a & 3.22).

In spring, the variability of the total fixed oil between the members is lower than the
winter case, despite the higher quantity of beached oil, as shown in fig. 3.20b. In
contrast to the winter case, the smaller magnitude of the standard deviation in
comparison to the mean indicates the lower spread of the total fixed oil values around
the mean (fig. 3.23). Additionally, the differences in the total fixed oil values between
the deterministic and the members’ mean, are less important, in comparison to the
winter case (fig. 3.23a & 3.24).
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Figure 3.20: Total fixed oil (beached oil) of each ensemble member for API: 31 and two time
periods: (a) winter, (b) spring.
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Figure 3.23: Total fixed oil (a) mean and (b) standard deviation for spring and all oil APIs.
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For the quantification of temporal uncertainty for the beached oil, we used oiling
probability as defined in section 2.4.4, to examine the probability of the presence of
fixed oil on the coast, across the 50 ensemble members in total, for every time step.
Oiling probability, shows an uncertainty in the hit time for beached oil for the ensemble
runs, in contrast to the binary event of a single deterministic run.

In winter, the uncertainty in the temporal window for the beached oil and for the
ensemble members for oil API: 31, starts at 21 hours and ends at 36 hours, having a
duration of 15 hours, as shown in fig. 3.25a. This means that according to the performed
simulations, before the 21 hour time mark and after the 36 hour time mark, the
probability of the presence of total fixed oil on the coast (oiling probability) is 0% and
100% respectively, while for the duration between these two time marks the probability
varies in time as more members predict oil beaching. This information which takes into
account, the predictability of the wind forcing and is translated into oil spill
predictability through multiple binary events of beached oil among members, is of
added value compared with the binary event shown in fig. 3.25 for the deterministic
simulation with a single hit time (at the 25 hour time mark in winter and the 37 hour
time mark in spring). In spring, as shown in fig. 3.25b, the uncertainty window for the
ensemble members and for oil API: 31 is shorter than in winter, most likely due to the
lower ensemble spread of the oil spill, as discussed in previous sections. The duration
of this uncertainty temporal window is approximately 8 hours, including the first (at the
33 hour mark) and last members being beached (at the 41 hour mark).
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3.3. Oil trajectory — spreading and beached oil for oil API:
12 & 38

As in sections 3.1 and 3.2, in this part, we discuss concisely about the trajectory and
spreading of the oil spills for oil API: 12 and 38, as well as the beached oil maps and
the total amount of oil beached and fixed at the coast every time step for these two types
of oil, according to the ensemble oil spill simulations, and the uncertainty assessment
for these results. For convenience, the figures discussed below are presented in
appendices A and B. As expected, the observations discussed in sections 3.1 and 3.2
about the uncertainty generated in the oil spill forecasting by the wind forcing
ensembles, are once again seen and verified below.

3.3.1. Oil trajectory — spreading (oil API: 12 & 38)

Figures A.1 to A.8 (appendix A1) illustrate the surface oil concentrations and spreading
of the deterministic and ensemble members for winter and spring, with seven days
forecast lead time. Oil spill transportation is greatly influenced by the wind forcing. The
oil slicks are transporting downwind for both periods, with variations in the transport
and the evolution of the shape and size of the oil spills being observed between the
ensembles. The lighter oil (API: 38) seems to be more affected by the wind and is
transporting further, than the heavier oil (API: 12).

Figures A.9 to A.24 (appendix A2) present the convex hulls of the deterministic and
ensemble members for oil API: 12 and oil API: 38, for winter and spring and simulation
times of 72 and 168 hours. Also, in this set of figures, we assess the uncertainty in the
extent of the ensemble oil spills through the differences between the convex hulls
denoted by the metrics Aexceed and DA (presented in sections 2.4.1 and 3.1.2). The area
difference between the deterministic and the total ensemble convex hull (DA), is higher
for the lighter oil (oil API: 38), likely due to the higher influence of the wind in the
transportation of the lighter oil slick. However, the spread of the Acxceed 1s higher for oil
API: 12 (heavier type of oil), especially in spring, indicating higher variations in the
extent of the ensemble oil spills for this type of oil. This is likely due to the interaction
between the oil spill and the shoreline, which is also higher in spring. The uncertainty
and the variability in the extent of the oil spill ensembles, generated by the wind forcing
ensembles, is higher for heavy types of oil (e.g. oil API: 12) if the oil spill interacts
heavily with the coast (beached oil) in the duration of the simulation, as suggested by
our results. This indicates the importance of the ensemble approach for the wind forcing
in the oil spill simulations, for heavier types of oil spills in nearshore areas.

Figures A.25 and A.26 show the trajectories of the simulated parcels’ mean of every
individual ensemble member for 168 hours and oil API: 12 and 38, during winter and
spring. The trajectory spread increases with time for all cases and a more significant
transport is observed for the lighter oil.
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In fig. 3.14 and 3.15 (presented in section 3.1.2), RMSE and uncertainty index s are
used to further evaluate the uncertainty in the oil spill. RMSE displays higher values
for lighter types of oil (o1l API: 38) in both winter and spring. This observation is also
supported by the uncertainty index s metric, which weights the average of the separation
distances between the simulated deterministic and ensemble members by the length of
the deterministic trajectory. According to uncertainty index s, the uncertainty in the oil
spill generated by the ensemble wind forcing displays higher values for lighter types of
oil (oil APIL: 38).

3.3.2. Beached oil (0il API: 12 & 38)

Figures B.1 to B.8 illustrate the beached oil concentrations of the deterministic and the
ensemble simulations for winter and spring, with seven days forecast lead time. The
deterministic simulation in the winter predicts a maximum value of 3.36 tons/km for
oil API: 12 (fig. B.1) and 0.52 tons/km for oil API: 38 (fig. B.3). For the presented
ensemble members in winter, a maximum value of 5.63 tons/km (member 046) is
predicted for oil API: 12 (fig. B.2) and 1.39 tons/km (member 017) for oil API: 38 (fig.
B.4). In spring the concentrations of the beached oil are higher than the winter case and
the deterministic simulation predicts a maximum value of 20.83 tons/km for oil API:
12 (fig. B.5) and 12.44 tons/km for oil API: 38 (fig. B.7), while the presented ensemble
members predict a maximum value of 39.74 tons/km (member 034) for oil API: 12 (fig.
B.6) and 14.27 tons/km (member 002) for oil API: 38 (fig. B.8).

Figures B.9 and B.10 present the total amount of oil beached and fixed at the coast
(total fixed oil) over time, for oil API: 12 and 38, in winter and spring. The variability
of total fixed oil is higher for heavier oils (oil API: 12), an important consideration
especially in spring, where the amount of total fixed oil is higher than the winter case.
The higher uncertainty and spread of the ensemble for heavier types of oil can be further
expressed by examining the standard deviation of the total fixed oil as shown in fig.
3.21 and 3.23 (presented in section 3.2.2). The magnitude of the standard deviation is
higher for oil API: 12 (heavy type of oil) for both winter and spring.

Finally, as shown in fig. 3.25 (presented in section 3.2.2), the uncertainty window for
the ensemble members and for oil API: 12 is shorter in the winter than the uncertainty
window for oil API: 38 and higher in spring.
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4. Conclusions and Recommendations for
Further Work

4.1. Summary and Main Conclusions

This study aims at evaluating the impact of the atmospheric forcing uncertainty on the
performance of the oil spill modelling and the dispersion of the pollutants in the marine
environment of the Aegean Sea, following a probabilistic approach for the simulation
of the oil spill. Ensemble wind predictions generated via the ECMWF EPS were used
for the required atmospheric forcing and generated an ensemble of oil spill forecasts
using oil spill model MEDSLIK II, in order to better represent the predictability of the
atmospheric forcing. We examined uncertainties like the spreading and transport of the
oil slick, the extent of the oil spill, including both surface and subsurface as well as the
oil beached on the coast, the amount of total fixed oil on the coast and finally temporal
uncertainties regarding the oil beaching time. Our final goal was to ascertain whether
the uncertainty information generated by the ensembles is important, and therefore, if
an ensemble approach for the atmospheric forcing can improve the information
provided by the oil spill forecasting and provide the decision makers with a picture of
the outcomes closer to the reality in the event of an oil spill. An ensemble of 50
members and the deterministic simulation was used for the atmospheric forcing in the
oil spill simulations, for two time periods (winter and spring) and 3 different types of
oil with a 168 hours lead time.

Wind forcing influences heavily the oil transportation in the study area. The sensitivity
analysis performed indicates the importance of the wind on the performance of the oil
spill modelling especially in nearshore areas. All the ensemble oil slicks simulated by
MEDSLIK II, spread mainly in the downwind direction, but there are variations in the
transport and the evolution of the shape and size of the oil spills between the ensembles.
Oil spill ensemble spread increases over time, representing the uncertainty generated in
the oil spill forecasting by the ECMWF EPS ensembles. This increase displays higher
values and more significant increases for a highly variable wind forcing, with high wind
intensity, sudden changes in the wind field, and the possible presence of phase errors
in the wind ensembles used. The extent of the area affected by the ensemble oil spills
in total, is found to be greater than the area only affected by the deterministic
simulation, providing additional information (of the order of 15% - 35% in the latter
hours of the simulation, depending on the time period and the type of oil) with respect
to the deterministic approach. For a highly variable wind forcing, the spread and
uncertainty generated by the atmospheric ensembles are higher for lighter types of oil
(higher API values). However, for a lower variable wind forcing with a higher
interaction between the oil spill and the coast and a greater amount of beached oil, the
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spread and the uncertainty generated by the atmospheric ensembles appear to be higher
for heavier types of oil (lower API values).

Our results show that as time goes on and the uncertainty increases, a deterministic
approach for the wind forcing can presumably limit the accuracy and the information
provided by the oil spill model forecasts, regardless of how good the forecast model is.
Thus, the use and the added value of a probabilistic approach for the wind forcing that
takes into account the predictability of the atmospheric forcing, in relation to the
deterministic, and the simulation of ensemble oil spill forecasts that predict several
equally possible oil spill states becomes more important as time goes on. In conclusion,
the ensemble approach as described above has great potential benefits and seems to
improve the possibilities of the oil spill modelling, by predicting the possible
trajectories of the oil spill transport, the volume and location of the beached oil, by
giving a better estimate for the possible extent of the oil spill and the area it may affect
and by providing a possible time window for the appearance of oil in the coastal area.
This knowledge could prove an important tool to better plan and direct the available
resources for the control and mitigation procedures, in the event of an oil spill.

4.2. Recommendations for Further Work

e MEDSLIK II calculates the wave-induced velocity (Stokes drift) using an
empirical formulation that depends on wind amplitude (De Dominicis et al.,
2013a). Future studies could fruitfully explore this issue further by using
complex numerical wave models to calculate the Stokes drift and examine the
potential effects it may have on the ensemble approach for the atmospheric
forcing.

e We believe that hazard maps could possibly be created based on the ensemble
methodology we described in our study, to better present our results.

e Also, it will be important that future research verify our results against
observations.
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Appendix A:
API: 12 & 38)
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Figure A.1 : Surface oil concentrations of deterministic simulation for winter, 12 API and
simulation time of: (a) 24, (b) 72, (¢) 120 and (d) 168 hours.
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Figure A.2: Surface oil concentrations of some of the ensemble members for winter, API 12
and simulation time of 168 hours.
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Figure A.3: Surface oil concentrations of deterministic simulation for winter, 38 API and
simulation time of: (a) 24, (b) 72, (¢) 120 and (d) 168 hours.
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Figure A.4: Surface oil concentrations of some of the ensemble members for winter, API 38
and simulation time of 168 hours.
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Figure A.5: Surface oil concentrations of deterministic simulation for spring, 12 API and
simulation time of: (a) 24, (b) 72, (¢) 120 and (d) 168 hours.
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2017-05-10 , Ensemble member 002 , API 12, Surface oil concentrations for 168h 2017-05-10 , Ensemble member 006 , API 12, Surface oil concentrations for 168h
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Figure A.6: Surface oil concentrations of some of the ensemble members for spring, API 12
and simulation time of 168 hours.
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2017-05-10, Deterministic , APl 38, Surface oil concentrations for 024h
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Figure A.7: Surface oil concentrations of deterministic simulation for spring, 38 API and
simulation time of: (a) 24, (b) 72, (¢) 120 and (d) 168 hours.
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2017-05-10 , Ensemble member 002 , API 38, Surface oil concentrations for 168h 2017-05-10 , Ensemble member 006 , API 38, Surface oil concentrations for 168h
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Figure A.8: Surface oil concentrations of some of the ensemble members for spring, API 38
and simulation time of 168 hours.
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A2 Uncertainty assessment for oil spill trajectory and
spread

2017-01-10, API:12, Oil spreading deterministic, time: 072 h 2017-01-10, API:12, Oil spreading ensemble members, time: 072 h
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Figure A.9: Oil spreading of deterministic and ensemble members for winter, oil API: 12 and
simulation time of (a - b) 72 hours and (c - d) 168 hours.
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Figure A.10: Area of deterministic oil spill that exceeds the area of each ensemble member
(Aexceed), for winter and oil APT: 12.
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2017-01-10, API:12, Qil spill convex hull, time: 168 h
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Figure A.11: Oil spill convex hull for the deterministic and the total ensemble, for winter, oil
API: 12 and 168h.
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Figure A.12: Area difference (DA) and percentage change between the deterministic and the
total ensemble convex hull, for winter, and oil API: 12.
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2017-01-10, API:38, Oil spreading deterministic, time: 072 h 2017-01-10, API:38, Oil spreading ensemble members, time: 072 h
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Figure A.13: Oil spreading of deterministic and ensemble members for winter, oil API: 38 and
simulation time of (a - b) 72 hours and (¢ - d) 168 hours.
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Aexceed » 2017-01-10 , oil API: 38
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Figure A.14: Area of deterministic oil spill that exceeds the area of each ensemble member
(Acxceed), for winter and oil API: 38.
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2017-01-10, API:38, Oil spill convex hull, time: 168 h
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Figure A.15: Oil spill convex hull for the deterministic and the total ensemble, for winter, oil
API: 38 and 168h.
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Figure A.16: Area difference (DA) and percentage change between the deterministic and the
total ensemble convex hull, for winter, and oil API: 38.
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2017-05-10, API:12, Oil spreading deterministic, time: 072 h 2017-05-10, API:12, Oil spreading ensemble members, time: 072 h
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Figure A.17: Oil spreading of deterministic and ensemble members for spring, oil API: 12 and
simulation time of (a - b) 72 hours and (¢ - d) 168 hours.
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Figure A.18: Area of deterministic oil spill that exceeds the area of each ensemble member
(Acxceed), for spring and oil API: 12.
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2017-05-10, API:12, Qil spill convex hull, time: 168 h
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Figure A.19: Oil spill convex hull for the deterministic and the total ensemble, for spring, oil
API: 12 and 168h.
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Figure A.20: Area difference (DA) and percentage change between the deterministic and the
total ensemble convex hull, for spring, and oil API: 12.
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2017-05-10, API:38, Oil spreading deterministic, time: 072 h 2017-05-10, API:38, Oil spreading ensemble members, time: 072 h
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Figure A.21: Oil spreading of deterministic and ensemble members for spring, oil API: 38 and
simulation time of (a - b) 72 hours and (¢ - d) 168 hours.
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Figure A.22: Area of deterministic oil spill that exceeds the area of each ensemble member
(Acxceed), for spring and oil API: 38.
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2017-05-10, API:38, Oil spill convex hull, time: 168 h
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Figure A.23: Oil spill convex hull for the deterministic and the total ensemble, for spring, oil
API: 38 and 168h.
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Figure A.24: Area difference (DA) and percentage change between the deterministic and the
total ensemble convex hull, for spring, and oil API: 38.
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Average oil trajectory 2017-01-10 API:12
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Figure A.25: Mean coordinates trajectory of each ensemble member for API 12, simulation

time of 168 hours and two time periods: (a) winter, (b) spring.
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Average oil trajectory 2017-01-10 API:38
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Figure A.26: Mean coordinates trajectory of each ensemble member for API 38, simulation

time of 168 hours and two time periods: (a) winter, (b) spring.
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Appendix B: Beached oil (oil API: 12 & 38)

B1 Beached oil maps

2017-01-10, Deterministic , APlI 12 , Beached oil concentrations for 168h
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Figure B.1: Beached oil concentrations of deterministic simulation for winter, simulation time
of 168 hours and 12 APL
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2017-01-10, Ensemble member 012, API 12, Beached oil concentrations for 168h 2017-01-10, Ensemble member 017, API 12, Beached oil concentrations for 168h
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Figure B.2: Beached oil concentrations of some of the ensemble members for winter, AP 12
and simulation time of 168 hours.
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2017-01-10, Deterministic , APl 38 , Beached oil concentrations for 168h
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Figure B.3: Beached oil concentrations of deterministic simulation for winter, simulation time
of 168 hours and 38 API.
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Figure B.4: Beached oil concentrations of some of the ensemble members for winter, API 38
and simulation time of 168 hours.
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2017-05-10, Deterministic , APl 12 , Beached oil concentrations for 168h
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Figure B.5: Beached oil concentrations of deterministic simulation for spring, simulation time
of 168 hours and 12 APL
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2017-05-10, Ensemble member 002, API 12, Beached oil concentrations for 168h
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2017-05-10, Ensemble member 006 , API 12 , Beached oil concentrations for 168h
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2017-05-10, Ensemble member 030, API 12, Beached oil concentrations for 168h
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2017-05-10, Ensemble member 047 , API 12, Beached oil concentrations for 168h
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Figure B.6: Beached oil concentrations of some of the ensemble members for spring, API 12

and simulation time of 168 hours.
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2017-05-10, Deterministic , APl 38 , Beached oil concentrations for 168h
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Figure B.7: Beached oil concentrations of deterministic simulation for spring, simulation time

of 168 hours and 38 API.
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2017-05-10, Ensemble member 002, API 38 , Beached oil concentrations for 168h
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Figure B.8: Beached oil concentrations of some of the ensemble members for spring, API 38
and simulation time of 168 hours.
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Figure B.9: Total fixed oil of each ensemble member for API: 12 and two time periods: (a)

winter, (b) spring.
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Figure B.10: Total fixed oil of each ensemble member for API: 38 and two time periods: (a)

winter, (b) spring.
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