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a b s t r a c t
This work gives an assessment of the hazard faced by Sicily coasts regarding potential offshore surface oil
spill events and provides a risk assessment for Sites of Community Importance (SCI) and Special
Protection Areas (SPA). A lagrangian module, coupled with a high resolution ﬁnite element three dimensional hydrodynamic model, was used to track the ensemble of a large number of surface trajectories followed by particles released over 6 selected areas located inside the Sicily Channel. The analysis was
carried out under multiple scenarios of meteorological conditions. Oil evaporation, oil weathering, and
shore stranding are also considered. Seasonal hazard maps for different stranding times and seasonal risk
maps were then produced for the whole Sicilian coastline. The results highlight that depending on the
meteo-marine conditions, particles can reach different areas of the Sicily coast, including its northern
side, and illustrate how impacts can be greatly reduced through prompt implementation of mitigation
strategies.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The Sicily Channel is a dynamically active area characterized by
complex circulation structures, which cover the whole spectrum of
spatial and temporal scales (Napolitano et al., 2003). The circulation is the result of the interactions between basin scale and
mesoscale circulations. The basin scale circulation is mainly driven
by the slow Mediterranean thermohaline circulation, which generates a two-layer ﬂow with the less saline Modiﬁed Atlantic Water
(MAW) ﬂowing eastward at the surface and the saltier Levantine
Water ﬂowing westward below. The mesoscale circulation results
mainly from interactions between the complex topography,
characterized by the presence of a shallow sill, steep bathymetric
gradients, and variable atmospheric forcing. The resulting high-energy dynamical processes inﬂuence the water mass exchanges
between the eastern and the western Mediterranean sub-basins
(Sorgente et al., 2003; Beranger et al., 2004; Poulain and
Zambianchi, 2007). The presence of high-energy processes, such
as fronts, jets, eddies and vortices, generates local hotspots of
nutrient enrichment, biological productivity, larval food distribution, and local retention of eggs and larvae (Agostini and
Bakun, 2002; Placenti et al., 2013). Long term experimental
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trawling in the Strait of Sicily has generated data (Garofalo et al.,
2011; Fiorentino et al., 2003) that conﬁrm these biological features
and indicate the presence of important persistent areas of concentrated ﬁsheries in the Strait at the Adventure Bank, close to point
R3 in Fig. 1. These authors also highlight the need for spatial protection measures in the Adventure Bank area, including a marine
protected area designation, to ensure the long-term sustainability
of these ﬁsheries and conserve ﬁsh stocks (Garofalo et al., 2011).
The Sicily Channel – SCH hereafter – hosts several biodiversity
hotspots (Coll et al., 2012) and is listed among the top priority
areas for future proposed conservation plans in the
Mediterranean Sea (Micheli et al., 2013). However, the SCH is also
affected by multiple threats related to a range of on- and offshore
human activities. These cumulative threats are mainly related to
coastal activities, ﬁsheries, and intense maritime activities, including oil and gas exploration, extraction, and transportation. Marine
management and conservation initiatives therefore need to be supported by planning processes that consider all such aspects and
balance the need for development with the need to protect the
environment (EU 2013/0074 (COD)).
Here, we exemplify how a quantitative understanding of ocean
dynamics and connectivity among areas produces information that
can be used to implement management and conservation initiatives in the Sicily Channel as well as to support marine spatial
planning and Integrated Marine and Coastal Area Management of
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Fig. 1. The Sicilian Channel area with bathymetric data superimposed, the ﬁnite element mesh and the location of the 6 hypothetical spill sources considered in the study.

the area. In particular, we focus on oil spill risk assessment (OSRA)
for offshore activities.
The SCH is particularly exposed to oil spill risk because of the
exploitation of its oil reservoirs and intense ship trafﬁc
(www.marinetrafﬁc.org), including intense trafﬁc of oil tankers,
with an annual transit of approximately 200–300 million tonnes
of oil. (http://www.itopf.com/knowledge-resources/data-statistics/, last access 15th January 2015). Currently, there are 7 oil-producing ﬁelds located on the Tunisian continental shelf (http://
www.sigetap.tn/globalmap/ last access, 23rd November 2013), 3
oil-producing ﬁelds located on the Italian continental shelf
(http://unmig.sviluppoeconomico.gov.it/ last access July, 3rd
2013) and intensive explorations being conducted throughout
the SCH, including on the Maltese continental shelf (https://
mticms.gov.mt/en/Pages/Continental%20Shelf/Oil-Exploration-Unit.
aspx last access 23rd of November, 2013). Analysis of satellite
images indicates that 151 spills have occurred in 1999 in the
SCH, with an average size of 11 km2 (Pavlakis et al., 2001).
Ferraro et al., 2008 show that even if illegal discharges are
decreasing over time, operational spill discharge remains a signiﬁcant concern throughout the Mediterranean basin, and the SCH is
among the areas of highest concern.
According to OGP/IPIECA (2013), OSRA refers to the likelihood
of liquid hydrocarbon releases to the sea and the potential for ecological and socio-economic consequences. It is the core of the risk
management process. The key elements of any OSRA are (i)

identiﬁcation of the oil spill release scenario, (ii) deﬁnition of the
likelihood of each potential scenario, (iii) identiﬁcation of the trajectories of the spills, and (iv) identiﬁcation of the key environmental and socio-economic receptors and therefore the assessment of
the impacts. In our study, points (i) and (ii) have been deﬁned by
considering a statistical ensemble of 730 realistic scenarios,
deﬁned as the meteorological and oceanographic conditions
observed over a 2-year period. In practise, each scenario is deﬁned
by a 10-day atmospheric and ocean circulation ﬁeld, and we consider each day in a 2-year period as the starting point of a new,
slightly different (1 day shifted), scenario. In this way, we covered
all meteorological conditions observed in the 2-year period and
implicitly weighted them in proportion to the frequency of their
occurrence. Point (iii) is based on (a) an ensemble of numerical
simulations, one for each scenario, tracking oil fate and dispersion
up to oil stranding, and (b) the computation of hazard indexes of
oil slick contact on the Sicilian coast based on statistical analysis
of the ensemble of trajectories. Point (iv) has been addressed by
the deﬁnition and computation of a risk index of ecological
sensitivity.
The numerical approach is based on the application of a 3D
ﬁnite element hydrodynamic model (SHYFEM) to compute the surface water currents and a lagrangian based particle tracking model
to simulate the trajectories of oil slick dispersion for 10 days under
commonly adopted assumptions of oil weathering (Guillen et al.,
2004; Abscal et al., 2010; Olita et al., 2012a; Cucco et al., 2012;
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De Dominicis et al., 2013a,b). The oil spill sites were selected randomly within a portion of the Italian exploration and production
areas within the SCH. Seasonal hazard maps were produced by statistical analysis of the trajectories belonging to a given season.
Furthermore, a conservation prioritization example was developed by combining an evaluation of the oil slick hazard at the coast
and information on the natural and ecological value of the coastal
area (Site of Community Importance, SCI, and Special Protection
Areas, SPA).
2. Methods
We investigated the hazard and risk at the Sicilian Coast, derived
from surface spills in six areas, randomly chosen within the zone of
exploration and exploitation on the Italian continental shelf (Fig. 1,
R1–R6). The size of the area of interest, the complexity of the coastal
geometry and the distance of the potential spill sources from the
coast require application of a multi-scale numerical analysis. The
hazard and risk valuation was tackled with a cross-platform
approach combining a 3D hydrodynamic model based on an
unstructured mesh and capable of describing coastal areas with very
high spatial resolution, a lagrangian trajectory model to provide a
prognostic prediction of oil spill trajectories in the study area, a simpliﬁed oil weathering model, and statistical analysis of trajectories.
An overall description of the adopted method follows.
2.1. The numerical model
Hydrodynamic properties were computed by using SHYFEM, a
3D oceanographic model based on the ﬁnite element method.
This method has been successfully applied in many previous studies of waves, hydrodynamics and pollutant surface transport in
shallow waters and coastal seas (Cucco et al., 2012; Melaku Canu
et al., 2012; 2001).
SHYFEM uses ﬁnite elements for horizontal spatial discretizations, z-layers for vertical discretizations and a semi-implicit algorithm for integration in time. The horizontal diffusion, baroclinic
pressure gradient and advective terms in the momentum equation
are treated explicitly. The Coriolis force and the barotropic pressure
gradient terms in the momentum equation and the divergence term
in the continuity equation are treated semi-implicitly, whereas the
vertical stress terms and the friction term are implicitly computed
for stability reasons. The model is unconditionally stable with
respect to fast gravity waves, bottom friction and Coriolis acceleration. A detailed description of the solved system of equations and
adopted numerical treatments is reported in Umgiesser et al., 2004.
The numerical model for simulating the behaviour of oil slicks
dispersed into the sea consists of a lagrangian module and a
weathering module both integrated into the hydrodynamic core.
The lagrangian model simulates the transport and dispersion of
oil slicks into the sea by tracking the trajectories of a large number
of particles instantaneously released at a given point, as a function
of the current ﬁeld, wind drift and turbulent dispersion. Each particle is assumed to represent a given amount of oil, depending on
the severity of the spill. The lagrangian module is integrated into
the hydrodynamic model. The weathering module, integrated into
the lagrangian transport module, reproduces the oil evaporation
and shore stranding processes (detailed numerical treatments in
Cucco et al., 2012). Evaporation depends on oil density and
environmental properties. Based on the features of the oil currently
extracted in the SCH, a 15 API (i.e., a relatively heavy, but lighter
than water) oil class was considered in the simulations. The simulations of oil spills from the 6 selected sites (Fig. 1) were
performed considering the outﬂows as beginning at the water
surface.

2.2. The simulation setup
The described numerical tools use a ﬁnite element unstructured
mesh to represent the model domain. Integration of the different
equation systems was carried out over an area covering the Sicily
Channel and part of the Thyrrenean Sea. A ﬁnite element grid
was generated to discretize the whole domain with more than
120,000 elements and 75,000 nodes, with a spatial resolution ranging between 25 km for the areas far from the SCH and 100 m for
the areas of coastal Sicily and near the Archipelagos. In Fig. 1, the
mesh is reported. The unstructured mesh facilitates the reproduction of water circulation in the open sea and on a coastal scale
simultaneously. Nevertheless, simulation of the large-scale
hydrodynamics and its effects on the coastal hydrodynamics
required the use of proper forcing and boundary conditions. A
pre-existing oceanographic operational model (SCRM, Gaberšek
et al., 2007; Olita et al., 2012b) covering a much larger area
(between approximately 31°N and 39°N and approximately 9°E
and 16°E), with a regular 0.1  0.1 degree mesh, and constrained
by assimilation of satellite data (along track sea level anomalies)
was used to generate sea water level and 3D daily ﬁelds of water
currents, temperature and salinity for the large domain. These data
were then used as boundary conditions for the higher resolution
ﬁnite element model. This nesting procedure, combined with the
atmospheric forcing provided by the SKIRON high-resolution
atmospheric numerical model (Kallos, 1998a–f), allows the hydrodynamic module SHYFEM to reproduce the water circulation in the
area of interest (Cucco et al., 2012). The model run was carried out
to simulate surface water circulation for a 2-year period between
2010 and 2011. The vertical discretization of the SHYFEM model
domain consisted of 50 layers with a varying depth logarithmically
ranging from 0.5 m to approximately 1000 m.
2.3. Hazard assessment
In accordance with the deﬁnition given by IPCS (2004), we refer
to hazard as the inherent property of a situation having the potential to cause adverse effects. In our case, we refer to the situation of
an accidental spill of oil at sea which, depending on winds and currents, might reach the coast and negatively impact it. In this case,
the hazard is a function of properties such as distance to the coast,
meteorological and hydrodynamic conditions, and time spent by
the oil in the water before reaching the coast or before being
degraded or removed. Following the IPCS deﬁnition, the hazard
assessment is meant to determine the possible adverse effects
(the presence of an oil slick) occurring when a system (in this case
the coastal area) is exposed to the accidental oil spill.
We assumed an equal probability of occurrence of an oil spill
event for each day of the year and for each of the 6 hypothetical
release areas. To obtain oil drift statistics representative of different weather conditions, we performed an ensemble of 730 simulations separately for each release point, each driven by a
slightly different (1 day shifted) circulation ﬁeld extracted from
the 2-year period, and each tracking oil spill trajectory and transformation for 10 days. Thus, the total number of simulated oil spill
events is 4380.
Statistics were then extracted for each season and presented as
averages of potentially relevant quantities, such as the following:
(a) The % of oil slick that reaches the coast relative to the total
released to the sea (Table 1, Total onshore, Onshore).
(b) The maximum amount of oil in a given coastal trait,
expressed as a % of the total oil that reaches the coast, xmaxi
(Table 1, Maxima).
(c) The time to slick, TR,i, deﬁned as the time taken by the oil
particle to reach a coastal site i after the spill.
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Furthermore, for each coastal site i, several indexes were computed, such as the following:
(d) The expected stranding time, deﬁned as the minimum time
required by an oil spill from source area R to reach site i
(rounded to the closest integer hour).

HstR;i ¼ min T R;i
(e) The % of oil spilled at source R that reaches coastal site i
within the time interval s, (rescaled over the maximum
observed among all sites and all seasons and smoothed using
a kernel density estimation with a biweight kernel and a
radius of 5000 m), where xi,s is the amount of oil at each
coastal site i, and xR s, is the oil released at source Ri within
the time interval s.
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(f) The (cumulative) % of oil spilled from all sources R that
reaches costal site i within the time interval s. This index,
obtained as the sum of the % referring to each spill source,
is hereafter labelled as the integrated hazard index for site
i and time s HIs,i which reads as:

HIs;i ¼

P Ps
X
xi;s
R
Pt¼0
HIR;s;i ¼
s
max½
t¼0 xi;s 
R

Results are averaged over 4 seasonal groups deﬁned as follows:
1-Winter, (January to March), 2-Spring, (April to June), 3-Summer
(July to September), and 4-Autumn, (October to December).
Only averaged and normalized results are given because simulation results do not represent the actual impact of any speciﬁc,

Fig. 2. Monthly distribution of wind speed and direction for the Sicilian Channel area.
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real, oil spill accident but are only a statistical characterization of
the most likely trajectories following a hypothetical release in a
given area under the typical conditions of a given season.

2.4. Risk assessment
A comprehensive risk index was calculated by combining a 10day seasonal hazard index with an Ecological Sensitivity Index, a
vulnerability index expressed as the level of protection of habitats
along the shore.
According to the deﬁnition given by UNISDR (The United
Nations Ofﬁce for Disaster Risk Reduction, http://www.unisdr.
org/we/inform/terminology#letter-r, last visit February 17th,
2015), risk assessment is a methodology to determine the nature
and extent of risk by analysing potential hazards and evaluating existing conditions of vulnerability that together could potentially harm
exposed people, property, services, livelihoods and the environment
on which they depend. Risk assessments include: a review of the technical characteristics of hazards such as their location, intensity, frequency and probability; the analysis of exposure and vulnerability.

The Ecological Sensitivity Index (ESI) was computed from a georeferenced Site of Community Importance, SCI, and Special
Protection Areas, SPA, (SCI and SPA) database, released by the
Regional Authority (Sicily Region, www.sitr.regione.sicilia.it). We
assumed that the ESI of the areas close to protected SCI or SPA
habitat (distance shorter than 1500 m) was twice that of areas further away from protected habitats and coded the former with a
factor value 2 and the latter with a factor value 1. This choice is
clearly subjective and rather conservative and should be revised
based on the results of ad hoc valuation exercises wherever they
are available.
The 10-day hazard index was calculated as HI10,i, computed for
each season, smoothed in space using a biweight kernel density
estimation with a radius of 100 m on a raster with 100 m resolution, and rescaled for each season separately to the range 0–1.
Multiplying the 10-day seasonal hazard index by the sensitivity
map.
A risk index (RI) ranging from 0 to 2 was then obtained for each
point along the coast by multiplying the ESI and the HI10,i.

RI ¼ HI10;i  ESI

Fig. 3. Seasonal surface residual circulation; Top panels: Winter (W), Summer (S), bottom panels, Spring (S), Autumn (A).
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These values were further interpolated with a power to a
inverse distance weighted method over a 5000 m wide buffer zone
around the coastline, log-transformed and rescaled to a raster with
resolution 2000 m for better visualization.
3. Results
3.1. Analysis of atmospheric and oceanographic scenarios
Hazard assessment was carried out considering the seasonal
variability of wind waves, surface water current ﬁelds, trajectories,
and stranding points of the numerical particles along the shorelines. Fig. 2 illustrates the seasonal variability of the wind speed
and direction in the area, as computed by the adopted atmospheric
model. During the winter, spring and autumn, most wind events
were characterized by one of two wind regimes: the Mistral (from
North West) and the Sirocco (from South East), whereas during
summer, only the Sirocco wind regime characterized the area.
Mistral wind events were characterized by average speed values of approximately 7–8 m/s and by maximum values of more
than 17 m/s, computed especially during winter and autumn periods. The Sirocco wind events were generally characterized by
lower average and maximum speed values, approximately 4–
5 m/s and 10–15 m/s, respectively, with higher frequency and
intensity computed during the spring season.
The oceanographic general circulation pattern responded to
prevailing meteorological conditions as summarized in Fig. 3,
which illustrates the residual circulation of different seasons (the
algebraic seasonal average of the computed surface ﬂow ﬁeld,

i.e., the ‘net’ circulation for each season). During the year, the variability of the wind forcing and heat ﬂuxes led to a strong variability
of the main surface circulation patterns. In particular, along the
northern Sicilian coasts, the west to east intense residual surface
ﬂow, which characterizes the winter and autumn seasons, is not
present during the summer and spring period. This is in line with
the wind ﬁeld analysis, which evidences the presence during the
cold months of more frequent and intense Mistral wind events able
to stimulate the west to east surface currents. Within the Sicilian

Table 1
Statistics of the oil spill fate expressed as % of total released oil particles reaching the
coast (Onshore) and maximum density observed in the coastal area, given as a % of
the total amount of stranded particles (Maxima). Results refer to the 10-day scenario.
Oil particles

Tot. (%)

R1 (%)

R2 (%)

R3 (%)

R4 (%)

R5 (%)

R6 (%)

Tot. onshore

20

29

24

20

17

13

16

Winter scenario results
Onshore
26
Maxima
7

47
6

50
19

18
12

22
8

12
8

8
14

Spring scenario results
Onshore
16
Maxima
3

18
14

5
18

10
10

23
4

18
10

19
12

Summer scenario results
Onshore
13
Maxima
8

14
8

7
8

39
15

6
27

5
7

5
10

Autumn scenario results
Onshore
27
Maxima
2

39
7

36
8

16
10

18
8

18
6

33
5

Fig. 4. Stranding time Hst
RI at the coast in autumn for the six spill sources (R1–R6). SCI and SPA areas are shown in green. For R2, the ﬁgure shows only a zoomed in depiction of the
impacted area, which is limited to the islands of Pantelleria, Linosa and Lampedusa. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 5. HI1,1,I index and HI10,1,I for autumn, 1-day and 10-day spill events, from a spill occurring at R1.

Channel, the residual ﬂow is generally characterized by a southeastern ﬂow ﬁeld, with southern velocity components tending to
oscillate at seasonal frequency. In this case, the variability of the
surface ﬂows is less correlated with the wind variability and more
correlated with the seasonal oscillation of the Mediterranean
thermohaline circulation. The residual surface circulation patterns
result from statistical analysis of the hourly surface current ﬁelds
computed by the model and they provide early indications of particle trajectories.
3.2. Hazard indexes HST
RI , HIR,i HIR,T,I
The stranding time hazards for each spill source and for each season have been produced and are represented in Fig. 4 for the autumn
conditions as an example. Colour shades indicate how long it takes
the particles released from each of the 6 sources (R1–R6) to reach
the coast and where they strand. Alternatively, the map can be seen
as the period of time that lapses before oil spilled from each of the
releasing sources R reaches a coastal area. This representation
enables one to associate, for the autumn season, each spill source
with its corresponding impacted coastal area. It also highlights the
coastal sites that are impacted ﬁrst following a spill and therefore
where the time-dependent hazard is high. This result can thereby
contribute to risk management and risk preparedness procedures.
Table 1 illustrates the results of the statistical analysis of oil
drift, which gives – in total, for each release area, for each season
– the % of stranded particles with respect to the release and an indication of the maximum density of stranded particles at the coast,
expressed as the ratio between the maximum number of particles
stranded in the same area and the total number of stranded
particles.
As an example, in spring, 18% of the particles released at source
R5 reach the coast within 10 days, and 10% of those that reach the
coast (1.8% of total released) are stranded at the same coastal site.
The results show that coastal impacts are greatest for oil spills
occurring during the winter and autumn at any of the 6 sources,

with more than 25% of the released particles reaching the coast
within 10 days. During spring and summer, only approximately
15% of the particles become stranded at the shore.
The 6 sources and related groups of particles can be divided into
3 groups in relation to the results:
 A ﬁrst group comprises the particles released from areas R1 and
R2, which presented the highest % of stranding (between 24%
and 29%). The % of onshore particles is highest in winter (up
to 47–50%), but with a relatively lower maximum for R1. This
indicates that for R1, the winter currents tend to increase the
slick at the coast but spread it over a wider area. By contrast,
the winter maximum for R2 is 19%, occurring at the island of
Pantelleria.
 A second group, comprising the particles released from sources
R4, R5 and R6, presented the lowest % of average stranding
(between 13% and 17%), with a spring maximum of 23% for
R3 and an autumn maximum of approximately 33% for R6.
 A third group comprising the particles released from R3 had an
intermediate % of stranded particles (20%) and a summer maximum of 39% stranding.
Considering the particles released from R2, the lower % stranding events could be related to the presence of the west to east current along the southern Sicilian coastline, which has the potential
to drive most of the particles eastward away from the coastal area.
The % of oil particles stranded on beaches is higher in winter
and autumn than in spring and summer (Table 1). This is because,
as depicted in Fig. 4, during winter and autumn, the particles
released from the ﬁrst source (R1) are intercepted by the southernmost branch of the northern MAW surface current and transported
towards the western and northern Sicilian coasts and towards
Pantelleria island to the south. During spring and summer, due
to the reduction of the MAW surface ﬂow intensity and the eastward displacement of its southern branch, the number of particles
stranded onshore is signiﬁcantly lower.
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Fig. 6. Hazard index along the Sicilian coastline (area in which the particles are more likely to strand) computed for the four seasons, for different slick-times and from all six
release areas (R1–R6). The qualitative index describes relative differences among areas and seasons.

Spills at source R1 primarily cause stranding near the small
archipelagos along the eastern Sicilian coastline (the Egadi archipelagos), while spills at R2 strand at Pantelleria Island.
The seasonal variability of the stranding % appears to be positively correlated with the frequency and intensity of Sirocco wind
events.
Particles released from area R3 are characterized by relatively
low stranding %s in all seasons, except during summer, when
approximately 39% of particles are found onshore. This can be
explained by the intensity of the southern branch of the MAW near
R3 during this season, which ﬂows towards Pantelleria Island,
where the released particles tend to strand. The summer hazard
index distribution computed for Pantelleria Island conﬁrms this
interpretation (see Fig. 6).
Particles released from sources R4, R5, and R6 strand along the
southern Sicilian coast, with maximum stranding due to cumulative effects in autumn followed by spring.

The hazard index of oil slicks at the coast was computed for
each season and at 4 time intervals after a spill (24 h, 1 day,
3 days, 10 days), considering each release source separately
(HITRI) and also considering the cumulative impact of all release
points (HIT,i). HITRI index maps can be produced for each season,
for each release site R and for each spill time T. Here, an example
is shown for autumn, 1-day and 10-day spill events, for a spill
occurring at R1 (Fig. 5). After 1 day, the spill reaches only the
coasts of the closest island. The index can be expressed with a
0–1 value, as in Fig. 5, or using a qualitative (low-max) scale, as
in Fig. 6.
The hazard index is characterized by high variability, with
higher values found along the southern Sicily coastline, where
most particles stranded (see Fig. 6). Seasonal variability is also
relevant. As expected, the hazard of stranding increases with
the length of the time window considered. In fact, the hazard
index is generally negligible in all coastal areas in the ﬁrst 12
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Fig. 6 (continued)

or 24 h, with the notable exception of a few islands, including
Pantelleria. Three days after a spill, the hazard is still negligible
for most of the coast under spring conditions but already

signiﬁcant in autumn and winter. The highest values are
observed for 10-days spill during the winter and autumn
seasons.
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Fig. 7. Oil slick risk along the Sicilian coastline considering the presence of coastal protected sites, in relation to all six release sites. The qualitative index describes relative
differences among the areas and seasons.

3.3. Risk assessment index
The information on oil spill hazards at the Sicilian coast has
been used to evaluate the risk of an oil spill affecting speciﬁc areas.
This was accomplished by combining the spatial information on
the hazard and site-speciﬁc information on ecological sensitivity
related to the presence of habitats with high conservation priorities, such as Sites of Community Importance (SCI) and Special
Protection Areas (SPA). Coastal vulnerability is expressed using
the Ecological Sensitivity Index, ESI.
SCI and SPA are designed, respectively, under the EC Habitat
(92/43/EEC) and Conservation of Wild Birds (2009/147/EC)
Directives to protect habitats and species considered to be of
European interest. This analysis therefore assumes that the presence of oil slicks at one of these sites would cause a more severe
disturbance from the perspective of nature conservation.
The risk of oil slick index RI at the coast for the 10-day scenario
is presented in Fig. 7 for each season. The risk is low to medium in
spring, with higher values at sites located on the north-eastern
coast and on Pantelleria Island. Risk increases in summer, (with
the highest values again on Pantelleria and on some parts of the
southern Sicilian coast) and again in autumn, when signiﬁcant risk
is present over extended parts of the north-eastern and southern
Sicilian coast as well as Pantelleria Island.

4. Discussion
The (worldwide) risk analysis by Eckle et al. (2012) shows a
decreasing frequency over time of tanker spills, which equalled
6.6 spills/year in 2010. However, it also indicated increasing trends
for storage/reﬁnery and pipeline spills, as well as for stationary

spills related to exploration/production, with a frequency value
in 2010 of 0.54 spills/year.
There are currently several oil producing ﬁelds in the SCH, and
intensive explorations are being conducted throughout the area.
The presence of exploitative activities does not necessarily imply
the occurrence of spill events. However, the probability of oil spill
events cannot be considered to be zero despite advances in technology and safety procedures. Therefore, it is important to put in
place efﬁcient and cost-effective mitigation strategies as well as
proper risk management plans.
Accidents relating to offshore oil and gas operations, in particular the 2010 accident at the Deep Water Horizon, have raised public awareness and prompted a review of EU policies aimed at
ensuring the safety of such operations. The outcome of this process
was the enforcement of the 2013/30/EU Directive on the safety of
offshore oil and gas operations. This Directive is meant to work in
synergy with the Directive 2008/56/EC, which addresses the cumulative impacts from all activities on the marine environment. The
main goal of the 2013/30/EU Directive is to reduce and prevent
accidents by responding quickly to emergencies, thus improving
safety procedures. Studies on oil spill risk conﬁrm the need for hazard assessment that could be used to inform MSP, ICZM and
IMCAM processes.
Indeed, it is obvious that if a spill occurs, the released oil will
move somewhere. Information on the most likely trajectories of
the oil drift and where it is more likely to strand can signiﬁcantly
improve planning mitigation strategies.
The methodology presented in this work exempliﬁes how a
numerical model can be used to this aim. The hazard and risk
indexes computed provide initial information, which is crucial to
inform a proper integrated oil spill risk analysis for the SCH coasts.
This information should be combined with additional sensitivity
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layers that, depending on the speciﬁc scope of the assessment, can
take into account, for example, the occurrence of sensitive geomorphologic environments (Alves et al., 2014; Olita et al., 2012a) or the
presence of cultural heritage sites or other human settlements to
support and inform ecological based spatial planning along the
coast.
The ﬁnite element approach followed here is particularly well
suited for dealing with ﬁne scale processes. Thus, it can be used
to inform not only the management and conservation plans developed at the basin scale but also local scale evaluations.
The seasonal representation enables simulation of the effects of
seasonal hydrodynamic features on the oil slicks at the coast and is
therefore preferred over climatological representations, which, by
averaging physical forcing, tend to underestimate local hazards.
Clearly, more accurate results could be obtained by incorporating different assumptions, a more detailed oil model, and more
accurate boundary and initial condition data. Indeed, considering
the social and economic relevance of the topic studied, it is important to stress that our results are preliminary and must not be used
as a comprehensive risk analysis, which would require the inclusion of additional ecological and socio-economic sensitivity layers.
This analysis, however, shows that the topic deserves further
attention, highlights the need for and importance of in-depth studies with proper constraints, and exempliﬁes how a numerical
model can contribute to this goal.
The results also provide ﬁrst order information on average seasonal trajectories and potential drifts for different stranding times,
which may be robust enough to be of some use in supporting the
identiﬁcation of mitigation policies and emergency plans as well
as in Environmental Impact Assessment for the computation of
the costs and beneﬁts of new oil platforms. This information can
be used, for instance, for the assessment of where and when protective booms should be deployed, for the identiﬁcation of sea
areas where oil activities have a potentially higher hazard, considering the time to slick, and where, therefore, the response time
has highest priority, and for the regulation of oil tanker routes.
Another important contribution is the computation of the stranding time hazard values, which can be used to inform contingency
and risk plans, and the application to a broad spatial scale.
Our assessment follows a statistical and dimensionless
approach, where volumes and quantities of oil are not indicated
explicitly. Indeed, it is not intended to provide an assessment of
a speciﬁc spill event. However, the oil slick statistics reported in
the Table 1, indicating for each season and for each source the %
of the oil spilled that reaches the coast and the maximum value,
can be combined with the HITR index (as shown in Fig. 5 for a spill
of 10 days occurring at R1 in winter) to estimate – for a given oil
spill – the amount of oil that reaches each coastal site.
5. Conclusion
The methodology presented here allows for a ﬁrst order assessment of the stranding time hazard, density related hazard, and risk
to coastal protected areas along Sicilian shorelines as a function of
spill location and seasonal meteo-marine conditions.
The simulations take into account multiple potential sources
and different release times to consider the variability in response
times and hazard at the coast due to variability in atmospheric
and oceanographic conditions, taking into account the likelihood
of these scenarios.
Oil operators, decision makers, and spatial planners can use the
methodology and the information provided here as inputs for management, planning and decision processes. Outcomes of the present study could be of use in the development of local operation
plans to protect against marine pollution by oil or other toxic substances, in Maritime Spatial Planning and in Integrated Coastal

Zone Management. Moreover, the methodology and related outcomes could contribute to the formulation of the emergency
response plans (2013/30/EU Directive), which should be made
available to the Commission, to potentially impacted Member
States, and to the public.
As mentioned above, risk assessment can be continuously
reﬁned by incorporating new vulnerability layers related to geomorphology, land use, environmental sensibility, land cover and
so on as well as in response to other potential sources, such as
major ship routes, oil production and exploration platforms of
neighbouring countries and deep water oil spills.
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