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This paper describes details of an oil spill model, OILTRANS, developed by the authors. The model is an
off-line particle-transport model coupled to the most up to date operational met-ocean model forecasts.
Formulations for the dominant oil fate processes of spreading, advection, diffusion, evaporation, emulsi-
fication and dispersion have been encoded, providing the model with the ability to accurately predict the
horizontal movement of surface oil slick, the vertical entrainment of oil into the water column and the
mass balance of spilled oil. The application of the OILTRANS model to an accidental release during a
ship-to-ship fuel transfer in the Celtic Sea in February 2009 is presented to validate the system. Compar-
isons with aerial observations of the oil slick at the time of the incident, and subsequent model simula-
tions, indicate that the OILTRANS model is capable of accurately predicting the transport and fate of the
oil slick.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Oil spills are an inevitable and undesirable consequence of pro-
ducing and transporting petroleum and associated refined prod-
ucts. More than two thirds of all large (>700 ton) oil spills in the
past forty years have occurred whilst vessels have been underway
in open or inland waters and although the incidence of large and
medium (7–700 ton) oil spills from vessels has significantly re-
duced in the past forty years, the trade in seaborne oil transporta-
tion has increased steadily since the mid 1980s (ITOPF, 2011).
Whilst there has only been a limited number of oil spills around
the Irish coast in the past forty years, recent data showing 12–
13 million tonnes of oil and petroleum products transiting through
Irish ports per annum (IMDO, 2010, 2011) indicates that the risk
persists of a large oil spill incident occurring.

The three questions of most importance at the time of any oil
spill incident are; where will it go, when will it get there, and what
will it be like when it arrives? The first two questions are critical in
relation to the response operations for combating the spill and the
answers to those questions rely on having accurate models for the
hydrodynamics and wind fields for the relevant water body (Al Ra-
beh et al., 2000). The third question, the weathered state of the oil,
is important for potential removal operations and depends on
using reliable oil fate and weathering algorithms. The processes
through which oil weathers often occur simultaneously with each
other, and the rate and significance of the weathering processes on
the ultimate fate of the oil are dependent on the type of oil spilled,
the spill location and the weather conditions at the time of the spill
ll rights reserved.

: +353 91 387 201.
(API, 1999). Mackay and McAuliffe (1988) postulated that if oil is
well characterised and the environmental conditions of wind
speed and direction, sea state, currents, salinity and temperature
are known, it should be possible to calculate the rates of many of
the dominant oil weathering processes and thus establish how
oil changes with time. Unfortunately, the rates of the oil spill pro-
cesses are understood with different levels of confidence, and can
be described by mathematical models that are partially based
and calibrated on empirical results from laboratory or small scale
field tests (Sebastiao and Guedes Soares, 1995).

In spite of these limitations, a large number of oil spill models
have been developed over the past forty years (Aamo et al.,
1995; Al Rabeh et al., 1995, 2000; Ambjorn, 2007; Carracedo
et al., 2006; Chao et al., 2003; CONCAWE, 1983; Daling et al.,
1997; French-McKay, 2004; Guo and Wang, 2009; Howlett,
1998; Inan and Balas, 2010; Lehr et al., 2002; Mackay et al.,
1980a; Pollani et al., 2001; Reed, 1989; Reed et al., 1995; Spaul-
ding et al., 1992; Tkalich and Xiaobo, 2001; Wang and Shen,
2010) and the state of the art in oil spill modeling has been re-
viewed by various authors (ASCE, 1996; Reed et al., 1999; Spaul-
ding, 1988).

Oil spill models can be classified with respect to their stages of
evolution as: first, second and third generation models (Cekirge
et al., 1995). First generation models are transport models with
limited fate algorithms. Second generation models consist of lim-
ited two-dimensional hydrodynamics and fate algorithms. The
third generation model or the comprehensive oil spill model con-
sists of a set of algorithms to simulate the fate and transport of
oil in three dimensions, including the processes of advection, diffu-
sion, surface spreading, vertical mechanical dispersion, evapora-
tion, emulsification and stranding (Cekirge et al., 1995).
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This paper describes the development of such a third generation
oil spill model, OILTRANS, with the transport of particles modelled
using a lagrangian approach. The OILTRANS model underpins the
newly developed operational oil spill forecasting system at the
authors’ institute, which is detailed in a related paper. The OIL-
TRANS model is applied to simulate an accidental release during
a ship-to-ship fuel transfer in the Celtic Sea in February 2009 and
is one of the first published oil spill modelling case studies in Irish
waters. OILTRANS results are compared with aerial observations of
the oil slick at the time of the incident, and subsequent model sim-
ulations of the fate processes.

2. Materials and methods

2.1. Modelling system components

The OILTRANS model consists of two interlinked modelling
components, a lagrangian particle transport module and an oil
fates module. The OILTRANS model consumes output from two
operational forecast models; one meteorological and one oceano-
graphic, with the option to consume output from a wave forecast
model subject to certain conditions. See Fig. 1 for system sche-
matic. Output from the meteorological forecast model provides
free surface boundary conditions to the oceanographic forecast
model, and provides surface wind fields to both the oil fates and
particle transport modules. Output from the oceanographic fore-
cast model provides three dimensional fields of water currents to
the particle transport module and three dimensional fields of
water density and temperature to the oil fates module. The inter-
linked particle transport and oil fates modules of the OILTRANS
model exchange information with each other on the fate of the
slick during runtime.

2.1.1. Meteorological model
The meteorological forecast model used by the authors to pro-

vide input to both the oceanographic forecast model and the OIL-
TRANS model is the half-degree Global Forecasting System (GFS)
provided by the National Oceanic and Atmospheric Administration
(NOAA) (GCWMB, 2003). The meteorological model forecasts are
spatially interpolated by the authors onto a common model do-
main shared by both the oceanographic and OILTRANS models.

2.1.2. Oceanographic model
The oceanographic forecast model which is used operationally

by the authors to provide input to the OILTRANS model is the
Fig. 1. OILTRANS system schematic.
Regional Ocean Modelling System (ROMS). ROMS is a free-surface,
hydrostatic, primitive equation ocean model described in Shchepet-
kin and McWilliams (2005). ROMS uses orthogonal curvilinear
coordinates on an Arakawa-C grid in the horizontal while utilizing
a terrain-following (sigma) coordinate in the vertical. The model
domain covers a significant portion of the Northwest European con-
tinental shelf at a variable horizontal resolution (between 1.2 km
and 2.5 km) and with 40 sigma levels. The model bathymetry uti-
lizes data from a number of sources to produce the best possible
bathymetry for the area. Atmospheric forcing at the sea surface at
three-hourly intervals is interpolated from the GFS forecast model,
while tide forcing is prescribed at the model boundaries by apply-
ing water surface elevations and barotropic velocities for ten major
tide constituents which are obtained from OTIS, the Oregon State
University Tidal Data Inversion Software (TPXO7.2) global inverse
barotropic tide model (Egbert and Erofeeva, 2002). The model is
nested within the high resolution (1/12�) Mercator Ocean
PSY2V4R2 operational model of the North Atlantic whereby daily
values for potential temperature, sea surface height and velocity
are linearly interpolated from the parent model onto our model grid
at the boundaries. Bottom stress is applied using the logarithmic
‘‘law of the wall’’ with a roughness coefficient of 0.01 m. Surface
stress is calculated using the COARE algorithm (Fairall et al.,
1996). The model simulates temperature, salinity, currents and
sea surface height throughout the whole domain and is run opera-
tionally, producing a 3 day forecast every weekday and one 7 day
hindcast every week, the output of which is archived for future use.

2.1.3. Wave model
The wave forecast model that may be used as an option to pro-

vide input to the OILTRANS model is the SWAN model. SWAN is a
third-generation wave model and can be used on any scale rele-
vant for wind-generated surface gravity waves (Delft, 2011). As
SWAN facilitates a variety of grid structures and nesting options,
a pre-condition of using the SWAN model to provide input to the
OILTRANS model is that the SWAN output be re-configured to
the model grid common to both the oceanographic and OILTRANS
models.

2.1.4. Particle transport model
The OILTRANS particle transport model is based on the LTRANS

v.2 particle transport model developed by North et al. (2011).
LTRANS v.2 was initially developed to simulate oyster larvae, and
was modified by the authors to simulate oil particles. LTRANS v.2
is an off-line particle- transport model that runs with the stored
predictions of a 3D hydrodynamic model, specifically ROMS. The
archived predictions from both the ROMS hydrodynamic and GFS
meteorological models are interpolated in space and time to the
particle location. Two dimensional water and wind properties are
interpolated to the particle location using bi-linear interpolation.
Three dimensional water properties are interpolated to the particle
location using a water column profile created by fitting a tension
spline curve in the vertical to the interpolated values at each sigma
level (North et al., 2006). LTRANS v.2 includes a 4th order Runge–
Kutta scheme for particle advection and a random displacement
model for vertical turbulent particle motion. OILTRANS expanded
the LTRANS v.2 particle transport code to include for mechanical
spreading of oil slick particles and the advection of oil particles
due to wind drift.

2.1.5. Oil fates model
The oil fates module of OILTRANS was developed to simulate the

processes governing the evolution and behavior of oil spilled on the
water surface. The oil fates, or weathering, processes occur at very
different rates, but begin almost immediately after the oil is spilled.
All weathering and transport processes are strongly dependant on
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the type of oil, the volume of oil spilled and the weather conditions
during a spill event. After Fingas (2011), the order of importance of
the weathering processes encoded in the model are: evaporation,
emulsification and natural dispersion. Implementation of the
weathering process algorithms chosen for the OILTRANS model
are detailed in subsequent sections.

2.2. OILTRANS oil fate governing equations

The processes encoded in OILTRANS to describe the physical
and chemical weathering processes of spilled oil include: advection
of the slick due to currents and wind drift, diffusion of the oil par-
ticles due to random motions, the mechanical spreading of the
slick under gravity and viscous forces, the evaporation from the
slick of the lighter components of the spilled oil, the entrainment
of water into the oil slick forming emulsions, and the dispersion
of the smaller droplets of oil into the water column through the ac-
tion of breaking waves. These processes are considered by the
authors to be the dominant mechanisms through which oil is re-
moved from the marine environment. The processes of dissolution,
biodegradation, sedimentation and photo-oxidation have not been
encoded in the current version of OILTRANS as it is considered that
they represent the removal of only a very small fraction of spilled
oil during the first 3 days of a spill, the period of the operational oil
spill forecast system. In a novel departure from other oil spill mod-
elling systems, OILTRANS allows for user to select a number of dif-
ferent algorithms for the processes of mechanical spreading,
evaporation and emulsification. Details of the algorithms for the
current implementation of OILTRANS are presented below, with
the alternate encoded formulations referenced briefly.

2.2.1. Mechanical spreading
Oil will spread on the surface of a water body even without

external forces such as tidal currents or wind stresses. The spread-
ing of the oil on calm waters is due to the force of gravity and the
interfacial tension between oil and water, with the oil viscosity and
inertia retarding the spreading forces (Fay, 1969). The most widely
used formulations for determining the rate of spread of oil on the
water’s surface are the equations proposed by Fay (1971), or ver-
sions thereof. Fay divided spreading into three phases. The first
phase known as the gravity-inertial phase generally lasts for less
than an hour, except for the largest of spills and is not modelled
by OILTRANS. As the time for the first gravity-inertial phase is so
short, OILTRANS begins the oil weathering processes once the
end time, to, of this first phase has been reached, which was deter-
mined by Fay (1971) to be:

to ¼
k2

k1

� �4 Vo

vwgDq

� �1=3

ð1Þ

where k1 and k2 are empirical coefficients (1.14 and 1.45, respec-
tively, after Fay (1971)), Vo is the original volume of spilled oil
(m3), tw is the kinematic viscosity of water (m2/s), g is gravitational
acceleration (m/s2), and Dq is the relative density difference be-
tween water and oil given by:

Dq ¼ qw � qoil

qw
ð2Þ

where qw is the density of water (g/cm3) and qoil is the density of oil
(g/cm3). The area (m3) over which the oil slick has spread at the end
of this first spreading phase was determined by Fay (1971) to be:

Ao ¼ p k4
2

k2
1

V5
ogDq
v2

w

 !
ð3Þ

The second stage of slick spreading known as the gravity-vis-
cous phase is governed by the balance between the viscosity of
the oil and the oil–water interfacial tension. The viscous spreading
phase continues to such a time that the slick gets so thin that sur-
face tension forces alone play a role in spreading the slick, leading
to the third, surface-tension, phase. This third phase is not mod-
elled in OILTRANS as it occurs at much later stages in slick spread-
ing, rather a terminal oil film thickness is defined in OILTRANS to
denote the end of the gravity viscous phase after which no further
mechanical spreading occurs. Generally, by this time significant
weathering will have occurred and the slick is allowed to disperse
horizontally or break into smaller slicks due to surface current
shears.

The general spreading formulae proposed by Fay (1971) only
deal with an idealized spreading of a slick in a radial manner on
calm seas. They take no account of wind conditions, which play
an important role in determining the shape and area of actual
spills. Results of field experiments on the spreading of oil slicks
have been reported by Elliott et al. (1986), Jeffrey (1973) and Lehr
et al. (1984), all of which found that slicks developed elongated
shapes, with the major axis orientated in the direction of the wind.
Lehr et al. (1984) devised a Fay-type formula to account for the
elongation of the oil slick in the direction of the wind.

Using the assumptions adopted by previous researchers (Al
Rabeh et al., 2000; Chao et al., 2003; Gou and Wang, 2009; Inan
and Balas, 2010; Nagheeby and Kolahdoozan, 2008), that the slick
is elliptical in shape with the major axis orientated in the direction
of the wind, the area, A (�103 m2), of the oil slick once the gravity-
viscous spreading phase has commenced, can be represented as:

A ¼ 1=4pQR ð4Þ

where Q and R are the lengths of the minor and major ellipse axis
respectively, given by:

Q ¼ 1:7ðDqVoÞ1=3t1=4 ð5Þ

R ¼ Q þ 0:03U4=3
windt3=4 ð6Þ

where in this case, Vo is the volume of the spill (bbl), t is the time
after the oil slick commences spreading (min) and Uwind is the wind
speed (kts). Following the method adopted by Al Rabeh et al. (1989,
1995, 2000), the slick can be conceptualised as a series of concentric
ellipses in a local Cartesian reference frame X⁄Y⁄ with the centre of
mass of the slick located at the local coordinates of (x⁄, y⁄) = (0,0),
see Fig. 2. The local X⁄axis of the slick is orientated in the direction
of the wind. The elliptical spreading of the slick over time is as-
sumed to be uniform, in that;

r
R
¼ r þ Dr

Rþ DR
ð7Þ

q
Q
¼ qþ Dq

Q þ DQ
ð8Þ

q
Q
¼ r

R
ð9Þ

where r and q are the lengths of the major and minor axis of an inte-
rior ellipse, Dr and Dq are the increases in length of the major and
minor axis of an interior ellipse in time-step Dt (min), and DR and
DQ are the increases in length of the major axis and minor axes
of the outer ellipse in time-step t (min).

Any oil particle constituting the slick will therefore be subjected
to a displacement proportional to the increase in the length of the
respective axes with time. Given the location of a particle on an
interior ellipse at coordinates, x�t y�t which can be rewritten as
x�t ¼ r cos h and y�t ¼ q sin h, the displacement of the particle out-
wards by Dx� and Dy� by spreading has been calculated by Al Rabeh
et al. (2000) to be:

Dx� ¼ Dr cos h ¼ Dr x�t =r
� �

¼ x�t DR=Rð Þ ð10Þ



Fig. 2. Elliptical spreading of a surface slick.
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Dy� ¼ Dr sin h ¼ Dr y�t =q
� �

¼ y�t DQ=Qð Þ ð11Þ

where the values of DQ and DR are given by the formulae;

DQ ¼ 1:7ðDqV0Þ1=31=4t�3=4:Dt ð12Þ

DR ¼ DQ þ 0:03U4=3
wind3=4t�1=4:Dt ð13Þ

with units as those in Eqs. (5), (6). As the local Cartesian refer-
ence frame for the slick is orientated in the direction of the wind,
the coordinates must be converted to the global Cartesian coordi-
nate system used by the OILTRANS model by means of the follow-
ing transformations;

X ¼ ðcos uÞx� þ ðsinuÞy� ð14Þ

Y ¼ ð� sinuÞx� þ ðcos uÞy�

where u is the angle between the wind direction and the positive x-
axis of the OILTRANS model domain. After each time-step in the
OILTRANS model, the centre of mass of the oil slick is re-calculated
and becomes the origin of a new local coordinate system for a new
set of concentric ellipses, the extent of which is calculated from Eqs.
(5), (6).

The classical Fay (1971) formulation for mechanical spreading,
in the absence of wind effects, is also encoded in the OILTRANS sys-
tem for sensitivity analyses and to give end users the options to
choose an alternative algorithm for local implementations. The cal-
culation of the elliptical spreading of the oil slick is undertaken
during the gravity-viscous phase of the spreading of the oil slick
and only until the terminal oil slick thickness is reached. Once
the terminal oil slick thickness is reached the spreading assump-
tion is removed and the slick is allowed to spread under the influ-
ence of horizontal diffusion, surface winds and water current
shears, as detailed below, to represent complex, realistic surface
slicks.

2.2.2. Advection and diffusion
The movement of an oil slick at the water surface can be consid-

ered as being composed of the advection of the oil slick by both
surface currents (Ucurrent), wind effects (Uwind), and the diffusion
of oil particles as a result of random processes (ASCE, 1996; Ambj-
orn, 2007; Guo and Wang, 2009; Carracedo et al., 2006; Cheng
et al., 2011; Jordi et al., 2006). The advection of the oil slick due
to surface currents is taken to be the current velocity as predicted
in the surface layer of the water column by the authors’ oceano-
graphic model, Ucurrent.

There are a number of processes that are associated with wind
effects and most oil spill models represent them with a simple
wind drift factor (Guo and Wang, 2009; French-McKay, 2004; Nag-
heeby and Kolahdoozan, 2008; Perianez and Caravaca, 2010). Most
oceanographic models do not adequately resolve the uppermost
centimeter of the water column at the air–water interface and thus
tend to underpredict the actual wind induced surface current.
Allowance is made for this through incorporation into the wind
drift factor, as in Ambjorn (2007). Based on sensitivity testing the
cumulative wind drift factor was set at 3.5% of the wind speed,
which is in keeping with values found in published literature (Car-
racedo et al., 2006; Guo and Wang, 2009; French-McKay, 2004;
Perianez and Caravaca, 2010). In addition to the advective wind
drift factor, a Coriolis force correction is also introduced, whereby
the surface slick is deflected to the right by a drift angle, which is
set to 5o.

It follows therefore that the centre of mass of the oil slick is ad-
vected by surface currents and wind effects according to:

Ua ¼ Ucurrent þ 0:035Uwind ð15Þ

where Ua is the advective velocity of the oil slick (m/s). By model-
ling the oil spill as a large number of discrete lagrangian particles
in an XY planar reference frame at the water surface such that (xt,yt)
represents the location of a particle at time-step t, the location of
that particle at time-step t + 1 due to advective and diffusive trans-
port processes will be (xt+1,yt+1) where:

Xtþ1 ¼ xt þ uaðxt; ytÞDt þ Dxdiff ð16Þ

Ytþ1 ¼ yt þ vaðxt; ytÞDt þ Dydiff

where ua(xt,yt) and va(xt,yt) are the u and v components of the inter-
polated advective velocity Ua at location x,y in the X and Y directions
respectively (m/s), Dt is the time-step interval (s), Dxdiff and Dydiff

are the diffusive displacements of the particle in the X and Y direc-
tions respectively due to random process. Based on the work by Al
Rabeh et al. (1989) the values of Dxdiff and Dydiff can be calculated
as:

Dxdiff ¼ ½R�10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12DhDt

p
cos h ð17Þ

Dydiff ¼ ½R�
1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12DhDt

p
sin h
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where ½R�10 is a random number uniformly distributed between 0
and 1, Dh is the horizontal diffusion coefficient (m2/s) and is
user-definable, and h is the directional angle assumed to be uni-
formly distributed between 0 and 2p(i.e. h = 2p½R�10

2.2.3. Evaporation
Evaporation is the primary weathering process involved in the

natural removal of oil from the sea surface, with the rate of evap-
oration being determined by the oil properties and increasing due
to the spreading of the oil, seawater temperature and wind speed
(CONCAWE, 1983). The evaporation process in OILTRANS is mod-
elled using the pseudo-component approach adopted by Jones
(1997) where the oil is approximated as an ideal mixture of a small
number of components. Each component is characterised by a
mole fraction and vapour pressure. The total evaporation rate for
the oil is the sum of the evaporation rates of each component, i,
which is expressed as:

dVi

dt
¼ KiAðtÞPi

�VivðtÞi
RT

ð18Þ

Where A is the area of the oil slick (m2), at time t, R is the gas con-
stant, T is the oil temperature, assumed equal to the water temper-
ature (oK), Ki is the mass transfer coefficient, expressed after Mackay
and Matsugu (1973) as:

Ki ¼ 0:0048U7=9
windX�1=9SC�2=3 ð19Þ

Where X is the downwind length of the oil slick axis (m), Sc is the
Schmidt number based on the mole weighted average of the oil
(MWavg), and calculated after Lehr et al. (2002) to be:

Sc ¼ 1:3676
0:018

MWavg

� ��1=2

ð20Þ

Vi

is the molar volume of each component i, correlated by Jones
(1997) to boiling point data to give:

Vi ¼ 7:0x10�5 � ð2:102x10�7BPiÞ þ ð1:0x10�9BP2
i Þ ð21Þ

where BPi is the boiling point cut for each component, i. Pi, the va-
pour pressure of component i, is given by Antoine’s equation as:

ln
Pi

Pa
¼ DSiðBPi � C2Þ2

R:BPi

1
BPi � C2

� 1
T � C2

� �
ð22Þ

where Pa is atmospheric pressure (Pa), C2 is a coefficient = 0.19(BPi

�18.0), DSi is a coefficient = 8.75 + 1.987log(BPi), vðtÞiis the mole
fraction of component, i, at time, t, which can be expressed in terms
of volumes and molar volumes as:

vðtÞi ¼
Vi=ViPimax
j¼1 Vj=Vj

ð23Þ

Substituting Eqs. (19)–(21) into Eq. (18) gives:

dVi

dt
¼

0:0656:U7=9
wind: 0:018=MWavg

� �1=3

X1=9 :
AðtÞPi

RT
:

ViPimax
j¼1 Vj=Vj

ð24Þ

This equation is solved in each time step to determine dVi
dt . The

final term in Eq. (24), the volumetric mole fraction term, is recalcu-
lated at the end of each time-step to account for the losses from
each component, i, in that time-step. The total fraction of oil evap-
orated, Fevap, is then the sum of the volumes of the components
evaporated divided by the initial volume of the oil.

The evaporation algorithms of both Stiver and Mackay (1984)
and Fingas (1999) are also encoded in the OILTRANS system for
use in sensitivity analyses and to give end users the options to
choose an alternative algorithm for local implementations. Emulsi-
fication will affect the evaporation rate; therefore a factor of (1-Y)
is applied to account for the fraction of oil that is in emulsion,
where Y is the water content of the emulsified oil, (see
Section 2.2.4)

2.2.4. Emulsification
Emulsification is the second most important weathering pro-

cess after evaporation (Fingas and Fieldhouse, 2001). Emulsifica-
tion is the process by which water droplets are incorporated into
an oil slick. The most important characteristic of a water-in-oil
emulsion is its stability (Fingas et al., 1999). The classification of
stability is important before one can identify the properties of
the emulsion, as they change significantly for each type of emul-
sion (Fingas and Fieldhouse, 2001). Extensive studies on over four
hundred oil types have classified water-in-oil emulsions into four
stability types; stable, mesostable, entrained and unstable.
Emulsion formation in the OILTRANS model is modelled using
the approach of Fingas and Fieldhouse (2004), subsequently
improved by Fingas (2011) where the stability class is directly pre-
dicted from empirical data, and herein referred to as the Fingas
method. To the best of the author’s knowledge, this is the first
implementation of the Fingas method in an operational oil spill
modelling system.

The first step in this method is to calculate the oil properties at
the weathering condition of concern, which is accomplished inter-
nally in the OILTRANS model’s evaporation, density, viscosity and
dispersion subroutines. A review of knowledge on water in oil
emulsions (Fingas and Fieldhouse, 2006) found that the asphaltene
and resin content are primarily responsible for stability whilst a
previous study (Fingas and Fieldhouse, 2003) determined that
while the wax content showed some correlation to viscosity, it
was not associated with the formation of any state of emulsion.
The oil properties required for the Fingas method are thus the den-
sity, viscosity, and saturate, resin and asphaltene contents of the
weathered oil. These values are then transformed in the manner
of Fingas (2011) and substituted into the following equation to
determine the stability class:

StabiltyC ¼ 12:3þ 0:259St � 1:601Rt � 17:2ðA=RtÞ

� 0:50Vt3 þ 0:002Rt3 þ 0:001At3 þ 8:51ðA=RtÞ3

� 1:12logðVtÞ þ 0:7logðRtÞ þ 2:97logðA=RtÞ

þ 6:0x10�8ðexpðVtÞÞ2 � 1:96ðexpðA=RtÞÞ2

� 4:0x10�6logðDtÞ=ðDtÞ2

� 1:5x10�4log10ðA=RtÞ=ðA=RtÞ2 ð25Þ

where: Stability C is the stability classification, St is the transformed
saturate content (%), Rt is the transformed resin content (%), A/Rt is
the transformed asphaltene/resin ratio, Vt is the transformed natu-
ral logarithm of viscosity (mPas), At is the transformed asphaltene
content (%), and Dt is the transformed exponential of the oil density
(g/cm3). The calculated values of Stability C are then related to the
emulsion state, with associated conditions where applicable,
according to (Fingas, 2011). In addition, the viscosity of the result-
ing emulsion has been determined as a multiplicative factor on
the starting oil viscosity and can be taken as the average value for
the emulsions types at a given time, following the values provided
by Fingas (2011). The water content of the resulting emulsion type
at given times has also been determined by Fingas (2011) and is in-
cluded in the OILTRANS formulations. The time to formation of the
emulsions has previously been studied by Fingas and Fieldhouse
(2004), who related the time to formation of each emulsion type
to the energy required for formation (expressed as equivalent wave
height) and expressed as:
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y ¼ aþ ðb=x1:5Þ ð26Þ

where y is the time to formation (min), a and b are coefficients
depending on emulsion type after Fingas (2011), and x is the wave
height (cm). The emulsification algorithms of Mackay et al.
(1980a,b) are also encoded in the OILTRANS system for use in sen-
sitivity analyses and to give end users the options to choose an
alternative algorithm for local implementations.

2.2.5. Dispersion
Natural dispersion, or entrainment, of oil slicks at sea occurs

when droplets of oil are mixed into the water column by breaking
waves. If the droplets are small enough natural turbulence in the
water will prevent the oil from resurfacing whilst larger droplets
tend to rise and will not stay in the water column for more than a
few minutes. The droplets that stay in the water column are consid-
ered to be permanently dispersed. The natural dispersion process
within the OILTRANS model is based on the classic method of Delv-
igne and Sweeney (1988) who developed a relationship for entrain-
ment rate, Qd, as a function of droplet size and oil viscosity, as:

Q d ¼ C�D0:57
d SFd0:7Dd ð27Þ

where: Qd is the entrainment rate, (kg/m2s), for droplet diameter d,
(m), C⁄ is an empirical entrainment constant which depends on oil
type and weathering state. Using a series of experimental data by
Delvigne and Hulsen (1994), the entrainment constant, C⁄, was fit
to the following equations by French-McCay (2004):

C� ¼ expð�0:1023lnðvoilÞ þ 7:575Þ for voil < 132ðcStÞ
C� ¼ expð�1:8927lnðvoilÞ þ 16:313Þ for voil < 132ðcStÞ

ð28Þ

where: toil is the viscosity of the oil, (cSt). Dd is the dissipated break-
ing wave energy per unit surface area, (J/m2), and is given by:

Dd ¼ 0:0034qwgH2
b ð29Þ

where Hb is the breaking wave height, assumed to be equal to 1.5Hsig

using the simple estimate of Liungman and Mattsson (2011) where
Hsig is the significant wave height (m), and assuming a fully devel-
oped sea-state, can be calculated according to CERC (1984) as;

Hsig ¼
0:243U2

�
g

 !
ð30Þ

Where U2
� ¼ 0:71U1:23

wind, is the wind stress factor associated with the
10 m wind speed Uwind (m/s). S is the fraction of sea surface covered
by oil (assumed as 0.75). F is the fraction of sea surface hit by break-
ing waves and is parameterised as:

F ¼ 3:0x10�6ðU3:5
wind=TwÞ for Uwind < Uth

F ¼ 3:0x10�2½ðUwind � UthÞ=Tw for Uwind > Uth

ð31Þ

where Uth is the threshold 10 m wind speed for onset of breaking
waves assumed as 5 m/s, Tw is the significant wave period and
assuming a fully developed sea-state can be calculated according
to CERC (1984) as:

Tw ¼ 8:13
Uwind

g

� �
ð32Þ

Dd is the oil droplet interval diameter, (m), equally spaced between
dmax and dmin. After Reed et al. (1995) the maximum and minimum
droplet size diameters are calculated as:

dmax ¼ 3400E�0:4ðv0Þ0:34

dmin ¼ 500E�0:4ðv0Þ0:34
ð33Þ

where E is the wave energy dissipation rate per unit volume, (J/
m3 s) set as 5.0 � 103 after Delvigne and Sweeney (1988) as an
intermediate value for breaking waves. The oil particle interval
diameter was then constructed by adopting ten size classes be-
tween dmin and dmax, equally spaced on diameter, as:

Dd ¼ ðdmax � dminÞ=10:0 ð34Þ

The OILTRANS model randomly assigns a droplet diameter to
each of the lagrangian particles based on the droplet distribution
profile calculated from Eqs. (33), (34). The depth, to which the dis-
persed oil droplets mix, Zmix, is expressed as:

Zmix ¼maxðDv=wd; ZiÞ ð35Þ

where Dv is the vertical diffusion coefficient (m2/s), equal to
0.0015Uwind after Thorpe (1984), wd is the rise velocity (m/s) for
droplet diameter d, and Zi is the intrusion depth (m) of the breaking
wave equal to 1.5Hb after Delvigne and Sweeney (1988). The rise
velocity, wd, of the droplets is calculated based on the droplet Rey-
nolds number with Stokes Law applied for small droplets and Rey-
nolds Law applied for larger droplets, after Tkalich and Chan (2002).
The total entrainment rate of oil into the water column, Qtotal (kg/
m2 s), for all droplet size classes is:

Qtotal ¼
X10

d¼1

Q d ð36Þ

and the total mass entrained, Ment (kg), per time step is equal to:

Ment ¼ Q totalAtDt ð37Þ

The droplet sizes determine whether dispersed oil will re-sur-
face and at what rate. Large droplet sizes will resurface faster than
small droplets, which may remain permanently dispersed in the
water column. Droplets which do not re-surface within the model
time-step are assumed to be permanently dispersed within the
water column. The current version of OILTRANS does not model
the subsurface transport of dispersed oil droplets.

2.2.6. Density
The initial oil density is obtained from either the API gravity of

the oil, or the density value and reference temperature, both con-
tained within an oil database. Only oils with densities lower than
water are modelled, as more dense oils will sink. The change in
oil density over time is related to three different processes; chang-
ing water temperature, evaporation, and emulsification. The change
in density due to changing temperature can be expressed as:

qoil ¼ qref ð1:0� CDensTðT � Tref ÞÞ ð38Þ

where qoil is density of oil (g/cm3), at temperature T (oK) (assumed
equal to the water temperature), qref is the reference density of oil
(g/cm3), at reference temperature Tref (oK), CDensT is an empirical
constant equal to 8.0 � 10�4 after Lehr et al. (2002). The change
in density due to evaporation can be expressed as:

qoil ¼ qref ð1:0þ CDensEFEvapÞ ð39Þ

where CDensE is an empirical constant equal to 1.8 � 10�2 after Lehr
et al. (2002), FEvap is the fraction of oil evaporated from the slick. The
change in density due to emulsification can be expressed as:

qoil ¼ ðYqwÞ þ qref ð1:0� YÞ ð40Þ

Where Y is the water content of the emulsion. Eqs. (38)–(40) can be
combined into one single equation to give the total change in den-
sity of the oil as (Buchannan and Hurford, 1988):

qoil ¼ ðYqwÞ þ qref ð1:0� YÞð1:0þ CDensEFEvapÞð1:0� CDensTðT � Tref ÞÞ
ð41Þ
2.2.7. Viscosity
The change in oil viscosity over time is related to three

different processes; changing water temperature, evaporation,
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and emulsification. The change in density due to changing temper-
ature can be expressed using Andrade’s correlation as:

voil ¼ v ref exp CTemp
1
T
� 1

Tref

� �� �
ð42Þ

Where toil is viscosity of oil (cSt) for given water temperature, T (oK)
(assumed equal to the water temperature), tref is the reference vis-
cosity of oil at reference temperature Tref (oK), CTemp is an empirical
constant equal to 5.0 � 103 after Lehr et al. (2002). The change in
viscosity due to evaporation can be expressed as (Mackay et al.,
1980a,b):

Voil ¼ v ref expðCEvap:FEvapÞ ð43Þ

where FEvap is the fraction of oil evaporated from the slick, CEvap is an
empirical constant equal to 10.0 after Reed (1989). The change in
viscosity due to emulsification can be determined with reference
to Table 2, above, after Fingas (2011) where:

voil ¼ v ref ViscEmul ð44Þ

Where trefE is the oil viscosity at the onset of emulsification and is
calculated from Eqs. (42), (43), ViscEmul is the interpolated viscosity
multiplier from Table 2.

3. Application to a spill incident in the Celtic Sea

The previous sections were focussed on the components of the
OILTRANS modelling system and the general model formulations
for oil transport and fate processes. In this section, the capability
of the OILTRANS model is demonstrated through its application
to an actual oil spill incident which occurred in the Celtic Sea on
14th February 2009.

3.1. Background

The spill incident in the Celtic Sea involved the accidental re-
lease of oil during a ship-ship fuel transfer to the Russian naval
vessel Admiral Kuznetsov. At the time of the incident it was esti-
mated that 400–500 tonnes of a light crude oil was discharged
(EMSA, 2010). The quantity of the spill was later revised down to
300 tonnes with the type of oil confirmed to be Mazut, which is
a heavy, low quality crude oil (Irish Coastguard, pers. comm.). This
incident represented the largest accidental spill in European
waters in 2009 and the largest spill in waters around the British
Isles since the Sea Empress ran aground off Milford Haven, Wales
in 1996 (EMSA, 2010).

On Saturday the 14th February 2009 at 10:54 am, the European
Maritime Safety Agency (EMSA) satellite surveillance programme
CleanSeaNet detected an oil slick 100 km southeast of Ireland’s
most southerly point, Mizen Hd., Co. Cork and notified the Irish
and UK Coastguard agencies. Upon notification of the event, both
the Irish and UK coastguard agencies tracked the evolution of the
slick on an almost daily basis by aerial reconnaissance until 2nd
March by which time the surface slick was no longer visible.

The OILTRANS model was employed to simulate the transport
and fate of the spilled oil for a 10 day period from the 14th to
23rd February. The area of interest for this case study, within the
authors’ larger Northeast Atlantic operational model domain, is
presented in Fig. 3, and highlights the location of the Kuznetsov
incident and the M3 databuoy which recorded wind speeds, direc-
tions and wave heights throughout the course of the incident.

3.2. Environmental conditions

Accurate environment information is essential for the reliable
prediction of the transport and fate of oil pollution. The three most
important sets of environmental information required are the spa-
tially and temporally varying fields of wind, water current and
waves. Accurate definition of these dynamic forcing conditions is
fundamental to producing an accurate oil spill trajectory model.

The wind fields defined to the OILTRANS model were obtained
from the GFS re-analysis model predictions for the period in ques-
tion. The winds at the location of the incident over the period were
interpolated from the 0.5o GFS model predictions to the incident
location and are shown in Fig. 4(a). The wind blew predominantly
in a north–northeasterly direction, though the wind rotated
through all points of the compass throughout the 10 day time per-
iod with wind speeds of 5.5 m/s–8.8 m/s experienced for greater
than 50% of the time.

The dynamic wave fields were defined to the OILTRANS model
using the CERC (1984) deepwater wave formulations based on
wind speeds predicted by the GFS re-analysis model for the period
in question. The calculated significant wave heights at the incident
location are presented in Fig. 4(b). The surface currents at the inci-
dent location over the 10 day period are shown in Fig. 4(c), with
surface current direction shown in Fig. 4(d).

The surface current speeds defined to the OILTRANS model were
obtained from the authors’ operational Northeast Atlantic oceano-
graphic model at hourly intervals. Maximum surface current
speeds at the incident location were approximately 0.5 m/s on
the spring tide of the 14th February, with highest neap tide surface
currents approximately 0.15 m/s occurring on the 19th February.
3.3. Model simulation

The OILTRANS model was used to simulate the trajectory and
fate of the spilled oil over a 10 day period, from the 14th to 23rd
February 2009. The model was initialised at 00:00 h on 14th Febru-
ary with the hydrodynamic fields from the authors Northeast
Atlantic oceanographic model, wind fields from the pre-interpo-
lated GFS re-analysis model and wave fields based on the CERC
(1984) formulations. Thereafter, the above spatially and tempo-
rally varying met-ocean forcing fields were updated within the
OILTRANS model at hourly intervals. It was assumed that the oil
spill incident occurred instantaneously at 00:00 h on 14th Febru-
ary with a discharge of 300 tonnes of Mazut crude oil. The exact
time and duration of the spill incident was never established (Irish
Coastguard, pers. comm.). The Mazut crude oil properties defined to
the model are presented in Table 1. The trajectory of the oil spill
particles were calculated at 5 min intervals and the evolution of
the oil weathering process were calculated at hourly intervals.
The OILTRANS model simulation was executed until 00:00 h on
24th February.
4. Results and discussion

As is often the case in validating oil spill models, a lack of suffi-
cient field data at the time of an oil spill event hampers the efforts
to accurately calibrate model predictions. In the case of the inci-
dent in the Celtic Sea, daily reconnaissance over-flights of the oil
slick were conducted thereby allowing the predicted oil slick tra-
jectories from the OILTRANS model simulation be compared
against the actual observations of the oil slick positions. Unfortu-
nately, limited sampling of the actual spilled oil for analysis was
undertaken. Only one sample from the 21st February was available
for comparison against OILTRANS model predictions. Therefore, for
validation of the oil fates component of OILTRANS for the incident
in question, recourse was made to comparing the predictions from
the OILTRANS model against predictions from the publicly avail-
able ADIOS v2.0.1 oil weathering model (NOAA, 2012).



Fig. 3. Operational Northeast Atlantic model domain showing the case study area of interest.

Fig. 4. Time history of (a) wind speed, (b) wave height, (c) current speed and (d) current direction at incident location.
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4.1. Oil slick trajectory

The OILTRANS oil slick trajectory predictions were compared
against available aerial reconnaissance observations of the slick
location for the period from the 14th to 23rd February 2009 and
are presented in Fig. 5. In general, the predictions from the OIL-
TRANS model showed close agreement with both the observed
slick locations and the overall trajectory of the oil slick throughout
the10 days of model simulation.

From the beginning of the oil spill incident both the observed
slick and the predicted slick travelled in a northeasterly direction
until the 15th February. The trajectory of the predicted slick was
offset parallel to the observed slick by approximately 5 km during
this time. From the 15th to 18th February the observed slick trav-
elled in a east-northeasterly direction, with the predicted slick
travelling in an easterly direction. The trajectory of the predicted
slick intersected that of the observed slick on the 17th February.
During this period from 15th to 18th February the average differ-
ence between the observed slick and the predicted slick locations
was approximately 4.5 km. From the 18th to 19th February, both
the observed and predicted slicks travelled in a northeasterly
direction. During the period from the 19th to 21st February both
slicks circulated in a clockwise manner with very close agreement
between the positions of the observed and predicted slick loca-
tions. From the 21st to 23rd February, when the OILTRANS model
simulation ended, both slicks travelled in an east-southeasterly



Table 1
Mazut oil properties.

Parameter Value Units

Density at 15 �C 0.89 g/ml
Kinematic viscosity at 80 �C 118 cSt
Asphaltenes 3.6 %

Distillation
5% recovered 259 �C
10% recovered 310 �C
20% recovered 358 �C
30% recovered 445 �C
40% recovered 502 �C
50% recovered 534 �C
60% recovered 538 �C
75% recovered 545 �C
78% recovered 550 �C
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direction. The difference between the location of the observed slick
and predicted slick on the 22nd February varied from 2.5 to 5.5 km,
whilst on the 23rd February the difference between the locations
of the observed slick and predicted slick varied from 4.5 to
11 km due to the ‘comet’ nature of the predicted slick shape.
4.2. Oil slick weathering

The predictions from the OILTRANS oil weathering modules
were compared against predictions from the publicly available
ADIOS v2.0.1 oil weathering model. The ADIOS model was exe-
cuted with time varying wind fields from Fig. 4(a) and time varying
wave heights from Fig. 4(b). The Mazut oil was defined as custom
oil to ADIOS using the specifications from Table 1. The maximum
simulation time possible for the ADIOS model is 5 days. Compari-
son between the OILTRANS oil weathering module and the ADIOS
oil model are presented in Fig. 6 for a 5 day period.

Both the OILTRANS and ADIOS models predict that dispersion
due to wave action is the primary mechanism through which the
oil was removed from the water surface. OILTRANS predicted that
238 m3 (70.64%) of the oil was removed by natural dispersion,
whilst the ADIOS model predicted that 223 m3 (66.17%) was
Fig. 5. Comparison of OILTRANS model against observe
removed by dispersion. The model predictions are broadly in keep-
ing with reports from on-scene observers on the 21st February
who stated ‘‘the slick is now quite dispersed and only a light sheen ap-
pears to remain at this time’’ (Irish Coastguard, pers. comm.) The vol-
ume of oil predicted to have evaporated from the oil slick by the
OILTRANS model was 34 m3 (10.18%) whilst the ADIOS model pre-
dicted 13 m3 (3.86%) to have evaporated. The differences between
the OILTRANS and ADIOS model predictions for volumes of oil
evaporated and dispersed from the slick were seen in the volumes
of oil remaining on the sea surface at the end of the model simula-
tions as predicted by both models. The OILTRANS model predicted
64 m3 (19.18%) of oil remained on the water surface, whilst ADIOS
predicted that 101 m3 (29.97%) remained.

In addition to volumes of oil evaporated, dispersed and remain-
ing on the water surface, OILTRANS also predicted the slick thick-
ness, viscosity, density and water content throughout the course
of the 10 day simulation from 14th to 23rd February as presented
in Fig. 7. The OILTRANS model predicted the oil slick viscosity to in-
crease gradually over the first 24 h from the starting oil viscosity of
118cSt to190cSt. After the first 24 h, during which evaporation of
the lighter components of the oil had occurred, the viscosity of
the oil increased significantly from 190cSt to 72,000cSt signifying
the emulsification of the oil due to the incorporation of water drop-
lets. With the onset of emulsification, the OILTRANS model pre-
dicted a large increase in the water content of the oil, from a
starting value of 0.06 to an emulsified value of 0.8, signifying that
the oil had formed a stable emulsion. Thereafter, the water content
of the oil decreased slightly to a long term value of 0.77. OILTRANS
also predicted an increase in density of the oil over the same time
frame, from a starting value of 0.890 g/cm3 to an eventual value of
1.001 g/cm3. The OILTRANS model predicted the thickness of the
initial oil slick to be approximately 1 cm, with the slick thickness
reducing over time to a final value of 0.132 mm (132 lm).
4.3. Model limitations and further development

Accurate environment information is essential for the reliable
prediction of the transport and fate of oil pollution. The three most
important sets of environmental information required are the
d slick positions from 14th – 23rd February 2009.



Fig. 6. Comparison of OILTRANS predictions against ADIOS v2.0.1 predictions.
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spatially and temporally varying fields of wind, water current and
waves. OILTRANS can seamlessly incorporate operational model
predictions for both wind fields (GFS) and water currents (ROMS)
but currently has only limited capability to incorporate operational
predictions of wave fields (SWAN). The limited capability relates to
those instances of wave models which have a computational grid
in common with the oceanographic ROMS model. Some effort is re-
quired to implement generic algorithms to interpolate native
SWAN grids to the OILTRANS grid to overcome this limitation.

The ability of an oil spill model to accurately account for wave
processes which disperse oil vertically into the water column dur-
ing wave breaking is very important. In the application of the OIL-
TRANS model to the oil spill incident in the Celtic Sea, the wave
fields were calculated internally using the CERC (1984) deepwater
wave equations for fully developed sea-states, Eq. (30) and Eq. (32).
It was found that these equations under-predicted the significant
wave height and significant wave period respectively when com-
pared with actual field observations from the M3 databuoy. The
Fig. 7. OILTRANS model prediction of oil slick vis
M3 databuoy located just outside the case study area of interest,
see Fig. 3, recorded wind speeds, significant wave heights and peri-
ods on an hourly basis during the time of the Celtic Sea incident.
Eq. (30) was used to calculate significant wave heights at the M3
databuoy location using the M3 buoy recorded wind speeds. The
superposition of the Eq. (30) computed significant wave heights
with the M3 databuoy observed significant wave heights in Fig. 8
shows a consistent under-prediction by Eq. (30) in almost all in-
stances. Increased accuracy can be expected in the OILTRANS mod-
el’s dispersion algorithms by incorporating operational wave
model predictions into OILTRANS in place of the CERC (1984) for-
mulations. This is highlighted in Fig. 9 which presents the compar-
ison of significant wave heights as predicted by the authors’ recent
SWAN model with the M3 databuoy observations of significant
wave heights for a 30 day period in November 2011.

Another limitation of the OILTRANS modelling system which is
linked to the vertical dispersion of oil droplets due to wave action
is the inability of the model to simulate the subsurface transport of
cosity, thickness, water content and density.



Fig. 8. Comparison of Eq. (30) against M3 buoy recorded significant wave height, Hsig.

Fig. 9. Comparison of SWAN predictions against M3 buoy recorded significant wave height, Hsig.

A. Berry et al. / Marine Pollution Bulletin 64 (2012) 2489–2501 2499
dispersed oil droplets. Future development of the modelling sys-
tem will see the incorporation of subsurface oil transport
functionality.

Although the OILTRANS model’s predictions for the various fate
process of evaporation, emulsification and dispersion could not be
compared against observations from the actual oil spill event due
to insufficient data availability, the model’s predictions were com-
pared against one of the standard oil fate modelling applications,
ADIOS. The OILTRANS model predicted volumes of oil evaporated,
dispersed and remaining on the water which were close to those
predicted by the ADIOS model, though differences were evident.
The differences in model predictions were due to the adoption of
different formulations for the process of emulsification and differ-
ent parameterisation of formulae for natural dispersion. Reed et al.
(1999) stated that two models purporting to contain the same
algorithms may give quite different results from the same input
data, and that the performance of one algorithm will be affected
by performance of other algorithms in the model. Therefore, it
was to be expected that the OILTRANS model would give different
results to the ADIOS model owing to the adoption of different for-
mulations and implementations. However, the broad similarity in
results between the OILTRANS and ADIOS models provided confi-
dence that the OILTRANS modelling system has accurately ac-
counted for the dominant oil weathering processes.
5. Conclusions

A new oil spill transport and fate model, OILTRANS, which forms
the basis of a newly developed operational oil spill forecasting
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system for Irish waters, has been developed. The OILTRANS model
consists of a set of algorithms based on the most widely used equa-
tions and empirical datasets to quantify the processes of advection,
diffusion, mechanical spreading, evaporation, dispersion and emul-
sification. The model facilitates the implementation of differing
algorithms for the processes of evaporation, emulsification and
mechanical spreading of the oil slick. The model incorporates sur-
face currents from an operational ROMS oceanographic model and
wind fields from the operational GFS meteorological model. The
OILTRANS model was applied to simulate the case of the accidental
release of approximately 300 tonnes of Mazut heavy crude oil in
the Celtic Sea on 14th February 2009. The aerial reconnaissance
data acquired at the time of the oil spill incident was used to per-
form a validation test of the OILTRANS transport model. The trajec-
tory and timing of the simulated oil slick’s movement compared
very well with the reconnaissance data. The main obstacle in pre-
senting validation of the OILTRANS fate model algorithms was the
difficulty in obtaining field data for the physical properties of the
spilled oil during the course of the incident. Validation of the oil
fates component of OILTRANS was made against the ADIOS oil
model. The validation exercise verified that the model algorithms
provided an encouraging level of accuracy when compared against
results from the ADIOS oil model application. Further develop-
ments have been identified to improve the accuracy and function-
ality of the OILTRANS system.
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