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Abstract. The processes of transport, diffusion and transfor-are the meteorological and marine conditions at the air-sea
mation of surface oil in seawater can be simulated using dnterface (wind, waves and water temperature); the chemical
Lagrangian model formalism coupled with Eulerian circu- characteristics of the oil; its initial volume and release rates;
lation models. This paper describes the formalism and theand, finally, the marine currents at different space scales and
conceptual assumptions of a Lagrangian marine surface otimescales. All these factors are interrelated and must be con-
slick numerical model and rewrites the constitutive equationssidered together to arrive at an accurate numerical represen-
in a modern mathematical framework. The Lagrangian nu-tation of oil evolution and movement in seawater.
merical representation of the oil slick requires three different  Oil spill numerical modelling started in the early eight-
state variables: the slick, the particle and the structural statées and, according to state-of-the-art revie&SCE, 1996
variables. Transformation processes (evaporation, spreadingReed et al.1999, a large humber of numerical Lagrangian
dispersion and coastal adhesion) act on the slick state varisurface oil spill models now exist that are capable of sim-
ables, while particle variables are used to model the transpomtlating three-dimensional oil transport and fate processes at
and diffusion processes. The slick and particle variables ar¢he surface. However, the analytical and discrete formalism
recombined together to compute the oil concentration in wato represent all processes of transport, diffusion and trans-
ter, a structural state variable. The mathematical and numerformation for a Lagrangian surface oil spill model are not
ical formulation of oil transport, diffusion and transforma- adequately described in the literature. An overall framework
tion processes described in this paper, together with the manfpor the Lagrangian numerical representation of oil slicks at
simplifying hypothesis and parameterizations, form the basissea is lacking and this paper tries to fill this gap.
of a new, open source Lagrangian surface oil spill model, the Over the years, Lagrangian numerical models have de-
so-called MEDSLIK-II, based on its precursor MEDSLIK veloped complex representations of the relevant processes:
(Lardner et al. 1998 2006 Zodiatis et al. 20083. Part 2  starting from two-dimensional point source particle-tracking
of this paper describes the applications of the model to oilmodels such as TESEO-PICHC#stanedo et al.2006
spill simulations that allow the validation of the model re- Sotillo et al, 2008, we arrive at complex oil slick polygon
sults and the study of the sensitivity of the simulated oil slick representations and three-dimensional advection—diffusion
to different model numerical parameterizations. models Wang et al. 2008 Wang and Shen2010. At

the time being, state-of-the-art published Lagrangian oil

spill models do not include the possibility to model three-

dimensional physical-chemical transformation processes.
1 Introduction Some of the most sophisticated Lagrangian operational

) o models are COZOILReed et a).1989, SINTEF OSCAR

Representing the transport and fate of an oil slick at the segqgg Reed et a.1995, OILMAP (Spaulding et a).1994

surface is a formidable task. Many factors affect the motionaga 1997, GULFSPILL (Al-Rabeh et al.2000, ADIOS
and transformation of the slick. The most relevant of these ' ’
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(Lehr et al, 2002, MOTHY (Daniel et al, 2003, MOHID modern state-of-the-art Eulerian operational oceanographic

(Carracedo et 312006, the POSEIDON OSMKollani et al, models, now availableQoppini et al, 2011, Zodiatis et al,

2001 Nittis et al, 2009, OD3D (Hackett et al.2006, the 2012, considering high-frequency operational model cur-

Seatrack Web SMHI modelAmbjarn 2007, MEDSLIK rents, wave-induced Stokes drift and corrections due to

(Lardner et al.1998 2006 Zodiatis et al.20083, GNOME  winds, to account for uncertainties in the Ekman currents at

(Zelenke et a].2012 and OILTRANS Berry et al, 2012. the surface.

In all these papers equations and approximations are seldom The paper is structured as follows: Sect. 2 gives an

given and the results are given as positions of the oil slick paroverview of the theoretical approach used to connect the

ticles and time evolution of the total oil volume. Moreover, transport and fate equations for the oil concentration to a La-

the Lagrangian equations are written without a connection tagrangian numerical framework; Sect. 3 describes the numer-

the Eulerian advection—diffusion active tracer equations evencal model solution methods; Sects. 4 and 5 present the equa-

though in few casesNang and Sher2010 the results are tions describing the weathering processes; Sect. 6 illustrates

given in terms of oil concentration. the Lagrangian equations describing the oil transport pro-
The novelty of this paper with respect to the state-of-the-cesses; Sect. 7 discusses the numerical schemes; and Sect. 8

art works is the comprehensive explanation on (1) how tooffers the conclusions.

reconstruct an oil concentration field from the oil particles

advection—diffusion and transformation processes, which has

never been described in present-day literature for oil spill2 Model equations and state variables

models; (2) the description of the different oil spill state vari- - . . .
ables, i.e. oil slick, oil particles and structural variables; and ' '€ movement of oil in the marine environment is usually

(3) all the possible corrections to be applied to the ocean curattributed to advection by the large-scale flow field, with dis-

rent field, when using recently available data sets from nuP€rsion caused by turbulent flow components. While the oil
merical oceanographic models moves, its concentration changes due to several physical and

Our work writes for the first time the conceptual frame- chemical processes known as weathering processes. The gen-

work for Lagrangian oil spill modelling starting from the ergl equation for a tracer CO'I’ICEIjltI’atIC(fl(x,.y,z,t),'WIth
Eulerian advection—diffusion and transformation equations.un'tS of mass over volume, mixed in the marine environment,

Particular attention is given to the numerical grid where IS

oil concentration is reconstructed, the so-called tracer grid, M

and in Part 2 sensitivity of the oil concentration field to ——|—U.VC:V.(KVC)_Fer(x,C(x,t)’t)’ (1)
this grid resolution is clarified. To obtain oil concentra- dt j=1

tions, here called structural state variables, we need to de-

fine particle state variables for the Lagrangian representatiomvhere% is the local time-rate-of-change operatbr,is the

of advection—diffusion processes and oil slick variables forsea current mean field with componentg, V, W); K is

the transformation processes. In other words, our Lagrangiathe diffusivity tensor which parameterizes the turbulent ef-

formalism does not consider transformation applied to singlefects, and-; (C) are theM transformation rates that modify

particles but to bulk oil slick volume state variables. This the tracer concentration by means of physical and chemical

formalism has been used in an established Lagrangian oifransformation processes.

spill model, MEDSLIK (ardner et al. 1998 2006 Zodi- Solving Eqg. @) numerically in an Eulerian framework is

atis et al, 20083, but it has never been described in a math- a well-known problem in oceanographiddye, 1987, me-

ematical and numerical complete form. This has hamperedeorological and atmospheric chemistGurney et al.2002,

the possibility to study the sensitivity of the numerical sim- 2004 and in ecosystem modellingipert et al. 1999. A

ulations to different numerical schemes and parameter asaumber of well-documented approximations and implemen-

sumptions. A new numerical code, based upon the formaltations have been used over the past 30yr for both pas-

ism explained in this paper, has been then developed, theive and active tracerdHg@idvogel and Beckmanr999.

so-called MEDSLIK-II, for the first time made available to Other methods use a Lagrangian particle numerical for-

the research and operational community as an open souramalism for pollution transport in the atmosphet@iimer,

code athttp://gnoo.bo.ingv.ittMEDSLIKII/(for the techni- 1986 Schreurs et al.1987 Stohl 1998. While the La-

cal specifications, see Appendd. In Part 2 of this paper grangian modelling approach has been described for atmo-

MEDSLIK-1I is validated by comparing the model results spheric chemistry models, nothing systematic has been done

with observations and the importance of some of the modeto justify the Lagrangian formalism for the specific oil slick

assumptions is tested. transport, diffusion and transformation problem and to clar-
MEDSLIK-II includes an innovative treatment of the sur- ify the connection between the Lagrangian particle approach

face velocity currents used in the Lagrangian advection-and the oil concentration reconstruction.

diffusion equations. In this paper, we discuss and formally The oil concentration evolution within a Lagrangian for-

develop the surface current components to be used fronrmalism is based on some fundamental assumptions. One of
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Table 1. Oil spill model state variables. Four are structural state variables or concentrations, eight are oil slick state variables used for the
transformation processes, four are particle state variables used to solve for the advection—diffusion processes.

Variable Variable type  Variable name Dimensions
Cs(x,y,1) Structural Oil concentration at the surface kg%n
Cp(x,y,t) Structural Oil concentration dispersed kq?n
Cc(x,y,1) Structural Oil concentration on the coast kg?ﬁw
Cp(x,y,1) Structural Qil concentration at the bottom kg‘ﬁq
Vs(x, y,1) Slick Oil slick surface volume m
Vb(x,y,1) Slick Oil slick subsurface (dispersed) volume Sm
VK, v, 1) Slick Thick part of the surface oil slick volume 3n
VvING, y, 1) Slick Thin part of the surface oil slick volume I

ATK @) Slick Surface area of the thick part of the surface oil slick volume 2 m
A™N@) Slick Surface area of the thin part of the surface oil slick volume 2'm
TTK (x,y,1) Slick Surface thickness of the thick part of the surface oil slick volume m
TN (x,y,1) Slick Surface thickness of the thin part of the surface oil slick volume m
xp (1) = (xp(t), ye (1), 21 (1))  Particle Particle position m

UNE (g, 1) Particle Non-evaporative surface oil volume particle attribute 3 m
ve(ng,t) Particle Evaporative surface oil volume particle attribute Sm
o(ng,1)=0,1,2,<0 Particle Particle status index (on surface, dispersed, sedimented, on coast) -

the most important of these is the consideration that the conis given by the advection—diffusion acting 6. The model
stituent particles do not influence water hydrodynamics andsolves Eq. 2) by considering the transformation processes
processes. This assumption has limitations at the surface aicting on the total oil slick volume, and oil slick state vari-
the ocean because floating oil locally modifies air—sea interables are defined. The Lagrangian particle formalism is then
actions and surface wind drag. Furthermore, the constituenapplied to solve Eq.J), discretizing the oil slick in parti-
particles move through infinitesimal displacements withoutcles with associated particle state variables, some of them
inertia (like water parcels) and without interacting amongstdeduced from the oil slick state variables. The oil concentra-
themselves. After such infinitesimal displacements, the vol-tion is then computed by assembling the particles together
ume associated with each particle is modified due to thewith their associated properties. While solving E8). With
physical and chemical processes acting on the entire slickagrangian particles is well knowrGtiffa, 1996, the con-
rather than on the single particles properties. This is a funnection between Eqs2) and @), explained in this paper, is
damental assumption that differentiates oil slick Lagrangiancompletely new.
models from marine biochemical tracer Lagrangian models, MEDSLIK-1I subdivides the concentratiod as being
where single particles undergo biochemical transformationssomposed by the oil concentration at the surf&g,in the
(Woods 2002. subsurfaceCp, adsorbed on the coastsg, and sedimented

If we apply these assumptions to EG),(we effectively  atthe bottom(g (see Figla). These oil concentration fields
split the active tracer equation into two component equationsare called structural state variables, and they are listed in Ta-

ble 1.

Iy At the surface, the oil slick is assumed to be represented by

€1 =3 i (x. C(x.0). 1) @) a co_ntinupus layer of material, and its surface concentration,
J
ot =t Cs, is defined as
m

and CS(x»yat)ZZ» (4)
0 . . . . . .
8_f =-U-VC1+V-(KVC(Cy), (3) with units of kg nT2, wherem is the oil weight and4 is the

unit area. Considering now volume and density, we write

where(C; is the oil concentration solution solely due to the 0
weathering processes, while the final time rate of change of Cs(x,y,?) = ZVS- (5)

www.geosci-model-dev.net/6/1851/2013/ Geosci. Model Dev., 6, 188569 2013
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Fig. 1. Schematic view of the oil tracer grids (the grey spheres represent the oil part{alegjaphical representation of concentration
classes(b) 3-D view of one cell of the oil tracer grid for weathering processess the particle status index ardp indicates the bottom
depth of theSx7, §y7 cell ; (c) 2-D view of the oil tracer grid for weathering processes and coastline polygonal chain (re)) & view

of the oil tracer grid for advection—diffusion processes.

In the subsurface, oil is formed by droplets of various sizes The surface and dispersed oil volum®&s,andVp, are the
that can coalesce again with the surface oil slick or sedimenbasic oil slick state variables of our problem (see Tédlb)le
at the bottom. The subsurface or dispersed oil concentratioriquations 7) and @) are the MEDSLIK-II equations for the
Cp, can then be written for all droplets composing the dis- concentratiorC1 in Eq. (2), being split simply intd/s andVp

persed oil volumé/p as that are changed by weathering processes calculated using
theMackay et al(1980 fate algorithms that will be reviewed
Co(x,y,1) = %VD- (6)  inSect4.

When the surface oil arrives close to the coasts, defined by
a reference segmelfic, it can be adsorbed and the concen-

The weathering processes in EB) &re now applied t@’s tration of oil at the coast€’c, is defined as

andCp and in particular to oil volumes:

0
d_CS - ﬁd—VS and @) cetn? Le o ®
dr A dt whereV¢ is the adsorbed oil volume. The latter is calculated
dﬂ _ gdﬁ ®) from the oil particle state variables, to be described below,
A dr and there is no prognostic equation explicitly written ¥@y.

Geosci. Model Dev., 6, 18511869 2013 www.geosci-model-dev.net/6/1851/2013/
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The oil sedimented at the bottom is considered to be sim- To solve the complete advection—diffusion and transfor-
ply a sink of oil dispersed in the water column, and again itismation problem of Eq.1), we need to specify a numerical
computed from the oil particles dispersed in the subsurfacegrid where we can count particles and compute the concen-
In the present version of the model, the oil concentration ontration. There is no analytical relationship between the oil
the bottomCg, is not computed, and it is simply represented slick and the particle state variables, and we will then proceed

by a number of oil particles that reach the bottom.

In order to solve Egs7j and @) we need now to subdivide
the surface volume into a thin pait,”™, and a thick part,
VTK_ This is an assumption done in order to useNtaekay
et al.(1980 transformation process algorithms. Despite their
simplification, Mackay'’s algorithms have been widely tested,
and they were shown to be flexible and robust in operational
applications. The surface oil volume is then written as

Vo= VN4 yTK, (10)
where

VNG, y, 0 =A™NOT ™, y,0) (11)
and

VI, y,0) = ATCOT ™M (x, y,1). (12)

whereA™€ andA™ are the areas occupied by the thick and
thin surface slick volume an@ ™ and 7™ are the thick-
nesses of the thick and thin surface slickdN, vTK ATN,
ATK TN andT K are then oil slick state variables (Taldle
and are used to solve for concentration changes due to weat
ering processes as explained in Sdct.

In order to solve the advection—diffusion processes in
Eq. ) and compute”s, Cp andCc, we define now the par-
ticle state variables. The surface voluiieis broken intoNV
constituent particles that are characterized by a particle vol
ume,v(ng,t), by a particle status index;,(ng,t), and by a
particle position vector:

xi (i, 1) = (X (i, 1), ye (e, 1), 2 (g, 1), k=1N, (13)

where ny is the particle identification number. The parti-
cle position vector (ng, t) time evolution is given by the
Langevin equation described in Segt.

Following Mackay’s conceptual model, the particle vol-
ume state variables are ulteriorly subdivided into the “evap-
orative” vg(ng, t) and “non-evaporativetne (ng, t) particle
volume attributes:

v(ng,t) = ve(nk, 1) + uNe(ng, t). (14)

The particle volumes (ny, t) are updated using empirical
formulas that relate them to the time rate of change of oll
slick volume state variables, see Séct.

The particle status index,(ny, t), identifies the four par-
ticle classes correspondent to the four structural state vari
ables: for particles at the surfaegyy, ) = O; for subsurface
or dispersed particles,(ng, t) = 1; for sedimented particles,

o (ng,t) = 2; and for particles on the coastsy, 1) = —Lj,
whereL; is a coastline segment index, to be specified later.

www.geosci-model-dev.net/6/1851/2013/

to define the spatial numerical grid and the solution method-
ology.

3 MEDSLIK-II tracer grid and solution methodology

,n order to connect now Eqs2)and @), we need to define

a discrete oil tracer grid systemy = (x7, yr), with a uni-
form but different grid spacing in the zonal and meridional
directions,(8x7, §y7) (see Fig.lb). The unit aread defined

in Egs. 6) and @) is thenA = §x738yr, and the spatially dis-
cretized time evolution equations for the structural and oil
slick state variables are

dCs o dVs
. ) ) = . ) ) d 15
g T Sxroyr (x7,yr.t)an (15)
dCp o dVp

3 b = - ) 5 16
. (xr,yr,1) Sxrdyr dr (x7,yr,1) (16)

The coastline is represented by a polygonal chain identi-
fied by a sequence of points connecting segments of length
SLi, identified by the coastline segment indek; (see
Fig. 1c). The coast is digitised to a resolution appropriate for

‘ach segment, which varies from a few metres to a hundred
metres for an almost straight coastal segment. The discrete
form of Eq. @) is then

pVe(Li, 1)
SL;i '

When the particle state variables are referenced to the oil
tracer grid, we can write the relationship between structural
and particle state variables, i.e. we can solve for evolution of
the oil concentration at the surface, in the subsurface, and at
the coasts. The countable ensembles/p, of surface and
subsurface particles contained in an oil tracer grid cell are
defined as

Cc(Lj,t) = (17)

) $
xr — 5 < xe(t) <xr+ =

Is(x7,y7,t) = {nk; y7 — (syTT <yw(@®) <yr+ ‘SyTT
o(ng,t)=0

and

Sxr

xp =3 <x() <xp + 5F
In(xr, yr,t) = {mk; yr — 3 < ye(0) < yr + 3
o(ng,t)=1

. (18)

The discrete surface]s, and dispersed;p, oil concen-
trations are then reconstructed as

Cs(xr,yr,t) = ﬁ > npets V(e 1)

(19)
Co(xr, 7.1 = 55557 Lnern V(K 1)

Geosci. Model Dev., 6, 18869 2013
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The oil concentration for particles on the coasis(Li, 1),
is calculated usingc(Lj, 1), which is the set of particles
“beached” on the coastal segmdnt
Ic(Li,t) = {ny; 0 (ng,t) = —Li}. (20)

The concentration of oil on each coastal segment is calcu
lated by

CelLint) = % 3 vl o).
|

nielc

(21)

In order to solve coherently for the different concentra-
tions using the oil slick and particle state variable equations.
a sequential solution method is developed, which is repre:
sented schematically in Fig. First, MEDSLIK-II sets the
initial conditions for particle variables and slick variables
at the surface (see Se@tl). Then, the transformation pro-
cesses (evaporation, dispersion, spreading) are solved as ¢
scribed in Sect4 and in Appendice81, B2 andB4. The
weathering processes are empirical relationships between tt
oil slick volume, the 10m windW, and the sea surface
temperature?. Next, the particle volumesyne(ng, ) and
ve(ng,t), are updated (see Se&). Then, the change of
particle positions is calculated as described in Sécto-
gether with the update of the particle status index. Finally,
MEDSLIK-II calculates the oil concentration as described by
Egs. @9 and @1).

The most significant approximation in MEDSLIK-II is
that the oil slick state variables depend only on the slick’s

central geographical position, which is updated after eact

advection—diffusion time step. The oil spill centre position,
xc = (xc(1), yc(1)), defined by

S () Yoy k(1)
N ’ N

is then used for all the slick state variables of MEDSLIK-

Il (see Tablel). To evaluate the error connected with this

xc(t) = and yc(t) = (22)

’
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INITIAL CONDITIONS AND ENVIRONMENTAL VARIABLES

' EVAPORATION l
l DISPERSION .

)

SPREADING

)

UPDATE THICK AND THIN SLICK STATE
VARIABLES

¥

UPDATE PARTICLES OIL VOLUMES

I

UPDATE PARTICLE POSITIONS

I BEACHING l
' CHANGE PARTICLE STATUS l

'

CALCULATE CONCENTRATIONS

Fig. 2. MEDSLIK-II model solution procedure methodology.

that the earlier volumes of oil spilled will have been trans-
orted away from the initial release site by the time the later
volumes are released. In order to model the oil weathering in
the case of a continuous release, the model divides the total
spill into a number of sub-spillsys, consisting of a given
part of the oil released during a time intervdl. As each
sub-spill is moved away from the source, the total spill be-
comes a chain of sub-spills. In the case of an instantaneous
release, the surface oil release at the beginning of the simu-
lation is equal to the total oil releasétd(xc, 1o).

assumption, we estimated the spatial variability of sea sur- For a continuous oil spill release, evefy a sub-spill is
face temperature and compare with a typical linear lengthgefined with the following oil volume:

scale of an operational oil slick, considered to be of the or-

der of 10-50 km. In the Mediterranean, the root mean squaré’/s(xc, to0) = RcTc,

of sea surface temperature is about°@2or distances of
10km and 0.5C for distances of 50 km. Naturally, across
large ocean frontal systems, like the Gulf Stream or the

(23)

where Rc is the oil spill rate in Ms™1 and 7t is the time
interval between each sub-spill release. The number of sub-

Kuroshio, these differences can be larger, of the order taSPills released is equal to

several°C in 10km. The calculation of the oil weathering

processes, considering the wind and sea surface temperatuig =

non-uniformity for the oil slick state variables, will be part of
a future improvement of the model.
3.1 Initial conditions

The surface oil release can be instantaneous or continuou
In the case of an oil spill for which leakage may last for sev-
eral hours or even monthki( et al, 20113, it may happen

Geosci. Model Dev., 6, 18511869 2013

Dc

_=. 24
T (24)
whereDc () is the release duration.

During an instantaneous releagé particles are released
at the beginning of the simulation, while for a continuous
releaseNc particles are released evefy:

S.

N

- (25)

Nc

www.geosci-model-dev.net/6/1851/2013/
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Each initial particle volumey (ng, to), is defined as
av™ ﬁ dv'™ ﬁ av™
NsVs(xc,
v(ng, to) = M, (26) <:dt,<5) dt e, dt |,
N [
_ _ _ ™ B
where in the case of an instantaneous rel@ass equal to 1. _— 1K
The initial evaporative and non-evaporative oil volume FAVALS AV dv™
components, for both instantaneous and continuous releas dt at T
are defined as ) ® ©
ve(ng, to) = (1— %)u(nk,to) and 27) Fig. 3. Weathering processes using Mackay’s approach. TK indi-
100 cates the thick slick and TN the thin slick.T and VN are the
uNE(ng, o) = %U(mﬁ t0), (28) surf_ace pil yolumes of th(_e thick aqd thin_ part of the slick apd the
100 suffixes indicate evaporation (E), dispersion (D) and spreading (S).

wheregng is the percentage of the non-evaporative compo-

nent of the oil that depends on the oil type. The initialization

of the thin and thick area values is taken from the initial sur-

face amount of oil released using the relative thicknesses anthe weathering processes are considered independently for
F, which is the area ratio of the two slick part$/X and  each sub-spill.

A™, Using Egs. 10), (11) and (2), we therefore write The weathering processes are considered separately for the
thick slick and thin slick (or sheen) and the prognostic equa-
A™(19) = FA™(1p) and (29) tions are written as
TK,, \ _ Vs(xc, to) dvTK gy dvTK dvTK
AT (xc,t0) + FTTN(xc, o) ) o dr g T a ©) T w S 42
The same formula is valid for both instantaneous or con-
tinuous release. The initial valug&K (xc, 10), T™(xc,10)  and
and F have to be defined as input. can be in a range be- 4, TN 4y TN dyN dy N
tween 1 and 1000, standaf@® (xc,79) are between % ol + =5 + = , (33)
1074 —0.02m, whileT ™ (x¢, 7o) lies between k 108 and d r e o) I}

5 . .
1x107>m (standard values are summarized in T@)léor  \\here the suffixes indicate evaporation (E), dispersion (D)

. . . . . K
aﬁ\(‘)'nt\lee oil spill source higher values B (xc, 7o) and 54 spreading (S), and all the slick state variables are defined
T'"Y(xc, 1) and lower values of" are recommended. For only at the slick centre.

initially extended oil slicks at the surface (i.e. slicks observed 1ha gjick state variables’ time rate of change is given in

by satellite or aircraft), lower thicknesses and higher valueSarms of modified Mackay fate algorithms for evaporation,
of F can be used. In the latter case, the initial slick area,gispersion and spreadingléckay et al, 1979 1980. In
A= A™ 4 ATK can be provided by satellite images and the ppendice®1, B2 andB4, each term in Eqs3@) and 83) is
thicknesses extracted from other information. described in detail. The model can also simulate the mixing
of the water with the oil, and this process known as emulsifi-
cation is described in AppendB3.

Following Mackay’s assumptiond; ™ does not change

Using Eq. (0), the time rate of change of oil volume is writ- and7 ™ (xc, ) = T™N(xc, 10). Thus,A™ is calculated as

4 Time rate of change of slick state variables

ten as dATN 1 dy™
aVs _avT< ovT (31) d TN dr (34)
ot o o1 whereV ™ is updated using Eq30).
The changes of the surface oil volume are attributable For the thick slick, on the other hand
to three main processes, known collectively as weathering,
which are represented schematically in FAgSince the ini- dvT« _ 77K dAT¢ 4+ ATK d7r™x (35)

tial volume is at the surface, the first process is evaporation. dr dr dr
In general, the lighter fractions of oil will disappear, while

the remaining fractions can be dispersed below the water

surface. In addition, for the first several hours, a given spill

spreads mechanically over the water surface under the action

of gravitational forces. In the case of a continuous release,
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The area of the thick slickA™, only changes due to 6 Time rate of change of particle positions
spreading, thus
The time rate of change of particle positions in the oil tracer
dATK  gATK (36) grid is given byn; uncoupled Langevin equations:
= _ ; 36
dr dr ) deg (1)

=A(xk, 1) +Bx, )E(), (41)
where the time rate of change of the thick area due to spread- .
ing is given by Eq.B20). V'K is updated using Eq3@) and where the tensok (xy, ¢) represents what is known as the de-

the thickness changes are calculated diagnostically by terministic part of the flow field, corresponding to the mean
field U in Eq. (1), while the second term is a stochastic term,
TK yTK representing the diffusion term in EQ)(The stochastic term
== ATK 37) is composed of the tens@(x, r), which characterizes ran-

dom motion, and (¢), which is a random factor. If we de-
fine the Wiener proces# (1) = fc; &(s)ds and apply the &

5 Time rate of change of particle oil volume assumptionTompson and Gelhat990, Eq. 41) becomes
state variables equivalent to the # stochastic differential equation:
The particle oil volumes, defined by Eql4), are changed =~ ¥k (1) =A(xy, )dr +Bxg, AW (1), (42)

after the transformation processes have acted on the oil slick . S .
i : ) where d is the Lagrangian time step and¥r) is a random
variables. For all particle status indeXny, t), the evapora-

tive oil particle volume changes following the empirical re- increment. The Wiener process describes the path of a par-
P g g P ticle due to Brownian motion modelled by independent ran-

lationship dom increments W (t) sampled from a normal distribution
ONE ©® with zero mean{(dW (¢)) = 0 and second order moment with
VE(nk, 1) =[(1— m) —f (xc,l)] v(ng, 10), (38)  (dw.dw)=ds. Thus, we can replaceW(r) in Eq. @2)
with a vectorZ of independent random numbers, normally
where £ ® is the fraction of oil evaporated defined as distributed, i.eZ € N (0, 1), and multiplied by/dr:
i (1) =A(xr, 1)dr + B(xg, 1) Z/dr. (43)

VIKxe,n)| g + VN xe )] g,
VTK(10) + VN(10)

O wen) = (39)

The unknown tenso& (xg, t) andB(xy, ¢) in Eq. @3) are
most commonly written asRisken 1989:
and VTK(xc, )| .. and VTN(x¢, )| . are the volumes of
oil evaporated lér%m the thick ano|l(|tE in slicks, respectively, dhei (1) = (44)
calculated using EqsB() and B5). U(xi, 1) v2Ky O 0 Z
For both “surface” and “dispersed” particles(z,7) =0 = | V(xk 1) |dt+ 0 2K, O Zp | Vdt
and o(ng,t) =1), the non-evaporative oil component, Wi(xg, 1) 0 V2K, Z3

UNE(, 1), does not change, while a certain fraction of the oo \as assumed to be diagonal and equal to the Eule-
non-_e_vaporatlve ol component ofa beached_partlcle can _b?ian field velocity component8 is again diagonal and equal
modified due to adsorption processes occurring on a partlcf0 K. Ky, K. turbulent diffusivity coefficients in the three

ular coastal segment, seeping into the sand or forming a ta(Flirections andZ1, Z», Z3 are random vector amplitudes. For
layer on a rocky shore. For the “beached” particles, the par- ! Y

: . . . particles at the surface and dispersed, B§) {akes the fol-
ticle non-evaporative oil component is then reduced to

0

lowing form:
UNE(nk’t) =UNE(”kat8<)0~5TS(Li), G(nk,t)=—l, (40) U(xkvykvzkvt) d—xk(t)

dxi () = | V(x, vk, 2k, 1) | de+ | dy (o) |, (45)
wheretj is the instant at which the particle passes from sur- 0 dz, (1)

face to beached status and vice verEg(Li) is a half-life

for seepage or any other mode of permanent attachment tahere for simplicity we have indicated withef(r), dy; (1),

the coasts. Half-life is a parameter which describes the “abdz; (r) the turbulent transport terms written in E¢5]. For
sorbency” of the shoreline by describing the rate of entrain-particles at the surface, the vertical position does not change:
ment of oil after it has landed at a given shoreliSaén et al. zx = 0and @) () = 0. Thez; can only change when the par-
1987. The half-life depends on the coastal type, for exampleticles become dispersed and the horizontal velocity at the ver-
sand beach or rocky coastline. Example values are given itical position of the particle is used to displace the dispersed
Table2. particles.
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The deterministic transport terms in E45] are now ex-  values of the drift factor and angle, with most models using
panded in different components: a value of around 3 % for the former and betweéar@®l 25
for the latter Al-Rabeh et al.2000).
o =0 dei(t) = [Uc(xe, 3, 0,0+ Uw (e, yi 1) With the advent of operational oceanography and accu-
+Us(xk, yr. 1) ] dt + dx ), (1) , (46) rate operational models of circulatioRifiardi and Coppini
o =1 dep(t) = Uc(xk,yk,zk,t)dt—l-dx;((t) 201Q.Pin.ardi et al. 2003 Zpdiatis et al. 20088, current
velocity fields can be provided by analyses and forecasts,
whereUc, is the Eulerian current velocity term due to a com- available hourly or daily, produced by high-resolution ocean
bination of non-local wind and buoyancy forcings, mainly general circulation models (OGCMs). The wind drift term
coming from operational oceanographic numerical modelas reported in Eq4(7) may be optional when using surface
forecasts or analyseBiw, called hereafter the local wind ve-  currents coming from an oceanographic model that resolves
locity term, is a velocity correction term due mainly to errors the upper ocean layer dynamics, as also foundLioy et
in simulating the wind-driven mean surface currents (Ekmanal. (20118 andHuntley et al.(2011). In such cases, adding
currents); ands, called hereafter the wave current term, is Uy (xy, #) could worsen the results, as shown in Fig. 2 of
the velocity due to wave-induced currents or Stokes drift. InPart 2. When the wind drift term is used with & @eviation
the following two subsections we will describe the different angle, this term should not be considered as an Ekman cur-

velocity components introduced in E¢6). rent correction, but a term that could account for other near-
) ) surface processes that drive the movement of the oil slick, as
6.1 Currentand local wind velocity terms shown in one case study of Part 2 (Fig. 4). This theme will

Ocean currents near the ocean surface are attributable t‘lt(_))e revisited in Part 2 of this paper, where the sensitivity of

the effects of atmospheric forcing, which can be subdivided agrangian trajectqnes t(.) the different corrections applied to
. : . : the ocean current field will be assessed.

into two main categories, buoyancy fluxes and wind stresses.

Wind stress forcing is by far the more important in terms

of kinetic energy of the induced motion, accounting for

70% or more of current amplitude over the oceaWiif-  \yayes give rise to transport of pollutants by wave-induced
sch 1998. One part of wind-induced currents is attributable | o4 cities that are known as Stokes drift velocltys(xy, )

to non-local winds, and is dominated by geostrophic orgee Appendixc). This current component should certainly
qua}s!—geostrophlc dy_namlc baIanF:eFe(jlosky _198@' _By be added to the current velocity field from OGCManpey
definition, geostrophic and quasi-geostrophic motion has, 4 Barker 1997 Pugliese Carratelli et al201% Rohrs et

a timescale of several days and characterizes oceanigL, 2012, as normally most ocean models are not coupled
mesoscale motion, a very important component of the largeyith wave models. Stokes drift is the net displacement of a
scale ﬂowfield includ.ed . Itis (_:ustomary to indi_cate that particle in a fluid due to wave motion, resulting essentially
geostrophic or quasi-geostrophic currents dominate below,qn, the fact that the particle moves faster forward when the
the mlxgd Iay(_ar, even though they can sqmetlmes emerge.ar}gartide is at the top of the wave circular orbit than it does
be dommant In the upper layer. The m|x_ed layer Olynar_n'Cs’backward when it is at the bottom of its orbit. Stokes drift
are typically considered to be ageostrophic, and the dominant . peen introduced into MEDSLIK-II using an analytical
time-dependent, wind-induced currents in the surface layeg,myation that depends on wind amplitude. In the future,

are the Ekman currents due to local win@sice etal.1987%  gyo1es drift should come from complex wave models, run in
Lenn and Chereskjr2009. All these components should be parallel with MEDSLIK-I.

adequately considered in tléc field of Eq. @6). In the
past, oil spill modellers computeti c(xy,t) from clima-
tological data using the geostrophic assumptidhRabeh

6.2 Wave current term

Considering the surface, the Stokes drift velocity intensity
in the direction of the wave propagation is (see Apperi)ix

et al, 2000. The ageostrophic Ekman current components 00
were thus added by the terBiw(x, ). It is well known Ds(z = 0) = Z/wk(a))S(a))dw, (48)
that Ekman currents at the surfablgy = (Uw, Vi) can be

parameterized as a function of wind intensity and angle be- 0

tween winds and currents, i.e. . . .
wherew is angular frequency, is wave-number, ani(w) is

Uw = o (W, cosp + Wy sing) and wave spectrum.

. Equation 48) has been implemented in MEDSLIK-1I by
Viv = a (~Wysing + Wy cosp) (47) considering the direction of wave propagation to be equal
whereW, andW, are the wind zonal and meridional compo- to the wind direction. The Stokes drift velocity components,
nents at 10 m, respectively, andand 8 are two parameters Us, are
referred to as drift factor and drift angle. There has been con-
siderable dispute among modellers on the choice of the best/s = Dscosy andVs = Dssin® (49)
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wherey = arctg %) is the wind direction, andV, andW, 7.1 Interpolation method

are the 10 m height wind zonal and meridional components. ) ) _ _
The environmental variables of interest are the atmospheric

6.3 Turbulent diffusivity terms wind, the ocean currents and the sea surface temperature.
They are normally supplied on a different numerical grid than

It is preferable to parameterize the normally distributed ran-the oil slick centre or particle locations. For the advection

dom vectorZ in Eq. @42) with a random number generator calculation, interpolation is thus required to compute the cur-

uniformly distributed between 0 and 1. We assume that therents and winds at the particle locations. While for the trans-

particle moving through the fluid receives a random impulseformation processes calculation, sea surface temperature and

at each time step, due to the action of incoherent turbulentvinds are interpolated at the slick centre.

motions, and that it has no memory of its previous turbulent Let us indicate with (xg, yg,zg) the numerical grid

displacement. This can be written as on which the environmental variables, collectively indi-
) cated bygq, are provided by the Eulerian meteorologi-
dx) (1) = (2r — Dd, (50)  cal/oceanographic models.

. . ) First, a preprocessing procedure is needed to reconstruct
whered is the particle mean path andis a random real 6 crrents in the zone between the last water grid node of
number taking values between 0 and 1 with a uniform dis-e gceanographic model and the real coastline. MEDSLIK-
tribution. The mean square displacement of B() (s Il employs a procedure to “extrapolate” the currents over
land points and thus to add a velocity field value on land.
If (xg(i),ye(@)) is considered to be a land grid node by the
{nodel, the current velocities componeatg ), ye(i), at the
coastal grid poin{xg(i), ye(i)), is set equal to the average
of the nearby values, when there are at least two neighbour-
ing points(Nwp >= 2); that means

(dey'()2) = [ [(2r — Dd)?dr = 342, (51)

while the mean square displacement of the turbulent term
in Eq. @5) is simply dx;((t)2=2Kdt. Equating the mean
square displacements, we have

d? = 6K .dt
d?=6K,dt (52)  xel).e() = c4
d2 — GKZdt. Gxg(i+1), ye () T9xgi—1), ye() T9xg (). yg (i —1) TIxg (), yE(i+1) ) ( )

Nwp

Finally, the stochastic transport terms in MEDSLIK-II are

. The result of this extrapolation is shown in F#.If the
then written as

current velocities components are given on a staggered grid, a

dx (1) = Z13/2K dr = [2r — 1] /6Kndt further initial interpolation is also needed to bring both com-
dy, (1) = Z2,/2K ,dt = [2r — 1] /6Kndr , (53) ponents on the same grid point before the extrapolation is
dz), (1) = Z3/2K di = [2r — 1] /6K, 0, done.

Then, the winds and currents are computed at the parti-
whereKp andKy, are prescribed turbulent horizontal and ver- cle position(xg, yx), for a fixed depthrg, with the following
tical diffusivities. As for modern high resolution Eulerian interpolation algorithm:
models, horizontal diffusivity is considered to be isotropic
and the values used are in the range 1-186mh, consistent g1 = gxg(i).ye() G + 1) — 4]
with the estimation of Lagrangian diffusivity carried out by _ . i _ ;
De Dominicis et al(2012 and indicated byASCE (1996. qz_ qu(l_H)’)'E(l)[Xk . XTl(l)]
Regarding the vertical diffusion, the vertical diffusivity in the 7° = 9&@.ye(+D el +1) =l
mixed layer, assumed to be 30 m deep, is set@d 6251,  94= Gxe+1).yeG+ Xk — XE(D)]
while below it is 00001 nf s~1 (see Table). This values is
intermediate between the molecular viscosity value for wa- ' .
ter, i.e. 10°m?s™%, usually reached below 1000m, and the (@1 +gDlyeC+1) =yl + @3+ gDl = ye@] 55

. > Vk
mixed layer values. AxeAye

where (xx, yx) is the particle position referenced to the
7 Numerical considerations oil tracer grid, (xg(@), ye(@)), (xe(i +1),ye(@)), (xe(@ +

1), ye(i+1)), and(xe(i), ye(i+1)) are the four external field
Numerical considerations for MEDSLIK-II are connected to grid points nearest the particle position andg, Ayg are
the interpolation method between input fields and the oilthe horizontal grid spacings of the Eulerian model (oceano-
tracer grid, to the numerical scheme used to solve B3, (  graphic or meteorological). Using the same algorithm, the
(33) and @5), to the model time step and to the oil tracer grid wind and sea surface temperature are interpolated to the oll
selection. slick centre(xc(?), yc(t)), defined by Eq.22).
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A vertical interpolation of the currents at the particle posi- .,
tions is also needed and it is computed as follows:

1 .
Dxio vtk = ZEO 22D {%k,yk,zE(iﬂ)[zE(z) — ]+ (56)
4y 2k — 26+ D1}

whereze(i) andzg(i + 1) are the two Eulerian model levels
nearest the particle depth.

7.2 Numerical time integration scheme

The Lagrangian horizontal particle motion EqlO( are
solved using a Euler forward scheme. The particle position
at time step + At is calculated as follows:

xi(t+ A1) =x(t) + Uxg, 1) At + Axp (1), (57)

where x (r) represents the particle position at the current
time step,At is the Lagrangian time step, normally taken to
be 1800 sl (xy, t) is the Eulerian ocean current velocity for
the current time step at the particle position, axe, (1) is

the particle displacement due to turbulent motion. To obtain
the Eulerian velocity field at the current time step, another
linear interpolation in time between successive input velocity

field is carried out. . \ ha ‘ \ | . ;... -~ —-._

Equations 82) and @3) are solved again with a Euler for- 42N — & 21 11°E e 7
ward time stepping scheme but with a different time step, 30.00°

so-called weathering time step, indicatedsbyl.e. Fig. 4. Results of the near coast extrapolation procedure: in red the

dvTK original hydrodynamic current field and in black the extrapolated
8t and 58  one.

VKt +80 =V +
TN

VvING+60) =vTNG) + av 8t, (59)

Here, /O (x¢, 1) is defined as

where leK and d‘ét are given by Egs.30) and @1). VTK(xC,;)| o+ VTN(xC,;)| 5
The model contains both fast processes (transformation’ O (xc,1) = TR ©) ™ ©
processes) and slower processes (advection—diffusion pro- Vi xe o) + VI (xc, o)
cesses). This generally creates problems for most numeriwhere VK (xc, 1) 0y and ViN@xe, 1) (0, IS the volume of

cal methods of solving ordinary differential equations. The oil dispersed beneath the thick and th|n slicks, respectively
transformation equations are stiff and to integrate them, thecalculated using EqsBg) and B812).

time step should be a fraction of the Lagrangian time step, The change of oil particle status due to adhesion onto the
as done in other active tracer modellirBu¢éenschon et al.  coast is done by checking whether the parcel intersects any of
2012. That is why in MEDSLIK-II the weathering time step the line segmentd,;, that are used to approximate the coast-
has been Imposed to be smaller than the Lagrangian timéine. If the particle crosses the coastline, it is moved to the
step, typicallyst = =5 intersecting position. The particle status thus changes from
“on surface” to “beached”:

: (62)

7.3 Particle status updates
X (#), yk(t)e Li = o (ng, (1)) = —Li. (63)
The particle oil volumes and the particle status are updated
after the particles have moved for a Lagrangian time step The beaching of a particle may not be permanent and it
(At). After this movement, the surface particle can become dS assumed that at subsequent time steps there is a probabil-

dispersed particle if the probability function ity that the parcel may be washed back into the waéreq
) ) et al, 1987 Al-Rabeh et al.2000. The probability of wash-
pO gy = L xe.D — fT(xe.r — Al (60)  backis given by
(11— fP(xc, 1 — A1) .
becomes greater than a random numbgdefined to be be-  P©(Li. 1) =1— 05w, (64)

tween 0 and 1. In other words, where Tw(L)) is the half-life of beached oil before it is

r<PP@) = oy, 1) =1 (61)  washed off again. A value ofiy (L) is assigned to each
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coastal segment depending on the coastal type. Example Deciding which minimum/maximum concentration is pos-
values are given in Tabl@. At each time step, for each sible for any given problem, we can use Eg9)(to find the
“beached” particle a random number generatoiis called  maximum/minimum number of particles, givetisar, syr).
up and the parcel is released back into the water (its statu$hus
returns to “surface”) if
max__ NsVs(xc, o) min _ NsVs(xc, 10)
©) N = e andNT = —me .
r< P2ty = o(ng, (1)) =0. (65) Cs™Nsx78yr CsM®Sxr8yr

When a patrticle is washed back, it is of course depleted by (70)
the oil that has become permanently attached @®)and  whereNsis equal to 1 in the case of an instantaneous release.
its new position is calculated using E46]. The model does Equation 70) can be used to provide an estimate of the
not follow any further the oil fraction that is permanently de- number of particles for a given spill scenario and oil tracer
posited on the coast. It is important to realize that whole par-grid discretization, knowing the lower concentration level of
ticles are not lost as permanently beached, but only a fractiomterest. In Part 2 of this papebé Dominicis et al.2013,
of them. The actual number of particles remains constant. several sensitivity experiments will be carried out to show
The deposition of a particle on the bottom is the only the impact of different choices regarding number of particles
case in which a particle is lost from the model. However, and tracer grid spatial resolution.
no proper parameterization of sedimentation is now included
into the model. The particles are considered to be lost from ]
the water column when they are less than 20cm from thed Conclusions

bottom. Thus, the particle status changes from “dispersed”_ . o .
N ” . This paper presents a formal description of a Lagrangian
to “sedimented” can be written as

marine surface oil spill model with surface weathering pro-
Hg (xi, yr) — 2k < 20 cm= o (ny, (1)) =2, (66)  cessesincluded. An accurate description of a state-of-the-art

oil spill model is lacking in the scientific literature. Hand
where Hg (x, yr) is the bottom depth below the particle po- in hand with the release of MEDSLIK-Il as an open source

sition. model, we want to make available the accurate description of
) ) ) the theoretical framework behind an oil spill model, so as to
7.4 Oil tracer grid and number of particles facilitate understanding of the many modelling assumptions

and enable the model to be further improved in the future.

In particular, this paper focuses on the description of the
Lagrangian formalism for the specific oil slick transport, dif-
fusion and transformation problem, with particular attention
on the clarification of the connection between the Lagrangian
sparticle approach and the oil concentration reconstruction. In

order to solve the advection—diffusion—transformation equa-
tion for the oil spill concentration, MEDSLIK-II defines
three kinds of model state variables: slick, particle and struc-
La=UAr~180m andlL; = KAr~60m (67) tural variabl_es. Oil slick state variables are use_d to solve the_
transformation processes, that act on the entire surface oil
whereL, is the advective scale (consideribg=0.1ms? slick, and they give information on the volume, area and
and a model time stefir = 1800 s), whileL 7 is the diffusion  thickness of the oil slick. The advection—diffusion processes
scale (considering a diffusivity K 2 m? s~1). The oil tracer ~ are solved using a Lagrangian particle formalism, meaning
grid spatial resolutionjx 7, and the model time step must be that the oil slick is broken into a number of constituent par-

The oil tracer grid resolutionix 7, and the total number of
particles,N, used to discretize the oil concentration for ad-
vection and diffusion processes are important numerical con
siderations for ensuring the correct reproduction of oil distri-
bution in space and time.

Regarding the oil tracer grid resolution, the scale analysi
of the stochastic Eq4@) gives us two limiting spatial scales:

chosen in order to have ticles characterized by particle state variables. The model re-
constructs the oil concentration by considering three concen-
Ly <éxr < La. (68) tration classes: at the surface, dispersed in the water column

fand on the coast. Those concentration fields are structural
state variables that are computed by an appropriate merging
of information for oil slick and particle state variables.

The transformation processes considered in MEDSLIK-II
are valid for a surface oil release: the oil at the surface can be
gChanged by evaporation and spreading, submerged by disper-

sion processes or adsorbed on the coast for a certain amount
NsVs(xc,t0) p of time. Once the oil is dispersed in the water column, it
N Sxrdyr (69) is affected only by the diffusion and advection processes.

A method is needed for estimating the required number o
particles and the minimum oil tracer grid spatial resolution.
The oil concentration on the water surface (seel=yat the
initial time can be written in the limit of one particle in the
tracer grid cell and assuming no evaporation and beachin
using Eq. 26), as

Cs(xr,yr,t) =
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Table 2. Model parameters (following the order of appearance in the text).

1863

Model symbol Name

Default value

N Total number of particles released 90000

SxT Tracer grid cell size 150m

T™N(10) Standard initial thin slick thickness 110~°m

T (10) Standard initial thick slick thickness 0.02m

F Standard area factor between thin and thick slicks 4

Ts Half-life for absorption on coast 96 h (rocky) 24 h (sandy)
Tw Half-life for washing off coast 18 h (rocky) 24 h (sandy)
Kp Horizontal diffusivity 2mst

Ky Vertical diffusivity (above thermocline and below thermocline)  0.0Ihsl x 10 4ms1
c Rate of change in vapour pressure with evaporated fraction 12.0s

R Gas constant 8.2 102 barn? mol~1K
VMOL Molar volume 2x10~4molm=3

CEE) Evaporation rate &104ms1

y Exponent of wind speed in evaporation rate 0.78

Wo wind scale 1ms?

K® Evaporated fraction on oil viscosity 4.0

Vg Small droplet rising velocity 0.0003nT$

Um Thickness of the droplet cloud 0.5m

CiD) Downward diffusion velocity of small droplets 0.001mls

C:(,’D) Rate of dispersion of all droplets by waves *x80°s1

Cle) Dispersion from the thick slick 50.0

NEMO Viscosity emulsion scale 10551

CéD) Dispersion from the thin slick (sheen) 2000

T Interfacial surface tension (oil/water) 24Kgs

70 Interfacial surface tension (oil/water) scale 24 k&s

CiM) Water fraction on mousse viscosity 0.65

cM Rate of increase of water fraction @0 651

C%M) Reciprocal of maximum water fraction 1.333

Ty K Thick oil thickness scale im

Cis) Rate of spreading of thin slick 1.08

Cés) Rate of spreading of thick slick 150.0%

Cés) Dependence of spreading of thin slick on thickness 0.0015m

€ Thickness offset k10 5m

In this paper, the oil transformation processes are written irforecasts available. The model now includes a proper repre-
terms of empirical analytical functions that have been genersentation of high frequency currents, wave-induced currents
alized from existing finite-difference equations, given orig- and wind field corrections used in the advective components.
inally by Mackay et al.(1980. In the near future we will  In Part 2 of this paper, MEDSLIK-II is applied to realistic
update the model formulation to consider, first, the improve-case studies and the importance of model assumptions and
ment of the interpolation and resolution of the environmentalcorrections is tested.
conditions for the transformation processes, the space depen- At this time, MEDSLIK-II does not include the modelling
dent thick : thin ratio, and we will develop a complete three- of three-dimensional physical-chemical transformation pro-
dimensional model maintaining the present formulation atcesses. A complete three-dimensional oil spill model needs
the surface. to be developed and we argue that MEDSLIK-II offers a
Moreover, in this paper we have presented in detail thegood platform for this. While surface processes could remain
deterministic and stochastic components of the particle trapractically unchanged, new state variables should be de-
jectory equations and discussed the corrections needed to afined for the subsurface transformation processes and again
count for missing or imperfectly resolved transport processesonnected to the MEDSLIK-II present formulation state
with reference to the operational oceanographic analyses andeariables. Even if three-dimensional Lagrangian trajectory
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equations have been used by different oceanographic conwhereV ™K (1) andV ™ (rg) are the initial thick and thin slick
munities, particular work will be required to adapt mod- yolumes, respectively, a T« | _isthe time rate of change
E

elling assumptions to the specific oil transformation pro- . . . I
9 & P bec ) P of the fraction of oil evaporated. For the thick oil slick, the
cesses in the water column. This paper might offer the nec-. . . .
) - ._time rate of change of the fraction of oil evaporated is
essary detailed description of the present-day Lagrangian

oil spill model assumptions so that the extension to three-d frx Poe—c/Tkt ATK

dimensional marine oil dynamics and transformation will be ~g; . T P Kw VY TK (A= frx) (B2)
possible in the near future. ®
and
RT
. Pril = , B3
Appendix A oil = (B3)
Oil density where Py (bar) is the oil vapour pressuréy is the ini-

tial vapour pressure (which depends on the oil type used),
The oil density depends on the oil type which is classified us (S%) is a constant that measures the rate of decrease of
ing the American Petroleum Institute gravity, or API gravity, vapour pressure with the fraction already evaporate(r)
which is a measure of how heavy or light a petroleum liquid is the area of the thick part of the slicky (m s?) is the
is compared to water. From API gravity it is possible to cal- evaporative exposure to wind, (K) is the temperatureR
culate oil density. The conversion from API to density first (bar n® mol~!K) is the gas constant aridyoL (mol m~3) is

requires conversion to specific gravity: the molar volume of the oil. FaKy we assume
w
1415 Ky =CP@E6—) (B4)
SG=————. Al 1 ’
(API + 1315) (A1) Wo

- ) Wherewﬂ is the non-dimensional 10 m wind modulug{ is
The specific gravity can subsequently be converted to den- 1 o ©) s :
sity: 1ms™), y isaconstant, and;~ (ms™ ) is the evaporation

rate. The standard values@fR, VoL, v andCiE) are given
0 = SGpw, (A2) in Table2.
For the thin slick oil, the time rate of change of the volume
where pw 3is the water density assumed to be equal tois equal to
10|26 kgnr=. . . gy dfr
n MEDSLIK-II the density remains constant over time: =~ | — 2%
temperature expansions and emulsification effects are not dr | dr
considered in the density calculation. Using this hypothesis, dfrn
MEDSLIK-II concentrations are valid only for short-term Where =g~ 5
forecasting and in the absence of abrupt changes of temperavaporated from the thin slick.
ture. The evaporative component in the thin slick is assumed to
disappear immediately, but the thin slick, through the spread-
ing process, is fed by oil from the thick slick that in general

[VT®(t0) + VN (t0)], (B5)
(E)

is the time rate of change of the oil fraction

Appendix B has not yet fully evaporated. Equating the oil content of the
thin slick before and after the flow of oil coming from the
Time rate of change of oil slick state variables thick slick, we obtain
B1 Evaporation dfin| dv™™| (fuax — frk) (86)
d | d | VTN ’

Evaporation changes the volume of the thick and thin parts

of the slick, and is the major transformation process after/€reéfuax is the initial fraction of the evaporative compo-

the initial oil release at the surface. The volume of oil lost €Nt Which represents the maximum value that the oil frac-
by evaporation is computed using Mackay’s algorithm for tion evaporated from the thin slick can attain. Evaporation
evaporationllackay et al, 1980. Given the assumption that leads to an increase in the viscosity of the oil, which is cal-
transformation processes are evaluated at the slick centre, ttf&!lated using

time rate of change of the volume lost by evaporation fromn _ noeK(E)fTK (B7)

the thick slick,V K, is expressed as ’
whereno (m?s1) is the initial viscosity (which depends on
the oil type used) and ® is a constant that determines the
increase of viscosity with evaporation (see Tad)le

dVTK
dr

_dftk

=5 [VT(t0) + VIN(10)], (B1)
B

B
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B2 Dispersion nemo, and Ty X are listed in Table2. For the thin slick dis-
persion only small droplets are considered. It is assumed that

The oil dispersion processes occurring on an oil volume rethese droplets are all lost from the surface spill at the follow-

leased at the surface were framed in empirical formulas deing rate:

veloped byMackay et al(1979. Wave action drives oil into

the water, forming a cloud of droplets beneath the spill. The | 1y

droplets are classified as either large droplets that rapidly rise_—__

and coalesce again with the surface spill, or small droplets dr

that rise more slowly, and may be immersed long enough AN

to diffuse into the lower water column layers. In the latter STN = (1+ Cy T-) ; (B13)

case, they are lost from the surface spill and considered to 0

be permanently dispersed. The criterion that distinguishes Y _ _ o

the small droplets is that their rising velocity under buoy- WhereCz™" is control dispersion from the thin slick (see Ta-

ancy forces is comparable to their diffusive velocity, while ble 2), Wﬂo is the non-dimensional wind speed at the oil slick

for large droplets the rising velocity is much larger. centre andSty is the fraction of small droplets in the dis-

The time rate of change of the thick slick volume due to persed oil beneath the thin slick.
water column dispersal of small droplets is given by

2
W
=c{? (— +1> T™A™Sy and  (B12)
) Wo

B3 Emulsification
dVTK

dr

1
= (P —vs) csa™ +

ax
s (B8)
o 2

dr ’ Emulsification refers to the process by which water becomes
mixed with the oil in the slick. The main effect of emulsifi-

where C{®’ (ms1) is the downward diffusive velocity of ~cation is to form a mousse with viscosifgm given by

the small droplets, angs (m s~2) is the rising velocity of the

small dropletsCiD) andvs are constant parameters listed in 25fW

Table2; cs is the fraction of the small droplets; adh is the ~ 7EM = UeXp[m}’ (B14)

volume of small droplets beneath the thick slick. The amount —G

of small droplets is equal to

wheren is defined by Eq.B7), £V is the fraction of water
Xs=CsunA', (B9) in the oil-water mousse and{"" is a constant which con-
) ] ] trols the effect of water fraction on mousse viscosity (see
whereu,, (m) is the vertical thickness of the droplet cloud 15p)e 2). Emulsification is assumed to continue untiiy
(see Tabl@). The large droplets are not regarded as disperseglesches a maximum valugiax corresponding to a mousse

since they eventually re-coalesce with the slick. The fractioncomposed of floating tar balls. Mackay’s model for the time
of the small droplets is calculated using the following expres- ie of change of W is (Mackay et al, 1979

sion:

5 2 dfw 14 2
20 (5 +1) T 87 Y| e <— + 1) [1-c5" "), (B19)
Cs= © : (B10) dr oy Wo

l . _ . . .
WherecéD) (s~1) is a constant which controls the rate of dis- where 3~ is the non-dimensional wind speed calculated at

persion of all droplets by waves (see TaBjeqr- is the non-  the slick centre,C," (s™) is a constant which controls
dimensional wind speed at the oil slick centre, &g is the rate of water absorption in the mousse ﬂw) is a
the fraction of small droplets in the dispersed oil beneath theconstant which controls the maximum water fraction in the
thick slick, equal to mousse (see TabB®).

According to Egs. B14) and B815) emulsification influ-
: 77K . -1 ences the mousse viscosity, which, in turn, influences disper-
St = |1+ € < TEM ) (-)
T |: * \nemo 10-377% J \ w0
(D)

sion (see EqB11).
whereC,™ controls the fraction of droplets below a critical Spreading consists of two processes: the first is the area lost
size,7 is the interfacial surface tension between oil and wa-due to oil converted from the thick to the thin slick and the
ter (kgs2) andnem (M?s1) is the emulsified oil viscosity  second corresponds to Fay's gravity-viscous phase of spread-
that will be defined later. The standard valuefé?), T, 70, ing (Al-Rabeh et al.2000. The thin and thick slick volume

(B11) B4 Spreading
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rates due to spreading are then written as As it can be seen, Stokes drift velocity is a nonlinear quan-
qyTK Iy tit_y in terms of wave amplitude, and it decays exponentially
= - +TT8FG and (B16)  With depth.
dr g dr s In MEDSLIK-II, the Stokes drift calculation is based on a
dvN o dA™ discrete wave spectrum approach. We start from the follow-
O e T = . (B17)  ing two expressions: the average of the wave spectsyiis,

equal to the variance of the surface displacemgnt,
where FG is defined later and correspond to Fay’s gravity
spreading. Mackay’s modeMackay et al. 1979 1980 ap- <;2> = / S(w)dw, (C3)
proximates the thin slick area increment by
S and the wave energy is related to the variance of sea surface

C .
_ C£S> (ATN)l/s(TJK)M?)eXp(TTKi_6)’ (B18) displacement by

dATN
dr

S

1

) )  E= < 2> == 2 C4

whereCiS) (s1) is the constant rate of spreading of the thin pwg e pPwed (€4
. S .

slick, andCé ) (m) controls the dependence on thickness ofwhere py is water density and; is gravity. Then, from

the spreading of the thin slick, ards a constant parameter. Eqs. €3) and (C4), we obtain the relation between the wave
Cis), Cés) ande standard values are listed in TallledForthe  amplitude and wave spectrum:

thick slick, Fay’s spreading is assumed to be written as )
2 2
=2 =2 .
Fe=c® ATK)1/3 (TTK)4/3’ ®19) (c > / S(w)dw (C5)
0
whereCéS) (s1) is a constant rate of spreading of the thick Introducing Eq. C5) into Eq. C2), the Stokes drift formu-
slick (see Tabl®). lation becomes

The time rate of change of the area of the thick slick due

to spreading is i
Ds(z) =2 | wk(w)S(w)e? @ dw. (C6)
daTX 1 dv'K
= — (B20) 0

d |5 TTK dr g . _
The wave spectrum§, to be introduced into Eq.G6),

Mechanical spreading is considered to occur for an initialcan be calculated using empirical parameterizations, that de-

period of 48 h after the oil release or until the thickness of thescribe the wave spectrum as a function of wind speed. We

thick part of the slick7 T, determined by Eq:35), becomes  have chosen to use the Joint North Sea Wave Project (JON-

equal to that of the thin slickl' ™. If this occurs the model SWAP) spectrum parameterizatiorHgsselmann et al.

terminates all further spreading and from that point the slick1973, taking the wind and fetch into account:

is modelled as a thin slick only.

i &g 5 wp 4 ’
S(w) = 5 exp[—4< » ) :|y . (C7)
Appendix C
The parameters ¢, w,, y, and¢ were determined during
Stokes drift the JONSWAP experiment and are expressed by the follow-

ing formulae:
Stokes drift velocity is the difference between the average ) 5 022
Lagrangian flow velocity of fluid particles and the average —_ exp[— (w0 —wp) } Ce=0 076<K) )
Eulerian flow velocity of the fluid at a fixed position (the av- 29202 | ' Fg ’
erage is usually taken over one wave period). Stokes drift
velocity is given by Stokes 1847
2

3 007 w<w
cosH2k(Z + H)] wp = 2z(i ) .y =33;andg = { - (C8)
== C1 FwW) ’ ’ .

2sintf(KH) €D 008 wzor

wherew is the angular frequency, is the wave numbeg where F is the fetch, which is the distance over which the

is the wave amplitude anH is the depth of the ocean. The Wind blows with constant velocity, an# is the wind ve-
horizontal component of Stokes drift veloci®s, for deep- locity intensity at 10 m over the sea surface. In practice, the

Ds(w,7) = d’w

water waves H — o) is approximately fe_tch is calculated as the _minimum di_stan_ce b_etween the_ oil
slick centre and the coast in the opposite direction of the wind
Ds(w, z) = wka®e?*. (C2)  direction.
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From the wave spectrum, the significant wave height canCastanedo, S., Medina, R., Losada, I. J., Vidal, C., Mendez, F. J.,
be also calculated. It is defined as the average height of the Osorio, A., Juanes, J. A., and Puente, A.: The Prestige oil spill

highest third of the waves, during a fixed sampling interval,
and it can be written as

Hs=4 //S(w)dw.

(C9)

in Cantabria Bay of Biscay). Part I: Operational forecasting sys-
tem for quick response, risk assessment, and protection of natural
resources, J. Coast. Res., 22, 1474-1489, 2006.

Coppini, G., De Dominicis, M., Zodiatis, G., Lardner, R., Pinardi,

N., Santoleri, R., Colella, S., Bignami, F., Hayes, D. R., Soloviev,
D., Georgiou, G., and Kallos, G.: Hindcast of oil-spill pollution
during the Lebanon crisis in the Eastern Mediterranean, July—
August 2006, Mar. Pollut. Bullet., 62, 140-153, 2011.

Daniel, P., Marty, F., Josse, P., Skandrani, C., and Benshila, R.:

Appendix D

Technical specifications

Improvement of drift calculation in Mothy operational oil spill
prediction system, in: International Oil Spill Conference (Van-
couver, Canadian Coast Guard and Environment Canada), vol. 6,
2003.

The oil spill model code MEDSLIK-II is freely available D€ Dominicis, M., Leuzzi, G., Monti, P., Pinardi, N., and

and can be downloaded together with the User Manual, test

case data and output example from the wellsitg://gnoo.
bo.ingv.ityMEDSLIKII/. MEDSLIK-II is available under the
GNU General Public License (Version 3, 29 June 2007).
The code is written in Fortran77, Python and Shell script-
ing. The model can run on any workstation and laptop. The
architecture currently supported is Linux (tested on Ubuntu

Poulain, P.: Eddy diffusivity derived from drifter data for dis-
persion model applications, Ocean Dynam., 62, 1381-1398,
doi:10.1007/s10236-012-0564-2012.

De Dominicis, M., Pinardi, N., Zodiatis, G., and Archetti, R.:

MEDSLIK-II, a Lagrangian marine surface oil spill model for
short-term forecasting — Part 2: Numerical simulations and vali-
dations, Geosci. Model Dev., 6, 1871-1888, 110i5194/gmd-6-
1871-20132013.

10.04 LTS). The software requirements are a Fortran comGriffa, A.: Applications of stochastic particle models to oceano-

piler (gfortran is fully compatible) and NetCDF libraries.

graphic problems, in: Stochastic modelling in physical oceanog-
raphy, Progress in Probability, 39, 113-140, 1996.
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