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Chapter 1

Chapter 1

1 Introduction

“La costruzione d’'un modello era dunque per lui oniracolo d’equilibrio tra i principi
(lasciati nell'ombra) e l'esperienza (inafferrabjlema il risultato doveva avere una
consistenza molto piu solida degli uni e dell’altha un modello ben costruito, infatti, ogni
dettaglio dev'essere condizionato dagli altri, per tutto si tiene con assoluta coerenza,
come in un meccanismo dove se si blocca un inggioagtto si blocca. [...] la realta
vediamo bene che non funziona e che si spappotatttale parti; dunque non resta che
costringerla a prendere la forma del modello, cenbuone o con le cattive” (Palomar,
ltalo Calvino).

In the study of natural processes, the use of nsosteims from the need to answer the
questions “Why will it happen?”, “How will it happ&”, “Where will it happen?” and
“When will it happen?” Unfortunately, predicting Wwpwhen and where is always very
challenging. The reason why it is difficult to pretda natural phenomenon is because the
forecasts depend on the precise knowledge of a eurab parameters and boundary

conditions that are known very roughly. The cordiam of a model must be based

1 “The construction of a model, therefore, was for &imiracle of equilibrium between principles (lieft

shadow) and experience (elusive), but the reswolishbe more substantial than either. In a well-mad
model, in fact, every detail must be conditionedhgyothers, so that everything holds togetherhiscdute
coherence, as in a mechanism where if one gear, janesything jams.[...]*
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primarily on the objective that you want to pursared in finding all the “ingredients”
necessary for its operation.

At the beginning of the XXI century, what drivegttiesire to understand the reality and to
represent it into a modefNeed driven versus curiosity driveBasic science is question
driven; in contrast, the new applications scienseguided more by societal needs than
scientific curiosity. Rather than seeking answergjuestions, it focuses on creating the
ability to seek courses of action and determinér ttensequences”(Dozier & Gail, “The
Emerging Science of Environmental Applications, Hoeirth Paradigm, 2009)In the
past, science and research were mainly addresdedki®o the reality with analytical eye,
breaking the real phenomena in order to analyza tlsearching for a theory that allows to
study the disorder of nature. Although, far frorhiaging a complete knowledge of reality,
science is slowly veering towards operational smeor science applicationsknowledge
developed primarily for the purpose of scientifindarstanding is being complemented by
knowledge created to target practical decisions aotlon. This new knowledge endeavor can be
referred to as the science of environmental appbeces.” (Dozier & Gail, “The Emerging Science
of Environmental Applications, The Fourth Paradig?09).

The work of the present thesis stems from the rneemhanage the problems of marine
pollution. Ships can pollute waterways and oceansiany ways. An oil spill is a release
of a liquid petroleum hydrocarbon into the envir@mhdue to human activity, and is a
form of pollution. The term often refers to mariok spills, where oil is released into the
open ocean or coastal waters. Oil spills includeases of crude oil from tankers, offshore
platforms, drilling rigs and wells, as well as &pibf refined petroleum products (such as
gasoline, diesel) and their by-products, and heafuiels used by large ships such as
bunker fuel, or the spill of any oily refuse or weasil. ("Hindsight and Foresight, 20 Years
After the Exxon Valdez Spill". NOAA. 2010-03-16).ilGspills can have devastating
effects. While being toxic to marine life, the hgdarbons are very difficult to clean up,
and last for years in the sediment and marine enment. Discharge of cargo residues
from bulk carries can pollute ports, waterways acgans. In many instances vessels
intentionally discharge illegal wastes despite ifgmeand domestic regulation prohibiting

such actions. lllegal discharges of oil from shaps often limited in size and scattered, but,
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surprisingly, their sum is higher than that fronh gpills, and they may create a chronic
impact of oil in certain areas. For instance latagediments affected by low or moderated
but continuous oil spills, like the coasts of thayBof Algeciras (near the Strait of
Gibraltar) are more polluted than those affectecddgidental oil spills such as the Prestige
accident (2002) (Morales-Caselles, 2007). Oil disghs may be accidental. In all cases,
the spills have both immediate and longer-termatdfeincluding contamination of farmed
fish and shellfish for human consumption.

The list of the past oil spills all over the woddeans is extremely long. There have been a
number of large oil spills from tankers in the Fagan Seas area over the last few decades,
with examples including:

-The Torrey Canyon off England in 1967 (93000 tpns)

- The Amoco Cadiz off Brittany in 1978 (260000 tgns

-The Haven off Genoa, Italy, in 1991 (114000 tohsrade oil, most of which burned);

- The Aegean Sea off northwest Spain in 1992 (8Q008);

- The Braer off Shetland in 1993 (85000 tons ofleroil);

- The Sea Empress off Wales in 1996 (72000 torsuafe oil);

- The Erika off Brittany in 1999 (of the 30000 tookheavy fuel oil on board, more than
10000 tons got into the marine environment);

- The Prestige off northwest Spain in late 2002 rgmihan 25000 tons of heavy fuel oill,
with 50000 tons remaining in the wreck).

Finally, we have to remember the largest accidemgiine oil spill in the history of the
petroleum industry: the Deepwater Horizon oil spilithe Gulf of Mexico, which flowed
for three months in 2010. The spill stemmed frosea-floor oil gusher that resulted from
the April 20, 2010 Deepwater Horizon drilling rigposion. On July 15, 2010, the leak
was stopped after the release of nearly 7.0 XmDof crude oil, as scientists report in
Science(Crone & Tolstoy, 2010)It is the most serious environmental disaster i th
United States, ten times bigger of the oil spiinfrthe tanker Exxon Valdez in1989.

Such accidents may become more frequent with isgrgaoil extraction in hazardous
location, like the Arctic, or politically unstablreas:“The Deep Horizon explosion was
the inevitable result of a relentless effort toragt oil from ever deeper and more
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hazardous locations. In fact, as long as the ingusbntinues its relentless, reckless
pursuit of “extreme energy” -- oil, natural gas, @@ and uranium obtained from
geologically, environmentally, and politically urisaareas -- more such calamities are
destined to occur.(Michael Klare, TomDispatch, 2010, United States)

In addition, we must remember that in some areabefvorld oil spill occurs, of which
we often do not even know, such the case of themiglta:“The Deepwater Horizon
disaster caused headlines around the world, yep#aple who live in the Niger delta have
had to live with environmental catastrophes for atizs [...] One report, compiled by
WWEF UK, the World Conservation Union and represtwvesa from the Nigerian federal
government and the Nigerian Conservation Foundataiiculated in 2006 that up to 1.5m
tons of oil — 50 times the pollution unleashedhia Exxon Valdez tanker disaster in Alaska
— has been spilled in the delta over the past batitury.” (John Vidal, The Observer, 30
May 2010, Great Britain)

Science can assist the society during environmesgriargencies. The success in the
management of an oil spill depends on several fadteluding the ability to detect the
spills and the capabilities to forecast the driftl@ransformations of oil over time. In
recent years there has been a growth of intereshéoprediction of particle trajectories in
the sea. One of the most important applicationthésforecast of oil spills in the open
ocean and coastal seas. Transport and dispersamesses can be simulated using a
Lagrangian patrticle tracking model coupled with éfisin circulation models. Forecasting
of the Lagrangian trajectories relies on the aaouraf ocean currents. The advent of
operational oceanography and accurate operationdél® of the circulation make possible
the knowledge of the ocean currents fields, whiah be provided by the analyses and
forecasts available hourly or daily by a forecagti@dcean General Circulation Model
(OGCM), such as the Mediterranean ocean ForecaSgisggm, MFS, (Pinardi et al. 2003).
The purpose of this thesis are: the improvemenhefLagrangian model of transport and
transformation of hydrocarbons MEDSLIK (Lardneragt 2006) in the deterministic and
stochastic components of the equations of particégectories; the calibration and

validation of the model by collecting Lagrangiartad&rifting surface buoys), in situ data



Chapter 1

of oil slick detected by satellite; the study oé thtochastic component of transport using

the data of drifter trajectories.

DEVELOPMENT of an ADVANCED AL )
—| FATE and TRANSPORT OIL SPILL Lol 8L RS
MODEL TRAJECTORIES AND OIL SLICK
OBSERVATIONS
DATA: OIL SLICK IN SITU DATA:
OBSERVATIONS DRIFTERS TRAJECTORIES
VALIDATION OF THE OIL SPILL ESTIMATES OF LAGRANGIAN
MODEL HORIZONTAL DIFFUSIVITY FROM
DRIFTER DATA
|

Figure 1.1. Logical structure of thesis.

This thesis is organized into 3 chapters. Each telhapgonsists of the content of a
manuscript which will be submitted for publicationa refereed academic journal.

“Nella vita del signor Palomar c’e stata un’epoca ¢ui la sua regola era questa: primo,
costruire nella sua mente un modello, il piu pedetlogico, geometrico possibile;
secondo, verificare se il modello s’adatta ai gastici osservabili nell’esperienza; terzo,
apportare le correzioni necessarie perché modeli@ata coincidano” (Palomar, Italo
Calvinof. This sentence perfectly sums up the structure oftnegis: the attempt to
represent reality using a model, next the modetiatibn using data and finally the aim to

improving it.

2 “In Mr. Palomar's life there was a period when higer was this: first, to construct in his mind a rabd

the most perfect, logical, geometrical model pdssifecond, to see if the model is adapted to thetjeal
situations observed in experience; third, to make torrections necessary for model and reality to

coincidé’.
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“...primo, costruire nella sua mente un modello, il pperfetto, logico, geometrico
possibile...?

First, a model designed to predict the transpod aeathering of an oil spill has been
developed.

In chapter 2, the upgrade of the MEDSLIK model,caled MEDSLIK-II is presented.
The model predicts the evolution in time of the graphic position and chemical changes
of an oil slick and uses a Lagrangian represematfdhe oil slick. MEDSLIK-II simulates
the transport of the surface slick governed bywager currents and by the wind. It uses
the current velocity fields provided by MFS and dityer higher resolution operational
hydrodynamic models: the Adriatic Forecasting Syst@&FS) (Oddo et al. 2006), the
Sicily Channel Regional Model (SCRM) (Gabersek ket 2007) and the Thyrrenian
regional model (Napolitano, in preparation). MEDKLI includes a proper representation
of high frequency currents and wind fields in tliwective components of the Lagrangian
trajectory model, the introduction of the Stokesgtdrelocity and the coupling with the
remote-sensing data to be used as initial conditi@il parcels are also dispersed by
turbulent fluctuation components that are paranegdrwith a random walk scheme. In
addition to advective and diffusive displacemerite oil spill parcels characteristics
change due to various physical and chemical prese$st transform the oil (evaporation,

emulsification, dispersion in water column, adhesm coast).

«...secondo, verificare se il modello s’adatta ai cpstici osservabili nell’esperienza. *”
Second, the oil spill model has been validated witiface drifter data, with satellite data
and with in situ data in different Mediterraneagioss.

Verification of the oil spill forecasting is both @ucial issue and a difficult task to
perform. The reason for this is the lack of infotima The main objective of the
oceanographic cruise presented in chapter 3, agdrn the framework of the PRIMI
project (PRogetto pilota Inquinamento Marino daotdrburi), was to visit oil slicks
detected by satellite and whose displacement wadigted by the MEDSLIK-II model,

8« ... first, to construct in his mind a model, the mpstfect, logical, geometrical model possible...

“_..second, to see if the model is adapted to thetipedsituations observed in experience...”
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coupled with the oceanographic operational modedslable in the Mediterranean Sea.
The area selected for the cruise was the centrditbteanean (southern Tyrrhenian Sea,
Sardinia Channel, Sicily Channel, western loniaa)SBuring the cruise the in situ data on
the oil-spill characteristics and composition hdeesn acquired. The data collected have

been used for the validation of the dispersiontasaasformation model.

“...terzo, apportare le correzioni necessarie perchédello e realta coincidano>”

Third, using the drifter observations our underdiag of the turbulent processes has been
improved, in order to arrive at a better repredentaof the stochastic component of
transport.

The drifters are oceanographic instruments usedtidy the surface circulation and
oceanographic dynamics, are designed to be tramesply ocean currents. In chapter 4 the
data collected during the MREAOQO7/08 (Marine RapivitEonmental Experiment) will be
presented, during this experiment the drifters waployed in the Ligurian Sea. Next,
drifter trajectories collected during the DOLCEVIT@®ynamics Of Localized Currents
and Eddy Variability In The Adriatic) drifter progm are presented. During the
DOLCEVITA project several drifters were deployeddifferent areas of the Adriatic Sea.
Chapter 4 presents the study of the Lagrangiamgiifity K and the time scales T, to be
used as input parameters for dispersion in oill spddels. To this end the first step has
been to compute K and T using the drifters deploygkaling the Marine Rapid
Environmental Assessment 2007-2008 (MREA) exericighe Ligurian Sea. The second
step is the analysis of the relation between thezdwtal diffusivity and the wind and
current field, which can be provided by Euleriandels. This last analysis has been
performed using the drifters, deployed in the Aliti&ea as part of DOLCEVITA drifter

program.

> .. third, to make the corrections necessary for maabel reality to coincide”

10
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Chapter 2

2 Development and sensitivity studies of an advancddte and
transport oil spill model

2.1 Introduction

Representing the transport and fate of an oil dickea is a formidable task. Many factors
affect the motion and transformation of the oitlsland some of the most relevant are: the
meteo-marine conditions at the air-sea interfadgadywvaves, air and water temperature),
the initial volume and chemical characteristicgh# oil and finally the marine currents at
different space and time scales. All these facawesinterrelated and must be considered
together to arrive at an accurate estimate obthevolution and movement.

According to the state-of the-art reviews on oillspumerical (ASCE, 1996; Reed et al.
1999), a large number of oil-spill models are ala@#d today that can represent oill
transport and fate processes in the sea water. (Deeyears, models have developed
complex representation of the relevant processesirgy with two-dimensional particle-
tracking models such as GNOME (NOAA, 2002) and RIQEhstanedo et al. 2010) we
arrive to complex oil slick polygon representaticared advanced physical and chemical
advection-diffusion three-dimensional models (Watgal., 2008; Wang & Shen, 2010).
Some of the most sophisticated operational mod@salso: MEDSLIK (Lardner et al.
2006), MOTHY (Daniel et al. 2003), POSEIDON Oil Bpiodel (Nittis et al. 2006) and
TESEO (Sotillo et al. 2008), SINTEF OSCAR 2000 (Re¢al. 1995), OD3D (Hackett et
al. 2006), Seatrack Web SMHI model (Ambj\érn 2087 OILMAP (ASA, 1997).

In this chapter we present an upgrade of the MEBShbdel, so-called MEDSLIK-II.
The latter is designed to predict the geographsitipm and chemical changes of an oil
slick using a Lagrangian formalism, i.e., the ditlsis represented by a large number of
component particles which move following particleajéctory equations and are
transformed by physical and chemical processether words, the model considers

particle advective and diffusive displacements @ueean and turbulent water movements

11
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and in addition the oil spill parcels change thmioyancy and volume due to evaporation,
emulsification, dispersion in water column, adhesmw the coast. The novel characteristics
of MEDSLIK-II are a proper representation of higkeduency currents and wind fields in
the advective components of the patrticle trajecemyations derived from the generalized
Langevin equation and the initialization of the siick position, age and volume with
realistic shape functions from remote sensing dataddition the model uses the recently
available operational oceanographic analyses amtdsts (Pinardi et al., 2002, 2003) as
part of the deterministic components of the pagtichjectory equations and it discusses the
corrections needed to account for missing or ndl resolved transport processes by the
analyses and forecasts available.

In the past, only climatological currents calcuthfeom the observed temperature and
salinity measurements were available and sometirtes deterministic advective
component of the patrticle trajectory was estimateectly from the wind, using the well
known Ekman spiral wind driven current solution 64pl987). The advent of operational
ocean forecasting makes it possible to have alowdinuous estimates of the sea currents
due to the combination of wind and geostrophica$feln this chapter we will formulate
in a very general way the equations for transpod @ansformation of oil spill at the
surface and we will analyze the sensitivity of thik spill hindcasts model to several
parameterizations.

The organization of the chapter is as follows. Bect2.2 gives an overview of the
theoretical approach used to write the transpodt fate equations for the oil spill active
tracer. Section 2.3 illustrates the basic equatescribing the oil transport processes.
Section 2.4 presents the equations describinghtbmical-physical processes affecting the
oil. Section 2.5 illustrates the coupling with tbperational oceanographic products and
with remote sensing data. Section 2.6 presentgjlication of the MEDSLIK-II model to

several test cases.

2.2 The model equations and state variables
The movement of oil in the marine environment isally regarded as due to advection by

the large scale flow field and the dispersion cdusg the turbulent flow components. In
an Eulerian framework, while the oil moves, its cemtration changes due to several

12
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physical processes, called the weathering proce$sbesgeneralized active tracer equation

for a substance, C, released in a flow with an angformalism, is written as:
oC _ N
E+UE|]]C—DHKDC)+ZQ(C) (2.1)

=

where C(x,y,z,t) is the concentration of the trafteld as a function of space and time
: . . 0 . .
coordinates, normally with units of mass of substaaver volume,— is the local time

rate of change operatdy, is the mean flow field with components (U,V,W) akds the
diffusivity tensor which parameterize the turbulesftects, (C) are the transformation
rates that modify the tracer concentration by digkend chemical reactions.

Solving numerically equations (2.1) is a well knowroblem in oceanographic (Noye
1987), meteorological (Boughton et al. 1987) anosgstem (Sibert et al. 1999) modelling
and a number of well documented approximations iemglementations have been used
over the past thirty years for both passive andvadracers (Haidvogel & Beckmann,
1999). Recent understanding (Woods 2002) has chahgeapproach substantially and the
tracer equations (2.1) has been substituted bynmgbauof equations for properties of the
‘constituent particles’, i.e. the concentratiortrensformed into a discrete set of particles,
which are characterized by some properties. Theadration at a certain point and time
is then found assembling the particle together.

In order to model the oil concentration with pdgiconstituents some basic assumptions
are needed. One of the most important one is theideration that the constituent particles
do not influence the water hydrodynamics and preesThis assumption has limitations
for example at the surface of the ocean becaus#tirftp oil modifies the air-sea
interactions and the surface wind drag, but itosstidered to be valid here. In addition the
oil volume is modified by physical and chemical ggsses and here we assume that the
transport processes are separated from the tramstfion processes. In other words, we
hypothesize that the position changes are smalldanicig these movements the particles
behave as passive tracer constituents. In sumrhargdnstituent particles move through
infinitesimal displacements without inertia (as &raparcels) and without interactions
between themselves. After such infinitesimal disphaents, the volume associated to the

particle is transformed by physical and chemicatpsses.

13
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If we apply such an hypothesis to equation 2.1 fiecevely split the equation into two
basic processes, advection, diffusion, and traasfdrmation. This can be done by

writing:
a_C :£+£ (22a)
ot odt ot
‘9;1 =-UIC, +0HKOC)) (2.2b)
aCc, &
a_tz =>1,(C) (2.2¢)
=1

We now solve 2.2b with a Lagrangian particle forsraland express Gs a function of
the particle volume of oil and number of particlasa new Eulerian grid, so called oil
tracer grid, defined in the coordinates system ¥x, zr) with a spatial resolutiordXr, dyr,

SZT).
A F N

Z; Y1

1 | [ | 1 | ' ] 1

- - . T LT SRR S
| ]
1

Yix IR O IR A

6Z'I' xTMs\;’TmrzTM o i é 'Too! ! ! ! i -:- h :- -
e e o | By 6yT¢ ] ] R
-~ - gl
o X1 B+ X7
A) B)

Figure 2.1. Schematic view of the oil tracer gridthe grey spheres represent the oil particles): A)[3
view of one cell of the oil tracer grid; B) 2D viewof the oil tracer grid.

First, the particles move (2.2b), then the “actipait of the equation is solved (2.2c). Next
the number of particles inside each tracer grid, Bé¢mv .t), is counted together (see

equation 2.3) and finally the concentration in ghniel cell, C(%wm,t), is reconstructed using

14
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the number of particles in each grid point (seeaéiqu 2.4). Then we start again with the
active part of the tracer.

The particle position vectorx, (t), is defined asx, (t) = (X, (1), Yy« (t),z, (t)), with
k =1n. The number of particles in the oil tracer gridtwolume 6V=06x16yt6zr around

the position (v, Yrm, Zrm) IS

OX OX
Xtm ~ 2T S Xy (1) S Xqy + 2T
, 0 0
NGt ) = dimin iy, =0 S Y (O S Yy + 2 (2.3)
0z 0z
Zy ~ 2T <z, (t) s zqy +TT
wheren, is the vector of number of particles.
The concentration at a certain time t at the pasiti
ClXy, 1) = Ny, U0 (2.4)

X0y 0Z,
where v (t) is the volume of oil of each particle apdis the oil density. The oil density

must provided as input to the model and remainsstamih over time. The oil density
depends on the oil type. The different types ofand commonly classified using the API
number: American Petroleum Institute gravity, orl APavity, is a measure of how heavy
or light a petroleum liquid is compared to watemorf the API, it is possible to calculate
the oil density. The conversion from API to denditgt requires conversion to specific
gravity:

) (APTiligl.S) 25)
Then the specific gravity can subsequently be cdasdo density
p=SGp,, (2.6)
The v (t) changes only due to the transformation processgpsafion 2.2c), while Nfx,t)

changes to both the transformation (equation Zakd) the advection-diffusion processes
(equation 2.2b). The number of particles in thetm@iter grid unit volume changes due to
the particle advection and diffusion, to the dispmr of particle in water column, to the
spreading and to the absorption or release ofgbastby the coast.
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The initial particle oil volumeu(t, )s calculated as

U(to) :% 2.7)

where V is the total oil volume released and inestbtal number of particles released.
The particle oil volume is considered to be dividetivo components: the evaporative and
non-evaporative particle oil volume. The initial ngoonents are defined as

¢
Ve (to) = (1_£j [D(t,)
, 100 (2.8)
Upe(to) = 10C [W(t,)

where ¢ is the residual percentage, i.e. the percentagfgeaion-evaporative component

of the oil, which has to be known.

The volume of the evaporative component of thaedilin the particle decreases due to the

evaporation and the diagnostic relationship is

¢NE E
O (t)=||1-—=[—f=(t) |(t 2.9
e(t) K 100 (1) | DO(t,) (2.9)

where f& (t) is the fraction of oil evaporated (described intie® 2.4.1). The volume of

the non-evaporative component of the oil left ia particle change due to the absorption

onto the coast and is given by:

Ope (1) = Ve (DL (1) (2.10)
wheref © (t)is the fraction of oil absorbed onto the coast (section 2.4.1).

The transformation and movement of the slick wittoastituent particle formalism is then
characterized by two sets of variables: the slithesvariables and the particle state

variables. The particle state variables are theeethdimensional particle position,

x(t) = (x(t), y(t),z(t)) , the non-evaporative volume of the oil for eacttipke, v, (t) and
the evaporative volume of the oil for each particlg (t). The slick state variables are the

oil volume of the thick part of the slick/ ™  (t)he oil volume of the thin part of the slick,
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VvV ™(t), the fraction of water in the oil-water mous$é’ ( , the oil viscosity,n (t)and
the viscosity of the oil-water moussg;,, (t).

The total number of equations to be written areaed six of them are predictive while
four are only diagnostics. Prognostic equationsvaiten for the thin and thick oil slick
volume variables, for the fraction of water in tbidwater-mousse and for the particle

positions. The latter are a specific form of theeyalized Langevin equations and they
will be described in the Section 2.3. The diagmostjuations for . (t) and v (t) have
been already described (equations 2.9 and 2.10).tifhe rate of change o¥ ™ (t)
Vv™(t), % (t) and the diagnostic equations fqr @hd n.,(t) are given by empirical
formulas. They are related to five processes: ewijom, dispersion, emulsification,

spreading and beaching. Both the diagnostic adnosigc equations for the slick state
variables are given in Section 2.4.

2.3 Time rate of change of particle positions
The time rate of change of particle position statgables are given by a set of uncoupled

Langevin equations:

()

=AY +BODE®) (2.11)

where the vectorA(x ,t)represents the so-called deterministic part of ftbes field,

corresponding to the mean field in (2.1), while the second term is a stochastic or

diffusion term. The stochastic term is composetheytensoB(x ,t)that characterizes the

random motion and& (t)a random factor taking values between 0 and Welfdefine

W(t) =£E (sds and apply thelto assumption (Tompson & Gelhar 1990), the equation

(2.11) becomes equivalent to thi@ stochastic differential equation:
dx(t) = A(x,t)dt +B(x,t)dW (t) (2.12)

where dt is the Lagrangian time step e i§)a random increment of the “Wiener

process” W (t) The Wiener process describes the path of a parice to Brownian
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motion modelled by independent random incremedit$( sanpled from a normal
distribution with zero mear(dW(t)) =0, and second order moment wiftiw [&iW) = dit.
Thus we can replacdW (ip (2.12) with a vectoZ of independent random numbers,
normally distributed, i.eZ ON (0J)and multiplied by\/a :

dx(t) = A(x,t)dt + B(x,t)Z/dt (2.13)
The unknown tensoré\(x ,@ndB(x,t)in (2.13) are most commonly written as (Risken

1989):

(Ut ) 2K, 0 0 |z )
dx(t):t V(x,t) Jdt+ 0 2K, 0 L Z, JJ& (2.14)
W(x,t) 0 0 \/Z_KZ Z,

whereA is diagonal and equal to the eulerian field valocomponentsB is diagonal and
equal to K, Ky, K; turbulent diffusivity coefficients in the threérections and £ Z», Z3
are random vector amplitudes. Physically, equattob4) describes the displacement of a
particle resulting from the advection due to theemdéow (deterministic) and turbulent
flow component (stochastic).
In MEDSLIK-II, equation (2.14) takes the followirigrm:

( U(x,t) )
dx(t)=| V(xt) |dt+dx'(t) (2.15)

0

where for simplicity we have indicated wittix '(the particle displacement due to the
turbulent motion. The first term in (2.14) is calléhe deterministic transport while the
second is the turbulent transport term. The fliadical velocity has been neglected since
it is normally small, of the order of Ftimes the horizontal current velocity magnitude.
The vertical particle positions are then changdg by vertical turbulent displacements.
We expand the deterministic transport term in tliferent components:

dx(t) =[U,(x,t) + U, (x,1) + U (x,t)]dt +dx' (t) (2.16)
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where U_(x,t), hereafter called the current velocity termhie water current velocity due
to a combination of non-local wind and buoyancyiiog, U, (x,t) , hereafter called local

wind velocity term, is the velocity due to the lboaind effects (Ekman currents),
U.(x,t), hereafter called the wave current term, is thoy due to wave-induced

currents or Stokes drift.

The Lagrangian horizontal particle motion is resdlapplying an Euler forward scheme to
the ordinary differential equations (2.16). Thetigde position at time sted +At, is
calculated as follows:

X(t+At) = x(t) + U(t,x(t))At + Ax'(t) (2.17)

where X (t) represents the particle position at the curranetstep andJ(t,x (t))Js the

Eulerian ocean current velocity for the currentdistep at the particle position.

2.3.1The current and local wind velocity term
Ocean currents near the ocean surface are due &ffédtts of atmospheric forcing which

can be subdivided into two main categories, buoydhwxes and wind stresses. Wind
stress forcing is by far the most important onéeirms of kinetic energy of the induced
motion, accounting for 70% or more of the curremtsplitude over the oceans (Wunsch
1998).

One part of the wind induced currents are due tolocal winds, i.e. local currents are
induced by remotely located winds, and they are idated by geostrophic or
quasigeostrophic dynamical balances (Pedlosky 198)definition, geostrophic and
quasigeostrophic motion has a time scale of sewdgigs and it considers mesoscale
motion in the ocean, a very important componertheflarge scale flow field represented
in (2.14). It is customary to indicate that geoghic or quasigeostrophic currents dominate
below the mixed layer even if sometime they canrgmand be dominant also in this layer
(few tens of meters in the equatorial area up todhed meters at high latitudes). The
mixed layer dynamics is typically considered to dggeostrophic and one of the most
common time dependent, wind induced motion occgrah the surface is composed of
inertial oscillations (Pollard 1970). Additionalegstrophic components of surface currents
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due to local winds are dominated by rotational @ffeand vertical diffusivities, the so-
called Ekman currents (Price et al. 1987)(Lenn &@kkin 2009). All these components
should be adequately considered in the deterntrestierian velocity field of (2.15).

Depending on the model used to compute this vegidiltd, it could be necessary to make
distinction between the current components. Inghast years, oil spill models used the

current velocity field,U_ (x ,t) from climatological and geostrophic computati@ns.

Al-Rabeh 1994)(A. H. Al-Rabeh et al. 2000) and thlka ageostrophic Ekman current

components were added by the tedy(x . Jt)s well known that Ekman currents at the

surface can be parametrized as a function of witehsity and angle, i.e.:
U, =a(W,cof+W,sinB)

V, =a(-W,sinf + W cos3) (2.18)

whereW, and W, are the wind zonal and meridional components ah¥@spectively and

a andp are two parameters called drift factor and dnifgla. There has been considerable
dispute among modellers on the choice of the baseg of the drift factor and angle, most
models using a value of around 3% for the formet avalue between 0° and 25° for the
latter (A.H. Al-Rabeh 1994).

With the advent of operational oceanography andurate operational models of the
circulation (Pinardi & Coppini 2010, Coppini et aR010), the geostrophic and
ageostrophic current velocity fields can be prodidey the analyses and forecasts,
available hourly or daily, of a forecasting Ocea@n€ral Circulation Model (OGCM). In
our paper the advecting velocities for MEDSLIK-lieataken from the Mediterranean
ocean Forecasting System, MFS, (Pinardi et al. P@0O®RI the surface water current
velocities are derived from the high resolutionlgses and forecasts of MFS (Tonani et

al., 2008). Thus the ternt (x,t) contains a rather satisfactory representatiorthef
surface ageostrophic currents and thgx,t) term could be neglected. However we argue

that we can consider the terms (2.18) as corretdions accounting for model errors. In a
recent paper, Coppini et al. (2010) showed thatgu¢?2.16) best results were achieved
with U (x,t) at 30 meters depth from the MFS OGCM with theitsoid of U ,(x,t)as in

(2.10), instead of using surface currents direclijne choice of 30 m corresponds
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approximately to the Ekman layer e-folding depthtfe Mediterranean Sea, i.e., the depth
at which Ekman currents go to zero.
In conclusion if an OGCM model is sufficiently céyba to resolve the Ekman dynamics,

the correct choice should be to set the wind-indwee&rent velocity,U , (x,t), to zero and

use only the water surface flow from the OGCM whatteady contains the local wind
effects.

2.3.2The wave current term
Waves give rise to transport of pollutants by wandiced velocity, the so-called Stokes

drift velocity. This current component is represehby the last term of equation (2.8),

Us(x’t), that should be definitely added to the Euleriamrent velocity field since

normally OGCM are not coupled with wave models.

The Stokes drift is the net displacement of a plartin a fluid due to wave motion,
resulting essentially from the fact that the p#timoves faster forward when the particle
is at the top of the wave induced circular orbérttbackward, when it is at the bottom of
its orbit. The Stokes drift is the difference betwehe start and end positions, divided by a
predefined amount of time (usually one wave peridte Stokes drift has been introduced
in MEDSLIK-II using an analytical formulation thdepends from the wind amplitude but
in general the model could use the Stokes drifinftbe output of a complete numerical
wave model.

More generally, the Stokes drift velocity is th&elience between the average Lagrangian
flow velocity of a fluid particles and the averaBalerian flow velocity of the fluid at a
fixed position (the average is usually done oves wave period) and can be written as
(Craik 1985):

—t —t —t

U, =u, —Ug (2.19)

S

where the time average operator is indicated?yt and the time average Eulerian

velocity vector isEt = u(x,t)t with x = (x,y,z)the space vector, while the Lagrangian
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velocity vector iSIt = u(é;,t)t, where§ = (X,Y,z)is the Lagrangian position vector of a
fluid particle.

For simplicity, the case of infinite-deep watercansidered, with linear wave propagation
of a sinusoidal wave on the free surface of a flayér (Phillips 1977):

n = acoskr — «t) (2.20)

where n is the free surface elevation, is the wave amplitude, k is the wave number,

k:%, w is the angular frequencyngzzm , I is the distance along the wave

propagation directionA is the wave length, T is the wave period and f teve

frequency. The wavelength and the wave periodfgatie deep-water dispersion relation
w® =gk where g is the gravity acceleration.
The component of the Stokes drift velocify, in the wave propagation direction is

estimated by Phillips (1977) using a Taylor expansroundk of the Eulerian horizontal-
0¢

velocity component, along the wave propagationctioa, calledu, :a—tr, at the position

§:
D, =u, (&,t)—u,(x1t) = wka’e™ [sinz(kr - wt) + cos (kr — wt)] (2.21)

Performing the time averaging, the horizontal congmi of the Stokes drift velocity for
deep-water waves is approximately (Phillips 1977):

D.(w,2) = wka’e™ (2.22)

As it can be seen, the Stokes drift velocity isoalimear quantity in terms of the wave
amplitude and it decays exponentially with depth.

We now have to find an expression of the wave aogdi, a, as a function of wind
amplitude and then integrate on the wind wave spect

Let’'s introduce the significant wave height, thattihe height of the highest 1/3 of the

waves. If the sea contains a narrow range of waggquéncies H, is related to the

standard deviation of sea-surface displacementisittefined asH, :4<r]2>1/2, where

<r|2>1/2 is the standard deviation of surface displacement.
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The wave energig related to the variance of sea-surface displacéimy:
1 1
E= 2y==p,0& =—p,gH: 2.23
p.g(n%) =5 P,0a" = P, oH; (2.23)

where P is water densityg is gravity, <n2>1/2 is the variance of the surface displacement.

In MEDSLIK-II the calculation of significant waveelght and Stokes drift is based on a
discrete wave spectrum approach, because the avefége wave spectrung, is equal to

the variance of the surface displacement:

(n*)= TS(w)dw (2.24)

As a consequence the wave amplitude is

a’ = 2<r]2> = ZTS(co)dco (2.25)

Knowing now the wave spectra we can compute theliarde and then the Stokes drift.
Over the years, multiple equations have been fatadlto describe the wave spectrum as
a function of wind speed. We have chosen to useJtiet North Sea Wave Project
(JONSWAP) spectrum parameterization (K. Hasselnetral. 1973) taking the wind and

the fetch into account:

S@)= ”—%Zexp{f[ﬂ] }yf (2.26)
w 4\ w

The parameterr,a,« .y, 0 were determined during the JONSWAP experimentaed

expressed by the following formulas

__(w_wp)2] =007 W2\0.22.

r =ex —
P 20°W, FgJ
g " 007 w<w,
w, =22 _J yy=33;0= (2.27)
FW 009 wzw,

where F is the fetch, which is the distance overvind blows with constant velocity, and

W is the wind velocity intensity at 10 meters ovee sea surface. Practically, the fetch is
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calculated as the minimum distance between theslmk centre and the coast in the
opposite direction of the wind direction. Expressihg amplitude as function of the wave

spectrum, and taking the integral on the wave feegy equation (2.22) becomes:

D.(2) = ZT Wk (W)S(w)e?“ dw (2.28)

Considering the surface, we obtain the Stokes deibcity component in the direction of

the wave propagation:
D.(z=0) = 2j ok (W)S(w)dw (2.29)
0

Practical wave analysis use the frequency, f, atstaf the angular frequeney. Putting

2

k :% and « = 2nf , equation (2.29) can be rewritten as

0 o 3

D,(z=0)= ij(f)k(f)S(f)df =j@5(f)df (2.30)

0 0

Equation (2.29) has been implemented in the MEDSIJK:dnsidering the direction of
the wave propagation equal to the wind directiore ™o components of the Stokes drift
velocity, Ug (see equation (2.16)) are:
U.(z=0) =D.cosd

: (2.31)
V,(z=0) =Dgsind

W,
where 9 is the wind direction 3 :arctg{Wyj and W,, W, are the wind zonal and

X

meridional components at 10 m respectively.

2.3.3 Turbulent transport term
The stochastic factor in equation (2.15) is pararneté as follows:

dx'(t) = Z,\2K dt =[2n - 1}/2K dt
dy'(t) = Z,,[2K dt =[2n-1]/2K dt (2.32)
dz\(t) = Z,\2K dt = [2n - 1]\/2K dt
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where n is a random real number taking values between @ Bnfrom a uniform
distribution and the other symbols have been alreledcribed. Equation (2.32) represents
the pure random walk model with no memory, i.ee #implest stochastic model of
diffusive processes in the stochastic differergigation (2.13). Thus, the particle moving
through the fluid receives at each time step aoandnpulse due to the action of the
incoherent turbulent motions and it has no memons@revious turbulent displacement.

2.4 Time rate of change of oil volume
In this section we will discuss the time rate ofehe of the slick state variables and the

particle state variables related to the chemicatatteristics of the oil slick.

The time rate of change of slick state variables duwe to several processes, called
weathering, schematically represented in Fig. Bt lighter fractions of the oil disappear
through evaporation, while the remaining fractimas be emulsified or dispersed below
the water surface. In addition, for the first sevdérours, a given spill spreads mechanically
over the water surface under the action of graeial forces. Thus four processes
contribute to the rate of change of slick stateiades: spreading, emulsification,

evaporation and dispersion.

Soreat ﬁ .
@g Emulsification Evaporation S%g
Nl

.- . . o
~ :_.. .0®* 0 @ .....
.
[

o OUIE . 009 o

* .
. ® .......o....... ..o
*et® e _..-o"' °'o
o - %o Dispersion

Figure 2.2. Weathering Processes.

The slick state variables rate of change is givertenmns of modified Mackay's fate

algorithms for evaporation, emulsification and éigpon. The basis of Mackay's model is
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to divide the spill into a thick slick and a thilick (or sheen). Evaporation and dispersion

are considered separately for these two partseoslibk.

Let V™ (t) andV ™ (t) be the volumes of oil respectively in the thickidhe thin slicks,
AT (t) and A™ (1) their two surface areas aidd” (t) and T™ (t) their thicknesses. It is

assumed that the thickne$s" (t) of the thin slick is constant and equal to 48, which

is a typical observed value for the final thicknesthe sheen.

The time rate of change equations for the thicktaedhin slick volumes are:

aV TK _ aV TK aV TK aV TN

ot ot ot ot

(E) (D) ® (2.33)
oy ™ gy ™ gy ™ gy ™ )
=- - +

ot ot ot ot

(E) (D) ©
TK oV TN . oV TK
where an are the rate of volume lost by evaporatlenat— and
(E) (D)
aV TN TN

is the rate of volume of

are the rate of volume lost by dispersion anglt—
(D)

©
oil changing from the thick to the thin volume bétslick due to the spreading. In the next
sections each term in (2.33) is described in detail

Evaporation brings to an increase in the viscasitihe oil, and the formula used for this is

n(t) =n, expK “f ™ (1) (2.34)

whereng is the initial viscosity,f ™ (t)is the fraction of oil evaporated from the thick

slick, described in the section 2.4.2, akff is a constant that determines the increase of
viscosity with evaporation (with a default nondirsgmal value of 4).
Emulsification refers to the process by which wdiecomes mixed with the oil in the

slick. Let f ¥ (t) be the fraction of water in the oil-water mousBeen Mackay's model for

the time rate of change of this fraction is (Mackawl., 1979):

of
ot |

= C (W(t) + 1) 21— COF * (¢ - )] (2.35)

26



Chapter 2

where C{" is a constant which controls the rate of watesogttion, C{" is a constant
which controls maximum water fraction in the mouasel W(t) is the wind speed. This
model is based on assuming mousse formation istacfider process with the water-in-oil
fraction having an upper limit o((:(z“"))_l (default value taken as 75% for light oils but
decreasing with API number for heavy oils).

The principal effect of emulsification is to creaenousse with greatly increased viscosity.
It is supposed that the viscosity,, of the mousse is given by

25F " (t) }

_ 2.36
1-CME"(t) (2:30)

Newm (1) =n(t) eXF{
where C™ is a constant which controls the effect of wataction on mousse viscosity.
Emulsification is assumed to continue umtjl,, reaches a maximum valug,,, when the

state of the oil consists of floating tar balls.

2.4.1The link between particle variables and slick varidles
To link the slick variables to the particle varieblwe have to define the following

quantities: the fraction of oil evaporated® (the fraction of oil dispersed,® (§nd

the fraction of oil absorbed onto the codst) . (t)

The fraction of oil evaporated,® (t)s defined as the ratio between the total volahe
oil evaporated and the initial volume of oil

TK TN
Y (t)“aw (t)“a (2.37)

©) (1) =
O R ) v ()

where V'™ (t)‘(E) and v™ (t)‘(E) is the volume of oil evaporated from the thickdathin
slick, respectively, calculated using equation 12and (2.44).

The fraction of oil dispersed,”® (t)s defined as the ratio between the total volwieil

dispersed and the initial volume of oil and it ¢uial to
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TK TN
v (t)\(D)+v (t)\(D) .39

©) (1) =
= v o)

where V™ (t)‘(D) andv™ (t)‘(D) is the volume of oil dispersed beneath the tlziok thin

slick, respectively, calculated using equation§2and (2.50).

During its transport the particle can arrive on ¢bast and a certain fraction of the oil can
become permanently attached there, for exampleebpisg into the sand or forming a tar
layer on the rock. It is assumed that the fractiba beached parcel seeping is:

dt

fO()=1-05% (2.39)

where Ts is a half-life for seepage or other modgeomanent attachment. The amount of
oil remaining in any parcel that is on the beacthen reduced by this fraction while the
volume of oil lost is counted as remaining permdlyean the given coastal segment. The

half-lives Ts are assigned to each coastal segdeg@nding on coastal type.

2.4.2 Time rate of change of oil slick state variables deito evaporation
Evaporation changes the volume of the thick and plairt of the slick. The volume of oil

lost by evaporation is computed using Mackay’s allgm for evaporation (Mackay et al.,
1980).
For the thick oil slick, the time rate of changetloé fraction of oil evaporated,™ , is the

TK
product of the vapour pressure,; Rnd the change in the evaporative exposwdet,—,

which units are [bars?]:

df ™€ dE™X

- I:)0|I
dt dt
(E)

(2.40)

The time rate of change of the the volume lost tagperation from the thick slick,

Vv (t)‘(E), is expressed as the original total volume mliéipby the rate of change of the

fraction (equation 2.40):
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a\/TK|
ot

dfTK|

V™ (1) + V™ (t,)] (2.41)
hE) ‘(a

V(L) V(L)

where are the initial volume of the thick and thin sligspectively.

The oil vapour pressure is expressed in the form:

P

= Rpe (2.42)
where PO is the initial vapour pressure and c isoastant that measures the rate of
decrease of vapour pressure with the fraction dyreavaporated. The change in
evaporative exposure is expressed as:
de™ _ Ky Vol A™ ()@-1™ (1)

dt RT(t)V ™ (1)

(2.43)

where A™ is the area of the thick part of the slick, Thie temperature (expressed in K)

and K,, is the evaporative exposure to wind, R is the gasstant which is equal to

82010° barm®*mol™°K andV,,, is the molar volume of the 0il2(10™* molm™). For

K, we assumé<,, = 0.0067{36W(t))*"® where W is the 10 m wind modulus.

For the thin slick oll, it is supposed that thehtigomponent evaporates immediately. The
time rate of change of the volume evaporated froenthin slick equals the total content of
light component in the thin slick:

ov™ (e = ™ (1)

e e

(2.44)

where fhax IS the initial fraction of light component, whichpresents the maximum value

thatf ™ can attain.
The evaporative component in the thin slick hasmbessumed to disappear immediately,

but the thin slick, trough the spreading procesded by oil from the thick slick that has
not in general fully evaporated. The fractibf' ¢ oil in the thin slick is then written

as:
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di™ OV (f —F (1)

2.45
dt ot \(S) VN (t) (2:45)

2.4.3Time rate of change of oil slick state variables deito dispersion
The model of dispersion of oil into the water cotufBuist 1979) and Mackay (Mackay et

al., 1979). Wave action drives oil into the wafierming a cloud of droplets beneath the

spill. The droplets are classified as either ladggplets that rapidly rise and coalesce again
with the spill, or small droplets that rise morevely, and may be immersed long enough
to diffuse into the lower layers of the water coturin the latter case they are lost from the
surface spill and considered to be permanentlyedsgu. The criterion that distinguishes

the small droplets is that their rising velocityden buoyancy forces is comparable to their
diffusive velocity, while for large droplets thesimg velocity is much larger.

Consider first the thick slick, on each time stefraction of the small droplets is assumed

to be lost by dispersion to the lower layers ofwaer column, according to the following

rate:
ov'™ 1 dX
—| TC7 Ve AT )+ (2.46)

(D)

where C{® is the upward diffusive velocity of the small giets (constant valuey is
the rising velocity of the small droplets (constaatue), cs is the fraction of the small
droplets andXs is the volume of small droplets beneath the ttstkk. The amount of

small droplets is equal:

X () = cqu, A™ (1) (2.47)

where um is the vertical thickness of the dropletd (constant value). The large droplets
are not regarded as dispersed since they eventeatlgalesce with the slick. The fraction
of the small droplets is calculated using the folloy expression:

c = 2CY (W) +1*T™ ()f s.ric

) v, +CP (2.48)
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(D)
where Cs Is a constant which controls the rate of dispersb all droplets by waves,

W(t) is the wind speed anB‘S-TK is the fraction of small droplets in the dispersed

beneath the thick slick, equal to
1/2 TK -1
e =| (1] [T 00 o)
10 0.001 \ 24

(D) : . " .
C4”is a constant which controls the fraction of drepleelow a critical sizeng,,

(2.49)

where
iIs the emulsified oil viscosity (see equation 2.36)d ¢ is interfacial surface tension
between oil and water (constant value).

The thin slick is treated much more simply. Onlyaidroplets are assumed to be formed
beneath it. It is assumed that these dropletslbal@sato the surface spill, according to the

following rate:

avTN
5 FCY WO T OA™ O, (2.50)
(D)
o -1

fo o =|1+CY —j 2.51

S-TN [ 5 24 ( )

(D)

where Cs is a constant which controls the dispersion fréma thin slick (sheen) and

fsmy is the fraction of small droplets in the dispersddeneath the thin slick.

2.4.4Time rate of change of oil slick state variables deito spreading
To complete the algorithms we need models for trenges in areas of the thick and thin

slicks and the rate of flow of oil from the onearthe other (Mackay et al., 1977 and
1980). For the thick slick, spreading consistsved fparts, one a loss of area due to oil
flowing from the thick to the thin slicks and a sed corresponding to Fay's gravity-
viscous phase of the spreading (Fay, 1971).

The rate of volume flowing from the thick to tharttslick is related to the increment in

area of the thin slick:
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Mackay approximates the increment in area of the shck by a formula similar to the
Fay formula: proportional to the cube root of theaatimes the time step times an
exponential function of the thickness of the thgtick that reflects the tendency of the
slicks to stop spreading when they become very thin

AT
ot

=COA™ (1)) ex ~C (2.53)
! T™(t) + 0.00001 '

S

The rate of change of the area of the thick sliektpne step is

OATK| B 1 aVTK|
ot | TR ot \(S)

+COA™ @) (r™ )" (2.54)

‘ ©

whereCY is a constant.

TN
Thus, once we have a value fe? , we can update the are&,, of the thick slick.

©
Mechanical spreading is considered to occur forrginal period of 48 hours after the
release of each sub-spill or until the thicknesghefthick part of the slick becomes equal
to that of the thin slick if this occurs first. this occurs, the program terminates all further
spreading, transfers all the remaining oil in thiek slick and in the droplet clouds beneath
it to the thin slick and from that point on ignogporation and dispersion from the thick
slick.
Thus, on each time step the area of the thick aimdpiart of the slick is updated using the
empirical formulas of equations (2.53) and (2.54 the new thickness of the slick can be
computed as:
V()

AT (2.55)

TTK (t) —
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2.5 MEDSLIK-II model implementation

2.5.1 MEDSLIK-II input data: the coupling with meteo-oceanographic fields

MEDSLIK-1I requires as input the wind forcing, tilsea surface temperature and the sea
currents. The wind forcing, i.e. the wind veloattynponents at 10 m over the sea surface,
is provided by atmospheric forecasting model, wiiie currents and temperature by
oceanographic forecasting models.

The atmospheric wind and the oceanographic fieldsqurrents, temperature) are given at
a series of fixed-point grid and time instants.tiels composing tracers are normally
given at intermediate grid points so that spatral &emporal interpolation is needed: the
current velocities and the wind velocity have todadculated at the location of a given
particle. The wind velocity considered in the paetidisplacement is the wind velocity in
the nearest grid point to the particle positiorstéad, the current velocities in the particle
position are computed applying a bilinear interpolato the velocities surrounding the
particle position, performing a linear interpolatibrst in one direction, and then again in
the other direction. All positions and velocitie® aeferenced in a system based on the
indices of the grid cells and the local positionthvi a given cell (see Figure 2.3).
Transformation functions handle the conversionsvbeh geographical coordinates and
the internal representation in MEDSLIK-II. Thus,time following equation when talking
about x,y it is the internal coordinate directidhat are referred to. The current velocity

components of the particle in the position (x,y&termined from the equation:

ey = (Grun (M+21-X) + Qg (K- M +2- ) + (G ey (M+1-X) + G0 (X - M)y - 1) (2.56)

where q is the zonal or meridional velocity companém,n),(m+1,n),(m+1,n+1),(m,n+1)
are the 4 grid point nearest to the particle pmsjtk,y is the particle position expressed in
the internal coordinate reference system.

In the weathering calculation the wind velocity atice sea surface temperature are
necessary: the values considered are those in ridepgint nearest the slick centre

position.
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m,n+1 m+1.n+1

Xy

m,h m+1,n

Figure 2.3. A 2-D schematic showing how internal mitions are defined in the grid.

2.5.2 MEDSLIK-II input data: the initialization using rem ote sensing data
The oil spill data required to define a numerical spill initial condition are: location,

time, oil type area and thickness of the oil sliak, well as the age of the oil spill from
initial release in the sea. This information can dasily provided to MEDSLIK-II by
satellite monitoring systems

MEDSLIK-1I is particularly suitable to be used imder to predict the transport of a slick
observed by satellite. In the original MEDSLIK mbtee initial spill could be only a point
source, but in the case of a simulation of a shiskerved by satellite, the initial spill must
cover the entire slick area observed by the seelVhen a spill is detected by a satellite
(Optical or SAR), the slick information, such ag thosition of the centre of the slick, the
slick contour coordinates, the time of the obseovaand the area of the slick are usually
computed by the satellite systems. The thicknegheflick and type of oil are required
for an oil spill simulation, but frequently are nptovided by the satellite monitoring
systems, and need to be hypothesized.

MEDSLIK-1I contains a dedicated subroutine thatoa# to read the slick polygonal
coordinates and to distribute the spill parcelslcamly into the slick area.

Let’s call the slick polygonal coordinates;(X;), where i is the number of edges of the
slick polygonal. First MEDSLIK-II constructs a baircumscribing the slick contour.
Next, we consider a particle with random coordisatentained inside the box, Px(IR).
Then, we have to check if that point is insideghek contour.
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The method implemented counts the number of timesrigcal ray starting from the point
P crosses the polygon boundary edge separatingstde and outside. If this number is
even, then the point is outside; otherwise, whendtossing number is odd, the point is
inside. Looping trough all the polygon edges, wstfinave to check if there is any crossing
of the vertical line starting from P with the pobyeal. There are three conditions that must
be verified.
First, we have to check, the following two conditso
Q) if X, <P, <X.,;@if X, >P, andX , <P, .
If one of these conditions is verified, then we édw compute the y coordinate of the
actual intersection between the ray xaRd the polygon, that is:
v, = PX)Yi Y)Y (X = X))

X =X,

The third condition to be verified i¥,; > P, , which means we have a valid crossing of

x=Py (an upward crossing). This conditions have to lecked for all the polygon edges
and we have to count how many time there is a \@l$sing, if the number is odd the
point is inside.

The procedure described above has to be repeatiédhennumber of particles inside the

polygon is equal to the number of particles reprasg the slick (usually 10000).

XZ. ’YZ XZ‘ ’YZ

Px. ’YINT| Px. ’YINT1:

Xy, Y, XYy

Xg Y, X Ys |

P YinT2

XY | L X, Y5

PX,Py ¢
X<P,<X, X<P<X, P.<X; P>X,
Yinr>Py Yinri>Py Yinr2>Py
1 Valid crossing: 2 Valid crossings:
The point is inside The point is outside

Figure 2.4. Schematic view of the method used to etk if a point is inside a polygon.

35



Chapter 2

A new feature of MEDSLIK-II is the possibility tanitialize the slick variables: the oil

viscosityn(t, ), the oil volume of thick slick,V ™ (t, ,) the oil volume of thin slick,

V™(t,) and the fraction of water in the oil-water mous$&t,). Usually, we are

simulating the motion and weathering of an oil Isipiait has not just been released at sea.
For example, this happens when we want to fordbastransport and weathering of an oil
slick observed by satellite. So, the spill hasadsebegun to undergo the transformation
due to the weathering processes. Thus, the irptiaperties of the spill at time of the
observation must be calculated.

In order to be realistic a new input data has be&aduced in MEDSLIK-II: the age of the
slick. This parameter should be provided by thelki systems, otherwise it must be
hypothesized.

The slick state variables at the time of the obstgom are calculated by running a
simulation only considering the weathering procegs¥aporation, dispersion, spreading
and emulsification) for a time equal to the ageh# slick, taking into account the wind
and SST in the area where the spill is observetkrAlis initialization period, a simulation
of the spill evolution considering the weatheringbgesses calculation and advection

calculation is performed.

WEATHERING PROCESSES ADVECTION + WEATHERING PROCESSES

| | t (simulation time axis) |
‘ \ [
0 t=Slick age t=Slick age+Simulation length

| | t (real time axis) |

I I
[Observation time - Slick age]  [Observation time]

[Observation time + Simulation length]

|
Inizialization of the spill fate parameters

Simulation of the spill evolution

WEATHERING PROCESSES calculation
(evaporation, dispersion, emulsification)
considering the wind and SST

in the area where the spill is observed.

WEATHERING PROCESSES calculation
(evaporation, dispersion, emulsification, spreading)
and ADVECTION calculation.

Figure 2.5. Scheme of the temporal axis of the sifation including the inizialization of the spill fate

parameters.
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2.5.3 MEDSLIK-II output data
MEDSLIK-1I produces as output the horizontal splatisstribution of the oil on the water

surface, G(Xtw, t), of the oil dispersed in the water columm(Gw, t), and of the oil on
the coast, €L, t). In addition, MEDSLIK-II provides the totalolume of oil on surface,
V(t), of oil dispersed, M(t), of oil on the coast, t), and the volume of oil water
mousse, W (t). The model classified the particles in thre#fedent classes: “on surface”
(on the water surface), “dispersed” (in the watumn) or “beached” (on the coast). The
horizontal spatial distributions of oil §€Xrwm, t), CD(%mw, t) Cc(L, t)) and the total volumes
(Vs(t), Vb(t), V(b)) are found assembling together the particlekiwithe same class.

As initial condition all the particles are considérto be on the water surface. Then, due to
the transport and transformation processes, thelearcan be moved in the water column
or on the coast.

The probability of any particle to be disperseaitite water column, on a given time step
is equal to

fO ) -f P (t-At)
1-f @ (t-At) (2.57)

PO(t) =

where f2(t) is the fraction of oil dispersed calculatedngsiequation (2.38). For each
particle and at each time step a random numbendeet O and 1, is called and a particle
passed from the “on surface” status to “disperstaius if the random number £Jp) .

At each time-step, the model checks whether thglatiement of the parcel intersects any
of the line segments that are used to approxintmedastal map. If it crosses more than
one, the one nearest its starting point is taked,the parcel is moved just to this point of
intersection. Thus, the particle passes from threstarface” status to the “beached” status.
The beaching of a particle is not permanent arslassumed that at subsequent time steps
there is a probability that the parcel may washkbexdo the water. It is supposed
(Torgrimson (1980); Shen et al. (1987)) that thisbability of washing back on each time
step is given in terms of a half-life. However, lghon the beach, a fraction of the oil
becomes permanently beached through seeping ietsahd, becoming adsorbed onto
rocks and so on. So oil on the beach consists ofdategories, some that may later be
washed back into the water column and some thatmoayThe rate of absorption as well

as the probability of being washed off depends letype of coastline and the model
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allows classification of coasts into categorieshsas sandy beach, small or large pebbles,
rocky coast, exposed headland, and so on. The lpitibpaf washing back is given by

dt

PO (t) =1- 05™ (2.58)

where T, is the half-life for oil to remain on the beachdre washing off again. A value
of Ty is assigned to each coastal segment dependingeacoastal type, for example sand
beach, rocky coastline and so on.

At each time step, for each “beached” particleraloan number generator is called and if
the random number <®(t) the parcel is released back into the watersfi#sus becomes
again “on surface”).

The horizontal spatial distribution of the surfaaed dispersed oil, £xmv, t) and
Co(xtwm,t), is calculated using the equation (2.4), sifigdi to two dimensions. Then, the
Cs(xtm,t) and G(xtm,t) will be then expressed as volume of oil pert@amea. They are
calculated summing together the oil volume of eaatticle within each grid cell area and

belonging to the same class:
NS(XTM ’t)U(t)

C 1) = 2.59

) =g (2.59)
N Oy, DU(Y)

Cp (Xqy 1) =—2—-M 2.60

ol )= =g T (2.60)

where Ny(xtw,t) is the number of particles “on surface” in tbi tracer grid unit area
around the position @, yrv) and No(Xtm,t) is the number of particles “dispersed” in the
water column below the grid cell.

Ns(xtv,t) and Ny(Xtm, t) are calculated using equation (2.3) simplifiedwo dimensions.

In MEDSLIK-II &x;,dyare usually set equal to 150 m.

The spatial distribution of oil on the coast(C t), is calculated using the equation (2.4),
simplified to one dimension. {L,t) is expressed as volume of oil per linear Khhe

coastline is approximated by line segments and/¢theme of oil on each coastal segment
is calculated by summing the oil volume of eacltiplar stuck on the coastal segment and

dividing the total volume by the length of the daasegment:

0L = ML oo
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where N(L,t) is the number of particles “beached” in tloastal segment unit lengthl, .

The total volumes of oil Y(t), Vp(t), Vc(t) are calculated by summing together thie o
volume of all the particles belonging to the satas<

V(1) = Ng”T (t)u(t)

Vi (1) = N (Du(t) (2.62)

Ve(®) =N (Hu(t)

where NZ°T (t) NPT (t),N°"(t)are the total number of particle “on surface”,

“dispersed” and “beached”, respectively.

The volume of oil water mousse is calculated as:

_ Vs
V., (t) "1t (2.63)

wheref, (t)is the fraction of water in the oil-water mousseg equation 2.35)

2.6 Case studies
In this section we illustrate three groups of s&visy experiments in order to understand

the sensitivity of the transformation and fate bfab the surface as a function of different
model assumptions. First we concentrate on the tate of change of particle position
sensitivity to theU_, U, and U, terms of (2.16). Then we add the weathering mses
and compare with satellite observations.

Several validation data sets will be used. The C@bfers (Davis 1985) released during
the MREAO7 (Marine Rapid Environmental Experimeintlthe Ligurian Sea (Poulain et
al. 2010). The MREA drifters will be used here tody the U, term resolution and the

depth ofU_ given by Eulerian model.
The SPHERE drifters were deployed south of Nicéhanfall 2007, In the framework of
the MERSEA project (Desaubies 2009), will be usedde the effects of),, in (2.16).

The SPHERE drifters are oil spill-following surfaddfters specifically conceived for oil

spill tracking, 39.5 cm diameter spheres designedih® basis of earlier experiments
carried out in the late 1980s and early 1990s ¢Peical. 2006). A new type of surface
drifters, the Oil Spill Drifter (OSD), were used $tudy the Stokes’ drift importance. The
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OSD is a 32cm diameter cylinder and it has beemgded with a reduced submergence in
order to follow a surface oil spill (Archetti 2009)he OSDs were deployed in the coastal
waters of the Northern Adriatic Sea in July 2009.

Finally, the satellite images of a slick observedtewo consecutive days in the August
2008 near the Algerian coast, will be used to sttldy importance of the weathering

processes.

2.6.1 Sensitivuty to the current and local wind transportterms.
To study the current and local wind transport terfa&EDSLIK-II has been used to

simulate trajectory only without computing the aihnsformation processes and the
diffusion of the slick by turbulence. In the MREAifters simulations, the oceanographic
fields (hourly and daily currents) were provided MEDSLIK-II by the operational
oceanographic model MFS (Pinardi & Coppini 2010y dy a nested high resolution
model (IRENOM). The winds are the ECMWF 6 hourlyalyses.

The drifters employed were provided by NATO Undarg&esearch Centre (NURC) and
by the Istituto Nazionale di Oceanografia e di @ch sperimentale (OGS). These
drifters have been localized by Global Position8ystem (GPS) at hourly intervals and
their data telemetered via the Argos system. Tilme &ind deploy position of each drifter
are listed in table 2.1. Several experiments weareed on varying the current horizontal

resolution and depth, see table 2.2.

Release Date Last signal
ID (dd.mm.yy Latitude Longitude |(dd.mm.yy hh:mm)
Drifter |hh:mm) ) (&)
74871 14.05.07 15:0043° 49.218’ 9° 8.772 16.06.07 03:00
74872 14.05.07 14:0043° 48.318’ 9° 8.331 26.09.07 18:00
74873 14.05.07 16:0043° 49.896’ 9° 9.696’ 15.06.07 05:00
74874 14.05.07 15:0043° 48.438’ 9°9.271 30.06.07 05:00
74875 14.05.07 15:0043° 48.936’ 9° 9.324’ 23.07.07 13:00

Table 2.1. Position and date of the deployment ofié first cluster of drifters.
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Experiment Name MREA- MREA-EXP | MREA-EXP | MREA-EXP
EXP1 2 3 4

Model MFS MES IRENOM MES

Horizontal 6.5 km 6.5 km 3 km 6.5 km

resolution

Temporal frequency | Dally fields Hourly fields | Hourly fields | Hourly fids

Current depth surface Surface Surface 30m

Wind correction 0% 0% 0% 3%

Table 2.2. Table of the experiments designed to stythe model sensitivity to the current resolution

and frequency.

Drifters trajectories 14/5/2007 1500 - 17/5/2007 1500

Real Drifters Traj.
= Simulatad Drifters Traj..surface daily currents (MFS Model )
Simulatad Drifters Traj..surface hourly currants (MFS modal)
= Simulatzd Drifters Traj..30 m hourly cumrents, wind correction=3% (MFS modal)
—— Simulatad Drifters Traj.:surface hourly currants (Relocatable Modal)
© Relsaso Location

12'F

447N

N

i

4o gﬂE

0

o

10°E

Figure 2.6. Observed drifter trajectories (black Ines) and the Medslik-II trajectories from 14/05/20@

to 17/05/2007. The light blue lines are the trajeoties obtained using the surface daily MFS currents
(MREA-EXP1), the green lines are the trajectories btained using the surface hourly MFS currents
(MREA-EXP2) and the pink lines are the trajectories obtained using the surface hourly currents
produced by the Relocatable model (horizontal resation 3 km) (MREA-EXP3); the blue lines are the
trajectories obtained using the 30 m hourly currens produced by the MFS and adding a 3% wind
correction (MREA-EXP4).
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Figure 2.6 shows the observed drifters tracks Koldnes) and the MEDSLIK-II
trajectories obtained using the MFS daily and hostdrface currents and the IRENOM
currents. The IRENOM model provides higher horiabmésolution (3 km) current nested
in MFS. The trajectories obtained using the dailizMfields (light blue lines) are not
capable to reproduce the correct drifter directidinen high frequency fields (MFS hourly
currents) are used, the simulated drifters, attléasthe first day, go in the correct
direction (green lines). When higher resolution elody (IRENOM hourly fields) is used
for the Eulerian velocity field, the trajectorigsthe Ligurian Sea are better reconstructed
(pink lines). When the Eulerian velocity field istraccurate enough, as the MREAOQ7 case,
there is a need for higher resolution currentsh siscthe one given by IRENOM.

Thus, increasing frequency and horizontal resatutid the current fields allows greater
accuracy in the reproduction of the real trajeet®ri

As described in section 2.3.1 the advanced op&@ti®@GCMs can provide an accurate
representation of the surface ageostrophic currémtithe past the oil spill models use the
“drift factor approach”, which was considered to the® most practical approach for
adjusting the advection of oil slicks coming froather low resolution circulation models
which do not properly resolve the Ekman currentghVithis method the drift velocity of
the surface oil was considered to be the sum ahetion of the wind velocity and the
eulerian velocity field, supposed to represent deeper (geostrophic) velocity field. In
particular a 3% of the wind velocity was commonddad to geostrophic velocity (Mark
Reed et al. 1994) (A.H. Al-Rabeh 1994). In the MREXP2 and MREA-EXP4
simulations (see Table 2.2) we wanted to testrtiraovement of the simulations using the
surface ageostrophic currents provided by an OG@é#tead of using the 30 m currents
(which are supposed to be the geostrophic curresdsling a 3% of the wind velocity and
using a wind angle equal to 0° (see equation 21h8yigure 2.6 we can observe that when
the surface MFS hourly currents are used, the sitedldrifters, at least for the first day,
go in the correct direction (green lines). Inste@ilpwing the common rule of the 30m
current depth and 3% wind correction (blue lind® simulated drifters don’t reproduce
the real trajectories. We can also observe thatthal trajectories generated by the
MEDSLIK-II model show a smaller displacement of thkifters than the actual

displacement. The drifter location errors are tbesequences of integrating wind and
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ocean current fields that do not exactly repregbatreal-world conditions. Since the
simulated trajectories are integrals of the inpatd§, their terminal locations bear an

accumulation of the errors in those fields.

During the MERSEA project, seven drifters were dgptl on the 10th of October 2007 in
the Western Mediterranean south of Nice at vargistances from the coast. The drifters
are oil monitoring buoys to emulate a surface illf<SPHERE). The MEDSLIK-II
simulation has been done without computing the ti@hsformation processes or the
spreading of the slick by turbulence. The curremse taken from MFS hourly analyses
and winds are from ECMWEF 6 hourly analyses. Theutations were carried out applying
different “ageostrophic correction”, 0%, 1%, 2% &#b, that means adding a percentage
of the wind velocity to the current velocity, thisrrection accounts for model errors in the

representation of the ageostrophic current.

Release Date Last signal
ID (dd.mm.yy Latitude Longitude |(dd.mm.yy hh:mm)
Drifter | hh:mm) 9 9
75660 10.10.07 15:2743° 36.80’ 7°24.30° 18.10.07 13:39
75661 10.10.07 14:1543° 31.92 7° 33.70° 30.11.07 20:28
75662 10.10.07 15:2543° 34.40° 7° 27.57 03.12.07 10:32
75663 10.10.07 14:1643° 31.62’ 7°34.13 03.12.07 09:37
75664 10.10.07 15:2643° 34.95’ 7° 27.62 03.12.07 12:19
60212 10.10.07 17:0843° 36.82’ 7°23.13 03.12.07 10:30
60213 10.10.07 17:0343° 36.82’ 7° 24.05' 03.12.07 11:21

Table 2.3. Date and position of the drifters deplayent.

Since the deployment sites were very close to tastc(in Table 2.3 the time and deploy
position are listed), the simulated drifters reatctiee coast in a few days, then a restart of
the simulations was needed (see Table 2.4). F@urshows the trajectories reinitialized 4

days after the real drifters deployment.
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Re-initialisation Last signal
ID Date (dd.mm.yy |Latitude Longitude | (dd.mm.yy hh:mm)
Drifter |hh:mm) °9 )
75660 14.10.07 01:1042° 52.22’ 5° 55.90’ 18.10.07 13:39
75661 14.10.07 01:1242° 58.88’ 6° 24.63’ 30.11.07 20:28
75662 14.10.07 03:4242° 48.37" 5° 53.36’ 03.12.07 10:32
75663 14.10.07 01:1242° 59.18’ 6° 25.47 03.12.07 09:37
75664 14.10.07 01:1142° 47.76’ 5° 56.83’ 03.12.07 12:19
60212 14.10.07 01:1042° 51.63’ 5° 55.61 03.12.07 10:30
60213 14.10.07 01:1142° 53.22’ 5°57.78 03.12.07 11:21
Table 2.4. Date and position of the drifters 4 dayafter the release.
Experiment MERSEA- | MERSEA- | MERSEA- | MERSEA- | MERSEA-
Name EXP1 EXP2 EXP3 EXP4 EXP5
Model MFS MFES MFS MFS MFS
Horizontal 6.5 km 6.5 km 6.5 km 6.5 km 6.5 km
resolution
Temporal Hourly Hourly Hourly Hourly fields | Hourly fields
frequency fields fields fields
Current Om Om Om Om 30m
depth
Ageostrophic | 0 1% 2% 3% 3%
correction

Table 2.5. Table of the experiments designed to sty the model sensitivity to the current depth andad
the ageostrophic current correction.

In Figure 2.7 we present only two of the seventehsf trajectories. The behaviour of the
seven drifters is similar: between 5° and 7°E dftets move along the coast and between
4° and 5°E they are advected offshore towards dlhs probably under the influence of

winds.
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Drifter 75661 14/10/2007 - 22/10/2007

T T T T
Real Drifters Traj.
44°N H Simulated Drifters Traj.:surface hourly currents, wind correction=0% -
Simulated Drifters Traj.:surface hourly currents, wind correction=1%
Simulated Drifters Traj.:surface hourly currents, wind correction=2%
Simulated Drifters Traj.:surface hourly currents, wind correction=3%
Simulated Drifters Traj.:30 m hourly currents, wind correction=3%
a0 © Release Location |
43°N 1
30 -
42°N 4
30’ I I | |
3°E 4°E 5°E 6°E 7°E 8°E a)

Drifter 60212 14/10/2007 - 22/10/2007

I
Real Drifters Traj.
44°NH Simulated Drifters Traj.:surface hourly currents, wind correction=0% .
Simulated Drifters Traj.:surface hourly currents, wind correction=1%
Simulated Drifters Traj.:surface hourly currents, wind correction=2%
Simulated Drifters Traj.:surface hourly currents, wind correction=3%
Simulated Drifters Traj.:30 m hourly currents, wind correction=3%

a0 ©  Release Location ¢ i

43°N

30

42°N -

30’
3°E 4°E 5°E 6°E 7°E 8°E b)

Figure 2.7. Observed drifter trajectory (black lines) and the Medslik-1I trajectories from 14/10/20070o
22/10/2007: a) drifter 75661, b) drifter 60212.

Figure 2.7 shows the observed drifters track (blaw) and the MEDSLIK-II trajectories

obtained using the MFS hourly currents using d#ifémnwvind correction of the ageostrophic
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current. We can observe that increasing the windection, we can reproduce the
movement offshore toward the south, which is ngraducible using only the currents

produced by MFS. In this case the trajectoriesinbthusing the 30m current depth and
3% wind correction (MERSEA-EXP5, blue lines) is santo the trajectories obtained

using the surface currents and the wind correaifd?b.

The best results are achieved using an “ageostraginiection” of 3%. This can be due to
the low resolution of the MFS model and to the proty to the coast. In the coastal area
the MFS surface currents could not contain a setisfy representation of the surface
ageostrophic currents. Moreover, the ageostroptiection could be necessary in order
to account for missing processes at the air-seafate, such as the wind wave induced
currents. Furthermore, we have to remember thatiiiters used are SPHERE drifters,
that are not completely underwater. Thus, they gibbbfeel also a direct effect of the

wind, that is not accounted in the surface curtehtss could justify the necessity to add a
percentage of the wind intensity to the surfaceenis in order to consider the wind drag

on the emerged part drifter

2.6.2 Sensitivity to the Stokes’ drift term.
Three OSD drifters have been launched on July 2B 2@ 9:40, at about 6 km from the

coast, near Cesenatico (Northern Adriatic Sea). B® have been designed in order to
be oil emulating drifters: their reduced submergesbould allow them to follow the
currents velocities of the first mm of the watetucon. The drifters are equipped with a
GPS to acquire the geographical position every futes and a IRIDIUM satellite system
to send data to a server.

The trajectory of one of the three drifters, thee dhat was at sea for the longer period
(nearly a week), has been simulated using MEDSLIKhe simulations were carried out
using the hourly current fields provided by the AfSdel and the wind fields produced by
the ECMWEF (snapshot every 6 hours).

Several simulations were performed (see Table E#3t, we tried to use the surface
current field (0 m) and we didn’t add the wind tl{ifigure 2.8, green lines). Second, we
used the current fields adding 1% of the wind vigyoio the current velocity (Figure 2.8,
red lines). Then, we used the current fields addineg Stokes drift velocity (Figure 2.8,
pink lines), calculated using the JONSWAP spectpamameterization (see section 2.3.2).

46



Chapter 2

-l.E'. T T T T 1
Real Orifters Traj.
Simulated Drifters Traj.:surface AFS hourly currents, wind drift=0%, NO STOKES DRIFT
— Simulated Drifters Traj..surface AFS hourly currents, wind drifi=1%, NO STOKES DRIFT
Simulated Driftars Traj.:surface AFS hourly currents, wind drift=0%, STOKES DRIFT
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Figure 2.8. Observed drifter trajectory (black lines) and the Medslik-I trajectories obtained using he
surface hourly AFS currents, from 21/07/2009 to 26/7/2009: (a) green lines are the trajectories
simulated without adding the wind drift and the Stdes drift; (b) red lines are the trajectories
simulated adding the 1% wind drift and without adding the Stokes drift; (c) the pink lines are the
trajectories simulated considering the Stokes drifivelocity and without adding the wind drift.

Since the simulated trajectories are integralshefihput fields (wind and current), their
terminal locations bear an accumulation of thersrin those fields. Thus, as shown in
Figure 2.8, we decided to re-initialize the positiof the drifters 80 hours after the first
deployment (see Table 2.7). As shown in Figurer@-Bitializing the simulations we are
able to better reconstruct the real trajectory.shswn in Figure 2.8 the MEDSLIK-II

simulated trajectory is shorter than the obserwéted trajectory, that's probably why the

simulated velocities are too low in this region.rtRarmore, the simulated trajectory is
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erroneously directed in the east direction, thigragbably due to the incorrect simulation of
the inertial oscillations by the hydrodynamic mod@lthough, there isn’t a strong
evidence, we argue that the simulated trajectoobs&ined adding the 1% of the wind
intensity of the current velocities or considerihg Stokes drift, are in better agreement
with the observations. As shown in Figure 2.8 timeutated trajectories obtained adding
the 1% of the wind intensity and considering thek8$ drift are almost overlapping,
giving us the evidence that the wind-correctiontdacan be used to account for missing
physics at the air-sea interface, such as the wianvk-induced currents. Although, we
have to remember that in our formulation the Stak#sis a function of the wind velocity
in the location of the slick or buoy, which is asetul assumption, but we are still missing

the contribution from the long period swells.

Experiment Name OSD-EXP1 | OSD-EXP2 OSD-EXP3

Model AFS AFS AFS

Horizontal resolution 2.2 km 2.2 km 2.2 km

Temporal frequency Hourly Hourly fields Hourly fields
fields

Current depth Om Om Om

Ageostrophic correction 0 1% 0%

Stokes Drrift NO NO YES

Table 2.6. Table of the experiments designed to stythe model sensitivity to the Stokes drift velogy.

Date & time 1° release 21 July 2009 09:40 GMT
Simulation duration 80 hours

Coordinates Lat= 44° 14.7’Lon=12° 30.5’
Date & time 2° release 24 July 2009 17:40 GMT
Simulation duration 55 hours

Coordinates Lat= 44° 31.20’Lon= 12° 20.95’

Table 2.7. Position, date and time of the simulatedrifters releases (restart of the simulation afteithe
beaching of the simulated drifter).

2.6.3 Sensitivity to the transformation processes.
In the framework of the MARCOAST project, the MR&dcasting system, coupled with

the MEDSLIK-II oil spill model, has been used topport several requests from the
Regional Marine Pollution Emergency Response Cefirethe Mediterranean Sea
(REMPEC) to forecast the dispersion of slicks de@cby Synthetic-Aperture Radar
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(SAR) images in the Tunisian and Algerian watetge 8" of August 2008 at 9:50 a.m. oil
spill has been detected with high confidence in Athgerian waters by the ENVISAT
satellite, using a SAR sensor (red slick in FigAr@). After 25 hours a slick has been
observed again in the same area by the MODIS TER&S#llite, using an optical sensor
(green dots in Figure 2.11).

The SAR data (observation time and date, positioailoslick center, area and oil slick
polygonal contour) has been provided by REMPEC|enthie optical sensor data has been
provided by Institute of Atmospheric Sciences arich@te (ISAC) of the Italian National
Research Council (CNR). The slick information, sashthe position of the centre of the
slick, the slick polygonal coordinates, the timetlod observation and the area of the slick
are calculated by the satellite system and usedlBRSLIK-II. The age and thickness of
the slick and the oil density are not provided bg tatellite systems and they must be
hypothesized in order to calculate the initial mdies of the spill at time of the
observation.

The input data provided by the satellite systemtaednput data hypothesized are listed in
Table 2.9. The simulation was carried out usingsingace currents from the MFS hourly

analyses, while the winds are taken from ECMWF érlycanalyses.

Input data
Observation Date 06/08/2008
Observation Time 09:51

Latitude (spill centre) 38° 17.39’
Longitude (spill centre) 5° 23.53’
Area 75712496 m2
Density (hypothesized) (0.898 tons/m3
Thickness (hypothesized)0.0001 mm

Age (hypothesized) 0 and 24 hours
Current velocities MFES 1 hourly Analysis
\Wind forcing ECMWEF 6 hourly Analysis

Table 2.9. Oil spill simulation input data.

In order to consider the possible errors in theenirfields, several simulations has been
carried out varying the initial position of theclli The initial position of the oil spill
particles has been shifted 1 point grid (6.5 km§ whifferent position (1-North, 2-South, 3-
East, 4- West, 5- North-East, 6- South-West, 7-tIs&iast, 8- North-West). The best
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agreement between the simulated and the obsene&dhsls been obtained shifting the oil
slick 1 point grid in the North-East direction frothe original position and with a
thickness of 0.0001 mm (volume equal to 6.8 tons).

Surface oil concentration, ton/km?®
06/08/2008 09:51 UTC +0001 hours
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Figure 2.9. MFS current velocity (m/s) hourly analgis field at the surface at 9:51 of the "6 August
2008 and overlay of the slick observed by SAR (red)

As described in section 2.5.2 MEDSLIK-II allowsitatialize the slick variables. Since we
want to forecast the transport and weathering adibslick observed by satellite, the spill
may have begun already to undergo the transformatie® to the weathering processes.
Since we didn’'t have any information about the afj¢he slick, we decided to perform
two experiments, one considering the slick as pmtled (age= Ohrs) and the other
simulating a slick with an age of 24 hrs. As shawrrigure 2.10-a and 2.10-b, one hour
after the SAR observations (06/08/08 10:51) tha arigh an oil concentration higher than
0.1 m/km? is larger in the case we consider the slick as gpdled. We argued that it
would be more feasible to detect the slick by &teaf the concentration of the surface oil
on the water surface is higher. Thus, we think tthet best experiment is the one

considering the slick as just spilled.
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06/08/08 10:51 age=0 hrs
o
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Figure 2.10. The position and shape of the oil skcpredicted by MFS-MEDSLIK Il on the August 6
10:51 GMT (upper panels) and August 7 12:51 GMT (ler panels). The simulation was carried out

considering the slick as just spilled (left panelsand a slick age of 24 hours (right panels). The gy and
black parts of the slick identifies the area wherehe oil concentration is higher.

In Figure 2.11 the simulated oil slick position dye considering as starting point the
position observed by the SAR satellite shifted grid point in the North West direction,
and the MODIS observation (green) of tHeAugust 2008 are shown. We can see that the
shape of the simulated slick is in agreement whih dbserved slick. In Figure 2.11 the
grey and black part of the slick identifies theaawehere the oil concentration is higher. As

shown in these pictures, the higher concentratiea &he western part of the slick) is in
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agreement with the position of the slick detectgdhe optical satellite sensor. The sensor
probably didn’t detect the lower oil concentratianea. These results emphasize the
importance of the transformation processes in thdigtion of the oil slick fate, giving us
the correct information about the persistence efdihat sea. Without the simulation of the
weathering processes the model cannot predict whdrwhere the oil disappears from the

sea surface.

07/08/08 10:51 age=0 hrs

39°NT
Observed Position
Medslik Predicted Position
Oil concentration > 0.05 m>/km?
Ao+ ® il concentration = 0.1 m>km?
' ’ g - =2
38°NF 1
30+ 4
i
37°N| 1
30 Il - il L . L I -
SGE ag SDE 30 ?CIE 30 SGE

Figure 2.11. The position and of the oil slick afte25 hours predicted by MFS-MEDSLIK 1l (red),
corresponding to August 7 2008 10:50 GMT compared ith the slick observed by MODIS-TERRA
(green). The simulation was carried out shifting tle oil slick 1 point grid in the North-East direction
from the original position. The grey and black pars of the slick identifies the area where the olil
concentration is higher.

52



Chapter 3

Chapter 3

3 Studies of Lagrangian drifters and oil spill obserations

3.1 Introduction

The oil spill model, presented in Chapter 2, hasnbealidated with surface drifter data,
with satellite data and with in situ data in difat Mediterranean regions. Verification of
the oil spill forecasting is both a crucial issungl @ difficult task to perform. It’s difficult to
obtain data of real transport of pollutants inte #ea, for this reason the main objective of
the cruise presented in this chapter, organizethéenframework of the PRIMI project
(PRogetto pilota Inquinamento Marino da Idrocarhusias to visit oil slicks detected by
satellite, in order to acquire in situ data foridation of the dispersion and transformation
model. The area selected for the cruise was thigatdediterranean (southern Tyrrhenian
Sea, Sardinia Channel, Sicily Channel, westernalor8ea). Moreover, during the cruise
different types of drifters were deployed at sdae @rifters are oceanographic instruments
used to study the surface circulation and oceapbgralynamics, they are designed to be
transported by ocean currents and these pecudmrinake them useful tools for the

validation of models of Lagrangian particle dispans

3.2 The PRIMI cruise
The cruise took place from August 6 to Septembe20N9, in the seas around Sicily

(Tyrrhenian, lonian Seas and Sicily Channel; Figdi®, an area with high frequency of
illegal hydrocarbon discharge, as inferred frontdrisal and PRIMI monitoring data. The
main cruise objective was to visit oil slicks deéet by the SAR and optical satellite
observations and whose displacement was predigtedebMEDSLIK-11 model, coupled
with the oceanographic operational models availabtbe Mediterranean Sea, and acquire
data on the oil-spill characteristics and compositi Besides Eulerian conventional
hydrographic data, Lagrangian drifters were reléaseil slicks for observation purposes,

as well as for validation of the dispersion anah$farmation model. In particular, in order
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to be able to distinguish between the uppermosenadtthe water column and the purely
superficial flow, representative of the near swfamnd of the oil spill dynamics,

respectively, three types of drifting devices wesed during the PRIMI cruise: 1) CODE-
modified surface drifters, on the basis of the ioafj design developed for the Coastal
Ocean Dynamics Experiment (CODE) in the early 198Davis, 1985), which provide

measurements of surface currents in the topmosernadt the water column with an

accuracy of few cm/s, 2) oil spill-following suriadrifters (SPHERE) (see Price et al.,
2003). The deployment was aimed at revealing tloggotions in which the oil slick

follows the wind and the current, respectively, @pD drifters manufactured by the
DICAM University of Bologna.

Finally, the cruise was dedicated to a systematimping of the hydrographic and

biogeochemical characteristics of the area (natrieed here).

Latitude (°)
38 39

35 36 37

Longitude (°)
Figure 3.2. PRIMI cruise (Aug. 6 — Sep. 7 2009, R/Vrania ) hydrographic stations (black crosses) and
visited oil slicks (red dots).

The acquisition of SAR and optical imagery of tmeige area was planned for the cruise
period. The ship track was conceived to have R/VANR\ (the ship) present (when
possible) in each satellite scene at the time gtistion and to subsequently search and

sample detected oil spill candidates. Each imags searched for possible oil slicks.
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MEDSLIK-1I coupled with the oceanographic modelssweed operationally to optimize
the research at sea of the oil slicks detected Batullite. Once the information about olil
slicks observation from remote sensing monitoriggtesm was received on board of R/V
URANIA the staff decided which of the slicks shoub@ search on the basis of the
extension of the slicks and of the distance fron¥ RJRANIA position. Then, the
forecasters started the procedures to forecastaheposition of the selected slicks at the
time when R/V URANIA would reach the waypoint tagtthe visual research of the slick.
This procedure was carried to search for 14 skaig4 of them have been found.

In the next section the forecasting and searchatigities, during the PRIMI cruise 2009,
of the 4 slick detected in situ are described.

Table 3.1 present the summary of the forecastimylsitions carried out by INGV during
the PRIMI cruise 2009.

3.2.1Instruments
The drifter instruments commonly used during oceaaphic cruise are modified CODE

drifters’. The design is similar to the one develdpor the Coastal Ocean Dynamics
Experiment (CODE) in the early 1980s (Davis, 198%)¢ modified CODE drifter can be
considered an efficient instrument to measure sarfaurrents in the first meter of the
water column with 1-2 cm/saccuracy (Davis, 1985). It is made of a 1 m longival
buoyant tube with four wings coming out radiallgrir the tube over its entire length. The
buoyancy is provided by four small spherical floattsiched on the upper extremities of the
wings with a short flexible line (see Figure 3.2-a)

In the oceanographic survey presented in this enapb other drifter types were used: the
SPHERE drifters and the OSD (Qil Spill Drifters)fgar. The SPHERE drifters, which are
oil spill-following surface drifters, conceived famil spill tracking, 39.5 cm diameter
spheres designed on the basis of earlier experinvamtied out in the late 1980s and early
1990s (see Price et al.,, 2003). The SPHERE usethisnwork were equipped with
IRIDIUM telemetry (Figure 3.2-c). The OSD drifterag manufactared by the DICAM
University of Bologna (Archetti, 2009). The OSDas32cm diameter cylinder and it has
been designed with a reduced submergence in oodésllow or simulate oil spill or

surface pollution (Figure 3.2-d). The drifters aguipped with a GPS to acquire the
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geographical position every 10 minutes and a IRMAIBatellite system to send data to a

server.

CODE SURFACE DRIFTER

Boem

Flotation ling

067 cm

10097 e

-

1143em

W eight=84Kg A)
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Figure 3.2 Surface drifters types: A) schematic digram of the modified CODE drifter (image taken
from the OGS website); B) deploying a modified CODHilrifters; C) SPHERE drifter; D) OSD drifter.
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Oil Date and time of Distance of the COMMENTS
slick satellite observation and | forecasted and in situ
ID Mission ID slick position
0Os1 2009-08-07 04:58 More than 8 km Visual confirmation.
COSMOSKYMED Thin film barely detectable by granules and iridese. 2 samples
taken.
0S2 2009-08-11 09:22 Impossible to estimate No certain visual confirm@tBSlick presence is suggested by seve
RADAR roughness attenuation episodes, some sinadtanwith
ENVISAT LIDAR 403 nm band intensity lowering.
0S3 2009-08-15 04:57 No forecast needed 0S3 is found to be a thermat frith lower temperatures inshore
by 0.1-0.2°C.
COSMOSKYMED
0s4 2009-08-18 09:03 Less than 1 km Visual confirmation Radar and Lidar signal alteration over slickslt
a clearly defined slick with iridescence, brownpmakches and
.. | floating tar balls, surely an illegal dischargeutéag from ballast
ENVISAT (6 hrs aft_er the satellitg wash. 6 samples taken.
observation) -0 Samples taxs
0S5 2009-08-24 05:16 6km Simulation in Delay Time
COSMOSKYMED
0Ss6 2009-08-24 05:16 Not done
COSMOSKYMED
Os7 2009-08-26 21:06 1km Forecast 15h.
ENVISAT Observed also in a 2°image on 27th August
0S8 2009-08-26 21:06 Not found
ENVISAT
0s7 2009-08-27 12:07 1,4 km from the
drifter, 6km from
medslik forecast
0Ss9 2009-08-29 09:45 8km Forecast 48h.
MODIS AQUA Very small slick found at Way Point
0S10 Not found No searching activities
0s11 2009-08-30 20:39 Not found Forecast 36h.
ENVISAT Very small slick found at Way Point
0s12 2009-08-30 20:39 Not found Forecast 36h.
ENVISAT
0OS13 2009-09-02 20:45 10 km Found on the way to forecast Way Point. \&emall slick found at
Way Point
ENVISAT
0Ss14 2009-09-02 20:45 Not searched but seen| Not searched but seen again in MODIS

ENVISAT

again in MODIS

Table 3.1 Summary of the forecasting simulations ceed out by INGV during the PRIMI cruise 2009.
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3.2.2 The forecasting system
The forecast skill of the oil spill dispersal aradef is intimately connected to the accurate

knowledge of the marine currents and the wind fidtEDSLIK-II can make use of
atmospheric wind and oceanographic fields (i.eremis, temperature) from several
different sources. During the PRIMI cruise, MEDSHIKoil spill model used the output
produced by the MFS (Mediterranean Forecastinge®ys{Pinardi et al. 2003), SCRM
(Sicily Channel Regional Model) (GaberSek et aD20 TYREMS (Tyrrhenian Regional
Model) (Napolitano, in preparation) hydrodynamicdals. The atmospheric forcing used
has been provided by the ECMWEF (horizontal resolutof 0.25°). The oil spill data
required to define a numerical oil spill initialruditions are location, time and area of the
spill. In the PRIMI system this information has beerovided to MEDSLIK-II by the
PRIMI satellite monitoring systems (optical and SARuring the PRIMI cruisehe
hourly time resolution oceanographic fields wereedusby MEDSLIK-Il. The
Mediterranean Sea forecast at basin scale is peddoa a daily basis by a complex
system composed of an ocean general circulationem{@GCM), a data pre-processing
and quality control scheme and an assimilation mehéhat corrects the model initial
guess with all the “in situ” and satellite availalbbservations. The basin scale model is
forced by ECMWEF atmospheric fields, made availabléNGV by the Italian Air Force
Meteorological Office. The output of two other ogegraphic models connected to
MEDSLIK-II were available during the PRIMI cruiseshe SCRM (Sicily Channel
Regional Model, Gabersek et al., 2007) and theh&rian regional model (TYREMS,
Napolitano et al., 2009). These models are nesiddmnthe Mediterranean model and
downscale the current field down to 2 km resolutionrmost of the Italian sea areas,
produce marine current and temperature forecasts amlay and for 5 days in the future.
The model output from all these models has beepledwperationally with MEDSLIK-
.
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Model Name MFS (Mediterranean Forecasting System)
Institution providing the modet INGV
Type OPA 8.2
Model region Geographical name Mediterranean Sea
Geographical -6°- 36°15' E
coordinates 30%16' - 46°N
Grid spacing 1/16%1/16*>~6.5 Km
Model Name SCRM (Sicilian Channel Regional Model)
Institution providing the modet CNR-IAMC
Type POMO98
Model region Geographical name Sicily Strait
Geographical 9°17°E
coordinates 31%39.5°N
Grid spacing 1/32%1/32°~3.5 Km
Model Name Tyrrhenian Sea Model
Institution providing the modet ENEA
Type POMO98
Model region Geographical name Tyrrhenian Sea
Geographical 8.81° — 16.31°East36.68°— 44.51°North
coordinates
Grid spacing 1/48%1/48>2 Km

Table 3.2. Oceanographic models main characteristc

3.2.3The operational procedures
During the cruise, oil spills were detected by ERIMI observation system using near real

time SAR (ERS-2, ENVISAT andtcOsSMOSKYMED as well as optical (MODIS and

MERIS) imagery. The cruise plan was organized ideorto have the ship within the

selected image frames at acquisition time, so asaximize the number of monitorable oil
spills.

Each image was searched for possible oil spillhbyPRIMI observation SAR and optical
processing softwares, located at the ASI facihitjvatera, Italy.

The images, the reports and the files containiegditailed slick information (such as the
oil slick contour coordinates) generated by theNPIRibservation systems were received
by e-mail on board.
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Once the satellite information were received, ttadf slecided which of the slicks should
be searched on the basis of the extension of thkssand of the distance from R/V
URANIA position.

Then, the forecasters started the procedures &xdst the new position of the selected
slicks at the time when R/V URANIA would reach theypoint to start the visual
research of the slick.

If available, the oil slick contour provided by tR&IMI observation system were used as
input in the oil spill model simulation, otherwisaly the oil slick centre or an oil slick
contour obtained on board from the satellite imagesd have been used as initial position
of the oll slick.

The MEDSLIK-II model simulations were run on theister machine located at the INGV
in Bologna, in order to minimize the download timfethe oceanographic model outputs
and the simulation time.

The step followed by the forecasters were:

- download of the MFS forecast and ECMWF forecastiviield;

- conversion of the satellite information in fornsaitable to the MEDSLIK-II model;

- run of the MEDSLIK-II model,

- download of the SCRM and TYREMS models forecakttie SCRM and/or the
TYREMS model covered the area of the slick obseagt

- run of the MEDSLIK-II models coupled with the higr horizontal resolution currents.
The R/V URANIA staff on the basis of the oil spflbrecasted position decided the
research area (considering the possible erroreofdahecasted position) and the ship track
to be followed within the area (zig-zag).

Once the ship was moved to the indicated spill ,areaoil slick searching via visual and
instrumental (Lidar and radar) was carried on.

In the case the oil spill was found, oil sampleseneollected and in the more severe oil

spill the drifters were released.
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OIL SLICK DETECTION
FROM SATELLITE

PRIMI FORECAST MODULE:

MEDITERRANEAN CIRCULATION MODEL (MFSH SUB-BASIN MODELS
OIL SPILL MODEL SIMULATION

OIL SLICK
SEARCHING IN THE AREA PREDICTED
BY THE OIL SPILL MODEL
(VISUAL INSPECTION, RADAR AND LIDAR)

L -,

\\

DRIFTERS RELEASE | OIL/WATER
ON THE OIL SLICK SAMPLE COLLECTION

Figure 3.3. Scheme of the operational procedures.

3.2.4Real time model validation: forecasting of the deteted oil slicks

3.2.4.1 PRIMI Oil Slick 1

Diary of the pollution event

1) Satellite image: COSMOSKYMED 07.08.2009 at 04:483JT

2) Reception of the PRIMI SAR report 4726.

3) Reception of the
CSKS2_DGM_B WR_01_HH_RA_SF_20090807045814 2009088820 SAROS
A image and XML data.

4) Release of the OS1 MFS-MEDSLIK forecast.

5) In situ oil slick visual detection and sample cctien.

Description of the OS1 pollution event
On the 7th of August 2009 at 09:00 UTC the repafated to the image SAR

COSMOSKYMED
CSKS2_DGM_B_WR_01_HH_RA_SF_20090807045814 2009088829 SAROSA
was received on board. At 10:00 UTC the XML filentaining the detailed information
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about the spill were received on board. The slick BRIMI SAR report 4726 (see Figure
3.4), called in this report OS1, was chosen asotie to be searched. The OS1 centre
coordinates are 38° 55’ 36.314” N 013° 43’ 32.798’ At 23:00 UTC the R/V URANIA
ship left the previous route (NE Sicily) in orderreach oil spill 1 (OS1) detected in SAR
COSMOSKYMED image and the ship steamed to OS1 &sted position for 08/08/09
10:00 UTC (38’ 50.000’ N 13° 48.000’ E).

On the & of August 2009 at 05:00h UTC the ship arrivedobefthe planned time, on
OS1 forecasted position for 08/08/09 10:00 UTC (88:000° N 13° 48.000' E). The
searching for OS1 started with E-W tracks in zoméindted by 38° 50.000' N, 38°
55.000" N, 13° 48.000’ E, 13° 51.000’ E. The tragkere spaced by 1 nm in N-S direction.
The arrival time in the predicted position was sagga to be at 10:00 08.08.09. Actually
the ship was in the position 5 hours before, baetsarching area wasn’'t updated. Anyway
the searching activity were carried on in the agaroximately for 5 hours. In Figure 3.5a
and 3.5b the searching area, the predicted sliskipo at 05:00 UTC and 10:00 UTC are
shown.

At 09:00h UTC the searching activity in the abowae was stopped and no oil spill was
detected. Following the captain suggestion, thp sldas moved in order to search east of
above zone due to strong eastward current presehieiarea (about 1 knot). At 09:25h
UTC a slick was found: thin film barely detectablesurface granules and iridescence. At
09:25 UTC a sample (OS1_1) was taken (38° 57.814'3N 59.070" E) end at 09:33h
UTC another sample a sample (OS1_2) was colle8&U57.889’ N 13° 59.141" E).
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224 1555 B2 HH =24 HE2 149+ 1526

Figure 3.4. Report of COSMOSKYMED 07.08.2009 04:58TC passage. 5 slicks were detected in the
area. The slick 1 was chosen as the one to be séwd.

Wind Velogity 29 m/s

‘Wind Velocity 1.8 m/s

A) B)

Figure 3.5. Searching area (white rectangle) and pdicted position A) after 24 hours (08.08.09 05:00
UTC) B) after 29 hours (08.08.09 10:00 UTC). Simuteon done using the MFS surface currents and
wind drift equal to 0%.
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Figure 3.6. Photo of the oil slick 0S1

Forecasting of OS1
The simulation of the oil slick OS1 has been dofterahe reception on board of the

CSKS2_DGM_B _WR_01_HH_RA_SF _20090807045814_ 2009088820 SAROSA
image and XML data (07.08.09 10:00 UTC). The fsshulation have been performed
using the MFS forecast current fields producedh@f August 2009, using the surface
currents and a wind drift equal to 0. The resulthef simulation (position of the slick after
29 hours, 08.08.09 10:00 UTC expected time the slopld have been in the area) is
shown in the figure 3.5. The oil spill searchingaars indicated by the white rectangle.
However slick 1 and 2 in the PRIMI SAR report 47gdgure 3.4) are separately
classified, they might be one slick. The forecakthe slick 2 (done in delay mode)
indicates that the slick observed in situ mightthe slick 2 of the report 4726: the
predicted position 29 hours after the satellitespge of the slick 2 is close to the position
of the observed slick. After the observation im sif the slick, in delay mode the following
simulations were done:
- simulation of the transport of the slick 1 using MFS hourly 30 m-currents and
3% wind drift (Figure 3.7);
- simulation of the transport of the slick 2 using MFS hourly surface currents and
0% wind drift (not shown);
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- simulation of the transport of the slick 2 using MFS hourly 30 m-currents and
3% wind drift (Figure 3.7);

- simulation of the transport of the slick 1 using thYREMS hourly 30 m-currents
and 3% wind drift (Figure 3.8);

- simulation of the transport of the slick 2 usingREMS hourly 30 m-currents and
3% wind drift (Figure 3.8);

Wind Velocity 3.4 nifs

Wind Velocity 2.8 m/s

Wind velocity

Current

Wind Velocity 1.1 mfs velocity

Slick center
Initial position

Wind Velocity 2.9 mfs

Sample

position

Figure 3.7. Scheme of the evolution of oil slick AS The oil spill labelled “slickl” and “slick2”
corresponds to the slickl and 2 of the COSMOSKYMEDmage (slickl is OS1). The wider two slicks
are the predicted positions by MFS-MEDSLIK 29 hoursafter (08.08.09 09:00) the COSMOSKYMED
image detection. The red arrows represent the samglcollection positions the 08.08.09 at 9:30.
Simulations done using the MFS 30 m currents and wd drift equal to 3%.
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QSLICKLZ

Wind Velooity 3.4 mfs

Amd Velocity 2.8 mfs

Wind velocity

Current

Wind Valocity 31 mfs velocity

Slick center
Initial position

Sample
-5 position

Wind Vetocity 2.8 mfs

Figure 3.8. Scheme of the evolution of oil slick AS The oil spill labelled “slickl” and “slick2”
corresponds to the slickl and 2 of the COSMOSKYMEDmage (slickl is OS1). The wider two slick
are the predicted position by TYREMS-MEDSLIK 29 hous after (08.08.09 09:00) the
COSMOSKYMED image detection. The red arrows represet the sample collection positions the
08.08.09 at 9:30. Simulations done using the TYREM30 m currents and wind drift equal to 3%.

In Figure 3.7 and 3.8 the oil spill labelled “slickand “slick2” correspond to the slickl
and 2 of the COSMOSKYMED image (slickl is OS1). Thaler two slick are the
predicted position by MEDSLIK 29 hours after (08@8 10:00) the COSMOSKYMED
image detection. The red arrows represent the saongilection position the 08.08.09 at
9:30.

The distance between the simulated position, usiedViFS currents, of the slick 2 and the
observed slick position is approximately 8 km (figu3.7). The distance between the
simulated position, using the TYREMS currents, lod slick 2 and the observed slick
position is approximately 6 km (figure 3.8). Thettbe agreement with the in situ
observation was obtained using the TYREMS 30 mecusrand 3% wind drift.

The comparison of model simulation results withsitu observations shows that the oil
spill simulated were moving slower than the reigksl

Table 3.3 present the details of the performed ksitiauns.

66



Chapter 3

FORECAST

DELAY

i OPERATIONAL [DELAY TIME [P5H DELAY TIME [DELAY TIME |DELAY TIME
OIL SLICK ID _ |SLICK 1 SLICK 1 SLICK 2 SLICK 2 SLICK 1 SLICK 2
SPILL DATE __ [2009-08-07 _ [2000-08-07 |[2009-08-07 |2009-08-07 |2009-08-07 |2009-08-07
%?ASEERVAT'ON 04:58 UTC 04:58 UTC  |oass uTC  Joass uTe  |oassutc  oass ute

38° 55 36.314139° 4' 20.042°|39° 4' 29.042" |38° 55' 36.314139° 4' 29.042"
SLICK CENTER [38° 55' 36.314" N N N N N

COORDINATE  [13° 43' 32.758" H13° 43' 32.758]13° 44' 47.02213° 44' 47.022]13° 43' 32.758]13° 44' 47.022]
E E E E E
AREA 1354387.5  |1354387.5 1 [859612.50 rh [859612.50 rh |1354387.5 h [859612.50 rh
-(I-:\I(CF:’}(;NI'ESEEIS) 0.1 mm 0.1 mm 0.1 mm 0.1 mm 0.1 mm 0.1 mm
SRR API1=26 API1=26 API1=26 API1=26 API=26 API1=26
(HYPOTHESIS) (MEDIUM) (MEDIUM)  |(MEDIUM) |(MEDIUM) K(MEDIUM) |(MEDIUM)
0.898 tons/m  [0.898 tons/r [0.898 tons/m |0.898 tons/m 0.898 tons/m  |0.898 tons/m
gg"':;ESELURCE AREAL AREAL AREAL AREAL AREAL AREAL
SOURCE SOURCE SOURCE SOURCE SOURCE SOURCE
SOURCE
MFS 1 IMES 1 MFS 1 MFS 1 TYREMS 1 |[TYREMS 1
HOURLY HOURLY HOURLY HOURLY HOURLY HOURLY
CURRENTS CURRENTS |CURRENTS |CURRENTS |CURRENTS [CURRENTS
R FORECAST FORECAST [|FORECAST |FORECAST |FORECAST |[FORECAST
VELOCITIES  |(SURFACE (30 M (SURFACE |30 M (30 M (30 M
CURRENTS) |CURRENTS) |CURRENTS) |CURRENTS) [CURRENTS) [CURRENTS)
Forecast Forecast Forecast Forecast Forecast Forecast
production Date: Jproduction production production production production
07.08.09 Date: 07.08.09|Date: 07.08.09Date: 07.08.09|Date: 07.08.09|Date: 07.08.09
e ECMWF 6 ECMWF 6 ECMWF6 |ECMWF 6 ECMWF 6 ECMWF 6
SR HOURLY HOURLY HOURLY HOURLY HOURLY HOURLY
FORECAST FORECAST [FORECAST |FORECAST |FORECAST |[FORECAST
WIND FACTOR [0% 3% 0% 3% 3% 3%

Table 3.3. Description of simulations for OS1. ThéForecast Mode: Operational” indicates the oil spil
model simulations done before the searching actiws, The “Forecast Mode: Delay Mode” indicates
the oil spill model simulations done after the detgtion in situ of the slick. The “Initial slick position:
Areal Source” indicates the simulations initializedwith the oil slick contour coordinates provided by
the satellite systems. The “Initial slick position:Point Source” indicates the simulations initializel with
the ail slick barycentre.

3.2.4.2 PRIMI Oil Slick 4

Diary of the pollution event

1)
2)
3)

Satellite image: ENVISAT 18.08.2009 at 09:03 UTC
Reception of the PRIMI SAR report 6358

Reception of the

ASA_WSM_1PNACS20090818_090325_000000592081_004@BBD001_SARO
SA image and XML data

4)
UTC)
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5) In situ oil slick visual detection and sample colien

6) Drifters (I-SPHERE and CODE) release

Description of the OS4 pollution event
On the 18th of August 2009 at 09:55 UTC the repaldted to the image SAR ENVISAT

ASA WSM_1PNACS20090818_090325_000000592081_004@BBD001_SAROSA
was received on board. In the image five slicksenmesent. The slick 3 in PRIMI SAR

report 6358 (see Figure 3.9), called in this doaun@S4, was chosen as the one to be

searched. The ship track was modified in order éacih the OS4. The OS4 centre
coordinates are 35° 16’ 55.26” N 16° 24' 52.438"The estimated travel time was 8

hours.

At 11:41 UTC the XML files containing the detailedformation about the spill were
received on board. The forecasted position for@8® 17:00 UTC was 35’ 18.000’ N 16°
27.000' E (Figure 3.10).
Actually, the ship was in the searching area 2 sidngfore the expected time. At 14:45

UTC the ship was proceeding to zigzag inside tlitargle containing the slick when a

first visual contact with the slick was possibleadar and Lidar signal alteration were

measured over the slick. The slick was a well dsfislick with iridescence, brown oil

patches and floating tar balls, surely an illegatklarge from ballast wash (Figure 3.11).

Six sample were taken (see Table 3.3 and 3.9).

Sample name Day Time UTC Lat Lon

0S4 1 18/08/09 14 45 35°17.150' N 16° 25.440' £
0S4 2 18/08/09 15 07 35°18.196’' N 16° 27.188'
0S4 3 18/08/09 15 14 35°18.225' N 16° 27.016’
0S4 4 18/08/09 1518 35°18.143' N 16° 27.091' E
0S4 5 18/08/09 15 33 35°17.840' N 16° 27.162' E
0S4 6 18/08/09 15 33 35°17.840' N 16° 27.162' £

Table 3.4. Position of the collected samples.
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ReaE 1563 435 e AN 1579 16552 1724 1795
Figure 3.9. Report of ENVISAT 18.08.2009 at 09:03 TC.

Wind velocity

wind Velbcity 4.6 m/s

Current

Wind Velocity 4.1 mfs velocity

Slick center
Initial position

Figure 3.10. Searching area (white rectangle) andredicted position after 8 hours (18.08.09 17:00
UTC). Simulation done using the MFS surface currerg and wind drift equal to 0%.
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Figure 3.11. Photos of the oil slick 0S4

Wind velocity

Current
velocity

Slick center
Initial position

Sample

Wind Velocity 4.4 m/s -
position

Figure 3.12. Predicted position after 6 hours (18809 15:00 UTC). Simulation done using the MFS
surface currents and wind drift equal to 0%. The ral arrows represent the position of the collected
samples.

Forecasting of 0S4
The simulation of the oil slick OS4 has been dofterahe reception on board of the

ASA_WSM_1PNACS20090818_090325_000000592081_004@BBMD001_SAROSA
image and XML data.
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The first simulation have been performed usingNteS forecast current fields produced

the 18" of August 2009, using the surface currents anih aiift equal to 0.
The result of the simulation (position of the sliaker 8 hours, 18.08.09 17:00 UTC
expected time the ship would have been in the aseshown in the Figure 3.10. The oll

spill searching area is indicated by the whiteaegte.

Table 3.5 presents the details of the performedilsitions.

FORECAST MODE OPERATIONAL DELAY TIME DELAY TIME DELAY TIME
OIL SLICK ID SLICK 1 SLICK 1 SLICK 1 SLICK 1
SPILL DATE 2009-08-18 2009-08-18 2009-08-18 2009-08-18
OBSERVATION TIME ]09:03 UTC 09:03 UTC 09:03 UTC 09:03 UTC

SLICK CENTER

35° 16' 55.261" N

35° 16' 55.261" N

35° 16' 55.261" N

35° 16' 55.261" N

COORDINATE 16° 24' 52.438" E 16°24'52.438"E  [16° 24'52.438"E  |16° 24' 52.438" E
AREA 4972500 m 4972500 m 4972500 m 4972500 m
THICKNESS

(HYPOTHESIS) 0.1 mm 0.1 mm 0.1 mm 0.1 mm

DENSITY API=26 (MEDIUM)  |API=26 (MEDIUM) |API=26 (MEDIUM) |API=26 (MEDIUM)

(HYPOTHESIS)

0.898 tons/r

0.898 tons/r

0.898 tons/m

0.898 tons/m

POINT SOURCE OR
AREAL SOURCE

IAREAL SOURCE

IAREAL SOURCE

IAREAL SOURCE

AREAL SOURCE

CURRENT
VELOCITIES

MFS 1 HOURLY
CURRENTS
FORECAST
(SURFACE
CURRENTS)
Forecast production
Date: 18.08.09

MFS 1 HOURLY
CURRENTS
FORECAST (30 M
CURRENTS)
Forecast production
Date: 18.08.09

SCRM 1 HOURLY
CURRENTS
FORECAST
(SURFACE
CURRENTS)
Forecast production
Date: 18.08.09

SCRM 1 HOURLY
CURRENTS
FORECAST (30 M
CURRENTS)
Forecast production
Date: 18.08.09

WIND FORCING

ECMWF 6 HOURLY
FORECAST

ECMWF 6 HOURLY
FORECAST

ECMWF 6 HOURLY
FORECAST

ECMWF 6 HOURLY
FORECAST

WIND FACTOR

0%

3%

0%

3%

Table 3.5. Description of simulations for OS4. ThéForecast Mode: Operational” indicates the oil spil
model simulations done before the searching actiwés, The “Forecast Mode: Delay Mode” indicates
the oil spill model simulations done after the detgion in situ of the slick. The “Initial slick position:
Areal Source” indicates the simulations initializedwith the oil slick contour coordinates provided by
the satellite systems. The “Initial slick position:Point Source” indicates the simulations initializel with
the oail slick barycentre.

After the observation in situ of the slick, in delaode the following simulation was done:

- simulation of the transport of the OS4 using theSVB® m-currents and 3% wind

drift (not shown);

- simulation of the transport of the OS4 using thdR®IC30 m-currents and 3% wind

drift (not shown);

- simulation of the transport of the OS4 using theR$Csurface currents and 0%

wind drift (not shown);
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The better agreement with the in situ observati@s wbtained using the MFS surface
currents and 0% wind drift (Figure 3.12). The dis& between the sample collection
position and the predicted slick centre is appratety 1 km. As in the case of OS1, the
comparison of model simulation results with in sifoservations shows that the oil spill

simulated were moving slower than the real slick.

3.2.4.3 PRIMI Qil Slick 5 and PRIMI Qil Slick 6
The in situ observation of OS5 showed that thékstioved north-west with respect to the

position observed by SAR COSMOSKYMED satellite. Braulation of the oil slick OS5

has been done in delay mode due to a delay indrexdsting products delivery. The
simulations of the OS5 have been performed anyhow have been used to
calibrate/validate the oil spill forecasting syste@S5 was forecasted to drift toward a
north-west direction by the forecasting system.oAthe drifter released on the OS5
showed a north-west direction but it seemed to niaster that the model prediction. The
LIDAR measurements at 21:24 UTC suggested thatfifter is 750 m apart from the oil.

Diary of the pollution event
1) Satellite images: COSMOSKYMED 24.08.2009 at 05:56JTC

2) Reception of the COSMOSKYMED Quick Look at 7:18 UZ€.08.2009

3) Release of the OS5 MFS-MEDSLIK forecast: in delaydmon 26.08.09 due to a
delay in the production of MFS-INGV forecast. FdB®no simulation has been
done.

4) In situ oil slick visual detection:
a. Slick 5 (PRIMI OS5) 10:24 LAT: 38° 40.792'N LON: 183.355'E
b. Slick 2 (PRIMI OS6) 17:52 LAT: 38° 33.713'N-LON: 1022.368'E.

5) Launch and collection of OSD drifter:
c. launched at 12:30 UTC 24.08.2009 recovered at513’BC 24.08.2009
d. launched at 14:30 UTC 24.08.2009 recovered at/00TIC 25.08.2009

6) Lidar oil detection at night 21:24 UTC at the pimsit 38° 44.695'N, 10° 38.606'E
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Description of the OS5 and OS6 pollution event
The first report (report 21427) showed 2 oil slickck 5 (Primi OS5) and slick 2 (Primi

OS6) (see Figures 3.13 and 3.14). As soon as flwetrevas received, the search for OS5
started. The slick was found and visually inspeaed0:24 UTC on 24.08.2009 at the
position 38° 40.792'N 10° 43.355'E. The presencalait sea was confirmed by radar and
Lidar instruments.

The OSD drifter was launched on the slick as a @st2:30 UTC and soon recovered
(12:55 UTC), then the operational launch was peréart at 14:55 again on the slick.

After having observed the slick OS5, at 15:00 URE R/V URANIA moved towards the
observed position of OS6. The latter has been foamd observed in situ by visual
inspection at 17:52 UTC 24.08.2009 and confirmed.iokar and radar observation in the
position 38° 33.713'N 10° 22.368'E.

MEDSLIK-MFS simulation have been done in delay maigce MFS-INGV forecast
production was released with delay. Simulation &5Chave been done using as initial
position the barycentre of the slick as observedhen COSMOSKYMED Quick Look
iImage mentioned above.

While recovering the OSD drifter at night, the Liddoserved the presence of oil at sea at
21:24 UTC on 24.08.2009 in the position 38° 44.H9510° 38.606'E. The distance
between the position of oil detected by the Lidada the drifter is around 600 m.

—

o
-
5
——
e
-

O

Figure 3.13. COSOSKYMED4.08.2009 Quick look 056:15 UTC. The red circles highlight the two
oil slicks 5 (Primi OS5) and 2 (Primi OS6).
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10503 10529 10:.556 10:,58.2 1 1:.505 1 1:.535 1 1:.551 1 15\_88
Figure 3.14. Report of COSMOSKYMED 24.08.2009 056t15 UTC passage.

(& Medslik003 22:20
24/08 20.45§
24/08

-
0S5 medshk 22 20

24/08.12.50
24/08 12.35 JI Primo Lancio Drifter 24 /08 12.30

C Medslik 003 14:20

055 oss inisitu 10:24
@ Medslik 14:20

Medslik 003 10:24

C

055 Cosmo 5:16 ‘-GO(')Q]L’
|

Data 510, NOAA, US. Navy, NGA. GEBCO,

Figure 3.15. Scheme of the monitoring and evolutioof oil slick OS5. The red placemark in the right-
bottom part of the figure represents the position were the slick has been observed by
COSMOSKYMED. The yellow placemarks represent the psition of the slick forecasted by MFS-
MEDSLIK using drift factor equal to 3% , at the different time (10:24, 14:20 e 22:20 UTC)The blue
placemarks represent the position of the slick foreasted by MFS-MEDSLIK using drift factor equal to
0%, at the different time (10:24, 14:20 e 22:20 UTC).
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Figure 3.16. Photo of the oil slick OS5 (Primi OS5)

Launch at sea of the OSD drifter on OS5
After the in situ visual inspection of the slick ®&t 10:24 UTC on 24.08.2009 the drifter

OSD was launched twice during that day, both timéhe oil slick.

A first launch was performed at 12:30 UTC (38° 8D'8I 10° 42.378'E) and the drifter
was then recovered at 12:55 UTC (38° 41.557'N P227'E).

A second launch was performed at 14:25 UTC (382@2N 10° 42.515'E) on the oil
slick. The OSD drifter follows a direction toward$0° and was recovered at 00:17 UTC
on 25.08.09 (38° 45.494'N 10° 37.752'E) after hgndaver a distance of 9 km. Since the
recovery of the OSD drifter was done at night neusi inspection was possible to see if
oil was present at sea in proximity of the driftent the LIDAR confirmed the presence of
oil at sea at 21:24 UTC in the position: 38° 44:8193.0° 38.606'E. At that time the drifter
was in the position 38° 44.907'N, 10° 38.173'Eultesy 750 m north-west of the LIDAR
observation.

Forecasting of OS5
Simulation have been initialized with the centrettdd oil slick OS5, since the report with

the shape file has not been received on time ordboa
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Two types of simulation have been performed to watal the sensitivity of results to the
wind drift factor which has been chosen equal todb# equal to 3%. MFS surface current
field have been used in the MEDSLIK-II simulations.

Results of the simulation are shown in Figure 3th®: yellow placemarks represent the
position of the slick forecasted by MFS-MEDSLIK nigidrift factor equal to 3%, at the

different time (10:24, 14:20 e 22:20 UTC). The bplacemarks represent the position of
the slick forecasted by MFS-MEDSLIK using drift facequal to 0%, at the different time

(10:24, 14:20 e 22:20 UTC).

The comparison of model simulation results with situ observations and drifters

observation shows that the model simulations areimycslower than observation. Among

the two simulations the one with the drift equaB® show results similar to observations.

Table 3.6 present the details of the performed ksitiuns.

FORECAST MODE  [DELAY TIME DELAY TIME
OIL SLICK ID 0S5 0S5

SPILL DATE 2009-08-24 2009-08-24
OBSERVATION TIME [05:16 UTC 05:16 UTC

SLICK CENTER 38°37'28.535" N  [38° 37' 28.535" N
COORDINATE 10° 47'33.191"E  |10° 47' 33.191"E
IAREA 5106825.0 5106825.0 h
i L
DENSITY IAP1=26 (MEDIUM) [API=26 (MEDIUM)
(HYPOTHESIS) 0.898 tons/m 0.898 tons/m

POINT SOURCE OR

AREAL SOURCE POINT SOURCE [POINT SOURCE

MFS 1 HOURLY [MFS 1 HOURLY

CURRENTS CURRENTS
FORECAST FORECAST

SEFSCE#ITES (SURFACE (SURFACE
CURRENTS) CURRENTS)
Forecast production [Forecast production
Date: 26.08.09 Date: 26.08.09
ECMWF 6 HOURLY[ECMWF 6 HOURLY|

PHE HORENe FORECAST FORECAST

WIND FACTOR 3% 0%

Table 3.6. Description of simulations for OS5. ThéForecast Mode: Operational” indicates the oil spil
model simulations done before the searching actiwés, The “Forecast Mode: Delay Mode” indicates
the oil spill model simulations done after the detgtion in situ of the slick. The “Initial slick position:
Areal Source” indicates the simulations initializedwith the oil slick contour coordinates provided by
the satellite systems. The “Initial slick position:Point Source” indicates the simulations initializel with
the oil slick barycentre.
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3.2.4.4 PRIMI Qil Slick 7
OS7 was observed from satellite on 26.08.2009 hed & successful forecasted by MFS-

MEDSLIK allowed to find the slick on 27.08.2009. t&f in situ sample collection and
observation the OSD drifter was launched on tlek €lnd was then recovered the day after
(28.08.2009). The slick was found again close &dhfter. OS7 was forecasted to drift in

the north-west direction by the forecasting syst&fso the drifter showed a north-west

direction but it moved following an anti-cycloni@atern that is not represented by the

model.

Diary of the pollution event

1)

2)

3)

4)

5)

6)

7)

8)

9)

Satellite passage ENVISAT 26.08.2009 at 21:05:5€UT

Second satellite passage over the same area ENV23AB.09 at 09:20:17.

At 9:01 UTC on the 27.08.2009 reception of the re@851 of the satellite passage
ENVISAT 26.08.2009 at 21:05:56 UTC

At 10:45 UTC on the 27.08.2009 release of the fostcast (MFS-MEDSLIK
forecast simulations of OS7).

At 12:06 UTC on the 27.08.2009 OS7 was visuallyeobsd (36° 52.563'N 13°
29.111'E) (900 m away from predicted slick position

At 12:07 UTC on the 27.08.2009 LIDAR: slight Rangagnal variation was
observed, OS7 slick present at surface.

At 12:12 UTC on the 27.08.2009 ships entered tiok 81 the position 36° 52.17°'N
13° 30.03'E

At 12:22 UTC on the 27.08.2009: R/V Urania entdrexthicker part of slick in
the position 36° 12.31'N, 13° 30.29'E. Vacuum cleasampling is carried out at
38° 52.48'N, 13° 30.34'E

At 13:10 UTC on the 27.08.2009 13:10 UTC: Lagrangiaperiment with bio-
spheres and OSD drifter at 36° 52.841'N 13° 30623

10) At 16:05 UTC on the 27.08.2009: stop of the Lagran experiment with bio-

spheres at 36° 54.238'N 13° 33.271'E. (OSD DRIFEkperiment continues)

11)At13:35 UTC on the 28.08.09 recovery of OSD dritieposition 36° 53.839'N 13°

26.639'E at 1,4 km from the afterwards observadk sli
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12)At13:35 UTC on the 28.08.09 first visible detectmfroil at position 36° 54.414'N
13° 26.020'E

13)At13:57 UTC on the 28.08.09 LIDAR signal variatisas observed, oil slick
present at surface.

14)At 14:47 UTC on the 28.08.09 last visual detectibthe slick at position 36°
55.712'13° 22.272'E (comparing the first and fip@dition of detection the slick
OS7 appeared to be 4.6 km long)

Description of the OS7 pollution event
On the 27th of August 2009 at 09:00 UTC the repeldted to the image SAR ENVISAT

ASA_WSM_1PNACS20090826_210556_000000612082_0002%13M001_SAROSA
(ENVISAT image of the 26.08.2009 at 21:05:56 UTCaswreceived on board. In the
image three slicks were present. The slick 3 inNARBAR report 7951 (see Figure 3.17),
called in this document OS7, was chosen as thetmme searched. The ship track was
modified in order to reach the detected positio®@8f7, while INGV started the procedures
to forecast the new position of OS7. The estimaiedal time was at 12:00 UTC on the
27.08.09. The forecasted position was 36° 52.313%,29.70'E.

R/V URANIA arrived in the forecasted position 18uns after the detection (12:00 UTC
27.08.2009) after detection . The slick was foumdhe area, by visual observation (see
Figure 3.20) and by Lidar measurements at 12:07 0f€7.08.2009 in the position 36°
52.563'N and 13° 29.111'E, 900 m away from theipted slick position.

At 13:10 UTC of 27.08.2009 the OSD drifter is labhed in the position 36° 52.841'N 13°
30.623'E in the core of the slick.

On the 2% August 2009 at 10:15 a second report (report 1p8ded to the image SAR
ENVISAT
ASA_IMP_1PNACS20090827_092017_000000152082_000368P001_SAROSA
(ENVISAT image of the 27.08.2009 at 09:20 UTC) weseived on board. In the image
several oil spill were present, it's reasonableabse of the shape, of the position and of
the results of the MEDSLIK simulations, to suppdisat the slick 6 in the report 10379
(figure 3.18) is the evolution of the OS7.
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£ SEF— 10144 11,19 11,04 12359 13:44 14i19

12:42 12;61 12.?30 13500 1:5:;19 13238 13:;57 13:;?5
Figure 3.18: Report of the ENVISAT passage 27.08.G¢8 09:20:17 UTC
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fine macchia 28 agesto 14 47

Macchia 28 agosto 14 03 conferma lidar
Macchia 28 agosto 13 55

Drittér 28 /08 12.40
Drifter 27/08 13:10 0

Q.

medslik 27 age 12:00

medshk 27 ago 9:00

In situ Validated slick (15 hrs)

‘ Sheck SAR. 27 ago %20

Second observation (12 hrs) d

Slick 26 ago SAR 21:06

Firsda'servation

<2009 T-.-"I-A:In IWG(‘}OS]C
Figure 3.19. Scheme of the monitoring and evolutioof oil slick OS7. The yellow placemark in the
right-bottom part of the figure (“First Observation ") represents the position where the slick has been
observed by SAR ENVISAT 26.08.2009 at 21:05:56 UTQhe second yellow placemark represents the
position of the slick as observed by SAR ENVISAT de27.08.09 at 09:20:17 UTC (“Second
Observation”). The two yellow placemarks calles “Redicted slick” present the position of the slick a
forecasted by MEDSLIK-MFS after 12 and 15 hours.
The green placemark presents the position of theigks as observed in situ from R/V URANIA RV.
The white circle on the right is the position wherethe OSD drifter is launched on the 27.09.2009 at
13.10 UTC, the red line represents the trajectory fothe slick and the second yellow circle on the lef
represents the position where the drifter has beeoollected after 24 hours on 28.09.2009 at 12.40 UTC
The purple placemarks on the left side of the pictee represent the positions of in situ observationef
oil slicks just after the drifter collection on 2808.2009.

Figure 3.20. Photo of the oil slick 057
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Launch at sea of the OSD drifter on OS7
After the in situ visual inspection of the slick D#e drifter OSD was launched at 13:10

UTC on 27.08.2009 in the oil slick. The OSD driftelowed an anti-cyclonic patterns and
it was collected at 12:40 UTC on 28.08.09 (see eig@119). After the recovery of the
OSD drifter, oil was found in proximity of the cef.

Forecasting of OS7
The simulation of the oil slick OS7 has been dameaeial time on 27.08.09. Simulation

have been initialized with the centre of the oitlslOS7, since the report with the shape
file has not been received on time on board. Resilthe simulation are shown in Figure
3.19: the yellow placemarks represent the posibérthe slick forecasted by MFS-
MEDSLIK after 12 and 15 hours.

FORECAST MODE OPERATIONAL

OIL SLICK ID 0S7
SPILL DATE 2009-08-26
OBSERVATION TIME [21:06 UTC

SLICK CENTER 36° 47' 12.455" N
COORDINATE 13° 37' 14.488" E
AREA 2452500.0 rh
THICKNESS

(HYPOTHESIS) 0.1 mm

DENSITY AP1=26 (MEDIUM)
(HYPOTHESIS) 0.898 tons/rh

POINT SOURCE OR

AREAL SOURCE POINT SOURCE

IMFS 1 HOURLY

CURRENTS
I— FORECAST
VELOCITIES (SURFACE

CURRENTS)

Forecast production
Date: 26.08.09

ECMWF 6 HOURLY
FORECAST

WIND FACTOR 3%

Table 3.7. Description of simulations for OS7. Thé&Forecast Mode: Operational” indicates the oil spil
model simulations done before the searching actiws, The “Forecast Mode: Delay Mode” indicates
the oil spill model simulations done after the detgtion in situ of the slick. The “Initial slick position:
Areal Source” indicates the simulations initializedwith the oil slick contour coordinates provided by
the satellite systems. The “Initial slick position:Point Source” indicates the simulations initializel with
the oil slick barycentre.

WIND FORCING
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The comparison of model simulation results withsitu and satellite observations (it's
realistic to suppose that the slick 6 in the re@0879 -Figure 3.18- is the evolution of the
0S7) shows that the model performed well and theuksition was successfully used to
search the slick and the forecasted position wesstlegan 1 km far from the in situ observed

slick.

3.2.5 I-Sphere and CODE release
A line of alternated 5 CODE and 4 I-SPHERE (seaifé@.22) drifters 250 m apart, along

slick length, inside slick (see Figure 3.21 andl&&h8) was released in the slick OS4. The
line pattern was chosen because of slick narrow@ggsox. 50-100 m).

Unfortunately, only 2 of the five CODE drifters ealsed were transmitting their position.

In Figure 3.23 the overlay of the observed driftieegectories (the solid red lines are the
SPHERE drifters trajectories and the dashed rezt lare the CODE drifters trajectories)
and the MEDSLIK-II trajectories from 18/08/2009 24/08/2009 are shown. The blue
solid lines represent the simulated drifters tri@jees obtained using the MFS surface
daily currents analysis and 0% wind drift. Thesgetrtories represent the paths of the
CODE drifters, because the CODE drifters are cotapgleunderwater and don't
experience the direct effect of the wind.

The dashed lines represent the simulated driftejectories obtained using the MFS
surface daily currents analysis and 1% wind dfiftese trajectories represent the SPHERE
drifters, that are not completely underwater anel taansported not only by the surface
currents, but feel also the effect of the wind.

Buoy type | s/n Release | Time | Lat Lon
date uTC

ARGO 33200 18/08/09| 16 34 35° 18.254' N 16° 27.995’
I-SPHERE | 3000340125780408/08/09 | 16 38| 35°18.371'N 16° 27.626’ E
ARGO 33201 18/08/09| 1642 35°18.507' N 16° 27.668’
I-SPHERE | 3000340124894708/08/09 | 16 44| 35°18.630'N 16° 27.716" E
ARGO 33205 18/08/09| 1647  35°18.738'N 16° 27. 7153’
I-SPHERE | 3000340124805608/08/09 | 16 49 | 35°18.790'N 16° 27.790" E
ARGO 33206 18/08/09] 1652 35°18.946' N 16° 27.848’
I-SPHERE | 30003401265981@8/08/09 | 16 55| 35°19.055' N 16° 27.847" E
ARGO 33209 18/08/09] 1657 35°19.163' N 16° 27.&H7’

Table 3.8. Position of drifters release.
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Wind velocity

Current
velocity

Slick center
Initial position

Sphere-Drifter
release point

Wind Velocity 4.6 m/s

CODE-Drifter
release point

Figure 3.21. Predicted position of slick OS4 afteB hours (18.08.09 17:00 UTC) and drifters release

position. Simulation done using the MFS surface cuents and wind drift equal to 0%.

are the SPHERE drifters).
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Drifters trajectories 18/08/2009 17:00 - 21/08/2009 17:00
36°N : . . .

== == | Real Code Drifters Traj.

=== Real Sphere Drifters Traj.

= = | Simulated Code Drifters Traj.:surface daily currents, wind drift=0%
Simulated Sphere Drifters Traj.:surface daily currents, wind drift=1%

ONI 1 - 1 - 1 - 1 - ]
35 Nog 15 24 36 28 17°E

Figure 3.23. Overlay of the observed drifters trajetories (1- solid red lines: SPHERE drifters; 2-
dashed red lines: CODE drifters) and the Medslik tajectories from 18/08/2009 to 21/08/2009. The blue
solid lines represent the simulated drifters trajetories obtained using the surface daily currents ath
0% wind drift and the dashed lines represent the siaulated drifters trajectories obtained using the
MFS surface daily currents analysis and 1% wind drit.
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Chapter 4

4 Estimates of Lagrangian horizontal diffusivity from drifter data

4.1 Introduction

In recent years there has been a growth of intéoeshe prediction of particle trajectories
in the sea. One important application is the foseoéoil spills.

Transport and dispersion processes can be simulsieq a Lagrangian particle model
coupled with Eulerian Ocean General Circulation BledOGCM). Using this approach
each particle displacement is described by a daetestic and stochastic part,
corresponding to an average and a fluctuating paspectively. The first one represents
the advection associated with the Eulerian curfietdt while the second describes the sub-
grid scale processes, due to unresolved scalbg I@GCMs, and the turbulent diffusion.
The focus of this study is to quantify the diffuspK and the time scales T, to be used as
input parameters for dispersion in oil spill moddle this end the first step has been to
compute K and T using the drifters deployed durihg Marine Rapid Environmental
Assessment 2007-2008 (MREA) exercise in the Ligurdea. The second step is the
analysis of the relation between the horizontdiudif/ity and the wind and current field,
which can be provided by Eulerian models. This dastlysis has been performed using the
drifters, deployed in the Adriatic Sea as parthted Dynamics of Localized Currents and
Eddy Variability in the Adriatic (DOLCEVITA) projed2002 — 2004). The final aim is to
find a parametric law for the calculation of therirontal diffusivity to be used for the
simulation of Lagrangian trajectories in realidfiglerian flow field simulations.

An accurate calculation of the Lagrangian transpgonmnportant for a number of practical
problems, such as the dispersion of oil at searder to understand Lagrangian motion at
sea, surface drifter data (Poulain & Niiler 198@pulain 2001), (Falco et al. 2000),
(Ursella et al. 2006), (Poulain & Zambianchi 20@fe usually analysed and transport
parameters are computed that could be used in hggma particle models.

In the statistical approach to understand and mibelagrangian transport, the flow field
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has two distinct components: a large scale meam dl@and a turbulent field’. Thus, the
tracer particles are moved by two separated presgss) average advection byand a
fluctuating transport due 1, in which the turbulent velocity or eddy Lagrangigelocity

is modelled as a random walk process. The meatadampents might be calculated using
the current velocity fields provided by the Euleriacean general circulation models, such
as the Mediterranean Forecasting System (MFS) (@iea al. 2003) or higher horizontal
resolution regional model. These models do notectly simulate the horizontal sub-grid
scale diffusion due to an unrealistic horizontdffugivity, which is necessary to the
numerical convergence. In the MFS model the hoteadiffusivities are set to the value
of 7-10° cn/s in both directions (Tonani et al. 2008).

The stochastic model is represented by a zero didear, ordinary differential equation,
characterized by some simple transport parametets a&s the diffusivity. The purpose of
this study is to correctly estimate the turbuleahsport parameters using drifter data sets.
The work is organized as follows. The drifter datasill be described in the next section.
Lagrangian statistics will be presented in thedtlsection of this chapter. The Lagrangian
properties as computed from satellite-tracked eisft data in the northwestern
Mediterranean Sea (2007-2009) are presented ifottiesection of this chapter while the
essential results of the analysis of the relatietwken the horizontal diffusivity and the

wind and current fields, for the Adriatic Sea, discussed in the last section.

4.2 Drifters data
4.2.1 The MREAO7-MREAOQS cruises (Ligurian sea)

Drifters are considered to be quasi-Lagrangianruns¢énts because they do not
perfectly follow the water particles due to windixganteractions. In good approximations,
however they follow rather well the horizontal sw# currents and can be thus viewed as
surface passive tracers. The drifter dataset uséis work has already been used for the
description of the surface circulation in the LigtRrovencal basin (Poulain et al., 2010 in
preparation).

The drifters were deployed as part of the Maringi®a&nvironmental Assessment
(MREA) exercises in small clusters (1 km) of 3-Stsirat a single location in the open
Ligurian Sea in the vicinity of the ODAS buoy (9°1F 43.79° N).
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The drifters employed were provided by NATO UndarBesearch Centre (NURC), by
the Istituto Nazionale di Geofisica e Vulcanolo@idGV), by Centro Nazionale Ricerche
(CNR) and by the Istituto Nazionale di Oceanografidi Geofisica sperimentale (OGS).
The drifter design is similar to that used in th@astal Dynamics Experiment (CODE) in
the early 1980s (Davis, 1985). These drifters hHasen localized by Global Positioning
System (GPS) at hourly intervals and their dataneltered via the ARGOS system. The
scheme of the released drifter positions was ascm® central drifter in the vicinity of the
ODAS buoy and the other 4 drifters 500 m far frdm tentral buoy in direction North,
South, East and West.

The surface drifters were deployed in the Liguis®a in May and June 2007 during the
MREAO7 and LASIE (Ligurian Air-Sea Interaction Expeent) experiments by the Italian
Navy Vessel Galatea and R/V R/V Urania . Threetalri€lusters, each consisting of five
drifters, were launched in three different pericaléiyst cluster was launched on 14 May, a
second cluster was deployed on 17 June and thelieger was released on 22 June. In
2008, during the MREAO8 experiment, which took plat the Ligurian Sea from the 29th
of September until the 22nd of October, on boartiadian Navy Vessel Magnaghi, other
three clusters of CODE drifters, each consistinghogée drifters, were released in three
different period. A first cluster was launched o®dtober, a second cluster was deployed
on 11 October, and the last cluster was releasezPddctober. Some drifters stranded on
the Italian and French coasts and were successedlgployed. Considering that some
drifters failed transmitting right after deploymerdand those others were recovered and
redeployed, we have a total of 32 trajectories.
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Drifter ID Start date |Start time |End date | End time| Total days
MREAQ7

ar4871 14/05/2007 13.44 16/06/200[73.00 33
ar4872 14/05/2007 13.55 26/09/200[719.01 135
ar4873 14/05/2007 14.00 15/06/200/5.00 32
ar4874 14/05/2007 14.22 27/05/200}720.02 13
ar4875 14/05/2007 14.28 23/07/200}13.00 70
b74874(redeployed) 30/05/2007 10.01 22/06/200}715.00 23
b74875(redeployed)13/08/2007 15.00 01/09/200}73.00 19
c74875(redeployed) 19/09/2007 8.30 27/09/200713.00 8
a06950 17/06/200710.07 01/07/200}713.00 14
a06952 17/06/200710.19 24/06/200}710.00 7
a06955 17/06/200710.26 30/07/200}714.00 43
a06957 17/06/2007 10.38 19/10/200j72.00 124
al12582 17/06/2007 10.57 24/06/20074.02 7
b06950(redeployed)17/07/2007 6.33 07/09/200712.02 52
al2583 22/06/200711.00 12/08/200j0.20 51
al2584 22/06/200711.11 06/07/200}22.10 14
al2587 22/06/200711.18 01/07/200}16.00 9
al2591 22/06/200711.27 01/07/200}77.00 9
al4648 22/06/200711.34 01/07/200}11.00 9
b12587(redeployed)17/07/2007 6.27 12/10/200717.00 87
b12591(redeployed)17/07/2007 6.30 13/08/200¥21.00 27
b14648(redeployed)17/07/2007 6.37 10/08/20074.00 24
c12591(redeployed) 16/08/2007 1.04 08/10/200722.00 53
MREAOQS

a85193 01/10/2008 6.34 08/12/200810.55 68
a85747 01/10/20086.33 08/12/200822.18 68
a85743 01/10/20086.19 08/12/200820.35 68
a85194 11/10/2008 15.20 08/12/200822.19 58
a85744 11/10/2008 15.36 08/12/200817.52 58
a85745 11/10/2008 15.41 02/11/200815.32 22
a85746 22/10/2008 23.21 29/10/200821.06 7
a85748 22/10/2008 23.29 08/12/200822.17 47
b85742 22/10/2008 23.20 31/10/20089.24 9

Table 4.1. Coordinates and release data of theMREAGand MREAOS8 drifters.
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Figure 4.1. Position diagram of the drifter data anl the ODAS buoy.

4.2.2 Hystorical data: DOLCEVITA cruise (Adriatic Sea)
The observations derived from the surface drifteeployed in the Northern and Central

Adriatic between September 2002 and March 2004otAl tof 124 drifting buoys were
launched during the international DOLCEVITA projecbrresponding to 188 deployments
because some drifters were recovered and redepksyextal times. The main objective of
the DOLCEVITA project was to quantify the kinematad dynamic properties of the
northern and middle Adriatic Sea and to define iinesoscale variability with special
attention to coastal Italian current.

Two versions of the CODE drifters (Davis, 1985; Roy 1999, 2001) were used, with
ARGOS telemetry and GPS systems which permit a fiegolution in space (~10 m) and
time (Barbanti et al., 2005) to be obtained. Thsifmmn sampling for GPS-CODE drifters,
transmitted to the ARGOS satellite system, was qamogied at 1-hour intervals. These
surface drifters are considered efficient instrutaeior measuring and describing ocean

circulation due to their accuracy in following therface current at 1-2 cm/s.
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Figure 4.2. Position diagram of the drifter data

4.3 Lagrangian statistics
The quasi-Lagrangian nature of the drifter trackexploited to obtain Lagrangian scales

of variability and to describe diffusive transpbst the eddy field. Lagrangian scales of
variability from individual drifters are calculatedet u(xo,t) be the velocity at time t of the
drifter passing trough x0 at the initial time tChel Lagrangian autocorrelation is defined
(Poulain & Niiler 1989):

lfo+TUi'(xo,t)ui (o, TR 1y (¢, By, (X, t4T)),

T i
R, (1, T,ty,,X,) = = (4.1)
! 1 o+, : . 2
?J-to u; " (X, ;" (X, t)dt <U| (X, 1) >|_
whereu’ (Xo,t) is a residual velocity and
_ 1 pto+T
< >L _? t dt

is a Lagrangian average, where T is the intervag tover which the average is performed.
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For homogeneous and stationary fields, the depeeden T,Xo and ¢ vanishes. Residual

velocity, u'=u —(u)L, are defined by removing the mean velocity forthedifter. There is

a large variability in the individual autocorretai functions. Most of these have
significant negative lobes and approach a zeroevalusmall time lag. The Lagrangian
integral time and space scales are the time andiskence over which a drifter remembers
its velocity. They are defined by:

" =[ Ry ()t (4.2)

L" :[<ui '2>L]l/2j; R, (T)dt :[<ui '2>L l/2TiL (4.3)

The integral of the autocorrelation which appearghese definitions is generally time

dependent and does not approach a constant lintitirageases. A usual practice is to
integrate from zero to the time when the autocati@h reaches for the first time a value
lower than 1/e. This corresponds to the first maxmof the integral scales and the values

can be considered as upper bound to the true scales

4.4 Lagrangian properties in the northwestern Mediterranean Sea as computed
from satellite-tracked drifters data (2007-2009)

The trajectories described by 32 drifters betweey KO07 and December 2008 were used
to study the transport properties in the LiguroMerecal basin (see 3.3). Since the
acquisition period was not regular, the drifteradaere quality controlled and interpolated
at 1-h uniform interval using a linear interpolatiand the velocities were then calculated
as finite differences of the positions. Lagrangsoales of variability from individual
drifters were analyzed and Lagrangian single-partitatistics were computed from the
edited and interpolated 1-hourly drifter positiordalrifter data.

The main quantities computed are the autocorrelattte integral time scale;"T and the
diffusivity, Kj. Since all the quantities are expressed as vectmponents, the choice of
the coordinates system is expected to play a rolhe presentation of the results. The
mean flow could influence the turbulent featuressutting in an anisotropy of statistics.
Thus, the best choice is to use a natural Cartesyatem, which is obtained rotating
locally along the mean flow axes. So, at each ttep t the mean flow velocity has been

computed as the average of the drifter velocitiesr @ days, centred at the time t. The

91



Chapter 4

coordinate system has been oriented along thetidineof the 4 days mean flow velocity.
The two components of a quantity in that systemtlaeealong current component and the
across-current component. As example, the Lagrarayigocorrelations of drifters a74871
and a85743 are plotted in Figure 4.3. The drifiet871 shows the streamwise component
of the autocorrelation higher than zero for morantt2 days, while the across stream
component reaches a first zero value after few $oline trajectory of the drifter a85743
shows higher decorrelation time scales: about 1idaje across current direction and

more than 3 days in the along current direction.

w-

Along component autocorrelation Drifters a74871
— — — Across component autocorrelation Drifters a74871
Along component autocorrelation Drifters a85743

— — — Across component autocorrelation Drifters a85743

autocorrelation

-0.5 1 1 | | | | 1 | 1 |
0 20 40 60 80 100 120 140 160 180 200

time lag (hours)

Figure 4.3. Lagrangian autocorrelations versus timdag in natural coordinates: a) along component
(solid); b) across component (dashed) for driftera74871 and a85743.

This variability reflects the inhomogeneous stroetwf the flow field. Average
diffusivities values are about 11D’ cnf/s and 5.1.0° cnf/s in the along and across
current directions, respectively. The average stmége component of the integral time
scale is equal to 9 hours, while the across compdseequal to 4.4 hours.

The probability density of particle displacements,{xo,t)) plays a major role in the
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transport of the mean concentration of a passiaasproperty (Davis 1983).
Its second moment is the displacement covariandesatefined as:

(d7)(1) = [ p(x, 6 X, 1o ), ) (dX,)° (4.4)

where d'=x-x,-(u)(t-t,) is a residual displacement,xp(t; Xo, to) is the probability
density that a particle released &g, (tp) reachesx, t) and A is the domain of all the
possible initial conditions. For homogeneous amatiaary fields, a simple formula relates
the single-particle diffusivity (K, defined as the time rate of change of the despteent
covariance, to the integral of the Lagrangian ammi@tation. This relation, first derived by

Taylor (1921) is expressed as:
K, (t) =15<d'i2> =(u*)[ Ry (Ot =(u )T, (4.5)

Equation (4.5) approaches two independent limits:

- Initial dispersion:

If t<<T', then %%(d'i2>:<u'i2>t (4.6)
- Random walk regime:
If t>>T,", then %%<d'i2>:<u'i2>TiL 4.7)

In spite of the non-uniform nature of the obsexwat, we begin the analysis with the
simplest approach of assumed homogeneity and sessdiA large number of independent
tracks are necessary to calculate reliable stisBince the decorrelation time scale of the
individual drifter track is less than 7 days, amptlocations of the same drifter separated
in time by more than 7 days are independent angl ¢he be considered as the origins of
two independent tracks. Thus, the number of degudefreedom was increased by
considering subtracks whose origins are taken ewverglays, along the 32 original
trajectories, giving a total of 169 segments. Ushgsegmented tracks data, we calculated
again the diffusivity and time scale. The valuesadted for the diffusivity are 1.20’
cm’/s and 3.11¢° cnf/s in the along and across current directions, eetiyely. These

values are slightly lower than the ones obtainedguthe individual tracks. This is due to
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the different means taken out in the calculationthsd velocity fluctuations, the latter
calculated by removing the average velocity of shgment of the drifter trajectory. The
average integral time scale is about 10 hours andh@urs in the along and across current

directions, respectively.

100

Across current displacement (km)

-100 -

1 1 1 1 1 1 J
0 1 2 3 4 5 6 7
Time after launch (days)

Figure 4.4. Displacements across component in natircoordinates versus time after deployment for
the segmented drifter tracks (black lines); time sges of the mean displacements (red line) and
associated rms intervals (blue lines)
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100

Along current displacement (km)
o

-100

Time after launch (days)

Figure 4.5. Displacements along component in naturaoordinates versus time after deployment for
the segmented drifter tracks (black lines); time sges of the mean displacements (red line) and
associated rms intervals (blue lines).

Then, the evolution in time of the displacemeneacth drifters from the release point were
calculated. The original and segmented displacersenés are plotted versus time after
deployment in Figures 4.4 and 4.5. Mean and rmglaiements are displayed versus time
and superimposed over the displacements seriespithae looks like a diffusing plume
of dye from a continuous source. It is possiblegoognize the two different dispersion

regimes, described in equations 6 and 7. Equationca® be rewritten as

/
<d'i2>1 i :112<u'i2>t. Thus, for the initial dispersion range there iin@ar evolution in
time of the rms of the residual displacements,tptbin Figure 4.6a. The initial dispersion
(equation 6) law holds until 1 days after deploymmdfguation 7 can be expressed as

<d'.2>:2<u'i2>TiLt:2Kit The variance of the residual displacements arétegloin

Figure 4.6b. The two red lines correspond to thegration of Taylor's theorem: the slope
of the curve is equal to the double of the diffitsicomponents, obtained using the
segmented tracks.
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Figure 4.6. (a) Initial dispersion regime: Rms disfacements versus time; (b) Random walk regime:
displacement variances versus time. Taylor’'s theora predicts the dispersion depicted by the red lines

The value of along current component of the diffitgi(1.4-10" cn/s) is in agreement
with the results obtained in the Adriatic sea bgl¢b et al. 2000), (Poulain 2001), (Ursella
et al. 2006). They found values of K in the randgel&10" cnf/s in the along basin

direction. Similar values (diffusivities ranging in5 10 cn/s) have been estimated in the

96



Chapter 4

central Mediterranean Sea Bgulain & Zambianchi 2007
The strong mean flow (the coastal current whiclwfi@along the Italian and French coasts
in the westward direction) determines the existewica privileged direction, resulting in

anisotropy of the fluctuation, with more energetents in the direction of the mean.

4.5 Estimates of the horizontal diffusivity from satelite-tracked drifters data in the
Adriatic Sea (2002-2004)

The previous section represents just the first stepe estimation of the diffusivities.

From direct observations it's possible to determthe diffusivity, but it would be
advantageous if one could instead infer the diWitisindependently of observations, for
example from the currents and winds produced bgiiart models. Thus, the final goal is
to obtain a general formulation for the diffusivityoefficient to be used in the
parameterization of the stochastic component ofLihgrangian equation describing the
turbulent parcels displacements. In order to patamze the diffusion coefficient
depending on the Eulerian current velocity shear wimd velocity, the relation between
local winds and drifter-derived diffusivities witle explored using high resolution analysed
winds and the current velocities from an OGCM.Hrs tsection the horizontal diffusivity
has been quantified using the drifter data deployedhe Adriatic Sea as part of
DOLCEVITA project (see 4.2.2).

The drifter data positions have been subjecteduality control. The data have been
interpolated at 1 hour intervals with linear intgaiion method. Then the surface
velocities have been calculated as finite diffeemnof the position data. The data sets
analyzed in this work span from September 2002 &ockl 2004. The Northern and Central
Adriatic are well covered by drifters, with a maxim of density in the northernmost part

of the basin, while the south Adriatic shows atadidrifter distribution.

4.5.1 Adriatic division into sub-domains
The circulation of the Adriatic Sea has been ingas¢d by studies of the last decades

using both direct observations (Artegiani et al9718), (Artegiani et al. 1997b), (Poulain
2001) and numerical simulations (Zavatarelli et24102), (Zavatarelli & Pinardi 2003),
(Oddo et al. 2005). The Adriatic Sea mean surféme fs globally cyclonic, with three
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main cyclonic gyres located in the southern, cénawad northern sub-basin, named,
respectively, Southern, Middle and Northern Addaiyres (Artegiani et al. 1997b). The
three cells are interconnected with two costalenis: the Eastern Adriatic Current (EAC)
which flows along the eastern side from the eas®&trait of Otranto to as far north as the
Istrian Peninsula and the Western Adriatic Curr@éhe WAC) which flows to the

southeast along the western coast. The Northetnop#ine basin is characterized by very
shallow water with gently sloping bathymetry with average bottom of about 35 metres.
The central part is 140 m deep on average, withgmall bottom depressions (the Pomo

and Jacuba Pits) having a maximum depth of 250hm.sbuthern part is characterized by
a wide depression deeper than 1100 m.

O
9o 14°E 16°E 18°E

Figure 4.7. Bathymetry of the Adriatic Sea and scheatic map of the circulation (bathymetric data
provided by General Bathymetric Chart of the OceansGEBCO-, resolution 1 minute).
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The analysis of drifters data can be influencedh®ynon —homogenous character of the
flow and by the existence of different regimes @$pérsion. The framework of this
analysis is the Taylor's (1921) theory of statignand homogenous turbulence, but the
motion of drifters is affected by the space non-bgeneities and by non-steadiness of the
Eulerian velocity field. Thus, averaging among ldrajectories experiencing a mixture of
different flow regimes can lead to misleading resulfo avoid a mixture of different
regimes a first step is to try to identify, usingr@vious knowledge of the velocity field,
some geographical sub-domains, which can be caesiden a first approximation,
homogeneous. Then, the mean statistical propecaesbe computed considering only
trajectories belonging to the same “dynamical ¢laas pointed out by (Rupolo 2007),
often the simple observation of the shape of thgdtory informs about the underlying
dynamics of the flow much more that the statistioalices computed from the velocity
series. Thus, considering the general circulatibrthe Adriatic Sea and following a
“trajectory shape” approach we can divide the Adri&ea in three main sub-regions.

We can classify the shape of the trajectories iree¢hmain categories. The drifters
trajectories characterized by high frequency valitgb which very often rapidly whirl,
will be called “turbulent” trajectories. The “loap” drifters are those characterized by
meandering around large-scale structures, whiclidco@ trapped in the coherent eddies
and rotate or experience only sporadic looping el The drifters which do not
experience looping behaviour will be called “lingdike the ones trapped in the WAC.
The “turbulent” trajectories are mainly concentcata the Northern Adriatic, while the
“looping” trajectories are located in the centraltpof the Adriatic Sea and along the east
coast. The “linear” trajectories are those trapipettie WAC.

Based on the oceanographic characteristics antheoshape classification, three regions
have been defined and separately analyzed: the \\&§@©n, between the Po delta and
Otranto Strait along the Italian coast; the Nomhexgion, delimited by 100 m bathymetry
north of the Jabuka Pit; the Middle-South regioduding the EAC and the Middle and
Southern gyre.
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Figure 4.8. Adriatic division into sub-domains (a)northern Adriatic, blue trajectories; (b) WAC
current, red trajectories; (¢) middle and southernAdriatic gyres, green trajectories.

4.5.2 Diffusivity calculation procedure and energy specta.
The application of the diffusion theory of Taylonplies the homogeneity and stationarity

of the turbulent velocity field. These concepts @kated to the spatial or temporal scale
used in the statistical estimation. By reducing $patial or temporal scale over which
statistics are estimated, the condition of homomjgman be assumed. If observations are
taken over long periods the associated statistinsde considered stationary.

The correct scale could be chosen if an energy eyagts between the low-frequency
fluctuations and the dominant frequency of the aigiihus, we decided to analyze the
Lagrangian energy spectra: we considered all thigeidr trajectories together and we
divided the time serie into 70 pieces of 1000 hpoonputing the spectra for each piece
and averaging over the number of pieces. Resubtsd@played in Figure 4.9. The
horizontal axis of the figure is the frequency (F&). In case of oceanographic data the
variations of fixed frequencies such as tides waggdear as distinctive peaks. In fact, the
tidal components in Figure 4.9 appear as distiegigaks at about 0.04 hotrgeriod of

24 hours) and 0.08 houtgperiod of 12 hours). The former two are diurr@ide a day)

and semi-diurnal (twice a day) tides. Moreover, ittertial oscillations with a period of 18
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hours at our latitudes are clearly present, theyidentified by the peak around 0.05 hours
! Other peaks are present between 0.1 Hoarsl 0.2 hour corresponding to a period
between 10 and 5 hours, these peaks could be as=sbdo the mesoscale structures
(identified by a Rossby radius of 5-8 km in the iatlic Sea).

It's not possible to identify a clear spectral dgagtween the resolved scales and the
turbulent scales of motion. This may mean thahandcean there isn’'t a clear spectral gap
like in the atmosphere or it can be due to the tiemyporal resolution of the data sampling.
Since we have the velocity values only every 1 haar cannot know if the spectral gap is
located in the higher frequency range. The absefhea energy gap implies a difficulty in
choosing the interval time over which the averdyeutd be performed for the calculation

of the mean velocity.
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Figure 4.9. Lagrangian spectra calculated from altlrifters trajectories.

101



Chapter 4

We decided to subdivide the original drifters tcéggies into overlapping segments 4 days
long, whose origin are taken every 1 day. Redudhey length of the segments will
generate problems with the autocorrelation functadculation: for large lag the
autocorrelation should be computed by averaging onéy a limited number of pairs of
observation and should be very noisy. Increasiegehgth compromises the homogeneity
assumption. Thus, we believed the length of 4 deasthe optimal. In this way we are not
far from the assumptions of homogeneity and stemsdin

The residual velocities are calculated by removhmg mean velocity for each drifter, i.e.
the mean velocity is calculated averaging the elsfivelocities over a time window of 24
hours. If we consider a mean drifter velocity of-2® cm/s, the corresponding
displacement in 24 hours is about 10-20 km. Soresults of T and K will be valid for
motions at scales less than 10-20 km.

The integral time scale has been calculated asmtbgral of the velocity autocorrelation
until the first zero-crossing. The horizontal dgiuty values were, then, calculated using

the formula (4.5), as the product of the velociyi@nce and the integral time scale.

4.5.3 Estimates of the Lagrangian diffusivity from obsened drifters trajectories.
The Lagrangian integral time scale, the Lagrangidfusivity and the Lagrangian EKE

were computed for each 4 days segment.
Both the diffusivity and the integral time scale @axpressed as vector components (the

meridional and zonal component) in a CartesianesystA “scalar” diffusivity has been
also computed from the diffusivity components1£§ +K? and it has been compared

with the wind intensity, the currents velocity rarsd EKE.

First, the effect of wind on the horizontal diffusy has been examined using the wind
field provided by the LAMI (Limited Area Model Itg), produced by the Servizio

IdroMeteorologico dellEmilia Romagna (ARPA-SIM, Bgna). The model grid has an

horizontal resolution of 6.5-7 km (Figure 4.10}jtlade and longitude respectively, and a

temporal frequency of 3 hours.
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At each drifter position has been related the vapded provided by the LAMI model: the
bilinear interpolation of the Eulerian wind velgcfrom the grid model to the location of a
drifter has been performed using the four grid fgaround the position.

For each 4-days segment the average value of witfjusand wind intensity has been
calculated. In figure 4.12 the relation between thimd speed and the horizontal
diffusivity, expressed as “scalar diffusivity”, shown.

The wind intensity is not strongly correlated te tirifter mean velocity intensity (Figure
4.11). As consequence the horizontal diffusivityn® correlated with the wind speed
(Figure 4.12). This weak correlation cannot justifhe formulation of a generic law
relating the wind field to the diffusivity or integ) time scale.

46°N ‘f(
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Figure 4.10. LAMI model domain.
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Figure 4.11. Average wind speed over 4 days (prowdd by the LAMI model) versus the drifter velocity
intensity averaged over 4 days. (1- northern Adridt, blue dots; 2- WAC current, red dots; 3- Middle
and Southern Adriatic gyres, green dots).
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Figure 4.12. Average wind speed over 4 days (prowdd by the LAMI model) versus the drifter
diffusivity (“scalar” diffusivity) (1- northern Adr iatic, blue dots; 2- WAC current, red dots; 3- Midde
and Southern Adriatic gyres, green dots).

1

Next, the relation between the Lagrangian propedied the currents has been examined.
The average value of the T (average over all tsenpaalculated from the observations is
about 2.4 hours for both the zonal and meridiopatgonents, ranging from 0.4 to 6 hours
for the both components. Figure 4.13-a and 4.10ewghe T versus u' (the velocity rms):
the integral time scale is nearly constant for Nethern Adriatic trajectories, ranging

from 3 and 4 hours, (blue dots), while it spansdewrange of values for the drifters in the
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other two regions (red and green dots). For alkéggons the time scale doesn’t depend on

the velocity rms.

Integral time scale (zonal component) [hours] (observations)

0 1 1 1 1 J
0 0.05 0.1 0.15 0.2 0.25

Velocity RMS (zénal component) [m}s] (observations) A)

Integral time scale (meridional component) [hours] (observations)

0 0.05 0.1 0.15 0.2 0.25
Velocity RMS (meridional component) [m/s] (observations) B)

Figure 4.13. Relation between the integral time sé&aand the velocity rms calculated from: (a) zonal
component (b) meridional components (1- northern Adatic, blue dots; 2- WAC current, red dots; 3-
Middle and Southern Adriatic gyres, green dots).
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From the observations we obtained an average valube diffusivity (averaging over the
all basin) equal to 88 s and 82 s, in the zonal and meridional direction respexiv
(the maximum value of the diffusivity is 833%® and 840 His, in the zonal and
meridional direction respectively).

In the literature the diffusivity estimated usingfirs data is about 10-50 4fn’/s (Falco

et al. 2000), (Poulain 2001), (Ursella et al. 20@@pulain & Zambianchi 2007). In the
abovementioned works the drifter data were sub-gaingvery 6 hours and the residual
velocities were calculated by removing a mean uslpcalculated averaging the drifters
velocities over long time periods. The diffusivitglues found in the literature are high and
do not represent the diffusivity to be used in @nspill model. The diffusivity to be
introduced in an oil spill model should represeniydhe turbulent processes and the sub-
grid scale processes, which are not resolved byHierian models. That's why we
decided to use hourly drifters data and to caleufla¢ mean velocity over a shorter period,
averaging the drifters velocities over a time wwvdof 24 hours. This choice has led to
diffusivity values 1 or 2 order of magnitude smatleat those found in the literature.

In figure 4.14 the relation between the “scalarffudiivity and the velocity intensity is
shown. The diffusivity increases with the veloaityensity.
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Figure 4.14. Relation between the “scalar” horizordl diffusivity and the velocity intensity calculata
from the drifter data: (1- northern Adriatic, blue dots; 2- WAC current, red dots; 3- Middle and
Southern Adriatic gyres, green dots).
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Next we tried to investigate if the diffusivity cdoe parameterized simply in terms of the
Eddy Kinetic Energy (EKE). Some studies indicate tiffusivity scales with EKE
(Poulain & Niiler 1989), (Figueroa & Olson 1989)hiwh would make sense if T is a
constant time scale. If a constant-T rule were ensial, it would be great value, diffusivity
could be estimated directly from distribution of EKSubsequent studies found that a
constant-T rule did not apply elsewhere and sugdettat the diffusivity scales with the
rms velocity (Krauss & Boning 1987), (Brink et &B91), (Zhang et al. 2001), in this case
the length scale, L, would be constant. As showfigimre 4.15, in our case the diffusivity

doesn’t scale with the rms velocity.
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Figure 4.15. Relation between the velocity rms anthe diffusivity calculated from the drifter data: A)

the zonal components of rms velocity and diffusiwt, B) the meridional components of rms velocity
and diffusivity (1- northern Adriatic, blue dots; 2- WAC current, red dots; 3- Middle and Southern

Adriatic gyres, green dots).
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In figure 4.16 and 4.17 the relation between EKH diffusivity is shown, we found the
constant-T case. For the simulated and observéerdrirajectories, the diffusivity scales
with the Lagrangian EKE, where the Lagrangian EkEcalculated from the drifters
residual velocities as

EKE = <%(u'u'+v'v')> (4.8)

L

where u' and V' are the component of the residelalcity and< > indicates the average

L
along the four days trajectory. In Figure 4.16-d 4ri6-b the black line represents the line
with a slope equal to the average integral timéesica all the basin. Thus, we can say that
the diffusivity increases with EKE, with a slopeuafjto the average integral time scale.
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Figure 4.16. Relation between the EKE and the horantal diffusivity calculated from: (a) zonal
components, (b) meridional components.

In Figure 4.17 the relation between EKE and “sc¢athffusivity is shown: using the

“scalar” diffusivity the data are less scattered.
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Figure 4.17. Relation between EKE and the “scalarhorizontal diffusivity calculated from the drifter
data (1- northern Adriatic, blue dots; 2- WAC current, red dots; 3- Middle and Southern Adriatic
gyres, green dots).

In conclusion, the new calculation method, impletedrior the DOLCEVITA drifters, has
led to diffusivity values 1 or 2 order of magnitusi@aller that those found in the literature.
These values would be the correct values to bedntred in an oil spill model.

Moreover, we found that there is a linear relatiopshetween the EKE and horizontal
diffusivity, both calculated from the experimentddservations of drifters. Thus, we found
the link between the diffusivity and the currertse diffusivity increases with EKE, with a
slope equal to the average integral time scale.d¥ew as pointed out in other studies, this
rule is not universal and in the future remaingdétermine what are the dynamics that

makes it regionally applicable.
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Chapter 5

5 Conclusions

In this work the problem of transport and dispersaf hydrocarbons in the marine
environment has been approached from differenttpahview: from numerical modeling

studies, passing through experimental observatigm$y more theoretical studies.

The development of the numerical model, represgritie transport and dispersion
of an oil spill, was mainly dedicated to the stuafythe correct representation of the
deterministic component of the flow: the oil slickovement due to eulerian ocean
horizontal currents that are the result of the comd effect of buoyancy forcing, winds
and waves.

Thanks to the coupling with the operational oceaapigic models, like MFS and higher
resolution operational hydrodynamic models, thespill model, MEDSLIK-II, now can
take account of a proper representation of higgueacy currents and wind fields in the
advective components of the lagrangian trajectoodeh Using drifter trajectories, the
influence of the horizontal resolution and frequeatthe current field has been examined.
We found that increasing frequency and horizorgablution of the current fields allows
greater accuracy in the reproduction of the regéttories.

In the past the drift velocity of the surface odsvwconsidered to be the sum of a fraction of
the wind velocity and the eulerian velocity fieldupposed to represent the deeper
(geostrophic) velocity field. The wind correctiorasvnecessary in order to reproduce the
surface Ekman currents, which was not properlylvesoby low resolution hydrodynamic
models. Nowadays, with the advent of accurate ojp@@ oceanographic circulation
models, a correct representation of the ageosttophient velocity field can be provided
by the Ocean General Circulation Model (OGCM). Thasmparing the MEDSLIK-II

simulations with drifters trajectories observatiowe proved that there is no need to add a
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“wind correction” to reconstruct a correct Ekmarrreat, because if the surface water
current velocities are derived from an high resotustate-of-the-art OGCM, they already
contain a rather satisfactory representation oktiréace ageostrophic currents.

The use of the wind correction can still be justifionly with non accurate oceanographic
models or in particular strong wind conditions. thermore, there are still some lacks in
our understanding of the wind interactions with gheface oil. First, we still have to
investigate on the possible direct effect of thadvon the slick. Second, some further
investigation are needed on the correct representaf the physics of the first mm of the
water column, such thin viscous layer could be irtgrd in the transport dynamics of an
oil spill.

Usually in the oil spill models wind and wave etieare normally lumped together and
represented by the wind drag coefficient, but fpecsic role of waves in the slick’s drift
Is important especially in near-shore areas. In IEIK-II the transport by waves (Stokes
drift) has been introduced using an analytical faation that depends from the wind
amplitude (using the JONSWAP wave spectrum), bubhénfuture the model will use the
Stokes drift from the output of a complete numéneave model.

The advance of the oil spill model was also deditah the correct representation of the
weathering processes, taking also advantages ahtiozative opportunity to couple the
oil spill model with remote sensing data. In theecaf a simulation of a slick observed by
satellite, the initial spill should cover the eatislick area observed by the satellite. In
addition, since the spill has usually already betiunindergo the transformations due to
the weathering processes, we should considerlaadie and calculate the initial properties
of the spill at the time of the observation. NowE=DISLIK-II allows to reproduce the real
shape of the slick and to consider the initialksbge, giving us a more realistic oil slick
propagation over the water surface.

Using the information of a slick observed by satelin two subsequent days, we verified
the importance of the representation of the physiod chemical processes that transform
the oil (evaporation, emulsification, dispersion water column, adhesion to coast)
together with the possibility to consider the slagge and the use of the remote-sensing
data as initial conditions. Comparing the MEDSLIK4esults with real satellite

observations, we highlighted the importance ofttaasformation processes and the use of
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the slick age as the initial conditions in the pecadn of the oil slick fate, giving us the

correct information about the persistence of tHeabsea. Without the simulation of the
weathering processes the model cannot predict whdrwhere the oil disappears from the
sea surface. Moreover, using the remote sensiragagainitial conditions we were able to

reproduce the evolution of the slick shape closeeality.

Verification of the oil spill forecasting is bothcaucial issue and a difficult task to
perform, because it's difficult to obtain data e&l transport of pollutants into the sea. For
this reason the main objective of the cruise omghiin the framework of the PRIMI
project (presented in Chapter 3) was to visit dks detected by satellite, in order to
acquire in situ data for validation of the dispersiand transformation model. The data
collected were in situ observations of oil slickedalrifters trajectories. This dataset was
utilized to verify the oil spill model performancesd to analyze the roles of wind and
current in the oil drift. A total of about 30 slEkvere detected by 14 SAR passages in the
area during the PRIMI Cruise. Some oil spills watso confirmed in MODIS and/or
MERIS imagery when the sky was clear. Eight oillspivere visited and confirmed by in
situ measurements. Even if the ship was in theniicbf the detected oil spill, the oil spill
forecasting system component, which consists of dkseanographic models MFS,
TYREMS and SRCM coupled with MEDSLIK-II oil spill adel, proved crucial to find the
oil slick within the next 12-24 hours, even if tbik spill model usually under-estimated the
displacement of the oil slicks. The position of thetected oil slick moved several tens of
km in few hours and the ship had to be moved towlaedpredicted oil spill position in
order to validate the detection and the forecast.

The three most polluted oil spills, i.e. those whaontained thick, dark oil patches and
floating solid hydrocarbon particles were chosendidfter release. The SPHERE, CODE
and OSD drifters were released in the more sevatks,sin order to verify the roles of

wind and current in spill drift. A preliminary anais of the trajectories showed that the
area was dominated by inertial oscillations; iniadd, the short-term wind forcing did not

appear to be the main factor affecting the surthgeamics, at least in the first couple of
days, in which the drifter behaviour did not digptapure Ekman dynamics. The analysis
of the behavior of the different drifters (CODE a®PHERE) reveals an extreme
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sensitivity of the trajectories to the shape ofdhiéers. The CODE drifters are completely
underwater and their movement probably experieheeeffect of the first meter of the
water currents, while the SPHERE drifter, which ag¢ completely underwater, maybe
feel the direct effect of wind. In the MEDSLIK-lIrsulation, the addition of the correction
term of the wind seemed to be important for the BRB drifters, thus the correction
might be important for thin or just released slick.

In the experiment a key part is missing: furthevestigation is needed in order to
determine what type of drifters moved together Wit oil slicks. The CODE drifters are
designed to be transported by ocean currents (DE8S) and they are considered to
behave as passive tracers, but we don’'t know ¥f gigo follow the oil slicks movements.
Some previous studies ((Price 2003), (Reed 19%fjahstrated that the SPHERE drifters
move on the ocean surface like consolidated akslunder light to moderate winds.

One way to verify the behavior of drifters and glitks is to release the drifters on an oill
slick, as done in the PRIMI cruise, and to acqgunfermation on the slick evolution using
satellite imagery in the subsequent days. Durirg RRIMI cruise, unfortunately, the
satellite images over the area of interest weravéilable for those days. Thus, we cannot
know if any type of the drifters was moving togethgth the slick. Another cruise should
be conceived in order to have the satellite actjoins following the slick. Only combining
the satellite, in situ and drifters information wen have a complete comprehension of the

slick and drifters dynamics.

The drifters observations, collected during the MRE/08 experiment and during
the DOLCEVITA drifter program (presented in chaptyr were used to improve our
understanding of the turbulent processes, in dalarrive to a better representation of the
stochastic component of transport. The final goas wo find the diffusivity value to be
introduced in an oil spill model, which represeuoitdy the turbulent processes and the sub-
grid scale processes, which are not resolved by Hoéerian models. From the
experimental observations of drifters trajectoirethe Ligurian Sea (MREA 07/08) and in
the Adriatic Sea (DOLCEVITA) it was possible to elehine a value for the horizontal
diffusivity, K, and time scales, T.
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The diffusivity values found in the literature dmigh (around 1-20° cné/s) and do not
represent the diffusivity to be used in an oil Ispibdel. Thus, we decided to implement a
new method of diffusivity calculation from observefters trajectories.

First, using the dataset of MREAQO7/08 we implemdnt®o different methods for the
diffusivity calculation, based on the Taylor (192fbymulation. From the comparison
between the two different methods we tested thagsioless of our method of computation.
Next, we extended the drifters database in ordeobtain a robust statistical analysis.
Using the drifters collected during the DOLCEVITAoject, the analysis of the power
spectral density calculated from the drifters vélohas been performed. The variations of
fixed frequencies such as tides and the inertieillaBons appear as distinctive peaks in
the energy spectra. Moreover, from the analysighef power spectral density wasn't
possible to identify a clear spectral gap betwéerrésolved scales and the turbulent scales
of motion. This may mean that in the ocean then& & clear spectral gap like in the
atmosphere or it can be due to the low temporaluésn of the data sampling (since the
sampling is every hour, we cannot know if the sfctjap is located in the higher
frequency range). The absence of an energy gapessnpl difficulty in choosing the
interval time over which calculate the mean velpcdnd this could lead to an
overestimation of the diffusivity value.

The diffusivity value obtained from the DOLCEVITAriflers is around 8-40° cn/s.
Thus, the new calculation method, implemented lier DOLCEVITA drifters, has led to
diffusivity values 1 or 2 order of magnitude smatleat those found in the literature. These
values can be introduced in an oil spill model.

Finally, since it would be advantageous if one dowetermine the diffusivity
independently of observations, for example from therents and winds produced by
eulerian models we tried to find a general formatathat parameterize the diffusivity as
function of wind or currents properties. We fourntt the diffusivity cannot be easily
correlated with the wind field, while examining thedation between the currents velocity
and the diffusivity, both calculated from the d#rf observations, we found a relation
between the EKE and the diffusivity. The diffusyvincreases with EKE, with a slope
equal to the average integral time scale. HoweWes,rule could not be universal and in

the future remains to determine what are the dyosithiat makes it regionally applicable.
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