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Abstract

The surface transport in the Northeastern Adriatic Sea has been investigated

by evaluating, for the first time, the Finite-Size Lyapunov Exponent (FSLE) on the

current field detected by the High Frequency (HF) coastal radar network active in

the period August 2007 - August 2008. A similar analysis has been carried out on the

MITgcm (Massachusetts Institute of Technology general circulation model) current

field in order to have a perspective on the various results given by the application of

the same FSLE evaluation procedure to different velocity fields. This work includes

also the development, testing and calibration of the FSLE evaluation algorithm for

the specific Adriatic area considered. The aim of this thesis is to study the surface

dynamics of the Northeastern Adriatic current field associated with the typical wind

regimes, namely Bora and Sirocco.

The strongest and most persistent wind events, coinciding with the radar net-

work activity, have been identified in the first instance from ALADIN (Aire Limitée

Adaptation dynamique Développement InterNational) model meteorological data

and then confirmed by the in situ meteo-mareographic time series in Trieste and

Venice. For comparison purposes, the transport structures developing throughout

the longest calm wind periods have also been investigated.

In this thesis, the combination of the FSLE resulting from model and radar cur-

rent fields contributes to interpret the surface transport dynamics in the studied

area. In fact, it allows: i) to determine the strongest dynamical features, ii) to

extend the transport information beyond the radar coverage and iii) to bring to the

light the possible ambiguity of some structures originated from model currents. The

FSLE analysis evidenced along the northern Adriatic margin an attractive transport

structure with a filament-shaped conformation. The dynamics of this structure is

driven by the water exchange between the Gulf of Trieste (GoT) and the North Adri-

atic Sea. The spatial location of this filament and the advective direction associated

with it, vary according to the wind patterns. In fact, in calm wind periods this at-

v



vi

tractive filament is found right in front of the gulf entrance indicating the pattern of

the GoT outflow (east-west direction). During Bora episodes this attractive filament

is advected westward and it elongates following the northern Adriatic coast. Differ-

ently, Sirocco wind pushes this filament closer to the northeastern coastline reversing

the transport direction along it (from west to east). Previous studies evidenced that

the current signal in the southern part of the domain is less correlated to the wind

pattern with respect to what observed in the northern area of the current field.

Therefore also from the FSLE analysis no recurrent transport dynamics is observed

in the southern area except for the Bora cases, when a repulsive structure originates

from the Istrian coast and it looses strength while it is advected northwestward.



Sommario

Il trasporto superficiale nella parte nord-orientale del Mar Adriatico è stato stu-

diato calcolando, per la prima volta, i Finite-Size Lyapunov Exponent (FSLE) sui

campi di corrente misurati dalla rete di radar ad alta frequenza attiva durante il

periodo Agosto 2007 - Agosto 2008. Uno studio analogo è stato effettuato sui campi

di corrente del modello MITgcm (Massachusetts Institute of Technology general cir-

culation model), per avere una panoramica sulla varietà dei risultati prodotti dalla

valutazione degli FSLE su diversi campi di velocità. Il lavoro include anche lo svi-

luppo, i test e la calibrazione dell’algoritmo di calcolo degli FSLE per la specifica

area dell’Adriatico considerata. L’obiettivo è analizzare la dinamica superficiale del

campo di corrente associata ai regimi di vento tipici dell’area nord adriatica, ovvero

Bora e Scirocco.

Gli episodi di vento più intensi e persistenti, verificatisi durante il periodo di

attività dei radar, sono stati identificati in primo luogo dai dati meteorologici pro-

dotti dal modello ALADIN (Aire Limitée Adaptation dynamique Développement

InterNational) e successivamente sono stati confermati dalle serie temporali dei dati

meteo-mareografici delle stazioni di Trieste e Venezia. A scopo comparativo, sono

state analizzate anche le strutture di trasporto sviluppatesi durante i prolungati

periodi di calma di vento.

In questa tesi, la combinazione degli FSLE risultanti dai campi di corrente dei

radar e del modello contribuisce ad una più completa interpretazione della dinamica

del trasporto superficiale nell’area di interesse. I risultati ottenuti permettono: i)

di determinare le strutture dinamiche più intense, ii) di estendere l’informazione sul

trasporto al di fuori della copertura della rete dei radar, nonché iii) di portare alla

luce eventuali ambiguità di alcune strutture originatesi dalle correnti del modello.

L’analisi degli FSLE ha evidenziato una struttura di trasporto attrattiva che assume

l’aspetto di un filamento lungo il margine settentrionale del Mar Adriatico. La

dinamica di questa struttura è regolata dagli scambi di acqua tra il Golfo di Trieste
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ed il Nord Adriatico. La posizione del filamento e la direzione avvettiva associata

ad esso dipendono dal regime di vento. Infatti, nei periodi di calma di vento il

filamento attrattivo si trova di fronte all’entrata del golfo, ad indicare la direzione

del flusso d’acqua in uscita dal golfo stesso (da est ad ovest). Durante gli episodi

di Bora il filamento attrattivo è trasportato verso ovest e si allunga seguendo la

costa nord adriatica. Invece, lo Scirocco spinge questo filamento verso la costa

nord-orientale invertendo la direzione del trasporto associata ad esso (da ovest ad

est). Precedenti lavori hanno evidenziato che le correnti nella parte meridionale del

dominio sono meno correlate al segnale di vento, rispetto a quanto osservato nell’area

settentrionale del campo delle correnti. Quindi anche dall’analisi degli FSLE non si

osserva una dinamica di trasporto ricorrente ad eccezione dei casi di Bora, durante

i quali si sviluppa una struttura repulsiva lungo la costa Istriana, la cui intensità

diminuisce mentre viene trasportata verso nordovest.



Chapter 1

Introduction

1.1 Motivation

Observations of water mass properties and currents have revealed that the circu-

lation in the Northern Adriatic Sea is quite complex and highly variable, in response

to wind and river forcing that have both small-scale structures and high temporal

variability [Poulain et al., 2001]. Superimposed on the mean flow circulation there

are turbulent patterns, assorted by a variety of temporal and spatial scales, trans-

porting and dispersing chemical and biological species, or even pollutants. Besides

the understanding of the intrinsic sea processes, indeed the demand to progress in

search and rescue operations at sea is in part driving the development of Lagrangian

research programs, as emphasized by Ullman et al. [2006] for the coastal ocean case.

All these reasons make essential the study of horizontal transport and mixing to

deepen the knowledge of physical, chemical and biological dynamics of basins and,

in this specific case, of the Adriatic Sea.

Artale et al. [1997] observed that in quasi-enclosed basins, such as the Adriatic

Sea, a characterization of the mixing mechanism is non-trivial, because the use of

the standard diffusion coefficient can have limited applicability since it characterizes

long-time dispersion processes. This result is confirmed also by Lacorata et al. [2001]

showing the difficulty to get a robust estimate of diffusion if a cluster of particles

spreads uniformly and reaches the boundaries of the basin in a time comparable to

the characteristic time of the system itself. This is an intrinsic weakness of using an

asymptotic quantity (as the diffusivity) for the study of dispersion in a finite size

basin, which may be solved by the use of more appropriate Lagrangian descriptors.

The Lagrangian analysis of transport and mixing can lead to two mutual goals,

1



2 CHAPTER 1. INTRODUCTION

namely the straightforward characterization of the dispersion processes, by predict-

ing individual tracers or cluster trajectories, or the detection of spatial structures

(such as vortices and barriers to transport) in the context of dynamical systems

[d’Ovidio et al., 2004]. For what concerns the latter application it can be regarded

as a complementary approach to the widely spread Eulerian techniques, since it

shows the spatio-temporal variability of dynamical structures and not only their

configuration at a given scale and time. Moreover it identifies the details of the

coherent structures within scales far below the finest resolution achievable by the

classical Eulerian analyses avoiding any assumption of small-scales processes in the

Eulerian flow field under investigation [Hernández-Carrasco et al., 2011].

Several applications of the Finite-Size Lyapunov Exponent (FSLE) technique

involved the Mediterranean Sea [d’Ovidio et al., 2004; Garćıa-Olivares et al., 2007],

aiming to identify dynamical structures ranging from the small scales to the typical

mesoscale of the basin and to characterize their mixing strength.

Recently d’Ovidio et al. [2009] compared the results obtained from Eulerian

diagnostic (Okubo-Weiss, OW) and Lagrangian analysis (FSLE) in the Algerian

basin showing that the first method provides the eddies that populate the mesoscale,

while the second one yields the tracer filaments generated by the spatio-temporal

variability of these eddies. The combination of Eulerian and Lagrangian circulation

description conducted in the Western Mediterranean Sea by Garćıa-Olivares et al.

[2007] shows that although the OW parameter produces robust criterion for vortices

identification, not all the detected ones can be considered coherent or long-lived.

Nevertheless the combination of these Eulerian results with the FSLE approach

contributes to detect the stability of these structures, denoting the usefulness of this

Lagrangian tool.

One step further was done in the paper by Lehahn et al. [2007] comparing the

transport lines obtained through the FSLE analysis with the evolution of the chloro-

phyll filaments after the spring bloom in the Northeast Atlantic Ocean. This new

approach allowed them to identify two main mechanisms by which the geostrophic

velocity field acts on mesoscale and submesocale chlorophyll patterns. Besides the

horizontal advection and the consequent stirring undergone by chlorophyll patches,

they were able to identify how time-dependent horizontal instabilities can affect ver-

tical velocities and hence the nutrient injection at the surface followed by chlorophyll

production.

A very recent study [Haza et al., 2010], has been conducted in the Gulf of La
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Spezia, a coastal area of the Ligurian Sea (in the Northwestern Mediterranean Sea),

comparing real drifter trajectories with the current patterns identified by FSLEs.

The surface drifters were found to follow the ridges identified by the FSLEs, in-

dicating the precision of this diagnostic technique. Nonetheless, the FSLEs were

evaluated from surface current maps measured by a Very High Frequency (VHF)

radars network installed along the coast, extending the FSLE application to a very

localized and high resolution flow field. The identification of transport structures

from radar fields represents an advantage with respect to the FSLE application to

model current fields, since whatever the radar resolution, the features that are visible

from the velocity field are the result of the whole kinetic energy spectrum. On the

other hand the transport information deduced from model fields is circumscribed to

the dynamical scale resolved by the model itself (Haza A., personal communication).

Haza et al. [2007] tested the capability of the Navy Coastal Ocean Model (NCOM),

configured for the Adriatic Sea, to reproduce Lagrangian coherent structures. In

this specific case they followed the evolution of an hyperbolic point identified near

Gargano Cape. Real trajectories, obtained through drifter launches in near real

time, were compared to the ridges identified by applying FSLE to the Eulerian

velocity fields provided by the model. The general agreement between the two in-

dependent results pointed out the accuracy of the NCOM model, and last but not

least it remarked the potentiality of integrating predictive coastal models with the

FSLE method. In a subsequent work by Haza et al. [2008], the NCOM model out-

put was again used to investigate the relative dispersion of the whole Adriatic basin.

They concluded that tracers dispersion is mainly controlled by the horizontal shear

of the boundary currents. Moreover, the analysis of the spatial distribution of FSLE

revealed the dominant role of the Western Adriatic Current (WAC) in dispersing

particles all over the basin. Apart from the features related to boundary currents,

the greater part of the identified eddies were associated with the southern gyre

activity.

The northernmost part of the Adriatic Sea has being extensively studied to un-

derstand the mechanisms driving the coastal processes [Bellafiore and Umgiesser,

2010; Turk et al., 2010; Cosoli et al., 2011]. The surface currents developing in

the northeastern part of the Adriatic Sea, have been recently monitored through

High Frequency (HF) coastal radars in the framework of the North Adriatic Surface

CUrrent Mapping (NASCUM) project. These measurements were already analyzed

through the SOM (Self-Organizing Map) method to identify the surface current pat-
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terns during different wind conditions with particular emphasis on Bora and Sirocco

regimes [Mihanović et al., 2011]. The detected dominant current patterns repro-

duced the expected circulation but they also evidenced new sub-mesocale features

that had never been captured by previous studies.

In light of the deep influence that wind exerts on the Northern Adriatic Sea

dynamics and of the proved accuracy of the FSLE method in identifying transport

structures, this study aims to determine transport patterns in this part of the basin

during Bora and Sirocco events. The goal will be achieved taking advantage of the

high resolution current measurements from the (NASCUM) network in combination

with the FSLE technique capable of tracking sub-mesoscale dynamics. In addition,

as a preliminary study, the FSLE technique will be applied, for the same area and

period, to the current fields belonging to the Massachusetts Institute of Technology

general circulation model (MITgcm). Although this physical model has not been

validated for the Northern Adriatic Sea yet, the results obtained show qualitatively

to what extent the wideness and resolution of the velocity field can affect the identi-

fication of the transport structures and the revealed details. On the basis of the case

studies taken in exam, this work will also focus on several methodological aspects

concerning the FSLEs technique applicability to radar fields. On one hand, the

configuration of the FSLE parameters for tracking transport structures when the

flow field is highly variable and it covers a small domain. On the other hand, the

robustness of the transport structures identified even in case their features change

in time because the evolution of the flow field is faster than the advective time scale.

This work begins with an introduction about the Adriatic area (Section 1.2) in-

cluding a specific subsection devoted to the description of the surface currents in the

Northern Adriatic Sea, being the area on which this study focuses (Section 1.2.4).

The description of the circulation includes also the effects that the prevailing wind

regimes drive on surface dynamics. Finally an overview of the radar application for

the observation of sea surface currents is given in Section 1.3. Then, the available

dataset are described together with the procedure applied for the analysis: on one

hand the meteorological data for the selection of the wind episodes (Section 2.1), on

the other hand the current data for the sea surface transport evaluation (Section 2.2).

Last but not least, Section 2.3.2 is specifically dedicated to the FSLE theory, the

FSLE algorithm development and its final application. Next, the wind events se-

lected are described in Section 3.1, followed by the outcomes of the tests on the FSLE

algorithm and its final set up (Sections 3.2 and 3.3). The FSLE results from the
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radar and model current fields are discussed separately for each wind episode taken

in exam (Sections 3.4 and 3.5), focusing on the most relevant transport features

arisen. In conclusion (Section 4) the interpretation of the Northeastern Adriatic Sea

surface transport, is given in the light of the FSLE results obtained independently

from radar and model, and the future perspectives involving the application of the

FSLE technique are described.

1.2 The Adriatic Sea

1.2.1 Morphology

The Adriatic Sea is a semienclosed basin that occupies the northernmost part

of the Eastern Mediterranean sea. It extends between ∼(40.4◦- 45.8◦)N, as shown

in Figure 1.1, and it is connected to the Ionian Sea through the Strait of Otranto

(∼75 km wide and ∼800 m deep). The eastern coast is rocky and mountainous

with many islands and a steep bathymetry. On the other hand the western coast

is regular, sandy, flat with gentle shelf slope. This contrast is due to the action

of erosion and settlement exerted by sea currents but also to the sediments poured

by the many rivers flowing into the northwestern part of the basin. The amount

of freshwater input in the basin, from several important rivers such as Po, Adige,

Isonzo, Tagliamento, and Piave, constitutes the 20% of the Mediterranean river run

off [Hopkins, 1992], and this is the reason why the Adriatic Sea is regarded as the

“dilution basin” of the whole Mediterranean Sea. The Adriatic Sea is usually divided

into three subbasins (Figure 1.2), according to the definition given by Artegiani et al.

[1997b] based on the bathymetry characteristics. The northern part is the shallowest

with a gentle slope reaching 100 m depth, the central part drops to 270 m depth (at

the Middle Adriatic Pit), while the southern one falls down to the maximum depth

of 1270 m (in the South Adriatic Pit).

1.2.2 Regional winds

The atmospheric conditions over the Adriatic area are characterized by a strong

seasonal signal and a synoptic weather variability typical of mid latitudes. In summer

the sub-tropical high pressure zone dominates, thus the weather is stable with weak

northwesterly winds (Etesian) and sea-land breezes [Poulain and Raicich, 2001].

On the other hand during the other seasons, frequent cyclones and anticyclones

propagate eastward along the Westerlies belt over the basin. The alternate passage of
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Figure 1.1: The Adriatic Sea position in the Mediterranean Sea (from Gačić et al.
[2001]).

Figure 1.2: The Adriatic Sea subbasins separated by lines a and b (from Artegiani
et al. [1997b]).
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high and low pressure centers brings intense southerly or northerly winds associated

with the perturbative fronts, generally identified with Bora and Sirocco [Gačić et al.,

2001]. The actual blowing direction of Etesian, Bora and Sirocco, referred to the

Adriatic basin, is indicated in the diagram of Figure 1.4.

In terms of occurrence, the dominant winds over the Adriatic area are Bora and

Sirocco, as shown in the 2D histogram (Figure 1.3) based on the definition given

by Ursella et al. [2006]. Bora and Sirocco are the prevailing winds for effectiveness

of the mechanical forcing on surface circulation, especially in the winter season

[Orlić et al., 1994]. Bora comes from N-NE bringing continental air masses from

Siberia, this very cold and dry wind travels at a mean speed of 15 m/s and its

most severe manifestations are typical of the winter period. It is highly variable

both in temporal and spatial scale since it can blow over the entire Adriatic area or

limited to its northern part, lasting from 12 hours to five days, even if its average

persistence is about three days [Yoshino, 1976]. An important component in the

modulation of the Bora over the Adriatic Sea is the surrounding orography, that

creates preferred pathways among the mountain peaks (named “corridors”) through

which the wind blows [Kuzmić, 1993], as depicted in Figure 1.5. Unlike the gusty

nature of the Bora, Sirocco wind is not so much subject to local variation being a

wind passing over the sea. Indeed it blows from S-SE, coming from North Africa,

crossing the Mediterranean Sea and carrying warm and wet air at a mean speed of

10 m/s [Ferrarese et al., 2008]. It occurs all year-round, but most frequently in the

southern part of the basin due to its geographical origin. Both these winds have a

strong influence on the Adriatic circulation and induce specific surface patterns in

the Northern Adriatic Sea as described in Sections 1.2.3 and 1.2.4.

1.2.3 Surface currents dynamics

The Adriatic circulation has a key role in the Mediterranean basin being driven

by a complex interaction between surface (momentum and heat fluxes) and lateral

(river runoff and Strait of Otranto exchange) fluxes. Its mean surface circulation

shows a northwestward flow along the Albanian and Croatian coasts (Eastern Adri-

atic Current, EAC) and a southeastward flow along the Italian coast (WAC), as

originally observed by Zore [1956]. In this basinwide cyclonic (counterclockwise)

gyre three recirculation cells are embedded (Figure 1.6) and they are indicated as

North (NAd), Middle (MAd), and South (SAd) Adriatic gyres. The central and the

southern gyres are controlled by the topography of the Jabuka and South Adriatic
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Figure 1.3: Occurrence of winds in the
Adriatic area during 2002-
2003. The names of winds
in the quadrants corre-
spond to their vectorial di-
rection. The names do
not strictly indicate the de-
fined wind directions and
restricted sectors already
identified by Yoshino [1976],
but refers to a wider defi-
nition chosen for statistical
reasons within the analysis
by Ursella et al. [2006].

Figure 1.4: Blowing direction of Bora,
Sirocco and Etesian over the
Adriatic area (from Poulain
and Raicich [2001]).

Figure 1.5: The Bora “corridors”
over the Adriatic Sea
(http://www.croatia-
yachting.hr).
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Pits, but the cyclone in the northern region appears to be related to thermohaline

dynamics [Malanotte-Rizzoli and Bergamasco, 1983] since the bathymetry of the

area is gently sloping. The main baroclinic circulation is continuously perturbed

over seasonal and weather synoptic scales. In winter the northward current to the

east of the basin is intensified, on the contrary the southward current along the

western boundary is more pronounced during summer due to the intense freshwater

runoff coming from the Po river (as observed by Artegiani et al. [1997a]). Moreover

the occurrence of intense wind episodes represents an important driving mechanism

for the development of transient local transport (jets, eddies, upwelling, main pat-

terns intensification, etc.). Bora wind causes intense evaporation and cooling at the

surface, inducing the dense water formation both in the northern and southern part

of the basin. At the same time it drives strong upwelling along the eastern margin

[Lazar et al., 2007; Orlić et al., 1992] and the intensification of the WAC [Ursella

et al., 2006] flowing to the south along the Italian coast. On the other hand Sirocco,

blowing from the south, enhances the EAC [Ursella et al., 2006] towards north fol-

lowing the Croatian margin and piling up the Adriatic waters along the northern

coastline, with a consequent sea level rise. However, as soon as the wind ceases,

barotropic seiches develop through the whole basin until a new sea level equilibrium

is reached [Orlić et al., 1994]. The specific current patterns induced by these winds

in the the Northern Adriatic Sea will be described in Section 1.2.4.

1.2.4 The Northern Adriatic surface circulation

The main Adriatic circulation features, including the WAC-EAC system and the

three re-circulation cells (NAd, MAd, and SAd gyres), have been further investigated

by many Eulerian and Lagrangian studies [Falco et al., 2000; Poulain, 2001; Mauri

and Poulain, 2001; Ursella et al., 2006; Jeffries and Lee, 2007]. These new analyses

put the emphasis on the crucial part that wind stress, tidal currents and rivers

outflow play in the circulation of the Northern Adriatic, if compared with the basin as

a whole. The main circulation pattern is represented by the North Adriatic cyclonic

gyre that is present all over the year, but it is forced by physical conditions of very

different nature from one season to another. It is usually due to the density-driven

(baroclinic) pressure gradient (that strengthens in autumn), except during winter

when the homogenization of the water column occurs and the driving mechanism

turns out to be the wind-driven effects [Artegiani et al., 1999].
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Figure 1.6: The baroclinic surface current system of the Adriatic Sea (after Artegiani
et al. [1997a]).

Figure 1.7: The mean surface current system of the Adriatic Sea from drifter data
(Poulain [2001]).
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According to the study by Poulain [2001], based on drifter measurements, in

addition to the three already known cyclonic gyres, a fourth isolated cyclone has been

identified at the north end of the Adriatic. Since it is characterized by a relatively

short variability in association with wind events and rivers input, it could not be

clearly seen through the climatological approach previously applied by Artegiani

et al. [1997a] (compare Figure 1.6 and Figure 1.7). A subsequent analysis on drifter

trajectories, conducted by Ursella et al. [2006] to investigate the mean and seasonal

surface circulation in the Adriatic Sea, recognized also a weak anticyclonic gyre off

Istria, right to the south of the northern cyclonic one, that appears to be enhanced

during Bora events. This surface dynamics feature has also been identified by Jeffries

and Lee [2007] in the climatological study involving the Northern Adriatic with

hydrographic data covering the 20th century (Figure 1.8). Both studies confirm what

had been already shown by Zore-Armanda and Gačić [1987] about the funneling of

the Bora to the north and the south of Istria. The wind acts as a source of vorticity

for the sea surface currents, creating a double gyre circulation with a cyclonic vortex

to the North and an anticyclonic loop to the South.

Figure 1.8: The double gyre circulation in the Northern Adriatic Sea (from Jeffries
and Lee [2007]).
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Therefore, apart from the strong seasonal signal present in the surface circulation,

a very important contribution to the development of surface current patterns is given

by the wind regime blowing over the basin. Also Sirocco wind drives important

changes in the Northern Adriatic circulation since the reduction of the WAC along

the Italian coastline [Ursella et al., 2006] can occasionally be so strong to reverse

the WAC direction itself, inducing a north-westward current particularly intense in

the Northern part of the basin [Ferrarese et al., 2008].

Satellite observations of temperature and chlorophyll in the Northern Adriatic,

collected and analyzed by Mauri and Poulain [2001], revealed a very complex surface

mesoscale dynamics. This includes the meandering of basin-scale currents, jets,

filaments and eddies as a result of the combination of the wind forcing and the sea

stratification conditions.

1.3 High-Frequency radar application for sea monitor-
ing

The word RADAR comes from the acronym “RAdio Detection And Ranging”,

that was coined in 1940 by the U.S. Navy. It identifies a device transmitting an

electromagnetic signal (in the radio frequency range, i.e. from few MHz to tens

GHz) toward a target and at the same time able to detect the reflected echo in

order to determine range, altitude, direction, or speed. Radar technology firstly

developed during World War II to locate air, ground and sea targets; but very soon

its employment extended from the military purposes to the civilian field into traffic

or surveillance management and many scientific applications.

The very first evidence of radar signals coming from the sea dates back to World

War II in Britain, during observations on air-defense nets around the English Chan-

nel. At that time, this signal represented no more than a noise interfering with

target detection, so that it was dubbed “clutter”. The awareness of the scientific

potential of radar usage for sea surveying raised only in the mid-50’s, thanks to the

growing curiosity and demand for routinely monitoring of sea state, ocean surface

winds or surface currents over large areas [Barrick, 1978].

Nowadays coastal radar technology is widely developing for scientific purposes,

focusing on the detection of gravity waves that propagate over the sea surface by

applying the “Bragg scattering” principle [Teague et al., 1997]. The emitted radar

waves traveling along the sea surface are scattered back by those sea waves, moving
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either towards or away from the radar site, with wavelength equal to half the radio

wavelength itself. This is to say that the constructive interference condition verifies

when the pathway distance between one sea wave crest and the next is half the

radar wavelength. In this way the radar signal reflected by one wave crest is in

phase with those radar waves that, reflected from the next wave crest, have traveled

half wavelength further down and half wavelength back (as shown in Figure 1.9).

Figure 1.9: Schematic representation of the Bragg scattering of the radar signal by
the sea surface.

The backscattered signal is Doppler shifted with respect to the radar pulse trans-

mitted since the target of the radar is moving because of two contributions: the sea

wave phase velocity and the radial component of the sea surface current upon which

the wave is carried [Paduan and Graber, 1997]. Thus the extraction of the radial

surface current signal is obtained by the difference between the total wave velocity,

estimated from the measured Doppler spectrum, and the sea wave phase velocity,

known theoretically from the wavelength of the backscattered wave (applying the

deep water dispersion relationship). The information still required in order to iden-

tify univocally the signal is: the distance from the radar to the sea scattering source,

known from the elapsing time between transmission and scattering of the signal itself;

and the angular direction of the target, calculated through a “direction-finding” al-

gorithm called MUSIC (MUltiple SIgnal Classification) described by Schmidt [1986].

At the end of these signal-processing algorithms, the surface current radial maps are

available in polar coordinates. That is, the currents speeds at the sea surface are

specified vs range and bearing about the origin (the radar site). By looking at the

same patch of water using radars located at two or more different viewing angles, the

surface current radial velocity components can be summed to determine the total

surface current velocity vector [Chapman and Graber, 1997].
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Since the spectrum of the gravity waves shows common features from one coastal

basin to another, possible working frequencies of coastal radar are generally com-

prised between (3-50) MHz. Then, according to coverage and resolution needed for

studying a specific area of the sea, a working frequency of the radar network can be

chosen (http : //www.codar.com). The typical ranges are:

Frequency (MHz) Maximum range(km) Resolution(km)

4-6 160-220 3-12

12-14 50-70 2-3

24-27 30-50 1-2

40-44 10-20 0.3-1

Table 1.1: Maximum range and resolution of the CODAR Sea Sonde HF radar



Chapter 2

Data and methods

2.1 Surface wind fields

The FSLEs application to the Northeastern Adriatic current field will focus on

some periods of typical wind regimes (calm wind, Bora and Sirocco), in order to

compare the effects of the different atmospheric forcings on sea surface transport.

With this purpose in mind, a time series analysis on modeled wind fields and meteo-

mareographic data identifies the most significant events for intensity and duration.

2.1.1 The ALADIN/HR model

The Adriatic area is affected by a great variety of winds, differing for direction,

strength, spatial variability and occurrence. The measured wind data provided by

meteorological stations, represent just a partial description of the wind conditions

because of their sparse spatial coverage. Nevertheless, this measurement gap can be

recovered by numerical simulations of the wind field, employing weather models for

localized forecasts. Therefore, the limited-area version of the ALADIN (Aire Limitée

Adaptation dynamique Développement InterNational) model for the Adriatic area

(ALADIN/HR) has been built up and it runs operationally, including also the high-

resolution dynamical adaptation of the wind field to terrain features [Ivatek-Šahdan

and Tudor, 2004].

ALADIN is a high definition short-range numerical weather prediction model

widely used for Europe forecast, built on the basis of the global model ARPEGE

(Action de Recherche Petite Echelle Grande Echelle). It is a hydrostatic model,

solving primitive equations for wind components, temperature, specific humidity

and surface pressure with 37 sigma levels. It receives initial and boundary conditions

15
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from the analysis and forecast of ARPEGE.

The Croatian Meteorological and Hydrological Service (DHMZ) runs opera-

tionally the ALADIN model twice a day producing 48-hour forecast initialized at 00

and 12 UTC with a resolution of about 12 km over almost the whole Europe. Then,

the resulting maps are dynamically adapted to the Croatian domain with 8 km reso-

lution. Finally these output fields are interpolated so that the finer orographic profile

perturbs the wind field evolution, obtaining a 2 km resolution output. This higher

resolution model runs operationally for a 48-hour forecast with 3 hours interval on

15 levels in the vertical. Since the lowest level is about 17 m above the surface,

the surface wind forecast, conventionally referred at the measurement level of 10

m, is obtained by interpolation of the wind field itself. Part of the model physics

describing moist, thermal and radiation processes is omitted in the last process of

dynamical adaptation, so that the model cannot predict local thermal circulation or

convection at that resolution. Anyway these effects are already resolved in the fields

with 8 km resolution and they don’t require a higher resolution modeling, since the

wind driving mechanism is mainly represented by the large-scale pressure gradient

and its interaction with the small-scale orography.

The ALADIN/HR wind maps shown in Figure 2.1 are available for the period

August 2007 - August 2008, with 2 km spatial resolution and 3 hours temporal

resolution. A sub-domain of the ALADIN/HR outputs (Figure 2.1) is picked out in

correspondence of the open sea area to avoid that wind local perturbations, induced

by the land, affect the wind analysis. Then, the spatial mean of the ALADIN/HR

sub-domain (one map every 3 hours) is taken to reconstruct the wind time series.

2.1.2 In situ meteo-mareographic data

The wind events identified from the ALADIN fields have been checked with

in-situ time series from the meteo-mareographic stations along the Italian coast

(available data http : //www.mareografico.it/). Since the winds considered are

characterized by very different blowing directions and the examined area is partially

surrounded by heterogeneous coasts, a survey over many scattered stations has be-

come necessary to overcome effects such as orographic deflection or screening. The

two sites finally chosen, as closest as possible to the domain of study (Figure 2.1),

are the stations in Trieste and Venice. The wind station in Trieste provides a hourly

wind time series and it is located in a favorable position for detecting Bora events.

On the other hand the Venice tide-gauge station is extremely sensitive to the sea
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Figure 2.1: The ALADIN/HR wind field over the Northern Adriatic area (cyan
coastline). The field has been sub-sampled (one vector every four grid
nodes) for graphical readability. The magenta square indicates the sub-
domain chosen for wind events identification. The blue dot represents
the tide-gauge station in Venice while the orange one is the wind station
in Trieste.

level rise induced by Sirocco, therefore the sea level (SL) data were analyzed. Since

the sampling frequency of the station is 10 minutes, the time series has been low-

pass filtered to remove tidal and sub-tidal fluctuations (cutting off oscillations with

period shorter than one day).

2.1.3 Wind episodes selection

The wind episodes selection was performed in the period limited to the widest

coverage of radar current measurements (February 2008 - August 2008, see Fig-

ure 2.4), that represents the condition optimizing the performances of the FSLE

application to surface currents, since particles have a wider domain in which evolve

and therefore higher chances to reach the fixed final distance. The calm wind, Bora

and Sirocco episodes are defined as follows, with the definition of the blowing direc-
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tions shown in Figure 2.2.

Calm wind conditions are defined if at least the 75% of the wind vectors, over

a window of minimum 7 days, satisfies the following criteria: intensity lower than

3 m/s and no specified blowing direction. This criteria is applied to ALADIN/HR

wind data to identify the specific episodes that will be checked with the wind time

series in Trieste and Venice wind stations.

A Bora wind event is defined if at least the 75% of the wind vectors, over a

window of minimum 3 days, satisfies the following criteria: intensity greater than 5

m/s and blowing direction comprised between N and E [Ursella et al., 2006]. This

criteria will be applied both to ALADIN/HR and Trieste wind data time series in

order to check the Bora episodes identified.

A Sirocco wind event is identified if at least the 75% of the wind vectors, over a

window of minimum 2 days, satisfies the following criteria: intensity greater than 5

m/s and blowing direction comprised between SSW and ESE. The directional sector

is wider than the rigourous definition of Sirocco origin, since this wind can show

intermittent interference by southerly winds [Mihanović et al., 2011]. This criteria

is applied just to ALADIN/HR wind data, while the identification of Sirocco episodes

from the tide-gauge station in Venice, is determined where the oscillations of the

filtered SL signal have amplitude larger than 20 cm.

Figure 2.2: Definition of the Bora (blue) and the Sirocco (red) blowing directions.
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2.2 Sea surface current fields

2.2.1 The radar setup and the data preprocessing

The dataset includes high resolution coastal radar measurements of surface cur-

rents coming from the NASCUM project (available data

http : //poseidon.ogs.trieste.it/jungo/NASCUM/index en.html).

This project represents a collaboration between three Italian organizations and two

Croatian institutes aiming to study the surface circulation in the North Adriatic

Sea. Measurements by radar represent the unique method to continuously monitor

the sea surface currents, being operative in real time and in all meteorological con-

ditions. The characterization of the currents in the North Adriatic throughout an

uninterrupted time period allows to study the effects that urbanization and intense

maritime traffic have on the area, by monitoring erosion and pollution. Since radar

measurements are ready for use at any time, they are the ideal tool during mar-

itime rescue operations and they play a fundamental role for defining intervention

procedures in order to limit damages caused by environmental accidents.

The installed NASCUM network (Figures 2.3 and 2.5) is constituted by 3 CO-

DAR (Coastal Ocean Dynamics Application Radar) Sea Sonde HF radar stations,

active during the period August 2007 - August 2008. Two of them are located along

the Istrian coast (at the lighthouses of Zub and Savudrija) and the third one, oper-

ative since December 2007, on the Italian coast (in Bibione - Punta Tagliamento).

Radars were set up in the 25 MHz frequency at 100 kHz bandwidth, allowing to

cover the sea surface up to 50 km distance with 1.5 km range resolution and 5◦

angular resolution. Surface currents are mapped over a regular grid with the fol-

lowing dimensions and resolution: about 30 km × 20 km (maximum coverage) with

2 km spatial resolution and 1 h temporal resolution (Figure 2.5). These current

fields cover the eastern and shallowest part of the Adriatic with bottom depth from

20 m to 40 m, that is located right in between the northern Bora “entrances” (see

Figure 1.5) and affected by the Tagliamento and the Po river outputs. The analysis

focuses on the period of the widest and longest measurements coverage provided by

the radar network, from February 2008 to August 2008 when the three radars were

operational at the same time, as shown in Figure 2.4.

The available HF current dataset comes from the pre-processing of the raw ra-

dial measurements, performed by Cosoli et al. [2011], that estimates surface velocity

components using a least-square fitting to minimize the uncertainties in the com-
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Figure 2.3: The radars network coverage with stations indicated as red dots. The
cyan crosses indicate the position of the main rivers affecting the area
(Po and Tagliamento).

putation [Vilibić et al., 2009]. In this procedure supplementary checks were run in

order to: i) remove current vectors derived from combination of radials with poor

beam geometry [Chapman and Graber, 1997], ii) exclude grid points with insuf-

ficient number of radial velocities from each site and iii) eliminate total current

vectors having magnitude larger than 1 m/s [Cosoli et al., 2011]. Then, current

maps were further examined looking for spikes according to the procedure described

by Kovačević et al. [2004].

The accuracy of the resulting current vectors, as specified by the producer, is

less than 7 cm/s in magnitude and less than 10◦ in direction [Kovačević et al., 2004].

The performances of CODAR radars in the Northern Adriatic Sea had been tested

by Cosoli et al. [2005, 2010] in the area surrounding the Venice Lagoon. HF radar

current measurements (at 0.5 m depth) were compared with current data (at 2.5 m

depth) coming from a bottom-mounted ADCP (Acoustic Doppler Current Profiler).

These analyses involved two different periods, namely September-October 2002 and

August-October 2005.
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(a)

(b)

Figure 2.4: a) Location of the radar stations and of the grid points (gp) used to de-
scribe the radar data availability. b) Time series of the data availability
at the grid points selected. (after Cosoli et al. [2011])
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(a) (b)

Figure 2.5: a) The current field grid. Red dots represent the gap along the baseline
Bibione-Savudrija. b) Mean surface currents (August 2007 - August
2008).

Both results showed good agreement between surface current from radars and ADCP,

despite the discrepancies due to the wind influences on diurnal time-scale.

Cosoli et al. [2010] evidenced that the radar performances can be affected by

strong northeasterly wind pulses, since an increased broadband noise spreads over

the entire Doppler spectrum, masking the Bragg peaks and determining reductions

in radar coverage. This wind driven effect was also observed throughout the radar

monitoring period of the NASCUM project, especially in correspondence with the

strongest Bora events, during which the area covered by the radar in Bibione (in

the northern part of the network field) happens to be intermittently missing. This

observation explains the lack of temporal continuity in the spatial coverage of the

radar dataset used for this study, especially for the winter season.

Since the velocity field shows some missing values close to the baseline Bibione-

Savudrija (Figure 2.5), currents have been linearly interpolated in order to complete

the gap in the grid nodes.



2.2. SEA SURFACE CURRENT FIELDS 23

2.2.2 The MITgcm model

The numerical model chosen to simulate the physical variables (velocity, temper-

ature and salinity) of the North Adriatic area (Figure 2.6) is the MITgcm [Marshall

et al., 1997]. It is a non-hydrostatic, finite volume, free surface model, using z levels

with partial cells for vertical discretization. Its code is based on a semi-implicit time

stepping, without mode splitting and the turbulence closure of RANS (Reynolds Av-

erage Navier Stokes) equations is based on a two-equation model that parametrizes

in a different way the ocean interior and the surface boundary layer. It produces

fields with 1/64◦ spatial resolution and 1 hour temporal resolution. The ocean model

is forced by the wind field produced by the limited-area version of the ALADIN/HR

model (Section 2.1.1) used to identify the wind episodes for the FSLE analysis. The

modeled current fields are available thanks to Querin S. personal communication.

(a) (b)

Figure 2.6: Comparison between the radar (green) and the MITgcm (black) velocity
grids: (a) overview on their coverage (b) details of their superposition.
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2.3 The Finite-Size Lyapunov Exponent (FSLE) tech-
nique

2.3.1 Theoretical background

The detection of dynamical structures in a velocity field and the prediction of the

Lagrangian transport associated with it, can be an hard task when dealing with a

flow field characterized by a large range of scales of motion. In the particular case of

oceanographic Lagrangian studies, the development of turbulent coherent structures

(such as jets and eddies) is driven by the intrinsic spatial and temporal variability

of the current field, but also by the external forcings (such as wind or fresh water

input) interacting with it. These dynamical patterns dictate much of the transport

characteristic, even though they exhibit a slow decay with respect to the current

field variability [Haza et al., 2010]. A possible method to identify these transport

features arises from the dynamical system approach that allows to detect attractive

and repulsive manifolds, representing lines along which tracer paths converge or

diverge in time [Ottino, 1989].

In fact in two-dimensional flows a simple time dependence in the velocity field is

enough to induce chaotic trajectories, phenomenon also called chaotic advection or

Lagrangian turbulence. The essential characteristic of this process is the sensibility

to initial conditions, so that fluid elements initially very close would follow diverging

trajectories. On the basis of the relative dispersion between particles, the Finite-Size

Lyapunov Exponent (FSLE) technique allows the estimation of transport features

by measuring the time needed for particles pairs (spread all over the flow field) to

separate from a certain initial distance to a given final distance. A theoretical review

of the several techniques used to study dispersion processes is presented in the paper

of Boffetta et al. [2001], from which the following FSLE overview is extracted.

Consider a 2-D time dependent flow in which two particles are released and

passively advected. The relative separation between the two δ(t) = x′(t) − x(t)

evolves according to their velocities difference:

dδ

dt
= u(x(t) + δ(t), t)− u(x(t), t) (2.1)

As far as particles separation remains much smaller than the typical length scale

L of the velocity field, it is possible to linearize (2.1) around the trajectory x:

dδ

dt
= u(x(t), t) + λδ(t)− u(x(t), t)⇒ dδ

dt
= λδ(t)
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Solving the so obtained differential equation, an exponential growth of the par-

ticles separation δ is expected: δ(t) ≈ δ(0)eλt, where λ is the Maximum Lyapunov

Exponent, defined as:

λ = lim
t→∞

lim
δ(0)→0

1

t
ln
δ(t)

δ(0)
(2.2)

This definition remains valid if the linearization of the perturbation δ(t) holds

for an infinite time, implying that the perturbation itself has to be infinitesimal at

any time. As a matter of fact, dealing with real data, the asymptotic quantities

cannot be computed. On the one hand particles cannot evolve for an infinite time,

due to the boundedness of the domain in which they evolve. On the other hand, the

initial distance between two particles cannot be set arbitrarily small, because finite

spatial resolution of velocity datasets imposes a lower limit to physically reasonable

distance sizes. Hence a non-asymptotic characterization of transport is needed to

describe local dynamical properties of a system. In this regard two new mathematical

tools can be derived from the classical definition of the Lyapunov Exponent (LE)

(Equation 2.2).

By avoiding the limit t → ∞, the Finite-Time Lyapunov Exponent (FTLE) is

obtained to represent the growth rate of the perturbation over a fixed finite interval

of time t = τ much smaller than the typical scale T of the system:

λτ (t, xi) = lim
δ(0)→0

1

τ
ln
δ(t)

δ(0)

with xi initial position of particles.

The FTLE can be used to describe space variations of dynamical structures, but it

is restricted to small-scale properties of dispersion because the limit of infinitesimal

perturbation is still required.

On the other hand, the FSLE overcomes the bound δ(0)→ 0 initializing particles

at a finite separation distance (δ(0) = δi) and it gives an appropriate description of

the intrinsic physical properties of dispersion at different scales of motion:

λr(δi, xi) =
1

τ(δi, xi, r)
ln r

where r =
δf
δi

represents the fixed amplification of the perturbation from initial

distance δi to final distance δf .

The final separation is chosen to be at most of the order of the characteristic length

scale of the system L. Of course, the choice of the final separation distance affects
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the time needed for a particle couple to satisfy this condition; so that for a given

velocity field, the larger is the final distance the longer will be the time necessary

to reach it. With regard to this, Boffetta et al. [2001] argue that FSLEs loose

their meaning if the particle trajectories are followed for a time longer than the time

scale T of the Eulerian structures in which they are floating. Nevertheless in a study

conducted by Haza et al. [2007] it is shown that even if the frozen field approximation

is not satisfied, the local FSLEs are still a meaningful representation of the evolving

transport patterns. In fact, their work involved the comparison between real drifter

trajectories near the Gargano Peninsula (Adriatic Sea) and FSLEs evaluated from

a high-resolution numerical model of the basin. In spite of the great variability

characterizing the sea surface current field, populated by time dependent eddies

and intense mesoscale variability, it was possible anyway to identify the current

patterns driving the global behavior of the real drifters (even if the single synthetic

trajectories cannot reproduce exactly the individual drifter observations).

As suggested by Boffetta et al. [2001], whatever definition of LE is used, it’s

necessary to take into account all the possible realizations of the local dispersion

rate by considering the average of λ over a large number of directions around the

initial point xi. This is realized in more recent papers, such as d’Ovidio et al. [2009],

by following the evolution of three particles forming an equilateral triangle around

xi, or considering four particles arranged in a square configuration around xi, as in

Haza et al. [2010].

The application of the FSLE method over a velocity field, allows to estimate the

transport structures on the basis of the relative dispersion between particles. This

method detects the Lagrangian Coherent Structures (LCSs) that drive transport in

a flow field, localizing regions in the flow that evolve with time scales different from

the temporal variability of the surrounding field.

In the right scheme of Figure 2.7 an ideal (stationary) hyperbolic point is depicted

as example of LCS, constituted by the superposition of two ridges: one in-flowing

branch (particles on its sides diverge, then repelling) and the one out-flowing branch

(particles on its sides converge, then attractive). A patch placed over this structures

will squeeze along the attractive manifold of the LCS B and stretch across the re-

pelling manifold of the LCS A. In order to identify both branches of the hyperbolic

point, the FSLE evaluation needs to be performed both forward and backward in

time, since the algorithm looks exclusively for diverging trajectories and the attrac-

tive branch can be visualized just looking for divergence backward in time. During
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forward integration (top left scheme) the particles pairs initialized along the branch

A will experience divergence driven by the branch B. Instead during backward evo-

lution (bottom left scheme) the behavior of the two branches is reversed, thus the

branch A controls the divergence of the particle pairs initialized along the branch B,

that corresponds to convergence forward in time. The graphical superposition of the

two transport lines (A and B) obtained integrating independently forward and back-

ward in time shows the hyperbolic point branches. In the final map (right scheme),

to the attractive branch are associated negative values of FSLE (blue color), while

to the repulsive branch are associated positive values of FSLE (red color). Along

these lines the FSLEs values are very high (in absolute value) because stretching and

squeezing are much more intense than the mixing strength of the surrounding flow

field. In terms of transport these lines cannot be crossed by the drifting particles

therefore they represent a barrier to transport and indicate at the same time the

direction along which trajectories evolve [Ottino, 1989; d’Ovidio et al., 2004].

Figure 2.7: Detection of hyperbolic point manifolds through forward and backward
integration. The blue line indicates the attractive branch, the red line
indicates the repulsive branch. The same color association will be used
in the following FSLE maps.

Synthetic particles can be advected with different “integration strategy” accord-

ing to the dynamical transport features meant to investigate with the FSLE method.

In the case of the study of specific hyperbolic points in the flow field [Molcard et al.,

2005] or when describing dispersion processes all over a basin [Haza et al., 2008]

it can be useful to combine the information coming from forward and backward
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integration and the visualization of both attractive and repelling manifolds. On

the other hand when comparing the manifolds with real tracer fronts (surface tem-

perature or chlorophyll) it can be sufficient to focus on the backward integration,

since the tracers patches will converge and follow the attractive branches where they

accumulate and are therefore detectable. [Lehahn et al., 2007; d’Ovidio et al., 2009].

The FSLE technique identifies dynamical structures that organize the transport

in a flow field, visualizing details even below the resolution of the given velocity

field, but without any assumption on small scale dispersion features. This is possible

because the integration of trajectories from an Eulerian velocity map to the next ones

allows to collect the information contained in the flow field temporal dependence,

that is lost when looking at each velocity map independently. The trajectories of

the synthetic particles advected in the surface currents field catch the dynamical

properties transmission from the mesoscale to the smaller scales.

In a very recent paper, Hernández-Carrasco et al. [2011] discuss about the re-

liability of the FSLE technique in order to analyze ocean dynamics, focusing their

attention on the surface current patterns in the Balearic Sea. They address the open

questions concerning the robustness of this Lagrangian method compared with real

data, dealing with the analysis limitations represented by noise and unsolved scales.

Their results show that the identification of the Lagrangian coherent structures in

the flow field is preserved when adding a perturbation to the velocity field or to the

synthetic trajectories, even though the small scales filaments are lost. In the same

way a lower resolution of the surface currents, obtained by sub-sampling the given

velocity field, preserve the global features of the mesoscale patterns picked out from

the FSLE maps at the expense of the small scale features. The main issue they

address in their work is whether FSLE maps with resolution higher than the given

velocity field, provides artificial information about the small scale dynamics of the

flow. They argue that the FSLE map at a given resolution (finer than the velocity

field resolution) does not reveal all the transport features present at that scale, but

just those patterns generated by the temporal evolution of the large scale dynamics

(resolved by the velocity data themselves). The evidence lays in the self-similarity

of the filaments, from one scale to the other, that is the typical signature of La-

grangian chaos and intrinsic property of a nonlinear problem such as, in this case,

the divergence of nearby trajectories in a time evolving flow field. Self-similarity is

an intrinsic property of the multifractal behavior of any physical system and several

papers [Turiel et al., 2005; Nieves et al., 2007; Isern-Fontanet et al., 2007] show the
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experimental confirmation of the correspondence between the multifractal geomet-

rical arrangement of surface ocean tracers and the features of the current field. The

same multifractal signal has been observed both in SST (Sea Surface Temperature)

and SCC (Surface Chlorophyll Concentration) patterns caught by satellite measure-

ments, indicating the presence of a common underlying mechanism responsible for

their spatial variability over a range of scales. Their complex surface distribution

is strictly related to turbulent advection and to the transmission of the mesoscale

dynamics information to the smaller scales.

2.3.2 FSLE application

FSLEs are computed by launching an ensemble of synthetic particles in the

velocity field and then following the evolution of the relative distance between their

trajectories. In many studies applying the FSLE technique [Garćıa-Olivares et al.,

2007; d’Ovidio et al., 2009; Haza et al., 2010; Hernández-Carrasco et al., 2011],

different launching configurations are arbitrarily set being widely assumed that,

as long as the particles initialization ensure homogeneous spatial and directional

coverage in the field, they end up producing equivalent FSLE maps. Moreover

according to the aim of the study, one integration strategy (just backward or a

combination of forward and backward) can be preferred to the other (as discussed

in Section 2.3.1).

Essentially the procedure developed for this study has two stages (Section 2.3.2.1):

first, the computation of the synthetic trajectories, written in Fortran language in

order to reduce the execution time, and second the MATLAB code which evaluates

FSLEs and maps the final result (Section 2.3.2.3).

Once the complete algorithm has been constructed and the trajectories simula-

tion method has been tested (Section 2.3.2.1), the computational procedure is then

ready to use. This code can be easily adapted to different case studies by changing

the input velocity field and the FSLE parameters values, i.e. initial distance and

final distance of particles pairs (Section 2.3.2.2). In particular, it is necessary to test

preliminarily the most suitable “tuning” of the FSLE parameters, since their com-

bination depends on: i) the velocity field features, ii) the FSLE mapping resolution

needed and iii) the length scale of the structures of interest.
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2.3.2.1 Trajectories simulation and algorithm testing

Particles are advected in the flow field assuming that: i) they don’t affect the

dynamics of the fluid, ii) they are neutrally buoyant, iii) they have infinitesimally

small size, and iiii) they don’t interact with each other [Garćıa-Olivares et al., 2007].

Particles trajectories are calculated according to the discretized version of the

equation of motion:

d~x
dt = v(t, ~x);

combining integration in time, through the 4th order explicit Runge-Kutta method,

and interpolation in space with a 4 point bilinear scheme [Hernández-Carrasco et al.,

2011].

The computational algorithm, evaluates the position of the particle at the time

tn+1 by adding to the position at the time tn the displacement undergone during

the corresponding time step h:

~xn+1 = ~xn + h · ~ve;

where the displacement is given by the product between the length of the time

interval h and the estimated velocity of the particle ve.

During the time step h the actual velocity of the particle is not a constant be-

cause, while the particle is moving under the action of the flow field, it experiences

different velocities by passing through many (infinite taken to the limit) interme-

diate positions. Runge-Kutta method takes into account the fact that the particle

undergoes velocity variations in time and space during each step, by defining the

velocity ve as a weighted mean of the following contributes (depicted in Figure 2.8):

ve = 1
6(v1 + 2v2 + 2v3 + v4) where:

• v1 is the velocity of the particle at the beginning of the time interval tn;

• v2 is the velocity at the midpoint of the time interval (tn + h/2), using veloc-

ity v1 to determine the particle position evolution from the beginning to the

midpoint (through Euler’s method);

• v3 is again the velocity at the midpoint, but using the velocity v2 to determine

the particle position evolution from the beginning to the midpoint;

• v4 is the velocity at the end of the time interval tn+1, with particle position

determined using v3 applied starting from the beginning position to the end.
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Figure 2.8: Schematic representation of the 4th order Runge-Kutta application for
determining particles evolution.

The velocity field at the midpoint of the time interval, is obtained through linear

interpolation in time between two subsequent maps at tn and tn+1.

The position occupied by the particle during each algorithm step does not neces-

sarily (and generally does not at all) correspond to a grid node of the given velocity

field. In order to evaluate particle velocity in its specific position, it would be nec-

essary to interpolate linearly in the 2-dimensional space. The bilinear interpolation

scheme, used for this purpose, determines the particle velocity (u, v) in its position

(x, y) through the weighted average of the velocity measured at the four nearest grid

nodes, taking into account the relative distances between the particle and each grid

node (Figure 2.9).

Figure 2.9: Bilinear interpola-
tion scheme: the
empty dots are the
velocity grid nodes,
while the filled one
is the particle po-
sition in the flow
field.

The velocity components of the particle are defined as follows:

u(x, y) = (1− a)(1− b)uj,k + a(1− b)uj+1,k + abuj+1,k+1 + (1− a)buj,k+1

v(x, y) = (1− a)(1− b)vj,k + a(1− b)vj+1,k + abvj+1,k+1 + (1− a)bvj,k+1
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where the weights, a and b, are: a =
x−xj

xj+1−xj ; b = y−yk
yk+1−yk

The accuracy of this numerical method was tested in two ways. At first by

applying it on an ideal stationary velocity field to check if a trial particle was actually

following the streamlines. The second control was carried out on the radar velocity

field under analysis, to find the integration time step necessary to catch the velocity

field variability during particles advection.

2.3.2.2 Parameters setting

When applying the FLSE technique the first thing to set, but also the most

tricky to determine, is the proper combination of the parameters that will act as

“virtual thresholds” in the trajectories evolution: initial separation distance δi and

final separation distance δf between particles (Figure 2.10).

Figure 2.10: Couple of particles separating from δi to δf during the time τ .

The following basic considerations need to be taken into account when setting

δi and δf :

• their choice relies on the scale of the patterns under analysis and their temporal

variability;

• the initial distance between particles is usually smaller than the velocity grid

resolution in order to get close, as much as finite resolution allows, to the

condition of infinitesimal initial separation between particles;

• the final distance should be upper bounded according to the residence time

of the ensemble of particles in the flow field, i.e. their maximum separation

achievable.
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The setting of δi and δf will reflect in the features of the FSLE map obtained

since:

• the resolution of the FLSE map is chosen to be equal to the δi parameter

for optimizing the graphical output, as explained by d’Ovidio et al. [2004]. To

each FSLE grid node is associated one “pixel” (size δi×δi) representative of the

value of the Lyapunov Exponent around that point. If δi was larger than the

intergrid spacing of the FSLE map, then neighbor pixels would superimpose

each other. On the other hand if δi was smaller than the FSLE intergrid spacing

there would be a discontinuous coverage of the field. Hernández-Carrasco et al.

[2011] support the same conclusion by showing that the visibility of details in

the dynamical structures is strictly related to the length δi.

• the most stable and intense structures will emerge among all the other “short-

life structures”, by selecting a δf large enough to “let survive” just the couples

trapped in those lasting filaments. As observed by d’Ovidio et al. [2004] FSLEs

represents the inverse of the time scale for mixing up particles within spatial

scales from δi to δf . So the higher the FSLE value, the shorter is the time

that particles need to separate and the faster is the mixing.

In the preliminary stage choosing δi and δf parameters is necessary to remind of

some considerations about the computational costs required:

• the smaller is the δi parameter, the finer is the FSLE map resolution (thus

the number of FLSE grid points increases), then the greater is the number of

particles launched, and the longer is time required for the algorithm execution.

• at the stage of the parameter tuning it is convenient not to fix the δf param-

eter and to let each couple evolve until one of the two particles exits the field.

This way will avoid to restart the trajectories simulation for each δf chosen to

evaluate FSLEs. When the appropriate final relative distance is found, it will

be possible to minimize the time required for the simulation by stopping the

evolution of each couple when reaching the fixed δf . Moreover when applying

this algorithm to the MITgcm current field it is convenient to choose a max-

imum time-life for particles (in this case 6 days), since the domain is much

wider than the radar field and particles would take very long time to leave the

field.
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2.3.2.3 FSLE mapping

Particles are initially disposed over the FSLE map grid, so that they cover uni-

formly the entire flow field. The launching configuration around each node of the

FSLE grid consists of one particle over the grid node plus four particles around

it at a distance δi along the latitudinal and longitudinal directions (Figure 2.11).

Then for each FSLE grid node four couples are considered, composed of the cen-

tral particle and one of the four surrounding it. This choice allows to account for

the different intensity values that dispersion could have according to the direction

considered (Section 2.3.1).

Figure 2.11: The launching configuration of particles around a FSLE grid node.
Black dots are particles, cyan grid represents the velocity grid and red
grid represents the FSLE grid. The striped pixel is the FSLE value
assigned to the grid node.

The resulting trajectories are the inputs for the algorithm that evaluates the rel-

ative distance between particles of each couple at every time step of the trajectories

evolution, that is to say each hour. It runs through every grid node, looking for the

fastest of the four couples satisfying the condition:

relative distance between the two trajectories > δf . (2.3)

and identifying τ , i.e. the minimum time required for a couple to separate up to the

distance fixed δf . The smaller is τ (the elapsed time since the launch of particles)

the stronger is the dispersion.

The FSLE mapping method chosen is based on the combination of forward and

backward integration in time (Section 2.3.1), since the aim is to identify the strongest

sea surface transport manifolds appearing during different wind regimes. Then two

independent runs of trajectories computations are needed for plotting one FSLE

map (referred to a specific date and time t0): one evolving forward in time (from t0

to t0+i) and the other one with the flow field evolving backward in time (from t0 to
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t0−m). The generic indices i and m indicate that no constraints are imposed on the

integration time of particles, since the criterion applied on trajectories evolution is

based on the final separation distance between particles (as required by the FSLE

definition). Thus forward and backward evolution of a particle pair do not necessar-

ily last for the same period of time, since each simulation is automatically stopped

by the algorithm as soon as the condition 2.3 is attained.

Then the algorithm evaluates λ according to the definition:

• forward in time simulation:

λ+ =
1

τ
ln
δf
δi

;

• backward in time simulation:

λ− = −1

τ
ln
δf
δi

;

• λ is an empty value if one of the particles of a couple leaves the velocity field

before the final distance δf is reached.

The final FSLE map is a tangle of stretching and compressing lines obtained by

a graphical superposition of the two “partial” FSLE maps, corresponding to forward

and backward integration [Molcard et al., 2005]. In order to visualize clearly the

configuration of attractive and repulsive structures, the transparency effect is chosen

for plotting filaments so that they do not hide each other where they overlay in the

FSLE final map.
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Chapter 3

Results

3.1 Wind events identification

The FSLE analysis on the sea surface current maps, coming from radar measure-

ments, will involve the periods of time during which the long-lasting and strongest

events of Bora and Sirocco winds took place. For each wind regime two events have

been selected in order to catch some possible recurrence in the surface transport

structures observed from FSLEs. The criteria defined for the wind episodes identi-

fication are summarized in Section 2.1.3. In addition, two calm wind periods were

taken into consideration, in order to compare the transport structures developed

during the strong wind episodes and the periods characterized by weak winds. The

longest calm wind periods identified from the ALADIN/HR time series are pre-

sented in Table 3.1 and are confirmed by the wind time series in Trieste and Venice

(Figure 3.1)

CALM WIND February 08 June 08

ALADIN/HR 17-29 17-30

Table 3.1: Dates of the selected calm wind episodes for ALADIN/HR model.

37
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(a)

(b)

Figure 3.1: Wind time series measured during (a) February and (b) June, in Trieste
(top panels) and Venice (lower panels) stations.
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There are several events of Bora detected by the Trieste wind station (Figure 3.2),

nevertheless the strongest and persistent ones took place in February and March.

These same episodes are also reproduced by ALADIN/HR even if the intensity of

the modeled wind is weaker than the observed wind. This observation relies on

the fact that the model cannot reproduce the strong localized bursts to which the

in-situ station is prone and in addition the modeled time series is obtained from the

mean of the wind field over the selected area. The detailed periods of the two Bora

events are summarized in Table 3.2. The Bora episode during March 2008 is the

same that Mihanović et al. [2011] identified as the strongest event during the radar

measurements.

Figure 3.2: Time series of Bora events: the cyan line indicates episodes detected at
the Trieste station, the blue line indicates episodes according ALADIN
wind model.

BORA EVENTS February 08 March 08

ALADIN/HR 6-13 4-8

Trieste 7-12 4-7

Table 3.2: Dates of the selected Bora events for ALADIN/HR model and Trieste
station.
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On the other hand the episodes of Sirocco in April and May reproduced by

ALADIN/HR correspond to the highest SL measured at the tide-gauge station in

Venice (Figure 3.3). The SL signal is delayed with respect to the wind as a direct

consequence of the time the Adriatic basin needs for reacting to the southern wind

forcing that piles up the water along the Northern coastline. The specific periods of

the two Sirocco events detected are summarized in Table 3.3. The episode in May

2008, is the same identified by Mihanović et al. [2011] as the strongest Sirocco event

during the radar network activity.

Figure 3.3: Time series of Sirocco events: the purple line indicates the maximum SL
at the Venice station, the pink line represents Sirocco episodes according
to ALADIN wind model.

SIROCCO EVENTS April 08 May 08

ALADIN/HR 9-11 and 16-19 16-19

Venice 11 and 20 21

Table 3.3: Dates of the selected Sirocco events for ALADIN/HR model and of the
maximum SL in Venice station.
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3.2 Algorithm tests

The development of the procedure that evaluates FSLEs, is based on the ad-

vection of synthetic particles in the current field. Before applying the algorithm to

the wind episodes selected, it is necessary to execute some specific tests to validate

the integration method chosen (Section 2.3.2.1). The first control is performed by

advecting a trial particle in an ideal stationary velocity field, according to the de-

scribed algorithm (Section 2.3.2.1). Since the particle follows the streamlines, even

after many more iterations (as shown in Figure 3.4), the advection algorithm is

reliable in the stationary case.

(a) (b)

Figure 3.4: Particle trajectory (black) over a stationary flow field for different num-
ber of iterations: (a)10000, (b)1000000.

The second control is carried out in the radar current field (non stationary) from

the NASCUM network, to check if the integration time step is sufficiently small

to catch the temporal variability of the current field itself. Therefore a particle is

advected choosing at first a midpoint time interval h/2 = 30 minutes and then of

h/2 = 15 minutes in order to verify the agreement between the trajectories. The

30 minutes time interval will be used in the Runge-Kutta method application since

it gives a result equivalent compared to the 15 minutes time step (with maximum

differences in particle geographical position of the order of 10−4 degree), although

it is computationally less expensive (see Figure 3.5).
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(a)

(b)

Figure 3.5: Particle trajectory comparison between 30 minutes (red) and 15 minutes
(green) time step of integration: (a)complete paths map, (b)geographical
coordinates departures between the two trajectories during advection.
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The choice of the fastest integration method (30 minutes time step) is further

supported by the comparison between the forward FSLE, obtained integrating the

whole set of particles at first with the 30 minutes step and then with the 15 minutes

step. The configuration, intensity and details of the transport structures visualized

in Figure 3.6 look similar in the two cases, thus no significant information about

LCSs is lost even using the longer time step of integration (30 minutes).

(a) (b)

Figure 3.6: Forward FSLE (days−1) trial maps for different integration time step
of particles: (a)30 mins, (b)15 mins. Black arrows indicate the surface
currents configuration at the beginning of the trajectories simulation.
The radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.



44 CHAPTER 3. RESULTS

3.3 FSLE Parameters setting

The application of the FSLE algorithm to the radar current field requires to set

up the parameters defining initial and final separation distance between particles, δi

and δf respectively, to identify the lines of transport as explained in Section 2.3.2.2.

In line with the scale of the structures to be observed and with the characteris-

tics of the velocity field a suitable combination of these parameters needs to be

found. An essential overview on the tests performed on the δi and δf parameters

for the Northern Adriatic case study is here presented. The internal Rossby radius

of deformation, fundamental horizontal scale of the mesoscale processes, is about

3-5 km in the Middle and Northern Adriatic [Masina and Pinardi, 1994; Bergam-

asco et al., 1996], but eddies can have even smaller size during winter when waters

are completely mixed and the first baroclinic Rossby radius of deformation almost

vanishes. Therefore, as a first trial δf is fixed to 3 km, to compare several FSLE

maps obtained for different δi (Figure 3.7), finally choosing the one that meets the

resolution requirements. Starting from an initial distance between particles equal

to the resolution of the radar velocity field (2 km) and successively reducing the

parameter δi, more features of the circulation patterns become evident. According

to a preliminary observation of the maps, the initial distance of 0.4 km is chosen so

that the visibility of details is optimized.

This choice is kept temporarily for the next check on the final distance between

particles, in order to have an overview on the FSLEs coverage given by different

values of δf . Usually just a limited group of particle couples is able to reach the

relative final distance chosen, depending on the spatial extension of the current field

and on the surface shear caught by radar measurement. Moreover the greater the

final distance is, the longer will be the time required for each couple to separate

up to this value and the smaller will be the group of couples capable to meet this

criterion (while all the others exit the field before reaching it). The parameter δf

can be changed until the visual signature of the structures present in the flow field

is attained (Figure 3.8) and, for this case, the best choice seems to be 1.6 km.
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(a) (b)

(c) (d)

Figure 3.7: FSLE (days−1) trial maps for different δi: (a)2 km, (b)1.4 km, (c)1 km
and (d)0.4 km. The parameter δf is set to 3 km. Black arrows indicate
the surface currents configuration at the beginning of the trajectories
simulation. The radar current field has been sub-sampled (one vector
every five grid nodes) for graphical readability.
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(a) (b)

(c) (d)

Figure 3.8: FSLE (days−1) trial maps for different δf : (a)1 km, (b)1.6 km, (c)3 km
and (d)5 km. The parameter δi is set to 0.4 km. Black arrows indicate
the surface currents configuration at the beginning of the trajectories
simulation. The radar current field has been sub-sampled (one vector
every five grid nodes) for graphical readability.
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Once the appropriate final distance between particles is chosen, the δi parameter

can be again changed, checked and definitively fixed. In this case the initial distance

is further reduced from 0.4 km to 0.2 km looking for some possible evidences of

new details in the FSLE maps revealed by the choice of a finer resolution. In any

case, although the initial distance is chosen to be small, there exist an intrinsic limit

on the visibility of details given by the surface shear information contained in the

current field itself. In computational terms, the trial run for δi=0.2 km is much more

expensive than the case for δi=0.4 km, since many more particles need to be advected

in order to entirely cover the radar current field. The resulting maps for these two

cases (Figure 3.9) do not show such a difference in the details of the structures to

justify such a computational effort. Therefore the initial distance between particles

is definitively chosen to be 0.4 km, small enough to visualize adequate details of the

FSLEs distribution and to allow particles trajectories to evolve under the constraint

of a spatially limited domain.

(a) (b)

Figure 3.9: FSLE (days−1) trial maps comparing δi equal to: (a)0.4 km and (b)0.2
km. The parameter δf is set to 1.6 km. Black arrows indicate the surface
currents configuration at the beginning of the trajectories simulation.
The radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.
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3.4 Surface transport from HF radar currents

The FSLE maps description will not go through all the subsequent images pro-

duced for each wind episode analyzed, but it will focus just on those that are fun-

damental for the interpretation of the surface transport dynamics. The codification

used for colors is: red for positive FSLEs that come from separating trajectories and

therefore corresponding to repulsive structures, while blue for negative FSLEs that

derive from converging trajectories and corresponding to attractive structures.

3.4.1 Calm wind periods

Two specific cases will be taken in exam in February and June (Figure 3.1) in

order to identify any recurrence in the surface transport structures developed during

this atmospheric forcing condition. The FSLE analysis was applied in a lag of time

central with respect to the actual dates of the identified episodes (see Table 3.1) to

ensure that the meteorological conditions just before and after this period do not

affect the trajectories evolution at the sea surface.

The configuration of the transport structures during calm wind periods appears

in both cases spatially quite rich and persistent in time. Several attractive and

repelling structures develop and cross each other all over the radar flow field. Despite

the high temporal variability of the velocity field, the transport structures evolve

with an independent and longer time scale. This is a typical feature of the transport

structures since they result from the integration of trajectories over a time much

longer that the velocity field variability.

The calm wind period of February is also reproduced by the SOM (Self-Organizing

Mapping) analysis performed by Mihanović et al. [2011] on the same radar dataset,

identifying for the same dates weak subtidal surface currents. In the frames chosen

for the episode in February the velocity field at the beginning of the trajectories sim-

ulation looks quite different from one day to the other, nonetheless the configuration

of the structures shows many analogies.

An attractive transport line develops and evolves in front of the Italian coast

(Figures 3.10) throughout the entire period considered. Therefore all the par-

ticles in its proximity will converge toward it and once trapped in it they will

follow its meandering from east to west advected by the mean circulation. The

filament shape changes because of the intrinsic variability of the currents during

backward integration. Moreover the filament shortens from the 21st to the 24th
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(Figures 3.10(a) and 3.10(d)) because the coverage of the radar field reduces in the

meantime during the 22nd and 23rd February (Figures 3.10(b) and 3.10(c)). At

the same time a convergence area develops, corresponding to an anticyclonic vor-

tex, in front of the Istrian coast that is especially evident from the current field

in Figure 3.10(a). A branched repulsive structure occupies the central part of the

current field and crosses the attractive structures in many points. In particular the

hyperbolic point visible in Figures 3.10(a) and 3.10(b) tends to vanish during the

next days (Figures 3.10(c) and 3.10(d)). In any case since the attractive filaments

is more intense and persistent in time with respect to the repulsive one, trajectories

will mainly converge and squeeze along the attractive filament despite the temporary

appearance of the hyperbolic point.

In Figure 3.10(a) the attractive structure forms a right angle with the Italian

coastline direction, because the jet along the Italian coast is deviated by the fresh

water output from the Tagliamento river (Figure 2.3). This perturbation on the

northern surface current in the area nearby the river estuarine was already observed

by Cosoli et al. [2011].

During the calm wind period in June 2008 an attractive structure, analogous

to the February case, is observed in front of the Italian coast (Figures 3.12) and

again its meandering changes with time. Moreover it crosses an extended repulsive

structure facing the entrance of the Gulf of Trieste (Figures 3.12(c) and 3.12(d)).

There is no evidence of the anticyclonic vortex already observed in February in front

of Zub (Figure 2.5(a)), but a cyclonic vortex appears in Figure 3.12(a), therefore

such structure cannot be considered a persistent transport feature in calm wind

conditions. The attractive structures developing in the northern part of the radar

domain show more analogies from one episode to the other, with respect to the great

variety of filaments developing in the meridional part. This is a consequence of the

significant temporal variability of surface currents (standard deviation comparable

to the mean value) and of the southward weakening of the correlation between non-

tidal currents and wind stress (as observed by Cosoli et al. [2011]). On the other

hand, the recurrence of the attractive structure in the northern part of the radar

in both weak wind episodes, suggests a relation with the mechanism of exchange

between the Adriatic basin and the Gulf of Trieste (GoT) in Figure 3.11(a). The

GoT circulation is mainly driven by the EAC current (of Ionian origin), flowing

northward along the Croatian coast, which induces a cyclonic gyre, modulated by

the local wind forcing [Zavatarelli and Pinardi, 2003; Querin et al., 2006].
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(a) (b)

(c) (d)

Figure 3.10: FSLE (days−1) maps extracted from the calm wind period in February
2008. Black arrows indicate the surface currents configuration at the
beginning of the trajectories simulation (specified by the date). The
radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.
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Therefore the attractive structure elongated from the entrance of the GoT to-

wards P.ta Tagliamento, observed in both calm periods, can be interpreted in terms

of the outflow from the GoT along the Italian coastline. Malačič and Petelin [2001]

depict the surface circulation at the entrance of the GoT composed of an outflow

along the Italian border with intensity and detachment from the coastline depend-

ing on the weather forcing and stratification condition (Figure 3.11(b)). On the

contrary, the direction of the surface flow along the southern border of the GoT is

much more sensitive to meteorological forcing conditions. An analysis conducted

on ADCP measurements in the area [Bogunović and Malačič, 2009] shows that the

Slovenian side of the GoT is characterized by the EAC inflow for depth greater than

5 m in every season, and the direction of the flow at the surface is driven westward

(outflow) under Bora influence [Malačič and Petelin, 2009]. Considering exclusively

the wind forcing effect, in calm wind periods the surface flow along the southern

border of the GoT should agree with the inflow at deeper levels except if a Bora

episode has come just before it, leaving residuals of the southern outflow from the

GoT. However, since the GoT receives riverine discharges (Isonzo and Timavo) its

waters are generally lighter than the inflowing waters [Stravisi and Crisciani, 1986]

and occupy the uppermost part of the water column. Thus, the intrusion of the

saltier EAC waters in the GoT is generally confined few meters below the surface

down to the bottom, constituting a layer not necessarily coupled with the surface

waters [Malačič and Petelin, 2001]. In conclusion, even in calm wind conditions the

direction of the surface flow along the southern margin of the GoT is independent

from the inflow found in the rest of the water column.
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(a)

(b)

Figure 3.11: (a) The Gulf of Trieste (GoT) with its topography. The GoT is about
29 km long, and its width at the entrance (Grado-Savudrija line) is
about 21 km. (b) Schematic representation of the summer circulation
in the GoT: strongly stratified water column and weak wind forcing at
the sea surface. (After Malačič and Petelin [2001]).
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(a) (b)

(c) (d)

Figure 3.12: FSLE (days−1) maps extracted from the calm wind period in June
2008. Black arrows indicate the surface currents configuration at the
beginning of the trajectories simulation (specified by the date). The
radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.
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3.4.2 Bora episodes

The FSLE analysis in case of Bora episodes focuses on two events in February and

March (Figures 3.13 and 3.15). For both cases the first (last) FSLE map that will

be considered is chosen before (after) the Bora episode occurs, in order to highlight

the differences in terms of transport structures before (after) the event itself. The

FSLE maps are not available in 9th and 10th February, since the radar field coverage

was reduced because of the severe wind conditions.

Before the February episode starts the current field looks quite incoherent and

characterized by low speed values (Figure 3.14(a)). A double filamental attractive

structure develops in the northernmost part of the radar domain in front of the

Italian coastline. The structure looks stable until the Bora pattern has fully de-

veloped (Figure 3.14(d)), but then it disappears as soon as the westward current

pattern sets in due to the wind forcing (Figures 3.14(e) and 3.14(f)). In fact in the

northern part of the domain the current pattern is coherent enough to remove all

traces of convergence along the Italian coastline covered by the radar domain. This

observation agrees with the modeled current fields reproducing a surface outflow

throughout the GoT along its axis [Zavatarelli and Pinardi, 2003; Malačič and Pe-

telin, 2009]. In the meridional part of the radar domain, the current that runs along

Istria (Figure 2.5(b)) is suddenly substituted by a westward current, weaker than

the jet to the north (Figure 3.14(c)). This meridional current shear results from the

wind pattern over this part of the Adriatic basin: maximum speed consistent with

the northern Bora corridor (Figure 1.5) and weaker speed to the south since the

wind is screened by coastal orography. This north-south current shear introduces

cyclonic vorticity extending far off from the Istrian coast (Figure 3.14(b)), as already

observed by Cosoli et al. [2011]. This cyclonic eddy at that latitude has never been

reproduced by models (see Cushman-Roisin and Korotenko [2007] and Kuzmić et al.

[2007]), neither detected by ADCP measurements [Kuzmić et al., 2007]. Moreover,

under Bora forcing the expected flow in this area would be an oblique eastward cur-

rent coming from the Po river delta and directed toward the GoT, according to the

dynamics described in detail by Cushman-Roisin and Korotenko [2007]. The strong

westward jet from Trieste to Venice, running along the Italian coast, generates a

spread eastward countercurrent at the latitude of the Istrian peninsula (since it acts

as a barrier for northeasterly winds and it creates a lull in the wind blowing over

the facing sea waters). At the same time Bora creates a sea surface depression in

the GoT and so the compensating countercurrent flows to replenish this sea level
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gap. However, numerical simulations conducted by Pullen et al. [2007] showed that,

according to the wind stress pattern of the Bora over the Northern Adriatic Sea, the

upwind current originating from the Po delta could be identified further south with

respect to the usually modeled position, therefore supporting the westward current

observed by radars.

During the Bora event the attractive structure along the Italian coast disappears.

In the meantime a repulsive structure develops in front of the Istrian coast and it

weakens while it is advected northward by the flow (Figures from 3.14(e) to 3.14(h)).

Then, when Bora relaxes, the attractive filament in the north appears again due to

the convergence between the westward jet along the Italian coast and the reestab-

lished northward flow along the Istrian coastline 3.14(g) and 3.14(h).



56 CHAPTER 3. RESULTS

Figure 3.13: Wind speed (top panel) and direction (lower panel) for the Bora episode
in February 2008 at the meteorological station in Trieste. The red line
indicates the directional range adopted for Bora identification (between
0◦ and 90◦).
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(a) (b)

(c) (d)

Figure 3.14: a-h) FSLE (days−1) maps extracted from the Bora episode in February
2008. Black arrows indicate the surface currents configuration at the
beginning of the trajectories simulation (specified by the date). The
radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.
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(e) (f)

(g) (h)
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The episode in March 2008 is the same episode that Mihanović et al. [2011]

already analyzed with the SOM technique as the strongest Bora event during the

radar network activity. In agreement with their observation the response of the

surface current was almost instantaneous and, as already observed for the February

episode, the attractive structure crossing the entrance of the GoT (Figure 3.16(a))

vanishes after a Bora event started (Figure 3.16(d)). At the same time a repulsive

structure develops in front of the Istrian coastline (Figure 3.16(a)) and in the sub-

sequent days it extends offshore to run into a convergent filament at the western

border of the radar field (Figure 3.16(e)). Therefore in the radar field two branches

of an hyperbolic point are detected: particles in the surrounding area will separate

across the repulsive structure (NE-SW direction) while they are propagating west-

ward to approach the attractive structure (NW-SE direction) along which they will

converge aligning over the filament itself. After some hours the repulsive filament

weakens while spreading northward (Figures from 3.16(f) to 3.16(h)). At the same

time the Bora relaxes and the attractive filament along the Italian coast reappears

because of the encountering of the northward flow along the Istrian peninsula and

the westward jet along the Italian coast.

The transport structure dynamics developing during the two Bora episodes con-

sidered show some analogies especially in the northern part of the radar domain.

The appearance and disappearance of the attractive transport structure in front of

the GoT entrance is closely related to the outflow coming form the GoT itself. In

fact if the outflow from the GoT is usually confined along the Italian coast in agree-

ment with the cyclonic circulation expected, Malačič and Petelin [2009] showed also

that under unstratified conditions the water masses along the southern margin of

GoT cross the gulf diagonally towards the north to join the outflowing jet. However

during a Bora episode the sea surface in the gulf is forced westward by the wind

and the outflow along the GoT axis extends across the entire entrance of the gulf,

confining the inflow at the deeper layers.
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Figure 3.15: Wind speed (top panel) and direction (lower panel) for the Bora episode
in March 2008 at the meteorological station in Trieste. The red line
indicates the directional range adopted for Bora identification (between
0◦ and 90◦).
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(a) (b)

(c) (d)

Figure 3.16: a-h) FSLE (days−1) maps extracted from the Bora episode in March
2008. Black arrows indicate the surface currents configuration at the
beginning of the trajectories simulation (specified by the date). The
radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.
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(e) (f)

(g) (h)
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3.4.3 Sirocco episodes

The FSLE analysis in case of Sirocco forcing will involve April and May 2008.

In May the length of the Sirocco event and the radar coverage is enough to give

a representation of the developing transport structures. On the other hand, the

two close Sirocco episodes in April (hereafter APRIL1 and APRIL2 in chronological

order) are shorter than the episode in May, even though the order of magnitude

of the wind speed is comparable. Moreover, in the last day of the Sirocco episode

occurring between 9th and 11th (APRIL1) the radar coverage is reduced with respect

to the previous days. Therefore, in order to check the recurrence of the FSLE

configuration from one Sirocco episode to another, also the second event from 16th

to 19th (APRIL2) will be analyzed.

The configuration of the transport structures in APRIL1, before the Sirocco

event, is shown in Figure 3.18(a). In the northern part of the radar domain an

attractive structure develops along the Italian coastline where the westward jet and

the northward current along the Istrian peninsula meet. The meridional part of the

flow field has not so many structures as in the analyzed Bora cases (Section 3.4.2),

since the currents are rather uniform in direction and intensity and the advected

particles are not experiencing the shear necessary to diverge or converge. After the

Sirocco has reached a steady state a northward uniform current develops through all

the radar field (Figures 3.18(b) and 3.18(c)) piling up surface waters in the northern

part of the basin. A part of this water mass finds a way through the full extent of the

GoT entrance (Figure 3.11(a)), while the rest induces trajectories to converge along

the Italian coastline, stretching the attractive structure already present. The last

FSLE maps for this Sirocco episode have reduced coverage because of the limited

spatial extension of the radar measurements (Figure 3.18(d)). In fact nearly half of

the attractive structure disappears because the evolving particles exit the flow field

before they can reach the fixed final distance. As a matter of fact such a restricted

current field availability represents the greatest inconvenience when applying the

FSLE technique to radar flow field and the choice of the proper FSLE parameters

(Sections 2.3.2.2 and 3.3) becomes indispensable to make visible at least the strongest

transport structures.

Before the second Sirocco episode (APRIL2) takes place, the current field is

rather incoherent (Figure 3.19(a)), but along the Italian coast a weaker attractive

structure is still visible. As soon as Sirocco starts to blow the surface currents

become homogeneous due to the uniform pattern of the wind generating them (Fig-
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ures 3.19(b) and 3.19(c)). The attractive filament elongates and intensifies due to

the piling up of water along the coast and, as already observed for APRIL1, the

surface currents are partially driven inside the GoT. The attractive filament is also

advected toward the coast in the northeastward direction as if advected by the mean

surface flow. Then, when the Sirocco relaxes, a westward surface flow develops in

the meridional part of the radar domain Figure 3.19(d), but it doesn’t drive any

development of new structures.

In both APRIL1 and APRIL2 (Figures 3.18 and 3.19) the prevailing behavior

of trajectories is to converge along the Italian coastline. Moreover, under Sirocco

forcing no significant transport structures appear in the southern part of the domain

in front of the Istrian peninsula.
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Figure 3.17: Wind speed (top panel) and direction (lower panel) for the Sirocco
episode in April 2008 from the ALADIN/HR model. The red line indi-
cates the directional range adopted for Sirocco identification (between
247.5◦ and 337.5◦).
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(a) (b)

(c) (d)

Figure 3.18: FSLE (days−1) maps extracted from the first Sirocco episode in April
2008 (APRIL1). Black arrows indicate the surface currents configura-
tion at the beginning of the trajectories simulation (specified by the
date). The radar current field has been sub-sampled (one vector every
five grid nodes) for graphical readability.
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(a) (b)

(c) (d)

Figure 3.19: FSLE (days−1) maps extracted from the second Sirocco episode in April
2008 (APRIL2). Black arrows indicate the surface currents configura-
tion at the beginning of the trajectories simulation (specified by the
date). The radar current field has been sub-sampled (one vector every
five grid nodes) for graphical readability.
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The analysis of the Sirocco event in May starts some hours before the wind sets

in and the FSLEs from the radar current field show a transport structure resem-

bling an hyperbolic point in front of the Tagliamento estuarine (Figure 3.21(a)). The

attractive branch along the Italian coastline seems much more developed and persis-

tent in time, than the repulsive one perpendicular to the coast. This configuration

was also slightly visible during APRIL2 (Figures 3.19(a) and 3.19(b)) in the area

surrounding the Tagliamento mouth and most probably this structure is related to

the complex estuarine dynamics. In the next days Sirocco induces a northeastward

surface flow that drives waters inside the GoT and pushes the attractive filament

in the northeast direction (Figure 3.21(b)). In this case the transport along the

filament is from west to east, driven by the northward currents and not in the op-

posite direction according to the typical cyclonic circulation of the North Adriatic

area. In fact, under the Sirocco wind condition the jet appears to be interrupted

by the northward current driven by Sirocco and therefore the attractive filament,

prone to the coherent inflowing current throughout the GoT entrance, weakens in

the next days (Figure 3.21(c)). When Sirocco relaxes the eastward current along

Italy is restored (Figure 3.21(d)) and a cyclonic gyre develops at the western margin

of the radar field, as already observed by Mihanović et al. [2011]. Moreover, Sirocco

weakening allows the surface current shear to restore and consequently to reinforce

the transport structures, such as the attractive filament along the Italian coastline.
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Figure 3.20: Wind speed (top panel) and direction (lower panel) for the Sirocco
episode in May 2008 from the ALADIN/HR model. The red line indi-
cates the directional range adopted for Sirocco identification (between
247.5◦ and 337.5◦).
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(a) (b)

(c) (d)

Figure 3.21: FSLE (days−1) maps extracted from the Sirocco episode in May 2008.
Black arrows indicate the surface currents configuration at the begin-
ning of the trajectories simulation (specified by the date). The radar
current field has been sub-sampled (one vector every five grid nodes)
for graphical readability.
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3.5 Surface transport from MITgcm model

The FSLE analysis has been applied alsoton the modeled flow field during the

same periods already considered for the radar analysis (Section 3.4). Anyway, it is

appropriate to point out that the MITgcm for the Adriatic region considered here

has not been validated yet, thus the identification of the dynamical components

of the flow field distinguishing radar measurements and model outputs is not so

straightforward. In fact, the instantaneous flow fields coming from radar and model

can be very different, affecting the evolution of trajectories and then the visualized

FSLEs. Therefore the revealed transport structures will be discussed in terms of

the representativeness with respect to the local currents dynamics, even though the

aim is not to look for a specular correspondence between the results obtained from

radar and model. The comparison between FSLEs from radar and model will give

an overview on the variety of the results that this technique can reveal according to

the dynamics underlying the flow field in exam, but it will also focus on the effects

that extension and resolution of the current field have on LCSs identification. In this

case the radar coverage is limited to a localized area (about 30 km × 20 km) in the

Northeastern Adriatic Sea with 2 km resolution, while the model domain occupies

the whole North Adriatic Sea (extending from 43.5◦N to 46◦N) with 1 km resolution.

The wider extension of the model domain with respect to the radar field, gives to

the synthetic particles higher chances to reach the separation distance chosen for

the FSLE evaluation. Therefore, the FSLE model maps are so full of filaments with

respect to the FSLE radar maps that a clear visualization of the most persistent

structures requires the weakest FSLEs to be filtered out from model maps.

3.5.1 Calm wind periods

The frame chosen for the model FSLE analysis during the calm wind periods

in February and June 2008 are depicted in Figures 3.22 and 3.23, where the right

panels show the filtered maps. The selected times correspond to the dates already

discussed for the radar FSLE sequence in Figures 3.10(b,d) and Figures 3.12(b,d)

respectively.

Both in the February and June cases, the FSLE configuration obtained from the

model remains substantially unchanged throughout the considered window, even if

the meridional part of the current field shows greater variability than the northern

one especially in the June period. Although currents in February are less intense than
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in June the entangled filaments along the coastline have comparable intensity. The

attractive structure to the north is hidden by many repulsive filaments generated by

the intense incoherence of the simulated currents along the coastline. Such a strong

and heterogeneous coastal activity visualized in the model results could also be

overestimated, since it is not even evidenced at the border of the radar current field.

Anyhow the along shore transport dynamics should be modeled and investigated

separately because it needs the representation of very small scales and a specific

simulation of the interaction with the coastline. Therefore the repulsive transport

activity superimposed on the stable attractive structure to the north cannot be

verified.

The southern open sea area in June looks quite coherent and no significant

structures develop except for some nested convergent and divergent filament far

off Zub (Figures 3.23(b) and 3.23(d)). In the episode of February this entangled

transport activity extends further west but it is not possible to identify a dominant

pattern neither from the filtered FSLE maps.
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(a) (b)

(c) (d)

Figure 3.22: FSLE (days−1) maps extracted at two different days of the calm wind
period in February 2008. In the right panels the weakest transport
structures are filtered out to show FSLE with absolute value comprised
between 0.5 and 1 days−1. Black arrows indicate the surface currents
configuration at the beginning of the trajectories simulation (specified
by the date). The modeled current field has been sub-sampled (one
vector every four grid nodes) for graphical readability.
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(a) (b)

(c) (d)

Figure 3.23: FSLE (days−1) maps extracted at two different days of the calm wind
period in June 2008. In the right panels the weakest transport struc-
tures are filtered out to show FSLE with absolute value comprised
between 0.5 and 1 days−1. Black arrows indicate the surface currents
configuration at the beginning of the trajectories simulation (specified
by the date). The modeled current field has been sub-sampled (one
vector every four grid nodes) for graphical readability.
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3.5.2 Bora episodes

Two model FSLE images from the Bora episode in February 2008 have been

selected: the first at the beginning of the event and the latter when Bora has com-

pletely established (Figure 3.24), and they correspond to two dates selected in the

radar analysis (Figures 3.14(c,f)). Analogously, two times were picked out from

the model FSLE sequence during the Bora episode in March 2008 (Figure 3.25):

the first one when the Bora is blowing while the second one when the Bora is fad-

ing out. These same dates were already chosen for the radar FSLE sequence in

Figures 3.16(c,h).

The intensity of the modeled currents is of the same order of magnitude of the

radar currents, even if they are generally lower than the measured fields. In fact

the currents developing from the MITgcm runs are forced by an idealized wind field

(see Section 2.2.2), therefore the effects of the extreme wind bursts and of the local

spatial inhomogeneity driven by the surrounding orography are lost in the modeled

currents signature. The greatest similarity between radar and modeled flow fields is

limited to the northern part of the domain, especially along the Italian coastline. In

February an attractive filament constituted by two branches develops along the Ital-

ian coast from Bibione (Figure 2.5(a)) toward the west (Figures 3.24(a) and 3.24(b))

as observed also in the radar FSLE pattern (Figure 3.14(c)) in the same day. Also in

March an attractive line develops in the northern area both for radar (Figure 3.16(h))

and modeled field (Figures 3.25(c) and 3.25(d)), extending westward from the south-

ern end of the GoT along the Italian coast. FSLE maps from radar and model agree

in terms of the intensity of the attractive structure that seems slightly stronger in

March than in February, probably because the intensity of the wind is greater. The

position and the shape of this attractive filament are associated with the modulation

of the outflow pattern from the GoT during Bora episodes and its interaction with

the northward current running along the Istrian coast. During Bora maximum, the

model does not reproduce the disappearance of the attractive structure along Italy

as the radar does (Figures 3.14(f) and 3.24(d)). This difference is not necessarily due

to some disagreement between radar and model currents, in fact a westward current

dominates both in the radar and model fields. Actually, the absence of the strong

attractive structure in some FSLE maps of the radar field indicates that the ad-

vected particle pairs leave the domain before they have reached the final separation

distance necessary to evaluate FSLEs. On the contrary, the model domain is much

wider than the radar field, so that the particles pairs have higher chances to satisfy
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the final separation distance criterion. In this case, the comparison between model

and radar FSLE contributed to the interpretation of the radar results, showing that

a structure of such intensity cannot disappear so easily. Therefore even if a given

transport structure is “active” in the flow field, its visualization in the FSLE maps

depends on the extension of the domain where particles evolve.

The meridional area in the radar current field is prone to greater variability and

it shows lower correlation with the wind pattern (as observed by Cosoli et al. [2011]),

compared to the northern area. On the other hand the whole model current field

is more stable in time and the most persistent pattern observed generally agrees

with the double gyre circulation expected during Bora episodes [Jeffries and Lee,

2007; Pullen et al., 2007]. Since radar and model fields can be so different, it is not

surprising that the FSLE configuration in the meridional part of the radar domain

has few similarities with the model case. In fact, even if the initial currents fields

show good resemblance (Figures 3.24 and 3.25), the evolution (both backward and

forward) of the particles is affected also by the currents configuration preceding and

following the currents initial condition.
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(a) (b)

(c) (d)

Figure 3.24: FSLE (days−1) maps extracted at two different dates from the Bora
episode in February 2008. In the right panels the weakest transport
structures are filtered out to show FSLE with absolute value comprised
between 0.5 and 1 days−1. Black arrows indicate the surface currents
configuration at the beginning of the trajectories simulation (specified
by the date). The modeled current field has been sub-sampled (one
vector every four grid nodes) for graphical readability.
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(a) (b)

(c) (d)

Figure 3.25: FSLE (days−1) maps extracted at two different dates from the Bora
episode in March 2008. In the right panels the weakest transport struc-
tures are filtered out to show FSLE with absolute value comprised be-
tween 0.5 and 1 days−1. Black arrows indicate the surface currents
configuration at the beginning of the trajectories simulation (specified
by the date). The modeled current field has been sub-sampled (one
vector every four grid nodes) for graphical readability.
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3.5.3 Sirocco episodes

For the Sirocco event in April 2008, two FSLE maps are depicted (Figure 3.26)

and they correspond to the dates of Figure 3.18(c) (APRIL1) and Figure 3.19(b)

(APRIL2) selected from the radar field analysis. Moreover, two frames are picked out

from the model FSLE sequence during the Sirocco episode in May 2008 (Figure 3.27)

at the dates indicated in the FSLE radar maps shown in Figures 3.21(b,c).

The FSLE maps in May reveal an intense transport activity along the Italian and

Istrian coastline together with a thick tangle of attractive and repulsive filaments

in the meridional part of the domain where the flow field is highly variable (Fig-

ures 3.27(c) and 3.27(d)). Equivalent coastal transport features are observable also

during the episode in April (Figures 3.26(c) and 3.26(d)), but the meridional area

is not so “populated” by structures as in May. This transport activity difference in

the meridional area from April to May is also visible in the FSLE from the radar

field (Figures 3.18 and 3.19 and 3.21) even if the structures are weaker and spare

with respect to the model FSLE configuration.

The tight superposition of attractive and repulsive structures over a wide area

along the Istrian coast can be explained observing that the shear effect combines

with an acceleration (deceleration) in the direction of motion. Therefore, the par-

ticles advected in the flow field to evaluate FSLE in this area diverge in a certain

direction while they converge in the perpendicular one. In April (Figure 3.26(b))

the northward current feels the no-slip condition along Istria, therefore the particles

running close to the coast are slower than the farther ones (leading to separation

of trajectories and identifying a repulsive structure). At the same time this current

weakens along its flowing direction, hence the particles initialized upstream will over-

come the slower particles starting downstream (driving convergence of trajectories

thus indicating an attractive structure). This is not the case for the Figure 3.27(b)

in May, where a current directed toward the coast develops in front of Istria allow-

ing very few particles to diverge while approaching the boundary. This leads to the

development of several attractive structures in the current direction. As a matter

of fact, so many small-scale mechanisms take part in coastal dynamics that it is not

straightforward to determine whether these structures are all equally representative

of the local circulation. In this case the actual surface transport from the radar helps

to distinguish the persistent transport features of the Northern Adriatic (as the at-

tractive structure in the northern area) from other ambiguous filaments generated

by modeled currents.
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(a) (b)

(c) (d)

Figure 3.26: FSLE (days−1) maps extracted from two different days of the Sirocco
episode in April 2008. In the right panels the weakest transport struc-
tures are filtered out to show FSLE with absolute value comprised
between 0.5 and 1 days−1. Black arrows indicate the surface currents
configuration at the beginning of the trajectories simulation (specified
by the date). The modeled current field has been sub-sampled (one
vector every four grid nodes) for graphical readability.
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(a) (b)

(c) (d)

Figure 3.27: FSLE (days−1) maps extracted from two different days of the Sirocco
episode in May 2008. In the right panels the weakest transport struc-
tures are filtered out to show FSLE with absolute value comprised
between 0.5 and 1 days−1. Black arrows indicate the surface currents
configuration at the beginning of the trajectories simulation (specified
by the date). The modeled current field has been sub-sampled (one
vector every four grid nodes) for graphical readability.
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3.6 Radar divergence fields

This last section is devoted to a brief comparison between the FSLE results and

the information achievable through the application of an Eulerian diagnostic tool

such as horizontal divergence.

Some instantaneous divergence maps for calm wind, Bora and Sirocco episodes

are shown in Figures 3.28, 3.29 and 3.30. During the strongest Bora episode in

March, divergence shows very high localized values, while during the Sirocco event of

May and the February calm wind period the divergence field is smoother and weaker

than the one in the Bora case. This difference is possibly due to the inhomogeneous

forcing that Bora bursts exert on the sea surface, with respect to the other two

wind conditions. In all the examined cases the divergence maps change fast in

time, because of the high variability of the current fields itself, thus visually it is

not possible to identify a typical divergence pattern from the subsequent frames.

Therefore, the instantaneous divergence maps have been averaged over the whole

time period of the specific wind event analyzed (Figure 3.31).

The magnitude of the FSLE ridges is not necessarily equivalent to the horizontal

relative dispersion rates where the vertical velocities become significant. However

their spatial distribution is probably a good indication of the location of the La-

grangian transport barriers (Haza A., personal communication). Therefore despite

horizontal divergence values are high enough to imply significant vertical veloci-

ties in the flow field, the strongest FSLE filaments (evaluated in the hypothesis of

a two-dimensional velocity field) still correspond to the highest mean divergence

values, indicating the spatial configuration of the transport barriers. The conver-

gent area in front of the Italian coast evident in all the wind cases (Figure 3.31)

agrees with the attractive filament already identified in the FSLE analysis (Fig-

ures 3.10(a), 3.16(a) and 3.21(b)). Moreover, the repulsive filament developing dur-

ing the Bora episodes far off Zub (Figure 3.16(f)) is analogue to the divergent area

in Figure 3.31(b). Anyway both instantaneous and mean divergence maps give a

“frozen” overview of particle dispersion and it is not possible to deduce from them

the evolution of the transport patterns during a specific time period. On the other

hand, the FSLE analysis is able to capture in one image the fate of particles tra-

jectories, giving information with higher details than an Eulerian method would

allow.
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(a) (b)

(c) (d)

Figure 3.28: Horizontal divergence (days−1) maps of the radar current field ex-
tracted during the calm wind period in February 2008. Black arrows
indicate the surface currents configuration in the date specified. The
radar current field has been sub-sampled (one vector every five grid
nodes) for graphical readability.
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(a) (b)

(c) (d)

Figure 3.29: Horizontal divergence (days−1) maps of the radar current field ex-
tracted during the Bora event in March 2008. Black arrows indicate
the surface currents configuration in the date specified. The radar cur-
rent field has been sub-sampled (one vector every five grid nodes) for
graphical readability.
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(a) (b)

(c) (d)

Figure 3.30: Horizontal divergence (days−1) maps of the radar current field ex-
tracted during the Sirocco event in May 2008. Black arrows indicate
the surface currents configuration in the date specified. The radar cur-
rent field has been sub-sampled (one vector every five grid nodes) for
graphical readability.
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(a)

(b) (c)

Figure 3.31: Mean horizontal divergence (days−1) maps of the radar current field
during: (a) calm wind period in February, (b) Bora episode in March
and (c) Sirocco episode in May.



Chapter 4

Discussion and Conclusions

The surface transport in the Northeastern Adriatic Sea has been investigated

by applying the FSLE technique on the current field detected by the HF coastal

radar network active in the period August 2007 - August 2008. It is one of the

first work that uses the FSLE method over a radar field, since the only previous

application over VHF radar measurements was conducted in the Gulf of La Spezia,

in the Ligurian Sea [Haza et al., 2010]. This study highlighted the advantage of

using FSLE maps from radar fields for visualizing regions of different advective

dynamics, instead of looking at individual particle trajectories. Moreover, unlike

the previous FSLE applications on numerical models, the FSLE evaluation on radar

measurements has the advantage that current data have no errors propagating or

cumulating in time. However, this is the very first time that a Lagrangian study

based on the FSLE employment over HF radar measurements is conducted in the

Northern Adriatic Sea. The interest is focused on the surface dynamics of this area

associated with the typical wind regimes, namely Bora and Sirocco. Aiming to

analyze the surface transport pattern driven by these winds, the strongest and most

persistent events, coinciding with the radar network activity, have been identified

from meteorological forecasting data and confirmed by the in situ time series. For

comparison purposes, the structures developing throughout the longest calm wind

periods have also been investigated. A similar FSLE analysis has been carried out on

modeled currents during these specific wind episodes in order to have a perspective

on the various results given by the application of the same procedure to different

velocity fields. In addition, this work includes also the development, testing and

calibration of the FSLE algorithm for the specific field considered. This calibration

part represents a fundamental preliminary step since, on the whole, few references
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are available for the FSLE analysis on radar current fields and, specifically, FSLE

has never been applied to the Northeastern Adriatic area.

According to the ALADIN/HR meteorological model, two strong Bora events

occurred in winter 2008, while two intense Sirocco events were reproduced by AL-

ADIN/HR during spring 2008. The wind station in Trieste is found to be the most

suitable location to confirm the Bora episodes selected from the ALADIN/HR model,

being placed along a preferential way for wind blowing through the orographic pro-

file. On the other hand the southern signal of Sirocco wind gets too weak and

intermittent at the northern Adriatic meteorological stations, such as Trieste or

Venice. Thus Sirocco manifestations cannot be univocally recognized among the

other local wind regimes in these wind time series, but they are clearly identifiable

in correspondence of the SL maximum at the tide-gauge station in Venice because

of the piling up of waters along the northernmost border of the Adriatic Sea. Beside

these strong wind events, two calm wind periods of about ten days were recognized

both from the ALADIN/HR wind fields and the wind time series in Trieste and

Venice.

The algorithm developed for the transport structures identification is composed

of two stages: first, the simulation of the trajectories in Fortran language and, sec-

ond, the FSLE evaluation and mapping in Matlab code. This algorithm structure

revealed to be much more efficient than a pure Matlab script calculating trajectories

first and then FSLE. Moreover the combination of the bilinear interpolation scheme

and the 4th order Runge-Kutta method was checked to find a compromise between

accuracy and efficiency of the advection procedure. The application of the FSLE

technique required to set the parameters regarding the initial and final relative dis-

tance of particle-pairs (δi and δf respectively). The most suitable combination of δi

and δf is strictly related to resolution and coverage of the current field available but

also to the scale of the current dynamics. The tests carried out prove the importance

of the correct parameters choice showing that the initial distance controls the visi-

bility of the transport structures details, while the final distance affects the FSLE

coverage over the field. Thus when decreasing δi the smallest features of transport

structures become visible; on the other hand increasing too much δf prevents the

particle pair to reach this relative distance before exiting the domain, resulting in

a zero local FSLE value. In addition, the values chosen for δi and δf influence the

time required for the evolution of the ensemble of particles that increases as the

initial distance decreases (more particles are deployed to cover the field) or as the
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final distance increases (more time is needed for particles advection). Anyway an

intrinsic limit exists in the visualization of the filaments and of their details, that is

given by the strain caught by the radar measurements and by the spatial extent of

the radar domain.

Figure 4.1: Schematic transport structures configuration during calm wind periods:
the left panel represents February 2008, while the right panel repre-
sents June 2008. Attractive filaments are in blue (or cyan for weaker
intensity), repulsive filaments are in orange (weak intensity). The arrow
on the filament indicates the direction of local surface transport. The
dotted swirling arrows (in black) indicate the appearance of a surface
eddy.

The FSLE analysis on the current field revealed the development of surface

transport structures during the different wind regimes taken in exam (calm wind,

Bora and Sirocco) but it also identified some recurrent patterns from one episode to

another. The FSLE results independently obtained from radar and MITgcm surface

currents complement each other in the interpretation of the transport dynamics.

Nonetheless their combination bring to light strengths and weaknesses of the FSLE

application to different current fields in a coastal area.

The radar field analysis evidenced the effects on transport driven by the wa-
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ter exchange between the GoT and the Northern Adriatic area, depending on the

specific wind pattern. According to Malačič and Petelin [2001] and Bogunović and

Malačič [2009] the circulation in the GoT is driven by the EAC intrusion along the

southern side of the gulf, that induces waters to describe a cyclonic pattern following

the gulf coastline and then to exit along the Italian margin. Anyway, the GoT is

characterized by many fresh water inputs and its surface layer is occupied by buoyant

water [Stravisi and Crisciani, 1986], so that the saltier EAC enters in the gulf from

the levels underlaying the surface (Figure 3.11(b)). On the other hand, the surface

current field is organized so that a transversal outflow current develops crossing the

GoT entrance, from its southern border to the Tagliamento estuarine, and joining

with the westward flow along the Italian coast [Malačič and Petelin, 2009]. This

FSLE analysis identifies an attractive filament in front of the GoT entrance, which

is associated with the transport driven by the transversal current of the GoT. This

structure is present in all the considered wind regimes but its location with respect

to the Italian coast and the direction of transport associated with it varies from time

to time (Figures 4.1 and 4.2).

During both calm wind periods the attractive filament extends from the north-

ern Istrian tip to the Tagliamento river and further west. Its meandering can be

affected by the instantaneous current field but its intensity is not compromised. The

advection associated with this structure is westward, in agreement with the diagonal

current pattern typical of the GoT [Malačič and Petelin, 2001].

In Sirocco episodes the position of the attractive filament is pushed northeast-

ward, as a consequence of the piling up of waters along the northern Adriatic coasts.

In this situation the transport along the attractive filament is mainly driven east-

ward, indicating an inflow across the entrance of the GoT. The spread surface inflow

in the gulf is also confirmed by the sea level rise in Trieste during such wind events

[Mihanović et al., 2011].

A first interpretation of the FSLE maps from the radar field in Bora cases, might

suggest the disappearance of the attractive filament in front of the GoT. However, the

same analysis performed on the MITgcm current field shows an extended attractive

filament along the Italian coast. This discrepancy between radar and model FSLEs

shows that if particles had had the possibility to proceed with their advection in the

radar field they could have revealed the attractive filament along the Italian coast as

the model did. Particles advected in the radar field are not able to reach the fixed

final separation distance for reasons related to the current pattern developing under
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Bora forcing, but also to the coverage of the radar network. In the first instance

Bora drives an extended outflow from the GoT along its axis [Malačič and Petelin,

2009] that looks quite coherent from the radar measurements at the entrance of

the gulf. Moreover the coverage of the radar field is sometimes reduced because

the measurements from one of the three radar of the network were not available.

The hypothesis that the attractive filament is active but it is advected too much

westward to be detectable by the FSLE in the radar domain is further supported

by the observation of Mihanović et al. [2011] that Bora drives a sea level decrease

in Trieste and at the same time a sea level rise in Venice.

During Bora episodes the currents in front of Istria drive the development of

an intense repulsive structure along the coast that subsequently looses strength

while propagating northwestward. It is the very first time that some measurements

give the evidence of such a divergent current developing in the downwind direction

(Figures 3.14(e) and 3.16(f)). In fact models usually predict an upwind current in

correspondence of the lull of the wind between the two Bora corridors created by

the Istrian peninsula. This upwind current originates as a counterflow balancing the

strong downwind current jets induced by the Bora forcing and it drives the surface

flow from the Po river delta to the GoT [Cushman-Roisin and Korotenko, 2007;

Kuzmić et al., 2007]. Thus, the origin of this downwind current pattern observed in

radar fields is not yet completely understood, but the discrepancy with respect to

the previous studies could be explained considering that the radar network detects

the very upper skin layer of the sea where complex air-sea interaction mechanisms

take place and are hardly predictable or measurable by other is-situ surveys at the

resolution and coverage achieved by radars. Otherwise, another possible explana-

tion could rely on the dependence of the upwind current location according to the

Bora stress pattern and the relative strength of the wind jets blowing through the

orographic profiles over the Northern Adriatic Sea [Pullen et al., 2007].

The variability of the transport filaments found in front of the Istrian penin-

sula is higher than those in the northern part of the domain, probably due to the

north-south weakening of the correlation between the non-tidal currents and the

wind stress [Cosoli et al., 2011]. Moreover, in the meridional part of the domain a

sensible difference is observed between the filaments configuration in the two calm

wind periods analyzed (Figure 4.1), when the sea surface is subjected to weak and

unsteady local winds and breezes. Current patterns are extremely variable, thus

the structures are generally weaker and not as persistent as those developing in



92 CHAPTER 4. DISCUSSION AND CONCLUSIONS

Figure 4.2: Schematic transport structures configuration during wind episodes: the
left panel represents Bora, while the right panel represents Sirocco. At-
tractive filaments are in blue, repulsive filaments are in red (or orange
for weaker intensity). The arrow-filament indicates the direction of local
surface transport. The dashed straight arrows (in black) indicate the
prevailing direction of structures advection.

the northern part of the domain. The same could be said for the analyzed Sirocco

episodes, during which no persistent transport structures appear in front of the Is-

trian coast, most probably because of the coherent current pattern driven by this

southerly wind [Mihanović et al., 2011].

On the other hand, the FSLE analysis from the MITgcm identifies in all the

analyzed periods a dense entanglement of filament of various intensity both along

the Istrian coast and off shore. This marked contrast is mainly related to the fact that

the particles evolving in the model field can be advected well beyond the boundaries

imposed by the radar domain, and have higher chances to reach the fixed final

separation distance. This difference between the FSLE application to radar and

model field has been already pointed out dealing with the visibility of the attractive

structure along the Italian coast during the Bora episodes. Anyway, the model

FSLE maps are richer in filaments with respect to the radar FSLE maps in all the
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wind conditions analyzed. Thus it is not a matter of a peculiar wind configuration

over the Adriatic basin, rather an effect of the smallness of the radar flow field

with respect to the area that particles would need to reveal the weakest and short-

lived filaments. On the contrary, the FSLE application to an extended current

field produced by an ocean model that is not specifically set up to reproduce the

small-scale coastal dynamics of the area in exam could also generate some “spurious”

filaments along the margin lines, not necessarily representative of the actual regional

transport mechanisms.

According to the stability theory, the “optimum scenario” for FSLE application

should be an extended flow field with size much greater than the length scale of

the structures to be identified and such that the evolution of the flow field is slower

than the advective time scale (the so called frozen field hypothesis). This is the

reason why in oceanography the FSLE technique is usually applied over current

fields derived from satellite altimetry or model output. The radar current fields,

on the other hand, have very high resolution but small domain and, since they

resolve high variability of current patterns, the transport structures generally evolve

faster than their translational velocity. However, through an accurate setting of

the FSLE key parameters (i.e. initial and final separation between particles) the

evolution of the strongest transport structures is visible. The combination of the

FSLE results from model and radar current fields contributed to interpret the surface

transport dynamics because it allowed: i) to determine the strongest structures, ii)

to extend transport information beyond the radar coverage and iii) to recognize

spurious filaments generated by too coarse modeled current to reproduce the local

coastal dynamics.

The Northern Adriatic Sea, as a whole, has a quite complex dynamics being

a shallow water sub-basin prone to severe wind events and intense riverine output.

Several biological and geochemical phenomena are driven by the transport dynamics

of this area, that in turns affect human activities such as fishery, maritime traffic or

industrial settlement. Therefore an extensive knowledge of the transport dynamics

of such an active and exploited basin is to be hoped. The application of the FSLE

on HF radar currents in the Northeastern Adriatic area gives important informa-

tion about the dispersion dynamics involving the sea surface layer, except if localized

area of strong divergence (or convergence) are identified implying significant vertical

velocities. On the other hand, the FSLE application on model currents evidences

that the reproduced coastal dynamics not necessarily depicts, with adequate de-
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tails, the actual transport conditions at the sea surface. To a certain extent, this

disadvantage relies on the fact that the upper layer of an ocean model is forced

by a modeled wind field, which gives a coarser representation of the actual wind

conditions. Anyway, model currents could be improved thanks to in situ current ob-

servations by assimilating, in this specific case, the surface currents measured by HF

radar into the model field. Moreover, the FSLE analysis on deeper levels of model

currents could give further information on the water column dynamics, that drives

biogeochemical processes such as the nutrients upwelling or the coastal erosion and

deposition mechanism. In order to give a comprehensive Lagrangian description of a

current field, the FSLE method should be used in association with the advection of

clusters of drifters (both at the surface and deeper deployments) to compare in-situ

trajectories with the transport structures identified from radar and model. In fact,

the deployment of a limited ensemble of individual and sparse drifters do not allow

to estimate relative dispersion neither to localize convergence or divergence areas.

Nowadays, the dynamics of the GoT is not yet completely understood, therefore

future radar measurements in combination with a regional ocean model and cluster

of drifters deployments could be used to describe the transport processes in the GoT

at the surface and deeper layers, as well as the mechanism involved in the exchanges

between the GoT and the Northern Adriatic Sea.



List of abbreviations

ADCP Acoustic Doppler Current Profiler
ALADIN Aire Limitée Adaptation dynamique Développement InterNational
ARPEGE Action de Recherche Petite Echelle Grande Echelle
CODAR Coastal Ocean Dynamics Application Radar
DHMZ Croatian Meteorological and Hydrological Service
EAC Eastern Adriatic Current
FSLE Finite-Size Lyapunov Exponent
FTLE Finite-Time Lyapunov Exponent
GoT Gulf of Trieste
HF High Frequency
LCS Lagrangian Coherent Structure
LE Lyapunov Exponent
MAd Middle Adriatic
MITgcm Massachusetts Institute of Technology general circulation model
MUSIC MUltiple SIgnal Classification
NAd North Adriatic
NASCUM Northern Adriatic Surface CUrrent Mapping
NCOM Navy Coastal OceanModel
OW Okubo-Weiss
RANS Reynolds Average Navier Stokes
SAd South Adriatic
SCC Surface Chlorophyll Concentration
SL Sea Level
SOM Self-Organizing Mapping
SST Sea Surface Temperature
VHF Very High Frequency
WAC Western Adriatic Current
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Malačič, V. and Petelin, B. (2009). Climatic circulation in the Gulf of Tri-

este (northern Adriatic). Journal of Geophysical Research, 114(C07002).

doi:10.1029/2008JC004904.

Marshall, J., Adcroft, A., Hill, C., Perelman, L., and Heisey, C. (1997). A finite-

volume, incompressible Navier Stokes model for studies of the ocean on parallel

computers. Journal of Geophysical Research, 102:5753–5766.



BIBLIOGRAPHY 101

Masina, S. and Pinardi, N. (1994). Mesoscale data assimilation studies in the middle

Adriatic Sea. Continental Shelf Research, 14:1293–1310.

Mauri, E. and Poulain, P.-M. (2001). Northern Adriatic Sea surface circulation and

temperature/pigment fields in September and October 1997. Journal of Marine

Systems, 29:51–67.
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Real-time procedures implemented within coastal HF radar system in the North-

ern Adriatic.

Yoshino, M. M. (1976). Local wind Bora. University of Tokyo Press.

Zavatarelli, M. and Pinardi, N. (2003). The Adriatic Sea modelling system: a nested

approach. Annales Geophysicae, 21:345–364.

Zore, M. (1956). On gradient currents in the Adriatic Sea. Acta Adriatica, 8:1–38.
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