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ABSTRACT 
Continuous measurements are strictly essential to better understand the deep convection as 
well as for monitoring the seasonal and interannual thermohaline variability in the ocean. For 
these reasons, the south Adriatic Sea has been constantly monitored by means of the E2M3A 
deep observational site, located in its central part (Latitude 41° 50’ N, Longitude 17° 45’ E, 
maximum depth 1250m) since 2006. Temperature, salinity and current time series collected 
between 2006 and 2010 are analysed in this thesis and they represent the longest time series 
available for this region. Moreover, these time series are merged with Conductivity-
Temperature-Depth (CTD) profiles obtained from several oceanographic cruises to provide 
the necessary spatial distribution of data for describing the thermohaline properties in the 
study area. 
 
The analysis of the data presented here shows that winter 2007 was characterized by a weak 
convection, while winter 2008 and following winters revealed a stronger deep convection able 
to reach 800-900m in February 2008. Time series highlight the abrupt temperature (T) and 
salinity (S) decrease, noticeable down to 600-700m depth from March 2008 on. The 
intermediate layer experienced a maximum decrease in T and S of ~0.4°C and ~0.06 
respectively, clearly evident after each strong winter convection phase. The bottom layer 
(~1200m), instead, shows an opposite behaviour: it suffered a continuous T and S increase 
(linear trend of ~0.05 °C y-1 and ~0.004 y-1, respectively) during the whole observational 
period. These changes are discussed in a context of strong relationship between the variability 
of the Ionian surface circulation recently discovered, and the heat and salt content changes in 
the South Adriatic presented in this study. 
The results show that the mechanism triggering the salt content changes in the South Adriatic 
is based mainly on the winter convection, which transfers surface fresher water towards 
deeper layers. Nevertheless, current measurements also indicate that the passage of mesoscale 
eddies in the region can produce sudden thermohaline perturbations along the water column 
for 10-15 days. Cyclonic eddies seem to be more frequent in the proximity of the 
observational site than the anticyclonic ones. Interestingly, the comparison between time 
series and satellite images (Chl-a surface distribution) reveals, for the first time, that the 
vortices act along the whole water column. Their passage produces a twofold effect: the 
contribution to the re-stratification of the water column during the post convection phase, by 
exchanging the buoyancy between the mixed path and the surrounding waters, and the 
transfer of heat and salt between the deep and the intermediate layers. 
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RIASSUNTO 
Misure oceanografiche in continuo sono essenziali per comprendere meglio il processo di 
formazione delle acque dense e per monitorare la variabilità termoalina stagionale e 
interannuale in oceano. Per queste ragioni, a partire dal 2006 il Sud Adriatico è stato 
costantemente monitorato grazie all’utilizzo del sito di osservazione denominato E2M3A, 
ancorato nella parte centrale del Sud Adriatico (latitudine 41° 50’ N, longitudine 17° 45’ E, 
profondità massima 1250m). Le serie temporali di temperatura, salinità e correnti marine 
raccolte tra il 2006 e il 2010 sono analizzate in questa tesi e rappresentano la serie di dati più 
lunga mai ottenuta in questa regione. Oltretutto, per fornire la necessaria copertura spaziale 
dei dati utile a descrivere le proprietà termoaline nell’area di studio, le serie temporali sono 
state integrate con profili CTD (Conductivity-Temperature-Depth) provenienti da diverse 
crociere oceanografiche. 
 
L’analisi dei dati presentata qui mostra che l’inverno 2007 è stato caratterizzato da una debole 
convezione, mentre l’inverno 2008 e i successivi hanno mostrato una convezione più intensa, 
capace di raggiungere 800-900m di profondità a Febbraio 2008. Le serie temporali 
evidenziano una diminuzione repentina di temperatura (T) e salinità (S), visibile fino a 600-
700m a partire da Marzo 2008. Lo strado intermedio ha subito rispettivamente una 
diminuzione massima di T e S di ~0.4°C e ~0.06, chiaramente evidente a seguito di ogni fase 
di intensa convezione invernale. Lo strato di fondo (~1200m) ha mostrato invece un 
comportamento opposto: un inaspettato e continuo aumento di T and S (trend lineare ~0.05 
°C y-1 e ~0.004 y-1, rispettivamente) durante tutto il periodo di studio. 
Questi cambiamenti sono discussi nell’ambito della forte relazione tra la variabilità della 
circolazione superficiale dello Ionio recentemente scoperta e i cambiamenti nel contenuto di  
calore e sale del Sud Adriatico presentati in questo studio.  
I risultati mostrano che il meccanismo in grado di produrre cambiamenti nel contenuto di sale 
nel Sud Adriatico è principalmente basato sulla convezione invernale, che trasferisce acqua 
superficiale meno salata verso strati più profondi. Tuttavia, le misure di corrente mostrano che 
anche il passaggio di vortici a mesoscala può indurre repentine perturbazioni delle proprietà 
termoaline lungo la colonna d’acqua anche per 10-15 giorni. Vortici di tipo ciclonico 
sembrano essere più frequenti in prossimità del mooring rispetto a quelli di tipo anticiclonico. 
È interessante notare che il confronto tra le serie temporali e le immagini da satellite della 
distribuzione superficiale di clorofilla-a rivela, per la prima volta in questa regione, che i 
vortici agiscono su tutta la colonna d’acqua. Il loro passaggio produce un duplice effetto: il 
contributo alla ri-stratificazione della colonna d’acqua a seguito della fase di convezione 
invernale e il trasferimento di calore e sale tra gli strati intermedio e profondo. 
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1. INTRODUCTION 

The study of the ocean deserves great importance for many reasons (e.g. global 

warming, fisheries and sustainable resources, coastal pollutions and processes that involve 

beach erosion). Among them the influence of the oceans on the weather and climate both on 

regional and global scales deserves particular attention.  

Over the past century the Mediterranean Sea has been intensively studied for two main 

reasons. First, because the increased exploitation of marine environment for economic 

purposes needed an advance in the knowledge of its properties. Second, because in the 

Mediterranean processes characterizing the global ocean and its climate take place over 

shorter time and spatial scale, simplifying the logistics necessary for monitoring. All major 

forcing mechanisms, surface wind forcing, buoyancy fluxes, lateral mass exchange and deep 

water formation (hereafter DWF) are present in the Mediterranean, causing seasonal and 

interannual variability (Pinardi and Masetti, 2000). DWF represents a crucial process in the 

thermohaline circulation because it is able to connect surface (interacting constantly with the 

atmosphere) and deep layers of the ocean. It takes place in the Mediterranean in different 

regions and drives the thermohaline cells analogously to the global ocean, generating currents 

responsible for a very slow movement in the abyss, called the conveyor belt (Cushman-Roisin 

and Beckers, 2011). 

Mediterranean deep convection is usually described in terms of an open primary 

thermohaline cell, located in the Levantine, which describes the transformation of surface 

Atlantic Water (AW) in to Levantine Intermediate Water (LIW) and two secondary closed 

cells: one in the Gulf of Lion and the other one in the Adriatic Sea or in the Aegean, which 

describe the transformation of surface and intermediate water in to Western and Eastern 

Mediterranean Deep Water, respectively (Lascaratos et al., 1999, see Fig. 1.1). 
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For these reasons the Adriatic Sea is an important area for studying the Mediterranean. 

DWF takes place in the Adriatic during winter season owing to vigorous air-sea heat 

exchanges.  

 

Figure 1.1 – Schematic representation of the thermohaline circulation in the Mediterranean Sea (from 

Lascaratos et al., 1999). 

The era of important oceanographic cruises in the Mediterranean Sea started at the end 

of the 19th century, but only during the last three decades oceanographic researches were 

focused on specific processes rather than on general descriptive studies (Gačić et al., 2001). A 

couple of important projects in 1980’s oriented to explain the fundamental mechanisms of the 

Eastern Mediterranean circulation were the 1982 experiment ALPEX (Alpine Experiment) to 

study the cyclogenesis over the Mediterranean and the characteristics of the Bora wind (Gačić 

et al., 2001), and after the 1984 the international program POEM (Physical Oceanography of 

the Eastern Mediterranean). The latter was created with the aim of understanding the general 

circulation of the Eastern Mediterranean combining in-situ measurements and numerical 

modeling (POEM group, 1992). It improved considerably the knowledge of the thermohaline 
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circulation of the Eastern Mediterranean Sea and of the physical processes related to it. After 

that, to provide an extensive knowledge of the Mediterranean Sea other important projects 

were funded by European Union. Among them, the MATER project (Mass Transfer and 

Ecosystem Response) had an important Adriatic component dealing with the DWF and 

vertical carbon fluxes (Manca et al., 2002). In the second half of 1990s, the Italian national 

research programs PRISMA1 and PRISMA2 (Programma di RIcerca e Sperimentazione per 

la salvaguardia del Mare Adriatico) were carried out in the Adriatic Sea. The first aimed at 

estimating the alongshore water and particulate fluxes, while the second was focused on 

understanding the functioning of the Western Adriatic Current (WAC) and the role of the 

coastal fronts on marine ecosystem (Gačić et al., 2001 and references therein). In the same 

period, the project “Hydrodynamics and Geochemical Fluxes in the Strait of Otranto” and 

“Otranto Gap Experiment” (OGEX) gave an important contribution to the knowledge of the 

dynamics of the South Adriatic and of the exchanges between the Adriatic and the Ionian Sea. 

More recently (2006-2008), in the framework of the Italian project VECTOR (VulnErabilità 

delle Coste e degli ecosistemi marini italiani ai cambiamenti climaTici e loro ruolO nei cicli 

del caRbonio mediterraneo) and the European project SESAME (Southern European Seas: 

Assessing and Modelling Ecosystem changes), several multidisciplinary cruises were carried 

out in the Adriatic and in the whole Mediterranean Sea. The objective of these cruises was to 

assess the impact of climate changes on the Mediterranean marine environment and the role 

of this basin in the planetary CO2 cycle. 

To understand climate and ocean variability continuous sampling is essential owing to 

the fact that oceanic and meteorological processes vary over a wide (and different) range of 

time and spatial scales (Dur et al., 2007). Generally, it is very difficult to have direct 

observations of the time sequence of the deep water formation processes (convection phases) 

because ship surveys are rarely carried out during adverse meteorological conditions 

(Marshall and Schott, 1999) that favour the air-sea heat exchanges. For this reason, moored 
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instruments became important to improve the knowledge of the convective processes, because 

they provide continuous measurements along the water column and during long time periods. 

The high-frequency sampling is important to better understand the small-scale couplings 

between physical, biological and chemical processes (Dur et al., 2007). The limitation in the 

use of moored instruments relates to the fact that the optimal positioning of the instruments in 

relation to specific process (i.e. deep convection) is difficult to be achieved. Anyway, a 

solution can be obtained by merging high frequency data coming from moored instruments 

with data gathered from oceanographic cruises.  

The South Adriatic has been constantly monitored by means of the Eastern 

Mediterranean Multiparametric Moored Array (E2M3A) located in its central part (Latitude 

41° 50’ N, Longitude 17° 45’ E) since 2006. This time series represents the longest one 

available for the South Adriatic. In fact, the mooring E2M3A was deployed in November 

2006 during the Italian project VECTOR, and enhanced after 2008 in the framework of the 

EuroSITES consortium. EuroSITES was a three year (2008-2011) EU FP7 Collaborative 

Project coordinated by NOC (National Oceanographic Centre, Southampton) which integrated 

and enhanced all the existing deep ocean observatories of the north Atlantic, Norwegian and 

Mediterranean Seas into a coherent European network study area (Fig. 1.2). It represents the 

continuation of the work carried out in previous European projects such as ANIMATE 

(Atlantic Network of Interdisciplinary Moorings and Time-series for Europe), MFSPP 

(Mediterranean Forecasting System Pilot Project), MFSTEP (Mediterranean Forecasting 

System Toward Environmental Predictions) and MERSEA (Marine Environment and 

Security for the European Area). The aim of the EuroSITES project was to create an 

European network increasing the potential of users of in situ ocean datasets and the societal 

benefit of these data (Larkin et al., 2011). Last but not least, all these datasets share a common 

data policy and standardised OceanSITES NetCDF formats (Pagnani et al., 2011). 
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This work is focused on the analysis of oceanographic data collected at the E2M3A 

site between November 2006 and September 2010, integrated by data coming from several 

oceanographic cruises in the same area. In this thesis a detailed description of the 

characteristics of the observational site and of the thermohaline variability occurred in the 

South Adriatic in the four-year period (2006-2010) is carried out. An analysis of the high 

frequency data (temperature, salinity, vertical and horizontal currents along the water column) 

is performed to provide a precise view of the deep convection phases (pre-conditioning, 

convection and post-convection) and the distribution of the water masses. Particular attention 

is given to the observation of mesoscale eddies. Finally, a brief discussion will be given about 

the role of the described thermohaline interannual variability of the Adriatic properties over a 

long time period. Some considerations will be presented about the influence of the spreading 

of dense water from the Adriatic on the deep layers of the Ionian Sea. 

 

Figure 1.2 – EuroSITES oceanographic buoys network (on the left) and the Italian E2M3A location in the 

South Adriatic (in the right panel, indicated by the red symbol). The EuroSITES network involved 13 

Partners across Europe and the Cape Verde Islands (see: http://www.eurosites.info/). 
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1.2 The Adriatic Sea 

The Adriatic Sea is a semi enclosed basin that exchanges mass and heat with the 

Mediterranean Sea through the Strait of Otranto (~ 75 km wide and ~ 800 m deep at the sill). 

The two major winds which blow in the Adriatic Sea are the Bora (NNE) and the Sirocco 

(SE). Bora blows in intense episodic bursts (Oddo et al., 2005) and its spatial distribution is 

strongly influenced by the orography of the eastern Adriatic land margins (Vilibić, 2003), 

giving rise to strong inhomogeneities (Orlić et al., 1994). Bora is a dry northerly wind, which 

favours evaporation and vertical mixing of the water column, subtracting buoyancy to the 

water column and allowing preconditioning for deep water formation. As mentioned in 

section 1.1, the Adriatic Sea represents a place where DWF takes place under favourable 

conditions. Convective regions are identified as localized areas where water increases its 

density (and weight) by buoyancy loss to the atmosphere, sinks (to the bottom or to its neutral 

density level), and spreads away from the formation region, thus requiring a surface return 

flow (Straneo, 2006). Dense water is formed both in the north and in the South Adriatic. Fig. 

1.3 shows the spreading of the dense water formed locally in the North Adriatic (NAdDW = 

North Adriatic Deep Water) and the time estimated for it to reach the middle and South 

Adriatic basins. The NAdDW is divided into a main branch that flows along the west Italian 

coast (full line in Fig. 1.3) while a secondary branch flows along the north part of the Croatian 

Coast (dashed line in Fig. 1.3).  

The volume contribution of the dense waters produced in the northern sub-basin to the 

global Adriatic outflow through the Strait of Otranto has been estimated to be between 4-40% 

with a very high annual variability (see e.g. Vilibić, 2003; Supić and Vilibić, 2006; Manziafou 

and Lascaratos, 2008; Cardin et al., 2011).  

The North Adriatic is characterized by a shallow shelf (average depth of about 35m up 

to a maximum depth of 100m) and suffers seasonal and long-term fluctuations of physical and 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 7 
 

 

biological conditions, mainly due to its variable and complex circulation (Russo et al., 2005 

and references therein). The ingression of fresh water is maintained by several important 

rivers such as Po, Adige, Isonzo, Tagliamento and Piave. The strongest input comes from the 

Po River which represents the 30% of the total river runoff (Gačić et al., 1997). The Po river 

runoff, which oscillates on a multidecadal time scale, ranges from 20.54 to 82.49 km3 yr-1 

with an average annual discharge of about 47.17 km3 yr-1 (Cozzi and Giani, 2011).  

Occasionally, a low river discharge, coupled with the general cyclonic circulation of the 

Adriatic Sea and years characterized by high volumes of LIW entering the Strait of Otranto 

(Buljan, 1953), can produce a relatively high salinity in the North Adriatic. If such water mass 

characteristics are present and joined with cold winter outbreaks, resulting in strong, cold and 

dry katabatic off-shore Bora wind (Furlan, 1977), then surface buoyancy losses are enhanced 

over the whole North Adriatic (Vilibić, 2003).  
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Figure 1.3 - The Adriatic Sea bathymetry (in meters) with position of the Jabuka Pit and the scheme of 

NAdDW production and spreading in the North Adriatic. Main branch is marked by full line whereas 

secondary branch is dashed. Arrival times of NAdDW at certain points are posted in figure, too (from 

Vilibić, 2003). Squares and circles represent hydrographic and meteorological stations used in the work of 

Vilibić (2003).  

Nevertheless, the most part of dense water produced in the Adriatic Sea is attributed to 

the south basin due to the intensity of the convective events and the large volume of water 

involved in these processes. In the South Adriatic Pit (SAP), a semi-permanent cyclonic gyre 

together with the presence of a high salinity layer between 300 and 600 m (occupied by 

Levantine waters coming from the Ionian Sea) and winter heat losses that can reach values of 

1000 W m-2 (Gačić et al., 2001 and references therein), generate convective events with 

duration of several days and with a spatial scale of about twenty kilometers. The deep 
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convection favours efficient mixing and exchange of properties between the upper, 

intermediate and deep layers, leading to the oxygenation of the abyssal waters (Leaman and 

Schott, 1991; Leaman, 1994; Mertens and Schott, 1998). Convection processes take place as a 

sequence of events involving both the atmosphere and the sea: pre-conditioning, convection 

and spreading. During the pre-conditioning phase, the area of the South Adriatic is 

characterized by the doming of the isopycnals caused by the quasi-permanent cyclonic basin-

wide circulation (Gačić et al., 1997), which characterizes the upper-intermediate layer. The 

pre-conditioning phase is followed by a violent mixing phase (from January to March in the 

Adriatic Sea) when surface cooling drives the mixing in the centre of the gyre, and finally a 

sinking and spreading phase (Marshall and Schott, 1999) characterized by the formation of 

mesoscale eddies.  

The dense water produced into the Adriatic Sea (AdDW = Adriatic Deep Water) flows 

southwards and exits through the bottom layer of the Strait of Otranto sinking in the abyssal 

plain of the Ionian Sea, representing the main component of the Eastern Mediterranean Deep 

Water, hereafter EMDW (Wüst, 1961; Hopkins, 1978, 1985; Schlitzer et al., 1991; Roether et 

al., 1996).  Fig. 1.4 shows the in-flowing and out-flowing of Levantine waters and Adriatic 

waters respectively, the location of the NAdDW formation area and the position of the 

E2M3A observational site in the South Adriatic. The residence time of the AdDW was 

estimated by Vilibić and Orlić (2002) assuming that it occupies 50% of the South Adriatic 

and assuming an average value for the AdDW Otranto flow rate of ~0.25 Sv according to 

Poulain et al. (1996). The time that AdDW needs to completely leave the area equals 3.2 

years. Otherwise, if the AdDW Otranto flow rate is 0.33 Sv and AdDW occupies 50% of the 

South Adriatic, AdDW resident time can be estimated at 2.4 years (Vilibić and Orlić, 2002). 

The mean flow through the Strait of Otranto is mostly along its main axis (NNW-

SSE). It has a two layer structure (Fig. 1.5) with an inflow in the upper layer (Ionian waters) 

and an outflow mainly confined in the western bottom part, where it is prevalently southwards 
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since it is composed by Adriatic waters (Kovačević et al., 1999). This vertical shear is driven 

by densities differences between the two water masses. The total bottom outflow is higher in 

spring than in winter while the LIW inflow rate is several times larger in winter than in spring 

(Poulain et al., 1996).   

 

  

Figure 1.4 – General circulation and spreading of Adriatic waters. The position of the E2M3A 

oceanographic buoy is indicated in the middle of the South Adriatic Pit. [LIW = Levantine Intermediate 

Water (LIW), AdDW = Adriatic Deep Water. NAdDW = North Adriatic Deep Water]. The figure is 

courtesy of Sadegh Yari and modified. 
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Figure 1.5 – West-east section along the Strait of Otranto showing the vertical distribution of the monthly 

averaged inflowing currents in February 1995 (upper panel) and May 1995 (lower panel). Positive values 

correspond to northward flow. Contour interval is 2 cm s-1. Stars denote the location of current meters. 

Dashed and dotted lines indicates areas occupied by LIW and AdDW respectively (from Poulain et al., 

1996). 
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1.3 The deep convection theory 

In stable conditions of the water column the density of the ocean generally increases 

with depth. The only exception is the surface layer, which is mixed under the constant effects 

of wind and waves, which are able to create a well mixed layer in the upper 5-10 m. The deep 

convection, which is forced by an increase in density at the surface via heat loss or 

evaporation, can distinctly increase the mixed layer depth. As mentioned before, the deep 

convection involves 3 phases (Fig. 1.6): (a) the preconditioning on the large scale, (b) deep 

convection in localized intense plumes on a small scale and (c) “lateral exchange” between 

the convective zone and the lateral ambient fluid through advective processes (Marshall and 

Schott, 1999). The preconditioning phase is characterized by the doming of the isopycnals 

due to the presence of a cyclonic circulation, which brings intermediate saltier water close to 

the surface. Note that the preconditioning phase is very important to weaken the stratification 

and then to favour the convection. The deep convection phase is triggered by the winter heat 

fluxes, which lead to a buoyancy loss of the surface water (directly exposed to the surface 

forcing). By increasing its weight the surface water sinks towards deep layers until reaching 

its equilibrium depth. When the strong forcing ceases (panel c in Fig. 1.6) the post convection 

phase begins. It is characterized by lateral exchanges with the surrounding waters associated 

with eddies of ~10km diameter on a geostrophic scales (Marshall and Schott, 1999). 
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 Figure 1.6 (a, b, c) – Schematic diagram of the three phases of open ocean deep convection: (a) 

preconditioning, (b) deep convection, and (c) lateral exchange and spreading. Buoyancy flux through the 

sea surface is represented by curly arrows, and the underlying stratification/outcrop is shown by 

continuous lines (from Marshall and Schott, 1999). 

 
The transfer of heat between the ocean and the atmosphere is called heat flux. The 

latter is able to change the buoyancy of the water by changing the density (thus, its weight) 

and the sum of heat and water fluxes is called buoyancy flux.  

The net heat budget Q (the sum of heat fluxes into/out a volume of water), expressed 

in terms of W m-2 is given by different contributions:  

 

1. solar or short wave radiation (Qs); 

2. backscattered or long wave radiation (QB); 

3. latent heat flux (QL), the flux of energy carried by evaporated water; 

4. sensible heat flux (QH), the flux of heat out of the sea due to conduction; 

5. advective heat flux (Qv), due to lateral exchanges; 
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The deep convection is one of the mechanisms that provide energy to the general 

thermohaline circulation, when thermohaline fluxes at the surface cause density changes, 

which drive a flow far from the its original place (Kuhlbrodt et al., 2007). The ocean can be 

considered a stably stratified fluid driven at its surface by momentum and buoyancy fluxes 

related with the prevailing winds (Marshall and Schott, 1999). The stability of the water 

column is expressed by the Brunt–Väisälä frequency (N), or buoyancy frequency. Indeed, 

when an incompressible fluid parcel of density ρ(z) is vertically displaced from level z to 

level z+h in a stratified environment, a force appears because of the density difference ρ(z) − 

ρ (z+h) between the particle in the new position and the ambient fluid (Cushman-Roisin and 

Beckers, 2011). The force due to the displacement of the water parcel is equal to: 

dz
d

ghVgVhzz


  )]()([ ,      [1.1] 

Now, considering the Boussinesq approximation (the density variations, are relatively 

small compared to the average or reference density of the fluid), Newton’s law yields to the 

following equation (divided by V): 

2

2

0)]()([
dt

hdghzz   ,       [1.2] 

where 0 is the deep averaged density (LeBlond and Mysak, 1978), even if usually is 

considered a constant reference density equal to 1000 kg m-3 (Marshall and Schott, 1999). 

Thus we obtain: 

2

2

dt
hd

dz
dgh 

0

,         [1.3] 

and it is possible to introduce the quantity N, which is the frequency at which a 

vertically displaced parcel will oscillate within a stable environment: 

dz
gd

0


                               [1.4] 
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When 
dz

d
>0 it means that the water column is unstable (and there is no buoyancy, 

i.e.  2 <0) because it corresponds to a top heavy fluid configuration.  

The quantity  2 has a large variability during the year, reaching its annual maximum 

usually in late summer in the upper layer (Grignon et al., 2010) when the stratification of the 

water column is strong and stable.  During the convective phase, particles of the fluid are 

moved vertically along a depth z , and the vertical currents increase considerably during this 

phase reaching values up to 8-10 cm s-1 (Schott and Leaman, 1991). The surface layers of the 

ocean undergo a regular cycle of convection and restratification in response to the annual 

cycle of buoyancy fluxes at the sea surface. If we consider thermal and haline expansions 

coefficients (α and β respectively) the surface buoyancy flux (in m2 s-3) can be expressed as: 

,
00

0 L
SQg

c
Qg L







                       [1.5] 

with Q  the total heat flux, LQ its contribution for the evaporation, S is the surface 

salinity, L the evaporation heat, c specific heat, and 0  density (Schott et al., 1993). The 

convection adopted usually is that positive buoyancy flux indicates the surface becoming 

lighter as a result of heating and/or freshening. The maximum depth reached by the 

convective plume is proportional to the magnitude of the surface buoyancy flux (Marshall and 

Schott, 1999) and equal to 

thN

dt
H

02 
                            [1.6]  

where dt  is the time interval that characterizes the event and thN is assumed constant 

(Marshall and Schott, 1999) . 

The Adriatic Sea is characterised by a negative annual heat budget. Several studies 

have reported average values included between -5 and -40 W m-2 (see e.g. Cardin and Gačić, 
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2003; Mantziafou and Lascaratos, 2008). During the last 2 decades, two cases in which the 

vertical convection in the South Adriatic reached 800 m depth are reported in literature: 

during winter 1991/1992 (Cardin and Gačić, 2003) and winter 2007/2008 (Bensi et al., 2010, 

Cardin et al., 2011; This thesis). Rarely the convection can affect the deep layer of the basin 

(>1000m). Similar conditions for the deep convection are observed in the Gulf of Lion 

(France), even if there the convection reaches higher depths than in the South Adriatic. In the 

Gulf of Lion it occurs under the effects of strong northerly winds, Mistral and Tramontane 

(MEDOC, 1970). Marshall and Schott (1999) relate total buoyancy flux typical values in the 

Gulf of Lion of about -30 [10-8 m2 s- 3]. 
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1.4 Principal water masses of the Adriatic Sea  

The Adriatic Sea is characterized by the presence of the following water masses, 

which here are described from the surface to the bottom layer as usually they are found in 

the South Adriatic (adapted from Cardin et al., 2011): 

SAdSW: South Adriatic Surface Water 

The surface water in South Adriatic occupies the upper 100 m so that it undergoes 

large seasonal variation. It also presents a distinct gradient between the east and west coast, 

due to the contrast between the WAC and Eastern Adriatic Current (EAC). The WAC is 

characterized by cold and fresh waters directed southwards while the EAC is warmer and 

saltier and directed northwards. The SAdSW is usually defined by T = 13.16±0.30°C and S 

= 38.61±0.09 (Artegiani et al., 1997). 

CIW:  Cretan Intermediate Water 

The CIW, even though not always present in the Adriatic Sea, is characterized by 

salinity values always greater than 38.90 in the Ionian Sea (which become a bit lower in the 

Adriatic Sea) and it appears richer in oxygen and poorer in nutrients than the LIW (see 

below, Manca et al., 2006). It is identified by its salinity maximum. Its hydrological 

characteristics are similar to those of the LIW but it remains warmer and slightly saltier, and 

it is formed locally in the Cretan Sea, where it is traced at depths of about 50–100 m with 

salinity values greater than 39.1 (Georgopoulos et al., 2000). 

LIW: Levantine Intermediate Water 

Wüst (1961) was the first to give a detailed description of the LIW for the entire 

Mediterranean using his ‘core-layer’ method. He found that the LIW, while spreading out 

from the formation region (Eastern Mediterranean Sea; Levantine Basin, Rhodes gyre), loses 

salinity continuously and sinks from initial depths of 50–100m close to the formation area to 

100–250m depth further away and finally to 300–450m depth in the western Ionian (Roether 

et al., 1998). The intrusion of LIW into the Adriatic Sea through the Strait of Otranto can be 
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identified between 200 and 600 m, with a vertical extension depending on the seasonal 

variability of the region. The core of this water mass is normally centred at a depth of  300–

400 m with values of θ~14-15°C. This LIW has a salinity that averages about 38.75 but may 

reach 38.90 (Vilibić and Orlić, 2001). The LIW represent a fundamental preconditioning 

factor for the DWF process in the South Adriatic Sea, being converted to deep water at an 

average rate of 0.4 Sv. The LIW entrance experiences a high seasonal oscillation with a peak 

observed in spring and a minimum observed in December-January (Wu and Haines, 1996). 

AdDW: Adriatic Deep Water  

The Adriatic Sea is the principal formation region of the Eastern Mediterranean Deep 

Water (Wüst, 1961; Schlitzer et al., 1991; Malanotte-Rizzoli et al., 1997; Roether et al., 

1998). It has θ~12.85-13°C and salinity S~38.60-38.70 but is subject to a great variability 

(Cardin et al., 2011). Renewal of deep waters takes place in the SAP. Mantziafou and 

Lascaratos (2004) have estimated that the deep water formed through open ocean convection 

inside the SAP accounts for 82% of the AdDW.  

MAdDW: Middle Adriatic Dense Water 

MAdDW is formed in the middle Adriatic by winter advection and mixing of the 

dense water coming from the north basin and the LIW that can reach the middle Adriatic 

basin, giving rise to a water mass that is normally warmer and a little bit saltier than the 

NAdDW (see below). This water mass can be found in the intermediate layer of the SAP 

(~500–700m depth but varying its depth from year to year). Artegiani et al. (1997) defined 

this water with average values of θ~11.62°C and S~38.47, analysing data from the beginning 

of the century to the early 1980s (Vilibić and Orlić, 2001). 

NAdDW: North Adriatic Deep Water 

NAdDW is known to be the densest water mass formed in the Mediterranean Sea 

(Franco, 1982; Malanotte-Rizzoli et al., 1997), although its volume is not large compared to 

other Adriatic water masses. It is formed on the North Adriatic continental shelf (Malanotte-
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Rizzoli, 1991) and spreads towards the SAP along the Italian Shelf. It has been found to 

occupy 20% of the total Adriatic deep waters, but it may be nearly totally absent in some 

periods (Vilibić and Orlić, 2001, 2002). Wang et al. (2006) and references therein have 

observed and characterised the NAdDW with θ<11.35°C, S<38.30 and σθ>29.2 kg m3; 

however it presents a large variability. The time needed for this water mass to reach the South 

Adriatic is estimated to be around 2 or 3 months (Vilibić, 2003, Fig. 1.3).  
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1.5 Thermohaline circulation between the Adriatic and the Eastern 
Mediterranean 

The Adriatic-Ionian system plays an important role for the general circulation of the 

Mediterranean Sea. The dense waters produced in the Adriatic Sea sinks into the Ionian Sea 

occupying the whole basin and spreading then towards the Levantine basin.  

The classical steady-state picture (Fig. 1.7a), emerged relatively early in oceanography 

(see, e.g., Nielsen 1912; Wüst, 1961; Hopkins, 1978, 1985; Schlitzer et al. 1991), which 

characterizes the thermohaline cell of the Eastern Mediterranean basin indicates that the 

bottom layer of the Ionian abyss is normally filled by AdDW transformed into EMDW during 

its south-eastward spreading by mixing with adjacent water masses. 

 

Figure 1.7(a, b) – Scheme of the thermohaline circulation in the Mediterranean Sea before (a) and during 

(b) the Eastern Mediterranean Transient (from Bergamasco and Malanotte-Rizzoli, 2010). 

Important changes in the thermohaline circulation of the Eastern Mediterranean Sea 

were observed for the first time in the late 80’, when the so-called phenomenon Eastern 

Mediterranean Transient (hereafter EMT, see Roether et al., 1996) took place producing the 
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shift of the main source of dense water for the Eastern Mediterranean from the Adriatic Sea to 

the Aegean Sea (Fig. 1.7b). Indeed, probably after 1989, the Aegean Sea started to produce 

waters dense enough to replace those of Adriatic origins in the bottom layer of the Ionian Sea. 

After 1994-1995, the Aegean reduced progressively its production of waters denser than those 

produced in the South Adriatic (Theocharis et al., 1999;  Theocharis et al., 2002) and only 

after 2003 the Adriatic Sea returned to become the major dense water supplier for the Eastern 

Mediterranean (Hainbucher et al., 2006). Many studies have revealed that the variability of 

the EMDW properties occurred after the end of the EMT was a consequence of thermohaline 

changes observed in the Adriatic Sea (see e.g. Manca et al., 2006; Hainbucher et al., 2006; 

Rubino and Hainbucher, 2007).  

However, the competition between the two sources of dense waters (Adriatic Sea and 

Aegean Sea) together with its causes and consequences is arguments of great interest for the 

scientific community. 

In particular, the inversion of the general upper circulation in the north Ionian Sea is 

able to favour changes in the thermohaline properties of the Adriatic and Ionian Sea. Several 

studies attribute this reversal process to the wind stress (i.e. Pinardi and Masetti, 2000; 

Demirov and Pinardi, 2002 and reference cited therein). More recently, Borzelli et al. (2009) 

and Gačić et al. (2010) introduced the concept that baroclinic sources and column stretching 

due to vertical movements of interfaces plays a predominant role in causing the reversal of the 

Ionian circulation. Thus, the variability of the salt content in the Adriatic Sea appears to 

belong to a bimodal decadal oscillation system (BiOS) able to regulate its salt content changes 

(Gačić et al. 2010). Basically, the BiOS is a feedback mechanism (that rises from the 

thermohaline variability between Adriatic and Ionian Seas) able to create an inversion of the 

main circulation in the upper-layer of the Ionian (alternatively cyclonic and anticyclonic). The 

cyclonic circulation in the north Ionian favours the ingression of salty water of Levantine 

origin in the Adriatic Sea, while an anticyclonic circulation into the Ionian favours the 
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ingression of Atlantic water into the Adriatic Sea (for further details see Gačić et al., 2010). 

The interaction of this mechanism with the deep water formation, which can occur in the 

South Adriatic under favourable meteorological conditions, determines the production of 

saltier or fresher dense Adriatic water alternatively. The latter spreads towards the deep layers 

of the Ionian Sea contributing to the formation of the EMDW. Thus, as already mentioned by 

Cardin et al. (2011), the EMT is not the only mechanism that can affect the conveyor belt of 

the Eastern Mediterranean, but rather the BiOS and the EMT appear to be linked, being the 

BiOS one of the possible factors that triggered the EMT (Gačić et al., 2011). This fact adds 

further complexity to the functioning of the thermohaline circulation of the Eastern 

Mediterranean. Changes in the Adriatic waters, as observed in the last years (Rubino and 

Hainbucher, 2007; Bensi et al., in preparation) can help to predict future thermohaline 

changes in the abyssal plain of the Ionian Sea. Notably these consequences are evident with a 

delay related to the time needed for the Adriatic waters to reach the Ionian abyssal plain. This 

time lag is not easily determined, but it is estimated to be around 2 years (Wu and Haines, 

1996). 
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2. DATASETS AND METHODS  

2.1. Mooring configurations  

Time series of currents and thermohaline data were collected continuously between 16 

November 2006 and 16 September 2010 at the E2M3A deep mooring site located in the 

central part of the South Adriatic (Fig. 2.1). During the whole study period four maintenance 

cruises were carried out for cleaning instruments and downloading data. The deep mooring 

provides high-frequency sampling data to resolve events and rapid processes and the long 

sustained measurements of multiple interrelated variables from sea surface to seafloor. The 

payload of the observational site consists of Conductivity-Temperature (CT) and 

Conductivity-Temperature-Depth (CTD) sensors (SBE37 MicroCAT and SBE16plusV2 

SEACAT, respectively) at different nominal depths (350m, 550m, 750m, 1000m, and 

1200m). They provide high accuracy temperature and conductivity (pressure sensors is 

optional) values. Furthermore, an up-looking Acoustic Doppler Current Profiler (ADCP) RDI 

150kHz (located at ~300m) and a Recording Current Meter (RCM11) Aanderaa (located at 

the bottom, ~1200m) provide current measurements at the observational site. These depths 

were chosen to detect the signal of LIW and deep waters (AdDW and NAdDW) as well as to 

estimate their variability along time. 

The deep mooring was characterized by two different configurations during the whole 

study period: the first configuration (Fig. 2.1a) was used in the period November 2006-

October 2009 in the framework of the Italian project VECTOR, while the second one, 

characterized by a completely redesigned buoy system, has been developed during 2008-2009 

and it was deployed in autumn 2009 (Fig. 2.1b). An additional surface buoy (Fig. 2.1c, 2.2) in 

a separated new mooring line was also located at the site, with the possibility to communicate 

with the deep mooring through hydro-acoustic modems allowing the real time data 
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transmission from the platform to the land station (OGS Institute, Trieste). The new system 

was equipped with Iridium satellite link, ARGOS (1-way comm.) and acoustic modem link to 

collect data from instruments placed on the deep mooring. This system has become part of an 

integrated network of deep European observatories developed in the framework of the 

EuroSITES project (http://www.eurosites.info/), which coordinates the European contribution 

to the OceanSITES program (www.oceansites.org).  

Air-sea interaction parameters (wind speed and direction, relative humidity, air 

temperature, atmospheric pressure, solar radiation) were supposed to be collected after 

October 2009 by means of the meteorological station installed on the surface buoy in order to 

study the heat and buoyancy fluxes from the simultaneously measured physical and 

meteorological parameters. Moreover, a CT (SeaBird SBE37) was located at 15m depth. 

Unfortunately the meteorological station did not work properly due to a malfunction of the 

battery package. Also the acoustic modems had some problems during their deployment and 

they were recovered after April 2010 in order to perform some laboratory tests. The E2M3A 

system during the second configuration phase was located ~44 km southeast of the first 

mooring configuration due to political problems with Croatia concerning territorial waters. 

However, in order to maintain all the instruments at the same depth a point with a similar 

bathymetry depth was chosen (~ 1200m). 



  

 1 

Figure 2.1(a, b, c)– E2M3A Oceanographic buoy configurations: the first configuration (a) was used from November 2006 to October 2009 at the position 41° 50’ N, 17° 2 

45’ E while the second configuration (b) from October 2009 to September 2010 with the addition of a surface buoy (c) at the position 41° 31.6’N, 18° 04.6’E.  3 



  

 
 

Figure 2.2 – E2M3A surface buoy with meteorological sensors moored in the South Adriatic. 

The appendix A gives a detailed description of the instruments used during the 

deployment phases, including sampling rate and serial number of each instrument.  

During the upgrade of the system for the second configuration phase, two CTD mod. 

SeaBird SBE16 replaced the CTs located at 350m and 750m depth, increasing the accuracy of 

the instruments depth along the line, and thus reducing the error in the calculation of the 

derivative parameters like density and salinity from temperature and conductivity. Indeed, it is 

estimated (Lilly et al., 1999) that an error of 20 db in the evaluation of the instrument depth 

produces a 0.01 psu1 change in the apparent salinity for a given conductivity and temperature 

(decreasing of salinity with increasing pressure). For this reason the cable length has been 

checked before and after each deployment in order to verify the presence of anomalous 

deformations. 

The accurate analysis of the measured depths obtained from the ADCP and from the 

Aanderaa RCM 11 pressure sensors allowed the best estimation of the CT (not provided of 

pressure sensor) depths during the first mooring configuration phase. The comparison 

between the pre-cruise cable length and the depth measured by each instruments revealed that 

                                                
1 Practical salinity unit (psu): used to describe the concentration of dissolved salts in water. The UNESCO 
Practical Salinity Scale of 1978 (PSS78) defines salinity in terms of a conductivity ratio, so it is dimensionless.  
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the estimated cable stretch was ~2-3% of the total cable length during the first configuration 

phase. As mentioned previously, during the second configuration phase it was possible to 

better estimate the stretch of the rope (thanks to the use of two additional pressure sensors), 

and it was about 9 m over 414m of the cable length (~ 2.2%) in the deep part and 17m over 

400m in the upper part (~ 3.8-4.0%). These results are in agreement with the mechanical                                                              

properties of the kevlar rope used for the E2M3A                                                                                                                 

(http://www.technica.net/NF/Caratteristiche_&_Prestazioni/dyneema.htm). 

Many factors (e.g. strong horizontal currents, internal waves, deep convection) 

contribute to tow the mooring line by several meters causing the vertical displacement of the 

instruments. Thus, to quantify their movements during specific events it is important to 

monitor the instrumental depth. Strong currents caused vertical excursion at the E2M3A up to 

~60m on some occasions (especially during winter seasons). Fig. 2.3 shows an estimation of 

the instrument displacements occurred in winter 2008 on the mooring line (when the strongest 

event were observed), assuming the bending of the cable under the effects of strong lateral 

(and vertical) currents. 
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Figure 2.3 – Schematic representation of the possible displacements occurring on the deep mooring at the 

E2M3A site under the effect of strong currents. Theoretical (black table) and empirical calculations (red 

table) where done using the data registered by the ADCP at the top of the mooring line. 

2.2. Datasets 

The dataset used in this work comprises the time series obtained from the E2M3A 

deep mooring and several CTD profiles collected in the South Adriatic in the framework of 

different research projects. Data from oceanographic cruises were used to provide the 

necessary spatial resolution to the E2M3A data. The dataset consists of in situ temperature (T) 

and conductivity (C). For oceanographic purposes T is also expressed in terms and potential 

temperature (θ) to remove the influence of compressibility while the conductivity is converted 

in salinity (S). The density of the sea water is expressed in terms of potential density (σθ), 

which is the density a parcel of water would have if it were raised adiabatically to the surface 

without change in salinity. S, θ, and σθ are conserved thermodynamic properties of the sea 

water. 

CT recorded data every 15 min and CTD every 30 min. The ADCP measured current 

profiles (u, v, w components) every 15 min during the first configuration phase (bin length 5 
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m), and every 60 min during the second one (bin length 5 m). The Aanderaa RCM 11, moored 

few meters above the bottom, measured the velocity and the direction of the currents together 

with the in-situ temperature every 30 min. The CTD used during the second configuration 

phase measured also dissolved oxygen (ml l-1) and light transmission (%) by means of a 

sensor SBE43 and a WET Labs C-Star Transmissometer (with a 25 cm path length) 

respectively.  

Table 2.1 resumes the accuracies of the instruments used at the E2M3A site. Even if 

the CTD accuracy seems lower than the CT, it must be told that the CTD accuracy verified by 

the OGS-CTO2 personnel was about 0.0002-0.0003 both for temperature (°C) and 

conductivity (S m-1) (Medeot N., personal communication).  

Table 2.1- Accuracies of oceanographic payload used on the E2M3A mooring. 

Accuracy CT (SBE37) CTD (SBE16) ADCP  RCM 

Temperature (°C) ±0.002 ±0.005 ±0.01 ±0.05°C 

Conductivity (S m-1) ±0.0003 ±0.0005 n/a ±0.2% of 
range 

Dissolved Oxygen (ml l-1) n/a ±2% of true value n/a n/a 

Light transmission (%) n/a ±0.003% of true 
value* 

n/a n/a 

Current speed (cm s-1) n/a n/a ±1% ± 5mm/s ±0.3 

Current direction (deg) n/a n/a ±2° ±0.35° 

* gathered from the sensitivity of the optical part by Medeot N. and Nair R. (personal communication) 

 

All time series were processed applying a post-processing routines package created 

with MATLAB to obtain cleaned and despiked data. The final corrected dataset is composed 

by average hourly data (i.e. 00:30 – 01:30 – 02:30, etc…). A low-pass filter with cut-off 

period at 33 hours (Flagg et al., 1976) was applied to the data in order to remove inertial 

oscillations and obtaining sub-inertial non-tidal flow. 

                                                
2 Centro di Taratura Oceanografica, IN-OGS, Trieste, Italy 
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The quality check of the E2M3A data was operated by using in situ measurements (8 

cruises between November 2006 and July 2010) carried out in the South Adriatic during 

VECTOR, SESAME and MSM cruises (being the latter a partnership between the OGS and 

the University of Hamburg, Germany). The appendix C reports temperature (°C), salinity, 

potential density (kg m-3) and dissolved oxygen (µM) distribution along the transect Bari-

Dubrovnik. It contains also additional data carried out in March 2006 during the cruise 

DART06 (courtesy of NATO Undersea Research Centre). 

All CTD downcast profiles (carried out by means of a SeaBird SBE19 plus) were 

corrected and the data were averaged every 1 db. Moreover, the dissolved oxygen (DO) 

obtained from CTD casts has been calibrated with Winkler data (obtained from discrete 

samples) applying a regression analysis with a second order polynomial (Bensi and Kückler, 

2009).  

The closest CTD cast performed in the proximity of the E2M3A mooring was used to 

check the accuracy of the time series (Fig. 2.4).  Table 2.2 reports the average differences 

obtained comparing CTD measurements carried out during the oceanographic cruises and the 

E2M3A data. Note that the data are consistent for all cruises with the exception of cruises S-

IT1 and Vector-AM7. Probably these results are related to the high variability observed in the 

time series during winter 2008 in the intermediate-deep layer (~750m, see Fig. 2.4). 
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Figure 2.4 – Time series of temperature and conductivity (filtered data with 33h low pass filter). Colored 

dots represent measurements from CTD casts performed during oceanographic cruises carried out in the 

framework of different projects (“AM” stations refer to the VECTOR cruises; “IT” stations refer to the 

SESAME cruises; “MSM” stations refer to Maria S. Merian cruises) 

Table 2.2 - The comparison between E2M3A data and those carried out through CTD casts during 

oceanographic cruises performed in the proximity of the mooring site. Average differences (temperature, 

conductivity and salinity) and respectively standard deviations between CT data and CTD measurements 

(from cruises) are shown. 

Year/month Cruise name STDT   STDC   STDS   
2006/Nov VECTOR-AM1 -0.0061±0.0076 -4.9e-04 ± 0.0025 0.0038 ± 0.0145 

2007/Apr VECTOR-AM3 -0.0019±0.0078 4.77e-04 ±0.0033 0.0018 ± 0.00732 

2007/Sept VECTOR-AM4 0.0040±0.0023 6.6e-04 ± 2.6e-04 0.0044 ± 0.0014 

2008/Feb SESAME-IT1 -0.0297±0.0501 -0.004 ± 0.0048 -0.0030 ± 0.0049 

2008/Jul VECTOR-AM7 -0.0188±0.0476 -0.003 ± 0.0069 -0.0134 ± 0.01937 

2008/Oct SESAME-IT7 0.0026±0.0077 -1.58e-04± 0.0011 0.0020 ± 0.0029 

2009/Oct MSM-13/2 0.0021±0.0052 7.1e-04 ± 6.3e-04 0.0043 ± 0.0053 

2010/Jul MSM-15/4 N/A N/A N/A  
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Figure 2.5 shows the CTD profiles obtained during oceanographic cruises (blue line) 

in the proximity of the E2M3A site.  CT data (red asterisk) are extrapolated from the E2M3A 

time series within an interval of one hour (thus, 4 values from the original time series) at the 

time of the CTD cast. Many causes can be responsible for differences between the two 

measurements: 

1. The depth of the moored CT is estimated. 

2. The CT records punctual temperature/conductivity values, while the rosette-CTD 

records vertical profiles, which can suffer contaminations during the downcast (due 

to the rosette movements). 

3. Instrumental errors can affect the measurements. 

 

 Figure 2.5 (a, b) – CTD profiles collected in the proximity of the E2M3A site during some 

oceanographic cruises (blue line) in the South Adriatic. Temperature profiles are shown in the upper 

panel (a) and conductivity profiles in the lower panel (b). Red asterisks are CT data obtained from the 

E2M3A time series at the time of the CTD cast within a time interval of 1 hour.  On the y-axis the depth is 

expressed in decibars (db). 
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Figure 2.5b – (see caption in the previous page) 

The final correction of the time series was done using pre-cruise and post-cruise 

calibrations (done at the OGS CTO-Lab). Appendix B (SeaBird application note n. 31) 

contains the correction procedure for temperature and conductivity applied to the sensors, 

which resulted not properly functioning during the calibration phase. In general, CT data did 

not require further corrections after post-cruise calibration while CTD data required the 

calculation of a slope coefficient. Indeed, after 11 months of deployment, CTD revealed a 

discernible external deterioration that affected conductivity and dissolved oxygen 

measurements (Fig 2.6). In this case the correction was made using data obtained from CTD 

casts carried out during the cruise MSM-13/2. 
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Figure 2.6 (a, b, c, d) – CTD calibration phase (a); deterioration and galvanic corrosion evinced after the 

deployment phase of the CTD SBE16 (b, c, d). Photos are courtesy of Nevio Medeot and Rajesh Nair 

(OGS, Trieste). 

2.3. Post-Processing 

A complete new MATLAB routines package has been created for the post processing 

phase of all time series. It is able to process them starting from the output raw data of each 

instrument.  The data obtained from the CT sensors have been processed following the 

procedure described by Cardin and Perini (2005). The post-processing phase includes the 

following steps: 

 

1. Convert raw data from ASCII (for example *.txt, *.asc, *.cnv) format to MATLAB 

format (*.mat). 

2. Calculate average hourly data.  

3. Despiking.  

4. Data interpolation. 

5. Harmonic analysis (applied on current data). 
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6. Low-pass filtering (Hamming filter 33h). 

7. Spectral analysis (applied on current data). 

8. Export corrected data into output ASCII files (i.e. Ocean Data View format). 

2.4. Despiking 

A great concern in physical oceanography is how eliminate random or accidental 

errors from oceanographic time series (Emery and Thompson, 2001). This phase, called 

despiking, aims at obtaining the true oceanic signal from instrumental measurements. 

To identify the large errors the first step is to examine all data in a graphical (visual) 

form. If some of them are found, they must be eliminated before proceeding with further 

analyses (e.g. the extremes of a time series usually present anomalous data due to the 

deployment and the recovery phases).  

The second step is to verify if the data are included into the instrumental and physical 

ranges. The instrumental range is specified on the user manual and it defines the interval of 

values that the sensor can register. The physical range is the range of variability expected for 

the data in the area where they have been collected and it is usually defined by means of 

climatological datasets (i.e. for the South Adriatic: temperature = [8 - 29]°C; conductivity = 

[4.5 - 5]S m-1).  

Time series used in this work are assumed to be approximated by a normal (Gaussian) 

distribution. The vantage is that in a normal Gaussian distribution the 99% of the data fall 

within the interval µ ± 3σ and the 95% of them are in the interval µ ± 2σ where µ is the mean 

value of the time series and σ is its standard deviation (Emery and Thompson, 2001). 

 In order to obtain a stationary time series the first difference method was applied to 

them. The first difference of a time series is the series of changes from one period to the next:  

1 ttt xxy                    [2.1] 

where tx is the value of the variable at the time t. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 36 
 

 

Using the normal inverse cumulative distribution function with parameters µ and σ it 

is possible to calculate the confidence bounds for y (99% or 95%). If the value at the time t is 

out of the confidence level as well as the previous one, then it is considered a spike and must 

be removed from the dataset. It must be said that this approach has the weakness that it 

considers all the data (and then also the outliers) to determine the limits in which the data can 

be accepted or not. A solution to this inconvenience, used in this phase of the post processing, 

is to apply the algorithm at least twice in order to reduce this error.  

This procedure was applied to all time series obtaining a satisfactory result: most of 

the outliers were removed from the data.  

2.5. Interpolation 

After the despiking phase, missed values are usually replaced using an interpolation 

method. In this work, the interpolation was applied only where the gaps were not longer than 

6 hours to avoid unrealistic behaviours of the time series. Different interpolation methods 

were applied to the time series and, among all, the cubic spline interpolation method gave 

good results. The latter is applied to separate pieces (sub-intervals) of the data record rather 

than to the entire domain. Spline method has favourable properties such as good convergence, 

highly accurate derivative approximation and good stability in the presence of round off 

errors (Emery and Thomson, 2001). Cubic Hermite interpolation method was also tested 

giving good results and preserving the monotonicity and the shape of the data. 

2.6. Harmonic analysis 

Due to the rotational effects of the earth around its axis, spatially varying gravitational 

forces from the moon and the sun act on the ocean, giving rise to sea level oscillations and 

currents changes which follows primarily (but not solely) diurnal and semidiurnal 

frequencies. Normally they have large effects on currents data. Standard filtering techniques 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 37 
 

 

(high/low/bandpass filtering) (e.g., Jackson, 1986) can be used to clean time series from tidal 

information, but in general these are inefficient because fairly narrow filters with a great deal 

of rejection are needed (Pawlowicz et al., 2002). Thus, other techniques such as the harmonic 

analysis became very useful for the analysis and prediction of tide heights and tidal currents 

in time series. It appears to have originated with Lord Kelvin around 1867 (Emery and 

Thomson, 2001). In this work the harmonic analysis has been applied to the currents data in 

order to separate the tide from non-tidal components of the signal. The method is based on the 

T-Tide MATLAB toolbox (Pawlowicz et al., 2002).   

The tidal forcing is modelled as a set of spectral lines, i.e., the sum of a finite set of 

sinusoids at specific frequencies (Pawlowicz et al., 2002). These frequencies are specified by 

various combinations of sums and differences of integer multiples of 6 fundamental 

frequencies (named as “K1”, “M2”, etc…) arising from planetary motions (Godin, 1972). The 

role of these fundamental frequencies is to describe the effects of the rotation of the earth 

(~24.8 h), the orbit of the moon around the earth (~27 days) and the earth around the sun 

(tropical year), and periodicities in the location of lunar perigee (8.85 years), lunar orbital tilt 

(18.6 years), and the location of perihelion (~21000 years) (Pawlowicz et al. 2002). Even if 

the ocean is not in equilibrium with the tidal forcing, the tidal prediction is made under this 

assumption. However, since the tidal amplitude is small compared with ocean depth, the 

dynamics are nearly linear, and for that reason the forced response contains only those 

frequencies present in the forcing (Pawlowicz et al., 2002). 

2.7. Low pass filtering  

Digital filters are mathematical functions, which operate on a sampled discrete time 

signal preconditioning the frequency content of the record. Their applications include 

smoothing and decimation of time series, reducing fluctuations in a selected frequency 

domain (Emery and Thompson, 2001). There are 3 types of filters: 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 38 
 

 

1. Low pass: used to allow low frequencies through the filter and to reduce (or attenuate) 

high frequencies. 

2. High pass: used to allow high frequencies through the filter and to reduce or attenuate 

low frequencies. 

3. Band pass: used to allow a certain band or range of frequencies through the filter. 

 

A low-pass Hamming filter with cut-off period at 33 hours called PL33 (Flagg et al., 

1976) was applied to the E2M3A time series in order to remove inertial oscillations and 

obtaining sub-inertial non-tidal flow (Fig. 2.7). It operates on hourly data values. In case of 

data collected with a sample time different from 1 hr, a different filter, based on the linear 

interpolation method applied to the PL33 filter over a longer period, must be calculated.  

 

Figure 2.7 – Example of low pass filtering applied to a temperature time series (blue line indicates filtered 

data 

2.8. Spectral analysis 

Spectral analysis is used to partition the variance of a time series as a function of 

frequency (Emery and Thompson, 2001). The aim of this analysis is the estimation of spectra 
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and spectral densities using the DFT (Discrete Fourier Transform). This analysis permits to 

study the variance of a signal and to estimate its contribution to the whole time series. The 

spectral density of the time series captures the frequency content of a stochastic process and it 

is useful to identify periodicities. Indeed, it gives information how the distribution of the 

signal varies with frequency.   

The Nyquist frequency represents the highest frequency that can be resolved by the 

sampling and it is expressed as fN=1/2Δt, where Δt is the sampling time in our series of data. 

The rotary spectrum analysis was applied to the currents time series (u and v 

components), enabling the separation of the energy into clockwise (indicated by negative 

frequencies) and counter clockwise (positive sense indicated by positive frequencies) of the 

current vector rotation. 

2.9. Heat flux calculation 

Air-sea heat fluxes were calculated for a 1°x 1° grid around the E2M3A observational 

site from the analysis of the European Centre for Medium Range Weather Forecast 

(ECMWF) operational data set accordingly to Cardin and Gačić (2003). The data are 

available at time-steps of six hours (00/06/12/18 GMT), with a spatial resolution of 

0.25°x0.25° in latitude and longitude. Surface fields of wind velocity components (at 10m 

above the surface), skin temperature, relative humidity, cloudiness, air-pressure, air 

temperature and dew point temperature (the latter two referred to a 2m height) are used for 

calculating the terms of the heat balance equation (see section 1.3): 

Qnet = QS − QB − QH − QE     [2.2] 
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3. RESULTS AND DISCUSSION 

3.1. Thermohaline variability observed at the E2M3A site during 2006-2010 

The South Adriatic represents an ideal site for the monitoring of the DWF events (see 

section 1.2). Here deep convection and dense water formation change, to a large extent, on an 

interannual scale (Cardin and Gačić, 2003). Data collected by means of the E2M3A almost 

continuously between November 2006 and September 2010 were used to observe the local 

thermohaline variability highlighting the response of the water column to winter atmospheric 

events and to lateral advection contributions. The intensity of the deep convection is related to 

the local winter heat loss at the sea surface. Fig. 3.1 shows the daily surface heat fluxes in the 

area of the South Adriatic calculated for the period 2006-2010. Heat loss in the Adriatic is 

enhanced during periods of north or northeast winds. Winter 2007 was characterized by low 

heat loss with a maximum value of about -350 Wm-2, while a considerable heat loss                                 

(almost -800 Wm-2) was recorded in February 2008 (16-17 February) and at the end of 

January 2009 (~ -600 Wm-2). Relative strong episodes of heat loss, which occurred during the 

preconditioning phase (e.g. autumn 2007, 2008 and 2009) could have been decisive in 

facilitating the deep convection during the subsequent winters.  
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Figure 3.1 – Daily total surface heat fluxes in the South Adriatic for the period 2006-2010 (black line 

indicates observed values; red line indicates the moving average over 15 days). Shaded regions indicate 

winter periods (Jan-Apr). 

 

Time series of in-situ temperature (°C), salinity and potential temperature (°C) at 

different depths are shown in Fig. 3.2. Temperature time series are shown together with the 

potential temperature time series for clarity, indeed the latter are characterized by some data 

gaps due the malfunctioning of the conductivity sensors. Collected data reveal the absence of 

deep convection along the mooring line during winter 2006/2007, while it is evident during 

winter 2007/2008 as well as during winter 2008/2009 (with minor intensity) and winter 

2009/2010. These events took place always between February and April (see also appendix 

C).  

To better understand causes and consequences of the thermohaline variability (on an 

annual and interannual scale) in the South Adriatic, in this work the water column is treated as 

a two layer system (Cardin et al., 2011). The upper part (hereafter named intermediate layer) 

includes the CT/CTD located at the nominal depths of 350m, 550m and 750m while the 
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deepest part (hereafter named deep layer) includes the CT sensors moored at 1000m and 

1200m (see Fig 2.1).  

The intermediate layer experienced a slight temperature increase at 350m during 2007 

(Fig. 3.2). It represents the final phase of a period characterized by a general temperature and 

salinity increase in the South Adriatic (Cardin et al., 2011). Indeed, after January 2008, a 

progressive temperature/salinity decrease has been registered at the E2M3A site as confirmed 

also by the data collected during the oceanographic cruises performed in the study area 

between 2006 and 2010. The entrance of water with relatively low salinity values from the 

Ionian Sea, presumably started in 2007 as pointed out by Gačić et al. (2010), caused a salinity 

decrease initially at the surface and in the subsurface layer (0-200 m depth). The sudden 

temperature/salinity decrease noticed both on temperature and salinity time series after each 

winter convection phase (2008/2009/2010) confirms that the DWF process acted on the water 

column transferring the surface colder/fresher water towards deeper horizons. As a 

consequence of that, the salinity at 550m depth decreased progressively after 2008, reaching 

values lower than the underlying layers after autumn 2009. Note that after winter 2010 the 

salinity values down to 550m were lower than those observed in the deep layer (>1000 m, 

Fig. 3.2b). On the other hand, during 2009 and 2010, the salinity (so as the temperature) at 

750m experienced a slight increase reaching the highest values within the water column.  In 

the South Adriatic, the layer usually characterized by the salinity maximum is occupied by the 

LIW. Its core is located at ~300-400m (for water mass characteristics see section 1.4). 

Anyway, the mentioned entrance of water of Atlantic origins in the surface layer could have 

depleted and shifted downward the Levantine waters. 

The deep layer showed an opposite tendency during the study period. Sensors moored 

at 1200m depth revealed a constant increase of temperature (linear trend of ~0.05 °C y-1) 

during the whole period (Fig 3.2a, c). The salinity also has shown a similar positive trend 

(linear trend of ~0.004 y-1) with values that increased from 38.717 to 38.729 between 
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November 2006 and October 2009 (Fig 3.2b). Unfortunately, the conductivity sensor at 

1200m depth stopped working after November 2009 but it is possible to suppose that the 

positive trend in the bottom layer had continued during 2010, being confirmed by the data 

obtained from CTD casts carried out in July 2010 (MSM15/4 cruise). Time series of 

temperature and salinity at 1000m depth show the interaction between the deep layer and the 

upper one: a general slight temperature increase phase goes with a slight salinity increase 

phase observed after the beginning of 2008. Moreover, in concomitance of the deep 

convection events occurred in the intermediate layer (e.g. February 2008) this time series 

reveals a temporary increase of temperature and salinity which seems to be a consequence of 

the strong vertical mixing caused by the winter convection.  
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Figure 3.2 (a, b, c) – Time series of in-situ temperature (a), salinity (b) and potential temperature (c) 

recorded by the CT/CTD sensors installed at the E2M3A observational site in the South Adriatic. Data 

are cleaned by spikes and filtered with a 33h Hamming filter.  Winter periods are indicated in panel a. 
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The positive trends observed in the bottom layer are also likely a consequence of the 

interaction between the AdDW produced locally in the intermediate layer and the dense 

waters coming from the North Adriatic, which fill the deepest layer of the South Adriatic 

sinking through the canyons (see Rubino et al., 2010, and references cited therein). This 

hypothesis is supported by the fact that the signal associated with a salinity increase observed 

in the intermediate layer of the South Adriatic till 2007 propagated also northward following 

the general circulation of the basin. Here the influence of saline advected waters together with 

the reduced North Adriatic river runoff in the period 2005-2007 (see Fig. 3.3 and Cozzi and 

Giani, 2011) may have strengthen the salinity increase in the NAdDW formed under 

favourable winter conditions. In confirmation of this, Campanelli et al. (2011) point out the 

role of the Po River outflows together with the heat fluxes in affecting the physical and 

chemical characteristics of the North Adriatic. 

Time series of monthly flow rates (m3 s-1) of the Po River measured at the 

Pontelagoscuro station show large values as from May 2008 (Fig. 3.3). Daily flow rates (not 

shown here) revealed two relative strong episodes of river discharge (up to 2000 m3 s-1) in 

January and April 2008. At the E2M3A site, pulses of flow with low salinity content were 

observed at ~700-800m depth from April 2008 onwards (Fig. 3.4).  A conjecture is that large 

contributions of the Po River could have favoured the formation of fresher NAdDW during 

winter 2008, which reached the South Adriatic after 1-2 months. As a matter of fact, 

evidences of particularly fresh and dense water in the North Adriatic, found during January 

and February 2008, are reported by Cardin et al. (2011). Note that, even if a direct link 

between the sudden increase of the Po river runoff and the arrival of fresher water in the 

South Adriatic is hardly supported by the data here, it cannot be excluded a priori. 
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Figure 3.3 – Time series of monthly (weighted average) Po river runoff at the Pontelagoscuro station 

(North Adriatic), units are m3 s-1. [These data are courtesy of dott. Alessandro Allodi - Regione Emilia 

Romagna ARPA – SIM, Area Idrologia – PARMA]. 

 

Figure 3.4 – Time-depth diagram of salinity variations in the intermediate and deep layer at the E2M3A 

site during 2008. 

 

The temperature increase observed in the deep layer of the South Adriatic led to a 

decrease of the potential density (σθ) at the bottom, from values of 29.31 kg m-3 in November 

2006 to 29.29 kg m-3 in autumn 2009 (Fig. 3.5). A general decrease of the potential density 

also in the intermediate layer indicates changes occurred in the Adriatic dense water outflow. 
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Indeed, the thermohaline properties of the Adriatic outflow in the Strait of Otranto are 

basically those found at ~800-900m in the SAP, because that depths correspond to the 

maximum depth of the Strait. The θ/S diagram (obtained from the analysis of CTD profiles 

carried out in the period 2006-2009) in Fig. 3.6a shows the evolution of the physical 

properties in the SAP during the study period. The water column was characterized by a 

common structure during the first 3 cruises, since November 2006 till February 2008, with the 

bottom layer occupied by AdDW+NAdDW (Cardin et al., 2011). After June 2008, instead, 

the shape of the θ/S diagram changed abruptly. Fig. 3.6b (see also Appendix C) documents 

the progressive oxygen reduction occurred both in the intermediate and in the deep layer, 

which appears more evident especially after 2008.  

 

Figure 3.5 – Time series of potential density (kg m-3) at the E2M3A site between 2006 and 2010. 
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Figure 3.6 (a, b) – CTD profiles carried out during occasional oceanographic cruises carried out between 

2006 and 2009 in the proximity of the E2M3A site. Data are referred to the layer 200m-bottom: a) θ-S 

diagram and b) Dissolved Oxygen (DO) distribution along the water column (adapted and modified from 

Cardin et al., 2011).  
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3.2. Heat and salt storage in the South Adriatic 

In this thesis, an attempt to measure the seasonal cycle of thermal stratification as well as the 

heat and salt content variations at the E2M3A site was done. Some scientific works reported 

similar calculations for the South Adriatic made by means of CTD/XBT profiles carried out in 

the region (see e.g. Artegiani et al., 1997; Manca et al., 2003; Kovačević et al., 2003). 

However, no work refers to the use of time series for the estimations of the heat and salt 

content variability in the South Adriatic, while an example of this methodology is reported in 

the paper of Lilly et al. (1999) for the Labrador Sea. 

Here the total heat (THC) and total salt contents (TSC) within each layer (350-550m, 550-

750m, 750-1000m, 1000-1200m) have been estimated using mooring data by means of the 

following equations (Hecht et al., 1985): 
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where z1 is the maximum depth within the considered layer, while z2 is the minimum depth, T 

is the in-situ temperature, ρ the in-situ density and Cp is the heat capacity (the amount of heat 

required to change a unit mass of substance's temperature by 1°C). The heat storage expresses 

the internal energy of the water column while the salt storage indicates the salt content per 

unit area.  

The heat and salt contents, as computed from temperature and conductivity sensors are 

estimated by vertically integrating the observed temperatures and salinities between each time 

series (Fig. 3.7). The definite integral is solved applying the trapezoidal rule technique, and 

the heat capacity is considered constant within each layer. The assumption used in this 

calculation is that no significant lateral contributions for temperature and salinity are 

neglected. To verify the reliability of the heat and salt content estimation a comparison with 
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THC and TSC obtained from CTD casts carried out in the proximity of the mooring was 

done; the results revealed to be satisfactory (Fig. 3.8). Note that the surface layer (50-250m) is 

characterized by a negative trend both for the heat and salt contents (Fig. 3.8). According with 

Hecht et al. (1985) vertical mixing cannot penetrates below the depth of the thermocline (~50-

70m in the South Adriatic) while heat flux can penetrates down to a depth of ~100m, 

contributing to increase the heat content in the surface layer. For that reason, estimations of 

heat storage in the layer 50-250m do not reveal a strong seasonality, but rather they are 

affected by heat/salt advective contributions below the thermocline.  

The highest values of heat content were recorded at the end of 2007 in the layer 350-550m 

and they are probably triggered by the advection of Ionian waters in the South Adriatic. 

However, the heat content increase in this layer was accompanied by a slight negative trend of 

the salt content during 2007 (Fig. 3.7).  

The intense mixing due the vertical convection occurred in February 2008 caused the transfer 

of heat and salt along the water column. Fig 3.7 and Fig .3.8 show that the heat and salt loss in 

the layer 350-550m in February 2008 (~ -1.35 x 108 MJ m-2, ~ -5 x 103 kg m-2 respectively) 

were accompanied by a sudden increase of the heat/salt content in the deeper layers. This 

opposite behaviour suggests that the DWF event might have transferred high amount of 

surface water downwards. The intermediate layer has started regaining heat and salt during 

the last months of 2008. The layer 350-550m shows a total heat and salt loss during the whole 

study period quantifiable approximately in ~ -1.1 x 108 MJ m-2   and ~ -15 x 103 kg m-2. 

Overall, there was a substantial freshening signal in the intermediate layer, which extends 

down to 1000m depth. As described in the previous section, it seems to be referable to a 

period characterized by a minor entrance of LIW replaced by a major entrance of water of 

Atlantic origins. The deep layer, instead, was characterized by an increasing content of heat 

and salt (~ +0.8 x 108 MJ m-2 and ~ +3 x 103 kg m-2). The hypothesis here is that both the 
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vertical convection and the mesoscale vortices (described more in detail in section 3.5) could 

transfer high amount of heat and salt from the surface into the deeper layers and vice-versa.   

 

Figure 3.7 – (upper panel) Temporal evolution of total heat content (J m-2) and (lower panel) total salt 

content (kg m-2) at the E2M3A site in each 200m layer from 350m down to the bottom. Note that the layer 

750-1000m is thicker than the others (250m instead of 200m), thus integrated values of THC and TSC are 

higher than in the others considered layers. 
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Figure 3.8 – (upper) Temporal evolution of total heat content (J m-2) and (lower) total salt content (kg m-2) 

obtained from CTD casts carried out in the proximity of the E2M3A site in each 200m layer from 350m 

down to the bottom with the addition of the heat and salt contents in the surface layer (50-250m).  
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3.3. The deep convection observed in the South Adriatic 

The stability of the water column (expressed in terms of Brunt–Väisälä frequency 

[N2], see section 1.3) in the centre of the South Adriatic was calculated both in the layers 350-

550m and 550-750m. It was done using the difference between the potential densities at the 

extremes of each layer (recorded by the moored CT/CTD), with the reference pressure being 

the average of the two original pressures of the seawater parcels. The minimum values of N2 

were reached in February 2008 (Fig 3.9), indicating that the more energetic convective phase 

occurred exactly in that period. Afterwards, the intermediate layer at 440m experienced a 

constant increase of N2, associated with the restored stability of the water column, without 

reaching the values of 2007. The surface buoyancy flux is calculated using [1.5], considering 

the salinity at 350m and assuming that it is not very different from the surface salinity during 

convection events.  

It reports values of ~2.0-2.5 x 10-7 m2 s-3 for the convective event in 17-19 February 2008, 

similar to those reported for the Gulf of Lions by Marshall and Schott (1999). The theoretical 

convective depth is calculated using [1.6] and setting 0 = 2.5 x 10-7 m2 s-3. An interval time 

dt = 2 days was used and N= -610*0.15 was obtained from the in-situ data (see Fig. 3.9) in 

the layer 350-550m. The result gives values around 750m, which is in agreement with the 

experimental observations. Note that using dt = 3 or N = -610*0.1 the theoretical convective 

depth increases up to 900m.  

The temperature and salinity gradient (and consequently the density gradient) in the 

intermediate layer reduced progressively in 2008 (Fig. 3.9), thus the deep convection events 

observed in 2009 and 2010 have required less energy to be generated.  
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Figure 3.9 – The stability of the water column calculated in the layers 350-550m and 550-750m (upper 

panel). Negative values for the Brunt–Väisälä frequency were reached during convection events. The 

lower panel shows the time series of the potential density at 350m, 550m and 750m.  

From the analysis of the vertical distribution of potential temperature (°C), salinity and 

potential density (kg m-3) along the section Bari – Dubrovnik carried out in September 2008, 

January 2008 and February 2008, it is possible to observe the phases of the DWF (Fig. 3.10). 

In September 2007 (Fig. 3.10a), the doming of the isopycnals due to the permanent cyclonic 

circulation is evident along the section, which presumably remained without significant 

variations till November-December 2007. The end of January 2008 experienced a heat loss 

greater than -300 Wm-2 (Fig. 3.1), which has created an initial phase of deep convection (Fig. 

3.10b) down to 400-500 m. The data obtained from the SESAME cruise S-IT1 (Fig. 3.10c), 

carried out between 23 and 24 February 2008, show the effects of the deep convection 

occurred few days before the oceanographic campaign, when the doming of the isopycnals 

reached the surface with values up to 29.16-29.17 kg m-3. It was caused by vigorous north 

easterly winds, which led a strong heat loss (greater than -800 Wm-2, see Fig. 3.1), as 

confirmed by the maximum monthly wind speed of ~13 m s−1 recorded at the meteorological 

station in Dubrovnik (Batistić et al., 2011). 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 55 
 

 

This strong deep convection phase generated a homogeneous water column down to 

800m depth with θ = 13.69 °C, S = 38.75-38.76 and DO = 225-230 µM, and the LIW core 

was completely destroyed by the vertical mixing. 

 

Figure 3.10 (a, b, c) – Vertical distribution of pot. temperature (°C), salinity, potential density (kg m-3) and 

dissolved oxygen (µM) in the intermediate layer of the section Bari-Dubrovnik during different cruises: 

(a) 14-15 September 2007, (b) 31 January-2 February 2008 and  (c) 23-24 February 2008 after deep 

convection down to ~800m. The left side of each plot represents the Italian side.  

A consequence of the winter convection was the up-welling of nutrients to the surface, 

increasing the primary production. Fig. 3.11 shows the distribution of the remotely-sensed 

surface concentration of chlorophyll a on 28 February 2008, approximately 8-9 days after the 

end of the convective event.  
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To verify the position of the E2M3A mooring with respect to the surface chlorophyll a 

distribution an analysis of individual daily Moderate-Resolution Images Spectroradiometer 

Satellite (MODIS) images (processed by GOS-ISAC Rome, CNR) was done. Fig. 3.11 shows 

the position of the mooring superimposed on the remotely-sensed chlorophyll concentration 

map referred to 28 February 2008. It reveals that the E2M3A position coincided rather well 

with the satellite chlorophyll maximum patch, even if mesoscale surface structures created 

higher concentrations south of the observational site. Civitarese et al. (2005) describes the 

evolution of the surface signature of the phytoplankton activity in response to the vertical 

mixing occurred during the deep convection phase in the South Adriatic in winter 2005. It 

requires 3-4 days after the beginning of the restratification process to reach its maximum. 

Then, approximately 1 week later, the chlorophyll concentrations decreases and after about 15 

days it is completely disappeared. 

 

Figure 3.11 - MODIS chlorophyll a distribution on 28 February 2008 (processed by GOS-ISAC CNR-

ROMA). The red symbol represents the position of the deep mooring E2M3A.  

These considerations are in agreement with the data showing the deep convection 

phase started approximately on 17 February 2008. In fact, the vertical mixing event causes the 

transfer of nutrients into the euphotic zone, but it does not coincide with phytoplankton 
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blooms since the cells are subject to variable light conditions over large depth intervals (Gačić 

et al., 2002). Thus, the phytoplankton bloom takes place only afterwards, when the 

stratification of the water column returns to be predominant (Gačić et al., 2002). Fig. 3.11 also 

shows the presence of many mesoscale eddies, which contribute to the restratification of the 

water column by exchanging the buoyancy between the mixed path and the surrounding 

waters (Marshall and Schott, 1999; Civitarese et al., 2005). 

3.4. The currents field 

By means of the ADCP and the bottom RCM current-meters the                  

vertical/horizontal currents associated with the thermohaline variability described so far were 

monitored along the study period. The convective phase in the intermediate layer is usually 

accompanied by strong vertical and horizontal currents. Moreover, strong horizontal currents 

near the bottom reveal lateral advection, probably associated both with density driven currents 

sinking through the canyons of the SAP and with mesoscale eddies activity. 

3.4.1. Horizontal velocities (u, v components)  

The horizontal velocities in the upper layer (100-300m depth), recorded by the 

ADCP, were initially analysed using the spectral analysis. To calculate the spectra of vector 

time series the rotary spectral analysis was applied to the current data obtained from the 

deepest ADCP cell using a window of 1024 points (~43days). Rotary analysis involves the 

separation of the velocity vector for a specified angular frequency ω, having positive values 

for counter-clockwise rotating components and negative values for clockwise rotations 

(Emery and Thompson, 2001). 

The spectral analysis revealed the presence of main peaks: a frequency signal of 

+0.04199 (cph3 = 23.8h) corresponding to the diurnal tidal component (K1) and the inertial 

frequency (-0.05566, cph =17.96h). The semidiurnal tidal oscillations (M2, +0.08301, cph 

                                                
3 cph = cycle per hour 
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=12.046h) also have a significant contribution to current variations but lower than the diurnal 

frequencies. A very high energy occurs at low frequencies (Fig. 3.12). This technique is 

useful to identify the influence of the tidal signal on the currents. The Adriatic Sea is 

characterized by seven major tidal constituents (M2, S2, K2, K1, O1, P1, N2), as reported by 

Cushman and Naimie (2002) and references cited therein. For this reason current data were 

detided and then filtered with a 33h Hamming filter (that can remove also inertial oscillations) 

in order to focus the attention on the lowpass currents.  

 

Figure 3.12 – Rotary spectrum of hourly currents (not detided) at the deepest cell of the ADCP 

(1°bin~300m) for the period Nov06-October09. Vertical error bar denote the 95% confidence level defined 

in terms of a chi-squared distribution. Negative frequencies refer to the clockwise motions, while positive 

frequencies refer to the counterclockwise motions. Vertical lines indicate the main frequencies. 

 

Fig. 3.13 shows the stick diagrams of the horizontal currents at 100m, 200m and 300m 

depth.  It shows clearly how this layer is depth independent. This layer has also high energetic 

activities, mainly during winter periods coincident with convective events (unfortunately, no 

data are available for winter 2010 due to a malfunctioning of the ADCP). The data revealed 
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that also the passage of mesoscale eddies is able to produce large horizontal velocities:  

further details about this will be given in section 3.5.  

 
Figure 3.13 – Stick diagram of currents at 3 depths measured by the RDI ADCP located at ~300m depth. 

The hourly data have been cleaned by tide signals, filtered with a 33h Hamming filter and decimated to 

one point every 6 hours. The water column is almost completely barotropic.  

 

Table 3.1 reports the low pass velocities registered in the upper layer. The strongest 

currents (up to 33 and 43 cm s-1 for u and v respectively) are directed towards NW while the 

mean flow is directed towards SW. The latter is stronger in the upper column and it decreases 

with depth. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 60 
 

 

Table 3.1 - low pass velocities recorded by the ADCP at different depths [u = zonal component; v = 

meridional component; spd = 22 vu   (cm s -1); Dir = atan2(ufilt, vfilt)*180/pi; <> = average value].  
Depth Cell Min u Max u Min v Max v Max spd Dir (Max spd) <spd> <Dir> 

100m 40° -33.2 26.7 -32.35 33.84 43.08 315 8.36 234 

200m 20° -27.8 28.0 -28.0 28.80 38.01 317 7.48 225 

300m 1° -25.2 28.8 -24.4 25.6 32.98 313 6.79 218 

 

In the bottom layer, the horizontal currents were recorded by the RCM located at 

1180m depth (few meters above the bottom). Even if there are two periods in which the 

instrument did not work and the data were missed (April07 to Jan08, Aug09 to Oct09), the 

results reveal that the bottom currents were mainly southwards, as expected. The highest 

velocities were reached in winter 2008 with values up to 20.4 cm s-1 (associated with 

southwards currents) during the days 18-20 February 2008 (Fig. 3.14). Interestingly, this 

event coincided exactly with the deep convection phase observed in the surface/intermediate 

layer. Intense southwards bottom currents were also observed in March 2009, with peak 

values up to 16 cm s-1. 

Bottom currents are also influenced by impulsive descents of plumes (bottom-arrested 

currents) of NAdDW in the complex canyon system of the South Adriatic, which occur 

especially in spring time (Rubino et al., 2010 and references cited therein). Moreover, the 

passage of mesoscale vortices can increase the velocity field in the bottom layer, as will be 

described in the section 3.6.  
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Figure 3.14 – Stick diagram (right panel) of currents measured by the Aanderaa RCM in the bottom layer 

(~1180m). The data have been cleaned by tide signals, filtered with a 33h Hamming filter and decimated 

to one point every 6 hours. The panel on the left shows the statistical distributions of speed and directions 

in a current rose. 

 

During the last deployment phase, between November 2009 and April 2010, bottom 

current directions revealed higher variability than during the previous deployment phases. An 

intensification of northwards currents was also evident (Fig. 3.14) in this period. This fact 

could be a consequence of the different location of the E2M3A site in 2010 with respect to the 

previous period (Fig. 3.15), since the bathymetry plays an important role in driving the 

bottom currents. However, further analyses could be decisive to understand unforeseen 

changes in the South Adriatic deep circulation.  
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Figure 3.15 – The geographical positions of the deep mooring E2M3A during the first (position A) and the 

second (position B) deployment phase. The distance between the position A and B is approximately 44 km. 

 

Finally, rotary spectra analysis applied to the RCM data revealed that the signal of 

inertial frequency is also very strong in the bottom layer, as well as the signal of the diurnal 

and semidiurnal tides (Fig. 3.16).  
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Figure 3.16 – Rotary spectrum of original currents in the bottom layer (~1182m) for the period Nov06-

April10. Vertical error bar denote the 95% confidence level defined in terms of a chi-squared distribution. 

Negative frequencies refer to the clockwise motions, while positive frequencies refer to the 

counterclockwise motions. Vertical lines indicate the main frequencies. 

3.4.2. Vertical velocity during convective events and diurnal plankton migration 

One of the main goals of this mooring experiment was to make direct observations of 

convective plumes related to winter convection. As previously mentioned, vertical velocities 

give important indications about the formation of plumes during convective events (see 

Chapter 1.3). The ADCP data reveal a pattern of diurnal vertical variations. These 

observations occur every day with clockwork regularity (in correspondence of the sunset and 

the sunrise).  Thus vertical velocities are influenced by active zooplankton migration, which 

can reach several cm s-1 (Marshall and Schott, 1999). The diurnal plankton migration (DVM = 

diurnal vertical migration) is a widespread behaviour among zooplankton (Cisewski et al., 

2010). The most common DVM observed in the South Adriatic is the nocturnal vertical 

migration. Groups of zooplankton ascend towards the surface during the sunset and remain at 

a shallower depth during the night till the sunrise. Many biological implications (e.g. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 64 
 

 

predators, food and light) are related to the fluctuations of plankton, anyway this issue is 

beyond the scope of this thesis. In fact, this work wants to highlight the utility of the ADCP as 

a tool for describing spatial and temporal patterns in the distribution of zooplankton biomass 

in the ocean. The vertical flux related to the DVM observed at the E2M3A site at 300m depth 

is shown in Fig. 3.17. In this case, the velocity limit used to identify the plankton migration 

was set to 2 cm s-1. The time of upward and downward fluctuations changes according to the 

season of the year. The analysis of the data also reveal that the plankton migration is well 

identifiable in the aphotic zone (>200m depth), while in the photic zone the signal of the 

DVM is less evident and sometimes noisy (not shown here). 

 

Figure 3.17 – Diel vertical migration of zooplankton at 300m depth in the South Adriatic during the 

period 2006-2009. Sunrise and sunset are indicated by the solid lines (time is UTC). 

Thus, in order to obtain the real vertical water displacement, the data have been 

cleaned by the active plankton diurnal migration. Afterwards, they were also filtered using 

low-pass filters (24h/33h/48h). The filtering process highlights the convection events within 

the entire data-set (Fig. 3.18).  
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Figure 3.18 (a, b) – Time series of w component recorded through the ADCP and cleaned by the diurnal 

movements of the zooplankton (wf). The upper panel (a) shows w component (spline smoothing fit) in 

correspondence of the 1°bin (~300m) together with the in-situ temperature time series recorded by the 

ADCP. Red arrows indicate the events characterized by sudden velocity increase during winter periods. 

The lower panel (b) shows the comparison between the vertical velocity time series at ~300m (1°bin) and 

~100m (40°bin). 

 

Winter 2007 was characterized by 2 significant events of relative large vertical 

velocities at 300m depth. However, as previously discussed, T and S time series indicate that 

the deep convection was very weak in that period. During winter 2008, the ADCP recorded 

values up to 3-4 cm s-1 at 300m depth between 17 and 19 February 2008. This episode, 

associated with deep convection down to 800m, had duration of about 24-36 hours. Similar 

vertical velocities were registered by the ADCP also during February 2009. On the one hand, 

it is interesting to note that the sudden temperature decreases, especially in winter 2008 and 
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2009, coincided with the convective events (Fig. 3.18). On the other hand, only the strongest 

episode of heat loss observed in February 2008 was coincident with the highest vertical 

velocities, while in winter 2009 only the second, but less intense, episode of heat loss (~300 

Wm-2, see Fig. 3.1) was coincident with a strong vertical mixing. These results leads us to 

suppose that the heat loss of ~600 Wm-2 occurred at the end of January 2009 worked as a 

“preconditioning” factor, which fostered the deep convection occurred one month later.   

3.5. The relationship between thermodynamic forcing and current excitation: the 

role of mesoscale eddies. 

Mesoscale eddies play an important role in the ocean because they are “hot spot” of 

biological and physical activities both on the vertical and on the horizontal plain.  

Coherent eddies are important to mediate the dispersal of convected water from a 

well-mixed patch into an ambient sea (Legg and Marshall, 1993). They can be also important 

to deep convection: cyclonic eddies can destabilize the upper water column, 

“preconditioning” it for the deep convection (Legg et al., 1998; Straneo and Kawase, 1999; 

Gascard et al., 2002). Currents data collected in the upper (100-300m) and deep layer 

(1180m) of the South Adriatic reveals a great number of rotational events, shown in the stick 

diagrams (Fig. 3.13 and 3.14). Some of these events trace the passage of eddies in the 

proximity of the E2M3A station.  

Associated phenomena such like isopycnal fluctuations and temperature variability 

can be found during the passage of eddies on the mooring location site. Thus, their signature 

includes vertical displacements of the isopycnals along the water column and strong rotations 

of the horizontal currents. An anti-cyclonic eddy can depress the isopycnals towards a deeper 

layer, while a cyclonic one produces a contrary effect. We can also imagine that an anti-

cyclonic eddy can push water to a deeper layer, simulating in this case the effect of a 

convection phase (Lilly et al., 1999). Differently, a cyclonic eddy pumps water from deeper 
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layers towards the surface. This fact implies that such variability within the time series of 

temperature and salinity is due to vertical advection and/or tow-down rather than to lateral 

advection, as expressed also by Lilly et al. (1999).   

Density derived from temperature and salinity at each depth along the E2M3A 

mooring line indicates that eddies can extend frequently to 1000m depth, or even to the 

bottom layer. This leads to an important insight: the formation of vortices in the South 

Adriatic could be responsible for the heat and salt transfer along the water column and, above 

all, between the intermediate and the deep layers, reducing the stagnation that the deep layer 

suffers usually in this region. This assumption could also help to explain the continuous 

temperature and salinity increase observed in the deep layer, even if further and dedicated 

investigations are necessary to better understand this phenomenon. 

A comparison between the density time series and the current data was done, to 

investigate the possible relationship between them, both in the intermediate layer and in the 

bottom layer. The results reveal the good correlation between sudden density variations and 

the veering of the horizontal velocity field. It was not easy to detect the passage of an eddy 

over the mooring site because it is not always neatly sliced by the mooring and thus could be 

confused with advective flow. However, Fig. 3.19 shows the effects of a cyclonic eddy 

passage at the E2M3A site during the 2008 post convection phase. Indeed, in April 2008, a 

cyclonic eddy forced the upward displacement of deep waters causing a sudden increase of 

density along the water column (e.g. about 0.05 Kg m-3 at 750m depth). Horizontal currents 

increased up to 20 cm s-1 during the passage of this eddy, and its effects on the water column 

are clearly visible for several days on the time series down to 1000m (see Fig 3.19). It means 

that waters entrapped in the deep layer were carried up in the intermediate layer. Moreover, 

bottom current data reveals that, at the same time as the ADCP data showed the passage of the 

cyclonic eddy, which propagated down to ~1000m, the bottom layer was perturbed by the 

passage of an anti-cyclonic eddy (see Fig. 3.19). This phenomenon, observed in others 
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episodes, creates a divergence somewhere between the lower bound of the cyclone and the 

upper bound of the deep anti-cyclonic eddy.  

Density time series show several episodes producing similar effects to those caused by 

a cyclonic eddy, while a less number of episodes seem to have reference to anticyclones. 

However, a quite well-observed signal of an anticyclonic eddy occurred in June 2007 as well 

as in April and June 2009. The sense of rotation can be detected either through the direction 

of the displacement of the deep stratification (downward displacement, or density minima, 

corresponding to upper-layer anti-cyclones) or by the currents. For an anticyclone, indeed, the 

current should turn first to the right and then to the left of the advecting flow (Lilly et al., 

1999). 
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Figure 3.19 (a, b, c, d) - Time series observations at the E2M3A site between 1 January 2008 and 30 April 

2008. Stick diagram of horizontal currents at 300m (ADCP) and at 1180m (RCM) (a, c). Potential density 

(σθ) time series interpolated along the water column (b). Note that the scales used in panel b for the upper 

and deep layer are different just for clarity. The cyclonic eddy passage in the intermediate layer and the 

concurrent anti-cyclonic eddy in the bottom layer are marked by the black lines: in correspondence of the 

rotation of the horizontal currents the density arise under the effect of the cyclone due to the capacity of 

the eddy to pump water from the deep layer towards the surface. 

Figure 3.20 shows the passage of two consecutive eddies (cyclonic and anticyclonic 

respectively) between the end of March 2009 and the middle of April 2009. Currents at the 

E2M3A site appear consistent with the surface Chl-a distribution (see Fig. 3.21) on 8 April 

2009 when the cyclonic eddy was located south of the anticyclonic one. Since the ADCP time 
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series shows first the passage of the cyclone and then of the anticyclone at the observational 

site, it seems likely that the eddy dipole was moving southwards. However, this conclusion is 

not obvious, because others vortices appeared in the SAP from the satellite image of the 

surface chlorophyll distribution (Fig. 3.21). Thus, without additional information it is difficult 

to know their track. The approximate diameter of the observed eddies oscillates between 25 

and 30 km. The data also reveal that the cyclonic eddies generate horizontal currents stronger 

than the anticyclones and that they reach the bottom layer (see Fig. 3.20c) in several 

occasions. 

 

Figure 3.20 (a, b, c, d) - Time series observations at the E2M3A site between 1 January 2009 and 30 April 

2009. Stick diagram of horizontal currents at 300m (ADCP) and at 1180m (RCM) (a, c). Potential density 

(σθ) time series interpolated along the water column (b). Note that the scales used in panel b for the upper 
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and deep layer are different just for clarity. The E2M3A data identify two consecutive rotational events 

(cyclonic and anticyclonic respectively).  

 

Figure 3.21 - MODIS chlorophyll a distribution on 8 April 2009 (processed by GOS-ISAC CNR-ROMA). 

The figure shows the presence of 5-6 eddies in the South Adriatic. The position of the E2M3A is indicated 

by the red symbol.  

 

From a biological point of view, cyclonic eddies are able to raise the plant nutrients in 

the surface layer, thus they are important for the phytoplankton development. A variety of 

small organisms in the sea depend on the phytoplankton as a source of food. Thus, because 

the eddies can play an important role in making a given part of the ocean more or less 

productive, they become extremely important if we want to quantify and study life in the sea.  
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3.6. The relationship between the Adriatic Sea and the Ionian Sea 

In the abyssal plain of the Ionian Sea, whose maximum depth exceeds 4000 m, dense 

waters formed in the Eastern Mediterranean are accumulated (see section 1.5). The Adriatic 

Sea represents a source of dense waters, which give origins to the EMDW. In particular, some 

studies revealed that after 2003 the Adriatic Sea returned to become the major dense water 

supplier for the Eastern Mediterranean  after the period called Eastern Mediterranean 

Transient (Manca et al., 2006; Hainbucher et al., 2006; Rubino and Hainbucher, 2007). 

CTD data collected in the South Adriatic and in the Strait of Otranto between 2006 

and 2009 show that the AdDW outflow became fresher (max ΔS~-0.04) and colder (max 

Δθ~-0.09°C) during this period (table 3.2), in good agreement with the average trend of θ and 

S observed in the intermediate layer at the E2M3A station.  

Table 3.2 –Thermohaline properties of the core of Adriatic waters outflowing the Strait of Otranto [cruise 

M 71/3 is a German oceanographic cruise onboard R/V Meteor]. 

Year/month Cruise θ (°C) Salinity σθ (kg m-3) DO (ml l-1) 

2006/Nov VECTOR-AM1 13.36°C 38.75 29.22 4.92 

2007/Jan M 71/3 13.32 38.75 29.24 4.90 

2008/Oct SESAME-IT7 13.25/13.30 38.71/38.72 29.22 4.88 

2009/Oct MSM-13/2 13.26/13.30 38.72 29.22 4.82 

 

Following the positive trends for temperature and salinity initiated in the South 

Adriatic after 2003 and described by Gačić at al. (2010), Cardin et al. (2011) and in this 

thesis, bottom waters encountered in the abyssal layers of the Ionian basin became abruptly 

warmer and saltier between 2004 and 2006 (Rubino and Hainbucher, 2007). Table 3.3 shows 

the temporal evolution of the thermohaline properties in the Ionian abyssal plain (depth 

>4000m) between 2003 and 2010. Data collected in 2003 and 2007 come from the following 

cruises: Poseidon 298/1-2 (May 2003), Meteor-71/3 (January 2007) (Hainbucher et al., 2006; 
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Rubino and Hainbucher, 2007). Thus, the changes occurred in the Adriatic outflow in the 

recent years and described so far, likely will affect the thermohaline properties in the abyssal 

plain of the Ionian Sea in the next future.   

Table 3.3 –Average thermohaline properties in the abyssal stations (>4000m) of the Ionian Sea between 

2003 and 2010. Data are provided by CTD casts carried out in the same region during 6 oceanographic 

cruises. The large discontinuity between 2003 and 2007 denotes the fact that during the period 2004-2006 

new EMDW filled the Ionian under the influence of AdDW saltier and warmer than before. 

Year/month Cruise Stations θ (°C) Salinity  σθ (kg m-3) DO (ml l-1) 
2003/May POS298 188-189-190-191 13.309 38.693 29.194 4.46  
2007/January M73-1 106 13.415 38.738 29.206 n/a 
2008/March S-IT2 008-009 13.418 38.738 29.205 4.70 
2008/September S-IT6 008 13.419 38.738 29.205 4.60 
2009/October MSM13-2 880-853-879 13.422 38.738 29.203 4.55 
2010/July MSM15-4 668-669-670 13.422 38.737 29.203 4.50 

 

CTD profiles collected within the Ionian section along 36°N during October 2009 

(MSM13/2 cruise) reveal, in the Ionian abyssal plain, the presence of a layer of relatively cold 

and fresh water (θ~13.41°C, S~38.72, hereafter named ‘old EMDW’), located at a depth of 

about 3000m (see fig. 3.22), which overlays a bottom layer (>4000m) dominated by warmer 

and saltier waters (θ~13.42°C, S~38.735, hereafter named ‘new EMDW’). “Old EMDW” and 

“new EMDW” are indicated based on their DO values observed, which show that the bottom 

layer was occupied by more ventilated, thus recent, water (4.6 ml l-1 in the bottom layer, 4.4 

ml l-1 at 2800m, corresponding to a percentage of oxygen saturation of 82% and 76%, 

respectively). These data are consistent with very recent observations (Sparnocchia et al., 

2011). Note that Rubino and Hainbucher (2007) have excluded the possibility that the source 

of this recent EMDW could be the Aegean Sea, as possible sources of such water were not 

identified in the Aegean basin during their cruise carried out in 2007.  
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Figure 3.22 - Vertical distribution of θ, S, σθ and DO along the West-East section along the nominal 

latitude 36°N (Ionian abyssal plain, see the map on the top right panel). Data are referred to the cruise 

MSM13-2 performed in October 2009. Note that the bottom layer is filled by a fresher and colder water 

mass (named ‘old EMDW’ due to the lower oxygen content), which overlays a saltier and warmer water 

(named ‘new EMDW’ due to the higher oxygen content). 

 

The spreading of the AdDW in the Ionian Sea can be noted in Fig. 3.23, where the bottom 

distributions of, S, and DO are delineated. At least two different AdDW pathways exist 

south of the Strait of Otranto transporting water towards the abyssal plain of the Ionian Sea 

(Fig. 3.23a, b). A cyclonic circulation seems to be predominant in the intermediate and deep 

layers of the Ionian basin (Fig. 3.23, panel d) by the analysis of the thermohaline properties 

distributions along the whole area. 

In conclusion, considering a rather direct but delayed link between the characteristics of the 

intermediate layer of the SAP and the bottom waters of the Ionian abyss, a future decrease of 

θ and S in the bottom layer of the Ionian Sea is expected as a response to the abrupt changes 

occurred in the SAP after winter 2008. 
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Figure 3.23 (a, b, c, d) - Horizontal distribution of θ (a), S (b), and DO (c) and Oxygen Saturation (c) at the 

bottom in October 2009. Schematic representation of the general cyclonic circulation in the bottom layer 

of the Ionian Sea (d) together with the positions of the CTD stations (white dots in panel a, b, c and red 

dots in panel d) collected in during the MSM13/2. 
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4. CONCLUSIONS 

The research presented in this thesis was carried out between 2009 and 2011 at the 

Istituto Nazionale di Oceanografia e di Geofisica Sperimentale - OGS of Trieste, Italy. It is 

based on the analysis of temperature, salinity, currents and heat fluxes long-term time series 

collected in the South Adriatic in the period 2006-2010. A combination of Eulerian 

measurements from the deep mooring E2M3A and CTD casts carried out in the whole study 

area during occasional oceanographic cruises was used in this study to provide spatial context 

for the fixed point observations. 

The main goal of this thesis was to obtain an accurate description of the thermohaline 

variability using high frequency data coming from different instruments moored along the 

water column, between 300m depth and the bottom. A second objective was the study of the 

dense water formation processes and their link with the mesoscale activity and the general 

circulation of the area. The E2M3A time series together with CTD casts have provided a 

complete description of the seasonal and interannual variability in the South Adriatic. 

The study of the long-term thermohaline properties at the E2M3A observational site 

indicates the South Adriatic below 300m as a two layer system, due to the different behaviour 

of the intermediate layer (from 300m down to approximately 1000m depth) and the deep 

layer,  which spans from 1000m to the bottom (~1250m). Indeed, the two layers exhibit a 

different response to the local variability, which can be referred to the large fluctuations of the 

upper part of the water column. The deep convection and the lateral advection processes play 

an important role in the variability of both layers.  

The continuous monitoring during 4 years (and thus 4 consecutive winters) has 

provided important information about the mechanism responsible for the vertical motions 

along the water column and for the exchanges of heat and salt among the surface, the 

intermediate and the deep layers. The results presented in this thesis show that winter 2007, a 
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year with mild wintertime cooling (maximum heat loss ~-350 Wm-2), was characterized by a 

weak convection, while data collected during winter 2008, as well as during the following 

winters i.e. 2009 and 2010, revealed a strong vertical convection (associated to intense 

wintertime cooling, ~-800 W m-2) able to reach a depth of about 800-900m. The strongest 

episode of DWF has been registered exactly between the 17 and 19 February 2008, when the 

water column appeared vertically mixed down to 800m depth. Due also to the still high 

salinity content in the intermediate layer the deep convection was strong. Less evident signals 

of the vertical mixing were noticed in the 1000m depth time series. During convective events, 

current velocities measured in the layer 100-300m increased noticeably, reaching maximum 

horizontal velocities of 30-40 cm s-1 at 300m depth and downward vertical velocities (cleaned 

by the effects of the diurnal plankton migration) of 3-4 cm s-1 as during the last-mentioned 

event. The horizontal velocity field revealed that this part of the water column is barotropic. 

One week later the deep convection event, the surface layer of the South Adriatic was 

characterized by high concentrations of chlorophyll. High amount of nutrients have been 

transported from the intermediate layer towards the surface, giving rise to the phytoplankton 

blooms when the stratification of the water column returned to be predominant. 

From March 2008 on, the intermediate layer suffered an abrupt and well-marked 

temperature and salinity decrease down to 750m depth, while the bottom layer (~1200m 

depth) was characterized by an unforeseen continuous temperature and salinity increase 

during the whole study period. The data collected in the intermediate layer revealed a 

maximum temperature and salinity decrease of about 0.3°C and 0.06, respectively. Contrary, 

the bottom layer has shown a constant temperature and salinity increase of ~0.05 °C y-1 and 

~0.004 y-1 respectively.  

The interannual and seasonal variability of the heat and salt content has been 

quantified by using the time series and the CTD profiles provided at the E2M3A site. The 

results revealed that the re-stratification period (May-November) is characterized by a 
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temperature and salinity increase at the surface clearly evident down to 500-700m depth. 

Instead, during the winter period (December-April) the surface layer undergoes a significant 

cooling, which can trigger the deep convection and the redistribution of heat and salt between 

the surface and the intermediate layer. Locally, the intense mixing due the vertical convection 

has caused a heat and salt loss in the 350-550m layer of about ~ -1.35 x 108 MJ m-2 and ~ -5 x 

103 kg m-2 respectively in February 2008 accompanied by a sudden increase of the heat 

content in the deeper layers. The surface layer was characterized by an overall negative trend 

during the study period. In this thesis, the characteristics of the water column and their 

variability have been associated to the intrusion of saltier or fresher waters from the Ionian 

Sea through the Strait of Otranto, based on the periodical oscillation (alternately cyclonic or 

anticyclonic) of the Ionian surface/intermediate circulation described by Borzelli et al. (2009) 

and Gačić et al. (2010, 2011). This mechanism is able to introduce in the South Adriatic the 

amount of salt needed to trigger the convection and thus to generate more or less dense water. 

Moreover, the substantial freshening signal in the intermediate layer, which extends 

approximately down to 1000m depth after 2009, seems clearly referable to the period 

characterized by a minor entrance of LIW replaced by a major entrance of water of Atlantic 

origins. The deep layer, instead, was interested by a general increasing heat and salt content 

trend (~ +0.8 x 108 MJ m-2 and ~ +3 x 103 kg m-2). The analyses of the time series at the 

E2M3A have disclosed that both the vertical convection and the mesoscale vortices act on the 

water column contributing to change locally its thermohaline properties. 

Current measurements revealed the passage of mesoscale eddies, which produce 

sudden thermohaline changes along the water column even for 10-15 days. The South 

Adriatic is frequently crossed by many mesoscale eddies with diameter of about 25-30 km, as 

revealed by the analysis of the satellite images. The comparison between time series and 

satellite images (Chl-a surface distribution) revealed, for the first time in this region, that they 

act along the entire water column (from the surface until the bottom). Cyclonic eddies can 
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pump water from deeper layers towards the surface, while anti-cyclonic eddies are able to 

reproduce the effect of a convection phase, sinking surface water towards deeper layers. The 

first ones seem to be more frequent in the proximity of the mooring site and they resulted 

more energetic, being associated to horizontal currents frequently higher than 20 cm s-1. The 

effect of the eddies passage is twofold: the contribution to the re-stratification of the water 

column during the post convection phase by exchanging the buoyancy between the mixed 

patch and the surrounding waters and the transfer of heat and salt between the deep and the 

intermediate layers. The passage of a cyclonic vortex in the proximity of the E2M3A site 

forced the upward displacement of deep waters in April 2008, accompanied by a density 

increase along the water column (about 0.05 Kg m-3 at 750m depth). 

Thus, the dynamic generated by the mesoscale eddies observed in the region together 

with the deep convection seem to contribute to the transport of heat, salt and nutrients along 

the water column. They play an important role to reduce the effect of stagnation, 

characteristic of the morphology of the deep part of the SAP. In conclusion, the mesoscale 

activity observed in the proximity of the E2M3A site might also explain the positive trend of 

temperature and salinity registered in the bottom layer during the study period. However, 

further analyses with the help of three-dimensional numerical models aimed to determine the 

volume of water moved by these vortices should support this assumption. 

Thermohaline properties changes in the South Adriatic could also be explained by 

means of the water mass contribution coming from the North Adriatic. Indeed, dense waters 

of North Adriatic origin play an important role in oxygenating the deepest part of the SAP 

(where they arrive following the Western Adriatic Current), balancing the fact that the winter 

convection in the South Adriatic cannot reach the bottom layer. Data collected at the E2M3A 

clearly revealed the intrusion of fresher water (38.72) at 700-800 m after spring 2008. From 

the analysis of the high frequency variability along the time series, it was possible to assume 

that this phenomenon was associated to the arrival of dense water of North Adriatic origin. 
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Indeed, the vein of NAdDW evolves as a bottom arrested current within the complex canyon 

system of the South Adriatic as described by Rubino et al. (2010). However, bottom data at 

the E2M3A site did not reveal an unambiguous signal of the descent of dense water along the 

canyon. Rather, the bottom current seems to be much more affected by the passage of 

mesoscale vortices nearby the mooring site. Presumably, this result might be related to the 

fact that the mooring was located far from the Italian slope and, consequently the bottom 

current meter was not able to detect the descent of NAdDW.  

As previously mentioned, the initial part of the study period (2006-2007) encompassed 

the final phase of a period characterized by high salinity values in the intermediate layer of 

the South Adriatic. Therefore, during this phase, the signal of warm and salty water from the 

Ionian Sea presumably propagated towards the North Adriatic following the general 

circulation of the Adriatic Sea. In conclusion, this work cannot discard the possibility that 

warmer and saltier NAdDW, formed before 2006, had reached the SAP contributing to the 

increase of temperature and salinity in its bottom layer, as already stated by Cardin et al. 

(2011).  

The second period of study (2008-2010) has revealed important thermohaline changes 

occurred in the intermediate layer of the SAP. They have contributed to generate an Adriatic 

outflow, which is now fresher and colder than before, as the thermohaline properties at 800-

1000m in the SAP correspond to those characterizing the AdDW outflow. Moreover, data 

collected in the Strait of Otranto between 2006 and 2010 are consistent with the changes 

shown by the E3M3A data. 

Since the AdDW reaches the Ionian abyssal plain (>4000m depth) within 2 years or 

more (Wu and Haines, 1996) it is possible to conjecture that the newly formed Adriatic dense 

water will contribute to change the properties of the EMDW. Indeed, the positive trends of 

temperature and salinity initiated in the SAP after 2003 (Gačić at al., 2010; Cardin et al., 

2011) caused abrupt thermohaline changes in the abyssal plain of the Ionian Sea between 
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2004 and 2006 (Rubino and Hainbucher, 2007; Bensi et al., in preparation). Further 

investigations are strictly recommended both in the South Adriatic than in the Ionian Sea in 

order to understand the future evolution of the complex mechanisms of water exchange 

between them and their implications with the thermohaline changes of the whole eastern 

Mediterranean Sea. 

Finally, the importance of a continuous monitoring of the South Adriatic is highlighted 

by this work, and the comparison with data coming from other important observational sites 

in the Mediterranean Sea (Gulf of Lion, Aegean Sea, Levantine Sea, Strait of Sicily, Strait of 

Gibraltar) will be argument of discussion within the scientific community to provide a better 

knowledge of the role of the Mediterranean Sea with respect to the global climate changes. 
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APPENDIX B 

SEABIRD APPLICATION NOTE NO. 31 

Computing Temperature and Conductivity Slope and Offset Correction Coefficients 
from Laboratory Calibrations and Salinity Bottle Samples 
Revised February 2010 

[Available on http://www.seabird.com/application_notes/AN31.htm] 

Conductivity Sensors 

The conductivity sensor slope and offset values in the configuration (.con or .xmlcon) file in SEASOFT permit 
the user to make corrections for sensor drift between calibrations. The correction formula is: 

(corrected conductivity) = slope * (computed conductivity) + offset 

where 
slope = (true conductivity span) / (instrument reading conductivity span) 
offset = (true conductivity - instrument reading conductivity) * slope       measured at 0 S/m 

For newly calibrated sensors use slope = 1.0, offset = 0.0. 

Sea-Bird conductivity sensors usually drift by changing span (the slope of the calibration curve), and changes are 
typically toward lower conductivity readings with time. Any offset error in conductivity (error at 0 S/m) is 
usually due to electronics drift, typically less than ±0.0001 S/m per year. Offsets greater than ±0.0002 S/m are 
symptomatic of sensor malfunction. Therefore, Sea-Bird recommends that conductivity drift corrections be 
made by assuming no offset error, unless there is strong evidence to the contrary or a special need. 

Example 
true conductivity = 3.5 S/m 
instrument reading conductivity = 3.49965 S/m 
slope = 3.5 / 3.49965 = 1.000100 

Correcting for Conductivity Drift Based on Pre- and Post-Cruise Laboratory Calibrations 

Suppose a conductivity sensor is calibrated (pre-cruise), then immediately used at-sea, and then returned for 
post-cruise calibration. The pre- and post-cruise calibration data can be used to generate a slope correction for 
data obtained between the pre- and post-cruise calibrations. 

If  is the conductivity computed from the pre-cruise bath data (temperature and frequency) using post-cruise 
calibration coefficients and  is the true conductivity in the pre-cruise bath, then: 
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   (postslope is typically < 1.0) 

Sea-Bird calculates and prints the value for postslope on the conductivity calibration sheet for all calibrations 
since February 1995 (see Appendix I: Example Conductivity Calibration Sheet). 

To correct conductivity data taken between pre- and post-cruise calibrations: 

    islope = 1.0 + (b/n)( (1/postslope) - 1.0) 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 86 
 

 

where 
islope = interpolated slope; this is the value to enter in the configuration (.con or .xmlcon) file 
b = number of days between pre-cruise calibration and the cast to be corrected 
n = number of days between pre- and post-cruise calibrations 
postslope = slope from calibration sheet as calculated above (see Appendix I: Example Conductivity Calibration 
Sheet) 

In the configuration (.con or .xmlcon) file, use the pre-cruise calibration coefficients and use islope for the 
value of slope.* 

NOTE: In our SEASOFT V2 suite of programs, edit the CTD configuration (.con or .xmlcon) file using the 
Configure Inputs menu in Seasave V7 (real-time data acquisition software) or the Configure menu in SBE Data 
Processing (data processing software). 

For typical conductivity drift rates (equivalent to -0.003 PSU/month), islope does not need to be recalculated 
more frequently than at weekly intervals. 

* You can also calculate preslope. If  is the conductivity computed from the post-cruise bath data (temperature 
and frequency) using pre-cruise calibration coefficients and  is the true conductivity in the post-cruise bath, 
then: 
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  (preslope is typically >1.0) 

In this case, pre-cruise calibration coefficients would be used and islope = 1.0 + (b/n)(preslope - 1.0) . 

Correcting for Conductivity Drift Based on Salinity Bottles Taken At Sea 

For this situation, the pre-cruise calibration coefficients are used to compute conductivity and CTD salinity. 
Salinity samples are obtained using water sampler bottles during CTD profiles, and the difference between CTD 
salinity and bottle salinity is used to determine the drift in conductivity. 

In using this method to correct conductivity, it is important to realize that differences between CTD salinity and 
hydrographic bottle salinity are due to errors in conductivity, temperature, and pressure measurements (as well 
as errors in obtaining and analyzing bottle salinity values). For typical Sea-Bird sensors that are calibrated 
regularly, 70 - 90% of the CTD salinity error is due to conductivity calibration drift, 10 - 30% is due to 
temperature calibration drift, and 0 - 10% is due to pressure calibration drift. All CTD temperature and 
pressure errors and bottle errors must first be corrected before attributing the remaining salinity difference as 
CTD conductivity error and proceeding with conductivity corrections. 
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Example 

Three salinity bottles are taken during a CTD profile; assume for this discussion that shipboard analysis of the 
bottle salinities is perfect. The uncorrected CTD data (from Seasave) and bottle salinities are: 

Approximate 
Depth  

(m) 

CTD Raw 
Pressure 
(dbar) 

CTD Raw 
Temperature 

(°C)  * 

CTD Raw 
Conductivity 

(S/m) 
CTD Raw 

Salinity 
Bottle 

Salinity 

200 202.7 18.3880 4.63421 34.9705 34.9770 

1000 1008.8 3.9831 3.25349 34.4634 34.4710 

4000 4064.1 1.4524 3.16777 34.6778 34.6850 

*Temperatures shown are ITS-90. However, the salinity equation is in terms of IPTS-68; you must convert ITS-
90 to IPTS-68 (IPTS-68 = 1.00024 * ITS-90) before calculating salinity. SEASOFT does this automatically. 

The uncorrected salinity differences (CTD raw salinity - bottle salinity) are approximately -0.007 psu. To 
determine conductivity drift, first correct the CTD temperature and pressure data. Suppose that the error in 
temperature is +0.0015 °C uniformly at all temperatures, and the error in pressure is +0.5 dbar uniformly at all 
pressures (drift offsets are obtained by projecting the drift history of both sensors from pre-cruise calibrations). 
Enter these offsets in the configuration (.con or .xmlcon) file to calculate the corrected CTD temperature and 
pressure, and calculate the CTD salinity using the corrected CTD temperature and pressure. This correction 
method assumes that the pressure coefficient for the conductivity cell is correct. The CTD data with corrected 
temperature and pressure are: 

Corrected CTD 
Pressure (dbar) 

Corrected CTD 
Temperature (°C) 

CTD Raw Conductivity  
(S/m) 

CTD Salinity 
[T,P corrected] Bottle Salinity 

202.2 18.3865 4.63421 34.9719 34.9770 

1008.3 3.9816 3.25349 34.4653 34.4710 

4063.6 1.4509 3.16777 34.6795 34.6850 

The (CTD-bottle) salinity difference of -0.005 psu is now properly categorized as conductivity error, equivalent 
to about -0.0005 S/m at 4.0 S/m. 

Compute bottle conductivity (conductivity calculated from bottle salinity and CTD temperature and pressure) 
using SeacalcW (in SBE Data Processing); enter bottle salinity for salinity, corrected CTD temperature for ITS-
90 temperature, and corrected CTD pressure for pressure: 

CTD Raw Conductivity (S/m) Bottle Conductivity (S/m) [CTD - Bottle] Conductivity (S/m) 

4.63421 4.63481 -0.00060 

3.25349 3.25398 -0.00049 

3.16777 3.16822 -0.00044 

By plotting conductivity error versus conductivity, it is evident that the drift is primarily a slope change. If  is 
the CTD conductivity computed with pre-cruise coefficients and  is the true bottle conductivity, then: 
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   (slope is typically >1) 

Using the above data, the slope correction coefficient for conductivity at this station is: 

Slope = [(4.63421 * 4.63481) + (3.25349 * 3.25398) + (3.16777 * 3.16822)] /  
                [(4.63421 * 4.63421) + (3.25349 * 3.25349) + (3.16777 * 3.16777)] = +1.000138 

Following Sea-Bird's recommendation of assuming no offset error in conductivity, set offset to 0.0.  

Temperature Sensors 

The temperature sensor slope and offset entries in the configuration (.con or .xmlcon) file in SEASOFT permit 
the user to make corrections for sensor drift between calibrations. The correction formula is: 

(corrected temperature) = slope * (computed temperature) + offset 

where : 
slope = (true temperature span) / (instrument reading temperature span) 
offset = (true temperature - instrument reading temperature) * slope             measured at 0.0 °C 

For newly calibrated sensors, use slope = 1.0, offset = 0.0.  

Sea-Bird temperature sensors usually drift by changing offset (an error of equal magnitude at all temperatures). 
In general, the drift can be toward higher or lower temperature with time; however, for a specific sensor the drift 
remains the same sign (direction) for many consecutive years. Many years of experience with thousands of 
sensors indicates that the drift is smooth and uniform with time, allowing users to make very accurate corrections 
to field data based only on pre- and post-cruise laboratory calibrations. 

Span errors cause slope errors, as described in the equation for slope above. Sea-Bird temperature sensors rarely 
exhibit span errors larger than 0.005 °C over the range -5 to 35 °C, even after years of drift. Temperature 
calibrations preformed at Sea-Bird since January 1995 have slope errors less than 0.0002 °C in 30 °C. Prior to 
January 1993, some calibrations were delivered that include slope errors up to 0.004 °C in 30 °C because of 
undetected systematic errors in calibration. A slope error that increases more than ±0.0002 [°C per °C per year] 
indicates an unusual aging of electronic components and is symptomatic of sensor malfunction. Therefore, Sea-
Bird recommends that drift corrections to temperature sensors be made by assuming no slope error, 
unless there is strong evidence to the contrary or a special need. 

Calibration checks at-sea are advisable for consistency checks of the sensor drift rate and for early detection of 
sensor malfunction. However, data from reversing thermometers is rarely accurate enough to make calibration 
corrections that are better than those possible by shore-based laboratory calibrations. For the SBE 9plus, a 
proven alternate consistency check is to use dual SBE 3 temperature sensors on the CTD and to track the 
difference in drift rates between the two sensors. In the deep ocean, where temperatures are uniform, the 
difference in temperature measured by two sensors can be resolved to better then 0.0002 °C and will change 
smoothly with time, as predicted by the difference in drift rates of the two sensors. 

Correcting for Temperature Drift Based on Pre- and Post-Cruise Laboratory Calibrations 

Suppose a temperature sensor is calibrated (pre-cruise), then immediately used at-sea, and then returned for post-
cruise calibration. The pre-and post-cruise calibration data can be used to generate an offset correction for data 
obtained between the pre- and post-cruise calibrations. 

Calibration coefficients are calculated with the post-cruise calibration. Using the pre-cruise bath data and the 
post-cruise calibration coefficients, a mean residual over the calibration temperature range is calculated. 
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residual = instrument temperature – bath temperature 

Sea-Bird calculates and prints the value for the residual on the temperature calibration sheet (see Appendix II: 
Example Temperature Calibration Sheet). 

To correct temperature data taken between pre- and post-cruise calibrations: 

Offset = b * (residual / n) 

where 
b = number of days between pre-cruise calibration and the cast to be corrected 
n = number of days between pre- and post-cruise calibrations 
residual = residual from calibration sheet as described above 

In the configuration (.con or .xmlcon) file, use the pre-cruise calibration coefficients and use the calculated 
offset for the value of offset. 

NOTE: In our SEASOFT V2 suite of programs, edit the CTD configuration (.con or .xmlcon) file using the 
Configure Inputs menu in Seasave V7 (real-time data acquisition software) or the Configure menu in SBE Data 
Processing (data processing software). 

Example 

Instrument was calibrated (pre-cruise), used at sea for 4 months, and returned for post-cruise calibration. Using 
pre-cruise bath data and post-cruise coefficients, the calibration sheet shows a mean residual of -0.2 
millidegrees C (-0.0002 °C). 

For preliminary work at sea, use the pre-cruise calibration coefficients and slope = 1.0, offset = 0.0. After the 
cruise, correct temperature data obtained during the cruise for drift using properly scaled values of correction 
coefficients: 

For data from the end of the first month (30 days) at sea:  
     offset = b * (residual / n) = 30 * (- 0.0002 / 120) = - 0.00005;  
Convert data using pre-cruise coefficients and -0.00005 as the offset in the configuration file. 

For data from the end of the second month (60 days) at sea:  
     offset = b * (residual / n) = 60 * (- 0.0002 / 120) = - 0.0001;  
Convert data using pre-cruise coefficients and -0.0001 as the offset in the configuration file. 

For data from the end of the third month (90 days) at sea:  
     offset = b * (residual / n) = 90 * (- 0.0002 / 120) = - 0.00015;  
Convert data using pre-cruise coefficients and -0.00015 as the offset in the configuration file. 

For data from the end of the 4-month cruise:  
     offset = - 0.0002;  
Convert data using pre-cruise coefficients and -0.0002 as the offset in the configuration file, or using post-
cruise coefficients and 0 as the offset in the configuration file. 

 

Last modified: 05-May-2010 

Sea-Bird Home     Phone: (+1) 425-643-9866     Fax: (+1) 425-643-9954     E-mail: seabird@seabird.com 
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APPENDIX C 
  
Potential temperature (°C), salinity, potential density (kg m-3) and dissolved oxygen (µM) 
distribution along the west-east section Bari-Dubrovnik (South Adriatic) during several 
oceanographic cruises carried out in the study region from March 2006 to July 2010 [cruises: 
DART06, VECTOR AM1, VECTOR AM3, VECTOR AM4, VECTOR AM6, SESAME S-
IT1, VECTOR AM7, SESAME S-IT7, MSM13/2, MSM 15/4]. The date of the cruise is 
indicated within each panel. 
 
 

 
 
 
 
 
 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 91 
 

 

 
 
 
 
  

 
 
 

 
 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 92 
 

 

 
 
 
 
 
 
 

 
 
 

 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 93 
 

 

 
 
 

 
 
 
 

 
 
  
 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 94 
 

 

 
 
 
 
 

 
 
 
 
 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 95 
 

 

 
 

 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 96 
 

 

REFERENCES 

[1] Artegiani, A., E. Paschini, A. Russo, D. Bregant, F. Raicich, and N. Pinardi, 1997: The 

Adriatic Sea General Circulation. Part I: Air–Sea Interactions and Water Mass Structure. 

Journal of Physical Oceanography, 27, 1492-1514. 

[2] Batistić M., Jasprica N., Carić M., Čalić M., Kovačević V., Garić R., Njire J., Mikuš 

J., Bobanović-Ćolić S., 2011: Biological evidence of a winter convection event in the South 

Adriatic: A phytoplankton maximum in the aphotic zone. Continental Shelf Research, In 

Press, doi:10.1016/j.csr.2011.01.004. 

[3] Bensi M., Kückler S., 2009: Progetti VECTOR e SESAME: metodologia di elaborazione 

dei dati ctd  raccolti nelle crociere di febbraio e marzo 2008. Technical report 2009/100 

OGA 17 OCE. IN-OGS, Trieste [Available from OGS-B.go Grotta Gigante 42/c 34010 

Sgonico (Ts), Italy, mbensi@ogs.trieste.it]. 

[4] Bensi, M., Gačić, M., Cardin, V., 2010: Deep ocean observing system over middle and 

long time scale: the E2M3A site in the Southern Adriatic: In: Hall, J., Harrison, D.E., 

Stammer, D. (Eds.), Proceedings of OceanObs’09: Sustained Ocean Observations and 

Information for Society, Venice, Italy, 21–25 September 2009, ESA Publication WPP-306. 

[5] Bensi M., Hainbucher D., Cardin V., Mancero-Mosquera I., Rubino A.:  Structure and 

variability of the abyssal water masses of the Ionian Sea in the period 2009-2010. In 

Preparation. 

[6] Bergamasco A. and Malanotte-Rizzoli P., 2010: The circulation of the Mediterranean 

Sea: a historical review of experimental investigations, Advances in Oceanography and 

Limnology, 1:1, 11-28. http://dx.doi.org/10.1080/19475721.2010.491656. 

[7] Buljan, M., 1953: Fluctuation of salinity in the Adriatic. Izvjesca-Reports Ribarstveno 

bioloike ekspedicije 'Hvar' Institut za oceanografiju i ribarstvo. Acta Adriatica 2, pp. 1–64. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 97 
 

 

[8] Borzelli, G.L.E., Gačić, M., Cardin, V., Civitarese, G., 2009: Eastern Mediterranean 

Transient and reversal of the Ionian Sea circulation. Geophys. Res. Lett. 36, 

L15108.doi:10.1029/2009GL039261. 

[9] Campanelli, A., Grilli F., Paschini E., and Marini M., 2011: The influence of an 

exceptional Po River flood on the physical and chemical oceanographic properties of the 

Adriatic Sea, Dynamics of Atmospheres and Oceans, 52(1–2), 284-297, 

doi:10.1016/j.dynatmoce.2011.05.004. 

[10] Cardin V., Perini L., 2005: Data quality control procedure applied to the M3A buoys. 

MFSTEP- MEDITERRANEAN FORECASTING SYSTEM TOWARDS 

ENVIRONMENTAL PREDICTION - Work package 2, Technical Report. 45 pp. [Available 

from OGS-B.go Grotta Gigante 42/C 34010 Sgonico (Ts), Italy, mbensi@ogs.trieste.it].  

[11] Cardin, V., Gačić, M., 2003: Long-term heat flux variability and winter convection in 

the Adriatic Sea. Journal of Geophysical Research, Vol. 108, no. C9, 

8103,doi:10.1029/2002JC001645. 

[12] Cardin V., Bensi M. and Pacciaroni M., 2011: Variability of water mass properties in 

the last two decades in the Southern Adriatic Sea with emphasis on the period 2006-2009. 

Cont. Shelf Res., Vol. 31 (2011) 951–965. doi: 10.1016/j.csr.2011.03.002. 

[13] Cisewski B., Strass V. H., Rhein M., Kragefsky S., 2010: Seasonal variation of diel 

vertical migration of zooplankton from ADCP backscatter time series data in the Lazarev Sea, 

Antarctica, Deep Sea Research Part I: Oceanographic Research Papers, Volume 57, Issue 1, 

January 2010, Pages 78-94, ISSN 0967-0637, DOI: 10.1016/j.dsr.2009.10.005. 

[14] Civitarese, G., M. Gačić, V. Cardin and V. Ibello, 2005: Winter Convection Continues 

in the Warming Southern Adriatic. Eos, Transactions, American Geophysical Union, Vol. 86, 

No. 45, 8, Pages 445,451. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 98 
 

 

[15] Cozzi S., Giani M., 2011: River water and nutrient discharges in the Northern Adriatic 

Sea: Current importance and long term changes, Continental Shelf Research, 

10.1016/j.csr.2011.08.010. 

[16] Cushman-Roisin B., Naimie C. E., 2002: A 3D finite-element model of the Adriatic 

tides, Journal of Marine Systems, Volume 37, Issue 4, 29 November 2002, Pages 279-297, 

ISSN 0924-7963, DOI: 10.1016/S0924-7963(02)00204-X.  

[17] Cushman-Roisin B. and Beckers J.M., 2011: Introduction to Geophysical Fluid 

Dynamics: Physical and Numerical Aspects. Academic Press. In press. 

[18] Demirov E., and N. Pinardi, 2002: Simulation of the Mediterranean Sea circulation 

from 1979 to 1993. Part I: The interannual variability, J. Mar. Syst., 33-34 (C): 23-50. 

[19] Dur G., Schmitt F. G., Souissi S., 2007: Analysis of high frequency temperature time 

series in the Seine estuary from the Marel autonomous monitoring buoy. Hydrobiologia 

(2007) 588:59–68. DOI 10.1007/s10750-007-0652-3. 

[20] Emery, W., and R. E. Thomson, 2001: Data Analysis methods in physical 

oceanography. 2° ed. Elsevier, 654 pp. 

[21] Flagg, C. N., J. A, Vennersch and R. C. Beardsley, 1976: 1974 MIT New England 

Shelf Dynamics Experiment (March, 1974). Data Report, Part II: The Moored Array. MIT 

Rpt. 76-1. 

[22] Franco P., 1982: Oceanography of Northern Adriatic Sea Data from the cruises of the 

years 1978 and 1979. Arch. Oceanol. Limnol.; XX, suppl 2:33– 207.  

[23] Furlan, D., 1977: The climate of southeast Europe. In: Wallen, C.C., Editor, 1977. 

World survey of climatology 6, Elsevier, Amsterdam, pp. 185–235.  

[24] Gačić, M., Marullo, S., Santoleri, R., Bergamasco, A., 1997: Analysis of the seasonal 

and interannual variability of the sea surface temperature field in the Adriatic Sea from 

AVHRR data. Journal of Geophysical Research 102, 22937–22946. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 99 
 

 

[25] Gačić, M., Poulain P.-M., Zore-Armanda M. and Barale V. 2001: Overview in 

Physical Oceanography of the Adriatic Sea: Past, Present and Future, edited by: Cushman-

Roisin, B., M. Gačić, P. Poulain, and A. Artegiani, Kluwer Academic Publishers, pp. 320. 

[26] Gačić M., G. Civitarese, S. Miserocchi, Cardin V., Crise A., and Mauri E., 2002: The 

open-ocean convection in the Southern Adriatic: a controlling mechanism of the spring 

phytoplankton bloom, Continental Shelf Research, 22(14), 1897-1908, doi:10.1016/S0278-

4343(02)00050-X. 

[27] Gačić, M., Borzelli G. L. E., Civitarese G., Cardin V., and Yari S., 2010: Can internal 

processes sustain reversals of the ocean upper circulation? The Ionian Sea example. Geophys. 

Res. Lett., 37, L09608, 5 pp., doi:10.1029/2010GL043216. 

[28] Gačić, M., Civitarese G., Borzelli G. L. E., Kovačević V., Poulain P.-M., Theocharis 

A., Menna M., Catucci A., and Zarokanellos N., 2011: On the relationship between the 

decadal oscillations of the northern Ionian Sea and the salinity distributions in the eastern 

Mediterranean, J. Geophys. Res., 116, 9 PP., doi:201110.1029/2011JC007280. 

[29] Gascard, J.-C., A. J. Watson, M.-J. Messias, K. A. Olsson, T. Johannessen, and K. 

Simonsen, 2002: Long-lived vortices as a mode of deep ventilation in the Greenland Sea, 

Nature, 416(6880), 525-527, doi:10.1038/416525a. 

[30] Georgopoulos, D., Chronis, G., Zervakis, V., Lykousis, V., Poulos, S., Iona, A., 2000: 

Hydrology and circulation in the Southern Cretan Sea during the CINCS experiment (May 

1994–September 1995). Progress in Oceanography, Volume: 46, Issue: 2-4, August, 2000, pp. 

89-112. 

[31] Godin, G., 1972: The Analysis of Tides. University of Toronto Press, Toronto, 264pp. 

[32] Grignon, L., Smeed, D. A., Bryden, H. L., and Schroeder, K., 2010: Importance of the 

variability of hydrographic preconditioning for deep convection in the Gulf of Lion, NW 

Mediterranean, Ocean Sci., 6, 573-586, doi:10.5194/os-6-573-2010. 

[33] Hainbucher, D., A. Rubino and B. Klein, 2006: Water mass characteristics in the deep 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 100 
 

 

layers of the western Ionian Basin observed during May 2003. Geophys. Res. Lett., 33, 4 pp. 

[34] Hecht, A., Rosentroub, Z., and Bishop, J., 1985: Temporal and spatial variations of 

heat storage in the Eastern Mediterranean, Isr. J. Earth Sci., 34, 51–64. 

[35] Hopkins, T. S., 1978: Physical processes in the mediterranean basins. In: B. Kjerfve 

(Ed), Estuarine Transport Processes, University of South Carolina Press, Columbia, SC, pp. 

285–286. 

[36] Hopkins, T. S., 1985: Physics of the sea. In: R. Margalef (Ed), Key Environments –

Western Mediterranean, Pergamon Press, Oxford, pp. 116–117. 

[37] Hu, A., G. A. Meehl, and W. Han, 2004: Detecting thermohaline circulation changes 

from ocean properties in a coupled model, Geophys. Res. Lett., 31, L13204, doi: 

10.1029/2004GL020218. 

[38] Hermann, A., and W. Owens, 1993: Energetics of Gravitational Adjustment for 

Mesoscale Chimneys. Journal of Physical Oceanography, 23, 346-371. 

[39] Jackson, L.E., 1986: Digital Filters and Signal Processing. Kluwer Academic 

Publishers, New York, 259pp. 

[40] Klein, B., W. Roether, B. B. Manca, D. Bregant, V. Beitzel, V. Kovačević, and A. 

Luchetta, 1999: The large deep water transient in the Eastern Mediterranean. Deep Sea 

Research Part I: Oceanographic Research Papers, 46, 371-414. 

[41] Kovačević, V., Gačić, M., Poulain, P.-M., 1999: Eulerian current measurements in the 

Strait of Otranto and in the Southern Adriatic. Journal of Marine Systems.; 20, 255 – 278. 

[42] Kovačević, V., Gačić, G. Fusco, and V. Cardin, 2003: Temporal evolution of thermal 

structures and winter heat content change from VOS-XBT data in the central Mediterranean 

Sea, Annales Geophysicae (2003) 21: 63–73. 

[43] Kuhlbrodt, T., Griesel A., Montoya M., Levermann A., Hofmann M., Rahmstorf S., 

2007. On the driving processes of the Atlantic meridional overturning circulation. Reviews of 

Geophysics, Rev. Geophys., 45, RG2001, doi:10.1029/2004RG000166. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 101 
 

 

[44] Larkin K., Lampitt R., Pagnani M. and the Eurosites co-authors (Hartman S., Gkritzalis A., 

Campbell J., Pebody C., Ruhl H., Billett D., Hühnerbach V., Masson D., Østerhus S., Nittis K., Lykousis V., 

Petihakis G., Cardin V., Bensi M., Brunetti F., Bozzano R., Pensieri S., Wallace D., Karstensen J., Berndt C., 

Priede I., Holford A., Niedzielski T., Hastie L., Jamieson A., Coppola L., Tamburini C., Lefèvre D., Robert A., 

Pouliquen A., Carval T., Ghiron S., Llinás-González O., Cianca A., Melicio O., Santos C., Medina A., Silva S., 

Monteiro I., González-Dávila M., Santana-Casiano M.), 2011: The EuroSITES open ocean observatory 

network: a key ocean infrastructure and in situ data provider, Newsletter #41 : The new joint 

Coriolis-Mercator Ocean Quarterly Newsletter. [available online on http://www.mercator-

ocean.fr]. 

[45] Lascaratos, A., and K. Nittis, 1998: A high-resolution three-dimensional numerical 

study of intermediate water formation in the Levantine Sea, J. Geophys. Res., 103(C9), 

18497-18511. 

[46] Lascaratos A., Roether W., Nittis K. and Klein B., 1999: Recent changes in deep water 

formation and spreading in the Eastern Mediterranean Sea. Progress in Oceanography 44: 5-

36. http://dx.doi.org/10.1016/S0079-6611(99)00019-1. 

[47] Leaman, K.D., Schott, F., 1991: Hydrographic structure of the convection regime in 

the Gulf of Lions: Winter 1987. J. Phys. Oceanogr. 21, 573-596. 

[48] Leaman, K.D., 1994: The formation of western Mediterranean deep water, in: La 

Violette, P.E. et al., (Eds.), Seasonal and Interannual variability of the Western Mediterranean 

Sea. Coastal and Estuarine Studies, vol. 46, AGU, Washington, D. C., pp. 227-248.  

[49] LeBlond P.H. and Mysak L.A., 1978: Waves in the ocean. Elsevier Oceanography 

Series, 20. Elsevier, Amsterdam, 1978, 602 pp. 

[50] Legg, S., J. Marshall, 1993: A Heton Model of the Spreading Phase of Open-Ocean 

Deep Convection. Journal of Physical Oceanography, 23, 1040-1056. 

[51] Legg, S., J. McWilliams, and J. Gao, 1998: Localization of Deep Ocean Convection 

by a Mesoscale Eddy. Journal of Physical Oceanography, 28, 944-970. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 102 
 

 

[52] Lilly, J. M., P. B. Rhines, M. Visbeck, R. Davis, J. R. N. Lazier, F. Schott, and D. 

Farmer, 1999: Observing Deep Convection in the Labrador Sea during Winter 1994/95. 

Journal of Physical Oceanography, 29, 2065-2098. 

[53] Lilly, J. M., P. B. Rhines, 2002: Coherent Eddies in the Labrador Sea Observed from a 

Mooring. Journal of Physical Oceanography, 32, 585-598. 

[54] Malanotte-Rizzoli, P., 1991: The Northern Adriatic Sea as a prototype of 

convection and water mass formation on the continental shelf. In: Chu, P.C., Gascard, J.P. 

(Eds.), Deep Convection and Deep-water Formation in the Oceans, Elsevier 

Oceanography Series, vol. 57; 1991, pp. 229–239. 

[55] Malanotte-Rizzoli, P., Manca, B.B., Ribera d’Alcala, M., Theocharis, A., 

Bergamasco, A., Bregant, D., Budillon, G., Civitarese, G.,  Georgopoulos, D., Michelato, 

A., Sansone, E., Scarazzato, P., Souvermezoglou, E., 1997: A synthesis of the Ionian Sea 

hydrography, circulation and water mass pathways during POEM-Phase I. Progress in 

Oceanography 39, 153–204. 

[56] Manca, B. B., V. Kovačević, M. Gačić, and D. Viezzoli, 2002: Dense water formation 

in the Southern Adriatic Sea and spreading into the Ionian Sea in the period 1997–1999. 

Journal of Marine Systems, 133-154. 

[57] Manca, B. B., G. Budillon, P. Scarazzato, and L. Ursella, 2003: Evolution of dynamics 

in the eastern Mediterranean affecting water mass structures and properties in the Ionian and 

Adriatic Seas, Journal of Geophysical Research, 108(C9), doi:10.1029/2002JC001664. 

[58] Manca, B.B., Ibello, V., Pacciaroni, M., Scarazzato, P., Giorgetti, A., 2006: 

Ventilation of deep waters in the Adriatic and Ionian Seas following changes in thermohaline 

circulation of the Eastern Mediterranean. Climate Research, 31(2-3), 239-256. 

[59] Mantziafou, A., A. Lascaratos, 2004: Oceanographic Research Papers: An eddy 

resolving numerical study of the general circulation and deep-water formation in the Adriatic 

Sea. Deep Sea Research Part I, 51, 921-952.  doi:10.1016/j.dsr.2004.03.006. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 103 
 

 

[60] Mantziafou, A., A. Lascaratos, 2008: Deep-water formation in the Adriatic Sea: 

Interannual simulations for the years 1979–1999. Deep Sea Research Part I: Oceanographic 

Research Papers, 55, 1403-1427. 

[61] Marasović I., B. Grbec and M. Morović, 1995: Long-term production changes in the 

Adriatic. Netherlands Journal of Sea Research, 34, 267-273. doi:10.1016/0077-

7579(95)90037-3. 

[62] Marshall, J., Schott, F., 1999: Open-ocean convection: observations theory, and 

models. Rev. Geophys. 37 (1), 1–64. 

[63] MEDOC Group, 1970: Observations of formation of deep water in the Mediterranean 

Sea, Nature 227, 1037 - 1040 (05 September 1970); doi:10.1038/2271037a0. 

[64] Mertens, C., Schott, F., 1998: Interannual Variability of Deep-Water Formation in 

the Northwestern Mediterranean. J. Phys. Ocean., 28 (7), doi: 10.1175/1520-0485(1998)028. 

[65] Nielsen, J.N., 1912: Hydrography of the Mediterranean and adjacent waters. 

Exped.Medit. 1908-1910, Vol. 1, Copenhagen, 77 - 191. 

[66] Oddo P., Pinardi N., Zavatarelli M., 2005: A numerical study of the interannual 

variability of the Adriatic Sea Circulation (1999-2002). Science of the Total Environment. 

353, 39-56.1.  

[67] Orlić, M., M. Kuzmić, and Z. Pasarić, 1994: Response of the Adriatic Sea to the bora 

and sirocco forcing, Cont. Shelf Res., 14, 91–116. 

[68] Pagnani M. and the EuroSITES consortium, 2011: The EuroSITES open ocean 

observatory network: the data managers’ Perspective. Geophysical Research Abstracts Vol. 

13, EGU2011-10889-1. 

[69] Pawlowicz, R., B. Beardsley, and S. Lentz, 2002: Classical tidal harmonic analysis 

including error estimates in MATLAB using T_TIDE. Computers & Geosciences, 28, 929-

937. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 104 
 

 

[70] Pinardi N., Masetti E., 2000: Variability of the large scale general circulation of the 

Mediterranean Sea from observations and modelling: a review. Palaeogeography, 

Palaeoclimaology, Palaeoecology, Volume 158, Number 3, 15 May 2000, pp. 153-173(21), 

http://dx.doi.org/10.1016/S0031-0182(00)00048-1.  

[71] POEM group, 1992: General circulation of the Eastern Mediterranean. Earth-Science 

Reviews, 32, 285-309. 

[72] Poulain, P.-M., Gačić, M., Vetrano, A., 1996: Current measurements in the Strait of 

Otranto reveal unforeseen aspects of its hydrodynamics. Eos, Transaction, AGU 77 (36), 345–

348. 

[73] Reid, J. L., 1979: On the contribution of the Mediterranean Sea outflow to the 

Norwegian-Greenland Sea. Deep Sea Research Part A. Oceanographic Research Papers, 26, 

1199-1223. 

[74] Roether, W., B. B. Manca, B. Klein, D. Bregant, D. Georgopoulos, V. Beitzel, V. 

Kovačević, and A. Luchetta, 1996: Recent Changes in Eastern Mediterranean Deep Waters. 

Science, 271, 333-335.  

[75] Roether, W., Klein, B., Beitzel, V., Manca, B.B., 1998: Property distributions and 

transient-tracer ages in Levantine Intermediate Water in the Eastern Mediterranean. Journal of 

Marine Systems 18 _1998. 71–87. 

[76] Rubino A. and Hainbucher D., 2007: A large abrupt change in the abyssal water 

masses of the eastern Mediterranean. Geophys. Res. Lett., 34, 5 PP. 

[77] Rubino, A., Romanenkov D., Zanchettin D., Cardin V., Hainbucher D., Bensi M., 

Boldrin A., Langone L., Miserocchi S., Turchetto M., 2010: On the descent of dense water on 

a complex canyon system in the southern Adriatic basin. Continental Shelf Research (2010), 

doi:10.1016/j.csr.2010.11.009 

[78] Russo A., Maccaferri S., Djakovac T., Precali R., Degobbis D., Deserti M., Paschini 

E., Lyons M., 2005: Meteorological and oceanographic conditions in the northern Adriatic 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 105 
 

 

Sea during the period June 1999-July 2002: Influence on the mucilage phenomenon. In: 

Science of the Total Environment, vol. 353 (1-3) pp. 24 - 38. ELSEVIER SCIENCE BV, 

2005. 

[79] Send, U., J. Marshall, 1995: Integral Effects of Deep Convection. Journal of Physical 

Oceanography, 25, 855-872. 

[80] Sea-Bird Electronics, 2010: Computing Temperature and Conductivity Slope and 

Offset Correction Coefficients from Laboratory Calibrations and Salinity Bottle Samples 

(02/10), Application note n°.31. Available on line                                               

[http://www.seabird.com/application_notes/AN31.htm]. 

[81] Schlitzer, R., Roether, W., Oster, H., Junghans, H., Hausmann, M., Johannsen, H., 

Michelato, A., 1991: Chlorofluoromethane and oxygen in the Eastern Mediterranean. Deep-

Sea Res. 38, 1531–1535. 

[82] Schott, F., Leaman Kevin D., 1991: Observations with Moored Acoustic Doppler 

Current Profilers in the Convection Regime in the Golfe du Lion. J. Phys. Oceanogr., 21, 

558–574.doi: 10.1175/1520-0485. 

[83] Schott, F., M. Visbeck, and J. Fischer, 1993: Observations of Vertical Currents and 

Convection in the Central Greenland Sea During the Winter of 1988–1989, J. Geophys. Res., 

98(C8), 14,401–14,421, doi:10.1029/93JC00658. 

[84] Sparnocchia S., Gasparini G.P., Schroeder K., Borghini M, 2011: Oceanographic 

conditions in the NEMO region during the KM3NeT project (April 2006-May 2009). Nuclear 

Instruments and Methods in Physics Research, Section A: Accelerators, Spectrometers, 

Detectors and Associated Equipment, Volumes 626-627, Supplement 1, 11 January 2011-21 

January 2011, Pages S87-S90, ISSN 0168-9002, DOI: 10.1016/j.nima.2010.06.231. 

[85] Straneo, F., M. Kawase, 1999: Comparisons of Localized Convection due to Localized 

Forcing and to Preconditioning. Journal of Physical Oceanography, Volume: 29, Issue 1, 55-

68. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 106 
 

 

[86] Straneo F., 2006: On the Connection between Dense Water Formation, Overturning, 

and Poleward Heat Transport in a Convective Basin. Journal of Physical Oceanography, Vol. 

36. 1822- 1840. 

[87] Supić, N., Vilibić, I., 2006: Dense water characteristics in the northern Adriatic in the 

1967-2000 interval with respect to surface fluxes and Po river discharge rates. Estuarine, 

Coastal and Shelf Science 66 (2006) 580-593. 

[88] Theocharis, A., E. Balopoulos, S. Kioroglou, H. Kontoyiannis, and A. Iona, 1999: A 

synthesis of the circulation and hydrography of the South Aegean Sea and the Straits of the 

Cretan Arc (March 1994-January 1995). Progress In Oceanography, 44, 469-509. 

[89] Theocharis, A., Klein, B., Nittis, K., & Roether, W., 2002: Evolution and status of the 

Eastern Mediterranean transient (1997–1999). J. Marine Systems, 33–34, 91–116. 

[90] Vilibić, I., Orlić, M., 2001: Least-squares tracer analysis of water masses in the South 

Adriatic (1967-1990). Deep Sea Research Part I: Oceanographic Research Papers, 48, 2297-

2330. 

[91] Vilibić, I., Orlić, M., 2002: Adriatic water masses, their rates of formation and 

transport through the Otranto Strait. Deep-Sea Res. I, 1321–1340.  

[92] Vilibić, I., 2003: An analysis of dense water production on the North Adriatic shelf. 

Estuarine, Coastal and Shelf Science, 56, 697-707. 

[93] Wang, X. H., P. Oddo, and N. Pinardi, 2006: On the bottom density plume on coastal 

zone off Gargano (Italy) in the southern Adriatic Sea and its interannual variability. J. 

Geophys. Res., VOL. 111, C03S17, doi: 10.1029/2005JC003110. 

[94] Wu, P., K. Haines, 1996: Modeling the dispersal of Levantine Intermediate Water and 

its role in Mediterranean deep water formation. J. Geophys. Res., 101, PP. 6591-6607. 

[95] Wüst, G., 1961: On the vertical circulation of the Mediterranean Sea. J. Geophys. Res. 

66, 261–   3271. 



Ph.D. in Environmental Science, University of Trieste, 2012                            Dr. Manuel Bensi 107 
 

 

[96] Yari S., 2009: Heat and salt transport across the Strait of Otranto, PhD thesis. 

Università degli Studi di Trieste, 76 pp. 



  

ACKNOWLEDGEMENTS 

This work was supported by the Istituto Nazionale di Oceanografia e di Geofisica 

Sperimentale (OGS) of Trieste, Italy, through the FP7 Collaborative Project EuroSITES. 

 

I am thankful to my supervisors, Dott.sa Vanessa Cardin (OGS), Dr. Miroslav Gačić 

(OGS) and Prof. Francesco Fanucci (Università degli Studi di Trieste), for their helpful 

suggestions and fruitful discussions we had during the development of this scientific research. 

 

I am grateful to many colleagues for their support, suggestions and invaluable 

technical assistance: Giuseppe Civitarese, Gianluca Borzelli, Alessandro Crise, Vedrana 

Kovačević, Laura Ursella, Kate Larkin, Dagmar Hainbucher, Valeria Ibello, Paolo Mansutti, 

Alessandro Bubbi, Stefano Kückler, Isaac Mancero-Mosquera, Rajesh Nair and Nevio 

Medeot. Special thanks are due to Maristella Berta, who spent a lot of time with me 

discussing the thesis and our scientific works. 


