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SUMMARY 

 

The Mediterranean Sea is often considered as an ocean in miniature since processes 

characterizing the global circulation -open ocean deep convection triggering large-scale 

thermohaline circulation- occur on a smaller spatial and temporal scale. 

The inter–annual variability of this circulation is affected by the most prominent modes 

of large–scale atmospheric variability of Atlantic and of Eurasian origin, such as the North 

Atlantic Oscillation (NAO), the East Atlantic pattern (EA), the East Atlantic Western Russian 

pattern (EAWR), the Scandinavian pattern (SCA) and the Mediterranean Oscillation Index 

(MOI). 

Till now, a lot of scientific studies have focused on the links between these modes of 

atmospheric variability and the Euro–Mediterranean climate at sea surface. However, what 

happens in the ocean interior in terms of the signals propagation is rather unexplored.  

Motivated by this gap of knowledge, the aim of the present thesis is to explore the 

spatial patterns and time scales of the Mediterranean thermohaline variability in response 

to anomalous states of these modes from the sea surface towards the abyssal layers.  

To this purpose statistical analyses are conducted to identify anomalous states of these 

modes and to perform composite analysis on oceanographic data on four key regions, 

namely the Adriatic Sea, the Levantine basin, the Aegean Sea and the Ionian Sea.  

The analysis is conducted on the output of a high–resolution ocean model simulation 

with MedMIT12 covering the past three decades.  

The obtained results show that all the considered atmospheric modes, except SCA, 

imprint significantly and differently on the thermohaline properties in the 

abovementioned key areas for oceanic convection, meaning that magnitude and 

significance of the signal propagations vary among the considered regions and indices. 

One of the clearest propagation signals refers to the EA in the Adriatic and Northern 

Ionian Seas: There, negative EA anomalies are associated to an extensive positive density 

response, with anomalies that sink to the bottom of the South Adriatic Pit and reach the 

Northern Ionian Sea within a ~2-year time interval.  
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Other strong responses are in the Levantine Sea, where all the climate modes, except 

SCA, induce positive density anomalies. Only in the case of the EA, the density response 

is clearly attributed to a single episode of ocean cooling, persisting for about 2 years 

and remaining confined in the upper 500 meters depth, whereas for the other indices 

the density anomaly develops due to constructive superposition of non-significant 

salinity and temperature anomalies. 

The study suggests also that NAO, EA, EAWR and MOI can critically interfere with internal, 

deep and abyssal ocean dynamics and variability in the Mediterranean Sea and hence 

affect the Mediterranean evolution. 
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OBJECTIVES AND MOTIVATIONS 

 

The aim of the present thesis is to explore the seasonal spatial patterns and time scales 

of the Mediterranean thermohaline variability in response to anomalous states of 

dominant modes of large-scale atmospheric variability, from the sea surface towards the 

abyssal layers. 

Specifically, the thesis aims at answering the following scientific questions: What is the 

typical seasonal thermohaline response of the Mediterranean Sea to climatic modes such 

as the NAO, the EA, the EAWR, the SCA and the MOI? Are these modes characterized by 

distinct signatures and propagation pathways toward the ocean interior? Is there a season 

and a region in which the Mediterranean thermohaline response is more significant than 

in other seasons and regions? How do responses forced by these modes interact with 

interior ocean variability, such as the Eastern Mediterranean Transient (EMT) and the 

Bimodal Oscillation System (BiOS)?  

To accomplish these objectives, this thesis is structured based on the following tasks: 

- Review of the available scientific literature concerning the functioning of the 

Mediterranean thermohaline circulation, the description of the most prominent 

large-scale atmospheric variability modes in the Atlantic and Euro-Mediterranean 

sector and their main teleconnections with the Mediterranean climate;  

- Apply statistical methods to identify anomalous states of these modes and 

investigate, via composite analysis, the associated oceanic anomalies in four key 

regions known to be important deep-water formation sites of the Mediterranean 

Sea; 

- Discuss the results obtained from these analyses and try to link the existence of 

the thermohaline responses to deep-water formation and EMT-like events.  
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THESIS STRUCTURE 

 

The thesis is structured in four Chapters.  

Chapter 1 is composed by four main paragraphs, which explore the key features of the 

Mediterranean circulation (Paragraphs 1.1 and 1.2) and its temporal variability (Paragraph 

1.3) and describe the large-scale atmospheric modes and their associated 

teleconnections with Mediterranean climate (Paragraph 1.4).  

 

Chapter 2 describes the data used in this thesis, including observations (indices and 

reanalysed surface atmospheric fields) and the output of the ocean simulation (Paragraph 

2.1); in Paragraph 2.2 the methodology used for performing different analyses of the 

data from the model is illustrated step by step. 

 

Chapter 3 illustrates the main results obtained by the analyses described in the previous 

chapter. It is divided into four Paragraphs, each of which focuses on one season, 

specifically: Paragraph 3.1 on winter, Paragraph 3.2 on spring, Paragraph 3.3 on summer 

and Paragraph 3.4 on autumn. Each one of them presents the seasonal atmospheric and 

thermohaline responses to the atmospheric modes by means of statistics, diagrams and 

maps. 

 

In Chapter 4 the main results illustrated in the previous chapter are summarized and 

discussed, to link them to deep-water formation and possibly to EMT-like events, thus 

answering the scientific questions posed in the section Objectives and Motivations.  
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INTRODUCTION 

 

Ocean stores and transports heat, carbon, nutrients and freshwater all around the world. 

Ocean circulation is characterized by two components: A fast and energetic wind-driven 

surface circulation and a slow and large density-driven circulation, which dominates the 

deep sea and is known as the “thermohaline circulation” (Toggweiler and Key, 2001; 

Ocean and Climate Platform1).  

The thermohaline circulation is driven by fluxes of heat and freshwater across the sea-

surface and subsequent interior mixing of heat and salt (Rahmstorf, 2006).  

Typically, this global ocean circulation pattern is induced by deep convection driven by 

surface buoyancy loss in polar latitudes, in particular in the northern North Atlantic 

Ocean (i.e. the Labrador Sea) and around Antarctica (Marshall and Plumb, 2008).  

From these areas, cold and dense waters sink toward the bottom of the ocean and then 

flow equatorward in the ocean interior. During this path, they warm, return to the surface 

through mixing and wind-driven upwelling, and flow poleward to begin once more the 

circulation. Because of this path, the thermohaline circulation is known also as 

 ‘overturning’ circulation or conveyor belt that encircles the globe (Toggweiler and Key, 

2001; NOAA2).  

 

 

 

 

 

 

 

 

___________________ 

1https://ocean-climate.org/?page_id=3829&lang=en 

2https://oceanservice.noaa.gov/facts/conveyor.html  

https://oceanservice.noaa.gov/facts/conveyor.html
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A smaller thermohaline circulation exists in the Mediterranean Sea, one of the few regions 

in the world to be characterized by deep convection events (Malanotte-Rizzoli and 

Robinson, 1988; Castellari, 2000).   

In the Eastern Mediterranean evaporation and winter cooling cause dense waters to sink 

and move westward where they eventually flow out at the strait of Gibraltar and are 

replaced by less dense Atlantic waters entering the Mediterranean as a surface flow 

(Wüst, 1961).   

The presence of this (spatially and temporally) smaller thermohaline circulation and of 

the water exchanges with the Atlantic Ocean, leads the Mediterranean Sea to be 

considered as a laboratory basin for investigating processes occurring on the global scale 

of the world ocean, i.e. the global ocean thermohaline circulation. Besides, due to its 

small size, the Mediterranean is considered also as a test basin for general circulation 

studies (Bergamasco and Malanotte-Rizzoli, 2010).  

Given these premises, an open question is whether and how the inter-annual variability 

of the Mediterranean thermohaline circulation is affected by the most prominent modes 

of large–scale atmospheric variability of Atlantic and of Eurasian origin, i.e., how these 

modes of variability influence the interior and deep dynamics of the basin. This thesis 

aims at answering this question and at further exploring how the Mediterranean 

thermohaline response to these low-frequency modes changes through the different 

seasons from the sea-surface toward the abyssal layers.  

In this way, this thesis contributes to advancing our understanding of the ocean interior 

dynamics and processes (i.e., deep-water formation or EMT-like events) under different 

climate conditions. Ultimately, it provides information to better assess the ongoing 

climate and oceanic changes in the Euro-Mediterranean region.  
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1. THE MEDITERRANEAN SEA CIRCULATION 

 

The aim of this Chapter is to explore the current understanding about the functioning of 

the thermohaline circulation in the Mediterranean Sea. It consists of four main 

paragraphs: In Paragraph 1.1 general information about the geographical and 

climatological features of the interested basin are illustrated to have an overview of the 

study area; Paragraph 1.2 focuses on the major features of water masses formation and 

large-scale oceanic circulation, both at the surface and at deeper layers; in Paragraph 1.3 

the temporal Mediterranean Sea variability is illustrated; eventually, in Paragraph 1.4 the 

main large–scale modes of atmospheric variability known to affect significantly climate 

in the Mediterranean region are presented and discussed. 

 

1.1     GEOGRAPHICAL AND CLIMATOLOGICAL FEATURES 

 

The Mediterranean Sea is a marginal and semi-enclosed basin which occupies an area of 

2.5 million km2, excluding the Black Sea. Its geographical position and its complex 

morphology renders it an interesting region from a climatological point of view. It is 

located north of the largest desert in the world (the Sahara) and south of a large 

temperate climate region (Europe); it is surrounded by high mountains at almost every 

side and it is characterized by a multitude of basins, gulfs and islands that determine a 

complex land–sea distribution pattern. All these features lead the Mediterranean Sea to 

be considered as a transition area between tropical and mid–latitudes climate, 

characterized by large environmental gradients both in the North-South and East-West 

directions, sub–regional or mesoscale features and local climate variability (Li et al., 2006; 

Lionello et al., 2006; Schroeder et al., 2012). 

Further, the Mediterranean Sea is considered as an isolated oceanic system, in fact many 

processes that are fundamental to the general circulation of the world ocean, also occur 

within the Mediterranean, though on smaller scales, such as deep–water formation. This 
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process contributes to sustain in the Mediterranean basin a reduced version of the large–

scale oceanic thermohaline circulation (Robinson et al., 2001; Schroeder et al., 2012). 

The Mediterranean Sea expands for 3700 km in longitude and 1600 km in latitude; its 

average depth is 1500 m with maximum depth value of 5150 m in the Ionian Sea (Li et 

al., 2006; Lionello et al., 2006; Schroeder et al., 2012). 

As it can be observed in Fig. 1, the Mediterranean Sea is connected to the Atlantic Ocean 

through the narrow strait of Gibraltar (14.5 km wide and less than 300 m deep) and to 

the Black Sea through the Dardanelles Strait (at about 100 m of depth). The strait of 

Sicily (400 m of depth) separates the Mediterranean Sea into two main equal-size basins: 

The Western and the Eastern Mediterranean (WMED and EMED, respectively), which, in 

turn, are composed of eight sub-basins: The Alboran Sea, the Algerian basin, the Balearic 

Sea and the Tyrrhenian Sea constitute the WMED, while the Ionian Sea, the Adriatic Sea, 

the Aegean Sea and the Levantine Basin constitute the EMED (Lionello et al., 2006; 

Houpert et al., 2015). 

 

 

Fig. 1. Mediterranean Sea (Google Images, available at 

https://cdn.thinglink.me/api/image/700396969683582977/1240/10/scaletowidth and 

modified with Paint) 

https://cdn.thinglink.me/api/image/700396969683582977/1240/10/scaletowidth
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The main difference between these two basins concerns the bathymetry, which has 

important consequences on the circulation pattern in both basins: The bottom structure 

of the WMED is typically uniform throughout all the area, while the EMED presents a 

more complex and varied bathymetry, which, with the influence of the wind acting on 

the surface, can generate gyres (Biju-Duval et al., 1978; Schroeder et al., 2012). 

There are different kind of gyres that can be created: Permanent, recurrent or semi-

permanent, which persist throughout the year but undergo seasonal shifts in strength 

and location, such as the Rhodes Gyre, the South Adriatic Gyre and the North Ionian 

Gyre (NASA3; Schroeder et al., 2012). 

The presence of straits and channels within the Mediterranean Sea is very important for 

controlling the characteristics of the water masses that typically occupy the different 

basins and the water masses that are exchanged between basins (Astraldi et al., 1999). 

The strait of Gibraltar, in particular, plays a significant role in stabilizing the deficit of the 

whole Mediterranean basin. In fact, the climatological heat and freshwater surface fluxes 

of the Mediterranean Sea are negative for the ocean, since evaporative losses are not 

balanced by precipitation and river runoff. Therefore, the water and heat exchanges 

through the strait of Gibraltar are needed to compensate for this deficit. Typically, they 

are characterized by an inflow towards the Mediterranean, composed of a warm and 

fresh (Temperature (T)=15°C, Salinity (S)=36 psu4) upper water and by an outflow towards 

the Atlantic, cooler and saltier (T=13°C, S=38 psu) (Criado–Aldeanueva et al., 2012; 

Houpert et al., 2015).  

 

 

 

 

________________ 

3http://oceanmotion.org/html/background/wind-driven-surface.htm 

4psu: Practical Salinity Unit; the typical unit of measure of the salinity, which is dimensionless 

(Navy Operational Ocean Circulation and Tide Models, available at 

http://www.oc.nps.edu/nom/day1/parta.html).  

http://www.oc.nps.edu/nom/day1/parta.html
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Surface heat exchanges at the air–sea interface between Mediterranean water masses 

and the overlying air masses, present asymmetries that are detected temporally on the 

seasonal scale and spatially at the regional scale. The former is related to the seasonal 

cycle of surface heat flux, which shows typically ocean heat losses during winter and 

(weaker) ocean heat gains during summer. The latter is related to the difference of heat 

flux between the EMED, where it is usually negative mainly because of strong latent heat 

losses, and the WMED, where it is usually positive (Criado–Aldeanueva et al., 2012).  

 

1.2 WATER MASSES FORMATION AND OCEAN CIRCULATION 

 

The Mediterranean Sea is one of the few regions in the world where open ocean deep 

convection events occur by surface cooling and evaporation induced, especially in 

wintertime, by cold and dry winds (Malanotte-Rizzoli and Robinson, 1988; Schroeder et 

al., 2012).  

These convection events lead eventually to deep–water formation, which typically 

requires three conditions: The presence of a cyclonic gyre, a weakly stratified layer 

beneath the mixed layer and a strong buoyancy loss from the surface (Romanski et al., 

2014).  

Convective processes produce various kind of deep–water masses in several places of 

the Mediterranean Sea: The Western Mediterranean Deep Water (WMDW) is formed in 

the Gulf of Lions while the Eastern Mediterranean Deep Water (EMDW) is formed both 

in the South Adriatic and Aegean Seas. During exceptionally cold winters, Levantine Deep 

Water (LDW) could be also formed in the north–eastern Levantine basin, where 

intermediate water (LIW) is regularly formed seasonally, especially in the northern part 

of the Levantine basin, probably because of favourable local meteorological conditions. 

The LIW, being formed at sill depths, plays a relevant role in determining water 

characteristics of the Mediterranean outflow. In fact, once it is created at intermediate 

depths, it flows westward into the Western Mediterranean, through the strait of Sicily 

and eventually it reaches the Atlantic Ocean through the strait of Gibraltar, closing the 
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water budget of the Mediterranean Sea (Castellari, 2000; Li et al., 2006; Robinson et al., 

2001; Tsimplis et al., 2006). 

The global Mediterranean thermohaline circulation is thus the result of the interactions 

between deep-water formation and intermediate water dispersal (Artale et al., 2006).  

The following paragraph gives a detailed description of the Mediterranean thermohaline 

circulation and thus of deep and intermediate water formation.  

 

1.2.1 Mediterranean thermohaline circulation 

 

The Mediterranean thermohaline circulation is affected by the combined effects of wind 

stress and buoyancy fluxes at the surface, due to freshwater and heat fluxes (Robinson 

et al., 2001; Pinardi et al., 2015).  

Because of its geographical position, the Mediterranean region lies between the mid-

latitude Westerlies and the Trade winds and it is dominated by the former in winter and 

by the latter in summer. The wind stress curl sign, associated with this kind of winds, is 

such that the eastern areas are characterized by predominantly cyclonic circulations while 

the western ones by anti-cyclonic motions (Pinardi and Masetti, 2000).  

A simplified representation of the Mediterranean Sea circulation is provided in Fig. 2.  

 

 

Fig. 2: Schematic representation of the Mediterranean Sea circulation (Bergamasco and 

Malanotte-Rizzoli, 2010) 
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The water mass formation cycle begins at the strait of Gibraltar where Atlantic Water 

(AW) enters and mixes with the outflowing Mediterranean waters (Pinardi et al., 2015).  

This Modified Atlantic Water (MAW) moves towards the east following the mean cyclonic 

circulation of the basin and, because of the increased surface warming and evaporation, 

its salinity increases gradually to about 37-37.5 psu in the strait of Sicily and to around 

38.6 psu near the Cretan Passages. Continuing its eastward path, the MAW follows the 

North African coasts forming the unstable Algerian current. This new current generates 

both short-lived mesoscale eddies and large-scale open sea eddies which detach from 

the main current and propagate seawards and westwards, mixing the MAW with water 

masses occupying the interior of the Western Mediterranean Basin. At the strait of Sicily, 

the MAW separates into two branches: One directed to the Eastern Mediterranean and 

the other one propagating northward into the Tyrrhenian Sea and flowing anticlockwise 

along the topography of the Italian coasts of the Western Mediterranean. A further 

separation occurs also at the most northern point of the Tyrrhenian Sea: One branch 

goes north of Corsica and the other one first completes the circle around the Tyrrhenian 

sea and then it joins the first branch, moving northwards along the Corsican and 

Sardinian coasts. These re-joined branches form the Northern Current, which continues 

along the French and Spanish coasts and then separates into two branches: One moves 

into the south of the Balearic Sea, while the second one flows southwards, reaching also 

depths greater than 200 m in the Alboran Sea as old MAW that has completed one or 

more rounds of the Western basin (Tsimplis et al., 2006).  

 

In the Western basin, the main deep–water formation region is the area of the Gulf of 

Lions where the heat-dominated local buoyancy flux appears to determine the depth of 

oceanic convection (Tsimplis et al., 2006; Schroeder et al., 2012). 

Deep–water formation in this basin is usually divided into two phases: A preconditioning 

phase and a sinking/spreading phase. In the preconditioning phase, occurring typically 

during fall and early winter, repeated intense wind events gradually destroy the mixed 

layer in the middle of the Gulf of Lions, defining the area of the formation by the creation 
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of a cyclonic gyre. In the sinking/spreading phase, triggered by dry and cold winds such 

as the Mistral (the dry continental north-westerly wind blowing over the whole area), the 

convection takes place in the centre of the gyre; if the forcing by these winds is moderate, 

the MAW is simply cooled and the increase in density is weak. So, the water formed 

settles to the intermediate layer at about 200 m of depth. Otherwise, if the forcing is 

more intense and long–lasting, the MAW mixes with the underlying, warmer and saltier 

LIW (Castellari, 2000; Schroeder et al., 2012).  

Further ocean heat loss can lead to deep convection processes and thus to the formation 

of the WMDW, which reaches the seafloor at about 2500 m during the most sever winters. 

Eventually the so formed deep–water exits the convective region and starts spreading 

southward and westward (Schroeder et al., 2012). 

Since 2005, the northern part of the WMED, especially the Gulf of Lions, seems to have 

become a very active deep–water formation site. Strong events were reported in the 

winters of 2004/2005 and 2005/2006 when deep–waters have experienced significant 

physical thermohaline changes, involving a sudden increase of deep heat and salt content 

and a change in deep stratification (Schroeder et al., 2010; Schroeder et al., 2012).  

This event is known as the Western Mediterranean Transient (WMT) (Schroeder et al., 

2010).  

The thermohaline changes started in the winter of 2004/2005 with the production of a 

new warmer, saltier and hence denser deep–water, which uplifted the old one by several 

hundreds of meters in the whole WMED. This anomaly has been significantly enhanced 

by the huge amount of new deep–water formed in the winters of 2004/2005 and 

2005/2006, which induced a basin wide propagation of the new WMDW and thus an 

abrupt increase in deep heat and salt content (Schroeder et al., 2012).  

 

In the Levantine region in the EMED, surface water reaches salinities of 38.9 psu, and its 

density increases further through evaporation and cooling during winter time, until it is 

dense enough to sink. Depending on where the sinking water will settle, and on the 
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meteorological conditions, specifically the occurrence of moderate rather than intense 

winters, either LIW or LDW is formed (Tsimplis et al., 2006). 

The LIW is the main water-mass of the Mediterranean Sea and the most voluminous 

water type, occupying the intermediate layers between 200 and 500 m of depth. Its 

formation arises from the mixing of the underlying MAW and of the previously mixed 

LIW; the annual rate of LIW formation has been estimated to range between 0.7 and  

1 Sv5 (Castellari, 2000; Schroeder et al., 2012).  

The core of the LIW is usually identified by a salinity maximum of about 39 psu near the 

production areas. The main production area for both LIW and LDW has been observed 

to be the Rhodes gyre, since at its centre the subsurface denser water masses are brought 

closer to the influence of the surface atmospheric forcing. In general, however, the area 

of LIW formation extends over the whole Levantine basin and it can also be shifted 

southwards because of changes in buoyancy loss or synoptic-scale forcing. According to 

Tsimplis et al., (2006), even the Southern Aegean Sea has been suggested to be a site 

for the LIW formation. The main path of the LIW is normally westward south of Crete 

and then filling in the intermediate waters of the Ionian Sea. There, one branch extends 

through the Strait of Otranto into the Adriatic while another branch moves towards the 

west, following the east coasts of Italy southwards and then crossing to the western basin 

(Tsimplis et al., 2006). 

After it crosses the strait of Sicily westwards, the LIW mixes quickly, modifies waters from 

200 to 1800 m and participates in the WMDW formation (Castellari, 2000; Tsimplis et al., 

2006). 

Surface waters from the Levantine that have not took part in the formation of LIW 

continue their circulation northwards and westwards, reaching the northern coasts of the 

 

_________________ 

5Sv: Sverdrup (Sv) is the basic unit of volume transport used in physical oceanography and is equal to 

one million cubic meters of water flowing per second. This unit is named after author and Scripps 

Director Harald Sverdrup (Ocean Current Glossary, available at 

http://oceancurrents.rsmas.miami.edu/glossary.html#S). 

http://oceancurrents.rsmas.miami.edu/glossary.html#S
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Adriatic and Aegean Seas. Waters in these seas during wintertime become colder and 

saltier under the influence of cold and dry northerly winds and depending on the 

strength of the heat losses may sink to produce deep–waters (Tsimplis et al., 2006). 

The Adriatic Sea was traditionally considered the only source of EMDW, but this view 

changed completely in 1996. The general circulation over the Southern Adriatic is 

permanently cyclonic and controlled by bottom topography. Winter conditions favour 

the intensification of the cyclonic circulation, thus facilitating open-sea convection in the 

Southern Adriatic. Dense water formation takes place both in the Southern Adriatic Pit, 

where the intrusion of the LIW from the Otranto Strait plays a significant role by 

preconditioning the water column, and in the shallow Northern Adriatic, which 

contributes importantly to ventilate the bottom layer of the South Adriatic Pit. The dense 

waters produced over the Northern Adriatic propagate southward and mix with the dense 

water produced in the Southern Adriatic Pit to form the Adriatic Deep Water (ADW). The 

ADW eventually overflows as an undercurrent through the Otranto Strait and constitutes 

the main contributor to the EMDW (Tsimplis et al., 2006; Schroeder et al., 2012).  

 

Between 1987 and 1995 the EMDW changed dramatically because of an event known as 

the Eastern Mediterranean Transient (EMT): The main location of deep-water formation 

in the EMED shifted from the Adriatic to the Aegean Sea (Klein et al., 1999; Rubino and 

Hainbucher, 2007; Schroeder et al., 2012). 

The EMT is considered as an abrupt and large climate variation in the thermohaline cell 

of the Eastern Mediterranean basin, in fact it affected deeply and for a long time the 

water mass distribution and the circulation of intermediate and abyssal layers (Rubino 

and Hainbucher, 2007). 

Figure 3 provides a representation of the Mediterranean Sea circulation during the EMT 

event. The sketch is the same as Fig. 2 but here some changes in the deep and 

intermediate water formation are clearly visible.  
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Fig. 3: Schematic representation of the Mediterranean Sea Circulation during the EMT 

event (Bergamasco and Malanotte-Rizzoli, 2010). 

 

During the EMT, Aegean waters became warmer, saltier and denser (>29.2 kg/m3) than 

the previous EMDW mainly constituted of Adriatic waters. They filled the deep ocean 

layers south of the Cretan straits, lifting the previous EMDW to shallower depths. Then, 

they began to propagate towards the Levantine basin and the Ionian Sea, becoming the 

major contributor to deep–water formation in this area (Tsimplis et al., 2006; Schroeder 

et al., 2012). 

The intensity of DWF in Aegean Sea was significant, in fact 75% of the Aegean outflow 

took place in the mid-1992 and 1994 at a rate of about 3 Sv (Schroeder et al., 2012). 

Even the WMED was affected by changes brought by the EMT event: For instance, the 

already discussed WMT related to the WMDW and, as shown in Fig. 3, the AW was 

deflected northwards toward the north of the Ionian basin, thus depriving the Levantine 

Sea from fresher water; meanwhile the AW eastward transport diminished (Tsimplis et 

al., 2006; Schroeder et al., 2012). 

The main key factor attributable at the EMT event is related to a strong atmospheric 

variability during that period, which brought severe winters and, therefore, alterations in 

heat and freshwater surface fluxes (Rubino and Hainbucher, 2007). 

Besides, it seems that the intense deep–water formation that took place in the Aegean 

Sea was characterized by two steps: The first one between 1987 and 1991, when salinity 
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increased, and the second one between 1991 and 1995, associated with cooling and 

further salinity increase. Thus, it was not an isolated event but rather a prolonged one 

(Tsimplis et al., 2006).  

After the mid-nineties, the Aegean Sea returned to the pre-EMT conditions, i.e., 

producing high–salinity waters with moderate density that stay at intermediate depths, 

while the Adriatic recovered its role as the main contributor of dense waters for the 

EMED (Tsimplis et al., 2006; Schroeder et al., 2012). 

However, this newly formed EMDW is now warmer, saltier and denser than the EMDW 

observed during and before the EMT (Schroeder et al., 2012). 

 

Among the various physical conditions linked to the onset of the EMT, such as high 

salinity in the Aegean and Levantine basins and strong upper stratification in the Cretan 

Channel, the most interesting one is the reversal of the Ionian upper–layer circulation 

(Incarbona et al., 2016; Schroeder et al., 2012).  

This reversal is known as Bimodal Oscillating System (BiOS), a mechanism that changes 

the circulation of the North Ionian Gyre (NIG) from anticyclonic to cyclonic and vice versa 

on decadal time scale (Civitarese et al., 2010). 

The mechanism of the BiOS is represented in Fig. 4.  
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Fig. 4:  Representation of the BiOS in the Northern Ionian and Southern Adriatic 

Sea, a): Anticyclonic circulation and b): Cyclonic circulation (Gačić et al., 2010). 

 

During an anticyclonic circulation of the NIG (Fig. 4a), as occurred in the early 1990s, the 

MAW coming from the strait of Sicily separates in two branches: One flowing towards 

the Levantine basin and the other flowing towards the Northern Ionian, eventually 

entering the Southern Adriatic. This results in an increasing of the buoyancy of the water 

column and in an obstruction of the vertical convection in the Southern Adriatic, while 

the Levantine basin undergoes an increase in salinity since the spreading of Atlantic 

Water is weakened. The anticyclonic mode thus represents a favourable preconditioning 

situation for the dense water formation in the Aegean Sea and eventually for EMT-like 

events. With the reversal to cyclonic pattern (Fig. 4b), as occurred around 1997, the 

Levantine high–salinity waters flow along the eastern side of the Ionian Sea, entering the 

Southern Adriatic. This results in an increase in salinity and density of the Adriatic Water, 

favouring its return as the main source for the EMDW (Civitarese et al., 2010; Gačić et al., 

2010; Gačić et al., 2012; Schroeder et al., 2012).  
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1.3  TEMPORAL VARIABILITY OF THE MEDITERRANEAN SEA 

 

The Mediterranean Sea is, because of its small size and its particular geographical 

position, potentially very sensitive and thus responds quickly to changes in atmospheric 

forcing and variability (Artale et al., 2006; Tsimplis et al., 2006).  

The variability of the Mediterranean Sea occurs at different temporal scales, from the 

seasonal to the multidecadal ones. In particular, while the seasonal variability is rather 

related to changes in heat and momentum fluxes, which bring seasonal changes in 

currents and surface water mass formation, the interannual one is mostly related to 

mesoscale activity, which tends to redistribute water masses due to the generation of 

eddy-like features, especially in the Algerian Current region and in the Levantine basin. 

Furthermore, inter-annual variability involves processes like intermediate and deep-water 

formation, large variations in volume and transport at the straits, and sudden switches 

in the deep–water formation areas and properties, such as the already discussed EMT 

event (see Paragraph 1.2, see Pinardi and Masetti, 2000). 

Therefore, water masses production and transformation are affected both by atmospheric 

forcing acting at the sea–air interface and by oceanic internal variability, i.e., not 

depending on external atmospheric forcing (Fernandez et al., 2005; Schroeder et al., 

2012). 

The main forcing factors that drive the oceanic circulation and determine water masses 

properties in the Mediterranean Sea are the following: The surface heat and freshwater 

exchanges, the intensity of the wind stress acting on the sea surface, the river discharges, 

the mass exchanges through the strait of Gibraltar and the Black Sea and the exchanges 

between the eastern and western basins, through the strait of Sicily (Li et al., 2006; 

Schroeder et al., 2012).  

Since straits are high-energy sites that regulate the exchanges between the basins, 

investigating their dynamics is fundamental to understand the functioning of the 

Mediterranean thermohaline circulation and its seasonal and inter–annual variability. 
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Therefore, a brief description of the most important Mediterranean exchanges is 

illustrated in the following paragraphs.  

 

1.3.1 Exchanges through the strait of Gibraltar 

 

The strait of Gibraltar is a narrow and shallow passage, which represents the only 

significant connection between the Mediterranean and the world ocean (Garrett, 1996; 

Gomez, 2003). 

The bottom topography of the strait of Gibraltar is characterized by a multitude of sills, 

narrows and channels which define the complexity of its internal dynamics. A 

representation of its tortuous bottom topography is shown in Fig. 5, with the main 

geographic features: The Espartel Sill, the Camarinal Sill and the Tarifa Narrow (Schroeder 

et al., 2012). 

 

Fig. 5: Representation of the bottom topography of the Gibraltar Strait with the main 

geographical features. Areas deeper than 400 m are shaded (Sannino et al., 2016). 

 

These topographic features regulate the strength of the two–way exchange flow that 

takes place in the strait and that it is showed in Fig. 6 (Artale et al., 2009).  
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Fig. 6: Schematic representation of water masses exchange through the strait of 

Gibraltar with geographical indication of the Gibraltar Sill (Google Images, available at 

http://www.euroargo-edu.org/img/med_outfl_sill.png) 

 

The two–way water exchange is forced by the density difference between the Atlantic 

Ocean and the Mediterranean Sea, due to net evaporation and surface cooling of the 

Mediterranean basin. As a result, the inflow is characterized by light (warm with low 

salinity) surface Atlantic waters while the outflow is characterized by dense (cold with 

high salinity) deep Mediterranean waters. The volume transport of the Atlantic waters is 

estimated to be 0.8 Sv while that of the Mediterranean waters is about 0.7 Sv. This 

difference compensates the Mediterranean Sea evaporation, which is about 0.7 m/year 

(Beranger et al., 2005; Garrett, 1996). 

Therefore, the strait of Gibraltar has a crucial role in stabilizing the deficit of the whole 

Mediterranean basin (Criado–Aldeanueva et al., 2012). 

The two-way water flow at the strait of Gibraltar is usually affected by tidal fluctuations, 

which in turn could affect water properties by modifying the maximum depth from which 

deep waters can be raised. For instance, spring tides tend to uplift deeper waters, 

inducing thus variations in the outflow properties (Schroeder et al., 2012). 
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Since the two-way water flow at the strait of Gibraltar leads to the exchange of heat, salt  

and mass transport between waters of Atlantic and Mediterranean origins, it is of overall 

importance for understanding how the Mediterranean thermohaline circulation and thus 

Mediterranean deep-water formation could function and could be impacted by these 

exchanges (Astraldi et al., 1996; Artale et al., 2009; Schroeder et al., 2012). 

 

1.3.2 Exchanges through the Black Sea 

 

The Black Sea is a landlocked basin, part of the so–called Turkish Strait System (TSS), a 

small area confining with Asia and Europe whose geographical position and features are 

represented in Fig. 7. The TSS consists of the Sea of Marmara and of the two straits that 

connect this sea with the Black Sea and with the Aegean Sea. The two straits are 

respectively the Bosphorus Strait (35 km long, 0.7 km wide) and the Dardanelles Strait 

(75 km long, 1.3 km wide) (Özsoy et al., 1995; Schroeder et al., 2012). 

 

 

Fig. 7: Schematic representation of geographical position and features of the Turkish 

Strait System. (Google Images, available at http://robertschuddeboom.com/wp-

content/uploads/2015/07/Aegean_Sea_map_bosphorus_large2_e360.jpg). 
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Through the TSS water, heat and salt exchanges are possible between the basins of the 

Black Sea, the Marmara Sea and the Aegean/Mediterranean Seas. These exchanges are 

mostly controlled by the sea level in the Black Sea, which is subject to seasonal, inter-

annual and decadal variability, depending on the external hydrological forcing (Tsimplis 

et al., 2006; Schroeder et al., 2012). 

Moreover, the inter–basin exchange is also controlled by the net water flux entering the 

Black Sea, by seawater density and by atmospheric forcing.  The latter is determined by 

processes of dense water outflows, buoyant jets, mixing and entrainment (Schroeder et 

al., 2012). 

The Bosphorous Strait is characterized by an efficient exchange of heat, salt and mass 

transport. In contrast, the water exchange in the Dardanelles Strait is weaker and more 

vulnerable to seasonal and inter-annual variability (Garrett, 1996; Schroeder et al., 2012). 

In the Bosphorous Strait, the surface layers are occupied by the cooler and less saline 

Black Sea waters while the warm and more saline Mediterranean waters occupy the 

bottom layers. Even there, the sea–level gradient plays a relevant role in affecting both 

the thickness and the transport of this two–layer system (Tsimplis et al., 2006; Wikipedia6). 

Usually, both in the Bosphorous Strait and in the Dardanelles Strait, a transition layer 

separates the two–layer stratification and causes blocking of the water exchanges in 

either layer (Tsimplis et al., 2006; Schroeder et al., 2012). 

The lower layer flow is typically blocked in spring and in summer, during periods of high 

net freshwater influx to the Black Sea and northerly winds and lasts for a few days. The 

upper layer flow blocking is identified locally as Orkoz and usually occur during autumn 

and winter months, when the surface flow reverses and the surface salinity increases 

because of the presence of south-westerly winds. As a result, often a three–layer 

stratification can be created. Even this kind of blocking lasts for only a few days (Özsoy 

et al., 1995; Tsimplis et al., 2006; Schroeder et al., 2012). 

 

_________________ 

6https://en.wikipedia.org/wiki/Black_Sea 
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The current system of the Bosphorous is characterized by a large variability distinguished 

of meandering surface currents, or recirculating eddies in bays. The current velocity often 

reaches 2m/s or 3m/s in the southern Bosphorous. Similarly, the surface current of the 

Dardanelles Strait exhibit velocities of 1m/s towards the Aegean Sea (Schroeder et al., 

2012). 

 

Concerning the typical characteristics of the Black Sea, it occupies an area of about 

436400 km2, its maximum depth is 2212 m and the volume is about 547000 km3; it 

extents for about 1175 km from east to west (Wikipedia6).  

Its circulation is affected by strong seasonal variations, usually wind–driven. Along the 

coasts, mesoscale eddies are generated by flow instabilities, while along the 1000 m 

isobath a cyclonic rim current is present, caused by the combined effects of both 

mechanical and thermohaline forcing (Tsimplis et al., 2006). 

The water budget of the Black Sea is positive with a total freshwater input, given by 

precipitation and river runoff, which is twice as large as the loss output given by 

evaporation (Schroeder et al., 2012; Wikipedia6). 

A relevant permanent feature characterizing this basin is the so–called Cold Intermediate 

Layer (CIL), created by the presence of a strong halocline at 70–100 m depth which limits 

the winter convection. The amount of intermediate water inside this layer can be reduced 

after several warm winters, demonstrating the sensitivity of the basin to climate variability 

(Tsimplis et al., 2006). 

When the warm and saline Mediterranean waters enter the Black Sea through the 

Bosphorous Strait, firstly they sink below the CIL and then, following a channel along the 

continental shelf, they spread as a thin mass of bottom water (Tsimplis et al., 2006). 

During their sinking, these bottom waters are usually identified as cold anomalies. In fact, 

because of their mixing with the overlying cold waters, they become colder than the 

adjacent water masses (Özsoy et al., 1995).  

However, the penetration of these saline Mediterranean waters does not reach the 

bottom of the Black Sea, but it is limited to the upper 400–600 m of depth. Besides, the 
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inflow of Mediterranean origin generates intense intrusions of oxygen–enriched water, 

extending for several km from the coast, thus contributing to the lateral ventilation of 

the Black Sea. Studies demonstrate that Black Sea waters could affect vertical stability 

and mixing of the North Aegean Sea, where usually Black Sea waters occupy the upper 

layers, as well as thermohaline circulation of the North Aegean Sea because of variations 

in the Black Sea water outflow. For instance, an increase in transport of less saline Black 

Sea waters could decrease or even block the rates of deep–water formation in the 

Northern Aegean Sea (Tsimplis et al., 2006). 

 

1.3.3 Exchanges through the strait of Sicily 

 

The strait of Sicily (SS), also called Tunisy-Sicily Channel, is a wide passage, about 140 

km long, located between Sicily and Tunisia, which provides the main connection 

between the WMED and the EMED (Ismail et al., 2014). 

The SS is characterized by a complex topography composed of two sill systems separated 

by a deep basin. The eastern sill has a maximal depth of about 500 m and connects the 

strait to the Ionian basin while the western sill is composed of two narrow passages - 

the Tunisian and the Sicilian passages - separated by submarine mountains and whose 

maximum depth reaches about 500 m (Ismail et al., 2012; Ismail et al., 2014). 

The circulation of the SS is characterized by a two–layer system where the surface layers 

are occupied by the Atlantic Water (AW) that flows eastward while the deeper layers are 

occupied by Western and Eastern Mediterranean Waters. This latter is mainly composed 

of LIW (Bethoux, 1980; Pierini and Rubino, 2001; Beranger et al., 2004).   

The flow exchange in these layers is mainly controlled by the complex topography 

characterizing the region: While the surface layers are dominated by large variability due 

to mesoscale processes, the deeper layers are regulated by topographic steering, which 

maintains a rather constant direction of the current (Beranger et al., 2004; Schroeder et 

al., 2012). 
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Besides, the flow exchange is subject to various kinds of forcing as tides, especially near 

the coasts, and seasonal variability associated with wind fields, heat and freshwater fluxes 

(Astraldi et al., 1999).  

The surface circulation can be described as follows: Before entering the SS region, the 

fresh and light AW divides into two main branches. One enters the Tyrrhenian Sea, 

flowing along the northern coasts of Sicily and the other enters the SS separating in 

other two branches. The first is the Atlantic Tunisian Current (ATC), flowing along the 

Tunisian coasts and the second is the Atlantic Ionian Stream (AIS), flowing along the 

southern Sicilian coasts and contributing to the transport of the AW towards the Eastern 

Mediterranean. The AIS is well developed throughout the year and in summer is often 

associated with various meanders; the ATC is, instead, characterized by a well-marked 

vertical signature during winter and by a horizontal spreading during summer. The ATC 

and the AIS represent the main features of the surface circulation in the SS region (Pierini 

and Rubino, 2001; Beranger et al., 2004; Ismail et al., 2014). 

The intermediate and deep circulation are characterized by the presence of the Western 

and Eastern Mediterranean Waters, mainly composed of LIW that comes from the 

Levantine Sea and, flowing towards the Western Mediterranean, brings salty and warm 

waters. The LIW occupies depths from 200 m to 700 m, while EMDW and WMDW occupy 

greater depths. After crossing the SS, the LIW firstly follows a cyclonic path in the 

Tyrrhenian Sea, flowing along the northern Sicilian coasts, and then it reaches the Sardinia 

Channel from where it flows towards the Western Mediterranean (Beranger et al., 2004).  

The Eastern Mediterranean Water is composed also of the so–called transitional Eastern 

Mediterranean Deep Water (tEMDW), characterized by a specific water mass named 

Adriatic or Aegean Intermediate Water (AIW), depending on the origin in one or the 

other of these seas. The tEMDW is part of the upper layer of the Ionian Sea; because of 

its high density, when it enters the SS from the eastern sill, it sinks to the bottom of SS 

and follows its topography as a dense and deep current. After the SS, the tEMDW enters 

the Tyrrhenian as the LIW, but in an independent way. Usually, because of its higher 
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density than the surrounding water masses, it generates intense cascades when 

spreading from 200 m to more than 1500 m of depth (Ismail et al., 2014).  

Figure 8 shows the basic trajectories of the Atlantic Water and the Eastern Mediterranean 

Water, composed of LIW and tEMDW, which flow through the SS. 

 

 

Fig. 8: Schematic illustration of the basic trajectories of the main water masses flowing 

through the SS: AW (blue line), LIW (red line) and tEMDW (purple line). Numbers 

indicate bottom depths (Ismail et al., 2014). 

 

The amount of water masses that flows through the SS, whose annual mean is estimated 

to be about 1 Sv, regulates the natural decadal variability of the Mediterranean 

thermohaline circulation; for this reason, the SS can be considered as a key place to 

monitor the Mediterranean circulation and its corresponding hydrological trends 

(Beranger et al., 2004; Schroeder et al., 2012).  

A relevant and interesting feature regarding the SS region is the propagation of the EMT 

signature from the eastern to the western basin. During the EMT event, deep waters of 

Aegean origin modified the thermohaline characteristics of the intermediate layer in the  

SS, induced the uplifting of the resident deep waters in the Ionian basin and increased 

the volume of the EMDW crossing the SS towards the Tyrrhenian basin.  
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All this led to episodes of water sinking more intense and continuous than normal. From 

1991 to 2000, the hydrographic characteristics of the SS changed in response to the 

sinking of denser waters, leading to a significant increase in salt and temperature that 

propagated until deep layers. This provides evidence that the EMT event caused a 

relevant enhancement of water masses mixing related to the sinking of a huge volume 

of water of eastern origin.  

These extensive and long–lasting thermohaline changes spread to the whole western 

basin, reaching also deep–water formation areas, and contributed to make the western 

basin more disposed to the production of saltier deep waters (Schroeder et al., 2012).  

 

1.4   LARGE-SCALE MODES OF ATMOSPHERIC VARIABILITY  

 

The atmospheric circulation is known to exhibit significant variability that reflects weather 

patterns and circulation system occurring on a wide range of time scales, lasting from a 

few days (as, for instance, typical storms) to a few years (characteristic of abnormal 

seasons for several years) or even several decades and centuries (characteristic of long–

term climate change). An interesting feature reflecting both the inter–annual and inter–

decadal variability of the atmospheric circulation is related to the so–called 

teleconnections, defined as large-scale pattern of pressure and circulation anomalies that 

span vast geographical areas (as an entire ocean, basins or continents), and typically last 

for several weeks, months or even for several years. Therefore, they are also referred to 

as modes of low–frequency (or long–time scale) variability (NOAA7). 

Teleconnection patterns typically include two to four main centres of action with the 

strongest negative correlations occurring between points in the base centre and those 

in an adjacent centre located about 2500–6000 km distance away (Barnston, 1987). 

 

 

_________________ 

7 http://www.cpc.ncep.noaa.gov/data/teledoc/teleintro.shtml 
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They were firstly reproduced for the Northern Hemisphere in winter by Wallace and 

Gutzler, (1981), who used 500-hPa geopotential monthly mean data. The same study was 

repeated by Blackmon et al., (1984), by analysing atmospheric fluctuations both at the 

short timescale (few days) and intermediate and long timescale (10 days and longer).  

According to their results, the fluctuations related to the short timescales were 

characterized by extensive storm tracks and were associated with baroclinic waves8, called 

also baroclinic disturbance8. The fluctuations related to the intermediate and long 

timescales, instead, were characterized by wavelike structures, usually interpreted as 

stationary barotropic Rossby waves (Ambrizzi et al., 1995; Ambrizzi et al., 1997).  

Rossby waves, known also as planetary waves, naturally occur in rotating fluid, both in 

the Earth’s ocean and atmosphere. Therefore, these waves form because of the rotation 

of the planet, depending strongly on the variation of the Coriolis Force with the latitude. 

Ocean Rossby waves are huge, undulating movements of the ocean that extend 

horizontally across the planet for hundreds of kilometres in a westward direction. Due to 

their massive size, they can change Earth’s climate conditions, contributing for instance 

to high tides and coastal flooding in some regions of the world. Atmospheric Rossby 

waves form mainly because of the Earth’s geography. Usually they are associated to an 

asymmetry in the planetary scale time-mean motions, typically produced by contrasts 

between large-scale topography and continent-ocean heating (Holton, 2004; NOAA9).   

They play a relevant role in balancing the atmosphere, transferring heat from the tropics 

toward the poles and vice versa. Their characteristic slow motion leads them to have a 

key role in determining weather variability, especially in the Northern Hemisphere and in 

wintertime, which often results in long persistent weather patterns ((Hoskins and Karoly, 

1981; Holton, 2004; NOAA9).   

 

________________ 

8Baroclinic wave or baroclinic disturbance8: Any migratory cyclone associated with strong baroclinity of the atmosphere, 

when in a fluid surfaces of constant pressure intersect surfaces of constant density and a state of stratification is 

generated. It is evidenced on synoptic charts by temperature gradients in the constant-pressure surfaces or vertical 

wind shear (American Meteorology Glossary available at http://glossary.ametsoc.org/wiki/Baroclinic_disturbance).  

9https://oceanservice.noaa.gov/facts/rossby-wave.html 
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Teleconnections can affect temperature, precipitation, storm tracks and jet stream 

intensity over large areas, thus they often are responsible for abnormal weather patterns 

occurring simultaneously over large distances (NOAA7).  

The climate variability of the Mediterranean Sea, characterized by both mid-latitudes and 

tropical climates, is known to be largely affected by these planetary scale patterns 

(Lionello et al., 2006; Trigo et al., 2006).  

However, the regional climate features associated with this large-scale forcing is quite 

complex to describe, since, as already discussed in Paragraph 1.1, many factors that 

typically contribute to the local Mediterranean climate variability are involved.  

Among these factors, those which could have a relevant role in establishing the climate 

at the basin scale with its teleconnections with global patterns, could be the orography 

and the complex land-sea distribution, constituted by a multitude of gulfs, basins and 

islands (Lionello et al., 2006). 

The most important large–scale mid–latitudes modes influencing the Mediterranean 

climate are: The North Atlantic Oscillation (NAO) and the Eastern Atlantic pattern (EA) of 

Atlantic origin; the Eastern Atlantic Western Russian pattern (EAWR) and the Scandinavian 

pattern (SCA) of Eurasian origin, and the Mediterranean Oscillation Index (MOI) (Trigo et 

al., 2006). 

In the following paragraphs a detailed description of each one of these modes is 

presented and discussed together with their environmental impacts on the 

Mediterranean region.  
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1.4.1 North Atlantic Oscillation (NAO) 

 

The North Atlantic Oscillation (NAO) is one of the most prominent and recurrent pattern 

of atmospheric variability over the middle and high latitudes of the northern hemisphere 

(Hurrell et al., 2003).  

The NAO is associated with the strength of the meridional pressure gradient along the 

North Atlantic region. It consists of a redistribution of atmospheric masses between the 

Artic and the subtropical Atlantic which causes north–south dipole anomalies, with one 

centre located over Greenland and the other, of opposite sign, positioned around the 

central latitudes of the North Atlantic, between 35°N and 40°N (Hurrell et al., 2003; Trigo 

et al., 2006; NOAA10). 

The positive phase of the NAO is characterized by below–normal geopotential heights 

and atmospheric pressure over the northern part of the North Atlantic and by above–

normal heights and pressure over the central part of the North Atlantic, the eastern 

United States and the western Europe. The negative phase is characterized by the 

opposite pattern of height and pressure anomalies over the same regions (NOAA10).  

A representation of the NAO pattern during its positive phase is showed in Fig. 9, where 

the north–south dipole anomaly is clearly visible for each of the selected months 

(January, April, July and October) and where it is easy to observe that the pattern of the 

NAO is most evident in amplitude and areal coverage during winter time (Marshall et al., 

2001).  

 

 

 

 

 

 

___________________ 

10 http://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml 

http://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml
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Fig. 9: Positive configuration of the NAO pattern during the months of January, April, 

July and October; the plotted value at each grid point represents the temporal 

correlation between the monthly standardized height anomalies at that point and the 

teleconnection pattern time series for the specified month (NOAA11). 

 

The NAO is subject to inter–seasonal and inter–annual variability and both phases 

(positive and negative) can last for several months (NOAA10). 

Typically, both phases are associate with different changes in the mean wind speed and 

direction over the Atlantic, in the heat and moisture transport between the Atlantic and 

its nearest continents and in the intensity and location of the North Atlantic storm track 

(Trigo et al., 2006; NOAA10).  

During strong positive phases, the NAO is associated with a warming over the eastern 

United States and northern Europe, and with a cooling over Greenland, the Middle East 

and southern Europe where drier conditions dominate the western and northern 

Mediterranean regions. Further, in wintertime, the NAO can also lead to changes in the  

 

__________________ 

11 http://www.cpc.ncep.noaa.gov/data/teledoc/nao_map.shtml 

 

http://www.cpc.ncep.noaa.gov/data/teledoc/nao_map.shtml


37 
 

intensity of precipitation, so that northern Europe and Scandinavia are subject to an 

increase while southern and central Europe are subject to a decrease in precipitation 

rates. During strong negative phases, opposite patterns of temperature and precipitation 

anomalies are typically observed, and wetter air masses dominate the western and 

northern Mediterranean regions. In cases where prolonged periods are dominated by 

only one phase of the NAO, anomalous geopotential height and temperature patterns 

can extend until central Russia and north–central Siberia (Krichak and Alpert, 2005; 

NOAA10). 

On the climate and hydroclimate Mediterranean variability, the NAO seems to be linked 

strongly with sea level changes by the combined effect of atmospheric pressure 

anomalies and changes in evaporation and precipitation (Rixen et al., 2005). 

The NAO has an influence also on near-surface air temperature and sea-surface 

temperature (Marshall et al., 2001), but in general NAO impacts seem to be locally 

confined: According to Gündüz and Özsoy, (2005), the influence of the NAO on air–sea 

fluxes is more important in the Western Mediterranean, where it could potentially affect 

water transport through the Corsica Channel (Rixen et al., 2005; Vignudelli et al., 1999).  

However, Josey et al., (2011), demonstrate that the NAO has a small influence especially 

on winter heat fluxes over the whole Mediterranean basin.  

In the Eastern Mediterranean, among all its sub–basins, only the Adriatic Sea seems to 

be strongly affected by NAO variations, in particular through the changes it induces in 

precipitation and river discharge, which then affect haline properties in the basin and 

thus determine variability in the local intermediate and deep-water formation. This strong 

sensitivity can be explained by the climatic and morphological features of the basin, 

characterized respectively by the frequency of meridional winds as Sirocco and Bora and 

by a NW-SE elongation of the basin and its shallow northern part (Zanchettin et al., 

2009).  
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1.4.2 East Atlantic pattern (EA)  

 

The East Atlantic pattern is the second dominant mode of atmospheric variability of the 

northern Hemisphere. Its spatial configuration is very similar to that of the NAO, 

consisting of a north–south dipole of anomaly centres over the North Atlantic, but it is 

southward shifted. Besides, it is characterized by strong multi–decadal variability 

(NOAA12). 

A representation of the EA pattern during its positive phase is showed in Fig. 10, where 

the north–south dipole anomaly is clearly visible for each of the selected months 

(January, April, July and October). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

____________________ 

12 http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml 

http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml
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Fig. 10: Positive configuration of the EA pattern during the months of January, April, 

July and October; the plotted value at each grid point represents the temporal 

correlation between the monthly standardized height anomalies at that point and 

the teleconnection pattern time series for the specified month (NOAA13) 

 

Positive (negative) EA phases are associated with an increase (decrease) of storm track 

activity from the Atlantic toward the Northern Mediterranean (Martinez-Asensio et al., 

2016).  

Usually, the positive phase leads to a general warming over Europe and to a cooling over 

the southern United States during winter and over the north-central United States during 

summer. It leads also to an increase in precipitation rates over northern Europe and 

Scandinavia and to a decrease over southern Europe (NOAA12). 

 

 

 

___________________ 

13 http://www.cpc.ncep.noaa.gov/data/teledoc/ea_map.shtml  
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During its negative phase, the EA leads to an intense pressure gradient over the western 

Mediterranean, which can generate a cold northerly airflow and enhanced heat losses in 

this region (Criado–Aldeanueva et al., 2014).  

In respect to the NAO, the EA is less studied, but its importance has been recently 

recognized in different oceanic situations, especially through its influence on the western 

Mediterranean and in controlling the freshwater flux to the north-eastern Atlantic. The 

positive phase of the EA pattern tends to reduce heat losses over the whole 

Mediterranean basin and especially in the Gulf of Lions, which is known as a key region 

for deep–water formation in the Western Mediterranean. The negative phase, instead, is 

associated with an anomalous north-easterly flow of cold dry air, which brings to a 

sudden decrease of surface temperature and humidity gradients. It tends to enhance 

winter heat losses over the whole basin and consequently to increase both strength and 

frequency of deep water formation events in the Western Mediterranean (Josey et al., 

2011).  

This agrees with what Schroeder et al., (2010), observed in the Gulf of Lions, where deep 

convection in winters 2004–2005 and 2005–2006 was linked to a negative state of the 

EA pattern. Therefore, the EA is considered as the dominant mode for controlling ocean 

heat losses over the Mediterranean basin, particularly in wintertime, and dense water 

formation events in the Western basin (Josey et al., 2011).  

Other than having an important influence on air–sea exchanges, the EA is also known to 

affect sea-surface temperatures over the whole Mediterranean basin (Romanski et al., 

2014). Moreover, it was recently identified as the main large–scale mode of atmospheric 

variability which affects the response of the Mediterranean Sea level height to sunspot–

type solar forcing (Martinez-Asensio et al., 2016).  
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1.4.3 East Atlantic Western Russian pattern (EAWR)  

 

The East Atlantic Western Russian pattern (EAWR) is one of the main atmospheric modes 

which affects Eurasia throughout the year. It consists of four main anomaly centres whose 

positive phase is characterized by a strong anomaly centre over Europe and northern 

China coupling with an anomaly centre of opposite sign located over the central North 

Atlantic and the northern Caspian Sea (NOAA14).   

The positive configuration of the EAWR is illustrated in Fig. 11, where the four anomaly 

centres are clearly visible especially in the months of January, April and October.  

 

 

Fig. 11: Positive configuration of the EAWR pattern during the months of January, 

April, July and October; the plotted value at each grid point represents the temporal 

correlation between the monthly standardized height anomalies at that point and 

the teleconnection pattern time series for the specified month (NOAA15). 

 

______________________ 

14 http://www.cpc.ncep.noaa.gov/data/teledoc/eawruss.shtml 

15 http://www.cpc.ncep.noaa.gov/data/teledoc/eawruss_map.shtml 

http://www.cpc.ncep.noaa.gov/data/teledoc/eawruss.shtml
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During the positive phase of the EAWR, northerly winds dominate the eastern 

Mediterranean and southerlies the western Mediterranean; near-surface air temperatures 

tend to increase over eastern Asia and decrease over western Russia and north–eastern 

Africa; precipitation rates tend to increase over eastern China and decrease over central 

Europe; besides, drier weather conditions are usually present over southern Europe and 

wetter conditions dominate over the Scandinavian Peninsula (Criado–Aldeanueva et al., 

2014; Ionita, 2014; NOAA14). 

Over the Mediterranean region, the EAWR is associated with a significant inter–annual 

and decadal sea–level variability, and it shows to have a major influence on rainfall, 

variability of cyclones and strong wind events (Ionita, 2014; Josey et al., 2011; Zanchettin 

et al., 2009).  

Although it has a minor impact on global net winter heat fluxes calculated over the 

whole basin, it generates a strong east–west dipole structure spanning the two main sub-

basins. This means that during the positive (negative) state of the EAWR, enhanced 

(reduced) heat losses in the eastern sub–basin are accompanied by reduced (enhanced) 

heat losses in the western sub–basin. This dipole in the heat exchange with equal and 

opposite signs on the eastern and western sub–basins, is associated with anomalous 

dense–water formation. In particular, the EAWR is known to potentially control winter 

heat losses and consequently dense-water formation in the Aegean Sea (Josey et al., 

2011).  
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1.4.4 Scandinavian pattern (SCA)  

 

The Scandinavian pattern consists of four main anomaly centres: A primary anomaly 

centre is located over the Scandinavian Peninsula and north of Siberia while a secondary 

and opposite anomaly centre is positioned over western Europe and eastern 

Russia/western Mongolia (Trigo et al., 2006; NOAA16).  

The positive configuration of the SCA is represented in Fig. 12, where the four anomaly 

centres are well visible especially during April and October. Anyway, the SCA is a 

prominent mode in all months, except in June and July and in fact, from the figure 12, 

the positive configuration is not so definite in July, in respect to other months (Trigo et 

al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

___________________ 

16 http://www.cpc.ncep.noaa.gov/data/teledoc/scand.shtml 

 

http://www.cpc.ncep.noaa.gov/data/teledoc/scand.shtml
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Fig. 12: Positive configuration of the SCA pattern during the months of January, 

April, July and October; the plotted value at each grid point represents the temporal 

correlation between the monthly standardized height anomalies at that point and 

the teleconnection pattern time series for the specified month (NOAA17). 

 

During the positive phase of the SCA, temperatures over central Russia and western 

Europe tend to decrease; precipitation rates tend to increase over central and 

southern Europe, and to decrease across Scandinavia (NOAA16). 

Over the Mediterranean region, the positive phase of the SCA brings to an increase 

in precipitation rates especially on the Western side and a dominant presence of 

southerly winds (Krichak et al., 2014; Papadopoulos et al., 2012).  

According to studies conducting by Josey et al., (2011), the SCA seems to lack any 

significant impact on the Mediterranean ocean heat budget and it shows only a weak 

signal on regional near-surface air temperature.  

 

___________________ 

17 http://www.cpc.ncep.noaa.gov/data/teledoc/scand_map.shtml 
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1.4.5 Mediterranean Oscillation Index (MOI)  

 

The Mediterranean Oscillation Index (MOI) was originally identified by Conte et al., 

(1989), as a dipolar atmospheric oscillation in the area between the EMED and the 

WMED, in particular between Algeirs and Cairo.  

Different MOI definitions were suggested subsequently and one of the most accepted 

is given by Papadopoulos et al., (2012), who defined the MOI as the sea-level pressure 

difference between south France and the Levantine Sea, in fact these areas are 

orientated in a NW-SE direction and are likely to reflect more accurately the realistic 

dipole pressure pattern of the MOI (Criado-Aldeanueva and Soto-Navarro, 2013). 

During the negative phase of the MOI, anomalous low pressure dominates the whole 

basin, favouring the presence of colder and drier air masses from central Europe that 

generate severe weather conditions over the northern and the eastern Mediterranean 

and, thus, an increase of evaporative losses to the atmosphere. In the positive phase, 

instead, the presence of an anomalous high-pressure area leads to a shift of the wind 

trajectories toward lower latitudes, favouring warming and moister air masses to reach 

the Mediterranean region. This leads to milder winters and a decrease in the 

evaporative losses. The impacts of the MOI on the Mediterranean Sea are very similar 

to those generated by the NAO, although some differences exist. For instance, the 

negative phase of the MOI seems to have a stronger influence than the NAO on 

precipitation and evaporative losses, especially in the Levantine basin, where they 

could favour the LIW formation (Criado-Aldeanueva et al., 2014).  
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2. DATA AND METHODS 

 

This Chapter describes the main data with the high-resolution model features (Paragraph 

2.1) followed by the methodology (Paragraph 2.2), used for performing different analysis 

to achieve the main objectives of the thesis.  

 

2.1 Data and model features  

 

The MIT ocean model is adapted to the Mediterranean region and implemented at a 

horizontal resolution of 1/12° with 75 vertical levels; it covers the whole area of the 

Mediterranean Sea with a buffer zone including a small portion of the near Atlantic 

Ocean. The Black Sea is parameterized as a surface fresh-water flux applied at the mouth 

of the Dardanelles Strait, diluting the salinity into the Aegean Sea (Sannino et al., 2016).  

MedMIT12 has been extensively dated and applied in recent studies (Harzallah et al., 

2016; Llassels et al., 2016; Reale et al., 2017), and is included in the framework of the 

Med-Cordex initiative for Mediterranean climate studies, under the umbrella of the 

broader Euro-Cordex project (MedCordex18).  

Euro-Cordex stands for “Coordinated Downscaling Experiment–European Domain” and it 

is the European branch of the international CORDEX initiative. This initiative, sponsored 

by the World Climate Research Program (WRCP), aims at organizing an internationally 

coordinated framework to improve regional climate change projections for all land-

regions worldwide, and at providing support for climate change impact, adaptation and 

mitigation studies according to the timeline of the Assessment Reports of the 

Intergovernmental Panel for Climate Change (IPCC).  

 

 

 

_______________ 

18 https://www.medcordex.eu/ 

https://www.medcordex.eu/
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To pursuit these objectives, the CORDEX project produces ensemble climate simulations 

based on multiple dynamical and empirical-statistical downscaling models forced by 

multiple global climate models from the Coupled Model Intercomparison Project Phase 

5 (CMIP5) (Euro-Cordex19).  

CMIP5 generated a set of coordinated climate model simulations to evaluate how realistic 

the models are in simulating the climate state and evolution in the recent past, provided 

future climate change projections both on short and long-time scales and identified the 

factors responsible for differences in model projections, including quantifying some key 

feedbacks, such as those involving clouds and the carbon cycle (Program for Climate 

Model Diagnosis & Intercomparison20).  

The Med-CORDEX project is one of the 14 regional CORDEX domain, proposed by the 

Mediterranean climate research community as a follow-up of previous and current 

initiatives and supported by the HyMeX and Med-CLIVAR international programs. Its 

framework is characterized by both regional atmospheric, land surface, river and oceanic 

models and coupled regional climate models. The use of models of different complexity 

allows for increasing the reliability of the regional climate information and for 

understanding the processes responsible for the Mediterranean climate variability and 

trends (MedCordex18). 

The MedMIT12 simulation used in the present thesis complies with the Med_CORDEX 

protocol. It thus covers the period 1979-2013 and is forced by reanalysed atmospheric 

anomalous fluxes, which come from the regional downscaling of ERA-interim reanalysis 

called ALDERA, a 12-km run performed with ALADIN52_v1 and ERA-interim as lateral 

boundary conditions (Hermann et al., 2011). 

 

 

 

__________________ 

19http://euro-cordex.net/index.php.en 

20https://pcmdi.llnl.gov/mips/cmip5/index.html 

http://euro-cordex.net/index.php.en
https://pcmdi.llnl.gov/mips/cmip5/index.html
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The simulation is also forced by net freshwater flux, including river runoff, net heat flux 

and momentum flux. The latter is defined as the vertical flux of horizontal momentum, 

equal to the force per unit area or stress (American Meteorological Glossary21) 

The MedMIT12 experiment has been first run with a relaxation both to ERA-interim values 

of sea-surface temperature, and to climatological values of sea-surface salinity with time 

relaxation constants of 2 days and 1.8 days, respectively. The salinity relaxation term so 

obtained has been then converted into a climatological flux correction added to the 

forcing freshwater flux. On yearly average the correction is 0.002 m/yr, negligible with 

respect to the total freshwater budget. 

The initial conditions have been chosen as the mean state of October 1979, according 

to the MedAtlas22 dataset, and no spin up has been performed.  

The main oceanographic variables analysed are monthly-mean outputs of Temperature 

(T), Salinity (S) and Density anomalies (D). 

The salinity is defined as the total number of grams of dissolved salt ions present in 1 

kg of seawater. Mathematically it can be represented as:  

   

                  𝑆(‰) =
𝑔 𝑜𝑓 𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑖𝑜𝑛𝑠

1 𝑘𝑔 𝑜𝑓 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
 𝑥 1000                            Eq. 1 

 

Since the mass ration is multiplied by 1000, the units of salinity are parts per thousand, 

symbolised by ‰ (Libes, 1992).  

However, usually the salinity is also expresses as g/kg or psu (Practical Salinity Unity) that 

are dimensionless units (Navy Operational Ocean Circulation and Tide Models23).  

 

 

___________________________________ 

21 http://glossary.ametsoc.org/wiki/Momentum_flux 

22 project known also as MEDAR, which aims at creating a comprehensive database of multi-disciplinary 

in-situ data and information in the Mediterranean and Black Seas, through a wide co-operation of the 

Mediterranean countries (MEDAR/MEDATLAS, available at http://www.ifremer.fr/medar/project.htm).  

23http://www.oc.nps.edu/nom/day1/parta.html 

http://glossary.ametsoc.org/wiki/Momentum_flux
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The density is usually defined as the total seawater mass, consisting of water mass and 

the amount of dissolved salts, present in a specific water volume of 1L; it is a function of 

temperature, salinity and seawater pressure, which increases with increasing salinity and 

pressure and decreases with increasing temperature. Typically, it is expressed in units of 

kg/m3 (Navy Operational Ocean Circulation and Tide Models23).  

The atmospheric variables of ERA_interim that have been analysed are hydrological 

balance given by evaporation (E) minus precipitation (P), turbulent surface heat fluxes 

given by sensible (SH) plus latent (LH) heat and turbulent surface stress, corresponding 

to the wind stress, which is one of the major driving for the formation of surface waves. 

The net heat surface flux is generally given by the sum of four terms:  

 

                            QNET = QSW + QLW + QSH + QLH                         Eq. 2 

 

Where QSW and QLW represent the radiation components, respectively the solar shortwave 

radiation absorbed by the sea and the longwave radiation emitted by the sea; QSH is the 

sensible heat flux, which represents the transfer of energy from the ocean surface to the 

overlying atmosphere by conduction, and QLH is the latent heat flux, which represents 

the transfer of energy from the ocean surface to the overlying atmosphere due to 

evaporation. In the long term, the total air-sea heat fluxes in the Mediterranean Sea 

should be balanced with heat transport through the strait of Gibraltar (Criado-

Aldeanueva et al., 2012; Schroeder et al., 2012; American Meteorological Glossary24).  

According to Macdonald et al., (1994), the annual average heat transport from the 

Atlantic to the Mediterranean is estimated to be of 5.2 ± 1.3 W/m2. Other authors have 

obtained similar results with a lower uncertainty; therefore, these estimates can be used  

 

 

__________________ 

24http://glossary.ametsoc.org/wiki/Energy_balance 
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as a reference for the evaluation of the surface heat flux budget (Crialdo-Aldeanuaeva et 

al., 2012). 

The analyses of the present thesis on the surface heat budget focus only on turbulent 

surface heat fluxes, thus corresponding to latent plus sensible heat (LH+SH), since the 

inter-annual variability of the net heat flux is mostly determined by the latent heat 

variability (Crialdo-Aldeanuaeva et al., 2012).  

 

The NAO, EA, EAWR and SCA indices are the corresponding monthly-mean standardized 

Northern Hemisphere teleconnection indices provided by the Climate Prediction Centre 

of the NOAA/National Weather Service and available at 

http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml under the section  

“Historical Archive of All Indices”.  

The MOI is that defined by Palutikof et al., (1996), and Conte et al., (1989), as the 

normalized pressure difference between Algiers and Cairo, whose monthly values based 

on reanalysis data are available at https://crudata.uea.ac.uk/cru/data/moi/. 

 

2.2 Methodology  

 

All the analysis conducted in the present thesis are performed by using the programming 

language MATLAB, developed by MathWorks. The analysis is carried out over the whole 

period from 1980 to 2012 and divided per seasons: DJF (December to February), MAM 

(March to May), JJA (July to August) and SON (September to November). Prior to the 

analysis, data are always linearly detrended. 

Three key regions have been chosen to better study the Mediterranean thermohaline 

variability in response to the selected large-scale atmospheric modes of variability 

through the different seasons.  

The three regions correspond to well-known deep-water formation sites in the 

Mediterranean Sea. They are the following: The South Adriatic Pit (SAP) at [17.2-18.2°E; 

http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
https://crudata.uea.ac.uk/cru/data/moi/


51 
 

41.3-42.3°N], the Aegean Sea (AEG) at [24-27°E; 35.5-37.5°N] and the Levantine Sea (LEV) 

at [28-31°E; 32-35°N]. 

For each region the gridded output from MedMIT12 is spatially averaged at each model 

level.  

Furthermore, an additional region has been chosen to study more in details the oceanic 

internal dynamics: It is the Ionian Sea, known to have been characterized by interesting 

features concerning its inter-annual and decadal variability as the already discussed EMT 

and BiOS events (see Chapter 1, Paragraph 2.2).  

Lastly, gridded data are interpolated via bilinear interpolation applied on the horizontal 

data field at each model level to calculate two main transects: One extending along the 

major axis of the Adriatic Sea and protruding into the Ionian Sea through the Strait of 

Otranto to capture dynamics linked to the formation and transformation of the North 

Adriatic deep water; the other is a zonal transect at 36°N spanning longitudes between 

14°E and 23°E in the Ionian Sea to capture dynamics linked to the evolution of water 

masses of Adriatic and Levantine origin.  

The methodology proposed to pursuit the aim of the thesis, is divided into six phases, 

most of which are characterized by the same typology of analysis, that is composite 

analysis. 

The first phase consists in the statistical analysis of the selected indices (NAO, EA, EAWR, 

SCA and MOI), which are linearly detrended and standardized for each season. 

Their time series are used to identify years characterized by anomalous NAO, EA, EAWR, 

SCA and MOI conditions. In particular, for each index, values above the 75th percentile 

and below the 25th percentile identify, respectively, years of positive anomaly of the index 

and years of negative anomaly of the index.  

The so-identified years are used in the successive steps in a composite analysis of 

simulated oceanic and atmospheric data. Composite analysis allows to determine how 

the response of the atmospheric forcing and of the Mediterranean thermohaline 

circulation, both at sea-surface level and at depth, to the anomalous indices conditions 
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differs among the seasons and to detect in which season and in which region the 

response could be relevant.  

The composite analysis is analogue to the “superposed epoch analysis” tested by 

Haurwitz and Brier, (1981). According to this procedure, once the reference positive and 

negative years are identified, the states of physical variables of interest (in this case T, S, 

D for the oceanographic data and E-P, SH+LH, tau for the atmospheric ones) around 

these years are aligned, so that they superpose in time and differences are calculated 

between the averages for the positive and negative years.  

The statistical significance of the so-obtained signals is tested with a Monte-Carlo 

method, a technique belonging to a broad class of computational algorithms that studies 

how a model responds to randomly generated inputs to obtain numerical results 

(Wikipedia25).  

Thus, the same composite analysis conducted for the selected positive and negative 

years is repeated for 500 sets of random years; the so-obtained differences are used to 

estimate the range of a random occurrence of composite anomalies, specifically the 5th 

and the 95th (10th and 90th) percentiles of the distribution are used as a threshold to 

identify statistically significant anomalies at high (low) confidence level.  

Differences refer to positive minus negative years for the NAO (labelled as ∆NAO), for 

the EAWR (labelled as ∆EAWR) and for the MOI (labelled as ∆MOI); for the EA instead, 

differences (labelled as ∆EA) refer to negative minus positive years. This choice is to 

ensure positive seawater density responses in most investigated regions. The most part 

of the time series used in the analysis is filtered by applying a Fourier transformation 

(usually from 13 to 241 months).  

Fourier transformation decomposes a function or a signal in another function 

characterized by a combination of sines and cosines (Wikipedia26). The selected band for 

the filtering is meant to smooth out the annual cycle and long-term trends. 

 

____________________ 

25https://en.wikipedia.org/wiki/Monte_Carlo_method 

26https://en.wikipedia.org/wiki/Fourier_transform 

https://en.wikipedia.org/wiki/Monte_Carlo_method
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The years 2011 and 2012 are included in the calculation of percentile ranges, but are not 

included in the composite analysis, if identified as anomalous years. This allows for 

consistency between non-lagged and lagged analyses, for which both years require data 

beyond 2012 (unavailable).  

From the second to the fourth phase, general monthly-mean analyses of atmospheric 

and oceanic data at sea-surface level for the whole Mediterranean Sea are performed to 

have an overview of what happens in terms of oceanic and atmospheric variability over 

the period considered and for the different seasons.  

An additional monthly-mean analysis of oceanic data is performed at all depths, in the 

fifth phase, to study how the thermohaline vertical profiles change in all the selected 

regions and for the different seasons.  

Composite analysis is performed in the second, third and sixth phases, respectively on 

atmospheric data, oceanic data at sea-surface level and oceanic data from sea-surface 

to the abyssal of the Mediterranean Sea.  

To visualize the results from all the discussed analyses, maps and graphs/diagrams have 

been created.  

For analysis conducted on multiple temporal states, aiming at identifying lagged 

responses, lag(0) corresponds to the January of the reference years used for the 

compositing. With this analysis is possible to observe the typical anomalous evolution of 

the ocean over the years following the reference year, and determine whether there is 

robust (i.e., significant) propagation of anomalies.  

This analysis is performed with a lag time of three years and through the generation of 

diagrams for all the key regions and seasons characterized by anomalous states of the 

modes. In this way, it is possible to better understand and visualize interesting features 

concerning the internal ocean dynamics of the chosen key regions.  
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3. RESULTS 

 

This Chapter illustrates the results obtained by the analyses presented in the previous 

Chapter. It is divided into four main Paragraphs, each focusing on one season: Paragraph 

3.1 on winter, Paragraph 3.2 on spring, Paragraph 3.3 on summer and Paragraph 3.4 on 

autumn. Each one of these paragraphs describes the results concerning, firstly, the 

distributional characteristics of the indices describing the considered modes of variability 

and of both atmospheric and oceanic data within the selected season; secondly, the 

results focus on the most significant responses of atmospheric and oceanic data (both 

at sea-surface and at deep layers) to the modes of variability. Concerning the deep ocean 

response, only the regions with the most significant results are shown, since the signal 

propagation does not occur everywhere and for all the seasons. Additionally, seasonal 

vertical profiles of oceanic variables for the regions where the signal propagation is most 

evident are included.  
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3.1 Winter  

 

    3.1.1 Climate modes of variability  

 

 

Fig. 13: Detrended and standardized winter time series of NAO (a), EA (b), EAWR (c), 

SCA (d) and MOI (e). Red (blue) bars represent positive (negative) state of the climate 

modes. Red (blue) dots mark the positive (negative) years that are used in the 

composite analysis. Significant anomalies for the years 2011 and 2012 (white dots) are 

excluded in the composite analysis, for consistency between statistics obtained for 

different lags. 

 

Figure 13 illustrates the winter time series of the considered climate modes, marking the 

years of anomalous positive (red dots) and negative (blue dots) states used for the 

compositing. As it is clearly visible, there is a strong alternation between positive and 

negative states year after year in all climate modes. Some clustering of positive and 

negative states, i.e., occurrence of significant same-sign anomalies in subsequent years, 

is found in all climate modes but it is more visible in the NAO and in the MOI. 
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The largest anomalies in absolute values occur in a negative state for the NAO (Fig. 13a),  

the EA (Fig. 13b), the EAWR (Fig.13c) and the MOI (Fig.13e), respectively in the years 

2010, 2005, 1984 and 1998; instead, they occur in a positive state for the EAWR (Fig. 13c) 

and the SCA (Fig.13d), respectively in 1992 and 1985. 

 

3.1.2 Atmospheric forcing 

 

 

Fig. 14: Winter climatological means of precipitation minus evaporation (P-E, a), surface 

latent plus sensible heat flux (SH+LH, b) and the module of the turbulent surface stress 

vector (tau, c) obtained from the ERA-Interim-3-hourly dataset. The convention for the 

heat fluxes is that positive fluxes are downward, so that net ocean heat losses are 

identified by negative values.  

 

Figure 14 illustrates the winter climatological means for surface atmospheric data over 

the Mediterranean Sea from 1980 to 2012. The negative flux of P-E (Fig. 14a) well 

highlights the evaporative nature of the Mediterranean basin, especially in the South-

Eastern area. 

The net heat fluxes (Fig. 14b) are negative over the whole basin, especially in the Aegean 

Sea, and they correspond to a net ocean heat loss, known to occur in the winter season.  
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The module of the turbulent surface stress vector (Fig. 14c) is not so high, except for the 

areas over the Gulf of Lions and the Aegean Sea, suggesting that only over these regions 

winds substantially affect the ocean surface. 

 

 

Fig. 15: The most significant responses of winter atmospheric forcing to ∆NAO, ∆EA,  

∆EAWR, ∆SCA and ∆MOI. Shown are P-E, SH+LH and tau. Data are linearly detrended 

winter-average anomalies obtained from the ERA-Interim 3-hourly dataset. Only 

anomalies statistically significant at (at least) low confidence are shown. 

In Fig. 15a, the magenta boxes and green lines represent the regions and transects 

described in the Methodology in the previous chapter (Paragraph 2.1) for the Adriatic, 

Ionian and Levantine Seas. 

 

Figure 15 illustrates the most significant simulated anomalies of the winter atmospheric 

forcing associated to the anomalous states of the climate modes.  

Specifically, for each atmospheric variable, the average values corresponding to positive 

anomalous years and negative anomalous years of the climate modes were computed. 

The difference between these values (for all the climate modes, except for the EA, this 

difference is positive minus negative) is what is mapped in the figure. Only significant 

differences are shown. 
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∆NAO (Fig. 15a) is associated only with significant changes in the P-E flux, determining 

a negative response and thus an anomalously strong evaporative condition over the 

North-Western basin. 

∆EA (Figs. 15b, 15e, 15h) is associated with significant changes in all the considered 

atmospheric variables but especially, in terms of magnitude and extent, with the heat 

fluxes. The response of the heat fluxes to ∆EA is negative, thus corresponding to 

significantly stronger ocean heat losses, which is consistent with what was suggested by 

Criado-Aldeanueva et al., (2014), and Josey et al., (2011), about the control of the EA on 

ocean heat losses over the Mediterranean basin, especially in wintertime. 

Also ∆EAWR (Figs. 15c, 15f, 15i) is associated with significant changes in all the 

atmospheric variables. It is associated with a negative response of the P-E flux especially 

over the Aegean Sea, and a dipolar response of heat fluxes and turbulent surface stress, 

both consistent with what was observed by Josey et al., (2011). The dipoles imply a heat 

gain and a weakening of the wind stress over the Western basin and a heat loss and a 

strengthening of the wind stress over the Eastern basin. Therefore, as suggested by Josey 

et al., (2011), EAWR could have the potential to affect deep-water formation in each sub-

basin but in opposite ways. 

∆SCA (Fig. 15l) is associated only with significant changes of the turbulent surface stress, 

corresponding to a decrease in the intensity of the wind stress under positive SCA over 

the Aegean Sea.  

∆MOI (Figs. 15d, 15g, 15m) is associated with significant changes in all atmospheric 

variables, including a negative response for the P-E and the heat fluxes in different areas 

of the basin. It determines significantly stronger evaporative conditions only over the 

Adriatic Sea and enhanced ocean heat losses in the Eastern basin. Concerning the 

turbulent surface wind stress, ∆MOI determines a dipolar response for which the intensity 

of the wind stress tends to decrease over the Western basin while it tends to increase 

over the Eastern basin, especially in the Aegean Sea.  
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3.1.3 Ocean surface 

 

 

Fig. 16: Climatological pattern of winter sea-surface temperature (THETA, a), salinity 

(SALT, b) and density (RHO, c).  

 

The maps shown in Fig. 16 illustrate the winter climatologies of surface temperature (Fig.  

16a), salinity (Fig. 16b) and density (Fig. 16c) in the Mediterranean Sea. 

The temperature (Fig. 16a) tends to follow a meridional gradient characterized by low 

values over the Northern basin (10-14°C) and high values over the Southern basin (16-

18°C), especially on the Levantine Sea.  

The salinity (Fig. 16b) well highlights the difference between the two sub-basins. The 

Eastern basin, especially the Levantine Sea, is characterized by a salinification while the 

Western basin is subject to a strong freshening, due to both the influence of the entering 

less saline AW from the strait of Gibraltar and the freshwater riverine input. The latter 

contribution is also apparent near the coasts of the Northern Adriatic and the Aegean 

Seas, characterized by a consequent relevant decrease in salinity.  

This local freshening is reflected in the density (Fig. 16c), which in the same areas is 

subject to a decrease. 
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The density pattern reflects the meridional gradient of both the temperature and the salt 

content throughout the whole basin. Despite the elevated temperatures, in the Eastern 

basin density tends to increase because of the broad salinification. In the Western basin, 

where the salinity is not so high, the density is controlled more by temperature gradients 

and thus, where a cooling (warming) occurs, the density tends to increase (decrease).  

High values of density are found in areas known to be deep-water formation sites for 

the Mediterranean Sea: The Gulf of Lions, the South Adriatic, the Levantine Sea and the 

Aegean Sea. 

 

 

 

Fig. 17: Response of winter sea-surface temperature (THETA), salinity (SALT) and density 

(RHO) to ∆NAO, ∆EA, ∆EAWR, ∆SCA and ∆MOI.  Results are for linearly detrended 

gridded data of the upper model layer (0 ≈1m depth). Only anomalies statistically 

significant at low confidence are shown. 
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Figure 17 illustrates the immediate (lag-0) simulated winter surface oceanic response to 

changes in the state of NAO, EA, EAWR, SCA and MOI.  

As usual, the maps show the results from the composite analysis on the oceanic data 

based on anomalous years of the climate modes. 

∆EA, ∆EAWR and ∆SCA determine mirror responses to both temperature and density. 

∆EA is associated to a strong and extensive cooling with a consequent increase in density 

over the Western Mediterranean, partly over the Ionian Sea and over the North Adriatic 

Sea (Fig. 17a and 17f). 

∆EAWR and ∆SCA are associated with an opposite dipolar response across the Western 

and Eastern basins. With ∆EAWR (Fig. 17b and 17g), the Eastern basin is characterized by 

surface cooling and associated increase in density, while the Western basin is 

characterized by surface warming and associated decrease in density. This is consistent 

with what was observed in Fig. 15f about the anomalous heat fluxes associated to this 

climate mode. With ∆SCA (Fig. 17c and 17h) the situation is reversed, so that the Eastern 

basin presents a warming with a patchy decrease in density, and the Western basin a 

cooling with an increase in density.  

∆NAO is associated with a more local dipolar response in the Ionian Sea (Fig. 17d); 

specifically, the Northern Ionian is characterized by a freshening while the Southern part 

by a salinification. 

∆MOI is associated to an increase in salinity only over the South-Eastern Mediterranean 

(Fig. 17e).  

 

3.1.4 Deep ocean 

 

The regions exhibiting the most significant oceanic responses to the anomalous years of 

the climate modes in winter are the Levantine Sea and the South Adriatic Pit.  

In the following pages, after a brief overview of the climatological winter conditions of 

the water column in these regions, illustrated through vertical thermohaline profiles, the 

responses to the climate modes are described.  
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Fig. 18: Vertical profiles of winter-means of Temperature (a), Salinity (b) and Density (c) 

for the Levantine Sea. 

 

Figure 18 illustrates the winter vertical profiles of the oceanic variables for the Levantine 

Sea. The near-surface temperature (Fig. 18a) reflects what was observed in Fig. 16a, where 

right over the Levantine Sea temperature tends to be high (16°C–17°C). Just below the 

surface, temperature starts to gradually decrease until reaching values about 13.5 °C at 

about 3000 m. All this points to the presence of some stratification in the water column, 

as typical of low-latitude basins. 

The salinity profile (Fig. 18b) follows almost the same trend of temperature, except for a 

very small local increase just within the 500 m depth, probably determined by the sub-

surface water masses circulation in this region, as described in Chapter 1, Paragraph 1.2.1. 

The density anomaly profile (Fig. 18c) is a mirror image of the temperature profile: At 

the near-surface it reflects what was observed in Fig. 16c, reaching values of about 28 

kg/m3; below the surface it begins to gradually increase because of the intense water 

column cooling, but, at 3000 m depth it reaches values of only 29 kg/m3, probably 

because of the not so elevated salt content at the same depth.  
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Fig. 19: Response of temperature (THETA) and density (RHO) to winter ∆NAO, ∆EA, 

 ∆EAWR, and ∆MOI in the Levantine Sea (LEV). Analysis based on bandpass filtered, 

detrended (2nd order polynomial fit) and standardized monthly time series, lags are in 

months with respect to January of the positive and negative winters. Black (grey) dots 

mark regions where the anomalies are significant at high (low) confidence. 

 

Figure 19 illustrates the evolution of the simulated responses of temperature and density 

anomalies in the Levantine Sea to winter ∆NAO, ∆EA, ∆EAWR, and ∆MOI for 30 months. 

Analogously with what was done to obtain the spatial maps, the figures show the most 

significant results obtained from the composite analysis of the oceanic variables based 

on the anomalous years of the climate modes, but in this case the analysis is performed 

for the data at all the depths and for different lags. Standardized data are used for 

illustrative purposes. 

Among the considered oceanic variables, density is worth a deeper discussion since it is 

the ultimate control of deep-water formation. A significant impact on density and thus 

on deep-water formation is observed as a signal propagation starting from the upper 

left side of the diagram (i.e., significant density anomalies are generated at the surface 

in the anomalous winter) and reaching the bottom right side (i.e., the surface anomalies 

propagate slowly to deep layers).  
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In general, here, it’s easy to observe how significant anomalies persist for all the 30 

months and follow almost the same trend for all the climate modes, although the 

responses stay confined in the upper layers, within the upper 500 m, probably because 

of the presence of the thermocline observed in Fig. 18a, which acts as a barrier for the 

signal penetration.  

∆EA is the only climate mode associated to significant changes in temperature, other 

than in density (Fig. 19a and 19b). The temperature undergoes a significant decrease, 

especially on the sea-surface, consistent with the strong heat losses observed over the 

same area in Fig. 15e; while the density, as a mirror image of the temperature, undergoes 

a significant but slow and delayed increase. The other climate modes are also associated 

to a positive density response. For ∆NAO (Fig. 19c) and ∆EAWR (Fig. 19d), this response 

seems to be originated by concomitance of negative surface temperature anomalies (Fig. 

S1a and S1c available in the Appendix 1) and positive surface salinity anomalies (Fig. S1b 

and S1d). 

For ∆MOI (Fig. 19e), instead, the positive density response is largely determined by a 

positive salt anomaly (Fig. S1e) and it seems to be modulated by a seasonal signal, seen 

as intermittent recurrent areas of non-significant response at 500 m depth.   
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Fig. 20: Vertical profiles of winter-means of Temperature (a), Salinity (b) and Density (c) 

for the South Adriatic Pit. 

 

Figure 20 illustrates the climatological winter vertical profiles of temperature, salinity and 

density for the South Adriatic Pit. Contrarily to what observed for the Levantine Sea, the 

climatological sea-surface temperature of this region is very low (14.4°C), reflecting what 

was observed in Fig. 16a over the same region. Below the 100 m of depth, temperature 

undergoes a rather constant decrease with depth until it reaches values of about 13.5°C 

at 1000 m depth, suggesting thus the absence of a strong thermocline in this region, 

compared to the Levantine Sea (Fig. 18a). 

Salinity undergoes a rather steep increase starting from only 38.70 psu to 38.80 psu (Fig. 

20b). This range of values is very low compared to that of the Levantine Sea (from 39 

psu to 38.7 psu), suggesting both the absence of strong evaporative conditions in the 

South Adriatic, as it is clearly observable in Fig. 14a, and the presence of relevant 

freshwater input by rivers in the North Adriatic. 

The density (Fig. 20c) reflects the combination of these temperature and salinity gradients 

and, as for the Levantine Sea, it is the mirror image of the temperature: It starts at the 

near-surface with values of 28.85 kg/m3, coherent with those observed in Fig. 16c, and 

then it undergoes a gradual increase until reaching values around 29 kg/m3 at 1000 m 

depth.  
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Fig. 21: Response of salinity (SALT) and density (RHO) to winter ∆NAO, ∆EA and 

 ∆MOI in the South Adriatic Pit (SAP).  Analysis based on bandpass filtered, detrended 

(2nd order polynomial fit) monthly time series, lags are in months with respect to 

January of the positive and negative winters. Black (grey) dots mark regions where the 

anomalies are significant at high (low) confidence. 

 

Figure 21 illustrates the evolution of the simulated responses of salinity and density to 

winter ∆NAO, ∆EA and ∆MOI in the South Adriatic Pit. All these climate modes are 

associated to a positive response of both salinity and density, reaching also 1000 m 

depth (Fig. 21a and 21b). Responses thus reach larger depth than in the Levantine Sea, 

where they were limited to the upper 500 m; this suggests, as mentioned previously, the 

absence in the South Adriatic Pit of a strong thermocline and thus an easy signal 

penetration.  However, compared to what observed in the Levantine Sea, the persistence 

of the signals is shorter, lasting only until about 18-24 months, except for the ∆MOI (Fig. 

21c), for which the propagation persists for all the 30 months.  
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Among all the climate modes, ∆EA yields the clearest surface imprint and clearest 

downward propagation of the density anomaly (Fig. 21b), which is largely affected by 

the positive salinity response (Fig. 21a). 

 

Summarizing, among all the considered climate modes, it seems that the winter 

anomalous EA is the only one to significantly impact on atmospheric forcing and ocean 

thermohaline features, both at sea-surface and at deep layers. In the atmospheric field, 

it has a dominant control on heat fluxes, as already determined by other authors such 

as Criado-Aldeanueva et al., (2014), and Josey et al., (2011). At sea-surface it has an 

extensive and significant impact especially on the temperature, determining a cooling 

over the whole Mediterranean basin. 

EAWR tends to generate dipolar responses on the atmospheric forcing, especially on the 

surface heat fluxes, and on thermohaline features at sea-surface, consistent with what 

was observed by Josey et al., (2011).  

NAO and MOI do not generate any significant or extensive responses on both 

atmospheric and oceanic variables, confirming their locally confined impacts on the 

Mediterranean basin, as observed by Marshall et al., (2001) and Criado-Aldeanueva et 

al., (2014).  

SCA is the only climate mode that lacks any significant response both on the atmospheric 

forcing and on the ocean, confirming its weak impact on the Mediterranean basin, at 

least for the wintertime (Josey et al., 2011). 

Concerning the signal propagation, the Levantine Sea and the South Adriatic Pit have 

been the only two Mediterranean regions to show extensive and significant thermohaline 

responses to anomalous winter states of the considered climate modes.  

The EA again yields the clearest surface imprint and downward propagation, especially 

in the South Adriatic Pit. In the Levantine Sea, it determines a significant density response 

through a significant temperature response, whereas the other modes yield a density 

response due to combined, non-significant effects on both temperature and salinity.  
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In general, the signal propagation during the selected period of 30 months is much more 

apparent in the South Adriatic Pit, where it reaches 1000 m of depth, than in the 

Levantine Sea, where it stops within the upper 500 m. Nonetheless, the average 

persistence time of the signal is longer in the Levantine Sea (30 months) than in the 

South Adriatic Pit (18-24 months).  

 

Since the South Adriatic Pit has been the only region where the propagation of density 

anomalies was clearly observed from the surface to the bottom, the analysis is extended 

for this region. Specifically, the same composite analysis performed previously is repeated 

in a transect along the main axis of the Adriatic Sea; the analysis aims at better revealing 

the spatial-temporal complexity of the thermohaline response to the EA in this key region 

of the Mediterranean Sea. Figure 22 illustrates the evolution of the oceanic anomalies 

along the Adriatic transect determined by ∆EA. The transect spans the Northern Adriatic, 

on the right side along 44 °N, the South Adriatic Pit at the centre, between 40°N and 

42°N and the Otranto Strait with the upper northern Ionian Sea, between 40 and 38°N.   
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Fig. 22: Evolution of standardized temperature (THETA), salinity (SALT) and density 

(RHO) anomalies along the Adriatic transect for ∆EA. Analysis based on bandpass-

filtered, detrended (2nd order polynomial fit) monthly time series, lags are in months 

with respect to January of the positive and negative winters. Dots mark regions where 

the anomalies are significant at high confidence. For each variable, standardization is 

separately performed on each model level time series prior to the composite analysis. 

Units are standard deviations. 
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∆EA is associated with a significant cooling especially in the upper northern Ionian Sea 

(Fig. 22a) that intensifies with time and persists until about 2 years; however, this cooling 

could not be related to a response to ∆EA but to the internal variability of the Ionian 

Sea.  

∆EA is associated also with a significant broad salinification (Fig. 22b) that, in comparison 

to the temperature response, extends throughout the Adriatic and almost reaches the 

bottom of the South Adriatic Pit, consistent with what was also observed in Fig. 21a.  

Because of these thermal and haline responses, ∆EA is associated with extensive and 

significant subsurface positive density anomalies (Fig. 22c), which sink and reach the sea 

bottom of the South Adriatic Pit and the Northern Ionian Sea in about 18 months. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

3.2 Spring 

 

     3.2.1 Climate modes of variability   

 

 

Fig. 23: Detrended and standardized spring time series of NAO (a), EA (b), EAWR (c), 

SCA (d) and MOI (e). Red (blue) bars represent positive (negative) states of the climate 

modes. Red (blue) dots mark the positive (negative) years that are used in the 

composite analysis. Significant anomalies for the years 2011 and 2012 (white dots) are 

excluded in the composite analysis, for consistency between statistics obtained for 

different lags. 

 

Figure 23 illustrates the spring time series of the considered climate modes, marking the 

years of anomalous positive (red dots) and negative (blue dots) states used for the 

compositing. The alternation between positive and negative states of the climate modes 

is clearly visible, with some relevant clustering especially for the MOI.  

The largest anomalies in absolute values occur in the negative states of the EA (Fig. 23b) 

and the SCA (Fig. 23), respectively in the years 1997 and 1998.  
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During the positive state, instead, the largest anomalies occur especially in the NAO (Fig. 

23a) in 1993, in the SCA in 1997 and in the EAWR (Fig. 23c) in 2000. 

 

3.2.2 Atmospheric forcing 

 

 

Fig. 24: Spring climatological means of precipitation minus evaporation (P-E, a), surface 

latent plus sensible heat flux (SH+LH, b) and the module of the turbulent surface stress 

vector (tau, c) obtained from the ERA-Interim-3-hourly dataset. The convention for the 

heat fluxes is that positive fluxes are downward, so that net ocean heat losses are 

identified by negative values.  

 

Figure 24 illustrates the spring climatological means of the surface atmospheric variables 

calculated for the Mediterranean region from 1980 to 2012. The negative P-E flux (Fig. 

24a) is not so pronounced as that observed in the winter season (Fig. 14a), and it is very 

weak especially over the Northern basins; nonetheless, it still highlights the evaporative 

nature of the Mediterranean basin, always especially on the South-Eastern area. 

Similarly, the net negative heat fluxes (Fig. 24b) are not as strong as those observed in 

the winter season (Fig. 14b).  
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The module of the turbulent surface stress vector (Fig. 24c) is smaller than that 

characterizing the winter season, except over the area of the Gulf of Lions, suggesting 

that even during this season, winds substantially affect the ocean surface over this region.  

 

Contrarily to the winter season, the spring season does not show any significant response 

of the atmospheric forcing to the considered climate modes, suggesting a not so relevant 

role of the large-scale Euro-Atlantic spring signal in determining regional anomalies over 

the Mediterranean basin in this season. Associated results are not shown.  

 

3.2.3 Ocean surface 

 

 

Fig. 25: Climatological pattern of spring sea-surface temperature (THETA, a), salinity 

(SALT, b) and density (RHO, c).  

 

The maps shown in Fig. 25 illustrate the spatial distribution of temperature (Fig. 25a), 

salinity (Fig. 25b) and density (Fig. 25c) climatologies over the whole Mediterranean Sea 

for the spring season.  
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As it is clearly visible, the patterns are very similar to those derived for the winter season, 

especially that of the salinity (Fig. 25b), characterized by the same dipolar distribution: 

Salinification in the Eastern basin and freshening in the Western basin.  

However, there are some noteworthy differences. The freshening near the coastal areas 

(Fig. 25b), and the correspondent decrease in density (Fig. 25c), are much more extensive 

in the springtime than in the wintertime, consistent with the weak evaporative conditions 

observed in Fig. 24a. 

The temperature (Fig. 25a) is characterized by the same meridional gradient observed in 

winter, but in this case, its values are higher. In fact, the temperature range for spring is 

about 14-21°C, while in winter the range starts from 10°C until the maximum at around 

18°C. The density responds more to this temperature change than to salt content, 

reaching the maximum values of only about 28.5 kg/m3 in the Northern area against the 

29 kg/m3 observed in winter.  
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Fig. 26: Response of spring sea-surface temperature (THETA), salinity (SALT) and density 

(RHO) to ∆NAO, ∆EA, ∆EAWR, and ∆MOI.  Results are for linearly detrended gridded 

data of the upper model layer (0- ≈1m depth). Only anomalies statistically significant at 

low confidence are shown. 

 

Figure 26 illustrates the immediate (lag-0) simulated spring surface oceanic response to 

changes in the state of NAO, EA, EAWR and MOI.  The surface oceanic responses are 

less significant compared to those observed in the winter season (Fig. 17), maybe 

suggesting that even for the oceanic variables, the spring response is not so relevant.  

∆NAO and ∆EA determine mirror responses in temperature, salinity and density in 

different areas of the Mediterranean basin. ∆NAO is associated to a local warming (Fig. 

26a) only over the Ionian Sea, where significant freshening (Fig. 26d) with a consequent 

increase in density (Fig. 26g) are present. Significant salinification is observed only locally 

in the Adriatic Sea, but it is not associated to any relevant increase in density.  

∆EA is associated to a weak cooling (Fig. 26b) and salinification (Fig. 26h) over the 

Tyrrhenian Sea where consequent increase in density (Fig. 26e) is present.  
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Salinification and consequent increase in density are observable also in other areas of 

the Mediterranean, especially in the Southern part.  

∆MOI is associated to a significant positive salinity response in the Southern 

Mediterranean (Fig. 26c).  

∆EAWR is associated to local salinity (Fig. 26f) and density (Fig. 26i) responses. In fact, 

the South-Western Mediterranean is characterized by a salinification and a subsequent 

increase in density, while the Aegean Sea is characterized by a small freshening and a 

subsequent decrease in density.  

 

3.2.4 Deep ocean 

 

The region exhibiting the most significant ocean responses to anomalous states of the 

climate modes in spring is the South Adriatic Pit.  

In the following pages, results concerning climatological spring conditions of the water 

column in this region, illustrated through vertical thermohaline profiles, and the 

responses to the climate modes are described.  

 

 

Fig. 27: Vertical profiles of spring-means of Temperature (a), Salinity (b) and Density (c) 

for the South Adriatic Pit. 

 

Figure 27 illustrates the spring climatological vertical profiles of temperature, salinity and 

density for the South Adriatic Pit. 

As it is clearly visible, there are some differences with the profiles observed during winter 

(Fig. 20).   
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The temperature (Fig. 27a) is higher at the surface (15.5°C vs 14.4°C of the winter) but 

within 100m depth it decreases a lot until reaching about 14°C, suggesting thus the 

presence of a shallow thermocline. With depth temperature tends to remain rather 

constant and at 1000 m depth it reaches values around 13.5°C.  

The salinity (Fig. 27b) undergoes a strong decrease in the layers nearest to the surface; 

then it gradually increases with depth, staying in the range of about 38.78-38.81 psu, 

which is almost the same as that of the wintertime. 

The density anomalies (Fig. 27c) profile is a mirror image of the temperature: It undergoes 

a strong increase in the sub-surface starting from 28.4 kg/m3, coherent with what 

observed in Fig. 25c, until reaching around 28.85 kg/m3 within 100 m depth. With depth 

it slightly increases, reaching at 1000 m depth values around 29 kg/m3.  
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Fig. 28: Response of temperature (THETA), salinity (SALT) and density (RHO) to spring  

∆NAO and ∆MOI.  Analysis based on bandpass filtered, detrended (2nd order 

polynomial fit) monthly time series, lags are in months with respect to January of the 

positive and negative winters. Black (grey) dots mark regions where the anomalies are 

significant at high (low) confidence. 

 

Figure 28 illustrates the evolution of the simulated responses of temperature, salinity and 

density to spring ∆NAO and ∆MOI. As for the wintertime, the responses to both climate 

modes are all positive. But, in contrast to what observed in winter, these climate modes 

do not determine a clear density anomaly response.  
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∆NAO is associated to a significant salinification (Fig. 28b) that persists for all the 30 

months and until about 1000 m depth; to a significant and consequent increase in density 

(Fig. 28c), which is delayed of 6 months and stops within 500 m of depth. This is likely 

due to the temperature response (Fig. 28a) that, starting at the surface, propagates until 

1000 m depth, determining the deep decrease in density and the stratification clearly 

visible in Fig. 28b.  

∆MOI is associated to a salinification and a consequent increase in density. The former 

(Fig. 28d) is delayed and persists for all the 30 months, until about 1000 m depth. The 

latter (Fig. 28e) is delayed too and persists for only 24 months and stops at about  

800 m depth. 

 

Summarizing, the impact of the anomalous climate modes during spring time is not so 

extensive and significant as that occurred in winter. In fact, there is not any significant 

response in the atmospheric forcing and the sea-surface responses are weak and local. 

SCA does not yield any significant local atmospheric or oceanic anomaly, hence it does 

not affect Mediterranean atmospheric and thermohaline features during this season. 

The South Adriatic Pit is once more the region with the most extensive and significant 

thermohaline responses to the spring anomalous climate modes, especially to NAO and 

MOI. Despite the weak density anomaly propagation, NAO and MOI determine a 

significant propagation of positive salinity anomalies, delayed by a few months for the 

MOI. In general, the signal persists for all the 30 months and extends to 1000 m of 

depth. NAO is associated also to a positive response of temperature that, even if persists 

for only 18 months, it reaches 1000 m depth.  
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3.3 Summer  

 

3.3.1 Climate modes of variability  

 

 

Fig. 29: Detrended and standardized summer time series of NAO (a), EA (b), EAWR (c), 

SCA (d) and MOI (e). Red (blue) bars represent positive (negative) states of the climate 

modes. Red (blue) dots mark the positive (negative) years that are used in the 

composite analysis. Significant anomalies for the years 2011 and 2012 (white dots) are 

excluded in the composite analysis, for consistency between statistics obtained for 

different lags. 

 

Figure 29 illustrates the summer time series of the considered climate modes, marking 

the years of anomalous positive (red dots) and negative (blue dots) states used for the 

compositing. The alternation between the positive and the negative states year after 

years is always present, as well as some clustering of all the climate modes even if it is 

not so evident as during the previous seasons.   
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The largest anomalies in absolute values occur in the negative states of NAO (Fig. 29a) 

in 1981, of EA (Fig. 29b) in 2006, of EAWR (Fig. 29c) in 1982, of SCA (Fig. 29d) in 1999 

and of MOI (Fig. 29e) in 2010.  

The largest anomaly during the positive state is observable only for the SCA in 1998.  

 

3.3.2 Atmospheric forcing  

 

 

Fig. 30: Summer climatological means of precipitation minus evaporation (P-E, a), 

surface latent plus sensible heat flux (SH+LH, b) and the module of the turbulent 

surface stress vector (tau, c) obtained from the ERA-Interim-3-hourly dataset. The 

convention for the heat fluxes is that positive fluxes are downward, so that net ocean 

heat losses are identified by negative values.  

 

Figure 30 illustrates the summer climatological means for atmospheric forcing data over 

the Euro-Mediterranean region, calculated for the period from 1980 to 2012.  

The negative P-E flux (Fig. 30a) is extensive and significant over the whole basin and 

especially in the Eastern side, highlighting the evaporative conditions typical of the 

summertime. 
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The net heat fluxes (Fig. 30b) are very similar to those of the springtime, in fact there are 

small ocean heat losses, especially near the North-African coasts, as typically reported 

for the summer season.  

The module of turbulent surface stress (Fig. 30c) is weak over the whole basin, especially 

in the Northern area; only the Levantine, the Aegean Seas and the Gulf of Lions are 

characterized by high values, suggesting a potentially significant momentum flux.  

 

As for the spring, the summer season does not show any significant change of the 

atmospheric forcing to the considered climate modes, suggesting a limited role of the 

large-scale Euro-Atlantic summer signal in determining regional anomalies over the 

Mediterranean basin.  Associated results are not shown. 

 

3.3.3 Ocean surface 

 

 

Fig. 31: Climatological pattern of summer sea-surface temperature (THETA, a), salinity 

(SALT, b) and density (RHO, c).  
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The maps in Fig. 31 illustrate the spatial distribution of climatological sea-surface 

temperature (Fig. 31a), salinity (Fig. 31b) and density (Fig. 31c) over the whole 

Mediterranean Sea for the summer season.  

The salinity pattern (Fig. 31b) is very similar to that characterizing the other two seasons, 

even if in this case firstly, the salinification in the Eastern basin is much more extensive 

and intense reaching values of about 39 psu, consistent with the strong evaporation 

observed in Fig. 30a over the same area;  secondly, the freshening near the coastal areas, 

especially in the Aegean Sea, is wider than in the previous seasons despite the presence 

of strong local evaporation (Fig. 30a). This could suggest that the rivers input has a 

dominant role in controlling the salt content in this regions in respect to P-E flux.  

Temperature (Fig. 31a) is warmer, with values ranging from 22 to 28 °C over the whole 

Mediterranean basin and presents a weaker meridional gradient in comparison to the 

other two seasons. These elevated temperature values, typical of the summertime, affect 

the density anomaly distribution more than the salt content (Fig. 31c). Thus, the density 

is constant and very low (27 kg/m3) over the whole basin. 
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Fig. 32: Response of summer sea-surface temperature (THETA), salinity (SALT) and 

density (RHO) to ∆NAO, ∆EA and ∆EAWR. Results are for linearly detrended gridded 

data of the upper model layer (0- ≈1m depth). Only anomalies statistically significant at 

low confidence are shown. 

 

Figure 32 illustrates the immediate (lag-0) simulated summer surface oceanic response 

to changes in the state of NAO, EA and EAWR.  

Only ∆NAO is associated to an extensive and significant response of both temperature 

(Fig. 32a) and density (Fig. 32g), particularly in the Eastern basin, which is characterized 

by anomalous cooling and a consequent increase in density. The salinity response (Fig. 

32d), instead, is local and only marginally significant.  

∆EA is associated to a substantial warming (Fig. 32b) and salinification (Fig. 32e) only in 

the Ionian Sea, whose Southern area is characterized by a consequent decrease in density 

(Fig. 32h). In general, the density response is local and patchy.  

∆EAWR is associated to a slight dipolar response of both temperature (Fig. 32c) and 

density (Fig. 32i) between the Eastern basin, characterized by strong and wide cooling, 

with a consequent increase in density, and a small portion of the Levantine Sea, 
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characterized by a warming and a consequent decrease in density.  As ∆NAO, also ∆EAWR 

yields patchy and local responses in salinity (Fig. 32f).  

 

The results of composite analysis for the different model levels are not presented since 

they do not show any significant response in any of the selected areas.  

 

Summarizing, the summer season differs substantially from the winter and spring seasons 

concerning the climatological sea-surface properties. Already the lack of significant 

anomalies in the atmospheric forcing fields suggests that the summer climate signals 

only marginally contribute to interannual and decadal variability of the Mediterranean 

Sea. This is consistent with what was observed by Josey et al., (2011), about the very 

weak impact of the climate modes on the atmospheric field during this season. The only 

significant surface oceanic response regards the NAO, which determines an extensive 

and strongly significant impact on temperature and density.  
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3.4 Autumn  

 

3.4.1 Climate modes of variability  

 

 

Fig. 33: Detrended and standardized autumn time series of NAO (a), EA (b), EAWR (c), 

SCA (d) and MOI (e). Red (blue) bars represent positive (negative) states of the climate 

modes. Red (blue) dots mark the positive (negative) years that are used in the 

composite analysis. Significant anomalies for the years 2011 and 2012 (white dots) are 

excluded in the composite analysis, for consistency between statistics obtained for 

different lags. 

 

Figure 33 illustrates the autumn time series of the considered climate modes, marking 

the years of anomalous positive (red dots) and negative (blue dots) states used for the 

compositing. A strong alternation between positive and negative states year after year is 

evident especially for the EAWR (Fig. 33c), the SCA (Fig. 33d) and the MOI (Fig. 33e), 

while for the NAO (Fig. 33a) and the EA (Fig. 33b) a clustering is clearly observable.  

The largest anomalies in absolute values occur in the negative states of the EAWR in 

1992 and of the MOI in 1987.  
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During the positive state the largest anomalies occur for the EA and SCA, respectively in 

2007 and 2001.  

The NAO does not present peak anomalies as large as the other climate modes. 

 

3.4.2 Atmospheric forcing  

 

 

Fig. 34: Autumn climatological means of precipitation minus evaporation (P-E, a), 

surface latent plus sensible heat flux (SH+LH, b) and the module of the turbulent 

surface stress vector (tau, c) obtained from the ERA-Interim-3-hourly dataset. The 

convention for the heat fluxes is that positive fluxes are downward, so that net ocean 

heat losses are identified by negative values.  

 

Figure 34 illustrates the autumn climatological means for atmospheric data over the 

Mediterranean Sea from 1980 to 2012.  

Even in this season, the evaporative conditions typical of the Mediterranean basin are 

well visible (Fig. 34a), in particular in the South-Eastern area; in the Adriatic and 

Tyrrhenian seas the evaporation is, instead, rather weak.  

As for the wintertime, during autumn the net heat fluxes (Fig. 34b) are negative over the 

whole basin, reflecting the gradual air temperature decrease and the consequent strong  
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ocean heat losses, especially in the Aegean Sea.  

The module of the turbulent surface stress (Fig. 34c) follows the same behaviour as for 

the other seasons, being not so high over the whole basin, except over the areas of the 

Gulf of Lions and the Aegean Seas, suggesting once more a potentially significant 

momentum flux only over these regions.  

 

The autumn season does not show any significant response of the local atmospheric 

forcing to the considered climate modes, suggesting a not so relevant role of the large-

scale Euro-Atlantic autumn signal in determining regional anomalies over the 

Mediterranean basin. Associated results are not shown.  

 

3.4.3 Ocean surface  

 

 

Fig. 35: Climatological pattern of autumn sea-surface temperature (THETA, a), salinity 

(SALT, b) and density (RHO, c).  
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Figure 35 illustrates the climatological patterns of sea-surface temperature (Fig. 35a), 

salinity (Fig. 35b) and density (Fig. 35c) over the whole Mediterranean Sea for the autumn 

season.  

The oceanic variables distribution follows the same pattern of that during summertime, 

even if some differences are visible especially for density (Fig. 35c), which gradually 

decreases over the Northern basin because of the slow cooling (Fig. 35a) in the same 

area. Over the Southern basin instead, the conditions are still typical of those of the 

summertime, with high temperatures (26°C, especially on the Levantine Sea) and 

subsequent low density (27 kg/m3).  

The salinity (Fig. 35b) follows the same pattern of that characterizing the other seasons. 

However, in this case, the salinification in the Levantine Sea reaches the maximum value 

of 39.5 psu, in comparison to the other seasons where it reaches values of about 38 psu 

(in winter and in spring) and 39 psu (in summer). This is consistent with the strong 

evaporation observed over the same area (Fig. 34a).  
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Fig. 36: Response of autumn sea-surface temperature (THETA), salinity (SALT) and 

density (RHO) to ∆NAO, ∆EA, ∆EAWR and ∆SCA.  Results are for linearly detrended 

gridded data of the upper model layer (0- ≈1m depth). Only anomalies statistically 

significant at low confidence are shown. 

 

Figure 36 illustrates the immediate (lag-0) simulated autumn surface oceanic response 

to changes in the state of NAO, EA, EAWR and SCA.  

As it is clearly visible, the surface oceanic response is not so significant and extensive as 

in other seasons. All the climate modes are associated to patchy and local responses. 

Only with ∆EAWR (Fig. 36d) there is extensive freshening over the Levantine Sea.  

∆NAO is the only one that determines a response to all the oceanic variables. It is 

associated to a patchy cooling over the Eastern basin (Fig. 36a), contributing to an 
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increase in density over the same area (Fig. 36e). Over the Ionian Sea it determines a 

strong saltiness (Fig. 36c) and a decrease in density. 

∆SCA (Fig. 36b) is associated only to a local warming over the Western basin, while  

∆EA (Fig. 36f) is associated to a local increase in density over the Southern basin. 

 

Also for the autumn season, results concerning composite analysis on the oceanic 

variables based on the anomalous climate modes at all the depths are not presented 

since they do not show any significant responses in any of the selected areas. 

 

Summarizing, the autumn season shares similarities with the summer season, especially 

for the spatial distribution of surface thermohaline climatologies and for the lack of a 

significant imprint on both atmospheric forcing and ocean interior variability. In this case, 

however, even the sea-surface responses are not so significant as those observed during 

summertime.  

 

Therefore, for this simulation it seems that both the large-scale Euro-Atlantic summer 

and autumn signals over the whole Mediterranean area are weak and do not significantly 

contribute to interannual variability in atmospheric and the oceanic fields, contrarily to 

winter and spring signals, which determine significant and in some cases also extensive 

responses to atmospheric forcing and oceanic variables even in the deep layers.  
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4. DISCUSSION 

 

The work described in this thesis represents the first attempt to trace the seasonal 

propagation of atmospheric forcing signals, associated to the most dominant modes of 

atmospheric variability over the North Atlantic and Euro-Mediterranean region, towards 

the interior of the Mediterranean Sea.  

Therefore, as mentioned in the previous chapter, comparison of the obtained results with 

previous studies is possible only for the surface signature of the considered climate 

modes. Besides, this comparison is further complicated by the fact that in this study the 

analysis refers to the four seasons, considered individually, while previous studies focused 

on an annual-average analysis or only on a winter analysis.  

Nonetheless, the results obtained are in good agreement with Criado-Aldeanueva et al., 

(2014), and Josey et al., (2011), who concluded that the EA is the most important mode 

affecting winter air-sea heat fluxes over the whole Mediterranean Sea.  

Also concerning the other climate modes, the results obtained agree with what was 

concluded by Josey et al., (2011): EAWR seems to have a relevant role, as the EA, in 

influencing winter heat budgets, generating dipolar responses straddling the Eastern and 

Western sub-basins; the NAO, instead, has a secondary role in controlling winter heat 

fluxes and, as pointed out by Marshall et al., (2001), and Criado-Aldeanueva et al., (2014), 

its impacts are local and weak, also on surface oceanic variables. The same conclusion is 

reached for MOI, although in this case there are some discrepancies between the results 

obtained in this study and those obtained in Criado-Aldeanueva et al., (2014), for which 

the MOI had a significant and extensive impact over the whole basin and for most of 

the atmospheric forcing. This contrast could be due to the different analysed periods. In 

fact, here the analysis is performed on seasonal-average values, whereas in Criado-

Aldeanueva et al., (2014), was performed on annual-average values.  

SCA is the only climate mode to lack extensive and significant impacts on either of 

atmospheric forcing and ocean surface responses. This agrees with what was detected  

by Josey et al., (2011), about its weak impact over the whole Mediterranean basin.  
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Concerning the propagation of responses to climate modes toward the interior of the 

Mediterranean Sea, the following results stand out.  

Firstly, it seems that the winter and the spring are the only seasons when a clear and 

significant signal propagation towards the abyssal layers of the Mediterranean Sea 

occurs. Specifically, wintertime is the only season in which the considered climate modes 

impact on atmospheric forcing, suggesting that they exert their remote forcing on local 

Euro-Mediterranean atmospheric variability especially during this season. This hypothesis 

is coherent with what was observed in Figs. 9, 10, 11 and 12 in which the positive 

configuration of the climate modes through the four seasons is illustrated and the strong 

anomalies centres are evident especially in winter.  

Despite the signal propagation toward the abyssal layers during springtime, this season, 

together with autumn, show only local and not so significant ocean surface responses.   

On the other hand, it is interesting to note that in summertime the NAO determines a 

wide and strongly significant cooling, hence increase in density, over the Eastern 

Mediterranean (Fig. 32a and 32g). However, there is no apparent penetration of the 

corresponding thermohaline anomalies toward the ocean interior, probably due to a 

stratification effect for the presence of the thermocline.  

The same occurs for the SCA pattern in wintertime (Fig. 17c and 17h), when it determines 

a surface decrease in density over the Adriatic and the Levantine Seas but the density 

anomalies penetration in the ocean interior of the same areas does not occur.  

All this suggest that the signal propagation depends firstly on the season in which the 

remote atmospheric variability is more intense and persistent, hence it is better captured 

by the large-scale climate indices; secondly on the presence or not of the thermocline.  

Winter is characterized by intense remote atmospheric variability compared to other 

seasons and, as discussed above, it is the only season in which the climate modes exhibit 

their strong anomalies centres; besides, the thermocline is not so strong in the winter 

water column compared to the other seasons, so the signal penetrates easily toward the 

ocean bottom.  
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Despite these hypothesis, the SCA is the only climate mode to have not exhibit significant 

signal penetration in winter, thus confirming its weak impact on Mediterranean 

thermohaline responses both on surface and on abyssal layers.  

Among all the Mediterranean regions analysed (the South Adriatic Pit, the Levantine Sea, 

the Ionian Sea and the Aegean Sea) only in the South Adriatic Pit (in winter and in spring) 

and in the Levantine Sea (only in winter) a clear and significant signal propagation 

towards the deep layers is visible. In the other regions, the signals remain confined to 

the upper layers, where they persist for only a few months.  

As already highlighted in the previous chapter (Paragraph 3.1.4), the density response to 

the climate modes toward the ocean interior is important to look at and discuss, since it 

represents the key factor for the deep-water formation. 

During winter, in the Levantine Sea (Fig. 19), the density response to all climate modes 

except SCA is positive and persists for 2 years and a half. This positive density response 

is determined in all cases by concomitant negative temperature and positive salt 

anomalies (Fig. S1), even if for most of them these anomalies are only weakly significant 

and persist for only a few months.  

In general, the positive density responses propagate until 500 m depth, where usually 

LIW is created in the Levantine basin (see Chapter 1, Paragraph 1.2.1). Figs. 17b-g and 

Fig. 19d suggest that the EAWR determines a strong surface cooling and increase in 

density over the Levantine Sea and an increase at depth in density in the same area. 

Therefore, this could suggest that maybe among all the climate modes, EAWR could 

favour the LIW formation.  

Another interesting feature is the delay of the deep density responses to both EA and 

MOI. There are two plausible explanations for the delay: First, the sub-surface ocean does 

not respond immediately to the anomalous winter atmospheric forcing; alternatively, 

there is an inter-seasonal persistence in the atmospheric forcing. The latter hypothesis is 

not coherent with the seasonal independence of the climate modes, verified through a 

correlation analysis between the seasonal time-series of those modes (Table 1).  
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Table 1: Correlation analysis between seasonal time-series of the climate modes. Values 

reported are the correlation coefficient (r) and the statistical significance (p).  

Significant correlations are chosen for p-values <0.0001; here, p-values > 0.1 confirm 

the not significant correlations between seasonal time-series, thus seasonal climate 

modes are independent from each other.  

 

In the South Adriatic Pit (SAP) the signal propagation is strong both in wintertime (Fig. 

21) and in springtime (Fig. 28). The density responses are positive in both seasons and, 

as already discussed in the previous Chapter (Paragraph 3.1.4), the winter EA yields the 

clearest downward propagation until 1000 m depth, where the associated density 

anomalies last for only about 2 years.  

As already described in Chapter 1, Paragraph 1.2.1, in the North Adriatic Sea dense waters 

are usually produced and then propagate towards the SAP to generate ADW, through 

mixing processes with the dense waters formed locally in the SAP by open-sea 

convection. 

The EA determines surface positive density anomalies both over the North Adriatic Sea 

(Fig. 17f) and the SAP, where then they penetrate down to 1000 m of depth (Fig. 21b). 

This suggests that the winter EA, more than other climate modes, controls deep-water 

formation over the whole Adriatic Sea. 
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During springtime, the EA does not significantly impact on the Mediterranean 

thermohaline properties, which are instead similarly influenced by the NAO and the MOI. 

In fact, both modes determine positive density anomalies (Figs. 28c and 28e), delayed of 

6 months for the NAO and of about 12 months for the MOI, which, propagate until 

about 600 m depth. Since this propagation does not reach the bottom of the SAP, this 

could suggest that the spring signal does not directly affect deep-water formation, 

although it can be an important preconditioning factor.  

The delayed density responses to the NAO are explained by the combined effect of 

positive temperature and salinity anomalies; in the case of the MOI, the density responses 

are originated by delayed positive salinity anomalies. Thus, the delay of responses to 

MOI could reflect the same hypothesis explained above, about the inertia of the oceanic 

response to spring forcing and the inter-seasonal persistence in the atmospheric forcing.  

 

Overall, based on the agreement between the results presented here and previous 

studies, the simulated upper-ocean responses proposed in this thesis appear realistic. On 

the other hand, despite the extensive validation of the MedMIT ocean model, the 

simulated deep-ocean responses must be taken with caution since only 33 years of data 

are used with only 6-7 years available for the composite analysis. The choice to compare 

anomalies under positive and negative states of the selected climate modes, and thus to 

operate with only 6-7 years, was motivated by the desire to maximize amplitude and 

significance of the responses, given the small available samples.  

Based on these premises, the assessment of statistical significance of the difference 

between samples of data and the identification and evaluation of internal oceanic 

variability in this simulation are fundamental aspects of this study. 

Concerning the first point, detrended seasonal time-series of each climate mode are 

generally linearly independent between each other as it is clearly visible in Table 1.  

Years used in the selection for ∆NAO, ∆EA, ∆EAWR, ∆SCA and ∆MOI partly overlaps in all 

the seasons and sometimes the overlapping years are the same (compare dots in the 

different panels of Figs. 13, 23, 29 and 33).  Some examples are the following: 1985 both 
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in winter and in spring (NAO-, EA-, SCA+ and MOI- in winter and EA-, EAWR-, SCA+ and 

MOI+ in spring), 1988 both in spring and in summer (NAO+, EA-, EAWR+ and MOI- in 

spring and NAO-, EA-, EAWR- and SCA- in summer), 1991 both in spring and in autumn 

(NAO+, EAWR+, SCA- and MOI+ in spring and NAO+, EA-, EAWR+ and SCA+ in autumn), 

and 1998 both in winter and autumn (NAO-, EA+, EAWR+, and MOI- in winter and  

NAO-, EA-, EAWR+ and SCA- in autumn).  

In some other years, there is an overlap between all the climate modes, as for instance 

winter 2010 (NAO-, EA+, EAWR-, SCA+ and MOI-) and autumn 2008 (NAO+, EA-, EAWR-, 

SCA- and MOI-). Sometimes, then, the same indices are found in different years with the 

same concomitant states, as the winters 1984 and 1988 (EAWR- and MOI-), springs 1999 

and 2006 (NAO-, EA+), 2004 and 2007 (EA+ and MOI+), summers 2002 and 2004 (EA+ 

and MOI-), 1982 and 2011 (EA+ and EAWR-). In general, however, not always the common 

years are characterized by the same positive or negative states of the climate modes, 

indeed usually they largely span different states of the indices. Anyway, in the composite 

analysis these overlapping years should not have led to a bias in the results.  

There is also a noticeable clustering of anomalous years throughout all the seasons for 

different climate modes and especially covering the periods 1980-1990 and 2000-2010 

in which prolonged positive phases are followed by prolonged negative phases and vice 

versa. Summer is characterized by an evident clustering of all indices except SCA, while 

other seasons are characterized by clustering of only few of the indices: NAO and MOI 

in winter, MOI in spring and NAO and EA in autumn.  

The clustering implies that the composites may reflect decadal and interdecadal 

variability, rather than the direct response on seasonal to interannual time scales to the 

climate modes forcing.  

Furthermore, for some indices the clustering occurs in the same years of the EMT event, 

that spans the period 1987-1995. This period identifies a clustering of the winter NAO, 

which changed from a negative to a positive phase; during spring there is clustering of 

negative anomalies of the MOI; during summer there is a clustering of the EAWR, which 

firstly is positive, then changes to negative and once more to positive; during autumn 
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there is clustering of the EA, which changes from a prolonged positive to a prolonged 

negative state.  

Nonetheless, the alternation between positive and negative periods is part of the 

observed behaviour of these indices; thus, even if the clustering could complicate the 

statistical analysis, it reflects the natural behaviour of these climate modes forcing. 

Maybe, such clustering highlights the role of preconditioning linked to slow variations in 

the states of ocean and atmosphere. Similar considerations stand for the winter MOI and 

interannual variability in a more recent period: The MOI transitioned from a negative 

phase in the mid and late 1990s, to a positive phase in the early 2000 and eventually to 

another negative phase around 2010.  

In this simulation, the robustness and realism of the obtained results are potentially 

affected by the long-term variability in the interior of the Mediterranean Sea. This regards, 

for instance, how the simulation represents the EMT and BiOS events and how these 

affect the simulated responses and their comparability to observations.  

Typically, the EMT development partly depended on paths of abyssal, bottom-arrested 

currents exporting anomalous, convectively generated dense water toward the Ionian 

abyss (Rubino et al., 2012). Therefore, the model capability to simulate abyssal dynamics 

on a rather irregular bottom topography can crucially affect the results. However, 

MedMIT12 compares well with other state-of-the-art ocean models for the 

Mediterranean Sea that contributed to the Med-CORDEX ensemble in term of heat and 

salt redistribution (Llasses et al., 2016) and a recent study demonstrates that MedMIT12 

reproduces well the main features of both EMT and BiOS phenomena (Reale et a., 2017).  
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CONCLUSIONS 

 

This thesis aimed at exploring the seasonal spatial patterns and time scales of the 

Mediterranean thermohaline variability in response to anomalous states of the dominant 

modes of large-scale atmospheric variability of Atlantic and Eurasian origin, from the sea-

surface towards the abyssal layers.  

In particular, the thesis aimed at verifying the existence of a typical seasonal thermohaline 

response to these atmospheric modes, individuating distinct propagation pathways of 

signals related to these modes toward the ocean interior; and, eventually, at identifying 

the season and region where the Mediterranean thermohaline response is more evident 

and significant than in other seasons and regions.  

To pursue these objectives, the simulation with the high-resolution ocean model 

MedMIT12 included in the framework of the Med-CORDEX initiative for Mediterranean 

climate studies was used, covering the period from 1980 till 2012. The analysis was 

performed on four seasons separately: Winter, spring, summer and autumn.  

The main results obtained from the analysis confirm that all the considered atmospheric 

modes, except SCA, can significantly and differently imprint on the thermohaline 

properties of the Mediterranean Sea depending on the seasons.  

Specifically, the obtained results show that in winter and in spring the thermohaline 

responses are clearer and more significant than in the other seasons, thus suggesting 

the dominant role of winter and spring signals for Mediterranean thermohaline variability.  

Besides, only the Levantine Sea and the Adriatic Sea present a clear downward signal 

propagation associated to sinking of positive density anomalies: In the Levantine Sea, 

the propagation stays confined in the upper layers (500 m depth) suggesting a possible 

connection between the climate modes (especially EAWR) and the LIW formation. In the 

Adriatic Sea and especially for the EA, the propagation reaches the sea bottom of the 

South Adriatic Pit (1000 m depth), suggesting a connection between the EA and the 

ADW formation.  
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Therefore, the study suggests that all the considered atmospheric modes, except SCA, 

significantly affect not only the near-surface but also the intermediate and deep 

circulation in the Mediterranean Sea, and hence, they could interfere with internal, deep 

and abyssal ocean dynamics and variability in the area.  

However, additional analyses are needed to corroborate the results obtained from this 

simulation. Firstly, other high-resolution ocean models, belonging to the Med-CORDEX 

ensemble, could be used to perform the same analyses done in this work.  

In this way, it would be possible to verify the robustness and reliability of the model used 

in this study, and to detect which model is the best to simulate the thermohaline 

responses to the atmospheric modes at the sea-surface, a prerequisite to be confident 

on the realism of its response in the abyssal layers.  

Furthermore, detailed analyses about the connections between the atmospheric modes 

and deep-water formation or EMT-like events could be performed. Specifically, these 

analyses could focus on the interactions suggested in the previous Chapter between the 

EAWR and LIW formation, and the EA and ADW formation.  

In conclusion, this thesis analysed, for the first time, Mediterranean thermohaline 

variability in response to atmospheric forcing signals associated to the large-scale modes 

of variability of both Atlantic and Eurasian origins, using an ocean simulation. The work 

done in this thesis contributes to achieve a better knowledge about the ocean interior 

functioning under different climate conditions.  

For future studies, it could be interesting to explore how the ocean internal variability 

compares to the multidecadal trends present in the whole basin. This thesis further 

benefits detection and attribution studies about the ongoing climate and oceanic 

changes in the Euro-Mediterranean region: Eventually, improved characterization of 

ocean variability and understanding of its underlying mechanisms will contribute to more 

reliable and efficient adaptation and mitigation strategies. 
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APPENDIX 1 

 

 

Fig. S1, (Fig. 19): Response of temperature (THETA) and salinity (SALT) to winter  

∆NAO, ∆EAWR, and ∆MOI in the Levantine Sea (LEV).  Analysis based on bandpass 

filtered, detrended (2nd order polynomial fit) monthly time series, lags are in months 

with respect to January of the positive and negative winters. Black (grey) dots mark 

regions where the anomalies are significant at high (low) confidence. 
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APPENDIX 2: CODE FLOW CHART 

 

1. Climate modes of variability  

➢ Read data; 

➢ Calculate seasonal mean: DJF, MAM, JJA and SON; 

➢ Detrend; 

➢ Standardize; 

➢ Find anomalous years below 25th and above 75th percentiles; 

➢ Retain anomalous years (Group1, Group2) for composite analysis.  

➢ Plot data highlighting anomalous years  

 

2. Atmospheric forcing and ocean surface climatologies 

➢ Read data; 

➢ Remove NaN if they exist; 

➢ Plot data.  

 

3. Composite analysis (atmospheric and ocean variables)  

➢ Read data; 

➢ Read anomalous positive years (Group1); 

➢ Read anomalous negative years (Group2); 

➢ For each point in data:  

Extract data for years Group1 – D1 

Extract data for years Group2 – D2 

Calculate difference between D1 and D2 - D 

End; 

➢ Test Significance:  

For N random selection of years:  

Find years corresponding to years Group1 – M1 

Find years corresponding to years Group2 – M2 

Calculate difference between M1 and M2 – M 

Retain M  

End;  

➢ Define thresholds for identifying statistically significant anomalies: M_low = 5th (10th) 

and M_high = 95th (90th) percentiles of the distribution for high (low) confidence level.  

➢ Determine where D ≥ M_high or D ≤ M_low. In these points D is significant.  


