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Abstract

:

The Mediterranean Sea, strategically situated across a dynamic frontier line that separates two regions with different climates (Europe and North Africa), has been the focus of attention of many studies dealing with its thermohaline circulation, deep water formation processes or heat and freshwater budgets. Large-scale atmospheric forcing has been found to play an important role in these topics and attention has been renewed in climatic indices that can be used as a proxy for atmospheric variability. Among them, the North Atlantic oscillation, the East Atlantic or the East Atlantic–West Russia patterns have been widely addressed but much less attention has been devoted to a Mediterranean mode, the Mediterranean oscillation. This overview summarizes the recent advances that have been achieved in the understanding of these climatic indices and their influence on the functioning of the Mediterranean from a physical point of view. The important role of the Mediterranean oscillation is emphasized and the most relevant aspects of the other indices are revisited and discussed.
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1. Introduction


The Mediterranean Sea acts as a natural laboratory since, despite its reduced dimensions, most of the processes typical of global ocean circulation, such as deep water formation or thermohaline circulation, take place in the basin. Moreover, semi-enclosed basins such as the Mediterranean are appropriate for characterizing heat and water flux since it makes possible a basin budget closure. There is a lot of research devoted to the Mediterranean heat [1,2,3,4,5,6,7,8,9] and water [1,5,6,9,10,11,12,13,14,15,16,17,18] budgets but, despite these efforts, estimation of the surface freshwater flux has been found to depend on the methodology and datasets used and, hence, is subject to significant uncertainty, particularly in its seasonal and interannual variability. For instance, estimates of the water deficit (evaporation minus precipitation) are found to range from 421 [5] to 1230 mm·y−1 [14], confirming the difficulty of obtaining a reliable estimate.



More than 60 years of climatological datasets were analyzed in recent research [9], with longer time series available. The seasonal cycle of the net heat is positive (that is, toward the ocean) between March and September, with a maximum in June, whereas negative values (that is, toward the atmosphere) are found during the rest of the year, with a minimum in December. On a yearly basis, a nearly neutral budget of 0.7 Wm−2 is reported for the whole Mediterranean but there are remarkable differences between the eastern and western sub-basins: ~12 Wm−2 (toward the ocean) is found for the western Mediterranean and around −6.4 Wm−2 (toward the atmosphere) for the eastern Mediterranean [9], mainly related to the high latent heat losses that take place in this sub-basin (up to 100 Wm−2).



For the freshwater deficit, a seasonal cycle with an amplitude of around 600 mm·y−1, with maximum in August–September and minimum in May, is described [9]. The long-term mean of the basin-averaged deficit is 680 ± 70 mm·y−1 but it is almost 70% higher in the Eastern Mediterranean due to higher evaporation and lower precipitation in this basin. A higher deficit (positive trend) of 1.6 ± 0.9 mm·y−2 is reported for the entire 60-year period in which the decrease in precipitation seems to be the dominant factor, although one study [17] also underlines the role of evaporation changes.



With respect to interannual variability, only a few of the most recent works have focused on this topic and the associated forcing mechanisms, since longer datasets are necessary. For example, in one study [9], several different periods of evaporation and precipitation anomalies are described: from the early 1950s to the late 1960s, a positive trend was reported; then, it changed to negative, until the late 1980s, when a new change was observed. This variability is also found in the net heat flux exchanged between the atmosphere and the ocean and indicates a ~40-year period multidecadal oscillation that is likely to be related to large-scale atmospheric forcing. To explore this linkage, several climatic indices representing this large-scale atmospheric forcing can be tested as a proxy to monitor the long-term variability of climatic variables that influence the Mediterranean. In this review, we revisit the relevance of the most important modes of atmospheric variability in the Mediterranean region from a physical point of view. The work is organized as follows: Section 2 describes the geographical frame; in Section 3, the most outstanding climatic indices are analyzed and the main results presented by different authors are summarized and discussed. Finally, Section 4 provides some concluding remarks and anticipates some future work.




2. Geographical Frame


The Mediterranean Sea (Figure 1a) is a semi-enclosed basin situated along the border that separates the European and North African climatic regions. It has a total surface of 2.5 million of km2, extending for 3000 km in longitude and 1500 in latitude and connecting with the Atlantic Ocean through the Strait of Gibraltar and with the Black Sea through the Dardanelles Strait. The Strait of Sicily separates the basin into two main sub-basins, the Western and Eastern Mediterranean.



The Mediterranean circulation (Figure 1b) is driven, as the leading mechanism, by atmosphere-ocean interactions. This forcing depends on the heat and freshwater exchange and, hence, on the meteorological and oceanic conditions [19]. Since the average precipitation (P) and river runoff (R) do not balance the average evaporation (E) over the basin, a net inflow of Atlantic waters (AW) through the Strait of Gibraltar is necessary to compensate for the deficit. This compensation mechanism generates thermohaline circulation constituted by several cells [20,21]. The main one transports the AW entering the basin in the surface layer eastward, across the western and eastern basins, gradually increasing its salinity and density as a consequence of the evaporative losses. This modified Atlantic water (MAW) reaches the Levantine basin, where winter cooling caused by intense dry winds forces its sinking to intermediate depths (300–500 m), producing the Levantine intermediate water (LIW) [22].



The LIW recirculates westward, crossing the Strait of Sicily and reaching Gibraltar, constituting the main core of the Mediterranean waters leaving the basin [23]. Secondary cells appear during winter in very specific areas where the combination of strong evaporative losses and the preconditioning of the surface and intermediate waters (i.e., waters with increased salinity along their paths to the formation spots) trigger deep convection. In the Eastern Mediterranean, these spots are the Adriatic and Aegean Seas, where the Eastern Mediterranean deep water (EMDW) is produced. In the Western Mediterranean, deep convection takes place in the Gulf of Lions, generating the Western Mediterranean deep water (WMDW), which is incorporated into the Mediterranean outflow through Gibraltar [23,24,25,26,27].




3. Large-Scale Atmospheric Forcing: Climatic Indices


Large-scale atmospheric patterns strongly influence the weather and climate of wide regions. Climatic indices are defined in order to quantify the variability of these general patterns and their effects on local climatic systems. They provide information on how the overall physical variability is linked to the evolution of the local climatic parameters. Hence, they can be used as a proxy to monitor the long-term variability of climatic variables that influence the Mediterranean circulation. For this reason, the improvement of our knowledge of the interrelation between the climatic indices and the Mediterranean climate and circulation is essential in order to understand their variability and evolution under climate change. The most outstanding climatic indices that influence the Mediterranean region, namely the North Atlantic oscillation (NAO), East Atlantic (EA) pattern, East Atlantic–West Russia (EA–WR) pattern and the Mediterranean oscillation (MO), will be reviewed in the following sections. The Scandinavian (SCAN) pattern produces weak variations in the sea level pressure anomaly field and plays a secondary role in the large-scale atmospheric forcing over the Mediterranean [28,29].



The spatial structure of the large-scale atmospheric patterns can be described in numerous ways and, therefore, there are several accepted definitions of the climatic indices that represent their modes of variability and temporal evolution. Two approaches have been historically followed: the combination (usually difference) between the sea level pressure (SLP) anomalies measured at different stations over the region of influence of the atmospheric patterns (e.g., see [29,30,31,32,33,34,35] for MO index; see [33,34,35,36,37] for a complete review of station-based NAO indices) or from the principal components (PC) time series of the first empirical orthogonal function (EOF) of SLP or some other climate variable (see [38,39] for MO index; see [40] for a summary of several NAO definitions).



The definition based on the PC has the advantage of representing the variability of the atmospheric patterns in its whole extension, not being affected by the noise introduced in the SLP measurements by the short-term meteorological events present in the station-based indices (see [40,41,42] or [43] for MO). A widely used analysis of the most outstanding modes of atmospheric variability is carried out at the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Centre (CPC). They identify the main modes by a rotated PC analysis [44] of the measured monthly mean 500 mb height anomaly fields in the area 20° N–90° N. Their database provides monthly index values for each mode computed by this method (see details in [45]).



3.1. The North Atlantic Oscillation (NAO)


The NAO index is a fundamental mode of the climatic variability in the northern hemisphere ([44,46,47]; see [48] for a review). It represents the dipolar pattern of the SLP characteristic of the North Atlantic-European region, with one center in the Azores high and the other in the Iceland low.



Stronger/weaker phases of the NAO are related to variations in the position and intensity of the North Atlantic jet stream (NAJS) and the storm track, along with large-scale changes in the zonal and meridional heat and moisture transport, which are reflected in changes in the temperature and precipitation patterns of wide regions, including the Mediterranean Sea. To clearly show this, we display the composites of sea level pressure anomalies (mbar) for the positive (higher quartile) and negative (lower quartile) phases of NAO (Figure 2 and the same for all indices in Figure 2, Figure 3, Figure 4 and Figure 5). Monthly mean sea level pressure at 2.5° × 2.5° for the period 1948–2009 from the National Centre for Environmental Prediction (NCEP) has been used.



Positive NAO phases (Figure 2a) are associated with an increase in the SLP over most parts of continental Europe and the Mediterranean Sea. Both poles, the Azores high and the Iceland low, are intensified, modifying the direction of the westerlies and associated storm tracks, thus leading to a decrease in the precipitation over the Mediterranean and Southern Europe (south 45° N) and an increase over Northern Europe. On the other hand, negative NAO (Figure 2b) generates negative SLP anomalies in Southern Europe and the Mediterranean basin, increasing the precipitation in these regions [16,34,35,36,47,49,50,51,52,53,54]. Although the NAO index shows high interannual and multidecadal variability, long periods of positive and negative phases are common (see Figure 6). Switches from negative to positive NAO phases are followed by noticeable changes in the average precipitation of the Mediterranean basin, such as the decrease observed between the mid-1960s and the 1990s.



Positive NAO phases favor negative evaporation anomalies that can reach −160 mm/y in the Gulf of Lions and the Levantine basin [53,54], areas of formation of the WMDW and LIW, respectively. As a consequence, the reduction of latent heat losses associated with evaporation may result in a decrease in the amount of LIW and WMDW produced (see [32,55] for a detailed discussion of convective processes). Anti-correlation is expected since, under a negative state, anomalously low pressure over the whole basin is observed (see Figure 2b) and more severe weather conditions over the Eastern and Northern Mediterranean are generated by the colder and drier air masses that flow from continental regions. Under this scenario, the enhancement of evaporative losses to the atmosphere is expected. In contrast, positive values are followed by higher than average pressure over the Mediterranean and North Africa (Figure 2a) that induce a change in the wind trajectories toward lower latitudes. Moister and warmer air masses are then advected to the Mediterranean, producing milder winters and, consequently, a decrease in the evaporative losses [34].




3.2. The East Atlantic (EA) Pattern


The EA pattern is defined as the SLP anomaly in the region between the two centers of the NAO dipole (approximately between Greenland and the British Islands–Baltic Sea area, Figure 3). When the EA is in a positive phase, this region is characterized by a negative SLP anomaly, enhancing strong cyclonic winds in the North Atlantic (Figure 3a). Conversely, a negative EA phase results in positive SLP anomalies (Figure 3b) that induce northeasterly flow of cold dry air, increasing the air–sea temperature and humidity gradients and leading to strong positive anomalies in the heat loss over the Mediterranean basin.



In a recent research [54], it is estimated that, on an annual basis, the climatological effect of the EA and NAO are of the same magnitude (~5.5 Wm−2 in 46% of the basin). One study [28] found a stronger effect of the EA pattern on winter heat losses and a minor impact of NAO. Since they analyzed a similar time period (1958–2006) of the same dataset, differences are probably attributable to the seasonal variability of the EA pattern that is reinforced in wintertime and weakens in spring and summer [44,56]. The enhanced EA high (in its negative state) and a slight drift towards the east during winter may lead to a more important influence over the whole basin in this season and a prominent role in the heat loss represented by intermediate and deep water formation processes [28,29,32].




3.3. The East Atlantic–West Russia (EA–WR) Pattern


The EA–WR pattern comprises a center of high/low SLP anomalies located in the North Sea flanked by two centers of opposite SLP anomalies (low/high) over the Western North Atlantic (between 45° and 55° N) and West Russia (Figure 4). Positive phases of EA–WR enhance northerlies over the Eastern Mediterranean and southerlies over the western basin.



The opposite effect of the EA–WR mode in the wind regime of the Eastern and Western Mediterranean generates a dipolar pattern in the net heat anomalies over the basin. A positive EA–WR mode is associated with higher latent heat losses in the Eastern Mediterranean, with positive anomalies up to 15 Wm−2 in the Levantine basin, while negative latent heat loss anomalies are simultaneously observed in the Balearic and Adriatic seas [54]. This dipolar pattern can be explained considering the sea level pressure anomaly (SLPA) associated with the positive phase of EA–WR (Figure 4a): the higher SLPA over Northern Europe forces a northerly flow of cold dry air over the eastern basin but a southerly flow of relatively warm moist air over the western basin, this producing net heat anomalies of different signs. In the negative phase, opposite conditions prevail (Figure 4b) and thus sign variations of EA–WR have the potential to induce a see-saw behavior in the heat budgets of the eastern and western sub-basins, a result also presented by other authors [28], who discussed the relevant impact of this mode on winter heat flux.




3.4. The Mediterranean Oscillation (MO)


The first definition of the Mediterranean oscillation (MO) [30] described it as a dipolar behavior of the atmosphere between the Western and Eastern Mediterranean. Since then, some authors have attributed the differences in key atmospheric and oceanographic parameters between both basins to this mode [30,57,58,59]. The index measuring the intensity of the dipole was primarily defined as the normalized 500 hPa height difference anomalies between Algiers (36.4° N, 3.1° E) and Cairo (30.1° N, 31.4° E) [30]. An alternative definition [31] estimated the MO index as the difference in the normalized SLP between the northern frontier of the Strait of Gibraltar (36.1° N, 5.3° W) and the Lod Airport in Israel (32.0° N, 34.5° E) [60]. A third definition [61] is offered for a better representation of the Central Mediterranean behavior, choosing the normalized SLP difference between Marseille and Jerusalem. Using this index, the authors found good (anti-)correlation with the precipitation and the number of wet days in Italy (around −0.4 on a yearly basis and up to −0.7 for wintertime depending on the location). More recently [29,32], the Mediterranean index has been introduced as the sea level pressure difference between South France (45° N, 5° E) and the Levantine Sea (35° N, 30° E). These two points are orientated in a NW-SE direction and are likely to reflect more accurately the realistic dipole pressure pattern. An approach based on the analysis of the EOF of the SLP anomaly fields over an extended Mediterranean region has been proposed [38]. Elsewhere [39], this paradigm is also used to analyze the influence of the MO index on the variability of the flow exchange through the Strait of Gibraltar.



More recently [43], it was analyzed in detail these different paradigms of the Mediterranean oscillation teleconnection index: station-based definitions (Algiers–Cairo, MOAC, Gibraltar–Israel, MOGI, Marseille–Jerusalem, MOMJ or France–Levantine, MOFL) and the principal component (PC) approach in which the MOPC index was obtained as the time series of the first mode of normalized SLP anomalies over the extended Mediterranean region included in the limits [30° W–40° E, 30° N–60° N], which exhibits a single center located over the Central and Western Mediterranean that remains fairly steady in all seasons. They correlated interannual to interdecadal precipitation (P), evaporation (E), E-P and net heat flux with the different MO indices to compare their relative importance in the long-term variability of heat and freshwater budgets over the Mediterranean Sea. The accuracy of the index based on the different definitions to describe the interannual and interdecadal variability of the basin freshwater and heat budget components has also been analyzed [43].



They concluded that the most effective representation of the basin large-scale atmospheric forcing is achieved by the MO index based on PC analysis since it provides optimal representation of the full spatial pattern. Station-based indices show very poor correlation with the climatic variables analyzed (P, E and E-P) and only affect a reduced region of the basin. The noise introduced by the local small-scale and transient meteorological events in the SLP measurements causes the poorer results of the station-based indices [41,42]. During winter, when the dynamic activity of the atmosphere increases and the impact of the large-scale atmospheric variability is higher, the large-scale patterns over the basin are more marked and stable, improving the capacity of the station-based indices to capture the atmospheric variability. Unfortunately, this capacity is strongly reduced for the rest of the year. On the other hand, the PC analysis captures the variability of the whole region, filtering out the small-scale events and hence providing a better representation of the climatological evolution of the atmospheric processes over the basin independent of the season. MOAC shows better correlation for most winter-averaged variables and reveals more clearly the well-known dipole response of the eastern and western basins. However, all MO indices show fairly similar results, especially at decadal timescales [43].



It is worth pointing out that, while NAO, EA and EA–WR can be considered independent modes of the same EOF analysis, this is not the case for the MO. The NAO and MO patterns have important similarities, both with positive (negative) phases characterized by higher (lower) SLP anomalies over the Mediterranean (Figure 5). The two indices are strongly influenced by the Northeast Atlantic low systems that force the Mediterranean cyclogenesis [62], and thus their annual time series are highly correlated (~0.6 [54]; see also Figure 6). The MO can be understood as an oscillation of sea level pressure anomalies in the Central and Western Mediterranean, an important source of cyclogenesis. Since the appearance of these cyclones is partially connected with the activity of North Atlantic fronts governed by NAO, a high correlation is expectable. During winter, the southern center of the NAO is placed closer to the Mediterranean and, hence, the best correlation for all variables is always achieved by the winter NAO index. However, in summer and spring, the southern center of the NAO moves westward [34] and lower correlation is observed. On the contrary, since its center remains rather stable, the influence of MO in the Mediterranean is noticeable in all seasons. The MO index is also able to capture the effects of other low-frequency atmospheric modes in the Mediterranean SLP field. In particular, the influence of the EA (annual correlation of 0.43) but also the winter EA–WR and Scandinavian (SCAN) modes [29] are noticeable. Therefore, this provides a more complete picture of the large-scale atmospheric impact over the Mediterranean, emerging as a rather accurate index to describe the basin climatological freshwater and (especially) heat budgets.



Particularly, it is important to point out some achievements of the MO index with respect to the other indices [54]: (i) the annual correlations between the MO index and the climatic variables (E, P, E-P and heat flux) are higher than for the other indices; (ii) specifically, the influence of the MO negative phase is stronger than the NAO and is linked to an increase in precipitation and, in particular, intensification of the evaporation in the Levantine basin. In both MO phases, the SLP pattern induces wind trajectories that are closely related to the evaporation and net heat flux variability (Figure 5): warmer and moister air masses are transported to the Central and Western Mediterranean in the MO positive phase, as a consequence of the positive SLP anomaly dipole structure between North Africa and Central Europe (Figure 5a), resulting in milder winters and the subsequent decrease in evaporation and heat loss. Conversely, negative MO phases are characterized by a dipole of low SLP anomalies between Turkey and Central Europe (Figure 5b), enhancing the flow of cold and dry air masses from continental regions to the Mediterranean. This results in severe winters in the Aegean and Levantine basins that increase evaporation and heat losses, favoring the convective processes that generate the LIW.





4. Concluding Remarks and Future Work


This overview has revisited the recent advances in the understanding of several prominent climatic indices that influence the functioning of the Mediterranean Sea from a physical point of view. The NAO index is widely recognized as representative of one the most important modes of atmospheric variability in the northern hemisphere and hence the Mediterranean basin. Both phases of the NAO are associated with basin-wide changes and, for instance, the observed decrease in the basin averaged precipitation from the mid-1960s to early 1990s is likely to be linked to the multidecadal oscillation of the NAO index that switched from negative to positive phase. The EA pattern plays an interesting role in heat losses since its negative phase induces northeasterly flow of cold dry air, increasing the air–sea temperature and humidity gradients, which leads to strong positive anomalies in the heat loss over the whole basin, especially in wintertime. The most interesting effect of EA–WR is that the associated sign variations produce significant differences in the basin heat loss distribution, generating opposite sign anomalies in the western and eastern basins. Finally, the MO, although not independent from the others, has turned out to be a valuable tool for measuring the atmospheric forcing over the basin since, on an annual basis, it provides the highest correlation with the main climatic variables that influence the freshwater and heat budgets in the Mediterranean Sea and, hence, its thermohaline circulation.



In relation to future work, it is obvious that such a complex system as the Mediterranean Sea cannot be characterized only by experimental observations. With advanced computational power, numerical models will become an extremely useful tool since they are able to provide information about the entire system and all the processes involved. The ability of climatic indices to capture a lot of atmospheric information in a single parameter makes them very valuable for computing purposes, and the development of models that may use them as inputs for their calculations is a promising challenge.
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List of Acronyms




	AW
	Atlantic waters



	CPC
	Climate Prediction Centre



	E
	Evaporation



	EA
	East Atlantic



	EA–WR
	East Atlantic–West Russia



	EMDW
	Eastern Mediterranean deep water



	EOF
	Empirical orthogonal function



	E-P
	Evaporation minus precipitation (freshwater deficit)



	LIW
	Levantine intermediate water



	MAW
	Modified Atlantic water



	MO
	Mediterranean oscillation



	MOAC
	Mediterranean oscillation (Algiers–Cairo)



	MOFL
	Mediterranean oscillation (France–Levantine)



	MOGI
	Mediterranean oscillation (Gibraltar–Israel)



	MOMJ
	Mediterranean oscillation (Marseille–Jerusalem)



	NAJS
	North Atlantic jet stream



	NAO
	North Atlantic oscillation



	NCEP
	National Centre for Environmental Prediction



	NOAA
	National Oceanic and Atmospheric Administration



	P
	Precipitation



	PC
	Principal components



	R
	River runoff



	SCAN
	Scandinavian



	SLP
	Sea level pressure



	SLPA
	Sea level pressure anomalies



	WMDW
	Western Mediterranean deep water
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Figure 1. (a) Map of the Mediterranean Sea with the main basins and sub-basins. Symbols indicate the locations selected for measuring pressure differences in the station-based Mediterranean Oscillation (MO) indices (a triangle for Algiers–Cairo, a square for Gibraltar–Israel, a circle for France–Levantine and a diamond for Marseille–Jerusalem); (b) Sketch of the Mediterranean thermohaline circulation. 
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Figure 2. Composites of sea level pressure anomalies (mbar) in the period 1948–2008. Panel (a) reflects the positive phase (higher quartile) and panel (b) the negative phase (lower quartile) of the NAO. 
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Figure 3. Composites of sea level pressure anomalies (mbar) in the period 1948–2008. Panel (a) reflects the positive phase (higher quartile) and panel (b) the negative phase (lower quartile) of the EA. 
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Figure 4. Composites of sea level pressure anomalies (mbar) in the period 1948–2008. Panel (a) reflects the positive phase (higher quartile) and panel (b) the negative phase (lower quartile) of the EA–WR. 
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Figure 5. Composites of sea level pressure anomalies (mbar) in the period 1948–2008. Panel (a) reflects the positive phase (higher quartile) and panel (b) the negative phase (lower quartile) of the MO. 
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Figure 6. Time series of the yearly (dashed lines) and decadal (5-year running means, solid lines) variability of the main climatic indices over the Mediterranean region. Notice that the interannual variability is of more interest than the value itself. 
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