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Correspondence to:T. Tanhua (ttanhua@geomar.de)

Received: 11 March 2013 – Published in Ocean Sci. Discuss.: 21 March 2013
Revised: 8 June 2013 – Accepted: 3 August 2013 – Published: 6 September 2013

Abstract. The Mediterranean Sea is a semi-enclosed sea
characterized by high salinities, temperatures and densities.
The net evaporation exceeds the precipitation, driving an
anti-estuarine circulation through the Strait of Gibraltar, con-
tributing to very low nutrient concentrations. The Mediter-
ranean Sea has an active overturning circulation, one shal-
low cell that communicates directly with the Atlantic Ocean,
and two deep overturning cells, one in each of the two main
basins. It is surrounded by populated areas and is thus sen-
sitive to anthropogenic forcing. Several dramatic changes
in the oceanographic and biogeochemical conditions have
been observed during the past several decades, emphasiz-
ing the need to better monitor and understand the chang-
ing conditions and their drivers. During 2011 three oceano-
graphic cruises were conducted in a coordinated fashion in
order to produce baseline data of important physical and
biogeochemical parameters that can be compared to historic
data and be used as reference for future observational cam-
paigns. In this article we provide information on the Mediter-
ranean Sea oceanographic situation, and present a short re-
view that will serve as background information for the spe-
cial issue in Ocean Science on “Physical, chemical and bio-
logical oceanography of the Mediterranean Sea”. An impor-
tant contribution of this article is the set of figures showing
the large-scale distributions of physical and chemical prop-
erties along the full length of the Mediterranean Sea.

1 Introduction

The Mediterranean Sea is a landlocked sea with limited
exchange with the world ocean, an active deep overturn-
ing circulation, a shallow circulation cell and a complex
upper layer circulation with several permanent and quasi-
permanent eddies.The Mediterranean Sea exports intermedi-
ate depth water to the Atlantic Ocean and thereby directly,
and significantly, influences the oceanographic conditions
there. Also, due to the limited exchange of properties with
the world ocean and the internal transformation processes,
it has been suggested that it can be considered a “labora-
tory” of a “mini-ocean”, representing processes that take
place at a larger scale in the world ocean (e.g. Robinson
and Golnaraghi, 1994; Bergamasco and Malanotte-Rizzoli,
2010) . The Mediterranean Sea is not in steady state with spo-
radic deep water formation events and is potentially sensitive
to climatic changes. Much remains to be known with regard
to the biogeochemistry, the dynamics of the circulation and
ventilation of the Mediterranean system, the connection be-
tween circulation, biogeochemistry and biological activity,
and the possible implications for climate relevant feedback
mechanisms. Monitoring and modeling the evolution of the
dynamics of the Mediterranean Sea and the impact on bio-
geochemistry is an essential part of its observational system.
This seems particularly relevant in light of the significant
changes that have been observed during recent decades (e.g.
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Roether et al., 1996; Tsimplis et al., 2006; Schroeder et al.,
2012.)

This article provides a brief review of the physical and
chemical oceanography in the Mediterranean Sea as back-
ground information and introduction to the special issue
in Ocean Science on “Physical, Chemical and Biological
Oceanography of the Mediterranean Sea”. We start by intro-
ducing three almost synoptic cruises conducted during 2011
that covered all major basins of the Mediterranean Sea, from
its eastern extreme through the Strait of Gibraltar. The large-
scale data collected during these three cruises will be pre-
sented in the form of sections, so that the properties and
the biogeochemistry of the Mediterranean system can be
discussed in this context. Since theMeteor cruise M84/3
crossed the length of the Mediterranean Sea from off the
coast of Lebanon to the Strait of Gibraltar, it is possible to
draw a quasi-zonal section. However, there is a data gap in
the Sicily Channel since we were not able to survey that area
due to political instability. Additionally, we present a short
meridional section from the Adriatic Sea through the Strait
of Otranto to the Ionian Sea. All panels are split into a shal-
low and a deep part in order to enhance the upper water col-
umn where larger gradients are encountered. The objective of
presenting these sections is to describe the large-scale distri-
bution of properties in the Mediterranean Sea, which will be
discussed in more detail in several other papers of the special
issue.

The special issue contains contributions on various as-
pects of chemical, physical and biological oceanography of
the Mediterranean Sea. The idea of a special issue was born
among the authors of this article after three cruises were exe-
cuted in 2011; these were performed in a coordinated fashion
with the aim of acquiring data for a (nearly) synoptic picture
of distribution of chemical, physical and biological proper-
ties across the major parts of the Mediterranean Sea, includ-
ing all major sub-basins. We further intended to use these
physical and chemical data to determine changes in circula-
tion and ventilation and to quantify changes in inventory and
distribution of properties.

Particularly large gaps in our understanding of the
Mediterranean Sea exist with regard to the carbonate system
and the uptake of anthropogenic carbon; this is addressed
in an article byÁlvarez et al. (2013) using data from two
synoptic cruises in 2011. Another important theme in the
Mediterranean is the strength of the deep water formation,
and the temporal and spatial variability. Since a suite of sev-
eral, independent, transient tracers were measured during
2011 the ventilation of the Mediterranean Sea can be con-
strained. The Mediterranean ventilation is addressed in three
articles in this special issue; Roether et al. (2013a) discuss
the distribution of tritium and the decay product3He from
the M84/3 cruise as well as historic measurements. Simi-
larly, Schneider et al. (2013) discuss temporary variations in
Mediterranean ventilation based on M84/3 data and the his-
toric archive of transient tracers. Stöven and Tanhua’s (forth-

coming) “Ventilation of the Mediterranean Sea constrained
by multiple transient tracer measurements, manuscript in
preparation” constrains the contemporary ventilation based
on the transient tracer data from the M84/3 cruise, using the
transit time distribution framework. With regard to the bio-
logical oceanography of the Mediterranean Sea, Mapelli et
al. (2013a, b); Mapelli et al. (2013b) reports on results from
an innovative molecular microbiological investigation across
horizontal and vertical gradients in the Mediterranean. Also,
results from nitrogen fixation incubations performed during
M84/3 are reported by Rahav et al. (2013) that find higher
rates of N2 fixation close to the Strait of Gibraltar, and lower
rates in the eastern Mediterranean. Aspects of the Mediter-
ranean physical oceanography are also discussed in the spe-
cial issue; for instance, Gačić et al. (2013) correlate decadal
salinity variability in the Levantine Basin and in the Levan-
tine Intermediate Water in the Strait of Sicily using historic
data. In another article, Kassis et al. (2013) present data from
the POSEIDON-Pylos observatory, a multi-platform in the
southeastern Ionian Sea, and discussed the dynamics of the
Ionian Sea thermocline and variability of the deeper layers.

2 Observations during 2011

During spring and early summer of 2011, three cruises in
the Mediterranean Sea were conducted in a coordinated way:
The German R/VMeteor(cruise M84/3, Istanbul to Vigo, 5–
28 April 2011), the German R/VPoseidon(cruise POS414,
Genoa to Messina, 31 May to 13 June 2011) and the Ital-
ian R/V Urania (cruise EF11, Bari to La Spezia, 22 April to
8 May 2011). The CTD-station network for the three cruises
is shown in Fig. 1. Even though the goals of the three cam-
paigns had slightly different focus and scopes, it allowed for
a synoptic view of property and parameter distribution across
large parts of the Mediterranean Sea, including all major sub-
basins. Thus, the combined data set can be used to estimate
changes in circulation and ventilation, and, in addition, tem-
poral and spatial change as well as variations in the distri-
bution and inventory of properties (such as inorganic car-
bon, i.e. uptake of anthropogenic carbon) can be quantified.
A short description of each cruise will be given below. The
three cruises had a few overlapping stations (see Fig. 1) that
were useful for internal consistency checks and calibration
of measured properties between the campaigns. Due to po-
litical unrest, none of the three cruises were able to conduct
any sampling in the Sicily Channel; there is thus a gap in the
2011 data coverage for this area that connects the eastern and
western basins.

The Meteor cruise M84/3 was set up to follow the de-
mands and requirements of repeat hydrography cruises as
specified by the GO-SHIP group (http://www.go-ship.org/),
i.e. with a comprehensive set of physical and chemical pa-
rameters measured to the highest standards. These ideas
are also echoed in a recent initiative to design a repeat
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Fig. 1.Map of the Mediterranean Sea with the positions of the three quasi-synoptic cruises marked, see text. The 500 m isobaths are marked
with a thin gray line.

hydrography program for the Mediterranean Sea (CIESM,
2012). The goal of the M84/3 cruise was to follow the track
of previous cruises through the eastern and western Mediter-
ranean, some of which with extensive chemistry and tracer
observational components. The principal scientific objectives
for M84/3 had two closely linked components: (1) under-
standing and documenting the large-scale water property dis-
tributions, their changes and the drivers of those changes,
and (2) addressing questions for a future Mediterranean Sea
higher in dissolved inorganic carbon, more stratified, which
has experienced changes in circulation and ventilation related
to climate change. A close related goal was to fill in gaps in
the knowledge of the carbonate system of the Mediterranean
Sea, including its sub-basins, e.g. to improve estimates of the
anthropogenic carbon content and to document the temporal
trend in dissolved inorganic carbon. More details about the
cruise can be found in Tanhua et al. (2013).

The primarily goal of the cruise on the R/VPoseidon
(POS414) was to identify and quantify the routes and en-
trainment rates of the Adriatic Deep Water into the Ionian
Sea and to investigate the spatial and temporal variability of
the spreading and mixing of the Eastern Mediterranean Deep
Water. The cruise was a continuation of the work carried out
during previous cruises in the area aimed at investigating the
processes of deep water formation, the origin of the deep
water in the eastern Mediterranean and possible switches of
those sources. During the cruise 33 full-depth CTD stations
were carried out and at all stations samples for nutrients and
oxygen were taken at 12 depth levels, and samples for oxy-
gen isotopes were taken at 6 depth levels. Continuous mea-
surements were made with the vessel-mounted ADCP and
thermosalinograph; see Hainbucher (2012) for more infor-
mation.

The general objective of the cruise on the R/VURANIA
(EF11) was the development of a dynamic calibration pro-

cedure for oceanographic sensors, the continuation of the
long-term monitoring of straits, and the investigation of the
oceanographic conditions in areas important for inter-basin
exchanges and deep water dynamics, such as the Corsica and
Sicily Channels and the Tyrrhenian Sea. The EF11 survey
was planned to cover the Sicily Channel in greater detail, but
unfortunately the geopolitical situation in 2011 in this region
prevented us from completing the planned ship track; also
rough weather conditions impacted the cruise-track. Never-
theless, two inter-calibration stations were maintained in or-
der to compare the physical and chemical data at the same
stations with those collected by the other two ships. Along
with the classical physical measurements (CTD, LADCP,
ADCP), samples for dissolved inorganic nutrients, pH, total
alkalinity, total organic carbon and dissolved inorganic car-
bon were collected.

3 Hydrography of the Mediterranean Sea

A comprehensive review of the Mediterranean oceanography
is provided by Nielsen (1912) in a classic work that sums
up the knowledge at the beginning of the 20th century. Al-
most 50 yr later Ẅust (1961) presents property distributions
(salinity, temperature and oxygen) of the Mediterranean Sea
system, and discusses the vertical circulation for both the
shallow overturning cell involving the Levantine Intermedi-
ate Water (LIW) and the deep water formation in both basins.
Several more recent works are reviewing water mass forma-
tion, circulation and mixing within the Mediterranean Sys-
tem (e.g. Robinson et al., 2001; Millot and Taupier-Letage,
2005; Bergamasco and Malanotte-Rizzoli, 2010; Schroeder
et al., 2012). Additionally, Tsimplis et al. (2006) reviews re-
cent changes in the oceanography attributed to climate vari-
ability. The Mediterranean Sea is clearly a dynamic system
with significant temporal and spatial variability and where
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Fig. 2.Absolute Dynamic Topography (ADT) map of the Mediterranean averaged over the second half of April 2011.

several permanent structures interact with gyres and eddies
(both permanent and intermittent). This can be exemplified
with a map of the absolute dynamic topography (ADT) of
the Mediterranean Sea averaged over the second half of
April 2011, i.e. about the time period of the M84/3 and EF11
cruises (Fig. 2). This map shows some features that are of
interest for the interpretation of the data from these cruises.
For instance the low ADT in the Ionian Sea that suggests a
cyclonic circulation regime, which can be correlated to salin-
ity and nutrient concentrations in the Adriatic Sea (e.g. Civ-
itarese et al., 2010).

3.1 Hydrology of the Mediterranean Sea

The Mediterranean Sea is an evaporation basin, i.e. the mean
evaporation exceeds precipitation, which has important im-
plications for the circulation and the biogeochemistry of
the sea. The dominating term in the water balance of the
Mediterranean Sea is the exchange with the North Atlantic
Ocean through the Strait of Gibraltar. The inflow of At-
lantic Water (AW) has been estimated to be 0.72–0.92 Sv
(Sverdrup, 106 m3 s−1) and the outflow of Mediterranean
Overflow Water (MOW) to be 0.68–0.88 Sv using combi-
nations of observations (primarily of the MOW), models,
and evaporation/precipitation data to balance the hydrolog-
ical budget with the inflowing Atlantic Water (e.g. Bryden
and Kinder, 1991; Bryden et al., 1994; Tsimplis and Bryden,
2000; Baschek et al., 2001; Garcı́a-Lafuente et al., 2011).
The Mediterranean Sea also exchanges water with the Black
Sea through the Turkish Strait System, i.e. the Dardanelles,
the Marmara Sea and the Bosphorus Strait. This flow shows
large temporal variability partly associated with variability
in the river runoff to the Black Sea, and is also influenced on

shorter timescales by atmospheric variability. In a review by
Ünlüata et al. (1990), the upper layer flow from the Black Sea
to the Mediterranean Sea is estimated to be 0.039 Sv whereas
the lower layer flow towards the Black Sea is 0.030 Sv. This
is very close to the annual averages that are presented by Ka-
narska and Maderich (2008) based on model calculations.
The flows, in both directions, at the Bosphorus exit to the
Black Sea are significantly lower, a result of significant re-
circulation and vertical mixing in the strait system. Although
the inflow from the Black Sea to the Mediterranean Sea is
small in comparison to the inflow of the AW through the
Strait of Gibraltar, it is still significant, in particular due to
the low salinity of the Black Sea inflow water.

The Mediterranean Sea also receives significant amounts
of freshwater from river discharge. Although various esti-
mates of the river input is found in the literature, a study
by Struglia et al. (2004) found the total mean river dis-
charge to the Mediterranean to be approximately 0.010 Sv by
compiling monthly discharge time series from a large num-
ber of rivers. Significant temporal changes in the river dis-
charge to the Mediterranean is evident; the most significant
is the reduced flow from the river Nile due to damming, but
also other parts of the Mediterranean are, and have been,
experiencing temporal variations. In addition to the river-
ine discharge to the Mediterranean Sea, an often overlooked
source of freshwater is provided by submarine groundwa-
ter discharge (SGD). Although the importance of SGD to
the Mediterranean Sea is currently poorly constrained, its
magnitude is likely similar to the river discharge. SGD is
likely an important source of freshwater, nutrients, trace
metals, alkalinity etc. to the Mediterranean System (e.g.
Moore, 2006a, b), particularly since the Mediterranean Sea

Ocean Sci., 9, 789–803, 2013 www.ocean-sci.net/9/789/2013/
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Fig. 3. Sections of salinity in the Mediterranean Sea from the Meteor cruise M84/3 in April of 2011. The top-right panel is a meridional
section from the Adriatic Sea to the Ionian Sea (light gray line on the map) and the lower panel is the zonal section from the coast of Lebanon
in the eastern Mediterranean Sea to through the Strait of Gibraltar (dark gray line on the map). The depth scale and the color scale are
identical for all panels. The top 500 m in each section are slightly expanded. No stations are shown in the Atlantic due to the very different
salinities encountered there as compared to the Mediterranean Sea.

is landlocked. Mariotti et al. (2002) summarizes the hydro-
logical cycle of the Mediterranean Sea and reports on net
evaporation and precipitation in the conventional units of
mm yr−1. In order to compare these estimates with other
fluxes to the Mediterranean Sea we convert this to units
of Sverdrups (106 m3 s−1), using the area of 2.5× 1012 m2

for the Mediterranean Sea. The annual mean precipitation
is reported to be 0.026–0.037 Sv, whereas the evaporation
is 0.074–0.093 Sv, so that the net E-P difference is approx-
imately 0.039–0.055 Sv (Mariotti et al., 2002).

The flow through the Strait of Gibraltar is thus by far the
dominant water exchange across the Mediterranean limits.
However in terms of freshwater content, precipitation is the
dominating source, followed by river and SGD input. The
evaporation is the second largest term in the hydrological
budget; its effect can be seen in a section of the salinity
through the Mediterranean Sea (Fig. 3).

3.2 The shallow overturning of the Mediterranean Sea

The surface of the eastern Mediterranean Sea is characterized
by high salinity, whereas the relatively low salinity inflow
of AW through the Strait of Gibraltar dominates the western
Mediterranean Sea. The AW mainly follows a cyclonic circu-
lation of the western Mediterranean (e.g. Millot, 1999; Tsim-
plis et al., 2006), starting along the North African coast east-
wards as the Algerian current. This current generates several
short-lived mesoscale and larger open sea eddies that are im-
portant for transporting AW to the interior basin (e.g. Fig. 2).

The main part of the AW flows through the Sardinia Channel
into the Tyrrhenian Sea, and a smaller portion flows into the
eastern Mediterranean Sea through the Sicily Channel. In the
Tyrrhenian Sea the AW follows a general cyclonic circulation
with several eddies and meanders (e.g. Vetrano et al., 2010).
In the northern Tyrrhenian Sea one branch of the AW flows
through the Corsica Channel and forms the northern current
along the northwestern border, completing the cyclonic cir-
culation in the western basin.

The AW that flows through the Sicily Channel enters the
Ionian Sea and the eastern Mediterranean. The principal flow
is in a cyclonic circulation, with the Libyo–Egyptian current
along the north coast of Africa and several mesoscale anti-
cyclonic eddies forming to the north of the coastal current,
some of which are quasi-permanent (e.g. Millot and Gerin,
2010; Gǎcić et al., 2011), as seen in Fig. 2. However, recently
it has been observed that the dominating upper water circu-
lation in the northern Ionian Sea, i.e. the North Ionian Gyre
(NIG), shifts between cyclonic and anti-cyclonic on roughly
decadal timescales (e.g. Borzelli et al., 2009; Gačić et al.,
2011). The main effect of this is that the relatively low salin-
ity water of the AW is either preferable flowing northward
around the Ionian Sea or on a more direct route towards the
Cretan Passage and the Levantine Basin, see discussion be-
low.

A tongue of high salinity water that stretches westward
from the Levantine Basin can clearly be seen in Fig. 3;
this is the telltale of the LIW. AW and LIW are the two
main components of the shallow circulation cell of the

www.ocean-sci.net/9/789/2013/ Ocean Sci., 9, 789–803, 2013
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Fig. 4.Similar to Fig. 3, but for potential temperature.

Mediterranean that transforms inflowing AW to LIW in
the Eastern Mediterranean Sea (Levantine Sea). The LIW
is characterized by a salinity maximum layer at approxi-
mately 200–500 m depth and potential densities of 29.0–
29.1 kg m3 (e.g. Wüst, 1961; Malanotte-Rizzoli and Hecht,
1988; Roether et al., 1998). The formation area of LIW is
in the area east of Rhodes and possibly in the Cretan Sea
(Roether et al., 1998), from where it spreads both to the east,
to the Levantine basin, and west, to the Ionian Sea, with a
significant flow north towards the Adriatic, where the LIW is
an important component in the formation of deep water (e.g.
Roether et al., 1998). Transport times of LIW from the for-
mation area to the Sicily Channel have been determined to
be 8 yr based on transient tracer data (Roether et al., 1998)
or 10–13 yr based on salinity anomalies (Gačić et al., 2013).
The transport of LIW through the eastern Mediterranean is
also affected by the circulation in the northern Ionian Sea,
influencing for instance the conditions in the Adriatic Sea
as well. As the LIW passes the Sicily Channel, most of it
makes a cyclonic tour around the Tyrrhenian Sea and enters
the western Mediterranean Sea through the Sardinia Chan-
nel boarding the western coast of Sardinia (Millot, 1999;
Vetrano et al., 2010). Due to the high density of the LIW,
significant downward mixing is evident within the Tyrrhe-
nian Sea down to about 1800 m depth (Millot, 1999; Roether
and Lupton, 2011). A fraction of the LIW flows out of the
Tyrrhenian northwards and enters the Ligurian Sea and the
Provençal Basin, becoming the preconditioning agent in the
dense water formation in the Gulf of Lions. Most of the
LIW finally exits the Mediterranean Sea as MOW through
the Strait of Gibraltar as the principal water mass that is ex-
ported to the Atlantic Ocean from the Mediterranean Sea.

The MOW exits the Mediterranean Sea below the inflowing
AW, i.e. this is a typical anti-estuarine circulation. The out-
flow of Mediterranean waters into the Atlantic Ocean sup-
ports a water layer or high salinity and temperature present
over much of the North Atlantic at intermediate depth. The
characteristics of the MOW have direct implications for the
stability of the North Atlantic Meridional Overturning Cir-
culation, and raises the possibility of feedback mechanisms
that, on different timescales, may have direct climatic impli-
cations for the region and, potentially, over larger areas (e.g.
Ulbrich et al., 2006).

3.3 The deep overturning of the Mediterranean Sea

The deep water of the eastern basin is significantly more
saline and warmer than the deep water of the western basin
(Figs. 3 and 4), and consequently the potential density refer-
enced to surface pressure (σθ ) is higher in the eastern basin
(Fig. 5). These differences are reflections of the different
deep water formation regions and the differences in hydro-
graphic pre-conditioning of the water prior to deep water for-
mation.

3.3.1 Eastern Mediterranean Sea

The sections in Figs. 3 and 4 clearly demonstrate large dif-
ferences in salinity and temperature in the deep and inter-
mediate waters between the eastern and western basin. This
is related to the separate deep water formation processes
taking place in each basin (i.e. in the western and east-
ern Mediterranean Sea) that transport water from the upper
water column to the deep interior. The Adriatic Sea is the
principal deep water formation area in the eastern Mediter-
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Fig. 5. Similar to Fig. 3, but for potential density (σθ ). No stations are shown in the Atlantic due to the very different densities encountered
there as compared to the Mediterranean Sea.

ranean Sea. Adriatic Deep Water (AdDW) is formed in the
Southern Adriatic Pit (SAP) by means of open ocean con-
vection and over the north and central Adriatic Sea conti-
nental shelves (e.g. Ovchinnikov et al., 1985; Bignami et al.,
1990; Lascaratos et al., 1999). Water from the two forma-
tion regions within the Adriatic are transported southward
and mixes along the Italian slope before exiting through the
Otranto Strait (e.g. Cardin et al., 2011; Bensi et al., 2013).
The newly formed deep water sinks to depth in the Ionian Sea
forming the Eastern Mediterranean Deep Water (EMDW)
(e.g. Hainbucher et al., 2006; Bensi et al., 2013). The wa-
ter volume formed is highly variable depending on atmo-
spheric and thermohaline conditions (Cardin et al., 2011).
However, in the early 1990s the Aegean Sea became the main
deep water formation area, generating an event known as
the Eastern Mediterranean Transient (EMT). This event was
first observed during the POEM-BC (Physical Oceanogra-
phy of the eastern Mediterranean – Biology and Chemistry)
program in the early 1990s (e.g. Robinson and Golnaraghi,
1994; Malanotte-Rizzoli et al., 1997, 1999), also reported on
in a special issue of Deep-Sea Research II (Vol. 40, 1993).
The EMT and its implications for the water mass proper-
ties and circulation have been described extensively in the
literature (e.g. Roether et al., 1996, 2007; Klein et al., 1999,
2003; Lascaratos et al., 1999). The new deep water of Aegean
origin (Cretan Deep Water – CDW) started to dominate the
waters below 1200 m depth; it was characterized by higher
temperature and salinity than previously when the deep wa-
ter was dominated by water of Adriatic origin. Furthermore,
the Eastern Mediterranean Deep Water of Aegean origin
(EMDWaegean) production rate during the years of stronger
formation (1992 to the end of 1994) was distinctly higher

(2.8 Sv on average) (Roether et al., 2007) than the rate of
that of Adriatic origin (0.3 Sv) (Roether and Schlitzer, 1991;
Gǎcić et al., 1996; Astraldi et al., 1999). It is now suggested
that the EMT was caused by the fact that very strong win-
ters converged with the intrusion of high-salinity waters into
the Aegean Sea (Josey, 2003; Gačić et al., 2013). The impact
of the EMT on the climatology of the whole Mediterranean
Sea was a matter of active research (e.g. Rohling and Bry-
den, 1992; Theocharis et al., 1999; Wu et al., 2000). More
recently, the Adriatic has returned to be the principal East-
ern Mediterranean Deep Water (EMDWadriatic) source (Klein
et al., 2000), although its salinity and temperature are now
higher than the “classical” EMDWadriatic, and more similar
to the deep water formed during the EMT (Rubino and Hain-
bucher, 2007; Cardin et al., 2011).

One potentially significant process for the preconditioning
of the surface water prior to deep water formation in the east-
ern Mediterranean is the so-called Adriatic–Ionian Bimodal
Oscillation System (BiOS) (Borzelli et al., 2009; Gačić et al.,
2010) that can be described as follows: the alternating circu-
lation regime of the NIG determines two different AW path-
ways in the Ionian, and consequently two opposite effects
in the Ionian and in the Levantine basin. When the NIG is
anti-cyclonic, the fresher AW flowing from the Sicily Chan-
nel meanders into the Northern Ionian, prolonging its path-
way and consequently weakening its dilution effect when it
mixes into the Levantine Basin. On the other hand, when
the NIG is cyclonic, the main AW route is directly toward
the Levantine Basin, exerting the maximum dilution effect
in the Levantine Basin. Therefore, the salinity of the LIW
formed in the Levantine Basin is higher when the NIG is
anti-cyclonic and lower when the NIG is cyclonic (Gačić
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et al., 2013). This mechanism shows a decadal variability
in the thermohaline characteristics of the LIW, and can ex-
plain the switches between Adriatic and Aegean as source
regions for the EMDW. It has also been shown that nutri-
ents’ concentration in the northern Ionian and southern Adri-
atic are anti-correlated with salinity, and that the abundance
of non-indigenous species of Atlantic origin increases dur-
ing the anti-cyclonic phase of the NIG, whilst in the cyclonic
phase, the occurrence of Levantine and Lessepsian species
have been reported (Civitarese et al., 2010). It has been sug-
gested that the BiOS mechanism could precondition the wa-
ters in the eastern Mediterranean so that events similar to the
EMT could happen at regular intervals (Gačić et al., 2011,
2013), if the winter meteorological conditions in the Aegean
Sea were severe enough to promote the massive dense water
formation. However, the∼ 100 yr instrumental record does
not show the occurrence of EMT-like events prior the 1980s
(Roether et al., 2013b).

The renewal time of the deep water in the eastern Mediter-
ranean is significantly longer then the corresponding ages
in the western Mediterranean; about 100 and 20–40 yr, re-
spectively (e.g. Roether et al., 1996; Stratford and Williams,
1997; Stratford et al., 1998). However, Stöven and Tanhua
(forthcoming) finds higher mean-ages in the western as com-
pared to the eastern Mediterranean Sea based on analysis of
multiple tracer data. Transient tracer measurements suggest
that the mean (or ideal) age of the deep eastern Mediter-
ranean is 30–40 yr in the deep Ionian Sea and about 80 yr
in the intermediate layer, for conditions prior to the EMT
(Steinfeldt, 2004). However, Steinfeldt (2004) points out that
these values are lower bounds, due to the limited integration
time of the tracers used in the study. Based on CFC data col-
lected in 2001, i.e. well after the EMT, Schneider et al. (2010)
calculated mean ages of less than 60 yr in the deep water, and
∼ 130 yr in the intermediate “tracer minimum layer”. Based
on the knowledge of drastic changes both in the deep water
formation rate and in the formation areas, temporal differ-
ences in ventilation of the deep eastern Mediterranean can
be expected. Ventilation rates of the Mediterranean as found
during 2011 is discussed by Stöven (2011) using multiple
transient tracers.

3.3.2 Western Mediterranean Sea

In the western Mediterranean Basin, deep-water formation
primarily takes place in the Gulf of Lions (e.g. Gascard,
1978; Killworth, 1983; Schott et al., 1993; Rhein, 1995;
Tsimplis et al., 2006). During winter, dry and cold air mixes
the AW and the Winter Intermediate Water (WIW) with the
underlying, warmer and saltier LIW. Further heat loss leads
to formation of Western Mediterranean Deep Water. The up-
per part of the deep water can pass the sill in the Sardinia
Strait (∼ 1900 m) and enter the Tyrrhenian Sea. Here mix-
ing with downwelling water from the eastern Mediterranean
Sea seems to be an important mechanism in mixing the deep

waters upward in the water column (Millot, 1999; Rhein et
al., 1999; Vetrano et al., 2010). The Tyrrhenian Sea exports
Tyrrhenian Deep Water to the western basin, a water mass
that is characterized by relatively low transient tracer concen-
trations and is found between the WMDW and LIW (Rhein et
al., 1999). Several studies have shown that the deep waters of
the western Mediterranean have warmed and gained salinity
during a large fraction of the instrumental record, i.e. at least
since the mid-20th century (B́ethoux et al., 1990; Rohling
and Bryden, 1992; Krahmann and Schott, 1998). A study by
Vargas-Ýañez et al. (2010) also suggests that the intermedi-
ate and surface waters of the western Mediterranean Sea is
warming. The deep water formation is a transient event with
time periods of more or less convective activity in the west-
ern Mediterranean Sea. An intense deep water renewal took
place in the mid-2000s in the western Mediterranean, with
a dramatic increase ofS andT of the deep water, and the
entire basin having been filled with new deep water within
two years (e.g. Schroeder et al., 2008, 2010b).This event
is known as the Western Mediterranean Transition (WMT).
Gǎcić et al. (2013) has shown that about 60 % of the salinity
increase in the WMDW during the WMT can be explained
by the decadal variability of salinity in the eastern Mediter-
ranean in the context of the BiOS. This will likely have sig-
nificant effects on biogeochemical properties in the western
Mediterranean (e.g. Schroeder et al., 2008). In addition to
deep waters, intermediate waters are formed during winter
at the shelf/slope system in the northern part of the western
Mediterranean Basin (Tsimplis et al., 2006) during years of
less intense deep convection. The WIW follows the general
circulation of the western basin underneath the AW.

3.4 Oxygen in the Mediterranean Sea

The oxygen distribution in the Mediterranean Sea is de-
picted in Fig. 6. The Mediterranean Sea is well oxygenated,
and even the oxygen minimum layer (OML) at interme-
diate depths has oxygen concentrations in the order of
180 µmol kg−1 (the apparent oxygen utilization rate, AOU is
70–80 µmol kg−1). This is primarily related to the active and
fast ventilation of the Mediterranean Sea (e.g. Roether and
Schlitzer, 1991; Schneider et al., 2010; Stöven, 2011). Due to
the low production in the oligotrophic Mediterranean waters,
one would also expect low oxygen utilization rates (OUR),
favoring high oxygen concentrations. However Roether and
Well (2001) found OUR values similar to other ocean ar-
eas in the upper water column (calculated as a function of
depth), and significantly higher OUR values in the deep lay-
ers (0.53± 0.19 µmol kg−1 a−1), and speculate that the high
temperatures in the deep water could contribute to the high
rates. Klein et al. (2003) found that the recently formed
deep waters during the EMT contained labile dissolved or-
ganic carbon, brought from the surface layer to depth by
convection, which enhanced the oxygen consumption rate
to be 1.3 µmol kg−1 a−1 and higher, i.e. more than twice
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Fig. 6.Similar to Fig. 3, but for oxygen as determined from Winkler titration.

the values reported by Roether and Well (2001) for the
conditions prior to the EMT. During a survey in the west-
ern Mediterranean Sea in the spring of 2005, oxygen lev-
els above 210 µmol kg−1 were found in the deep waters and
attributed to recently formed deep waters (Schroeder et al.,
2006), which are higher than conditions before the WMT.
Such high oxygen concentrations were not found during the
2011 Meteor survey, perhaps in analogy to the rapidly de-
creasing oxygen concentrations found in the deep water of
the eastern Mediterranean Sea after an initial increase of oxy-
gen due to invasion of recently ventilated surface waters to
the deep waters (Klein et al., 2003).

The two sub-basins show significant differences in the dis-
tribution of dissolved oxygen. Although both sub-basins ex-
hibit an OML, its vertical positions are different. In the east-
ern basin, the OML core lies in the depth range of 500–
700 m, well below the layer of maximumS occupied by the
LIW, whilst in the western basin the OML coincides with the
LIW, with the core in the range of 300–400 m depth. Also
the oxygen concentrations in the OML are different, and are
lower in the western basin than in the eastern basin (also the
AOU is higher in the western basin, not shown). This differ-
ence is mirrored by the nutrient maximum layer (NML) for
the two basins. The OML is the result of two contrasting pro-
cesses in the water column: the oxygen consumption due to
the mineralization of the organic matter produced at surface,
and the supply of oxygen by vertical and lateral diffusion
and advection processes. In the case of the Mediterranean
Sea there is a significant additional contribution of upward
motion due to deep water formation processes (e.g. Klein et
al., 2003). The balance of these processes sets the position
and the oxygen concentration of the OML. It is worth con-

sidering that the stratification below 250 m depth is higher in
the eastern than in the western Mediterranean Sea, restrict-
ing upward diffusive mixing in the eastern as compared to
the western basin. The horizontal distribution of oxygen (and
several other properties) is more uniform in the western com-
pared to the eastern basin. One explanation of this difference
is that the morphology of the eastern basin is more complex
than that of the Algero–Procençal basin. These morphologi-
cal features restrict the spread of new, dense and more oxy-
genated waters into the abyssal interior of the eastern basin.
This suggests that the western basin-wide horizontal mixing
is faster in comparison to the eastern basin. This is reflected
by the significantly shorter residence times of the deep wa-
ter in the western as compared to the eastern Mediterranean
Sea. Also transient tracer concentrations are higher in the
WMDW compared to the EMDW (e.g. Stöven, 2011). How-
ever, there are large spatial and temporal variabilities in the
transient tracer concentrations, and thus the ventilation age.

3.5 Nutrients in the Mediterranean Sea

The nutrient distributions in the Mediterranean Sea as found
during April of 2011 are shown in Fig. 7 for nitrate (NO3),
Fig. 8 for phosphate (PO4), and Fig. 9 for silicate (Si). The
Mediterranean Sea is generally characterized by very low
nutrient concentrations, in particular the Eastern Mediter-
ranean (e.g. Kress et al., 2003). The surface layers are gen-
erally almost fully nutrient depleted so that the Mediter-
ranean is an oligotrophic, or even ultra-oligotrophic basin
(e.g. Pujo-Pay et al., 2011). In addition, the nutrient distri-
butions show that in the eastern Mediterranean the nutrient-
depleted surface layer is thicker and the NML is deeper than
in the western Mediterranean. The increased oligotrophy to-

www.ocean-sci.net/9/789/2013/ Ocean Sci., 9, 789–803, 2013
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Fig. 7.Similar to Fig. 3, but for nitrate.
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Fig. 8.Similar to Fig. 3, but for phosphate. No stations are shown in the Atlantic due to the very different phosphate values encountered there
as compared to the Mediterranean Sea.

wards the east in the Mediterranean Sea is influenced by
the higher intermediate and deep water stratification in the
eastern Mediterranean Sea. A primary reason for low nu-
trient concentrations is the anti-estuarine circulation of the
Mediterranean Sea, i.e. deep water with higher nutrient val-
ues is exported whereas low nutrient AW is imported (e.g.
Huertas et al., 2012). However, an increasing trend for ni-
trate and phosphate concentrations in the deep water of the

western Mediterranean has been observed, and attributed to
anthropogenic perturbations (Béthoux et al., 1998, 2002).

Apart from the low concentrations, the interior of Mediter-
ranean Sea is characterized by high NO3:PO4 (usually indi-
cated as N : P) ratios; in the world ocean N : P is classically
determined to be around 16 (Redfield et al., 1963) whereas
in the deep eastern basin the N : P is 24–27, and 20–22 in
the deep western basin. The debate on the origin of this
peculiarity, often reported as anomaly, is still open. From
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Fig. 9.Similar to Fig. 3, but for silicate.

the slight N : P increase usually observed in the deeper layer
in the eastern Mediterranean, Civitarese et al. (1998) have
proposed the Adriatic rivers as one of the possible sources
of the N : P anomaly. Other authors suggested the remark-
able unbalanced of N : P ratio in the atmospheric inputs as
another contribution to the general N : P ratio anomaly in the
Mediterranean. Also the lack of de-nitrification in the gen-
erally well oxygenated Mediterranean waters and sediments
has been proposed as a source of the high N : P ratios (Krom
et al., 2004, 2005). The Mediterranean, particularly the east-
ern basin, has been considered as phosphorus-limited for bi-
ological growth (Krom et al., 1991; Krom et al., 2004), al-
though recent work suggests N or N and P co-limitations (e.g.
Thingstad et al., 2005).

Nitrogen fixation rates in the Mediterranean Sea are gen-
erally low (e.g. Ibello et al., 2010; Bonnet et al., 2011), al-
though higher rates were measured during theMeteorcruise
during spring 2011 (Rahav et al., 2012). The concentrations
of nitrate and phosphate in the deep layer are significantly
higher in the western basin compared to the eastern basin
(Figs. 7 and 8). Yet, the concentrations for silicate in the deep
waters of both basins are similar (Fig. 9), although slightly
lower in the Adriatic Sea, which influences the western part
of the deep Ionian Sea. In a study of nutrient fluxes in the
western Mediterranean Sea, Schroeder et al. (2010a) con-
clude that the eastern basin supplies nutrients to the west-
ern basin, which is one explanation for the higher nutrient
concentrations in that basin. It is conceivable that the re-
cent deep water formation events in the western Mediter-
ranean Sea led to a decreased nutrient concentration in the
deep water, as pointed out by Schroeder et al. (2010a). Ob-
served temporal variability in nutrient and oxygen concen-

trations must be put in context of observed variability in
circulation and overturning.
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Béthoux, J. P., Morin, P., Chaumery, C., Connan, O., Gentili, B.,
and Ruiz-Pino, D. P.: Nutrient in the Mediterranean Sea, mass
balance and statistical analysis of concentrations with respect to
environmental change, Mar. Chem., 63, 155–169, 1998.
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M., Álvarez, M., Merlino, G., Daffonchio, D., and Borin, S.:
Biogeography of planktonic microbial communities across the
whole Mediterranean Sea, Ocean Sci. Discuss., 10, 291–319,
doi:10.5194/osd-10-291-2013, 2013a.

Mapelli, F., Varela, M. M., Barbato, M., Alvariño, R., Hernando-
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