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[1] We study the impact of decadal inversions of the Ionian upper layer circulation
(denominated as Adriatic‐Ionian Bimodal Oscillation System) on thermohaline properties
of the Levantine and Cretan Seas. Lagrangian drifter data and surface geostrophic currents
show that the Atlantic Water (AW) flow is well organized and most intense when the
Ionian circulation is cyclonic. During the Ionian anticyclonic phase, the AW spreading
pathway is the longest, contributing to its prolonged mixing and higher salinity once it
reaches the Levantine. Thus, the Levantine basin is subject to less dilution by AW during
the anticyclonic surface circulation phase. Empirical orthogonal function analysis of the
sea level shows a large‐amplitude circular feature in the northern Ionian which matches the
cyclonic/anticyclonic gyre obtained from Lagrangian measurements. Furthermore, it
reveals the out‐of‐phase variability of the North Ionian Gyre and the Aegean and
Levantine sea levels. We further show that the surface salinity of the Levantine basin
variation is out of phase with that of the Ionian surface layers. Salinity variations of the
deepwater column in the Aegean are out of phase with the Ionian surface salinity values,
owing probably to a fast transfer of the surface salinity changes via winter deep
convection. The changing of the Levantine and Cretan Seas’ salinity parallel to the Ionian
circulation inversions suggests that the preconditioning for the eastern Mediterranean
transient (EMT) is driven by internal processes. As the Ionian inversions are cyclical
events, we conclude that the EMT is not an isolated episode but potentially a recurrent
phenomenon.
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1. Introduction

[2] Numerous numerical and experimental studies have
documented that the Ionian upper layer basin‐wide circula-
tion undergoes reversals on decadal scales passing from
anticyclonic to cyclonic and vice versa [Pinardi and Navarra,
1993; Pinardi et al., 1997; Demirov and Pinardi, 2002;
Larnicol et al., 2002; Pujol and Larnicol, 2005; Vigo et al.,
2005]. Demirov and Pinardi [2002] showed by numerical
simulations that around 1987–1988 a reversal from the
cyclonic to the anticyclonic mode took place. The circulation
reversal was explained in terms of different atmospheric
forcing. The initial phase of the reversal from the cyclonic to

the anticyclonic basin‐wide circulation in 1986–1987 was
also demonstrated from in situ CTD data [Malanotte‐Rizzoli
et al., 1997]. The Atlantic Ionian Stream (AIS) entering the
Sicily Channel bifurcates in the Ionian; the northeastward
branch meanders anticyclonically bringing the AW into the
Ionian interior while the southern branch brings the AW to
the Levantine. The subsequent reversal from anticyclonic to
cyclonic mode in 1997 was documented from altimetric
data [Larnicol et al., 2002; Pujol and Larnicol, 2005].
Borzelli et al. [2009] showed that the reversal was associated
with the vorticity transfer due to redistribution of water
masses in the final stage of the eastern Mediterranean tran-
sient (EMT) [Roether et al., 1996]. Subsequently,Gačić et al.
[2010] showed from altimeter data that another passage from
the cyclonic to the anticyclonic mode took place around 2006
and suggested that reversals of the North Ionian Gyre (NIG)
occur on decadal timescales owing to the interaction between
the Adriatic and Ionian Seas. This phenomenon, named the
Adriatic‐Ionian Bimodal Oscillation System (BiOS), is
driven by a feedback mechanism that functions owing to the
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differences in salinity between the waters originating from the
eastern Mediterranean (EMed) and Atlantic Water (AW)
entering from the Sicily Channel. The AW has relatively low
salinity, while the EMed waters (Levantine Intermediate
Water (LIW) and Cretan Intermediate Water (CIW)) are
warmer and more saline. Thus, the Ionian interior is the
crossroads of transiting waters: it is influenced by either AW
or EMed waters depending on the basin‐wide circulation
pattern. The water mass brought into the northern Ionian by
the cyclonic or anticyclonic NIG eventually enters the
Adriatic where it mixes vertically through open‐ocean con-
vection [Gačić et al., 2002]. Therefore, another important
ingredient in driving the BiOS is the winter convection in the
Adriatic that produces dense water of varying salinity and
density as a function of the thermohaline properties of
incoming waters. This dense water then flows out from the
Adriatic and fills the deep layer of the Ionian Sea. The
Adriatic is therefore a varying baroclinic vorticity source
affecting the Ionian circulation as a function of the salinity
and density of the waters that take part in the dense water
formation processes. More specifically, under the cyclonic
circulation pattern, the Levantine waters spread into the
Ionian interior and enter the Adriatic, while anticyclonic
circulation brings AW into the Ionian interior and eventually
into the Adriatic [Civitarese et al., 2010].
[3] Changes in the Ionian basin‐wide circulation pattern

thus have an impact on the salt content variations in the
upper thermocline layer of the basin interior. Owing to an
increased spreading of AW, the surface layer salt content is
lower during the anticyclonic circulation period than during
the cyclonic one, when the influence of Levantine waters is
more pronounced [Malanotte‐Rizzoli et al., 1999]. The
variations in the thermohaline properties of the upper layer
due to the surface circulation inversions in the Ionian are

subsequently conveyed to the deep layer via winter con-
vection in the Adriatic.
[4] During the anticyclonic phase of the NIG, the flow of

the AW toward the Levantine is partly deviated northward
in the Ionian, and consequently the AW has a longer path-
way and residence time on its way toward the Levantine.
Therefore, the AW has more time for mixing with the
adjacent waters before reaching the Cretan Passage (i.e., the
passage connecting the Ionian and the Levantine basins; see
Figure 1), and the Levantine basin thus becomes saltier than
it would be if the AW were spreading directly toward east.
Consequently, there should be less dilution of the Levantine
basin by AW.
[5] In contrast, during the cyclonic phase of the NIG the

AW reaches the Cretan Passage and the Levantine basin by
the shortest route, traveling directly from the Sicily Channel
eastward. Under these conditions there should be more
dilution of the Levantine upper thermocline layer. The
importance of the Ionian circulation in the salinity variations
and in the deepwater formation processes in the Aegean and
Adriatic Seas has been clearly demonstrated by numerical
simulations [Demirov and Pinardi, 2002].
[6] In the early 1990s the EMed circulation experienced a

shift in the location of the dense water formation, from the
Adriatic to the Cretan Sea [Roether et al., 1996]. This shift,
termed the EMT, was a prolonged two‐step process, with a
first phase (from 1987 to 1991) during which the deep water
within the Cretan Sea became saltier, followed by a second
phase (from 1991 to 1995) characterized by a strong cooling
and further salinity increase [Artale et al., 2006; Lascaratos
et al., 1999; Theocharis et al., 1999]. Further evolution of
the EMT is described in detail by Roether et al. [2007].
[7] The aim of this paper is to examine from experimental

data whether the salinity increase within the Cretan Sea,
that is, the preconditioning phase of the EMT, was the

Figure 1. Study area. Boxes denote zones in the Ionian, Levantine, and Aegean Seas where average
salinity values were calculated. The box extending from the African coast northward represents the area
between 33°N and 34°N, 0.5° latitude large, and centered at 22°E where surface geostrophic currents
were computed.
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consequence of the salt redistribution in the EMed operated
by the BiOS mechanism during its anticyclonic mode. To
seek for a possible impact of the BiOS on the sea level and
salt content variations in the Levantine and, thus, on the
preconditioning for the EMT‐like phenomena we carried out
a detailed comparison between the Ionian, Cretan and
Levantine basins. If an impact of the BiOS on the salinity in
the Levantine were shown, it would mean that the pre-
conditioning favorable for the EMT was not a single episode
but a recurrent (decadal) feature in the Mediterranean
dynamics. Furthermore, the same mechanism (the BiOS)
underlying the preconditioning of the EMT‐like events
would explain the shift from the Adriatic to the Cretan Sea
(and again to the Adriatic) as the dense water source for the
EMed. In fact, possible out‐of‐phase variations between the
salt content in the upper layer in the Ionian Sea and Levan-
tine basin can easily be extended to the Adriatic and the
Cretan Sea.
[8] This paper is organized as follows. In section 2 the

data are described and details of calculations of the geo-
strophic flow, construction of quasi‐Eulerian surface current
maps, averaging of the zonal geostrophic currents, vertical
salinity averaging and sea level empirical orthogonal func-
tion (EOF) analysis are given. In section 3 results are pre-
sented, while section 4 contains discussion and conclusions.

2. Data and Analysis

[9] We used salinity data from CTD measurements from
all available cruises carried out between 1985 and 2009 in the
Ionian, Levantine and Cretan Seas within the framework of
international as well as Italian and Hellenic research projects.
We took into account all stations deeper than 1000 m that
were located within the areas indicated in Figure 1. From all
the profiles available for each cruise, average salinities and
their standard deviations were calculated for the layers
between 0 m and 250 m, and between 250 m and the bottom.
The 250 m depth was chosen in order to encompass the
whole layer potentially occupied by the AW as in some parts
of the Levantine it can be found as deep as 200 m [Özsoy
et al., 1989].
[10] Remotely sensed data consisted of weekly objective

maps of the absolute dynamic topography (ADT) over the
entire Mediterranean Sea (i.e., the region bounded by 30°N–
46°N, 5°W–36.875°E) in the period January 1993–Decem-
ber 2009. ADT maps were extracted from the merged
(multimission) altimetric delayed‐time Mediterranean data
set, sampled on a regular spatial grid of 1/8° × 1/8° [Ducet
et al., 2000].
[11] The geostrophic velocity field was estimated from

ADT maps using the relationship (u v) = g
f � @�

@y ;
@�
@x

� �
, where

h is the ADT, g is the gravity, f is the Coriolis parameter,
and u and v are the zonal and meridional components of
the velocity.
[12] The flow through the Cretan Passage was represented

by the spatially averaged zonal component of the geo-
strophic velocity. It should be noted, however, that geo-
strophic velocities estimated in this way may be affected by
errors due to inaccuracy in the representation of the geoid
(i.e., the shape of the equipotential surface for the gravity
field). In continental seas these errors may be important,

but they are randomly distributed in space. Therefore, a
spatial averaging process, when performed over regions
large enough to consider the representation of the geoid
adequate (i.e., at least 0.5° × 0.5°; see for details http://
www.aviso.oceanobs.com/fileadmin/documents/data/tools/
hdbk_duacs.pdf), is expected to remove these errors and
provide a rather good representation of the mean flow over
the area under study. Zonal components of the surface geo-
strophic current were calculated from weekly ADT maps
and then averaged over an area in the Cretan Passage
0.5° longitude wide and centered at 22° E, extending from
33° to 34°N. (Figure 1). The averaging area was not
extended northward up to the Peloponnesos coast in order
to avoid the noise introduced by the interannual variability
of the Pelops Gyre [Robinson et al., 1991].
[13] Sea surface structure variability was analyzed by

means of EOF analysis of the ADT time series. EOFs were
computed using the standard spatial EOF decomposition
technique outlined by Borzelli [2008]. To proceed with EOF
analysis, the data matrix D was constructed from the set of
ADT maps as (D)i,j = d(xi, tj), where d is the ADT fluctu-
ation around the spatial mean at pixel xi and date tj. The
covariance matrix was built up by right multiplying D by its
transpose and scaling the resulting matrix by N‐1, with N
being the number of sea pixels in each input map. EOFs
computed in this way are in physical units and normalized to
the corresponding standard deviation. However, this nor-
malization is not practical and it is more convenient to
normalize EOFs and express the results in terms of dimen-
sionless EOFs (see Borzelli [2008] for details). In practice,
defining Yl as the lth dimensionless EOF, the basic rela-
tionship between coefficients (c1), dimensionless EOFs (g1),
and spatial fluctuation of the ADT field is

d xi; tj
� � ¼

X
l

�
1=2
l Yl xið Þcl tj

� �
: ð1Þ

[14] The Lagrangian data used in this study come from a
variety of satellite‐tracked drifters (mostly SVP and CODE
designs) [see Menna et al., 2010; P.‐M. Poulain et al., On
the surface circulation of the Mediterranean Sea, submitted
to Journal of Physical Oceanography, 2011] measuring the
near‐surface currents between 0 and 15 m below the sea
surface. In the area of interest (Ionian Sea and Cretan Pas-
sage), the drifter data span the period November 1993 to
December 2009, including a total of 383 individual tracks.
After editing and interpolation [Poulain et al., 2004; Hansen
and Poulain, 1996], the drifter positions were used to
compute velocities by finite differences. The drifter data were
subsequently low‐pass‐filtered to remove inertial and tidal
signals (cutoff period of 36 h) and subsampled at 6 h intervals.
[15] Surface wind products (Cross‐Calibrated MultiPlat-

form winds) [Atlas et al., 2009] and surface geostrophic
velocities derived from the satellite‐derived ADT were
interpolated at the drifter positions and used in simple
regression models in order to estimate the currents directly
induced by the winds, that is, the Ekman velocities [Menna
et al., 2010; Poulain et al., submitted manuscript, 2011].
These currents were removed from the low‐pass‐filtered
drifter velocities to create time series of surface geostrophic
currents measured in situ by the drifters.
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[16] Pseudo‐Eulerian maps of mean surface geostrophic
circulation were computed for three periods of 2 years each
with a relatively large amount of Lagrangian data in the
study area. The period spans were for the following years:
1995–1996, 1998–1999 and 2006–2007. The criterion for
choosing the averaging periods was that they should be
representative of the different modes of the NIG circulation
as recorded in the literature (see section 1). More specifi-
cally the first averaging period should represent the anti-
cyclonic circulation pattern before the reversal in 1998. The
second period was chosen to be representative of the
cyclonic circulation mode which occurred between 1998
and 2005, while the third period covers a part of the most
recent anticyclonic circulation phase appearing after 2005.
The velocities were averaged in nonoverlapping geograph-

ical bins of 0.5° × 0.5° and bins with fewer than five
observations were excluded.

3. Results

[17] Quasi‐Eulerian surface current maps show clearly
two different modes of the Ionian circulation: anticyclonic in
periods 1995–1996 (Figure 2a) and 2006–2007 (Figure 2c)
and cyclonic in the period 1998–1999 (Figure 2b). Fur-
thermore, comparison of the average quasi‐Eulerian surface
current field in the anticyclonic and cyclonic NIG regime
reveals prominent differences in the AW eastward propa-
gation. In the presence of the anticyclonic meander (average
surface current field for the period 1995–1996) there was no
direct AW flow eastward, while during the cyclonic NIG

Figure 2. Average quasi‐Eulerian current field for 2 year intervals: (a) 1995–1996, (b) 1998–1999, and
(c) 2006–2007.
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phase (average surface current field for the period 1998–
1999) there was an organized eastward current directly from
the Sicily Channel to the Cretan Passage in the form of the
Mid‐Ionian Jet (MIJ). Subsequently, after 2005 there were
clear indications of the most recent surface circulation
reversal in the Ionian and the concurrent disappearance of
the MIJ. Therefore, during the anticyclonic circulation in the
Ionian the AW became saltier owing to the prolonged
mixing and at the same time, as we show, its eastward flow
weakened.
[18] The AW flow in the Ionian is mainly confined to the

∼100 m thick surface layer [Alhammoud et al., 2005].
Therefore, the intensity of the AW eastward transport can be
reasonably well represented by the surface geostrophic flow
in the Cretan Passage, which corresponds to the currents
below the mixed layer. Yearly mean zonal flow was com-
puted (Figure 3), and it was defined positive for eastward
flow, that is, the current flowing into the Levantine. Nega-
tive average values represent situations in which the inflow
is weaker than the outflow from the Levantine; that is, the
AW flow is relatively weak. Conversely, positive values
mean the prevalence of the inflow over the outflow and the
intensification of the AW flux. The time series shows that
most of the time the flow was toward east with only rare
inversions, of a duration shorter than a year, that occurred
only before 1995 and after 2009. A prevalence of the east-
ward surface flow is to be expected as it compensates for the
counterflow in deeper layers. Generally, weak positive
averaged flow occurred until 1996, that is, during the period
when the NIG was anticyclonic deviating the AW flow

northeastward into the Ionian interior [Gačić et al., 2010]
and weakening the eastward surface currents in the Cretan
Passage. During the entire period of the NIG cyclonic cir-
culation (1997–2005) the section‐averaged geostrophic flow
in the Cretan Passage attained large positive values, sug-
gesting the intensification of the surface inflow in the
Levantine basin. Thus, in that period the Levantine was
presumably under stronger impact of the AW than before
1997. After 2005, when anticyclonic meander reappeared in
the Ionian [Gerin et al., 2009], the inflow suddenly decreased
and after an intermediate rebound, even became negative in
the second half of 2010. Negative zonal currents do not
necessarily mean a net westward flow as our averaging area
does not cover the entire width of the Cretan Passage. The
temporal evolution of the propagation pathway of the AW
and the surface exchange between the Ionian and the
Levantine basins should affect the salinity of the surface layer
as well as the water density in general.
[19] In order to analyze the salt content variations in the

Ionian basin and the Levantine and Cretan Seas, and their
relationships for different Ionian circulation patterns, the
average salinity was calculated from all available CTD data
for the three areas. In the Ionian the averaging area was
located in its northern portion (Figure 1) in order to be rep-
resentative of the NIG. The position of the averaging area in
the Levantine was chosen attempting to minimize the influ-
ence of Ierapetra and Mersa‐Matruh gyres [Robinson et al.,
1991], although it was not possible to avoid them com-
pletely. The third area for calculations of the average
salinity occupied the Cretan Sea (Figure 1). The salinity was

Figure 3. Mean zonal component of the surface geostrophic current computed over the area between
33°N and 34°N and centered at 22°E. Dashed line connects weekly low‐pass values filtered by a
nine‐point moving average, while red dots represent annual averages.
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averaged over the 250 m surface layer and over the layer
between 250 m and the bottom. Time series of the vertically
and horizontally averaged surface layer salinity in the Ionian
show that the 1990s (Figure 4) were generally characterized
by salinities lower than those of the late 1980s and early
2000s. This feature is explained in terms of the circulation
in the area; in the 1990s the anticyclonic NIG was present,
bringing AW into the basin interior (Figure 2a). On the
other hand, in the late 1980s [Demirov and Pinardi, 2002]
and the early 2000s (Figure 2b), the NIG circulation was
cyclonic and associated with the direct AW pathway from
the Sicily Channel to the Cretan Passage. At the same time,
the Levantine waters presumably spread northward into the
Ionian interior and eventually Adriatic Sea owing to the
cyclonic circulation. Although the quantity of experimental
data in the Levantine is rather small, there is evidence that in
the 1990s in concomitance with anticyclonic Ionian circu-
lation, salinities in the Levantine reached values larger than
in the 1980s (Figure 4) when the Ionian was characterized by
cyclonic curvature. As documented by Malanotte‐Rizzoli
et al. [1999], in the late 1980s in the transition phase
from the cyclonic to the anticyclonic mode in the Ionian there
was still a direct pathway of AW from the Sicily Channel to
the Cretan Passage and this created enhanced dilution of
Levantine surface waters. Thus the anticyclonic NIG, as
shown above from the surface flow pattern and the surface
geostrophic currents, weakened the spreading of the AW into

the Levantine causing the salinity increase, while the
cyclonic NIG in the 1980s and 2000 intensified the AW
inflow into the Levantine and its dilution.
[20] The long‐term surface salinity variations in the

Cretan Sea appeared rather weak. Conversely, the deeper
part of the water column (between 250 m and bottom) in the
Cretan Sea displayed more pronounced decadal salinity
variations that were out of phase with surface salinities in the
Ionian and in phase with those in the Levantine. This indi-
cates the rapid vertical transfer of the salinity signal in the
Cretan Sea from the surface layer to depth, probably due to
winter convection. Salinity variations in the deep layers of
both Levantine and Ionian basins showed no significant
long‐term variability, suggesting a rather slow renewal of the
intermediate and deep waters partly due to decoupling of the
surface layer from deeper portions of the water column as a
consequence of the weak winter vertical mixing. When
interpreting relationships in the salinity variations between
different subbasins, it is important to notice generally large
standard deviations around the mean values due to both
vertical and horizontal salinity variability. Especially large
standard deviations are evident in the surface layer of the
Ionian Sea where the presence or absence of the AW signal
in some parts of the averaging area gives rise to the hetero-
geneous spatial salinity pattern.
[21] The most energetic first EOF mode of ADT, which is

responsible for almost 30% of the total variance, displayed a

Figure 4. Average salinities for the north Ionian (red dots), Levantine (green dots), and Cretan (yellow
dots) seas for (a) the surface layer (down to 250 m) and (b) the layer between 250 m and the bottom.
Vertical bars denote the one standard deviation interval around the mean.
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spatial structure characterized by a high‐amplitude circular
pattern in the northwestern Ionian which was of the opposite
sign with respect to the Cretan Sea and a large portion of the
Levantine (Figure 5). Its amplitude as a function of time
shows prevalently decadal variability (Figure 6). Super-
imposed seasonal variations had relatively small amplitudes
that could not change the sign of the sea level departures
from the average and reverse the subbasin surface geo-
strophic circulation pattern. The prevalence of the amplitude

of the interannual variability in the eastern Mediterranean
circulation over that of the seasonal cycle has been dem-
onstrated by numerical simulations [Pinardi et al., 1997].
The high‐amplitude circular feature in the first EOF sea
level mode in the Ionian coincided with the cyclonic or
anticyclonic NIG circulation pattern as evident from the
quasi‐Eulerian current fields. The EOF spatial structure
multiplied by its amplitude as a function of time suggests
that during the Ionian anticyclonic circulation (before 1998

Figure 5. Spatial pattern of the first EOF mode (sea surface high (SSH)) of the absolute dynamic topog-
raphy (ADT) in dimensionless units in the eastern Mediterranean.

Figure 6. The normalized time series of the first EOF‐mode coefficient of ADT in the eastern
Mediterranean.
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and to a large extent after 2006) the sea level in the Cretan
Sea and in the Levantine basin reached minimum values.
Conversely, during the Ionian cyclonic period (between
1997 and 2005) the sea level in the Cretan Sea and
Levantine basin attained its maximum. The noted preva-
lence of the interannual variability over the seasonal one in
the sea level and the correspondence of the high‐amplitude
circular pattern with the surface current maps suggest that
the seasonal variations in the NIG are relatively weak.

4. Discussion and Conclusions

[22] The analysis of the zonal component of the surface
geostrophic current demonstrates that, during the NIG
cyclonic phase, the flow of AW through the Cretan Pas-
sage was intensified. Conversely, during the anticyclonic
NIG the AW spreads into the Ionian interior and eventu-
ally into the Southern Adriatic, while the eastward flow in the
Cretan Passage weakened. The surface currents obtained by
Lagrangian measurements in the Ionian and Levantine Seas
show that in the cyclonic phase the MIJ extended zonally
from the Sicily Channel to the Cretan Passage determining
the direct pathway of the AW eastward. In contrast, the MIJ
was completely absent in the presence of the anticyclonic
meander in the Ionian. These observations agree with
experimental results by Malanotte‐Rizzoli et al. [1999] as
well as with numerical simulations by Demirov and Pinardi
[2002], which identified significant changes in the EMed
circulation in the late 1980s. They showed that an anticy-
clonic meander developed in the Ionian Sea and, deflecting
the fresher AW from its course toward the Levantine and the
Cretan Seas, resulted in salinification of the two basins.
Malanotte‐Rizzoli et al. [1999] showed that between 1987
and 1991 in the upper layer of the Ionian the salt content
decreased owing to the massive invasion of AW in its central
part caused by strengthening of the anticyclonic circulation.
The different penetrations of the AW into the Levantine
basin during the Ionian cyclonic and anticyclonic circulation
periods have also been documented, comparing the 1995 and
1999 zonal salinity distributions [Manca, 2000]. In 1995 as
in 1991, the AW largely accumulated in the Ionian owing to
the anticyclonic circulation. At the same time, as we also
show here, in the Levantine high‐salinity water dominated
the entire water column. In 1999, with the cyclonic NIG the
AW penetrated directly into the Levantine causing freshen-
ing of its upper layer. Furthermore, we document that the
upper layer salinity variations in the Ionian and the Levantine
are out of phase as a consequence of recurrent inversions of
the Ionian circulation pattern and concomitant changes in the
AW pathway. These variations confirm the hypothesis that a
dilution of Levantine waters by intensified AW inflow, and
its salinification due to the weakening of the AW inflow,
occur during the cyclonic and anticyclonic NIG phases,
respectively. During the high‐salinity intervals in the
Levantine basin, the salt is directly transferred to deeper
layers of the Cretan Sea via winter convection as happened
during the EMT. This feature has been documented from the
salinity data presented here as well as from previous studies
[Theocharis et al., 1999]. In this paper, from the EOF sea
level analysis we also show that variations associated with
the NIG represent the most energetic ones. The seasonal
signal is not strong enough to invert cyclonic or anticyclonic

decadal circulation regime. It is also demonstrated that when
the NIG sea level reaches its maximum both Levantine and
Cretan sea levels are at their minimum and vice versa.
[23] The impact of the BiOS on the Levantine surface

water dilution may also explain the alternating predomi-
nance of the Cretan and the Adriatic Seas as dense water
sources for the eastern Mediterranean: when the cyclonic
NIG brings salty water into the Adriatic, the Levantine as
well as Aegean surface waters are diluted and buoyant
owing to the intense AW inflow. The Adriatic is thus more
prone to vertical convection when the Cretan Sea is highly
buoyant. Conversely, the anticyclonic NIG increases the
buoyancy in the Adriatic, increasing at the same time the
surface salinity and decreasing buoyancy in the Levantine
and Cretan Seas.
[24] The interchange of the Adriatic and Aegean as dense

water sources is revealed by numerical simulations within
long‐term climatic studies [Artale et al., 2006]. Roether
et al. [2007] suggested that the Aegean can assist the
Adriatic salinity preconditioning owing to the small differ-
ences in density between the dense waters produced in
the two basins. Other numerical exercises carried out for the
specific period 1988–1993 documented the collapse of the
Adriatic Deep Water formation concurrent with enhanced
Cretan Deep Water production [Samuel et al., 1999]. In this
latter paper, however, the phenomenon is explained in terms
of changes in winter winds and intermediate water pathways.
Therefore the varying pathway of the AW in the Ionian, and
the intensity of its eastward flow as dictated by the NIG
circulation reversals, determines the preconditioning of the
EMT‐like phenomena as a recurrent process. This in turn
eventually leads to the switch of dense water formation from
the Adriatic to the Cretan Sea, but only under favorable
winter climatic conditions, that is, during severe winters over
the Aegean region. Furthermore, this would suggest that the
EMT preconditioning is an internally driven process, as
already suggested by Artale et al. [2006], associated with the
change in the circulation in the Ionian [Demirov and Pinardi,
2002] or more specifically driven by the Adriatic‐Ionian
BiOS. In conclusion, as a consequence of the relationship
between the BiOS and the Levantine and Aegean salt con-
tent, and the successive Cretan Sea preconditioning, the
EMT was probably not a single event but is potentially a
recurrent phenomenon.

[25] Acknowledgments. The partial support from European Union
within the integrated project Southern European Seas: Assessing and Mod-
eling Ecosystem changes (SESAME) is appreciated. The National Ocean-
ographic Data Center of the OGS (NODC‐OGS) is acknowledged for the
collection of the CTD profiles that were made available to this study.
The collaboration of the Italian and international institutions that kindly
provided to the NODC their data sets acquired during various research pro-
jects and programs is highly appreciated. Constructive comments by three
referees have helped us to greatly improve the manuscript.

References
Alhammoud, B., K. Béranger, L. Mortier, M. Crépon, and I. Dekeyser
(2005), Surface circulation of the Levantine Basin: Comparison of model
results with observations, Prog. Oceanogr., 66, 299–320, doi:10.1016/j.
pocean.2004.07.015.

Artale, V., S. Calmante, P. Malanotte‐Rizzoli, G. Pisacane, V. Rupolo, and
M. Tsimplis (2006), The Atlantic and Mediterranean Sea as connected
systems, in Mediterranean Climate Variability, Dev. Earth Environ.

GAČIĆ ET AL.: BIOS AND EMT PRECONDITIONING C12002C12002

8 of 9

 21562202c, 2011, C
12, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2011JC
007280 by O

gs T
rieste Istituto N

azionale, W
iley O

nline L
ibrary on [20/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Sci., vol. 4, edited by P. Lionello, P. Malanotte‐Rizzoli, and R. Boscoli,
pp. 283–323, Elsevier, Amsterdam.

Atlas, R., J. V. Ardizzone, R. Hoffman, J. C. Jusem, and S. M. Leidner
(2009), Cross‐calibrated, multi‐platform ocean surface wind velocity
product (MEaSUREs Project), Version 1.0., guide document, 26 pp.,
Phys. Oceanogr. Distrib. Active Arch. Cent., Jet Propul. Lab., Pasadena,
Calif.

Borzelli, G. L. E. (2008), Scales and variability of the sea surface temper-
ature distribution in the Adriatic Sea, J. Geophys. Res., 113, C11S01,
doi:10.1029/2007JC004396.

Borzelli, G. L. E., M. Gačić, V. Cardin, and G. Civitarese (2009), Eastern
Mediterranean transient and reversal of the Ionian Sea circulation,
Geophys. Res. Lett., 36, L15108, doi:10.1029/2009GL039261.

Civitarese, G., M. Gačić, G. L. Eusebi Borzelli, and M. Lipizer (2010), On
the impact of the Bimodal Oscillating System (BiOS) on the biogeochem-
istry and biology of the Adriatic and Ionian Seas (eastern Mediterranean),
Biogeosciences, 7, 3987–3997, doi:10.5194/bg-7-3987-2010.

Demirov, E., and N. Pinardi (2002), Simulation of the Mediterranean
Sea circulation from 1979 to 1993: Part I. The interannual variability,
J. Mar. Syst., 33–34, 23–50, doi:10.1016/S0924-7963(02)00051-9.

Ducet, N., P. Le Traon, and G. Reverdin (2000), Global high‐resolution
mapping of ocean circulation from TOPEX/Poseidon and ERS‐1 and ‐2,
J. Geophys. Res., 105, 19,477–19,498, doi:10.1029/2000JC900063.

Gačić, M., G. Civitarese, S. Miserocchi, V. Cardin, A. Crise, and E. Mauri
(2002), The open‐ocean convection in the Southern Adriatic: A control-
ling mechanism of the spring phytoplankton bloom, Cont. Shelf Res., 22,
1897–1908, doi:10.1016/S0278-4343(02)00050-X.

Gačić, M., G. L. E. Borzelli, G. Civitarese, V. Cardin, and S. Yari (2010),
Can internal processes sustain reversals of the ocean upper circulation?:
The Ionian Sea example, Geophys. Res. Lett., 37, L09608, doi:10.1029/
2010GL043216.

Gerin, R., P.‐M. Poulain, I. Taupier‐Letage, C. Millot, S. Ben Ismail, and
C. Sammari (2009), Surface circulation in the eastern Mediterranean
using Lagrangian drifters (2005–2007), Ocean Sci., 5, 559–574,
doi:10.5194/os-5-559-2009.

Hansen, D. V., and P.‐M. Poulain (1996), Processing of WOCE/TOGA
drifter data, J. Atmos. Oceanic Technol., 13, 900–909, doi:10.1175/
1520-0426(1996)013<0900:QCAIOW>2.0.CO;2.

Larnicol, G., N. Ayoub, and P. Y. Le Traon (2002), Major changes in Med-
iterranean Sea level variability from 7 years of TOPEX/Poseidon and
ERS‐1/2 data, J. Mar. Syst., 33–34, 63–89, doi:10.1016/S0924-7963
(02)00053-2.

Lascaratos, A., W. Roether, K. Nittis, and B. Klein (1999), Recent changes
in deep water formation and spreading in the eastern Mediterranean
Sea: A review, Prog. Oceanogr., 44, 5–36, doi:10.1016/S0079-6611(99)
00019-1.

Malanotte‐Rizzoli, P., et al. (1997), A synthesis of the Ionian Sea hydrog-
raphy, circulation and water mass pathways during POEM‐Phase I, Prog.
Oceanogr., 39, 153–204, doi:10.1016/S0079-6611(97)00013-X.

Malanotte‐Rizzoli, P., B. B. Manca, M. Ribera d’Alcalà, A. Theocharis,
S. Brenner, G. Budillon, and E. Ozsoy (1999), The eastern Mediterranean
in the 80s and in the 90s: The big transition in the intermediate and deep
circulations, Dyn. Atmos. Oceans, 29, 365–395, doi:10.1016/S0377-0265
(99)00011-1.

Manca, B. B. (2000), Recent changes in dynamics of the eastern
Mediterranean affecting the water characteristics of the adjacent basins,

in The Eastern Mediterranean Climatic Transient: Its Origin, Evolution
and Impact on the Ecosystem, CIESM Workshop Ser., vol. 10, edited by
F. Briand, pp. 27–31, Mediter. Sci. Comm., Monaco.

Menna, M., E. Mauri, and P.‐M. Poulain (2010), Correnti indotte dal vento e
correnti geostrofiche nel Mar Mediterraneo, Rel. 2010/98 OGA 20 SIRE,
73 pp., Ist. Naz. di Geofis. e di Oceanogr. Sper., Trieste, Italy.

Özsoy, E., A. Hecht, and Ü. Ünlüata (1989), Circulation and hydrography
of the Levantine Basin: Results of POEM coordinated experiments
1985–1986, Prog. Oceanogr., 22, 125–170, doi:10.1016/0079-6611
(89)90004-9.

Pinardi, N., and A. Navarra (1993), Baroclinic wind adjustment processes
in the Mediterranean Sea, Deep Sea Res., Part II, 40(6), 1299–1326,
doi:10.1016/0967-0645(93)90071-T.

Pinardi, N., G. Korres, A. Lascaratos, V. Roussenov, and E. Stanev (1997),
Numerical simulation of the interannual variability of the Mediterranean
Sea upper ocean circulation, Geophys. Res. Lett., 24, 425–428,
doi:10.1029/96GL03952.

Poulain, P.‐M., R. Barbanti, R. Cecco, C. Fayes, E. Mauri, L. Ursella, and
P. Zanasca (2004), Mediterranean surface drifter database: 2 June 1986
to 11 November 1999 [CD‐ROM], Rel. 75/2004/OGA/31, Ist. Naz. di
Geofis. e di Oceanogr. Sper., Trieste, Italy.

Pujol, M. I., and G. Larnicol (2005), Mediterranean Sea eddy kinetic
energy variability from 11 years of altimetric data, J. Mar. Syst., 58,
121–142, doi:10.1016/j.jmarsys.2005.07.005.

Robinson, A., M. Golnaraghi, W. Leslie, A. Artegiani, A. Hecht, E. Lazzori,
A.Michelato, E. Sansone, A. Theocharis, and U. Ünlüata (1991), The east-
ern Mediterranean general circulation: Features, structure and variability,
Dyn. Atmos. Oceans, 15, 215–240, doi:10.1016/0377-0265(91)90021-7.

Roether, W., B. B. Manca, B. Klein, D. Bregant, D. Georgopoulos,
V. Beitzel, V. Kovačević, and A. Lucchetta (1996), Recent changes in
eastern Mediterranean deep waters, Science, 271, 333–335, doi:10.1126/
science.271.5247.333.

Roether, W., B. Klein, B. B. Manca, A. Theocharis, and S. Kioroglou
(2007), Transient eastern Mediterranean deep waters in response to
the massive dense‐water output of the Aegean Sea in the 1990s, Prog.
Oceanogr., 74, 540–571, doi:10.1016/j.pocean.2007.03.001.

Samuel, S., K. Haines, S. Josey, and P. G. Myers (1999), Response of the
Mediterranean Sea thermohaline circulation to observed changes in the
winter wind stress field in the period 1980–1993, J. Geophys. Res.,
104, 7771–7784, doi:10.1029/1998JC900130.

Theocharis, A., K. Nittis, H. Kontoyiannis, E. Papageoirgiou, and
E. Balopoulos (1999), Climatic changes in the Aegean Sea influence
the eastern Mediterranean thermohaline circulation (1986–1997),
Geophys. Res. Lett., 26, 1617–1620, doi:10.1029/1999GL900320.

Vigo, I., D. Garcia, and B. F. Chao (2005), Change of sea level trend in the
Mediterranean and Black seas, J. Mar. Res. , 63 , 1085–1100,
doi:10.1357/002224005775247607.

A. Catucci and G. L. Eusebi Borzelli, Telespazio, S.p.A., Via Tiburtina
965, I‐00156 Rome, Italy. (luca_borzelli@yahoo.it)
G. Civitarese, M. Gačić, V. Kovačević, M. Menna, and P.‐M. Poulain,

Istituto Nazionale di Geofisica e di Oceanografia Sperimentale, Borgo
Grotta Gigante 42/c, Sgonico, I‐34010 Trieste, Italy.
A. Theocharis and N. Zarokanellos, Hellenic Centre for Marine

Research, PO Box 712, GR‐19013 Anavyssos, Greece.

GAČIĆ ET AL.: BIOS AND EMT PRECONDITIONING C12002C12002

9 of 9

 21562202c, 2011, C
12, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2011JC
007280 by O

gs T
rieste Istituto N

azionale, W
iley O

nline L
ibrary on [20/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


