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7.1.INTRODUCTION

Ocean—atmosphere-land interactions and consequent
feedbacks between regional and global climate systems,
could be disproportionately large in the Mediterranean as
a result of contrasts between marine and continental cli-
mates and complex land-sea bottom topography [Ozsoy,
1999]. The eastern basin of the Mediterranean is a remote
area of the world ocean, the isolation of its various basins
increased with distance from the Atlantic Ocean and with
further constraints posed by the various straits.

The eastern Mediterranean and especially its eastern-
most basin, the Levantine Sea, were less well known
in the first half of the last century, especially when com-
pared with the western basin, though rapidly became
the subject of advanced studies carried out since the
Physical Oceanography of the Eastern Mediterranean
[POEM Group, 1992] research program of 1985-1991.
Despite continuing efforts under national and interna-
tional programs, there appears to be a greater need for
systematic observations in the whole of the eastern
Mediterranean to understand its high level of climatic
variability [Ozsoy, 1999; Lionello et al., 2006; Hoepffner,
2006; CIESM, 2008, 2011; Malanotte-Rizzoli and the Pan-
Med Group, 2012].

The investigation of the deep-water characteristics and
their variability on long timescales can help in the under-
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standing of the possible mechanisms, sensitivity, localiza-
tion, and frequency of water mass formation, and their
links to atmospheric forcing. The need to document and
understand deep-water variability is especially acute in
the case of the eastern Mediterranean Sea, where unex-
pected recent changes have been observed in the thermo-
haline transport components connected with multiple
sites of intermediate and deep convection.

The water masses in the ocean are usually identified
with distinct water properties such as temperature and
salinity pairs. The water masses are formed as a result of
long-term circulation and mixing processes and in some
way they are associated with the thermohaline circulation.
For the Mediterranean basin, there are meridional
and zonal vertical circulation belts. An open-ended, shallow
zonal vertical circulation completes a circuit by the entry
of Atlantic Water (AW) at Gibraltar, later transformed
into Levantine Intermediate Water (LIW) in the eastern
Mediterranean, which then returns to the Atlantic Ocean
as a submerged flow. Superposed on this circulation,
closed, deep meridional cells are created as a result of the
deep-water mass formation in the northern parts of the
Mediterranean basin (Gulf of Lions, Adriatic Sea, and
Aegean Sea). The zonal cells have decadal timescales,
while the meridional overturning cells have multidecadal
timescales (50-80 years) [Pinardi and Masetti, 2000].

High salinity Levantine Intermediate Water (LIW)
occupying the intermediate layer of the eastern
Mediterranean basin (200-500 m) is formed in the
permanent Rhodes Gyre [Ovchinnikov and Plakhin, 1984;
Lascaratos and Nittis, 1998; Pinardi and Masetti, 2000;
LIWEX Group, 2003], along the adjacent zones of the
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southern Aegean and northern Levantine, such as the
Gulf of Iskenderun and often simultaneously with deep
waters [Sur et al., 1993; Ozsoy et al., 1993].

The Eastern Mediterranean Deep Water (EMDW) is
characteristic water mass of the deep eastern basin. Using
limited amounts of data obtained in the late 1950s early
1960s, Pollak [1951], Lacombe and Tchernia [1960],
Wiist[1961], Plakhin [1972], Miller [1974], and El-Gindy
and EI-Din [1986] have implied the Aegean Sea as a pos-
sible source contributing to the formation of the EMDW,
although it has often been suspected that the quantity
and density of the Aegean outflow would not be sufficient
to contribute to the EMDW.

Based on historical data obtained since early last
century [Nielsen, 1912], followed by others around mid-
century [Wiist, 1961], and including those obtained by
the extensive coverage during the POEM program, the
Adriatic Sea was widely accepted as the main source of
the EMDW. According to this dominant view of the past,
the dense waters formed in winter in the relatively shallow
Adriatic Sea, flowed to the bottom of the Ionian Sea, and
spread farther to the Levantine Sea [ Wiist, 1961; Schlitzer
et al., 1991; Malanotte-Rizzoli and Hecht, 1988]. The
deep-water overturning time was estimated roughly to be
about 100 years with an average formation rate of 0.3 Sv
(1 Sverdrup = 10° m3 s7!) [Roether et al., 1991].

Major changes in the deep-water formation and
renewal occurred in the 1990s, when it became evident
that the Aegean Sea acted as a new source of EMDW,
instead of the widely held view on its Adriatic Sea origin.
The first signs came during the Meteor cruise M25 of
1993, when an anomalously saline, warm-water mass was
found in the deep Levantine Sea [Heike et al., 1994]. The
hydrographic surveys of 1994-1995 further revealed the
Aegean Sea as a dominant source of deep water [Roether
et al., 1996, 2007; Klein et al., 1999; Lascaratos et al.,
1999; Malanotte-Rizzoli et al., 2003]. The average outflow
rate from the Cretan Basin of the new deep water formed
in the Aegean Sea was estimated to be about 1.2 Sv
[Roether et al., 1996], and later the estimate was revised to
be about 3.0 Sv during the peak outflow period between
1992 and 1994 [Roether et al., 2007], much greater than
the former Adriatic outflow rate.

The mechanism creating the Cretan Dense Water
(CDW) filling the Cretan Basin before its outflow to the
eastern basin was not very well documented, although it
was suspected that consecutive transformations between
the shallow shelf area and the three deep basins of the
Aegean Sea resulted in dense water flowing south from
the northern reaches of the sea. Higher salinities and
increased amounts of LIW entering the Aegean Sea from
the Levantine Basin [Malanotte-Rizzoli et al., 1999;
Theocharis et al., 1999; Zervakis and Georgopoulos, 2002]
aiding shelf mixing at the Samothraki and Lemnos

plateaus of the north Aegean [Ovchinnikov et al., 1990;
Theocharis and Georgopoulos, 1993; Lascaratos et al.,
1999; Zervakis et al., 2000a] and potentially at the
Cyclades plateau of the central Aegean [Theocharis et al.,
1999; Gertman et al., 2006] created the dense waters
finally reaching the Cretan Basin. The dense water formed
in the upper reaches of the Aegean Sea eventually fills the
deep Cretan Sea Basin and results in outflows through
the Cretan Sea Straits, triggering the EMT events.
Zervakis et al. [2003] and Androulidakis et al. [2012] show
that the air-sea interactions and lateral inputs of the
low-density Black Sea Water (BSW) outflowing from the
Dardanelles Strait can effectively modulate the dense-
water production in the north Aegean Sea.

In about the same years that the main part of the
POEM program was concluded, it had become clear
through new observations that significant changes were
taking place in the eastern Mediterranean. In the
northeastern part of the sea, cold winters in 1985, 1987,
1989, and 1992-1993 created favorable conditions for
Levantine Intermediate Water (LIW) formation on the
periphery of the Rhodes Gyre, in the northern Levantine
Basin, often simultaneously with deep-water formation
at the center of the Rhodes cyclonic circulation [Ozsoy
et al., 1989, 1991, 1993; Sur et al., 1993; Gertman et al.,
2006]. During the same years, the last common field
experiment of POEM in October 1991 indicated
significant changes in the thermohaline circulation.
Increased salinity of the Levantine surface water in this
period [Ozsoy et al., 1993; Hecht and Gertman, 2001;
Gertman et al., 2006] coincident with the blocking of
the Levantine circulation by large anticyclonic eddies,
resulted in diversion toward the Aegean Sea of the saline
water transported by the Asia Minor Current (AMC)
along the Anatolian coast [Malanotte-Rizzoli et al., 1999;
Theocharis et al., 1999]. Changes in the air-sea fluxes
during the same period were associated with a series of
observed changes in the circulation and hydrography
[Zervakis et al., 2000; Josey, 2003].

A number of studies used numerical modeling tech-
niques to simulate the events in an effort to understand
exact sequence of the events and the underlying physics.
The role of changes in the Aegean Sea atmospheric forc-
ing [Samuel et al., 1999], the dense-water formation
processes in the north Aegean Sea [Androulidakis et al.,
2012], the mixing effects of a series of cold winters dur-
ing 1987-1995 on the Cretan Sea outflow dynamics [ Wu
et al., 2000], and the details of LIW and EMDW produc-
tion near the Rhodes Gyre [Lascaratos et al., 1999; Nittis
et al., 2003] were investigated by numerical simulations.
Other numerical experiments [Stratford and Haines,
2002; Beuvier et al., 2010] showed sensitivity to successive
cold winters and changes in atmospheric forcing,
resulting in dense-water outflow from the Aegean Sea.
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A box-model with interbasin coupling [Ashkenazy et al.,
2011] showed multiple states of the nonlinear system,
implying underlying instabilities.

Despite all experimental and numerical evidence, it is
not yet clear how frequent is the switching between deep-
water sources, or how persistent are the described ther-
mohaline circulation cells of the Mediterranean Sea. It is
also not clear how the events at near-surface or deep
levels are connected to the surface climatological forcing
by the atmosphere. In this study, however, we are pres-
ently not much concerned with the connection to the
atmosphere, as we will only be analyzing the deep-water
characteristics independent of the changes in the upper-
water column.

In the following, we provide the data sources and meth-
odology (section 2), followed by an analysis of the changes
in basinwide properties linked with the interactions
between individual basins of the eastern Mediterranean
(section 3), and the intrabasin variability (section 4). We
provide a general discussion in section 5.

7.2. METHODOLOGY

In this work, we tried to collect the most complete
temperature and salinity profile dataset in the eastern
Mediterranean (1912-2010). A comprehensive dataset
was made available by ISRAMAR, the Israel Marine
Data Center, National Institute of Oceanography of
the IOLR, Israel. This dataset is based on MEDAR/
MEDATLAS 1II collection (http://www.ifremer.fr/
medar) and the MATER project collection (http://www.
ifremer.fr/sismer/program/mater). Additional POEM
basinwide cruises (1985-1991) obtained in several mul-
tinational cruises in the eastern Mediterranean as well
as Soviet cruises (1987-1990) in the eastern
Mediterranean [Hecht and Gertman, 2001] were
included. The dataset was extended significantly by
POEM and Soviet cruises data, and also in the frame-
work of SESAME EU project, including recent cruise
and ARGO floats data collected from publicly available
oceanographic databases (“WODO05”— http://www.
nodc.noaa.gov/OC5/WODOS5/pr_wod05.html;
“Coriolis” —http://www.coriolis.eu.org; “ICES”—
http://ocean.ices.dk), as well as cruise data collected in
the framework of the SESAME project. The data are
inclusive of the SeaDataNet CTD and bottle database,
except that the ISRAMAR database has the above addi-
tions with a larger number of casts and improved quality
control of the data after 2000. Data obtained by bottles,
CTD, and Argo floats were accepted for analysis. XBT
data were rejected due to their relatively low accuracy,
which is comparable with the variability in deep layers.
The vertical resolution of the analyzed data varies as a
function of the dates of data collection, instrument

type, etc., but the CTD data available after the 1980s
typically have a resolution of about 1 m.

The Mediterranean and especially the eastern
Mediterranean Sea is trapped among three continents
and divided into several basins by the geometry of the
main landmasses and islands. Because each region in
the Mediterranean has specific climate and each part of
the sea responds differently to the forcing, it is required
to discover these differences and to investigate whether
particular changes are triggered in some regions and if
later the effects are transmitted to other regions. We
therefore analyze the data with respect to the subdomains
designed in Figure 7.1. We base our analysis on all deep
stations (deeper than 450 m) in the database, displayed in
Figure 7.1a.

Although the stations shown in Figure 7.1a have been
filtered for stations deeper than 450 m, few stations
appear in shallower areas, apparently as a result of errors
in entering coordinates in the database. In addition, it
should be obvious that not all of these stations are used
in the analysis because of the quality and depth intervals
filtering described in the following.

To observe long-term climatic influences, we first look
at the deep data. We have grouped the data according to
subdomains shown in the map, and have then selected the
data in depth intervals that were arbitrarily defined but at
the same levels in all basins. We selected data below
450 m, that is, depths increasingly isolated from seasonal
surface processes, specifically to study climatic influences.
The depth intervals compared were selected to be 450—
550 m, 900-1100 m, 1900-2100 m and 2900-3100 m,
centered respectively at depths of 0.5, 1, 2, and 3 km.
In shallower basins such as the Aegean and Adriatic seas,
not all of these depth intervals had adequate amount of
data, producing results only at depths centered at 0.5 and
1 km in the Adriatic Sea and at 0.5, 1, and 2 km in the
Aegean Sea.

The data quality flags for the depth, temperature, and
salinity values were checked and used to filter out data
with unsatisfactory individual (flag value > 2) or overall
data quality assignments. The computed potential tem-
perature (referenced to the surface), salinity, and poten-
tial density (referenced to the surface) data were collected
in half-year time bins and the average, standard deviation,
and confidence limits were calculated in each bin. The
grouping of data in half-year bins allows sufficient time
resolution to better detect dense-water spreading events
expected at the cold part of the year, but relatively free of
the seasonal signal diminished at depths below 500 m.

Average properties are represented by the data points
in the time-series plots of Figure 7.2 an later, while
confidence intervals of the mean estimates are shown by
vertical bars. The calculation of the double-sided 95%
confidence intervals of the estimated mean properties in
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Figure 7.1. The Eastern Mediterranean Sea (a) bathymetry with overlaid station positions and subdomain bound-
aries, (b) subdomains of the study area. For color detail, please see color plate section.
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the bin intervals were based on Student’s t-test [Emery
and Thompson, 2001], making use of the Numerical
Recipes [Press et al., 2007] library functions INVBETALI,
BETAI, BETACF, and GAMMLN. The confidence
interval, multiplying the standard deviation by a strong
function of the number of samples, measures the reliability
range of the estimated mean value, and therefore it is much
reduced when there are a large number of observations
proportional with the sample variance. The longer error
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bars in the plots appear when the number of observations
or sample variance is smaller. In most cases, when there is
a sufficiently large number of observations, the error bars
are diminished and not clearly seen in the plots. However,
we should also note that only a circular symbol for the

data point without the error bar is displayed for the trivial
case of a single observation in a bin, which is noted by
not having a bar in the bar graphics showing the logarithm
of the number of observations.
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Figure 7.2. (a) Time series of average potential temperature, salinity, potential density, and log(N), the logarithm
of the number of data points N in the 900-1100-m depth level, binned at half-year intervals in the Aegean Sea
(vertical bars with end caps denote 95% confidence limits for data in each bin);
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(b) time series of average potential temperature, salinity, potential density, and log(N),

the logarithm of the number of data points N in the 900-1100-m depth level, binned at half-year intervals in the
Adriatic Sea (vertical bars with end caps denote 95% confidence limits for data in each bin). For color detail,

please see color plate section.

7.3.BASINWIDE AND INTERBASIN VARIABILITY

We first compare the general deep-water characteristics
of the main subbasins of the eastern Mediterranean,
namely, the Aegean and Adriatic shelf seas and the deep
Levantine and Ionian basins, through a discussion of the
water properties at the most relevant depth for each basin,

1 km for the Adriatic and the Aegean and 1-2 km for the
Levantine and Ionian basins.

At depths centered at 1 km (Figure 7.2), the Aegean
and the Adriatic seas have large oscillations of tempera-
ture, respectively with amplitudes of 1.5°C in the Aegean
and 0.5°C in the Adriatic Seas. The cooling periods and
patterns do not coincide in all cases. Recurrent decadal to
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multidecadal cooling periods with superposed shorter
term events in 1950, 1970-1980, and 1990s are evident in
both regions, with some mismatch between the two basins
(see also Figures 7.6-7.9). In comparison, the Levantine
and Ionian seas temperature centered at 1-km depth (not
shown) displays much smaller interannual oscillations
with amplitudes of 0.1-0.2°C. The higher amplitude
response of the Aegean and Adriatic to surface effects is
mostly related to the size of the basins, the associated
sensitivity to atmospheric forcing, and the renewal
timescales of the deep waters, which is much greater in
the Levantine and Ionian seas.

In the Aegean Sea (Figure 7.2a), the most prominent
feature in the time series is the steady rise of salinity
continuing from the mid-1980s until the mid-1990s, which
has been identified to be the result of a change in the
Levantine circulation, the blocked circulation diverting
saline water into the Aegean Sea [Malanotte-Rizzoli et al.,
1999]. The temperature is increasing along with salinity
in the initial phase of this rise, but then the rapid cooling
events in the early 1990s are ideal conditions for the mas-
sive formation of dense water in the Aegean Sea, as both
the temperature and the salinity contribute to the abrupt
density increase that has led to the EMT [Ozsoy and Latif,
1996; Theocharis et al., 1999].

On the other hand, at 2-km depth in the Levantine
and Tonian basins (Figure 7.3), smaller oscillations of less
than 0.1°C amplitude are detected until the early 1990s
when abrupt, dramatic changes of more than 0.5°C in
the Levantine and of 0.4°C in the Ionian basins occur
in the form of interannual oscillations superposed on a
stepwise change influencing the basin for the next two
decades. The average temperature in the Levantine basin
(Figure 7.3a), in fact, started to rise from 1988 onward, to
reach a peak in 1993, followed by a secondary peak in
1997 and other oscillations in the following years.

The average temperature in the Ionian basin
(Figure 7.3b) rose relatively more abruptly in 1992-1994,
followed by a secondary peak in 1998-2001 in transient
oscillations that seem to settle at about half the initial tem-
perature rise. It appears that the outflow was felt immedi-
ately in both the Levantine and Ionian basins, but has led to
greater changes in the Levantine Basin. Similar variations
are detected in salinity, with an initial overshoot in 1993
that is larger than the stepwise change that follows. The
overshoot signal in 1993 is present both in salinity and
density, induced by the water sinking to these depths with
the gravity current, although very little change persists in
density in the later years, as the spreading of the anomalous
waters appears to reach near equilibrium with the local
density in the deep basin. We identify these changes to be
tied to the cascading and spreading of the new dense water
formed in the Aegean, verifying the long-term variations
known as the Eastern Mediterranean Transient (EMT).

In addition to the temperature and salinity changes
accompanying the EMT in the last two decades, there
appear other significant peaks of salinity that influence
the density inabout 1980 in the Levantine Sea (Figure 7.3a),
however without any significant changes in temperature.
Similar small peaks of salinity without a signature in tem-
perature occur in 1986 in the Ionian Sea (Figure 7.3b).
These changes could be related to the intrusion of a water
mass with salinity anomaly alone, or it is likely that some
measurement errors could be involved in these cases.

Because salinity measurements have larger uncertainties
and drifts due to instrumentation and sampling methods,
we tend to rely more strictly on the temperature signals
(see further discussion below), while evaluating salinity
and density variations in parallel. In fact, in the case of
the 1980 spike in the Levantine Sea (Figure 7.3a), the
number of data points averaged is only about 10, reflected
by the larger error bars (confidence intervals) in salinity
and density in this period. In contrast, the 1993 salinity
spike in the same figure provides much more confidence
with several thousands of data points averaged, also coin-
cident with the beginning signal of the EMT surviving
later in the temperature anomaly. Other much smaller sig-
nals of simultaneous temperature and salinity variations
affecting the density occur in the late 1960s and early
1970s both in the Levantine Sea and in the Ionian Sea.

In the deeper basins, the available temperature data
centered at 3-km depth (Figure 7.4) shows a rapid rise of
about 0.5°C in the Levantine Basin in 1992-1994, while a
rise of about 0.2°C is indicated in the Ionian Basin in
1992-1995, followed by a secondary peak in 1998. Smaller
peaks occur in the late 1960s and early 1970s in the Ionian
Sea, but their significance is possibly limited, compared
to the signals in the 1990s characterizing the EMT event
influencing both deep basins of theeastern Mediterranean.

After the above description of clear signals in the deep
temperature data, we turn our attention to the coevolution
of water properties in the main basins. The potential tem-
perature, salinity, and o0 density at 0.5-, 1-, and 2-km depth
layers, and the logarithm of the number of data points aver-
aged for each bin at the respective depths in the Aegean Sea
are displayed in Figure 7.5. For reasons of better visualiza-
tion in a series of plots comparing properties at different
depth intervals of each region, an offset factor proportional
to n (where n = 0, 1, 2, 3, corresponds to the number
assigned to each depth interval) is subtracted from the
parameters’ values. In the bottom panel of each plot, the
number of data points entering the half-year time bins is
shown in logarithmic scale (e.g., log(N) = 3 corresponds to
data averaged from 1000 measurement points).

Temperature in the Aegean Sea, at the first two levels of
Figure 7.5, shows interannual and decadal oscillations
resulting in cooling by about 1.5°C for each of the events
in the 1987-1989, 1993, 1997-1999 periods, while the third
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level at 2-km depth is relatively constant with a higher
value between 1986-1994. This is almost the same period
when salinity is on the rise at all displayed depth levels,
that is, the period of saline water entry into the Aegean
Sea noted in the literature [Theocharis et al., 1999;
Malanotte-Rizzoli et al., 1999]. We should note, however,
that the sawtooth pattern in temperature of the first two
depth levels after the 1990s is a result of the uneven distri-
bution of data in the whole of the Aegean Sea, with the
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1 L 1

colder observation points located in the northern and
central Aegean subdomains (compare with Figure 7.10).
The uniform increase of salinity at all deep layers of
the Aegean Sea during the 1985-1995 period is very
interesting. If the increase were to be attributed to the
LIW import from the Levantine Sea alone, it would be
hard for the rather shallow LIW to influence the deeper
layers. This observation, that needs further investigation,
implies that deep-water formation processes in the
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Figure 7.3. (a) Time series of average potential temperature, salinity, potential density, and log(N), the logarithm
of the number of data points N, in the 900-1100-m depth level, binned at half-year intervals in the Levantine Sea
(vertical bars with end caps denote 95% confidence limits for data in each bin);
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Figure 7.3. (continued) (b) time series of average potential temperature, salinity, potential density, and log(N), the
logarithm of the number of data points N in the 900-1100-m depth level, binned at half-year intervals in the
lonian Sea (vertical bars with end caps denote 95% confidence limits for data in each bin). For color detail, please

see color plate section.

Aegean Sea were affecting the whole water column. The
salinity at the first two levels has marked interannual to
decadal oscillations before and after this period, but the
last level of 2-km depth reaches almost an asymptotic
value after a salinity rise of about 0.2 in the period 1985—
1995. The density increase to peak values in the late
1990s is recovered in later years at the first two levels but
not in the deepest layer. The waters in the deeper parts of

the basin (that are isolated by abrupt topography) are
not yet affected by the post-EMT temperature and
salinity variations in the shallower parts of the basin.
This was also recorded in two cruises (2005-2006) with
observations at the deepest parts of the Aegean Sea
[Vervatis et al., 2011].

The Adriatic Sea in Figure 7.6 displays interannual
to decadal oscillations, but much smaller than those
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Figure 7.4. Time series of average temperature at depths of 2900-3100 m binned at half-year intervals in the
(a) lonian and (b) Levantine Seas. For color detail, please see color plate section.

observed in the Aegean Sea. A stepwise rise of salinity or
density resembling the one in the Aegean Sea is not dis-
cernible during the observation period. If any dense-
water production event should be responsible for an
Adriatic contribution to the EMDW, it would have to be
linked to these oscillations. We note temperature and
salinity decreases in the 1960s, in 1987, and in the
1989-1994 periods, especially in the 0.5-km depth layer.
The latter period of 1987-1994 coincides with the EMT
period, and overlaps with the 1988-1997 period of anti-
cyclonic circulation in the Ionian Sea, when a decrease
has been observed in the Adriatic salinity [Gacié¢ et al.,
2010]. On the other hand, temperature and salinity
increases are found in the 1973-1983 and 1998-2001
periods, partially overlapping with the 1998-2006 period
of cyclonic circulation in the Ionian Sea when an increase
is observed in the Adriatic salinity [Gadi¢ et al., 2010].
The density in the 1.0-km layer appears to increase in the
1970s, early 1980s, and early 1990s periods.

Because the EMT appears dominating in the time his-
tory of the deep Levantine and Ionian seas properties, we
focus our attention on the immediate neighborhood of
the Cretan Sea source, that is, the northwestern Levantine
and the northeastern Ionian seas regions where most
of the variability is encountered, rather than providing
basinwide changes in this section. The basinwide changes

in properties at 2-km depth have already been reviewed
in Figure 7.3.

In the northwestern Levantine Sea (Figure 7.7), a
cooling event is detected at the first level of 0.5-km depth
in the years 1993-1994, coinciding with other changes in
the deeper layers in the ensuing EMT period. Stacked
plots of properties indicate stepwise increases of temper-
ature and salinity at depths centered at 2- and 3-km
depths in the early 1990s following the EMT. Salinity
spikes at the depth layers 0.5, 1, and 2 km are coincident
with beginning of EMT anomalies at the same depths,
while only a stepwise increase of salinity is detected in the
3-km depth layer. This is because the introduction of
the new water masses into the Levantine basin during the
EMT event occurs in the form of a deep overflow from
the Aegean straits, which then spreads in the entire
Levantine Basin and continues to influence the basin
throughout the next two decades.

It is also interesting that there is no discernible net
increase in density after the EMT event except the
transient anomalies and the slight increase in the 3-km
depth layer, suggesting that the overflow from the Aegean
Straits largely interleaves into the existing stratification
without actually changing the density significantly,
because of the compensating nature of the warm temper-
ature against the higher salinity of the outflow. Roether
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Figure 7.5. Aegean Sea potential temperature 8, salinity, and o, density at depth layers of 450-550 m (n = 0),
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denote 95% confidence limits for data in each bin.) For color detail, please see color plate section.

et al. [2007] have argued that the dominance of the
Aegean source was primarily a result of rates and much
less of density. They find that after 1994, the near bottom
flow was driven by extremely low lateral density gradients
that were also nearly invariant in time.

While the EMT associated temperature increase in the
deepest layers seems to have occurred only after the 1990s,
and an absolutely stable temperature record is found
before this period without a notable trace of change up

until the late 1980s, the same cannot be said for salinity
and density. It seems that short periods of increased
salinity occurred around 1960, 1970, and the 1980s, but
without a trace in temperature, which means that peaks
in density follow the influence of salinity. The salinity
peaks producing effects on density without a compen-
sating temperature change in around 1980 have higher
error bars based on few stations available, as discussed
earlier in relation to Figure 7.3.
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We next present results for the northeastern Ionian Sea
(Figure 7.8), where salinity peaks occur at all displayed
depth levels, coinciding with the largest signal in temper-
ature at the 2- and 3-km depth levels, marking the out-
flow of dense water from the Aegean into the Ionian Sea
during the EMT. The first level at 0.5-km depth interval
shows a continuous cooling trend from the 1980s onward,
until a stronger cooling event is observed in the first half
of the 1990s, coinciding with a peak in salinity at this and
lower layers.

The positive temperature and salinity anomalies
observed at the deep layers during the EMT events in
some time-series plots may appear unnatural when
cooling is expected from an event of convective origin.

However, this is related to the production of a new
deep-water mass during the EMT, when waters of
greater salinity in the Aegean Sea did not have to
undergo very extensive cooling in order to reach very
large densities and sink and spread in almost all the
eastern Mediterranean Sea. Turbulent entrainment
processes also influence the final characteristics of the
spreading water mass, as indicated by the higher salinity
and temperature of the anomalous waters arriving at
the deeper levels. The positive anomalies observed at
depths greater than 0.5 km in the Levantine and Ionian
seas illustrate the fact that the source of water is
external to these basins, as it clearly originates from the
neighboring Aegean Sea.
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In Figure 7.9 we provide the density variations at
4-km depth in the deepest troughs of the Levantine and
Ionian seas, respectively in the northwestern Levantine
and central Ionian subdomains. A decrease in bottom
layer density is detected in the northwestern Levantine
(Rhodes) depression after the EMT period, while an
increase is detected in the central Ionian depression,

the density being equalized at a value of about 29.2 in
both basins after the 1990s. We should note, however,
that the number of observations prior to the 1990s is
limited to a single one for each time bin, while it is
increased to about 100 profiles per bin in the latter
period, increasing the reliability of the observations in
the last two decades.
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7.4.INTRABASIN VARIABILITY

We next review the behavior of the subdomains within
the Aegean Sea in Figure 7.10. The Aegean Sea played a
key role in the largest event of deep-water variability in
the eastern Mediterranean Sea. Furthermore, its geography
and topography is the most complicated in the region,

with thousands of islands and islets and a large number of
depressions and sills. The Aegean Sea is mainly a shelf
sea, with most of the basin having shallow depths except
the three deep basins of the north Aegean (the North
Aegean trough consisting of the Sporades, Athos, and
Lemnos basins), the central Aegean (Skiros and Chios
basins), and the southern Aegean Sea (Cretan Basin).
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In the north Aegean Sea (Figure 7.10a) at depth layers
centered at 0.5- and 1-km depth, a very strong cooling
event occurs in the late 1980s followed by a steady increase
in salinity, leading to the highest densities in the late
1990s. In fact, the mean potential density values of up to
29.53, reached in the bottom waters of the north Aegean
Sea in the mid-1990s, are the highest values observed
anywhere in the entire Mediterranean Sea.

A rather stronger cooling event occurred at the ear-
lier period of 1987-1989 in the northern and central
basins [Gertman et al., 2006], but it is absent in the
Cretan Sea, which together with the increasing trend of
salinity in the entire Aegean Sea, may have served in the
preconditioning of properties. In the north Aegean
(Figure 7.10a), data are insufficient to show a strong
cooling event in the years 1992-1993, but there are
enough data to show this in the central Aegean basin
(Figure 7.10b).

A stagnant period in the years 1994-2000 followed the
density maximum in the mid-1990s and survived till many
years later [Zervakis et al., 2003; Androulidakis et al., 2012],
as a result of the increased stability and the combined
influences on surface buoyancy created by the net water
fluxes at the sea surface and the changes in the flux of
Black Sea Water (BSW) outflowing from the Dardanelles
Strait.

In the Cretan basin layers of 1 and 2 km (Figure 7.10c),
interdecadal oscillations of 10-15-year periods are observed
both in temperature and in salinity and density. These oscil-
lations reach a plateau after the early 1990s EMT event,
following a period of steady increase in salinity in the 1980s
and the cooling event in 1992-1993. The high-density deep
waters filling the deeper part of the Cretan Basin seem to
have reached a rather stable situation after the 1990s, at
least until the present. According to Theocharis et al. [1999],
the deep basin of the Cretan Sea had been filled by dense
Cretan Deep Water (CDW) starting in 1987 and lasting
until 1992-1993, when the first dense-water outflow from
the Cretan Strait was initiated. Continued observations
reported by Theocharis etal. [2002] seemed to indicate a
return to pre-EMT conditions after the mid-1990s, with
continued but smaller overflows contributing only to the
midlevels of 1.5-2-km depth in the exterior region.

Our analysis in Figure 7.10c shows that the increase in
salinity started after the strong cooling period in the early
1980s and lasted until mid-1990s. The salinity and density
in the deeper basin at 2 km stayed stationary, but
decreased slightly after the mid-1990s maxima. Further
review of Figures 7.11 and 7.13 will emphasize the fact
that a net stepwise rise in the temperature signal has been
preserved at both 1- and 2-km depth until the last decade,
although large fluctuations are superposed on this rise.
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On the other hand, stronger cooling events seem to
have taken place during the 1970s and 1980s, but in these
cases the cooling periods were also associated with lower
salinity, and therefore without any increase in the density.
The difference in the early 1990s case was that an increase
in salinity occurred throughout the entire later part of the
1980s until 1991 (preconditioning phase), and with the
cooling imposed on this situation it probably created
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sufficiently high density to initiate the outflow from the
Cretan Sea into the adjacent seas.

It may also be observed in Figure 7.10 that the density
is always higher in the northern basin of the Aegean as
compared to the central and southern basins, but in the
case of the 1990s EMT period, density in the deeper
northern and central basins approach each other almost
to be equalized, though remaining much higher than the
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Figure 7.10. (continued)

density at the same depths in the Cretan Sea. It is also
discernible in Figure 7.10 that the stratification in the
Cretan basin increases in parallel with the period of steep
increases in salinity and density during the 1983-1993
period. The same can be said for the central Aegean basin
only in the 1980-1990 period, though the stratification
appears weaker during the rest of the observed period.
Saymn and Begiktepe [2010] confirm some of these
results based on measurements made in the north Aegean
on the eastern side of the north Aegean trough (Saros
deep and Limnos north), north of the central Aegean
(Limnos south), and on the eastern side of the Cretan Sea
(south Aegean). Through analyses of these partial data,
they have shown the mixing to a depth of 200 m pro-
ducing water of density greater than 29.5 south of Limnos
Island in the central Aegean region, but they have missed

completely the same levels of density reached in the north
Aegean. Saymn and Begiktepe [2010] also note the cyclonic
circulation of the central Aegean aiding northerly trans-
port of saline water on the eastern flank and the transport
of dense water south by the same circulation. This could
be an additional factor for transporting dense water to
the Cretan Sea while withdrawing more saline water from
the south, eventually contributing to the dense-water
formation in the north.

The role of the Central Aegean Sea in the regional
thermohaline circulation and deep-water formation was
also investigated during the 2005-2006 cruises [Vervatis
et al., 2011]. They recorded dense-water formation
processes and found that the central part of the basin
plays a very important role for the whole basin. Due to
the presence of high salinity waters of Levantine origin,
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the strong atmospheric forcing and its shape, it is the
most prominent area for dense-water formation and can
act as a reservoir of dense waters for the adjacent Aegean
subbasins. This contribution of the central Aegean Sea
to the intermediate and deep layers of the Aegean Sea,
also identified by two cruises in the late 1980s and early
1990s [Gertman et al., 2006], can also explain the larger
salinity increase signal in the central and northern parts
of the Aegean Basin and the amplified signal in the
deeper levels of the Cretan Sea.

We believe the salinity increase that led to the density
increase in the deep Northern Aegean Trough resulted
from the LIW entering into the Aegean Basin and pene-
trating to the central and north Aegean during this
period, as a result of the blocked circulation in the

Levantine Sea as observed in October 1991 [Theocharis
et al., 1999; Malanotte-Rizzoli et al., 1999]. Contributions
of increased E-P [Josey et al., 2011] and reduced BSW
inflow in the Aegean Sea [Zervakis et al., 2000] were also
proposed as mechanisms for the density increase observed
in the basin. Once the wheel starts to turn, that is, when
the outflow of dense water out of the Aegean starts, there
would be more saline water entering in replacement as
Sayin and Besiktepe [2010] proposed. However in
Figure 7.9, we see that the increase in salinity starts much
earlier in the late 1980s, possibly after the extensive
cooling in the north Aegean, which may have initiated at
least one of the triggers.

The analysis of spatial variations across the deep
Levantine and Ionian basins is carried out on the basis of
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Figure 7.11. Potential temperature 6 in the 900-1100-m depth level in the (a) northwestern, (b) southwestern,
c) southeastern, and d) northeastern Levantine subdomains. For color detail, please see color plate section.

temperature data, built upon the confidence we have on
the measurement of temperature. Although salinity is
usually considered as a conservative tracer in the ocean,
in this case we prefer to use temperature as a more reliable
tracer for better detection of deep-water changes. We
trace these changes based on the comparison of time-
series between subdomains of the Levantine and Ionian
seas at the 1- and 2-km depth levels in Figures 7.11-7.14,
respectively.

The distinct pattern of the temperature time-series
at 1-km depth in the northwestern Levantine region
(Figure 7.11a) is clearly differentiated from the other

time-series in the various Levantine Basin subdomains at
the same depth (Figure 7.11). In this region, the tempera-
ture starts rising continuously from the early 1980s
onward, reaching a peak in 1989 and oscillating after-
ward, with other peaks in 1992, 1997, and 2008, by a total
temperature rise of about 0.4°C. Combined with the
interpretation of Figure 7.7 showing parallel changes in
temperature and salinity at all depths, the enlarged plot in
Figure 7.11a shows that the preconditioning evolution
that leads to the EMT starts in the second half of the
1980s, much earlier than 1992. It can also be understood
that the overflow of anomalous waters from the Cretan
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Sea has started much earlier than the peak of the EMT
signal in 1992-1993.

Barely noticable increases of 0.1-0.2°C are indicated in
the southwest and southeast regions (Figures 7.11b,c)
almost synchronous with the northwest after the 1980s,
but not followed by the later sequence of peaks and the
clear stepwise increase observed there. The northeast box
indicates only a continuous trend of increasing tempera-
ture during the same period (Figure 7.11d). The Ionian
Basin northeast, northwest, southeast, and central sub-
domains (Figure 7.12a—d) all have different patterns of
similar magnitude, none of them indicating a pattern that

comes close to the signature in the nortwestern Levantine
box from starting in the second half of the 1980s.

The above discussion shows that the largest anomalies
occur only in the northwest Levantine area in the 1-km
depth level, reflecting the influence of the new dense water
from the Cretan Sea into the Levantine Sea in its neighbor-
hood. Studies carried out in the pre-EMT and post-EMT
periods show that the stratification of the Aegean Sea and
its adjacent basins are influenced by the exchange fluxes
in the Cretan Arc straits system [Zodiatis, 1992, 1993,
Kontoyiannis et al., 2005]. It is probably through the Kasos
Strait, with a sill depth of 1000 m at its deepest point east
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Figure 7.13. Potential temperature 6 in the 1900-2100-m depth level in the (a) northwestern, (b) southwestern,
and c) southeastern Levantine subdomains. For color detail, please see color plate section.

of Crete, that the stronger EMT signal is conveyed to the
Levantine Basin. Since the other straits connecting the
Aegean Sea to the eastern Mediterranean are shallower,
notably the Antikithira Strait with 560 m sill depth, it is
confirmed by the above review of properties in Figures 7.11
and 7.12 that the main outflow route of dense water out of
the Cretan Sea is the Kasos Strait, confirming results from
the earlier studies [Roether at al., 2007].

The behavior at 2-km depth is different. In the
northwest Levantine area adjoining the Kasos Strait
(Figure 7.13a), a large temperature signal of 0.6°C is
again the largest rise observed among the different sub-
domains at this depth. A stepwise increase of tempera-
ture of about 0.35°C marking the arrival of the EMT
signal in the southwest Levantine region (Figure 7.13b)
follows closely the northwest region, while in the southeast
Levantine, the peak values are reached much later at the
end of the 1990s (Figure 7.13c).

Now comparing the Ionian Basin subdomains at
2-km depth, the northeastern lonian box stands out

(Figure 7.14a) indicating a stepwise response with super-
posed oscillations reaching an amplitude of about 0.5°C
in 1993. Smaller amplitude temperature steps of 0.2°C
are found at the other subdomains, but with later arrival
times of the peak change in about 1995 in the northwest
Ionian (Figure 7.14b) and southeast Ionian (Figure 7.14c),
and in1998 in the central Ionian Sea (Figure 7.14d).

The above observations suggest direct influence of the
EMT on the northwestern Levantine Basin area, from
where the anomaly spreads to the southern Levantine
Basin and the Ionian Sea. The presence of a large
anomaly only in the northwest Levantine area adjacent
to the Cretan Sea at 1-km depth (Figures 7.11 and 7.12)
confirms the outflow from Kasos Strait at this depth. At
the deeper level of 2 km (Figures 7.13 and 7.14), which is
more representative of the core of the CDW outflow in
the Levantine Basin, the source driven anomaly is present
at all subdomains with reduced amplitude and with
delays. Due to the basin’s size and topographic con-
straints (obstacles imposed by sea mounts), the EMT
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Figure 7.14. Potential temperature 0 in the 1900-2100-m depth level in the (a) northeastern, (b) northwestern,
(c) southeastern, and (d) central lonian subdomains. For color detail, please see color plate section.

signal arrives at the southeast Levantine area with a delay
of a few years. The origin of outflow in the northwest
Levantine area near Kasos Strait at 1 km and the existence
of an anomaly of similar amplitude only at 2-km depth in
the northeastern Ionian area near Antikithira Strait, with
later arrivals elsewhere, confirm the outflow scheme pro-
posed by Roether et al. [2007] in his Figure 14: the dense
water outflows from Kasos Strait and encircling the deep
Hellenic Trench south of Crete arrives in the Ionian Sea,
while its southward extension recirculates to both basins
along the southern coast after overflowing the eastern
Mediterranean Ridge.

Analyses based on the horizontal distributions of prop-
erties at any particular time are probably not justified for
a historical profiles database of uneven spatial and
temporal distribution such as ours. However, by averaging
the data roughly for the pre and post-EMT periods,
1970-1990 and 1990-2012, respectively, in Figures 7.15a
and 7.15b, we attempt to show the main changes between
these two periods, again using deep potential temperature
at the 2-km depth layer as tracer.

While the pre-EMT period shows lower temperatures
in the Ionian and Levantine basins clearly differentiated
from those in the Cretan Sea in Figure 7.15a, the
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spreading of the warmer and more saline water from the
Cretan Sea out into the adjacent basins in the post-EMT
period (Figure 7.15b) modifies the deep-water properties
throughout the entire area of the Levantine and Ionian
basins, with the influence spreading from Kasos Strait
through the paths identified above.

7.5. SIMPLE STATISTICS

The number of stations and observation points (scans)
in a depth range, and the computed mean and standard
deviation and trends computed for the full length of the
observation period in each of the maxin subbasins of the
eastern Mediterranean are given in Table 7.1.

It is interesting to note that the highest deep salinities
and densities occur in the Aegean Sea in the observed
period, although partially compensated by potential

107

temperature values slightly higher than the other regions.
The coldest deep waters at a given depth interval occur in
the Adriatic Sea, with density at 1-km depth remaining
higher than the deep lonian and Levantine sea waters at
4-km depth. Still the highest density occurs in the Aegean
Sea, exceeding that of the Adriatic Sea.

Table 7.1 also provides trends in the observed data, cal-
culated by fitting regression lines to the data. Long-term
trends appear in the observation periods, including tran-
sients and stepwise increases imposed by the EMT in the
last two decades. In all the basins, there is a positive trend
in all variables at the deeper levels, which is a result of the
increases in salinity partially compensated by increased
potential temperature. The highest temperature trend
partly compensating the salinity increase appears in the
Levantine Basin deep waters where the density trend is
the lowest. A relatively higher trend in density occurs in
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Figure 7.15. (continued) b) 1990-2012 periods. For color detail, please see color plate section.

the Ionian Sea. The highest increase in density occurs in
the deep waters of the Aegean and Adriatic seas, where it
is associated with cooling effects, with a higher rate in the
Aegean Sea.

7.6.DISCUSSION AND CONCLUSIONS

Apart from the very long-term changes, decadal variability
is observed to dominate the temporal evolution of the deep
waters. It is also observed that the Eastern Mediterranean
Transient (EMT) stands as the most extraordinary deep-
water episode, while other interdecadal changes of varying
strength are predominantly detected in certain areas of the
eastern Mediterranean. The largest interdecadal variability
is observed in the Aegean and Adriatic basins, where
changes are continuously observed during the second half
of the last century. An abrupt increase of salinity and

density with an associated drop in temperature in the
Aegean Basin marks the EMT starting in the early 1990s.
In the deep Levantine Basin, the EMT event starts at the
same time, particularly after the 1992-1993 cooling event,
but lasts throughout the 2000s for about two decades, with
stepwise increases in temperature, salinity, and density,
attributed to cascading out of the southern Aegean Sea
into the adjacent area. In the deep Levantine and Ionian
basins, salinity changes dominate the interdecadal vari-
ability most of the time. Yet potential temperature proves
to be a useful tool to trace these variations, allowing the
construction of a basic description of the changes, espe-
cially in relation to the EMT. The evolution of the eastern
Mediterranean deep-water characteristics suggests a strong
interaction between the various subbasins.

The evolution history some years past the EMT can be
found in the later literature, showing that the density of the
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deep water in the Cretan Sea has been decreased back to
normal values after the trigger event of the EMT, but the
deep water characteristics in the northwestern Levantine
Sea region have been shown to survive long after the event
[e.g., Theocharis et al., 1999; Kovacevié et al., 2012].

Although a description of the climate variability aspects
would add significantly to a more basic understanding
of the observed deep-sea variability of the eastern
Mediterranean, we have excluded the related discussion in
this paper, keeping such analyses for future studies. There
is already a number of studies on the climatic effects, not
fully cited here. The Mediterranean response to climate
forcing is rather complex. A synthetic discussion of the
climate variability effects and a description of the EMT
have been attempted by Lionello et al. [2006], among
others. Yet, it appears still quite complicated to define
how the surface effects are transmitted to deep water by
either convective events or lateral fluxes and cascading.

A significant degree of synchronism, possibly imposed
by large-scale controls, is often found between the
Levantine, Black ,and Caspian seas [Ozsoy, 1999], implying
relationships with the Southern Oscillation (SO) in some
years (e.g., 1982-83, 1986-87, the 1990s) or the North
Atlantic Oscillation (NAO) in others (1983, 1986-87,
1989-90, 1992-93). Later, principal components analyses
performed by Giindiiz and Ozsoy [2005] showed a greater
influence of the North Sea Caspian Pattern (NCP) in
the Levantine-Aegean-Black seas region compared to the
NAO playing a greater role in the western Mediterranean.
Especially in the Aegean Sea region, air temperature and
surface heat fluxes were very strongly correlated with the
NCP dipole pattern during the years 1964, 1975-1976, and
1992-1993. Some of these signals are evident in the
analyses performed here. But again, the details and cause-
and-effect relationships would probably be better exposed
by continuing analyses and modeling efforts.
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