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[1] This work is dedicated to the study of the climate variability of the Mediterranean Sea,
in particular the study of the Eastern Mediterranean Transient (EMT) which occurred
in the early 1990s. Simulations of the 1961–2000 period have been carried out with an
eddy‐permitting Ocean General Circulation Model of the Mediterranean Sea, driven by
realistic interannual high‐resolution air‐sea fluxes. Using different databases for the river
runoff, Black Sea inflow, and Atlantic thermohaline characteristics at climatological or
interannual scales, we assess the effects of the non‐atmospheric hydrological forcings on
the simulation of the interannual variations of the Mediterranean circulation. The
evolution of the basin‐scale heat content is in very good agreement with the observations
(especially in the surface and intermediate layers), while the agreement is lower for the
evolution of the salt content. Convection events in the Aegean Sea are noticed in the
simulations between 1972 and 1976, in the late 1980s, and around the EMT period. The
formation rates of Cretan Deep Water (CDW) are different during these periods,
allowing or preventing the spreading of CDW into the eastern Mediterranean. The
sequence of the EMT events is well reproduced: the high winter oceanic surface cooling
and net evaporation over the Aegean Sea in the early 1990s, the high amount of dense
CDW formed during these winters, and then the overflow and the spreading of this
CDW in the eastern Mediterranean. Among the preconditioning processes suggested in
the literature, we find that changes in the Levantine surface circulation, possibly induced
by the presence in the Cretan Passage of anticyclonic eddies and a lasting period with
reduced net precipitation over the eastern Mediterranean, lead to an increase of the salt
content of the Aegean Sea. Changes in the Black Sea freshwater inflow or in the
characteristic of the Atlantic Water entering at the Gibraltar Strait also modify the
thermohaline state of the Aegean Sea before the EMT. But, as none of these
preconditioning factors has a lasting impact on lowering the vertical stratification of the
Aegean Sea, we conclude that concerning the EMT, the major triggering elements are the
atmospheric fluxes and winds occurring in winters 1991–1992 and 1992–1993.

Citation: Beuvier, J., F. Sevault, M. Herrmann, H. Kontoyiannis, W. Ludwig, M. Rixen, E. Stanev, K. Béranger, and S. Somot
(2010), Modeling the Mediterranean Sea interannual variability during 1961–2000: Focus on the Eastern Mediterranean
Transient, J. Geophys. Res., 115, C08017, doi:10.1029/2009JC005950.

1. Introduction

[2] The Mediterranean Sea circulation and water masses
have been studied for a long time and schemes of the steady
state of its thermohaline circulation have been proposed
[Wüst, 1961; Robinson et al., 2001]. The Atlantic Water
(AW) enters the western Mediterranean at the Gibraltar
Strait in the surface layer and flows towards the eastern
Mediterranean in a cyclonic manner [Millot, 1999; Hamad
et al., 2005; Alhammoud et al., 2005]. Deep winter con-
vection forms dense waters sinking at different depths in the
following four main areas (see Figure 1 for geographical
locations): (1) the Levantine Intermediate Water (LIW)
and sometimes the Levantine Deep Water (LDW) in the
Levantine basin, mainly in the Rhodes gyre, (2) the Cretan
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Intermediate Water (CIW) and sometimes the Cretan Deep
Water (CDW) in the southern part of the Aegean Sea
(Cretan Sea), (3) the Adriatic Deep Water (ADW) in the
Adriatic Sea, and (4) the Western Mediterranean Deep
Water (WMDW) in the Gulf of Lions.
[3] The eastern Mediterranean deep layers are filled by

Eastern Mediterranean Deep Water (EMDW) that typically
originates in the Adriatic Sea (ADW) and in one exceptional
case in the Cretan Sea (CDW). Shelf deep convection pro-
cess is also present in specific locations along the northern
boundary, i.e., in the Gulf of Lions [Canals et al., 2006], in
the North of Adriatic Sea [Artegiani et al., 1997] and in the
Aegean Sea [Zervakis et al., 2000]. The intermediate waters
mainly flow at a depth of about 300 to 500m from the
northern Levantine basin or eastern Ionian basin towards the
other sub‐basins, namely the Adriatic Sea and the Gulf of
Lions. The LIW also propagates northwards off the Turkish
coasts in the Aegean Sea [Gertman et al., 2006]. The deep
waters are strongly constrained by Mediterranean straits and
sills (Cretan Arc straits, Cretan Passage, Otranto, Sicily,
Corsica and Sardinia straits), which limit the exchanges
between the various sub‐basins.
[4] This typical steady‐state picture of the Mediterranean

Thermohaline Circulation (MTHC hereafter), which was
valid for almost the entire twentieth century and in which
the EMDW was of Adriatic origin, was fundamentally dis-
turbed by the discovery of the so‐called Eastern Mediter-
ranean Transient (EMT) during the 1990s, which was first
reported by Roether et al. [1996]. Then, its evolution has
been further analyzed by Klein et al. [1999], Lascaratos et al.
[1999], Theocharis et al. [1999], Zervakis et al. [2004], and
Roether et al. [2007]. Observational evidences proved that
during the beginning of the 1990s, the EMDW was not
formed anymore in the Adriatic Sea but in the Aegean Sea.
Very dense waters were formed during several years within
the Aegean Sea until they filled this small basin. This newly
formed water mass then overflowed in the Levantine and
Ionian basins through the Cretan Arc straits (Antikithira,

Kassos and Karpathos straits). The densest water overflows
have been recorded in the deepest straits of the Cretan Arc,
Kassos and Karpathos, situated at the eastern part of Crete
[Theocharis et al., 2002; Kontoyiannis et al., 2005]. Note
that during the winter 1991–1992, LDW was also observed
in the Rhodes gyre [Sur et al., 1992], proving the excep-
tionality of this particular winter in terms of buoyancy loss.
After overflowing the Cretan straits and despite the mixing
due to lighter water mass entrainment, the newly formed
water mass spreads towards the bottom of the eastern
Mediterranean. The major part of the dense water vein
turned westward driven by the Coriolis force and by the
local topography represented by the Hellenic Trench, west
of Crete. It then continued to flow along the continental
slope in the Ionian basin [Roether et al., 2007]. Under the
sill of the Cretan Passage, i.e., below 2000 m, the rest of
the vein flowed southwards in a cyclonic circulation in the
Levantine basin. A part of the new EMDW also spreads
directly and slowly eastwards in the Levantine basin, prob-
ably carried by mesoscale eddies.
[5] The new EMDW replaced and uplifted the old

EMDW, creating a warm, salty and dense anomaly in the
hydrographic characteristics of the deep layers of the eastern
Mediterranean and a cold and fresh anomaly in those of the
intermediate layers [Theocharis et al., 2002;Gasparini et al.,
2005]. This transient phenomenon has even had an impact
on the biogeochemistry of the eastern Mediterranean [Klein
et al., 2003]. Since 1998, a new phase of the EMT has been
observed with warm and salty Cretan Intermediate Water
(CIW) flowing out of the Aegean Sea through the Antikithira
Strait. This CIW was observed in the Ionian basin at about
400–500 m depth around 1998–2000. They were situated
above the old EMDW (of ADW origin) which were at about
1500 m depth and above the new EMDW (of CDW origin)
which were at about 2500 m depth [Theocharis et al.,
2002; Kontoyiannis et al., 2005]. Despite the lack of obser-
vations showing the detailed path of this CIW in the eastern
Mediterranean, it may have passed through the Sicily Strait

Figure 1. Bathymetry (in m) of NEMOMED8 in partial‐step configuration and location of main Med-
iterranean basins, straits and places. 1: Antikithira Strait. 2: Kassos Strait. 3: Karpathos Strait. 4: Corsica
Strait. 5: Sardinia Strait. 6: Hellenic Trench. A: location of the meridian sections of Figure 14.
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around year 2000 [Gasparini et al., 2005] and reached the
western Mediterranean [Schroeder et al., 2008]. The forma-
tion phase and the spreading phase of the new EMDW have
been recently summarized by Roether et al. [2007]. Dif-
ferent hypotheses concerning the preconditioning of the
EMT and its timing have been proposed in the literature,
mainly based on the available observations. Among the
preconditioning hypotheses and the potential triggering ele-
ments, we found the following: (1) a change in the surface
circulation, which could have modified the AW path, pre-
venting the AW flow towards the far eastern Mediterranean
and isolating the Levantine basin and the Aegean Sea from
a freshwater input [Malanotte‐Rizzoli et al., 1999; Samuel
et al., 1999; Theocharis and Kontoyiannis, 1999]; (2) the
presence of three anticyclonic eddies south of Crete, which
would have modified the LIW path towards the Aegean Sea
and consequently increased the salt content of the Aegean
Sea [Malanotte‐Rizzoli et al., 1999; Samuel et al., 1999];
(3) the salinity increase of the deep waters observed during
the end of the 1980s in the eastern Mediterranean can be
explained, for 10 to 40% of it, by changes in the net surface
evaporation but the major part of the change should have
been driven by internal salinity redistribution [Josey, 2003];
(4) a decrease in the Black Sea freshwater input due to a
reduction of the river runoff which flow into it [Zervakis et al.,
2000; Stanev and Peneva, 2002]; (5) the start of the intense
winter convection in 1987 in the northern Aegean Sea
[Zervakis et al., 2000; Gertman et al., 2006]; Cretan Deep
Water was also observed in the Cretan Sea during summer
1987; from that year, the Aegean Sea would have been
steadily filled by CDW [Theocharis et al., 1999]; and (6) the
occurrence of two successive winters (1991–1992 and 1992–
1993) with strong and deep convection in all the Aegean Sea;
these convection events are triggered by strong surface heat
losses during these winters [Josey, 2003].
[6] All these preconditioning factors (or at least some of

them) could have changed the Aegean Sea stratification,
leading to a less stable water column that was then easily
mixed during the very cold 1992 and 1993 winters. They
support the hypothesis of the key role played by the cold
winters, which corresponds to a quick triggering of the
EMT. Another hypothesis is the steady slow filling of the
Aegean Sea by dense waters during a long period covering
the 1970s and the 1980s, with the winters 1992 and 1993 on
top of it, which corresponds to a long‐term triggering of the
EMT.
[7] Despite the fact that in‐situ observations were crucial

to discover the EMT and to start proposing hypotheses, they
can not give a clear 4D description of the present ocean and
do not allow to clearly sort out between the various pro-
posed hypotheses leading to EMT. In addition, they do not
allow to answer if other EMT‐like events occurred in the
past (in the 1970s as proposed by Josey [2003]) or could
appear in the future under climate change scenarios [Somot
et al., 2006]. The full understanding of the sequence of the
EMT events and the forecasting of a possible next one can
only rely on a high‐quality and well‐validated numerical
modeling of the MTHC during the past decades, as under-
lined by the recent review made by Roether et al. [2007].
[8] The various preconditioning factors mentioned above

as well as our knowledge of the complexity and variability
of the MTHC allow us to draw the required conditions of a

useful modeling exercise of the EMT. High resolutions in
space and time are required for the ocean model as well as
for the air‐sea fluxes used to force it. Long‐term simulations
covering at least the 1970s, 1980s, and 1990s are needed in
order to determine the causing effects. These simulations
have to be continued after the 1990s (M. Herrmann et al.,
What induced the exceptional 2005 convection event in the
northwestern Mediterranean basin? Answers from a mod-
eling study, submitted to Journal of Geophysical Research,
2010) to quantify the impact of the EMT on the western
Mediterranean during the last decade, as observed by
Schroeder et al. [2008]. The salinity forcing and its inter-
annual variations should be taken into account in order to
assess the possible salinity preconditioning issue by the
1980s reduced net precipitation and/or by the changes in the
Black Sea freshwater inputs. Consequently, surface salinity
relaxation towards climatology should be avoided, as well
as any other modeling trick limiting the spatial and temporal
variability of the 3D thermohaline structure. Both the east-
ern Mediterranean and the western Mediterranean should be
taken into account and a good representation of the Cretan
straits is required. A stable state of the MTHC and water
mass characteristics should be reached before the EMT
period.
[9] Compared to the numerous papers dealing with the

EMT and possible explanations, there are only few papers
on modeling studies and even less using long‐term realistic
atmospheric forcing. Modeling studies which have tried to
deal with EMT causes are mainly process studies and their
results are inadequate to be directly and quantitatively
compared with actual observations. Early studies were done
with relatively low resolution ocean models, at sub‐basin or
basin scales; these studies used atmospheric fields at low
spatial and temporal resolutions (monthly data at about 1° × 1°,
such as COADS or ERA15 data sets) to force the ocean
models [Samuel et al., 1999]. These studies were often carried
out on short periods of time [e.g., Rupolo et al., 2003].
However, they could give interesting preliminary insights
into the EMT. In particular, Samuel et al. [1999] found that
between 1980–1987 and 1988–1993, the wind driven circu-
lation was modified and thus the locations of the deep water
production too. This may have played a role in the EMT.
Nevertheless, they did not take into account the important
observed changes in air‐sea fluxes.
[10] To reproduce the convection in the Aegean Sea,

ad‐hoc modifications of the air‐sea forcing or artificial flux
anomalies were sometimes used, for example by Wu et al.
[2000], who increased freshwater loss over the eastern
Mediterranean or decreased sea surface temperature of the
Aegean Sea by 1–2°C for chosen winters. By increasing the
temporal resolution of the atmospheric fields, Lascaratos et al.
[1999] and then Nittis et al. [2003] were able to reproduce
strong convection events, although they modified artificially
the freshwater forcing for some chosen years (−40% and
−25% for precipitation and Black Sea inputs respectively in
1989, 1990, 1992, and 1993). By increasing the spatial res-
olution of the atmospheric fields, Bozec et al. [2006] argued
that an EMT‐like event can be partly reproduced using ran-
dom forcing and highlighted the need for using atmospheric
fields with relatively high spatial resolution (about 50 km)
to simulate an EMT‐like event. But in all of these studies,
no realistic interannual freshwater forcing was applied
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because of the use of Sea Surface Salinity relaxation toward a
climatology.
[11] The goals of this study are the following: (1) to assess

how good is a state‐of‐the‐art hindcast simulation in
reproducing the sequence of the EMT events; (2) to sort out
some of the preconditioning hypotheses proposed in the
literature by using a numerical approach: in detail, we would
like to assess the role of the interannual variability of the
freshwater forcings in controlling the EMT preconditioning
and convective phase (none of the previous numerical
studies was able to solve the issue of a realistic interannual
freshwater forcing); (3) to complete the sequence of the
EMT events for the periods not covered by in‐situ ob-
servations (namely in 1993 for the dense CDW outflow);
(4) to better quantify the EMT event in terms of rate of
formation, spreading paths and processes using the high‐
resolution 4D view offered by an ocean model; and (5) to
highlight the weak points of the present hindcast design and
to propose ways of improvement for future runs.
[12] To reach our objectives, we use an eddy‐permitting

Mediterranean Sea model NEMOMED8 [Sevault et al.,
2009], based on the NEMO engine [Madec, 2008]. In this
work, NEMOMED8 is forced by a 50‐km resolution
dynamical downscaling of the ERA40 reanalysis, the so‐
called ARPERA data set [Herrmann and Somot, 2008;
Tsimplis et al., 2008] over the 1961–2000 period. Then, three
hindcast simulations are done using climatological or realistic
interannual freshwater forcing (Atlantic waters, river runoff,
Black Sea inflow).
[13] In section 2, we describe the ocean model, its forcing

and the simulations. In section 3, we proposed an overall
validation of the reference run. Results concerning the EMT,
based on the reference run and sensitivity simulations, are
detailed in section 4. Conclusion and perspectives are dis-
cussed in section 5.

2. Model and Simulations

2.1. Model Grid and Bathymetry

[14] The NEMOMED8 model [Beuvier et al., 2008;
Sevault et al., 2009] is a Mediterranean configuration of the
NEMO ocean model [Madec, 2008], following the previous
works done with OPAMED8 [Somot et al., 2006; Somot and
Colin, 2008; Herrmann et al., 2008; Tsimplis et al., 2008,
2009], which is a regional configuration of the OPA ocean
model [Madec et al., 1998].
[15] NEMOMED8 covers the whole Mediterranean Sea

plus a buffer zone including a part of the near Atlantic
Ocean. It does not cover the Black Sea. The horizontal
resolution of NEMOMED8 is 1/8° * 1/8° cos(�), with � the
latitude. This is equivalent to a range of 9 to 12 km from the
north to the south of the Mediterranean domain, with square
meshes. The NEMOMED8 grid is tilted and stretched at the
Gibraltar Strait in order to better follow the SW‐NE axis of
the real strait and to increase the local resolution up to 6 km
[Béranger et al., 2005; Drillet et al., 2005]; the Gibraltar
Strait is represented with a two‐grid‐point wide strait. A
time step of 20 minutes is applied.
[16] NEMOMED8 has 43 vertical Z‐levels with an inho-

mogeneous distribution (from DZ = 6 m at the surface to
DZ = 200 m at the bottom with 25 levels in the first 1000 m).
The bathymetry is based on the ETOPO 5′ × 5′ database

[Smith and Sandwell, 1997]. We use a partial cell parame-
trization, i.e., the local deepest level in the model has a
variable depth in order to fit the real bathymetry (Figure 1).
[17] The evolution of the surface of the sea is parame-

terized by a filtered free‐surface [Roullet and Madec, 2000].
With this parametrization, the volume of the Mediterranean
Sea is not conserved, given the loss of water induced by the
surface evaporation. In order to conserve the volume, at
each time step, the evaporated water over the whole basin is
redistributed in the Atlantic buffer zone west of 7.5°W.

2.2. Physics

[18] The horizontal eddy diffusivity is fixed to 125 m2.s−1

for the tracers (temperature, salinity) using a Laplacian
operator (the diffusion is applied along iso‐neutral surfaces
for the tracers) and the horizontal viscosity coefficient is
fixed to −1.0 × 1010 m4.s−2 for the dynamics (velocity) with
the use of a biharmonic operator. A 1.5 turbulent closure
scheme is used for the vertical eddy diffusivity [Blanke and
Delecluse, 1993] with an enhancement of the vertical dif-
fusivity coefficient up to 50 m2.s−1 in case of unstable
stratification. A no‐slip lateral boundary condition is used
and the bottom friction is quadratic. The TVD scheme
[Barnier et al., 2006] is used for the tracer advection. The
solar radiation can penetrate into the ocean surface layers
[Bozec et al., 2008].

2.3. Forcing

2.3.1. Atmospheric Forcing
[19] The atmospheric forcing comes from a dynamical

downscaling of the ERA40 reanalysis from the ECMWF
[Simmons and Gibson, 2000] (resolution of 125 km) by the
regional climate model ARPEGE‐Climate developed at
CNRM [Déqué and Piedelievre, 1995] (grid stretched over
the Mediterranean Sea, resolution of 50 km). The dynamical
downscaling, named ARPERA [Herrmann and Somot, 2008;
Somot and Colin, 2008; Tsimplis et al., 2008], includes a
spectral nudging [Von Storch et al., 2000]. A relaxation is
applied to the spectral coefficients corresponding to the first
63 wave numbers for the following prognostic variables:
temperature, vorticity, divergence, logarithm of the surface
pressure (not for the humidity). Thus, the small scales of
ARPEGE‐Climate (scales under 250 km) are let free and the
larger scales are driven by ERA40. This dynamical down-
scaling technique allows us to obtain forcings with high
resolution and a real temporal chronology and constitutes
somehow a “poor‐man” regional reanalysis (see also Sotillo
et al. [2005] for another “poor‐man” regional reanalysis
technique).
[20] In this study, NEMOMED8 is forced by ARPERA

daily mean fields of momentum, freshwater flux (Evapora-
tion minus Precipitations) and net heat flux. The latter is
applied with a relaxation term using the ERA40 Sea Surface
Temperature (SST). This term plays actually the role of a
first order coupling between the SST of the ocean model and
the atmospheric heat flux [Barnier et al., 1995]. This term
ensures a consistency between the surface heat fluxes
coming from the atmosphere and the SST calculated by the
ocean. The value of the relaxation coefficient is −40 W.m−2.
K−1, as with CLIPPER Project Team [1999], without spatial
variation. It is equivalent to an 8‐day restoring time scale for
a layer of 6m [Somot et al., 2006].
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2.3.2. Atlantic Forcing
[21] The exchanges with the Atlantic ocean are performed

through a buffer zone. From 11°W to 7.5°W, 3D tempera-
ture and salinity of the model are relaxed towards T‐S cli-
matological fields. This relaxation is a Newtonian damping
term in the tracer equation, equal to −(Xmodel − Xclimatology)/t.
The restoring term is weak west of Cadiz and Gibraltar area
(t = 100 days at 7.5°W) and stronger moving westwards
from it (t = 3 days at 11°W). In the Atlantic zone, two
different climatologies were used: the seasonal climatology
of Reynaud et al. [1998] which is perpetual in year, and the
interannual monthly data set of Daget et al. [2009], based on
a long‐term ocean reanalysis that covers the twentieth cen-
tury. Figure 2 shows the yearly‐averaged anomalies of
temperature and salinity of this new interannual data set at
176 meters depth in the Atlantic zone with respect to the
Reynaud climatology; these are the typical anomalies which
will cross the Gibraltar Strait towards the Mediterranean
Sea.
2.3.3. Explicit River Runoff Fluxes
[22] The river inputs are explicitly added as a freshwater

flux to complete the surface water budget. Two different
data sets, giving the monthly runoff of 33 Mediterranean
rivers listed in the RivDis database, were used: a climatol-
ogy computed from the RivDis database [Vörösmarty et al.,
1996] and another data set with interannual variations of the
annual runoff based on the work of Ludwig et al. [2009] (but
with a single seasonal cycle for each river). The annual
values of the runoff of major rivers for these two data sets
are plotted in Figure 3, highlighting the high variations of
the Nile, the Rhone and the Po rivers during the end of the
twentieth century.
2.3.4. Black Sea Inputs
[23] The Black Sea is not included in NEMOMED8.

Nevertheless, this sea can be considered as one of the major
freshwater sources for the Mediterranean Sea. The ex-
changes between the Black Sea and the Aegean Sea consist
of a schematic two‐layer flow across the Sea of Marmara
and the Dardanelles Strait [Oguz and Sur, 1989]. In this

study, we assume that this two‐layer flow can be approxi-
mated by a freshwater flux diluting the salinity at the ocean
grid point, corresponding to the net Black Sea discharge
through the Dardanelles Strait. Then, the Black Sea input is
modeled as a river runoff in the Aegean Sea. The heat ex-
changes between the Aegean Sea and the Black Sea are not
taken into account. The monthly mean equivalent water flux
towards the Aegean Sea is computed as the net water budget
over the Black Sea surface: Precipitation + Black Sea Rivers
Runoff‐Evaporation, with the hypothesis that the Black Sea
level does not change over a long period of time. In this
study we use two different data sets, as shown in Figure 3:
the climatology of Stanev et al. [2000] and an interannual
derived data set using the same method and the same
monthly cycle [Stanev and Peneva, 2002]. Figure 3 under-
lines that the variations of the river forcing are dominated by
the variations of the Black Sea inflow. It also shows the
importance of the interannual variations of the Black Sea
inflow, which will play a significant role in the freshwater
budget of the Aegean Sea.
2.3.5. Balancing the Water Budget
[24] In order to avoid any surface salinity damping in

NEMOMED8, in contrast with previous studies, a correc-
tion of the E‐P‐R flux at a monthly frequency is applied
[Somot, 2005]. These monthly corrections have been com-
puted by averaging the Sea Surface Salinity (SSS) relaxation
term through a separate simulation (Figure 4). The relaxa-
tion is necessary to compensate inaccuracy in the freshwater
forcings from the atmospheric models. The surface fresh-
water budget is thus balanced without altering the spatial
and temporal variations of the freshwater flux and so of the
SSS. In annual mean, the correction has value of 0.20 m.yr−1,
increasing the net surface evaporation by about 10% (Figure 4).
This correction term is added to the water fluxes coming from
the atmospheric fields and from the river runoff.

2.4. Initial Condition, Spin‐Up, and Simulations

[25] First, we carried out a fifteen‐year spin‐up. The initial
state is given by the MEDATLAS‐II climatology for the

Figure 2. Annual mean of the anomalies of (left) temperature (in °C) and (right) salinity (in psu) intro-
duced in the Atlantic buffer zone (based on Daget et al. [2009]). Values at 176 m depth. These anomalies
are added to the seasonal climatology of Reynaud et al. [1998]; at this depth, the annual temperature and
salinity averaged over the Atlantic buffer zone in this climatology are respectively 14.37°C and 36.05 psu.
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Mediterranean part of the model [MEDAR‐MEDATLAS
Group, 2002], and by the Reynaud et al. [1998] climatol-
ogy for the Atlantic buffer zone. During five years, the
model ran with 3D dampings towards the initial climatolo-
gies for temperature and salinity with a restoring time‐scale
of 10 days, forced by the ARPERA fluxes from 1960 to
1965, with climatological hydrological forcings (river run-
off, Black Sea inflow and Atlantic buffer zone). Then, the
model ran in a free mode during 10 years, forced by the

ARPERA fluxes from 1960 to 1970, and still with clima-
tological hydrological forcings.
[26] Starting at the end of the spin‐up, three companion

simulations are carried out from August 1960 to December
2000 (Table 1). The first one, hereinafter NM8‐atl‐riv, uses
the interannual data sets for the river runoff, the Black Sea
inflow and the Atlantic water characteristics in the buffer
zone; it will be the reference simulation. The second one,
hereinafter NM8‐riv, has climatological Atlantic waters and

Figure 3. Annual runoff (in m3.s−1) for the Black Sea (in red), the Nile river (in orange), the Rhone river
(in blue), the Po river (in green) and the sum of all river runoffs and the Black Sea inflow used in this
study (in black). The solid lines are the values for NM8‐atl‐riv and NM8‐riv (based on Ludwig et al.
[2009] and Stanev and Peneva [2002]), and the dashed lines are the climatological values for NM8‐
clim (based on Vörösmarty et al. [1996] and Stanev et al. [2000]).

Figure 4. Values of the monthly cycle (solid lines) and of the annual mean (dashed lines) of different
components of the surface freshwater flux (in mm.day−1): E‐P‐R without correction (blue), additive cor-
rection (red), and E‐P‐R + correction (green). In winter the correction adds evaporation, and in summer it
adds precipitation.
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still interannual river runoff and Black Sea input. The third
one, hereinafter NM8‐clim, has climatological forcing for
the river runoff and Black Sea inflow as for the Atlantic
area.

3. General Features

3.1. Basin‐Scale Circulation

[27] In this section, we describe the general features of the
reference simulation NM8‐atl‐riv. The results obtained with
the two other sensitivity experiments are generally close to
this one.
[28] The general dynamic features of the Mediterranean

Sea are illustrated in Figure 5 by the 40‐year mean Sea
Surface Height (SSH) and currents at 35 m depth. The
general cyclonic path of AW is well reproduced. In partic-
ular, three intense cyclonic gyres, where winter convection
generally occurs, are noticed in the Gulf of Lion, in the
southern Adriatic Sea and in the Levantine basin (Rhodes
gyre). The anticyclonic gyres in the Alboran Sea are also
well simulated (especially the most eastern one), as the
coastal current along the African coasts, with meanders
along its path, and the Asia Minor Current (AMC) along the
Turkish coasts.
[29] Linked to this general circulation, the water budget of

the simulations (Table 2) is practically perfectly balanced:
the net water transport at the Gibraltar Strait balances the
water loss at the Mediterranean surface (budget closed at
less than 0.01 m.yr−1). The inflow at the Strait of Gibraltar

is +0.87 Sv, the outflow is −0.82 Sv, given a net flow of
+0.05 Sv (1 Sv = 106 m3.s−1). These values are in good
agreement with the observations, which give values rang-
ing between +0.72 and +1.01 Sv for the inflow, between
−0.68 and −0.97 Sv for the outflow and between +0.04
and +0.10 Sv for the net flow (see Table 3).

3.2. Salt and Heat Budgets

[30] The salt budget (Table 2) is also well balanced: the
net salt transport at the Gibraltar Strait is responsible for the
salt content trend of the whole Mediterranean Sea (budget
closed at less than 10−4 psu.y−1). There is no salt flux at the
sea surface.
[31] The heat budget is nearly equilibrated as well (budget

closed at 0.4 W.m−2). In this budget, four components have
to be taken into account: the heat transport at the Gibraltar
Strait and the Mediterranean heat content trend as before,
but also two added heat exchanges at the sea surface.
Indeed, on top on the net heat flux coming from the atmo-
spheric forcing, the gains or losses of water mass induce
gains or losses of heat. This latter term is due to the free
surface scheme. To compute it, we assume that the tem-
perature associated to this water mass flux is the modeled
Sea Surface Temperature. It is the case for the water which
evaporates but it is an approximation for the precipitation
(temperature of the raindrops) and the runoff (temperature of
the rivers). As we use monthly values to compute the heat
exchange due to water mass variations at the sea surface,
which is proportional to (R + P − E) * SST (with R the river

Table 1. Differences in the Hydrological Forcings Between the Three Companion Simulations

Climatological River Runoff
[Vörösmarty et al., 1996]

and Black Sea Input
[Stanev et al., 2000]

Interannual River Runoff
[Ludwig et al., 2009]
and Black Sea Input

[Stanev and Peneva, 2002]

Climatological Atlantic
Buffer Zone

[Reynaud et al., 1998]
Interannual Atlantic

Buffer Zone [Daget et al., 2009]

NM8‐atl‐riv Yes Yes
NM8‐riv Yes Yes
NM8‐clim Yes Yes

Figure 5. Sea surface height (colored field, in m) and currents at 35m depth (vectors, in m.s−1), averaged
on 1961–2000 for NM8‐atl‐riv. One vector in four is plotted.
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runoff, P the precipitation, E the evaporation and SST the sea
surface temperature), we suggest that the missing 0.4 W.m−2

in the heat budget may be attributed to the daily time‐scale.
Nevertheless, the total surface heat flux, −5.2 ± 4.9 W.m−2

(Table 2), has a good interannual variability and is in very
good agreement with the −5.2 ± 1.3 W.m−2 estimate of
Macdonald et al. [1994]. It is worth noting that in this total
surface heat flux, the 40‐year mean of the relaxation term
amounts +11.5 W.m−2. This term plays the role of a first
order coupling between the SST of the ocean model and
the atmospheric heat flux. It also acts as a correction which
accounts for the feedback of the ocean on the air‐sea fluxes
and in a lesser extent compensates for uncertainties in air‐
sea fluxes estimates. It is important to focus on the problem
of closing these heat and salt budgets since we carried out
long term simulations dedicated to the study of trends or
decadal events.

3.3. Variations of Heat and Salt Contents
in the Mediterranean Sea

[32] In this part, we do a comparison (Figure 6), for the
40‐year studied period, between the annual averaged heat
and salt contents in the three simulations and the interannual
gridded database of Rixen et al. [2005]. Following this
article, the values are presented in mean for the whole water
column and over three vertical layers, representative of the
major water masses in the Mediterranean Sea. These three
layers are: the 0–150 m surface layer corresponding to the
AW, the 150–600 m intermediate layer mainly filled by the
LIW and the deep layer below 600 m where the WMDW
and EMDW are found. The anomalies presented in Figure 6
are computed for the model outputs and the interannual
database with respect to their own 1961–2000 mean (see
Table 4).
[33] The basin‐wide heat content (Figure 6a) is almost the

same for the three simulations over the 40 years. It could be
expected since the three runs differ in the freshwater forcing,
which then affect especially the salt content and in a lesser
extent the heat content. Thus, only slight differences between
the heat contents in the three simulations are noticed in the
1970s. For the three experiments, a mean bias of +0.1°C is
noticed if compared to Rixen et al. [2005] (Table 4), but the
interannual variations are well represented. In fact, the cor-
relation coefficient between the simulations and the database
for the heat content is larger than 0.73 for the three simula-
tions (Table 4).

[34] The basin‐wide salt content (Figure 6b) is also in
good agreement with the database. It does not show any
noticeable bias if compared to Rixen et al. [2005], but its
interannual variations are too weak. An encouraging point is
that the correlation with the database is becoming significant
(at 95% level) with the introduction of interannual hydro-
logical forcings in the two simulations NM8‐atl‐riv and
NM8‐riv (the correlation coefficient is 0.33 instead of being
non significant for NM8‐clim, see Table 4).
[35] By examining furthermore the three layers mentioned

above, we do not notice large differences between the ex-
periments. In the surface layer (Figure 6c), an accurate
simulation of the values and the interannual variations of
the surface heat content is noticed, which is probably due to
the chronology in the forcing fields given at large scales by
ERA40 and to the relaxation towards the Sea Surface
Temperature of ARPERA. But, the salt content of this layer
shows differences in the time variations. Its values are quite
good before 1970, but then the simulations show a fresh-
ening of the surface waters by more than 0.1 psu in 10 years,
giving a total 40‐year bias of −0.09 psu (Table 4).
[36] In the intermediate layer, due to a slight drift during

the spin‐up, the heat content is too high of about +0.2°C for
the three simulations. However, the interannual variability is
very well reproduced: the correlation coefficient is greater
than 0.66 for the three experiments (Table 4). In the 1970s,
the observations show a slight heat content increase in the
intermediate layer. But, it has recently been explained that
this warming corresponds to a positive artefact in the mea-
surements done with shallow XBT [Wijffels et al., 2008].
Even if the value of the correlation coefficient is high for
NM8‐clim (0.85), it is biased by the wrong warming in the
1970s. Thus, for the intermediate layer, we can suppose that
NM8‐atl‐riv and NM8‐riv have a better general behavior
than the one of NM8‐clim, despite the uncertainty in the
observations. For the salt content at intermediate depth, the
simulations are too salty (+0.05 psu) and do not reproduce
the interannual variations reported in the observations.
[37] The interannual variations of the heat content are

weaker in the bottom layers than in the upper layers. The
simulations reproduce this fact, but the model overestimates
the observed positive trend of the heat content. Over the
40 years, this leads to a mean bias of + 0.07°C (Table 4). The
positive trend of the salt content is also well simulated, but its
interannual variations are underestimated compared to the
observed one, as already noticed for the other layers. How-
ever, we suggest that the interannual variations of the salt
content for all layers and of the deep heat content could be
overestimated in the Rixen et al. [2005] database because of
undersampling. That could explain the relatively low agree-

Table 2. Water,Heat, and Salt Budgets for theWholeMediterranean
Over the 40 Years of the Simulation NM8‐atl‐riva

Budget Components
Mean and Standard Deviation

Over 1961–2000

Water inflow at Gibraltar 0.87 ± 0.03 Sv
Water outflow at Gibraltar −0.82 ± 0.03 Sv
Net water transport at Gibraltar 0.05 ± 0.01 Sv, i.e., 0.65 ± 0.07 m.yr−1

Water flux trough the surface 0.65 ± 0.07 m.yr−1

Heat flux from the surface −5.2 ± 4.9 W.m−2

Heat transport at Gibraltar +5.2 ± 0.5 W.m−2

Mediterranean heat content trend +0.002°C.yr−1, i.e., +0.4 W.m−2

Salt transport at Gibraltar +0.0009 psu.yr−1

Mediterranean salt content trend +0.0009 psu.yr−1

aThe values are globally the same for NM8‐riv and NM8‐clim.

Table 3. Estimates of theWater Inflow andOutflow at theGibraltar
Straita

Authors Inflow Outflow

Bryden and Kinder [1991] +0.92 −0.88
Bryden [1994] +0.72 ± 0.16 −0.68 ± 0.15
Tsimplis and Bryden [2000] +0.78 −0.68
Candela [2001] +1.01 −0.97
Baschek et al. [2001] +0.81 ± 0.07 −0.76 ± 0.07
This study +0.87 ± 0.03 −0.82 ± 0.03

aEstimates are given in Sv.
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ment between simulations and observations in those cases,
both in terms of bias and correlation.
[38] In conclusion, there is a global agreement between

the simulations and the observations, especially for the
temperature. The variations of the heat content are well
reproduced while those of the salt content less. The main
bias is in the intermediate layer, which is slightly too warm
and too salty. As there are in general the same trends and
variations for the three experiments, we will focus in the

following on the simulation with the most realistic
hydrological forcings: NM8‐atl‐riv.

4. EMT

[39] In this section, we focus on the modeling of the EMT
in the NM8‐atl‐riv simulation, with a chronological inves-
tigation. We look at the stratification in the Aegean Sea to
determine the ocean state and the circulation changes in the

Figure 6. (a, c, e, and g) Heat content anomalies (T3D in °C) and (b, d, f, and h) salt content anomalies
(S3D in psu) for different layers of theMediterranean Sea: the whole water column (0m–bottom, Figures 6a
and 6b), the upper layer (0–150 m, Figures 6c and 6d), the intermediate layer (150–600 m, Figures 6e and
6f), and the deep layer (600 m–bottom, Figures 6g and 6h). The simulations are in solid lines: NM8‐atl‐riv
(red), NM8‐riv (blue), and NM8‐clim (black). The interannual gridded database of Rixen et al. [2005] is
show as black dashed lines, with the ±1 standard deviation interval in grey. The scales are chosen so that
the salt content scales are five times lower than the heat content scales (same impact on potential density).
The anomalies are computed for the simulations and the database with respect to their own 1961–2000
mean.
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eastern Mediterranean before the EMT period. Then, the
intensity of the surface fluxes, which force the Aegean Sea
and cause the winter convection, is assessed. After the fill-
ing of the Aegean Sea with dense waters, we look at their
overflow and their spreading in the eastern Mediterranean.
Then, we compare the sensitivity simulations NM8‐clim
and NM8‐riv to the reference one in order to quantify the
impacts of the changes in the hydrological forcing on the
sequence of the EMT events.

4.1. Preconditioning of the Aegean Convection

[40] Let us consider the EMT preconditioning period as
the years and months before the beginning of winter 1991–
1992, so the period before November 1991. Indeed, the
EMT can be considered starting in the Aegean Sea by the
severe surface heat and water losses during winter 1991–
1992, followed then by another severe winter in 1992–1993.
4.1.1. Changes in the Levantine Surface Circulation
[41] As mentioned in section 1, some of the hypotheses

about the preconditioning of the EMT concern changes in
the surface circulation (modified path of the AW, three
anticyclonic eddies south of Crete modifying the LIW path),
both having as a consequence an increase of the salinity of
the Aegean Sea during the late 1980s and early 1990s. Here,
we are going to examine if these circulation changes are
reproduced in the model, in order to answer whether it is an
important triggering element of the EMT in the simulation.
[42] We look at the upper and intermediate circulations, at

about 100 and 300 m depth in average over 1988–1991, in
order to focus on the period just prior to the EMT and to
compare the model results to the observations made by
Malanotte‐Rizzoli et al. [1999] in 1991. The salinity and the
currents for 1961–1987 and for 1988–1991 at these depths
are presented in Figure 7, as well as the anomalies with
respect to the period 1961–1987. Notice that the vectors on
Figures 7e and 7f are anomalies of currents. Figure 7a for
1961–1987 shows the mean simulated sub‐surface circula-
tion in the Levantine basin: a cyclonic AW path, the sig-
nature of an anticyclonic circulation in the Mersa‐Matruh
area between 26°E and 28°E, the Asia Minor Current and
the Rhodes gyre. These features are still present at 300 m
depth (Figure 7b).

[43] Let us focus first on the upper circulation (Figures 7a,
7c, and 7e). In comparison to the 1961–1987 period, we first
notice that in 1988–1991 the AW path is modified. While
the AW flows close to the Lybian and Egyptian coasts in
average during the 1961–1987 period, in 1988–1991 the AW
is located offshore at about 100 km north of the Egyptian
coasts, between 33°N and 34°N, as shown by the fresh
anomaly in Figure 7e. In consequence, the positive salinity
anomaly more south, along the Lybian and Egyptian coasts
and then off the Near‐East and Turkish coasts, shows that less
or no AW reaches these areas in the period 1988–1991. Then,
a weaker and/or saltier Asia Minor Current leads to a positive
salinity anomaly in the Aegean Sea. Thus, in this simulation,
a modification of the AW path leads to an increase of the
salinity of the surface layer in the far eastern Levantine and in
the Aegean Sea.
[44] In the LIW layer (Figure 7b, 7d, and 7f), the anti-

cyclonic eddy signature obvious in the upper circulation is
still present at this depth, but the eddies are not at the
observed locations which are reported by Malanotte‐Rizzoli
et al. [1999]. However, the current north of the Rhodes gyre
is less intense and thus it slows down the LIW transport
towards the Ionian basin. Those anticyclonic eddies do not
play a key role in modifying the eastward LIW spreading
but rather in shifting northward the AW path, preventing its
penetration into the far eastern Levantine and the Aegean
Sea that would result in a salinity decrease in the surface
layers of these regions.
[45] This steady salt increase of the Aegean Sea before

1993 is obvious when one focuses on the variations of the
Aegean salt contents (Figures 8b, 8d, 8f, and 8h, red lines
for NM8‐atl‐riv). We mention that the behavior of the sea
surface salinity (not shown) is similar with the one of the
surface layer salt content. All layers show a salt content
increase between 1988 and 1993, with a shift in time from
surface to bottom for the maximum salinity. This time‐lag
indicates that the positive salt anomaly introduced in the
surface layer by the circulation changes (and by the dry air‐
sea fluxes, see section 4.2) propagates to the deep layers due
to the vertical mixing during winter convection.
4.1.2. Changes in the Surface Water Fluxes
[46] We determine here whether a period with reduced net

precipitation occurred over the eastern Mediterranean during

Table 4. Characteristics of the Three Simulations Over 1961–2000: Heat and Salt Content for Different Layers of the Whole Mediterranean
Seaa

Mean Over 1961–2000 Mean Bias Correlation

atl‐riv riv clim Rixen atl‐riv riv clim atl‐riv riv clim

Heat content (in °C)
Total 13.79 13.79 13.79 13.69 +0.10 +0.10 +0.10 0.73 0.76 0.78
0–150 m 16.26 16.26 16.26 16.30 n.s. n.s. n.s. 0.69 0.68 0.68
150–600 m 14.27 14.27 14.28 14.07 +0.20 +0.20 +0.21 0.66 0.69 0.85
600 m–bottom 13.32 13.32 13.32 13.25 +0.07 +0.07 +0.07 0.54 0.54 0.68

Salt content (in psu)
Total 38.62 38.62 38.62 38.62 n.s. n.s. n.s. 0.33 0.33 n.s.
0–150 m 38.27 38.27 38.27 38.36 −0.09 −0.09 −0.09 n.s. n.s. n.s.
150–600 m 38.76 38.76 38.76 38.71 +0.05 +0.05 +0.05 n.s. n.s. n.s.
600 m–bottom 38.63 38.63 38.63 38.62 n.s. n.s. n.s. 0.43 0.48 0.50

aHere n.s. means “non‐significant,” the value is inside the ±1 standard deviation of the interannual gridded database of Rixen et al. [2005]. The given
correlations are computed after removing trends, for both the simulations NM8‐ and the database of Rixen et al. [2005]. Significant correlations are those
with values outside the 95% confidence interval (significantly different from zero if the absolute value of the correlation is larger or equal than 0.31).
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Figure 7. Salinity (colored field, in psu) and currents (vectors, in m.s−1) at (a, c, and e) 103 m and (b, d,
and f) 292 m depth in the far eastern Mediterranean, for NM8‐atl‐riv: 28‐year mean over 1961–1987
(figures 7a and 7b), 4‐year mean over 1988–1991 (Figures 7c and 7d), and salinity and currents anomalies
for the period 1988–1991 with respect to the period 1961–1987 (Figures 7e and 7f). One vector in two is
plotted. Scales differ between the 103 m and the 292 m depth plots.
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the end of the 1980s and to what extent it contributes to the
salinity increase of the eastern Mediterranean. Figure 9a
displays the annual anomalies of the net surface precipita-
tion flux over the Levantine basin (east of 25°E in the
Cretan Passage and south‐east of the eastern straits of the
Cretan Arc). The 1980s are obviously a period with a
reduced freshwater input through the surface, the anomaly
of the atmospheric P−E flux amounts −3 cm.yr−1 in average
over the 11‐year 1980–1990 period and with respect to the
1961–2000 period. By taking into account the interannual
variations of the runoff, i.e., by considering the anomalies of

the total freshwater flux at the surface of the Levantine
basin (Figure 9b), the anomaly of the P+R−E flux amounts
−5 cm.yr−1 in average over 1980–1990. This leads to an
increase of the salinity in the surface layer of the far eastern
Mediterranean during this 11‐year period mentioned before,
as it is clearly visible on Figure 7c and 7e.
[47] We here apply the same reasoning as Josey [2003] to

find the contribution of changes in the net surface evapo-
ration to the salinity increase in the eastern Mediterranean.
Roether et al. [1996] found that for the observed increase to
be explained entirely through surface forcing, the net

Figure 8. (a, c, e, and g) Heat (T3D in °C) and (b, d, f, and h) salt (S3D in psu) contents for different
layers of the Aegean Sea: the whole water column (0 m–bottom, Figures 8a and 8b), the upper layer
(0–150 m, Figures 8c and 8d), the intermediate layer (150–600 m, Figures 8e and 8f), and the deep layer
(600 m–bottom, Figures 8g and 8h). The simulations are in solid lines: NM8‐atl‐riv (red), NM8‐riv (blue),
and NM8‐clim (black). The interannual gridded database of Rixen et al. [2005] is shown as black dashed
lines, with the ±1 standard deviation interval in grey. The scales are chosen so that the salt content scales
are five times lower than the heat content scales (same impact on potential density).

BEUVIER ET AL.: MODELING THE EMT C08017C08017

12 of 27

 21562202c, 2010, C
8, D

ow
nloaded from

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

/doi/10.1029/2009JC
005950 by C

ochrane France, W
iley O

nline L
ibrary on [02/06/2023]. 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



evaporation over the entire eastern Mediterranean must have
increased by at least 0.2 m.yr−1 over the 7‐year period
1988–1994. Tsimplis and Josey [2001] have obtained an
estimate of the required change in E‐P of 0.1 m.yr−1. Josey
[2003] compared, for the SOC and the NCEP/NCAR
atmospheric data sets, the mean values of the net evapora-
tion for the periods 1980–1987 and 1988–1994. He esti-
mated the increase in net evaporation between these two
periods to lie in the range 0.02–0.04 m.yr−1, which thus
contributes between 10 and 40% of the required change of
0.1–0.2 m.yr−1. In the data from ARPERA, we have an
increase in total net evaporation (E−P−R) over the eastern
Mediterranean (Ionian plus Levantine basins) of 0.02 m.yr−1,
from 0.95 m.yr−1 in average over 1980–1987 to 0.97 m.yr−1

in average over 1988–1994. But if we consider only the
Levantine basin, we have a decrease of 0.02 m.yr−1, from
1.02 m.yr−1 in average over 1980–1987 to 1.00 m.yr−1 in
average over 1988–1994. For the Aegean Sea (Figure 9d),
the E−P−R flux amounts −0.59 m.yr−1 over 1980–1987 and
−0.22 m.yr−1 over 1987–1994. This strong increase in the
surface water loss over the Aegean Sea are in fact largely
dominated by the reduction of the Black Sea inflow, from

9071 m3.s−1 in average over 1980–1987 to 7530 m3.s−1 over
1988–1994, which is equivalent to a decrease of this inflow
from 1.63 m.yr−1 over 1980–1987 to 1.36 m.yr−1 over
1987–1994 (values relative to the surface of the Aegean
Sea). Considering only the atmospheric water flux (E−P)
over the Aegean Sea (Figure 9c), i.e., without taking into
account the variations of the freshwater input from the Black
Sea and of some minor rivers, we have an increase of the net
evaporation from 1.07 m.yr−1 to 1.14 m.yr−1 for the same
periods over the Aegean Sea.
[48] So it seems that the behavior of the time variations of

the atmospheric flux changes from one sub‐basin to another.
If we come back to the eastern Mediterranean and to the
range of 0.1–0.2 m.yr−1 given by Roether et al. [1996] and
Tsimplis and Josey [2001] for change in the net evaporation,
we find that 10 to 20% of the salinity increase in the eastern
Mediterranean can be explained through changes in net
surface freshwater flux according to the ARPERA data set.
Thus the major part of this salinity increase, at least for the
deep layers, must have been driven by internal salinity
redistribution, as concluded by Josey [2003] for this point.
The increase of the net evaporation rather plays a significant

Figure 9. Annual anomalies (in m.yr−1) for (a) the net surface precipitation (P−E) of ARPERA over the
Levantine basin, (b) the net surface freshwater flux (P + R−E) over the Levantine basin, (c) the net surface
precipitation (P−E) of ARPERA over the Aegean Sea, and (d) the net surface freshwater flux (P + R−E)
over the Aegean Sea.
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role in increasing the salinity of the surface layer (as men-
tioned previously).
4.1.3. Changes in the Vertical Stratification
of the Aegean Sea
[49] We investigate in this section the preconditioning of

the convection by looking at the vertical stratification in the
Aegean Sea at the beginning of winter. For that we compute
for each November, just before winter of each simulated
year, a vertical Index of Stratification (in m2.s−2 [see
Lascaratos, 1993; Somot, 2005; Herrmann et al., 2008]) at
each model grid point (i,j) and for a given depth h, which is

IS i; j; hð Þ ¼
Z h

0
N2 i; j; zð Þ:z:dz;

with z and h depths taken positive and N (s−1) the local
Brunt‐Vaisala frequency. With N2 = g

�
@�
@z(g is the gravity and

r the water density), it gives

IS i; j; hð Þ ¼ g

Z h

0

z

� i; j; zð Þ d�:

Hi,j is taken equal to the local bottom sea depth to obtain the
stratification of the whole water column at the model grid
point (i,j). Thus, IS(i,j,Hi,j) represents the potential buoy-
ancy loss needed to generate deep convection that reaches
the bottom of the sea at the model grid point (i,j). This
computation was applied for each Aegean grid point (i,j),
characterized by its local maximal depth Hi,j, and then we
averaged the values horizontally over the whole Aegean Sea
to obtain a vertical index of stratification for the Aegean
Sea, hISi.
[50] Figure 10 displays these monthly hISi values in

November. The lower the hISi value is, the weaker the
stratification is and the easier it is to obtain convection. In
November 1992, just before the winter of interest, the
Aegean Sea has a particularly low stratification; yet it is only
the tenth lowest value of the 40 simulated years. hISi values

are lower only in November 1965, 1969, 1971, 1972, 1973,
1975, 1982, 1983, and 1993. We can note that this partic-
ularly low stratification in November 1992 represents a
major reduction from the value in November 1991. Thus, in
the time spanned by the onset of the EMT (1987–1992), the
period November 1991–November 1992 has the biggest
impact on the stratification in the Aegean Sea. And pre-
sumably this is due to the severe winter 1991–1992.
[51] This means that the potential preconditioning factors

we mentioned before, which mainly tend to increase the
salinity of the surface and intermediate layers of the Aegean
Sea, have a very weak impact of the stratification of the
water column before November 1991. The changes in the
Levantine surface circulation, the increase of the net evap-
oration in the eastern Mediterranean or the decrease of the
Black Sea inflow between the beginning and the end of the
1980s are indeed real but they do not destabilize the water
column of the Aegean Sea. Thus, the real triggering ele-
ments of the EMT are the strong atmospheric fluxes which
occurred during the winters 1991–1992 and 1992–1993.

4.2. Aegean Winter Deep Convection

[52] In this section, we first focus on the surface fluxes
over the Aegean Sea. Over this area, the winters of 1991–
1992 and 1992–1993 were characterized by a very cold, dry
atmosphere and high winds which resulted in strong heat
loss and net evaporation, as found by Josey [2003] on the
basis of atmospheric reanalysis data. These facts are re-
produced in ARPERA forcings (Figure 11). The winter heat
flux anomalies (Figure 11a) during 1991–1992 and 1992–
1993 present the highest heat losses over the 40 years of
simulation (anomalies of −73 and −65 W.m−2 respectively).
The water flux anomalies (Figure 11b) are also very negative
during winters 1989–1990 to 1992–1993, corresponding to a
higher net evaporation rate. Again, the latter has the strongest
water loss over the 40 years, with an anomaly of −2.8 mm.
day−1 (−1.0 m.yr−1). However, one has to note that the heat
loss has a significant impact on the surface density while the

Figure 10. Monthly values of the stratification index (hISi, in m2.s−2), in the Aegean Sea, for NM8‐atl‐riv,
in November for the 1961–2000 period.
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net evaporation (i.e., water loss) has a minor influence, as
mentioned by Josey [2003]. This fact can be estimated by
calculating, following the method of Mertens and Schott
[1998], the parts of the buoyancy loss which are respec-
tively caused by the heat and the water loss (Figure 11c).
The averaged values for each component over the Aegean
Sea in winter (NDJF) are +8.5 × 10−8 m2.s−3 for the thermal
buoyancy loss, −0.6 × 10−8 m2.s−3 for the water buoyancy
loss and so +7.9 × 10−8 m2.s−3 for the total buoyancy loss.
The time correlation amounts 0.97 between the thermal
buoyancy loss and the total buoyancy loss, 0.73 between the
water buoyancy loss and the total buoyancy loss. Thus, the

heat loss is indeed the major component of the buoyancy
loss in terms of mean value as well as in terms of time
variations.
[53] It can be noticed on Figure 11 that similar cold winters

conditions occurred around 1975, as mentioned by Josey
[2003], and we will see in the following that deep convec-
tion also occurred during this period. Figures 12 and 13
show the evolution of the volume of dense waters in the
Aegean Sea and the associated annual formation rates (red
lines and bars for NM8‐atl‐riv). The newly formed waters
are very dense (≥29.2 kg.m−3), in agreement with observa-
tions of Theocharis et al. [1999]. The year 1993 emerges in

Figure 11. Anomalies of winter (NDJF) averaged surface fluxes over the Aegean Sea: (a) net heat flux
anomalies (in W.m−2) and (b) net freshwater flux anomalies (Precipitations+Runoff‐Evaporation anoma-
lies in mm.day−1) for NM8‐atl‐riv. (c) Winter (NDJF) mean of the components of the surface buoyancy
loss (in 10−7 m2.s−3) over the Aegean Sea: contribution of the heat loss (red line), contribution of the water
loss (blue line), and total buoyancy loss (black line). The tick mark of the year in the time axis corre-
sponds to January.

BEUVIER ET AL.: MODELING THE EMT C08017C08017

15 of 27

 21562202c, 2010, C
8, D

ow
nloaded from

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

/doi/10.1029/2009JC
005950 by C

ochrane France, W
iley O

nline L
ibrary on [02/06/2023]. 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



these two plots: indeed, in 1993 about 75% of the Aegean
Sea is filled by waters denser than 29.2 kg.m−3. The asso-
ciated formation rate is also the highest over the 40 years:
1.22 Sv for the density 29.2, in which 0.48 Sv corresponds to
waters denser than 29.3 kg.m−3 (Table 6). Figures 12 and 13
also show that deep convection takes place during many
winters before 1992: 1987, 1989, and 1990. The period 1972–
1975 and in particular the year 1976 are noticeable too. In
relation with the surface fluxes mentioned before, deep
winter convection occurs between 1972 and 1976 (especially
in 1976 with formation of waters denser than 29.3 kg.m−3),
but it forms during these five years a quantity of dense
waters about two times lower than in 1992 and 1993. These
results support the hypothesis advanced by Josey [2003]:
the surface forcing in the period 1972–1976 produced con-
ditions that caused deep water formation in the Aegean Sea,
but with lower formation rates than in the early 1990s.
[54] Zervakis et al. [2000] and Gertman et al. [2006]

argued that the EMT started in 1987 with dense water for-
mation in the northern Aegean Sea. Theocharis et al. [1999]
reported that CDW was observed in March 1987 in the
Cretan Sea and started to exit the Aegean Sea in 1989, at
intermediate depths for a first time. These observations indi-
cate that the EMT is not a phenomenon localized in time, but
rather a continuously evolving process during the period
1987–1995. Indeed, the Aegean Sea is steadily filled with
dense waters which are produced locally during many winters:
1987, 1989, 1990, 1992, and 1993 (Figures 12 and 13).
Meridian sections of density in the Aegean Sea illustrate the
increase in density of the Aegean Sea, from north to south
and from 1970 to 1993 (Figure 14), in agreement with
Zervakis et al. [2000]. The changes between 1970 (Figure 14a)
and 1980 (Figure 14b) show that during the decade of the
1970s, waters denser than 29.2 kg.m−3 have filled the bottom
layers of the northern, central and southern sub‐basins of the
Aegean Sea. Then, until 1992, the central and northern sub‐
basins have been continuously filled with denser waters

below 200 m depth (Figures 14c–14e), whereas the southern
sub‐basin (Cretan Sea) has been filled by waters of lower
density (uplift of the 29.1 isopycnal surface but sinking of the
29.2 isopycnal surface between 1987 (Figure 14c) and 1992
(Figure 14e)). In 1993, the huge increase of the volume of
dense waters during one single winter (see Figure 12) is due to
the production of dense waters in the Cretan Sea (Figure 14f).
As the volume of the Cretan Sea exceeds the volume of the
other Aegean sub‐basins, its filling by dense waters has a
higher signature in Figure 12 which corresponds to the total
volume of Aegean dense waters.
[55] As we did for the whole Mediterranean Sea (Figure 6),

we are going to compare the results of the simulations in the
Aegean Sea with the interannual gridded database of Rixen
et al. [2005]. It is important to keep in mind that there are
few available observations of salinity in this area, especially
in the deep layer; in these cases, it will be hard to say
which of the model or the database is the closest to reality.
Figure 8 displays the Aegean heat and salt contents. As in
section 3.3, the heat content evolution is better reproduced
than the salt content one, as confirmed by the temporal
correlations (see Table 5). But we can notice that the var-
iations of the simulated salt content in the Aegean Sea have
the same amplitudes with the observed ones, which is better
than for the global Mediterranean basin. The variations of
the salt content in the Aegean Sea are influenced by the
different strategies used for modeling the Black Sea input.
We will focus more precisely on that point in the section 4.4.
Here we focus on the NM8‐atl‐riv simulation (red lines in
Figure 8).
[56] The variations of the temperature are well reproduced

in the surface and intermediate layers of the Aegean Sea,
despite a slight cold bias in the surface and a warm bias
more or less pronounced in time for the intermediate layer.
The variations of the salinity in the surface layer are strongly
influenced by the variations of the Black Sea input, pre-
sented in Figure 3. When this runoff is weaker than the

Figure 12. Monthly volume (in m3) of Aegean waters denser than 29.2 kg.m−3 (dashed line) and 29.3 kg.
m−3 (solid line), for the three simulations: NM8‐atl‐riv (red), NM8‐riv (blue), and NM8‐clim (black).
Values for the waters denser than 29.2 kg.m−3 include the values of waters denser than 29.3 kg.m−3.
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climatological value (mainly in the early 1960s and 1970s),
we can see a higher salt content in the Aegean surface layer,
leading to a favorable preconditioning of the convection.
Conversely, when the Black Sea input is stronger than the
climatological value (around 1970, in the early 1980s and

late 1990s for example), it leads to a decrease of the Aegean
surface salt content.
[57] The evolution of the intermediate and deep salt

contents in Figure 8 show variations that can be linked to the
occurrence of winter convection in general (see Figure 12)
and of the EMT in particular. As mentioned by Theocharis

Figure 13. Annual formation rate (in Sv) of dense waters in the Aegean Sea, for the three simulations,
NM8‐atl‐riv (red), NM8‐riv (blue), and NM8‐clim (black), for two thresholds: (a) 29.2 kg.m−3 and
(b) 29.3 kg.m−3 (vertical scales differ between Figure 13a and Figure 13b). Values for some years are
given in Table 6.
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et al. [1999], the signature of the EMT corresponds to a
temperature drop in 1992–1994 and to a salinity increase
between 1987 and 1992. In the simulation, the temperature
drop is obvious in all layers, the salinity increase is mainly
visible for the intermediate and bottom layers as for the

averaged water column. In the early 1970s and in the early
1990s, when the convection is strong and reaches high
depths, the water column is homogenized and becomes
warmer and saltier, especially in the deep layers (Figures 8g
and 8h). But in 1992 and 1993, due to the strong atmo-

Figure 14. Meridian sections of potential density (in kg.m−3) across the Aegean Sea at 25.8°E, from
100 m to 1400 m depth (section A in Figure 1). Annual means in the simulation NM8‐atl‐riv in
(a) 1970, (b) 1980, (c) 1987, (d) 1990, (e) 1992, and (f) 1993. Contour lines are drawn from 29.00 kg.m−3

to 29.60 kg.m−3 with interval of 0.02 kg.m−3.
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spheric cooling over the Aegean Sea, a negative surface
temperature anomaly is brought towards the deeper layers.
That is why during the convection events of 1992 and 1993
there is a decrease in temperature of the deep layers instead
of an increase like in the 1970s.

4.3. Outflow and Spreading of Aegean Dense Waters

[58] The Aegean Sea was gradually filled by dense waters
during several convective winters. In 1993, the volume of
Aegean waters denser than 29.2 kg.m−3 corresponds to 75%
of the volume of the Aegean Sea. During this year, an
increase of the density of the waters inside the Cretan Sea
was observed, with maximal value of 29.4 kg.m−3 at particular
sites [Theocharis et al., 1999]. In the simulation, the poten-
tial density only reaches the maximal value of 29.3 kg.m−3 in
April 1993 near the bottom of the Cretan Sea. This Cretan
Deep Water (CDW) tends to exit the Aegean Sea through
three straits of the Cretan Arc (Antikithira, Kassos and

Karpathos, from West to East), which link the Aegean Sea
with the Ionian and the Levantine basins (see Figure 1 for their
location). To follow this outflow, we compute the monthly
evolution of the potential density of the waters above the sill
of these straits in the model and compare it with the values of
the outflow estimated with observations in the channels south
of these sills (Figure 15). As the sill of the Karpathos Strait
is deeper (777m in NEMOMED8) than the sill of the two
others (around 540m), the density above this sill is obviously
higher during the 40 years.We can heremention that in reality
the Kassos Strait has a deeper sill than the Karpathos Strait
(respectively 1000m and 850m according to Kontoyiannis
et al. [2005]). This explains why observations are available
for the Antikithira and Kassos straits at higher depths than in
the model. The successive convection events are highlighted
by the density maxima during the months following the
convection (from 1973 to 1976, in 1983, 1992 and 1993). But,
again, the year 1993 is distinguished among the 40 simulated

Table 5. Characteristics of the Three Simulations Over 1961–2000: Heat and Salt Content for Different Layers of the Aegean Seaa

Mean Over 1961–2000 Mean Bias Correlation

atl‐riv riv clim Rixen atl‐riv riv clim atl‐riv riv clim

Heat content (in °C)
Total 15.03 15.04 15.05 14.70 +0.33 +0.34 +0.35 0.79 0.82 0.82
0–150 m 16.31 16.32 16.31 16.57 −0.26 −0.25 −0.26 0.75 0.76 0.78
150–600 m 14.68 14.69 14.74 14.47 +0.21 +0.22 +0.27 0.73 0.65 0.63
600 m–bottom 14.18 14.19 14.15 13.70 +0.48 +0.49 +0.45 n.s. n.s. n.s.

Salt content (in psu)
Total 38.87 38.87 38.87 38.83 +0.04 +0.04 +0.04 0.38 0.43 0.63
0–150 m 38.68 38.68 38.68 38.75 −0.07 −0.07 −0.07 0.40 0.44 0.67
150–600 m 38.94 38.94 38.95 38.90 +0.04 +0.04 +0.05 n.s. 0.35 0.39
600 m–bottom 38.95 38.94 38.93 38.81 +0.15 +0.14 +0.13 n.s. n.s. n.s.

aHere n.s. means “non‐significant,” the value is inside the ±1 standard deviation of the interannual gridded database of Rixen et al. [2005]. The given
correlations are computed after removing trends, for both the simulations nM8‐ and the database of Rixen et al. [2005]. Significant correlations are those
with values outside the 95% confidence interval (significantly different from zero if the absolute value of the correlation is larger or equal than 0.31).

Figure 15. Monthly potential density (in kg.m−3) simulated on the bottom of the Cretan Arc straits
(lines) and observed just south of the sill channels (circles): Karpathos (yellow), Kassos (green), and Anti-
kithira (purple), in the simulation NM8‐atl‐riv. The depth of each sill in the model and of each measure-
ment is indicated in parentheses.
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years, giving the highest density of the 1961–2000 period
(≥29.22) above the three sills during the first months of
1993. The density maximum is reached in April 1993 in
the Antikithira Strait (29.220 kg.m−3), in June 1993 in the
Kassos Strait (29.226 kg.m−3) and in July 1993 in the
Karpathos Strait (29.260 kg.m−3). So, the densest waters
first exit through the western straits of the Cretan Arc and
afterwards through the eastern straits: it can be linked to the
cyclonic circulation inside the Cretan Sea. If compared to
the observations, the results are in good agreement for the
Karpathos Strait (solid line and circles in Figure 15) because
both observations and simulations are at the same depth. In
fact, the agreement is excellent between 1986 and 1990 and
then the increase observed in 1992 is underestimated in the
model. This can be linked to the fact that only a density of
29.3 kg.m−3 is reached at the bottom of the Cretan Sea rather
than 29.4 kg.m−3 in the observations. Of course, as the
Antikithira and Kassos straits are shallower in the model
than in reality, the steady increase and the maximum of
density observed for theses two straits are shifted towards
lower values in the model. However, the general behaviour
is correctly reproduced, i.e., there is a simulated density
increase of 0.12 kg.m−3 for the Antikithira Strait between
1988 and the peak‐value of 1993 (against 0.14 kg.m−3 in the
observations) and a corresponding simulated increase of
0.11 kg.m−3 for the Kassos Strait (against 0.15 kg.m−3 in the
observations). Moreover, we want to mention that there is
no available observation of this dense outflow between 1992
and 1994; thus, the modeling can here play the role of a new
source of information about the description of the sequence
of the EMT events during this period for which observations
lack. One can suppose that a peak in density, higher than the
observed value of 29.31 kg.m−3 in winter 1994, occurred
during fall 1993 and possibly reached even higher values at
this time, as suggested by the results of the simulation.
[59] Then, because we do not simulate a sufficient increase

of the potential density inside the Cretan Sea, the volume of
dense waters which exit the Aegean Sea is underestimated
with regards to observations. Table 7 displays the annual
averaged dense outflow rates. For the simulation NM8‐atl‐
riv, the outflow of dense waters (threshold 29.2 kg.m−3)
occurs only in 1993 through both the western and eastern
straits of the Cretan Arc and in 1994 only through Karpathos
Strait. Same outflow locations are obtained with a lower
threshold of 29.19 kg.m−3. It indicates that 0.31 Sv of waters
outflow with a density between 29.19 and 29.20 kg.m−3.
Lowering the threshold to 29.18 kg.m−3, we notice that the
outflow persists in 1995 through the Karpathos Strait. 0.55 Sv
of waters outflow with a density ranged between 29.18 and
29.19 kg.m−3. The total outflow for this latter threshold
amounts 1.39 Sv. This value is two times lower than the total
outflow of 2.8 Sv estimated between mid‐1992 and the end
of 1994 from observations [Roether et al., 2007].
[60] After exiting the Aegean Sea through the Cretan

Arc straits, this dense CDW mass overflowed and was
mixed in the Ionian and the Levantine basins [Roether et al.,
2007]. Figure 16 displays the depth and the salinity of the
29.165 kg.m−3 isopycnal surface during and after the sim-
ulated EMT. We take this relatively low density value
because of the mixing that affects the CDW in the eastern
Mediterranean. The waters going through Antikithira Strait
in the Ionian basin first spread at low depths (around 200 m

depth in Figure 16a) and then sink. They turn in a cyclonic
manner and they flow north‐westwards following the shelf
slope. The waters exiting the Aegean Sea east of Crete at
shallow depths through Kassos and Karpathos straits (around
400m depth in Figure 16a), spread in the Levantine basin and
sink. A part of them turns westwards through the Cretan
Passage (Figures 16b and 16c) and joins the waters exiting
from Antikithira Strait (in agreement with Roether et al.
[2007]). Another part remains inside the Levantine basin
(east of 24°E). Their path is first southwards before becoming
cyclonic along the shelf slope of the Levantine basin
(Figures 16c and 16d). Finally, a small part of waters pro-
pagates eastwards from the Karpathos Strait, mainly driven
by diffusive processes or carried by deep eddies (Figure 16c
at 30°E for example). We notice that the sinking of CDW in
the Ionian and Levantine basins has two effects: first the
uplift of this 29.165 isopycnal surface by at least 400 meters,
from 1600 m depth in 1993 before the EMT (Figure 16a) to
1200m depth in 2000 at the end of the simulation (Figure 16d),
secondly the salt increase of the eastern Mediterranean at
these depths, from 38.70 psu in 1993 to 38.79 psu in 2000.
This simulated salt increase has the same amplitude as the
observed one between the pre‐EMT period and 2001 [Roether
et al., 2007].
[61] Figure 17 shows the salinity on the 29.18 kg.m−3

isopycnal surface and the bathymetry in the Levantine basin.
The Antikithira and the Kassos straits have a shallower sill
than the Karpathos Strait in the model. This explains why
the volume of CDW at this density, which exits the Aegean
Sea, is particularly huge through the Karpathos Strait
(Figure 17b). Once in the Levantine basin, this water mass
rapidly sinks below and east of the sill of the Cretan Passage
(located at about 2000 m depth, 24.5°E 34.5°N) and thus
spreads inside the Levantine basin. Mixing processes with
surrounding waters of lower density make it difficult to find
the signature of these denser waters after 1995 (Figure 17c).
However, we notice that in 2000 the water mass corresponding
to this density flows along the southern shelf slope of the
Levantine basin along the 2250 m isobath in Figure 17d.
[62] The core of the outflowing CDW tongue has ther-

mohaline characteristics of 13.9°C and 38.85 psu in January
1995 (at 2000m depth), which is 0.3°C warmer and 0.05 psu
saltier than the one observed at this time [Klein et al., 1999].
This can be related to the warm and salty bias in the inter-
mediate layer throughout the studied region. Besides, the
densest part of the CDW in the eastern Mediterranean only
reaches the depth of about 2500 m in the simulation (not
shown), whereas it sinks to the bottom of the Ionian and
Levantine basins according to observations of Klein et al.
[1999]. Three explanations could be proposed. First, the
density of the simulated CDW is too low with regard to the
observations (as mentioned previously). Secondly, the mix-
ing in the oceanic model is too strong due to its resolution and
need to be better parameterized. Indeed, the decrease of the
CDW volume once in the Levantine and Ionian basins is too
quick (the density of the CDW is 29.182 kg.m−3 at around
2200m depth in January 1995), although the CDW overflows
through Antikithira and Kassos straits with a density higher
than 29.22 kg.m−3 and through the Karpathos Strait with a
density higher than 29.26 kg.m−3 in the model (Figure 15).
Thirdly, the simulated CDW is less dense than the resident
bottom waters of the model (around 29.2 kg.m−3), related to
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the initial state of the MEDATLAS climatology, whereas
they were observed at 29.17 kg.m−3 in 1987 before the EMT
[Roether et al., 2007]. So this modeled CDW can not sink to
depths greater than the depths of the resident waters, i.e., to
the bottom of the eastern Mediterranean. Thus, despite room
for improvement still clearly exists, the model, which is
driven by realistic atmospheric and hydrological forcings, has
reproduced strong convection events in the Aegean Sea fol-
lowing by a huge outflow of dense CDW in the eastern
Mediterranean.

4.4. Influence of the Interannual Variations
of the River Runoffs

[63] The effects of interannual river runoffs on the
modeling of the convection in the Aegean Sea, in particular
during the EMT, are here investigated. As the variations of
the Black Sea input are higher than those of any other
Mediterranean “river,” especially when one focuses on the
Aegean Sea [Zervakis et al., 2000], the comparison between
the simulations NM8‐clim and NM8‐riv will point out the
impact of the Black Sea. Zervakis et al. [2000] argued that
the decrease of the Black Sea input in the early 1990s was an
important element in the triggering of the EMT. However,
the values of the interannual Black Sea discharge in the early
1990s in our interannual data set are close to the climato-
logical value: the differences between the red solid and
dashed lines in Figure 3 are small between 1989 and 1992
and represent less than 10% of the annual climatological
value. As a consequence, the maximal amount of dense
waters produced in the Aegean Sea in 1993 is slightly the
same in the two simulations NM8‐clim and NM8‐riv. The

difference in 1993 is less than 1%, as shown by the black
and blue dashed lines in Figure 12. As for the NM8‐atl‐riv
simulation (see section 4.2), the volume of water denser than
29.2 kg.m−3 in 1993 still corresponds to about 75% of the
total volume of the Aegean Sea in the two other simulations.
Table 6 highlights that NM8‐clim and NM8‐riv have the
same rates of dense water formation in 1992 for the 29.2
density threshold and in 1993 for the 29.3 density threshold.
Although NM8‐clim forms 0.12 Sv more of waters denser
than 29.3 kg.m−3 in 1992 and NM8‐riv forms 0.11 Sv more
of waters denser than 29.2 kg.m−3 in 1993, the Aegean Sea
is filled by the same amount of dense waters in 1993 for
these simulations. This is confirmed by the outflow values
for waters denser than 29.2 kg.m−3 (Table 7). Nevertheless,
if we lower the threshold, the water volume which outflows
is higher and the export lasts longer (until 1996) in NM8‐
clim than in NM8‐riv. Among the 2.70 Sv that outflow
between 1992 and 1996 in NM8‐clim (2.08 Sv in NM8‐riv),
1.38 Sv have a density ranged between 29.18 and 29.19 kg.
m−3 (0.85 Sv) and 0.56 Sv between 29.19 and 29.20 kg.m−3

(0.42 Sv). But a 2.70 Sv total outflow in 5 years, between
1992 and 1996, corresponds to a weak outflow of dense
waters if compared to the 2.80 Sv observed in 2.5 years,
between mid‐1992 and the end of 1994 [Roether et al.,
2007].
[64] In fact, the difference between these two experiments

concerning the convection in the Aegean Sea is more sub-
stantial in the 1970s and in the 1980s. It corresponds to
periods during which the variations of the interannual Black
Sea discharge are high and reach 75% of the annual cli-
matological value. The lowest Black Sea input during the
1961–2000 period is reached in 1972 (2626 m3.s−1) and the
highest one is reached in 1980 (13981 m3.s−1). In particular,
during the 1971–1976 period, the Black Sea input was very
low during many consecutive years (−40% in average dur-
ing this 6‐year period, see Figure 3). As a result, 0.11 Sv
more of waters denser than 29.2 kg.m−3 and 0.03 Sv more
waters denser than 29.3 kg.m−3 are formed in NM8‐riv
compared to NM8‐clim in average over eight years, from
1971 to 1978 (Table 6). Conversely, NM8‐clim forms about
0.08 Sv more waters denser than 29.2 kg.m−3 and 0.02 Sv
more waters denser than 29.3 kg.m−3 during the eight‐year
period of 1983–1990.

Table 6. Annual Dense Water Formation Rates for the Aegean
Sea for the Three Companion Simulations and for the 29.2 and
29.3 kg.m−3 Density Thresholdsa

Simulation

1971–1978 1983–1990 1992 1993

≥29.2 ≥29.3 ≥29.2 ≥29.3 ≥29.2 ≥29.3 ≥29.2 ≥29.3

NM8‐atl‐riv 0.24 0.09 0.15 0.02 0.50 0.13 1.22 0.48
NM8‐riv 0.21 0.05 0.13 0.02 0.60 0.27 1.23 0.55
NM8‐clim 0.10 0.02 0.21 0.04 0.60 0.39 1.12 0.55

aAnnual dense water formation rates are given in Sv.

Table 7. Annual Dense Outflows Through the Western and the Eastern Cretan Arc Straitsa

Simulation

1992 1993 1994 1995 1996 Total
W E W E W E W E W E W + E

Outflow ≥ 29.20 kg.m−3

NM8‐atl‐riv 0 0 0.02 0.42 0 0.09 0 0 0 0 0.53
NM8‐riv 0 0 0.02 0.57 0 0.22 0 0 0 0 0.81
NM8‐clim 0 0 0.11 0.51 0 0.14 0 0 0 0 0.76

Outflow ≥ 29.19 kg.m−3

NM8‐atl‐riv 0 0 0.02 0.59 0 0.23 0 0 0 0 0.84
NM8‐riv 0 0 0.11 0.80 0 0.32 0 0 0 0 1.23
NM8‐clim 0 0.03 0.25 0.80 0 0.24 0 0 0 0 1.32

Outflow ≥ 29.18 kg.m−3

NM8‐atl‐riv 0 0 0.19 0.84 0 0.33 0 0.03 0 0 1.39
NM8‐riv 0 0.15 0.34 0.98 0 0.47 0 0.13 0 0.01 2.08
NM8‐clim 0.01 0.25 0.94 0.98 0.02 0.35 0 0.10 0 0.05 2.70

aAnnual dense outflows are given in Sv. The western and the eastern Cretan Arc straits are Antikithira, W and Kassos and Karpathos, E, respectively.
Values for water denser than different thresholds. These values are obtained as yearly averages of monthly dense outflow values.
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[65] If we look at the thermohaline characteristics of the
Aegean Sea in basin average (Figure 8), the first noticeable
difference between NM8‐riv (blue lines) and NM8‐clim
(black lines) concerns the salt content of the surface layer. It
is indeed strongly influenced by the interannual variations of
the Black Sea discharge introduced in NM8‐riv. The second
important change concerns the heat and salt contents of the
deep layer (600 m‐bottom) in the 1970s. The amount of
dense water formed (Figures 12 and 13) is larger in NM8‐riv
(blue lines and bars) than in NM8‐clim (black lines and
bars), causing a stronger warming and a salt increase of the
waters in this deep layer (Figures 8g and 8h) in NM8‐riv
(blue) than in NM8‐clim (black). Inversely, during the
1982–1989 period, the heat content and particularly the salt
content decreased in the deep layer of NM8‐riv (due to the
absence of deep convection and thus mixing during this
period) whereas they increased in the deep layer of NM8‐
clim. During the EMT period, the heat and salt contents both
show the same variations, with a slightly higher salinity in
NM8‐clim.
[66] In conclusion, the interannual variations of the Black

Sea input do not play a major role on triggering the EMT in
our simulations, because of close values of the Black Sea
discharge in the interannual and climatological data sets
during the early 1990s. The high variations of the interan-
nual Black Sea discharge rather affect the intensity of the
convection in the Aegean Sea during the previous decades.
It is obvious that the convection is enhanced in the 1970s
and weakened in the 1980s (when NM8‐riv is compared to
NM8‐clim). We can mention here that our data set for the
Black Sea inflow is an indirect measurement since it is
deduced from the E−P−R budget of the Black Sea. Direct
observed values at the Dardannelles Strait would be better,
but they are not available for a long period of time.

4.5. Influence of the Interannual Variation
of the Atlantic Waters

[67] In this section, we try to quantify the possible effects
of the interannual variations of the Atlantic thermohaline
characteristics on the representation of the convection in the
Aegean Sea, with a focus on the EMT. We thus compare the
NM8‐riv and NM8‐atl‐riv simulations, which differ in using
respectively a seasonal climatology and an interannual data
set in the Atlantic buffer zone (Figure 2). It should be noted
that at least one to two years are required for the AW
anomalies to reach the far eastern Mediterranean.
[68] During the EMT period, the maximum filling of the

Aegean Sea by dense waters in 1993 is slightly lower in
NM8‐atl‐riv by about 6% than in NM8‐riv (see the blue and
red dashed lines in Figure 12). In 1992, the volume of dense
waters formedwith a density larger than 29.2 kg.m−3 is 0.1 Sv
lower in NM8‐atl‐riv than in NM8‐riv, whereas in 1993 the
same amount of these waters is formed in both simulations
(see also Table 6). Differences are however noticed for
waters of density higher than 29.3 kg.m−3. A smaller amount
of formed waters (0.14 Sv less in 1992 and 0.07 Sv less in
1993) have a density larger than 29.3 kg.m−3 in NM8‐atl‐riv
than in NM8‐riv. That indicates a slight decrease in the
averaged density of the Aegean Sea, which can be related to
the negative salinity anomalies introduced in the buffer zone
from 1986 to 1990. This induces a lower volume of CDW

dense outflow towards the eastern Mediterranean in NM8‐
atl‐riv if compared to NM8‐riv (Table 7).
[69] On the contrary, during the 1970s and the 1980s,

positive anomalies of AW salinity have been introduced in
the buffer zone. During these periods, the rate of dense
water formation in the Aegean Sea was slightly higher for
NM8‐atl‐riv than for NM8‐riv (Table 6), in particular for
water denser than 29.3 kg.m−3 in average over the 8‐year
period 1971–1978. This is mainly due to the 1976 event,
which forms in NM8‐atl‐riv 0.70 Sv of waters denser than
29.2 kg.m−3 (against 0.48 Sv in NM8‐riv) and 0.44 Sv of
waters denser than 29.3 kg.m−3 (against 0.16 Sv in NM8‐riv).
[70] In conclusion, the interannual variations of the AW

thermohaline characteristics impact the density distribution
of the waters formed during the EMT. Again, the convection
in the Aegean Sea during the 1970s decade is more influ-
enced by these changes in the AW thermohaline character-
istics, especially in 1976.

5. Conclusion and Outlook

[71] In this work, we have studied the Mediterranean
interannual variability and in particular the Eastern Medi-
terranean Transient, by using NEMOMED8, an eddy‐
permitting Mediterranean OGCM at 1/8° of resolution
(about 10 km). A realistic hindcast was performed from
1961 to 2000, forcing the model with daily atmospheric
fluxes produced with ARPERA, a dynamical downscaling
of the ERA40 reanalysis. Different data sets (interannual or
climatological) were used to represent the hydrological
fluxes of the river runoff, the Black Sea discharge and the
Atlantic Water characteristics, in addition to the freshwater
flux from the atmosphere. Three companion simulations,
with different data sets for these hydrological fluxes but with
the same interannual atmospheric fields, were carried out.
These three hindcast simulations have been validated by
comparing heat and salt contents at basin‐scale with respect
to the interannual gridded database of Rixen et al. [2005].
We focused then on the most realistic simulation, the one
using all the interannual hydrological databases.
[72] We have shown that this simulation was able to

reproduce the sequence of the EMT events in very good
agreement with the following observations: (1) the strong
heat and water losses at the surface of the Aegean Sea
during the winters 1991–1992 and 1992–1993 (respectively
−73W.m−2 and −2.0 mm.day−1 in NDJF 1991–1992, −65W.
m−2 and −2.8 mm.day−1 in NDJF 1992–1993); (2) the strong
winter convection in the Aegean Sea triggered by these strong
atmospheric fluxes (1.22 Sv of waters denser than 29.2 kg.
m−3 formed in 1993, in which 0.48 Sv are denser than 29.3 kg.
m−3); (3) the huge outflow of dense waters from the Aegean
Sea to the Ionian and Levantine basins through the Cretan
Arc straits, especially through the eastern part (Kassos and
Karpathos straits) during the two years following the intense
convection event; and (4) the spreading of this water mass in
the eastern Mediterranean, with a scheme of the path fol-
lowed by this dense water mass from 1993 to 2000: the
waters exiting the Aegean Sea through the western straits of
the Cretan Arc spread in a cyclonic manner in the Ionian
Sea; the waters exiting the Aegean Sea through the eastern
straits of the Cretan Arc spread in the Levantine basin: a part
of them crosses the Cretan Passage and joins the waters
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outflowing from the western straits while another part sinks
at deeper levels in the Levantine basin. That part first
spreads southwards following the bathymetry in a cyclonic
manner and also propagates eastwards mainly driven by
diffusive processes or trapped by eddies.
[73] Among the preconditioning hypotheses (the pro-

cesses which took place before 1991) proposed in the lit-
erature, we found in the simulations that (1) the surface
circulation was modified in the late 1980s and the early
1990s, changing the AW path in the Levantine basin;
combined with a period with net reduced freshwater inputs
over the far eastern Mediterranean which induces a salt
increase of the surface layer in this area, this led to a salt
increase of the Aegean Sea through a saltier Asia Minor
Current; (2) the three anticyclonic eddies observed in 1991
play a role in deviating and trapping the AW in the Levantine
basin, rather than the LIW as mentioned in the literature,
whereas those eddies are not reproduced at the observed
locations; (3) there was no huge decrease of the Black Sea
freshwater discharge during the early 1990s according to
our interannual data set; and (4) several convection events
in winters 1987, 1989, and 1990 took place before the major
events of winters 1992 and 1993; they induced a steady
filling of the Aegean Sea by the dense waters formed during
these winters.
[74] But the major conclusion here is that all these pre-

conditioning factors tend to increase the salt content of the
Aegean Sea but they do not lead to a decrease of the vertical
stratification of the Aegean Sea. The key triggering elements
of the EMT are thus the surface heat and water losses which
occurred during the severe winters 1991–1992 and 1992–
1993.
[75] In addition, this 40‐year simulation allowed us to

identify the years 1972 to 1976 as another period during
which atmospheric and hydrological forcings were condu-
cive to deep water formation, but with lower formation rates
and thus without significant signature of Aegean dense
waters in the adjacent sub‐basins.
[76] Sensitivity tests were done by using different strate-

gies for the modeling of the hydrological fluxes. The
interannual variations of the Black Sea discharge in the
surface layer of the northern Aegean Sea do not influence
the trigger of the EMT, but rather impact the chronology of
the convection event during the previous decades, with an
intensification in the 1970s and a weakening in the 1980s.
The interannual variations of the AW characteristics do not
change the total amount of dense waters formed in the
Aegean Sea during the EMT but modify the distribution of
the density of these waters; the changes in the AW ther-
mohaline characteristics have a higher impact on the con-
vection in the Aegean Sea during the 1972–1976 period.
[77] In the future, some technical improvements of the

simulations are planned in order to better reproduce some
EMT characteristics with regard to available observations.
To avoid too dense waters on the bottom eastern Mediter-
ranean at the beginning of the simulations, which prevent
the CDW outflow from reaching these bottom layers during
the years following the EMT, we want to start the experi-
ments from a reanalyzed state of the Mediterranean Sea at
the time of the beginning of the experiment (in our case in
1960) rather than from a climatology. Moreover, the spin‐up
phase of the simulations has to be improved, in order to

avoid a too high heat content of the intermediate layer at the
beginning of the 40‐year simulations. Modifications of the
parametrization of the horizontal diffusion or of the vertical
mixing could act on the residence time of the CDW in the
Aegean Sea, avoiding a too quick decrease of its density.
Using an isopycnal diffusion or the so‐called BBL (bottom
boundary layer parametrization, like the work of Stratford
and Haines [2000] for the Otranto Strait) may improve the
sinking and the spreading of the CDW towards the eastern
Mediterranean, as for any other water mass in the model.
Using an open boundary at Dardannelles Strait would allow
us to study, on the top of the variations of the Black Sea
freshwater inflow, the impact of the variations of the tem-
perature and salinity of this inflow on the modeling of the
Aegean convection.
[78] Future work will then focus on the possible impact of

the EMT on the western Mediterranean (by running simu-
lations until present), on the influence of running our model
in a fully two‐way‐coupled mode (which will incidentally
address the issue of the relaxation term in the surface heat
flux) and on the importance of the resolution of the ocean
model on the modeling of the EMT: a switch from an eddy‐
permitting to an eddy‐resolving model will allow us to
estimate the importance of the mesoscale processes in the
sequence of the EMT events.
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