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Abstract

Results from a high-resolution hindcast model experiment, supported by available observations, reveal an increasing salinity
trend in the north Aegean during the Eastern Mediterranean Transient (EMT) period, largely controlled by increases in the flow rate
and salinity of water masses of Levantine origin entering the domain through the Myconos-Ikaria strait as a response to an accel-
eration of the Aegean thermohaline cell. Changes in the Dardanelles inflow (increasing salinity) and in the surface freshwater flux
(increasing Evaporation-Precipitation), although both contributing to a higher salt content of the basin during the EMT, play a minor
role in the inter-annual/decadal variability of the freshwater budget. A long-term decreasing temperature trend is observed from the
1960s to the early 1990s. It is superimposed on the salinity-preconditioning phase over the 1980s and early 1990s. Both signals are,
concomitantly, favouring conditions for intense Dense Water Formation (DWF) in the north Aegean Sea. In addition, the northward
displacement of the Black Sea Water front over the EMT, leads to the expansion of convective cells towards the north and to higher
formation rates associated with both colder and saltier surface waters.

Keywords: North Aegean Sea, Thermohaline forcing, Dardanelles strait, Dense Water Formation, Eastern Mediterranean Transient.

Introduction

The north Aegean Sea is known to have a complex
thermohaline and wind driven circulation. Its circula-
tion complexity arises from several factors, including
the strong topographic and coastal influences, the atmo-
spheric forcing and internal dynamic processes. The to-
pography includes many sea-bed features comprising a
succession of deep valleys, ridges and localized pits (Fig.
1). A series of straits of high relief and sill depths be-
tween the Aegean sub-basins and the adjacent seas have
a pronounced impact on the prevailing flows.

The most important feature of the circulation pattern
is the surface inflow of the brackish, low density Black
Sea Water (BSW) from the Dardanelles strait (Zodiatis,
1994; Zodiatis et al., 1996; Zervakis et al., 2000). The
Dardanelles outflow consists of generally cold waters
and very low salinity at the range of 24-35 close to the
Dardanelles mouth. This allows the outflow to be detect-
ed in satellite imagery mainly during winter, as summer
wind-induced upwelling masks BSW surface tempera-
ture signal (Zodiatis et al., 1996; Zervakis & Georgop-
oulos, 2002; Skliris et al., 2010). A bifurcation is often
observed east of Limnos Island, with the northern branch
of the current contributing to a permanent anticyclone
around the island of Samothraki (Zervakis & Georgopou-
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los, 2002). BSW creates a strong thermohaline front with
the saline Levantine Surface Water (LSW) that enters
the north Aegean through the wide Myconos-Ikaria strait
(Fig. 1), with salinities usually greater than 39. The posi-
tion of the front fluctuates around the island of Limnos,
generating strong currents controlling the circulation in
the North Aegean (Zodiatis, 1994). Following a general
cyclonic circulation path, BSW flows westward and exits
the north Aegean following the Evia jet along the eastern
coast of Evia Island (Lykousis et al., 2002; Velaoras &
Lascaratos, 2010; Gerin et al., 2014).

The most active dynamic circulation features are the
mesoscale cyclonic and anticyclonic eddies and bound-
ary currents. Although most of them present strong sea-
sonality, features such as the cyclonic eddies in the Chios
basin, the Evian current and the anticyclonic circulation
around Samothraki Island are robust. The north Aegean
deep water masses are characterized by very high densi-
ties (i.e. higher than 29.2 kg.m™). Those very dense water
masses are formed on the north Aegean shelves, mainly
the Limnos-Lesvos plateau and in the Skyros and Chios
basins (Fig. 1) (Velaoras & Lascaratos, 2005; Gertman
et al., 2006; Vervatis et al., 2011). Deep water forma-
tion processes and changes in the thermohaline proper-
ties of the north Aegean Sea were discussed by many au-
thors investigating the Eastern Mediterranean Transient
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Fig. 1: Map of the north Aegean Sea. Different regions cited in the text are highlighted inside the map (see lower right corner); dark grey
area: Northern Aegean (NAg), light grey area: Central Aegean (CAg), cyan dot: Dardanelles mouth, cyan line: Myconos-Ikaria strait.

(EMT) (Roether et al., 1996; Theocharis et al., 1999;
Zervakis et al., 2000; Gertman et al., 2006; Vervatis et
al., 2013). During the EMT (over roughly 1987-1994),
the main source of Eastern Mediterranean Deep Water
(EMDW) shifts from the Adriatic to the Aegean Sea.
Large amounts of very dense Aegean Sea waters spread
out through the Cretan arc straits and simultaneously
uplift the old EMDW of Adriatic origin. This dramatic
climatic event was mainly attributed to extreme winter
surface cooling events in the early 1990s and regional
circulation changes inducing a large salinity increase in
the Aegean Sea (e.g. Lascaratos et al., 1999; Malanotte-
Rizzoli et al., 1999; Theocharis et al., 1999) whilst the
reduction of BSW over the same period was also noted as
being an important factor controlling deep water forma-
tion events in the north Aegean (Zervakis et al., 2000).
The objective of the present paper is to investigate
the inter-annual/decadal variability of north Aegean Sea
hydrodynamics (1960-2000) in relation to the atmo-
spheric and lateral thermohaline forcing. The dynamic
processes driving changes in the thermohaline proper-
ties of the north Aegean due to surface and lateral inputs
are analyzed through a high-resolution model hindcast
simulation, whereas various observational databases are
used to validate the model results. The significance of
the BSW frontal position and its role in exposing or sup-
pressing areas of Dense Water Formation (DWF) in the
north Aegean during the EMT are also discussed. The pa-
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per is organized as follows: in the “Data and Methods”
section the modelling and observational datasets are pre-
sented; in the “Results and Discussion” section the basic
findings of this study are analyzed; in the “Conclusions”
section the work is summarized and linked to recent stud-
ies related to eastern Mediterranean dynamics.

Data and Methods

Model and observational datasets are used to inves-
tigate the long-term variability of the thermohaline prop-
erties and dynamics of the north Aegean Sea over 1960-
2000. The extracted datasets are used to interpret north
Aegean temperature and salinity inter-annual variations,
exchanges with the adjacent seas, and changes in thermo-
haline circulation patterns.

Model results of the ALERMO high-resolution
(1/30°) eddy resolving hindcast experiment (1960-2000)
in the eastern Mediterranean (Vervatis et al., 2013) are
analyzed herein for the north Aegean Sea. In this hind-
cast experiment, the ALERMO is one-way nested to the
coarse OPAMED model, the Mediterranean limited area
8.1 version of the OGCM OPA model (Madec et al., 1998)
with resolution 1/8 of a degree, described in details in So-
mot (2005) and Somot et al. (2006). The model is cou-
pled with the ARPERA atmospheric dataset, a dynamic
downscale of the ERA40 reanalysis (Hermann & Somot,
2008). The Dardanelles strait is introduced in the AL-
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ERMO configuration as an open boundary, described in
detail in Vervatis et al. (2013). Since there is no available
long-term observational data for the Dardanelles strait,
a “perpetual” seasonal cycle was introduced at the strait
(Fig. 2, upper panels). The most well-known parameters
from the literature are the inflow/outflow/net water fluxes
at the Dardanelles strait. The net water flux rate in previ-
ous observational/modelling studies has been estimated at
~300 km?*/year (~0.01 Sv) (Unliiata et al., 1990; Korres et
al., 2002; Nittis et al., 2003; Kourafalou & Tsiaras, 2007,
Skliris et al., 2007; Tzali et al., 2010). In the modelling
study, an upper 25 m layer inflow of BSW and a bottom
layer outflow are prescribed with sinusoidal seasonal
modulations. The monthly ®-S characteristics are derived
from Kourafalou et al. (2004), based on the Besiktepe et
al. (1994) observational study. For both inflow/outflow
rates the maximum value is reached in mid-July and the
minimum in mid-January. Since the BSW inflow is an
important factor which adds to the thermohaline forcing
in the northern Aegean, the seasonal cycle allows winter
variations that are important to determine the formation
rates of the region. Furthermore, during the summer pe-
riod, mesoscale activity is more pronounced, due to the
increasing BSW inflow, compared with a mean annual
flow of the same annual rate. The interannual variability
of the BSW ®-S properties is implicitly introduced from
the coarse OPAMED model (Somot et al., 2006), through
a salinity/temperature surface relaxation (Fig. 2e). More
details about the ALERMO 1960-2000 hindcast simula-
tion may be found in Vervatis et al. (2013).

Volume averaged salinity and temperature variations
produced by the model are validated using the MEDAT-
LAS 1I database (MEDAR Group, 2002; Rixen et al.,
2005). This is a yearly 3D-dataset consisting of quality
checked temperature and salinity profiles in the Mediter-
ranean from 1945 to 2002 interpolated onto a 0.2°x0.2°
horizontal grid by a Variational Inverse Model (VIM)
(Brankart & Brasseur, 1998).

Two observational datasets, a satellite-derived and
an in-situ-derived dataset, are used to validate the model
SST variability. The construction of the satellite-derived
SST data for the north Aegean Sea considered herein is
based on a re-analysis of the AVHRR Pathfinder (version
5.0) SST time series of the Mediterranean Sea (Marullo
et al., 2007). The 1985-2000 spatiotemporal dataset for
the north Aegean Sea consists of optimally interpolated
declouded monthly SST maps at a 1/16° resolution-
grid (~6 km), provided by the Gruppo Oceanografia da
Satellite (GOS) of the CNR - ISAC (Istituto di Scienze
dell’Atmosfera e del Clima) (http:/gos.ifa.rm.cnr.it).
Marullo et al. (2007) validated the optimally interpolated
Pathfinder SST dataset for the Mediterranean Sea using
in-situ data from 1985 to 2005, and found a mean bias of
less than 0.1 K with a root mean square error of about 0.5
K, whilst they showed that errors were weakly dependent
on season and did not drift with time.

A longer SST time series but with much lower hori-
zontal resolution is also constructed based on in-situ data
obtained from the International Comprehensive Ocean
Atmosphere Data Set (ICOADS) (Woodruff et al., 2008).
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Fig. 2: (a) Theta °C, (b) salinity, (c) potential density kg.m? and (d) model monthly inflow/outflow rates Sv at the Dardanelles
strait; (¢) model ®/S annual anomaly (1961-2000; black/red lines) of the Dardanelles inflow and SST °C anomaly (1985-2000;

blue line) derived from the AVHRR Pathfinder re-analysis.
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A 2°x2° dataset covering the north Aegean Sea is created
using the ICOADS SST raw data for the period 1950-
2000, provided by the National Center for Atmospheric
Research (NCAR) (http://icoads.noaa.gov). Due to the
much lower spatial resolution and observations density of
the ICOADS-derived SST dataset (i.e. the total number
of observations is at least one order of magnitude lower
as compared with the satellite-derived SST dataset) and
due to the pronounced SST spatial gradients within the
Aegean Sea, in order to minimize biases in the calcula-
tion of the basin-average annual mean SST the following
procedure is adopted: Before calculating annual basin-
scale spatial averages, monthly values are first computed
for each grid cell, using a threshold-criterion of at least 3
available observations per month. For the few temporal
gaps encountered in the monthly time series (i.e. when
the monthly 3 values threshold-criterion was not met in a
grid cell), the monthly value of that year for the specific
grid cell is obtained by linear temporal interpolation us-
ing the monthly values of the adjacent years for the same
grid-cell. In addition, due to the complicated coastline
and the numerous islands of the Aegean Sea, the propor-
tion of sea and land in each grid point is also taken into
account (i.e. using a sea/land weighted value) when cal-
culating the north Aegean basin average SST.
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Results and Discussion

As shown in the observational and model-derived
temperature and salinity annual mean time series (Fig. 2
and 3), the model reproduces quite well the inter-annual
variability of the north Aegean Sea thermohaline prop-
erties as well as the SST variability of BSW intrusion.
Focusing on the model skills, a high correlation coeffi-
cient is calculated for the SSTs, exceeding in both ob-
servational datasets (ICOADS, AVHRR) 0.90 (statisti-
cally significant at a 95% confidence interval). In addi-
tion, the ALERMO @/S average properties are correlated
with the MEDATLAS II database (Fig. 3), by about 0.87
for temperature and to a lesser extent for salinity, i.e. by
about 0.60; both being statistically significant at a 95%
confidence interval. In absolute values, the ALERMO
presents lower SSTs compared with the aforementioned
databases (Fig. 3). The ALERMO SST is biased on aver-
age by about -0.2 °C compared with the high resolution
AVHRR satellite dataset and by about -0.5 °C with the
coarse ICOADS dataset. In addition, the water column
average O is biased by approximately -0.3 °C, whilst the
ALERMO salinity as a mean value does not show any
noticeable bias with respect to MEDATLAS II. The AL-
ERMO presents a significant lesser ®/S variability com-
pared with the MEDATLAS II dataset. This fact, along
with the ® bias, is probably due to significant under-sam-
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Fig. 3: Model north Aegean annual thermohaline properties (black lines); (a) superimposed annual SST °C observational datasets
(blue/green lines) AVHRR, ICOADS, (b) model SSS, (c) water column average ® (°C) from ALERMO and MEDATLAS II (red
line) (d) water column average salinity from ALERMO and MEDATLAS II (red line).
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pling in the MEDATLAS II (Rixen et al., 2005), which is
in particular true for the north Aegean region. In addition,
the large SST and ® biases could also be attributed par-
tially to the ARPERA high resolution forcing (Hermann
& Somot, 2008; Josey ef al., 2011) and partially to the
eddy resolving character of the model, since eddies are
known to interact with convection in DWF key regions
such as the north Aegean.

Changes occurring in the thermohaline properties and
circulation patterns of the north Aegean Sea are driven by
the variability of the wind forcing and the thermohaline
forcing applied on the surface and lateral boundaries of
the region. The atmospheric data shows important inter-
annual variability in the heat, freshwater and wind com-
ponents (Fig. 4). The north Aegean experienced periods
of very low temperatures and strong heat loss during the
mid-1970s early 1980s (Fig. 4), followed by a long peri-

od of dry conditions in the 1980s and early 1990s. During
the latter period, significant changes are also observed for
the north Aegean wind pattern variability, leading to an
increase of anticyclonicity and wind stress (Fig. 4). Tem-
perature variations (Fig. 3), both in the model and in the
observations, show a strong cooling trend roughly from
the early 1960s to the early 1990s both at the surface and
for the volume averaged north Aegean basin, creating a
long-term preconditioning of this region for the subse-
quent DWF processes. This long-term temperature-re-
lated preconditioning seems to be superimposed on the
well-documented salt preconditioning of the Aegean Sea
from the early 1980s to the early 1990s. Both signals are,
concomitantly, favouring conditions for intense DWF in
the north Aegean Sea. This cooling trend also coincides
with a prolonged period of increasing positive NAO in-
dex, favouring cooler conditions over the eastern Medi-
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terranean basin (Skliris et al., 2011, 2012). It is interesting
to note that just after the EMT a long-term strong warm-
ing trend is initiated in the Aegean Sea associated with
a long-term broad-scale warming signal and a decadal
scale variability signal linked to NAO (Skliris et al.,
2012). From the mid-1990s onwards with the abrupt shift
of NAO from a high positive to a weakly positive/nega-
tive NAO phase (inducing a warming effect in the east-
ern Mediterranean) the superposition of the two signals
may have resulted in accelerated surface warming of the
Aegean Sea with potential strong implications for DWF
processes. The absence of episodes similar to EMT over
the last 2 decades in the Aegean Sea, although intense
anomalous winter cooling events did occur (Androulida-
kis et al., 2012), may be partially explained by long-term
increasing stratification due to surface warming in this
region. In addition, a concurrent strong salinity decrease
is observed after 1995 (Fig. 3), which reduced the Aege-
an’s DWF efficiency and led to a long-term (1995-2007)
decay phase for the EMT (Gacic¢ et al., 2011; Krokos et
al., 2014; Theocharis et al., 2014).

During the EMT period, the Aegean Sea undergoes
a combination of intense heat loss, dry conditions, in-
creased wind stress and evaporation (e.g. Roether ef al.,
1996; Theocharis et al., 1999; Klein et al., 1999; Las-
caratos et al., 1999; Vervatis et al., 2013). Vervatis et al.
(2013) showed that while long-term trends of surface
and lateral exchanges are preconditioning the changes in
Aegean stratification, it is the extreme heat loss pulses,
related to the variability of the wind field that is con-
trolling the formation processes by abruptly lowering
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the buoyancy content. In particular, during the extreme
cold winters of 1987 and 1993 (discussed extensively
in the literature, e.g. Lagouvardos et al., 1998; Zervakis
et al., 2000) short-term atmospheric heat loss reaching
1000 W.m™ (Fig. 5), modulated the long-term changes in
north-Aegean stratification. However, the Mixed Layer
Depth (MLD) in the northern areas of the Aegean Sea
seems to be constrained by the presence of the BSW sur-
face layer (Fig. 5). Vervatis et al. (2013) demonstrated
that during the EMT the largest part of the extreme dense
water formation actually occurred in the central Aegean
region (CAg in Fig. 1) whereas the northern part of the
domain (NAg in Fig. 1) had a rather small contribution.
A large inter-annual variability and positive anoma-
lies observed in salinity at the Dardanelles exit during the
1980s and early 1990s (Fig. 2e), are indicative of a possi-
ble lateral thermohaline forcing increasing surface salin-
ity in the north Aegean (Fig. 3), in accordance with Zer-
vakis et al. (2000). During the EMT, Evaporation Minus
Precipitation (EMP) also increases in the north Aegean
Sea mainly due to a decreasing precipitation trend (Fig.
4). However, the most important source of heat and salt
flux in the north Aegean is through the wide Myconos-
Ikaria strait (Fig.1), where the warm/saline Levantine or-
igin water masses enter the region (Fig. 6). The net flow
(Sv) variability in the Myconos-Ikaria strait is one order
of magnitude larger than both the variability in the EMP
flux and the flow rate in the Dardanelles strait (see Fig.
2 and Fig. 6) whilst the gross inflow/outflow rates (not
shown here) are two orders of magnitude larger. There-
fore, variations in salinity are largely determined by the
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Fig. 5: Model daily time series for NAg (a, b) and CAg (c, d) (see also Fig. 1) of the net heat flux Qnet (black lines) and the Mixed
Layer Depth (MLD) (red lines), during the winters of 1987 (a, ¢) and 1993 (b, d). The MLD is calculated using a threshold value
for the vertical diffusion coefficient of 4 cm?.s™'. Negative/positive values denote loss/gain for the ocean (zero line is drawn).
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intrusion of the Levantine origin water masses and to a
much lesser extent by changes in the Dardanelles input
or the surface freshwater flux. Prior and during the EMT
phase, the salinity increase in the north Aegean is linked
to a significant increasing trend observed in the salinity
of the upper layers at the Myconos-Ikaria strait (Fig. 6).
In particular, a trend of about 0.01 psu.yr! is observed in
the upper 200 m layer in the Myconos-Ikaria strait over
1982-1993 (Fig. 6), whereas a slightly lesser increasing
trend is also observed in north Aegean volume averaged
salinity (9.107 psu yr') over the same period (Fig. 3).
During the EMT period, temperature variability in the
north Aegean (Fig. 3) follows the abrupt heat loss pulses of
the very cold winters (mainly in 1987, 1992 and 1993, see
Fig. 4 and 5). Fig. 6 also depicts increasing negative values
for the net flow through the lower layers of the Myconos-
Ikaria strait during the EMT period. The water mass of the
outflow through the lower layers of the strait has significant-
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ly lower temperature than the intruding LSW, due to DWF
processes occurring in the north Aegean. The salinity in the
two aforementioned layers is similar, although entrainment
during the large outflow period may lower salinity values.
The positive net flow in the upper 200 m layer is approxi-
mately compensated by the outflow of the lower layer 200-
400 m (Fig. 6). A residual net flow closing the north Aegean
budget is introduced in other minor straits connecting the
north and south Aegean regions (i.e. Kafireas strait, east-
ern and western straits of Myconos-Ikaria strait, not shown
here), as well as the Dardanelles input, the rivers included
in ALERMO and the surface freshwater fluxes. As clearly
shown in Fig. 6, during the EMT period both flows increase
significantly as a response to an acceleration of the Aegean
thermohaline cell, triggered by intense formation events
(Velaoras & Lascaratos, 2005, 2010; Gertman et al., 2006;
Vervatis et al., 2011) and possibly by wind stress intensifica-
tion (Kontoyiannis ez al., 1999; Nittis et al., 2003).
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The densest water masses in the Aegean Sea are
formed in the north-central regions, through open ocean
and shelf convection processes. Prominent formation ar-
eas are the Chios basin and the Limnos-Lesvos plateau.
In contrast, Limnos, and in some cases the Athos and
Skyros basins are occupied by surface less saline BSW.
This water mass enhances north Aegean stratification and
acts as an insulation lid for the air-sea fluxes. Thus, the
position of the BSW front during winter is crucial for ex-
posing areas of possible convective processes. We focus
on winters prior and during the EMT period (1980s and
early 1990s), when salinity increases via lateral precon-
ditioning and EMT prevails as the most prominent event
over 1960-2000. Circulation pattern variability (Fig. 7)
shows permanent or semi-permanent structures, such as
the cyclonic circulation pattern in the Chios basin and the
northern anticyclonic circulation pattern of BSW (i.e. Sa-
mothraki anticyclone). Results highlight that the position
of the BSW front is displaced further north during the
intense cold winters of the EMT period (in particular dur-
ing 1987, 1992 and 1993, in agreement with Theocharis
& Georgopoulos, 1993) in comparison with the pre-EMT
period. Thus, convective cells can expand to a larger do-
main thus increasing the possibility of higher formation
rates during the EMT period. The displacement of the
BSW frontal position to the north, marked by the salinity
isoline of 38.3 (Fig. 7), coincided with significant lower
surface temperatures, marked by the temperature isoline
of 13.5 °C (Fig. 7), due to intense atmospheric forcing.
The area between the two aforementioned isolines is fa-

vourable for the existence of convective processes in the
north Aegean and the production of dense water masses
with low temperature and high salinity characteristics.

Conclusions

Based on a high-resolution hindcast model experi-
ment results, supported by available observations, we
revealed a strong inter-annual and decadal variability of
north Aegean Sea thermohaline properties over 1960-
2000. Results demonstrate that the north Aegean signifi-
cant salinity increase during the EMT period is largely
controlled by increases in the flow rate and salinity of Le-
vantine origin water masses entering the domain mainly
through the Myconos-Ikaria strait as a response to an ac-
celeration of the Aegean thermohaline cell. On the other
hand changes in the Dardanelles inflow (increasing salin-
ity) and in the surface freshwater flux (increasing EMP),
although both contribute to a higher salt content of the
basin over the EMT, play a minor role in the interannual/
decadal variability of the freshwater budget.

A long-term decreasing temperature trend is ob-
served from the 1960s to the early 1990s associated with
a prolonged period of increasing positive NAO, favour-
ing cooler conditions over this region. This cooling phase
is superimposed on the salinity-preconditioning phase
over the 1980s and early 1990s with both signals con-
comitantly favouring conditions for intense DWF in the
north Aegean Sea.

Another important feature derived from the model re-

23 24 25 26 27
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Fig. 7: Mean winter (JEM) north Aegean Sea Surface Salinity (SSS) prior and during the EMT. The salinity isoline of 38.3 (white
line) and SST isoline of 13.5°C (grey line) are also depicted. Velocity vectors are scaled in 0.1 m.s™.
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sults is the northward displacement of the BSW front during
the anomalous cold winters of the EMT period. The changes
in the BSW circulation pattern are related to the increased
anticyclonicity of the wind, reduced inflow of BSW and in-
creased inflow of Levantine origin water masses. The three
mechanisms introduced in the model, are driving the BSW
displacement and the expansion of convective cells towards
the north, whereas high DWF rates are associated with both
colder and saltier surface waters.
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