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A B S T R A C T

We investigate the effect of interannual variability of the wind-stress over the Eastern Mediterranean on Adriatic
Deep Water (ADW) formation using an oceanic general circulation model of the Mediterranean Sea driven by
monthly ERA-Interim wind-stress of the years 1979–2014. This is done by using climatological annual cycle of
the surface temperature and freshwater flux but interannually varying wind-stress.

A connection between the wind-stress magnitude over the Rhodes Gyre region and ADW outflow is found in
association with the formation of Levantine Intermediate Water (LIW). 720 years artificially generated wind-
stress fields were constructed based on the first 50 Empirical Orthogonal Functions (EOFs) of the wind-stress
monthly anomalies. This simulation strengthen the connection that was found and also reveal a centennial
internal variability of both the LIW and the ADW outflow.

It is also found that the intensity of the Rhodes Gyre is almost linearly related to the wind-stress amplitude.
However, the ADW outflow is non-monotonically related to the wind-stress amplitude. There is an optimal wind-
stress amplitude for which the ADW formation is maximal. When the wind-stress amplitude is more than 50%
the climatological mean wind-stress amplitude, the ADW outflow is weakened. This implies a different balance
between the saline LIW and the fresh Atlantic Water, entering the Eastern Mediterranean from Sicily Strait,
under stronger than present wind-stress amplitude.

1. Introduction

The Adriatic, an elongated, semi-enclosed Sea is historically re-
cognized as the primary deep water source of the Eastern
Mediterranean (EM). Even though a transient source of deep water was
reported in the Aegean Sea during 1987–1995, known as the Eastern
Mediterranean Transient (EMT; Roether et al., 1996; Klein et al., 1999),
the Adriatic Sea returned to act as the main EM deep water provider
afterward (Klein et al., 2000; Manca et al., 2003). Adriatic Deep Water
(ADW) formation occurs as either open ocean convection in the vicinity
of the south-Adriatic pit (~ 1200 m; Ovchinnikov et al., 1985;
Mantziafou and Lascaratos, 2004) or as a shelf convection over the
Adriatic continental shelf (Artegiani et al., 1997a; Chiggiato et al.,
2016). The ADW outflows through the Otranto Strait in an average rate
of ~ 0.3 Sv (1 Sv 10 m s6 3 1) and is characterized by a density ex-
ceeding 29.2 kg m[ / ]3 , filling the abyss of the Ionian Sea (Malanotte-
Rizzoli et al., 1997). The ADW outflow exhibits a large seasonal and
interannul variability (Russo and Artegiani, 1996; Mantziafou and
Lascaratos, 2004; Cardin et al., 2011, 2015), which is attributed to both

intense surface heat loss and to a salinity preconditioning (Manca et al.,
2003; Mantziafou and Lascaratos, 2008; Verri et al., 2018) imposed by
the incoming Levantine Intermediate Water (LIW). Malanotte-Rizzoli
et al. (1999) showed that the transition to an active source of deep
water in the Aegean was a consequence of a three-lobe anticyclonic
structure blocking the LIW flow into the Ionian, causing it to recirculate
in the Levantine and eventually to flow to the Aegean instead. Amitai
et al. (2017) showed that ADW formation has multiple equilibria under
present-day like conditions and that the state of a ceased ADW outflow
is caused by reduced saline LIW flowing from the Aegean Sea region
into the Adriatic Sea.

In the climatological flow pattern LIW forms at the surface, from
Atlantic Water (AW) that evaporate while propagating eastward, and
sinks to intermediate depths (200–700 m). This happens primarily in
the Rhodes Gyre area, but also, to some extent, in other areas of the
Levantine basin (Ovchinnikov and Plakhin, 1984; Robinson et al., 1992;
Lascaratos et al., 1993; Wu and Haines, 1996; Vervatis et al., 2013). The
Rhodes Gyre is a well documented gyre that is known as an EM per-
manent circulation feature that is induced by wind-stress curl (Pinardi
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and Navarra, 1993; Korres et al., 2000; Molcard et al., 2002; Pinardi
et al., 2015).

After forming, the LIW is advected through the Cretan passage to
the Northern Ionian intermediate layer (among other regions of the EM)
and a portion of it flows into the Adriatic Sea. Its importance for ADW
formation processes was evident, for example, in triggering the re-
covery of the Adriatic source after the EMT (Klein et al., 2000; Manca
et al., 2003). Furthermore, eddy resolving simulations of the Adriatic
Sea indicate that the saline LIW is a key factor in ADW formation
process (Oddo and Guarnieri, 2011; Gunduz et al., 2013; Querin et al.,
2013).

Gačić et al. (2010) proposed the Adriatic-Ionian Bimodal-OScilla-
tion (BiOS) mechanism to explain the interannual variability of the
ADW outflow. According to the BiOS mechanism (feedback), the North
Ionian Gyre circulation is connected to the deep water formation in the
Adriatic as follows: when the North Ionian Gyre is cyclonic, saline LIW
is advected into the Adriatic, enhancing its deep formation and outflow.
This dense water outflows to the flanks of the North Ionian Sea, re-
sulting in deepening of the isopycnals in the flanks region, weakening
its cyclonic circulation and eventually reversing the circulation over the
North Ionian to become anticyclonic. In turn, this anticyclonic circu-
lation leads to the advection of fresh AW into the Adriatic, diluting its
dense water and so the ADW outflow cause the flanks of the North
Ionian to become lighter, and thus to reverse the surface pressure
gradient back to a cyclonic circulation.

In winter 2012, an intense air-sea heat loss was accounted for highly
dense ADW outflow (Bensi et al., 2013; Mihanović et al., 2013) that
altered the North Ionian circulation from cyclonic to anticyclonic
(Gačić et al., 2014), demonstrating that an external forcing can cause
the circulation reversal, interfering (or interacting) with the internal
BiOS mechanism. Still, to our knowledge, the BiOS mechanism was not
reproduced by general circulation model simulations (Dunić et al.,
2016) nor fully explained by conceptual models (Crisciani and Mosetti,
2016; Mosetti, 2016). Dunić et al. (2016) ran an eddy-permitting model
of the Adriatic and showed that an interannual variability in ADW
formation do exist under realistic forcing, and it is governed by the
strengthening and weakening of only a cyclonic circulation of the North
Ionian Gyre. Based on a simple dynamical model, Crisciani and Mosetti
(2016) suggested that a stochastic resonance mechanism underlies the
variability of the North Ionian, BiOS like circulation, and found that the
Ionian circulation reversal is driven by a lateral action of surrounding
flows rather than by internal feedback between the Ionian and the
Adriatic. This result was further supported by general circulation model
simulations of the Ionian-Adriatic region (Reale et al., 2016). Further-
more, Reale et al., (2017) showed that the Ionian surface elevation, as
an indication of its surface circulation, covaries with the Aegean upper
level salinity through an advective signal. Mosetti (2016) showed that
the BiOS mechanism resembles the Van der Pol oscillator, thus, an
external energy source is necessary to sustain its periodic variability.

Another mechanism explaining the interannul variability of the
ADW outflow is the ‘pumping-mechanism’ proposed by Theocharis
et al. (2014). In this mechanism, the Aegean and Adriatic Seas receive
relatively fresh AW in turn as a function of their role as deep water
formation sites. When a sea produces deep water, its overturning cir-
culation is intensified and so it is ‘pumping’ surface AW which stabilizes
its water column. The other Sea is then receiving less AW and thus
becomes denser until its water column destabilizing and vice versa.

Both the BiOS and the ‘pumping-mechanism’ described above are
internal feedbacks and can exist even without the variability of an ex-
ternal forcing. Indeed, studies examining the interannual variability of
the Adriatic's main external forcing, i.e., the Bora Wind outbreaks and
the Po River discharge, concluded that these affect only the local
northern ADW formation variability (Supić and Orlić, 1999; Jeffries and
Lee, 2007; Oddo and Guarnieri, 2011), which is a small fraction (about
15%) of the ADW total outflow (Artegiani et al., 1997b; Mantziafou and
Lascaratos, 2004, 2008). Furthermore, Oddo and Guarnieri (2011)

argued, based on both numerical simulations and direct observations,
that even under extreme atmospheric conditions over the Adriatic, no
ADW formation processes can occur without the presence of LIW in the
Adriatic. Therefore, the study of the response of the ADW outflow to the
wind-stress over the Rhodes Gyre, where most of the LIW is generated
(Pinardi and Navarra, 1993; Molcard et al., 2002; Pinardi et al., 2015),
is important.

A few studies were carried out to investigate the reaction of the EM
deep water formation to wind-stress. Samuel et al. (1999) simulated the
reaction of the EM overturning circulation to winter wind-stress before
and during the EMT. They showed that the path of LIW in the Ionian
Sea was different during the two periods. Before the EMT, LIW entered
the Adriatic while during the transition it did not, strengthening the
role of wind-stress in deep water formation in the EM. However, they
used two mean wind-stress fields for the two periods, not taking into
account the role of the interannual variability of the wind-stress. Using
an oceanic model Molcard et al. (2002) showed that the Mediterra-
nean's general circulation (i.e, its sub-basin scale gyres and boundary
currents) response to the wind-stress has an interannual variability that
includes the change in phase and amplitude of the seasonal cycle. The
northern branch of the Rhodes Gyre, the Asia Minor Current (AMC),
was also shown to dynamically respond to the wind-stress (Pinardi and
Navarra, 1993; Molcard et al., 2002) and was found to be a coastal
downwelling region (Feliks, 1991; Waldman et al., 2018). It was shown
that successive winter storms accompanied by intensified wind-stress
over Cyprus, resulted in an intense coastal downwelling in the AMC
region.

Following the above, the source of the interannual variability of the
Eastern Mediterranean Sea circulation is still not fully resolved
(Malanotte-Rizzoli et al., 2014, Pinardi et al., 2015). Here we study the
interannual variability of the ADW outflow using a fairly realistic
general circulation model forced by monthly varying wind-stress and
monthly climatological heat and freshwater fluxes. Thus we focus on
the effect of the wind-stress variability on the variability of the EM deep
water formation, ruling out the effect of interannual variability of heat
and freshwater fluxes. We show that the simulated ADW interannual
variability is linked to the LIW interannul variability which is con-
trolled, in part, by the wind-stress over the Rhodes Gyre area. The rest
of the paper is organized as follows: in Section 2 we shortly present the
oceanic model we use and the experiments we conducted with it, in
Section 3 we describe the results and we conclude in Section 4.

2. Methodology

We use the Massachusetts Institute of Technology general circula-
tion model (MITgcm, Marshall et al., 1997a, 1997b) to simulate the
entire Mediterranean Sea, where the western open boundary is located
west of Gibraltar Strait (Fig. 1). We use 22, unevenly spaced, vertical
levels located at the following depths: 10, 30, 50, 75, 100, 125, 150,
200, 250, 300, 400, 500, 600, 800, 1000, 1200, 1500, 2000, 2500,
3000, 3500 and 4000 m. This choice enables us to resolve the dynamic
of intermediate depths. The horizontal resolution is ° × °1/8 1/8 on a
spherical grid; a resolution that is equivalent to 14 km in the meridional
direction and to 9–12 km in the zonal direction and is fine enough to
permit eddy activity. The time step for both tracers and momentum is
1200 s. See Amitai et al. (2017) for more details regarding the MITgcm
setting and parametrizations.

The model was initialized with January climatological (averaged
over 1987–2014) temperature and salinity fields of Copernicus re-
analysis (http://marine.copernicus.eu/) and run for 1500 years until a
statistical seasonal steady state was achieved. During this spin-up run,
sea surface temperature (SST) and sea surface salinity (SSS) were re-
laxed toward the monthly averaged climatological SST and SSS of the
Copernicus reanalysis with a relaxation time of 8 and 6 days, respec-
tively. Wind-stress forcing was constructed by spatially interpolating
the monthly climatology of ERA-Interim wind-stress field (Dee et al.,
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2011). Monthly salt/freshwater flux was diagnosed and the simulation
continued with mixed surface boundary conditions (of prescribed
freshwater flux and relaxation to Copernicus SST) for additional 500
years, to allow the development of natural variability in the simulations
(Haney, 1971).

Then, the sea surface was forced by ERA-Interim 1979 wind-stress
for 20 years to introduce a realistic momentum forcing to the clima-
tological model. Afterwards, it was forced by monthly means varying
ERA-Interim wind-stress (see Fig. 2 for the wind-stress seasonal clima-
tology) for 36 years, between 1979 and 2014; the restored SST and salt/
freshwater flux are as in the spin-up run. These surface boundary
conditions were chosen to isolate the effect of the wind-stress on the
interannual variability of the ADW outflow.

Seasonal averages of the wind-stress plotted overlying the wind-
stress curl are presented in Fig. 2. The known bipolar structure of the
wind-stress curl over the southern Aegean Sea due to the Etesian winds
(Tyrlis and Lelieveld, 2013) is clearly present in summer and autumn
months. The positive part of this dipole imposes positive vorticity on
the sea surface that drives the permanent cyclonic Rhodes Gyre (Pinardi
and Navarra, 1993; Molcard et al., 2002; Pinardi et al., 2015) and its
negative part drives the Ierapetra anticyclone (Golnaraghi and
Robinson, 1994; Amitai et al., 2010).

To examine the significance of the relationship we found between

LIW and ADW formation (Sec. 3), we generated artificial wind-stress
fields for a time period of twenty times the original 36 years, i.e., 720
years. The artificial data was generated based on Empirical Orthogonal
Function (EOF) analysis of the ERA-Interim wind-stress monthly
anomalies. Then, following Alves and Robert (2005), we generated
random anomalies field by combining random weighting of the first 50
EOFs (which account for 96% of the variance). The use of spatial EOFs
wind patterns is essential to capture realistic surface circulation and
hence deep and intermediate water formation regions.

Twenty sets of wind-stress anomalies ( x y, ), each 36 years long,
were created as follows:

=
=

x y t R P x y T t( , , ) ( , ) ( ),x y
i

i i i,
1

50

(1)

where P x y( , )i is the ith EOF, T t( )i is the corresponding time series and Ri
is a Weibull distributed random number normalize to be between zero
and one, where the sum of all Ri is equal to one. The Weibull dis-
tribution from which all Ri were taken has a shape parameter equals to
0.3 to fit the EOFs eigenvalues distribution. The wind-stress fields that
were used to force this simulation were constructed from the artificial
anomalies field plus the monthly climatological field such that the
mean seasonal cycle is preserved and the interannual variability arise
from the anomalies.

Fig. 1. Model's bathymetry. The main EM basins are specified and the white transparent polygon indicates the Rhodes Gyre area.

Fig. 2. ERA-Interim climatological wind-stress (arrows) over wind-stress curl (color) in (a) DJF, (b) MAM, (c) JJA and (d) SON. DJF stands for December-January-
February and so on.
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2.1. Zonal overturning circulation

To characterize the intensity of the formation of LIW we calculated
the zonal overturning circulation streamfunction (a meridional in-
tegration of the zonal velocity, which is cumulatively integrated from
bottom to top) of the entire Leventine basin. We then chose the minimal
streamfunction value within the region indicated by the white rec-
tangles shown in the upper panels of Fig. 3. The rectangle was chosen
based on the LIW mass location in previous studies (Ovchinnikov and
Plakhin, 1984; Lascaratos et al., 1993; Wu and Haines, 1996). This
minimum in the center of the streamfunction closed cell represents the
intensity of the clockwise overturning circulation associated with the
formation and advection of LIW and is defined as the LIW index here-
after (a time series of its annual mean is depict in Fig. 5 as the orange
line). We are aware that the overturning circulation is not a direct
measure of the LIW sinking (Waldman et al., 2018), however it is di-
rectly related to its zonal advection which implies its amount by con-
tinuity, hence to its formation intensity .

2.2. PaTATO toolbox

To better understand the variability of ADW outflow under different
wind-stress amplitudes, we have conducted a Lagrangian transport
analysis using the particle tracking and analysis toolbox (PaTATO) for
Matlab (Fredj et al., 2016). Similar to connectivity analysis for ecolo-
gical purposes (Berline et al., 2014; Rossi et al., 2014; Carlson et al.,
2016), we obtained the connectivity between the Adriatic deep layers
and the rest of the EM by computing Lagrangian backward-trajectories
of 580 particles located deeper than 300 m inside the Adriatic (black
squares in Fig. 8) in a 3D, monthly changing, velocity field. The par-
ticles were tracked back for four years and a new release was carried
out every six months, to allow statistical analysis over a few sets of
tracking. We then calculate the percentage of particles from each given
source region (as defined by the polygons in Fig. 8 and normalized by

the polygon wet area) that reached the deep layers of the Adriatic and
the average transit time based on all the sets of backward-trajectories.
The entire analysis was carried out for the simulations with ERA-In-
terim wind-stress (Fig. 8a) and a doubled-amplitude ERA-Interim wind-
stress (Fig. 8b).

3. Analysis and results

A seasonal climatology, from the 36 years simulation, of the LIW
formation and properties is shown in Fig. 3. The lower panels of Fig. 3
depict a salinity transect along latitude °N34 for the sake of example
and show that the minimal overturning (black dots in Fig. 3) corre-
sponds to the relatively high salinity values of the LIW (S 39.00,
Lascaratos et al., 1993; LIWEX Group, 2003). We note that the monthly
maximum of LIW index is in September (the monthly time series is not
shown here) but the seasonal maximum is in summer (JJA), when the
wind-stress amplitude is the largest (Fig. 2c). From observational sur-
veys (LIWEX Group, 2003) and based on the winter temperature that
characterizes the LIW (Wüst, 1961; Hecht et al., 1988), it is clear that
the LIW formation occurs mainly in winter. Yet, the high LIW index
values seen in summer climatology, in our model, can be attributed to
the intense wind-stress, suggesting a secondary formation period. Fur-
thermore, Wüst (1961) noted that in summer the LIW westward pro-
pagation is more robust than in winter, supporting our result from a
zonal streamfunction based index.

An interannual variability in the LIW and in the ADW formation is
evident (not shown here but implied by the following calculation)
under monthly climatological atmospheric forcing as a consequence of
the natural variability of the model. However, forcing the MITgcm with
monthly varying ERA-Interim wind-stress result in enhanced variability
in the annual anomalies in both the LIW and the ADW formation rates.
To quantify this increase, we calculated the standard deviation of the
LIW index and ADW outflow time series under climatological (sdtc) vs.
varying (sdtv) wind-stress forcing and obtained the following

Fig. 3. Seasonal climatology over 36 years of the Levantine zonal overturning circulation streamfunction (upper panels) and of the salinity transect along latitude
°N34 (lower panels). The white rectangle in the upper panels indicates the region of minimal streamfunction (i.e. clockwise circulation) and the black dot in all panels

indicates the actual location of this minimum (which we define as the LIW index).

Fig. 4. Time series (1979–2014) of the annual mean outflow through Otranto Strait of the Adriatic for several density thresholds from the model (gray bars) and of
the annual mean Best Matching Unit (BMU) from Mihanović et al. (2015).
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parameter: = +r (sdt sdt )/(sdt sdt )v c v c . The value of this parameter
can vary between one, when sdt sdtv c (e.g., for the wind-stress forcing
itself), and minus one, when sdt sdtv c (i.e., variability is completely
attenuated). In our case, the value of r for the LIW index variability is
16% and for the ADW outflow is 29%. This result indicates that the
variability of both the LIW and of the ADW formation is increased by
the variability of the wind-stress.

The ADW outflow variability is not only enhanced under changing
wind-stress forcing, it is also in agreement with observations of the
ADW outflow variability in the modeled years. An histogram plot of
annual ADW outflow, for different density thresholds, modeled under
the realistic wind-surface forcing of ERA-Interim is plotted and com-
pared to observations assembled by Mihanović et al. (2015) in Fig. 4.
They examined the interannual variability of the Adriatic intermediate
and deep water characteristic by analyzing long-term time series from
stations along the central Adriatic Sea and obtained six typical maps of
temperature, salinity and dissolved oxygen. Then they identified every
observation with the most representative map using the Self-Organizing
Maps method and constructed a long-term time series of these maps,
i.e., its Best Matching Unit – BMU (Mihanović et al., 2015, Fig. 5). We
find similarities between our results and Mihanović et al. (2015) BMUs.
For example, Mihanović et al. (2015) identified in 1982 high salinity in
the ADW, represented by large BMU, indicating strong outflow that is
also evident in our modeled ADW outflow. Another example is the fresh
ADW during 1985–1986 as indicated by the characterizing map of
Mihanović et al. (2015) and by the relativity weak outflow in our time
series. This analogy repeats itself in the high ADW salinity with strong
outflow in 1988, 1997–1999 and 2005, and low ADW salinity with
weak outflow in 1991–1993 (a period that corresponds to the EMT
event). Although there are periods of mismatching (e.g., 2002–2004),
the cross-correlation between Mihanović et al. (2015) time series and
our ADW outflow (density > 29.2 kg m[ / ]3 ) time series, on an inter-
annual basis, yields =R 0.9. Periods of mismatching between the ob-
served and modeled ADW outflow are presumably a result of the un-
counted variability in heat and freshwater fluxes.

The interannual time series of the simulated ADW outflow and the
LIW index (as reflected by the minimal streamfunction, see Fig. 3) over
1979–2014 are shown in Fig. 5a, where the main trends are in a good
agreement. Note that the values of both the ADW outflow and the LIW
index in the time series are negative since the ADW outflow is south-
ward and the LIW streamfunction cell is clockwise; i.e., minimal values
stand for stronger formation rate. A lagged cross-correlation between
the year-to-year differences in the LIW index and in the ADW outflow
was calculated since we argue that a change in one parameter (the LIW
index) can lead to a change in the other parameter (the ADW outflow).

We found a correlation coefficient of =R 0.4 at a negative time lag of
one year and of =R 0.28 in a zero time lag (both distinctly higher than
in any other time lag and with p-value smaller than 0.05). The corre-
lation coefficients between the anomalies from the annual means of the
LIW index and the ADW outflow are even higher ( =R 0.55 and =R 0.46
at a negative one year time lag and zero time lag, respectively; p-value
<0.05). Thus, the minimal streamfunction associated with LIW forma-
tion precedes the ADW outflow by up to one year; this is in a fair
agreement with the ARGO based observations of the LIW travel time to
the Adriatic (~ 1.5 years) made by Bensi et al. (2016) and calculated in
an OGCM (Amitai et al., 2017; Reale et al., 2017).

The significance of the correlation coefficients reported here were
quantified using surrogate data test in which the two times series where
shuffled and the correlation coefficients were re-calculated; this pro-
cedure was repeated 100 times and based on these surrogate time series
we estimated the p-value.

As mentioned in Section 2, to gain better statistical performance, we
also computed the LIW formation rate (represented by the LIW index)
and ADW outflow based on artificially generated wind-stress time
series. The time series of both the LIW index and the ADW outflow
(Fig. 5b) shows centennial variability. A cross-correlation between the
annual year-to-year differences in LIW index and in the ADW outflow
when using 720 years of artificial wind-stress (as described in Section 2)
shows that the largest correlation coefficient ( =R 0.33) is at a negative
one year time lag and similar ( =R 0.27) at a zero time lag (p-value <
0.05 for both). These correlation coefficients are distinctly higher than
in other lags and strengthening the results that LIW formation precedes
the ADW outflow by up to one year in our simulation. The correlation
coefficient between anomalies from the annual means of the LIW
streamfunction and the ADW outflow is R 0.8 in both a negative one
year and a zero time lags. When dividing the 720 years time series to
twenty sets of 36 years (that are based on the EOFs), we found that in a
negative lag of one year and in zero time lag the average of twenty
correlation coefficients is R 0.5 as in the simulation with ERA-Interim
forcing.

A map of cross-correlation coefficients between the time series of
the annual mean wind-stress (amplitude and curl) in every grid point
and the annual mean of the LIW index time series is presented in Fig. 6.
It shows that the cross-correlation coefficients between the LIW index
and wind-stress amplitude (Fig. 6a) in the Rhodes Gyre area (indicated
by the white polygon in Fig. 1) is =R 0.65; p-value < 0.05. The sign of
R is negative since a strong (positive anomaly) wind-stress driving the
Rhodes Gyre strengthens the clockwise (negative sign) vertical circu-
lation of the LIW. The correlation between the LIW index and the wind-
stress curl (Fig. 6b) over the Rhodes Gyre has the spatial dipole pattern

Fig. 5. Time series of the annual LIW intensity and the ADW outflow of water denser than 29.2 kg m[ / ]3 over (a) 36 years between 1979 and 2014 and (b) 720 years
with artificial wind-stress as described in Sec. 2. The values are negative since the ADW outflow is southward and the LIW streamfunction cell is clockwise.
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evident in the wind-stress curl maps (Fig. 2). In its positive part the
correlation coefficient is also =R 0.65; p-value < 0.05. These high
correlation coefficients, appear in both maps together, highlight the
connection between the LIW index interannual variability and the
wind-stress over the Rhodes Gyre interannual variability. Still, further
observational work is needed to find the contribution of each wind-
stress parameter (the curl and the amplitude) to the LIW formation.

3.1. Wind-stress amplitude analysis

To further study the influence of the wind-stress amplitude on the
LIW intensity and hence on the ADW outflow, we performed a set of
simulations with the same spatial pattern of 36 years of ERA-Interim
wind-stress fields but with amplitude that ranges between 0.5 and 2
times the control run. More specifically, the wind-stress field over the
entire Mediterranean was multiplied by a factor between 0.5 and 2
(total of seven simulations). Each simulation started with a run of 200
years with the wind-stress of 1979 (as another spin-up run) multiplied
by a factor and then run for 36 years with the wind-stress of 1979–2014
multiplied by the same factor.

The northern branch of the Rhodes Gyre, the AMC, responds ap-
proximately linearly to wind-stress amplitude (Fig. 7a). This result is
expected as the Rhodes Gyre circulation depends on the wind-stress
intensity and its curl (Molcard et al., 2002), which also increases as a
function of the wind-stress amplitude. Slightly stronger LIW index
(Fig. 7b) appears above wind-stress amplitude multiplied by 1.5 and the
mean inflow through Sicily Strait (Fig. 7d) does not show a distinct
trend. However, we note that the interannual variability (shown by the
error bars in Fig. 7) of the maximal water inflow from the Sicily Strait
(mainly of fresh AW) is larger when the wind-stress amplitude is higher.
Meaning that pulses of fresh water from the Western Mediterranean
into the Eastern Mediterranean are more intense under stronger wind-
stress.

The mean ADW outflow dependence on the wind-stress amplitude is
more complex, it has a maximal value under present day wind-stress,
i.e., ×1 (Fig. 7c). The results indicate that under low wind-stress
amplitude there is no ADW formation and it is weaker when the wind-
stress is stronger than the present wind-stress field. No ADW outflow
under low wind-stress amplitude can be attributed to insufficient ad-
vection of saline water from the Levantine to the Adriatic as can be seen
in the low values of the AMC magnitude (Fig. 7a) under low wind-stress
amplitude. Weak ADW outflow under high wind-stress amplitude may

Fig. 6. Cross-correlation coefficients map between the time series of wind-stress
(a) amplitude and (b) curl in each grid point of the model and the time series of
the LIW index over the 36 years simulation period (1979–2014).

Fig. 7. (a) Mean velocity over the AMC region, (b) mean LIW index, (c) mean ADW outflow and (d) mean inflow from Sicily calculated from a set of seven simulations
(including the control run), 36 years long each, with a different factor multiplying the ERA-Interim wind-stress forcing. The error bars are one standard deviation of
the annual maximum and minimum in each 36 years simulation.
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be a consequence of stronger pulses of freshwater advected from the
Western Mediterranean, as can be seen from the high variability of
Sicily inflow (Fig. 7d) under stronger wind-stress. Note that the wind-
stress spatial pattern is mostly southward and eastward. The fresher
water coming from the north and from the west can stabilize the
Adriatic's water column and thus can lead to a reduced ADW formation.
We examine this idea in the next section.

3.2. Lagrangian transport

Examining the connectivity maps of the different source region to
the Adriatic deep layers, we identify some features of ADW main
sources. The Ionian (green polygon) is the fastest supplier to the ADW
as it is in a direct connection with the Adriatic. Water from the Aegean
Sea (magenta polygon), which passes trough the Levantine basin pro-
vides high percentage of its water to the Adriatic with respect to its size
(the percentage are normalized to each polygon area to be able to
compare between the source regions). This result agrees with the re-
ported connection between the Aegean and the Adriatic Seas's over-
turning circulation (Theocharis et al., 2014; Velaoras et al., 2014;
Amitai et al., 2017; Reale et al., 2017). The Sicily Straits (red polygon)
has the longest average transit time to the deep Adriatic (~ 2.1 years)
and supplies only ~ 4% of it, under unchanged ERA-Interim wind-stress
forcing (Fig. 8a). However, under wind-stress forcing amplitude mul-
tiplied by 2 (Fig. 8b) the water supply from the Sicily Straits to the ADW

is rising by more than 50% of its original value while the supply from
other regions is reduced (Fig. 8c). Calculating similar connectivity maps
with wind-stress forcing amplitude multiplied by 1.5 and by 1.7 (not
shown here) we get the same result of increased water supply from the
west and decreased water supply from the east, compared to the un-
changed ERA-Interim wind-stress forcing.

We suggest that this result support our secondary hypothesis re-
garding the ADW relationship with high wind-stress amplitude over the
entire Mediterranean. It seems that both the advected LIW and the
advected water from Sicily Strait can dictate the ADW formation, ac-
cording to their relative strength and pathway at different wind-stress
amplitude. This finding has a resemblance to the reported BiOS me-
chanism (Gačić et al., 2010), but externally driven.

4. Conclusions

The main result of this work is the connection between the wind-
stress regime and the deep water formation in the Adriatic. By forcing
an oceanic general circulation model of the Mediterranean Sea with
1979–2014 ERA-Interim wind-stress but with the climatological
(monthly averaged over 1987–2014) heat and freshwater fluxes we
reproduce the interannual variability of the ADW formation in ac-
cordance with observations. We found high correlations between the
wind-stress magnitude and curl over the Rhodes Gyre area and the LIW
intensity on the one hand and between the LIW intensity and the ADW
outflow on the other hand.

We have found up to one year lagged correlations, in agreement
with observation (Bensi et al., 2016) and multi-model (Reale et al.,
2017) results, according to which the LIW intensity leads the ADW
outflow by several months. It essentially implies that the wind-stress
affects the formation of the LIW formation, which later affects the deep
water formation in the Adriatic Sea. Since ADW formation is activated
by sub-surface preconditioning and the LIW course into the Adriatic
takes a few months according to our model, the use of monthly (instead
of synoptic) wind stress forcing is valid.

To better establish the above connection we have performed 720
years simulation that is forced by artificially perturbed wind-stress
field. We found similar high correlations between the LIW intensity and
the ADW outflow. In addition, this long-term simulation indicates
variability on centennial time scale of both the LIW and the ADW for-
mation.

When the wind-stress amplitude is between 0.5 and 2 times the
original ERA-Interim magnitude, the AMC intensity increases approxi-
mately linearly as a function of the wind-stress amplitude. However, the
ADW outflow is maximal when the wind-stress is as present day. This
implies a different balance between the LIW water mass and the fresh
AW mass entering the EM from Sicily Strait under stronger than present
wind-stress amplitude.

By conducting a Lagrangian transport analysis between the deep
levels of the Adriatic and the different regions of the EM, we confirm
that under high wind-stress amplitude we get a different balance be-
tween the LIW water mass and the freshwater mass entering the EM
from Sicily Strait. This result is significant under the prediction that the
average wind speed will increase in some regions of the Mediterranean
under IPCC (Intergovernmental Panel on Climate Change) scenarios
(Goodess et al., 2013).

To summarize, we found that the ADW outflow is effected by the
LIW formation strength that is also a function of the wind-stress mag-
nitude over the Rhodes Gyre area in the present wind-stress regime. Our
results support former studies connecting the wind-stress to the LIW
formation, nevertheless, we show for the first time that there is a re-
mote affect of the wind-stress on the ADW interannual variability.
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