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Abstract. Dense water formation in the eastern Mediter-
ranean (EMed) is essential in sustaining the Mediterranean
overturning circulation. Changes in the sources of dense wa-
ter in the EMed point to changes in the circulation and water
properties of the Mediterranean Sea. Here we examine with
a regional climate system model the changes in the dense
water formation in the EMed through the 21st century un-
der the RCP8.5 emission scenario. Our results show a shift
in the dominant source of Eastern Mediterranean Deep Wa-
ter (EMDW) from the Adriatic Sea to the Aegean Sea in
the first half of the 21st century. The projected dense wa-
ter formation is reduced by 75 % for the Adriatic Sea, 84 %
for the Aegean Sea, and 83 % for the Levantine Sea by the
end of the century. The reduction in the intensity of deep wa-
ter formation is related to hydrographic changes in surface
and intermediate water that strengthen the vertical stratifica-
tion, hampering vertical mixing and thus convection. Those
changes have an impact on the water that flows through the
Strait of Sicily to the western Mediterranean and therefore
on the whole Mediterranean system.

1 Introduction

The eastern Mediterranean Sea (EMed) is a key region
where intermediate and deep water convection is regularly
observed, leading to a vertical recirculation (Roether et
al., 1996), which is essential in sustaining the Mediter-
ranean thermohaline circulation (MTHC). Atlantic Water

(AW) flows through the Strait of Gibraltar, compensating
for the Mediterranean Sea freshwater deficit (Bethoux and
Gentili, 1999; Sanchez-Gomez et al., 2011), getting denser
through its path to the EMed. Intermediate water in the Lev-
antine Sea is formed by wintertime air—sea interactions that
cool the AW, increasing its density and originating Levantine
Intermediate Water (LIW; LIWEX group, 2003; Millot et al.,
2014). LIW spreads westward at intermediate depths (150-
600 m) and then to the Atlantic Ocean, driving the main ther-
mohaline circulation cell of the Mediterranean (Lascaratos
et al., 1993; Millot, 2019). Along its path through the east-
ern and western Mediterranean, the warmer and saltier LIW
preconditions the surface waters for deep water formation
(DWEF) in regions such as the Gulf of Lions, the Adriatic
Sea, and the Aegean Sea during the winter months (MEDOC
Group, 1970).

The Adriatic Sea has been identified as the main source of
Eastern Mediterranean Deep Water (EMDW), as it fills the
EMed deep layers (Pollack, 1951; Malanotte-Rizzoli et al.,
1997). In winter, the Adriatic DWF is triggered by (i) the
cold and dry bora winds (north-easterly), which induce large
surface buoyancy loss as a result of a rapid surface cool-
ing and strong evaporation (Lascaratos et al., 1999), and
(ii) the presence of LIW, which favours the deepening of the
convective layer (Mantziafou and Lascaratos, 2008). Here,
most of the DWF takes place in southern Adriatic through
open convection inside the Southern Adriatic Pit depres-
sion where it is strongly preconditioned by the presence of
a permanent cyclonic gyre (Lascaratos et al., 1999; Manca
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et al., 2002; Mantziafou and Lascaratos, 2008). Moreover,
a smaller amount of deep water is also formed on the con-
tinental shelf of the northern and middle Adriatic. During
the 1990s, hydrographic surveys showed that the EMDW
was mostly formed in the Aegean Sea, inducing the so-
called Eastern Mediterranean Transient (EMT; Roether et
al., 1996). The main mechanisms leading to the DWF in
the Aegean Sea are open-sea convection due to the cooling
of surface water, the preconditioning of cyclonic circulation,
and the basin salinity increase (Nittis et al., 2003). The main
formation sites are the Cyclades plateau, the Syros—Chios
basins, and the Creta Sea. Nittis et al. (2003) point out that
the annual DWF rate for the Aegean Sea (0.24 Sv) during
the EMT was comparable to the 0.3 Sv formed each year in
the Adriatic Sea for the 1979-1994 period. Consequently, the
Adriatic Sea and the Aegean Sea compete to be the domi-
nant source of DWF in the EMed (Roether et al., 2014). The
leading role depends on the water density conditions reached
during winter months (Klein et al., 2000).

According to projections of future climate, the Mediter-
ranean Sea has been identified as one of the most respon-
sive regions to climate change. By the end of the 21st cen-
tury the IPCC scenarios project a warmer and drier Mediter-
ranean climate (Ali et al., 2022). The sea surface temperature
(SST) is expected to increase from 0.5 to 3.7 °C, while inter-
mediate and deep layers warm by 0.8-3.0 and 0.15-0.18 °C,
respectively (Somot et al., 2006, 2008; Adloff et al., 2015;
Darmaraki et al., 2019; Parras-Berrocal et al., 2020; Soto-
Navarro et al., 2020; Ali et al., 2022). These changes under
global warming may impact the main mechanisms leading to
DWF and the MTHC. A recent study has analysed the future
response of the main spots for DWF in the Mediterranean
to climate change in downscaled climate simulations, point-
ing to a reduction of deep convection in all regions (Soto-
Navarro et al., 2020). In fact, the DWF in the north-western
Mediterranean is projected to collapse by the mid-21st cen-
tury due to the increases in the vertical density gradient be-
tween surface and intermediate waters, which strengths the
stratification in the water column, hampering deep convec-
tion (Parras-Berrocal et al., 2022).

The dense (intermediate and deep) water formation in the
EMed has been extensively studied (e.g. Roether et al., 1996;
Lascaratos et al., 1999; Nittis et al., 2003; Mantziafou and
Lascaratos, 2008; Androulidakis et al., 2012; Dunic et al.,
2018; Li and Tanhua, 2020). A lot of attention has also been
focused on the causes of the EMT and its impacts, espe-
cially on the Mediterranean circulation (e.g. Roether et al.,
1996, 2014; Borzelli et al., 2009; Beuvier et al., 2010; Incar-
bona et al., 2016). However, the response of the EMed dense
water formation to climate change has only been briefly as-
sessed by Somot et al. (2006), Adloff et al. (2015), and Soto-
Navarro et al. (2020), so a detailed analysis about the ex-
pected changes and their causes is needed. Thus, the aim of
this work is to study the impact of climate change on the
dense water formation in the EMed (Adriatic, Aegean, and
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Levantine seas, Fig. 1) by the end of the century, as well
as to identify the mechanisms involved in those changes. To
address this issue we use a regional climate system model
(RCSM), which has been widely employed to analyse the
present and future climate of the Mediterranean Sea (Dar-
maraki et al., 2019; Parras-Berrocal et al., 2020; de la Vara et
al., 2022), including the interannual variability of DWF in the
north-western Mediterranean (Parras-Berrocal et al., 2022).

The paper is organized as follows: in Sect. 2 the RCSM
and the simulations employed in this work are described. In
Sect. 3, the present climate and future evolution of interme-
diate and deep water formation in the EMed are analysed.
Finally, the discussion of the results and the conclusions are
contained in Sect. 4.

2 RCSM setup and simulations

In this work we use the RCSM ROM (ROM) (REMO-
OASIS-MPIOM; Sein et al., 2015). In ROM, the regional
atmosphere model REMO (Jacob, 2001) is coupled to the
global oceanic model MPIOM (Max Planck Institute Ocean
Model; Jungclaus et al., 2013; Marsland et al., 2003) via
the OASIS3 coupler (Valcke, 2013). ROM also comprises
other sub-models such as the HAMburg Ocean Carbon Cy-
cle model (Maier-Reimer et al., 2005), the Hydrological Dis-
charge model (Hagemann and Diimenil-Gates, 1998, 2001),
a soil model (Rechid and Jacob, 2006), and a dynamic—
thermodynamic sea ice model (Hibler, 1979), which are
treated as modules of either the atmosphere or the ocean.
REMO is formulated on a rotated grid with the centre of
the domain situated around the Equator in the rotated coor-
dinates with a constant horizontal resolution of 25 km and a
total of 27 hybrid levels. The atmospheric domain used in
this study extends to the North Atlantic, the eastern tropical
Pacific, and the Mediterranean Sea (de la Vara et al., 2022;
Vazquez et al., 2022). MPIOM has an orthogonal curvilinear
grid with a variable horizontal resolution ranging from 7 km
at the southern Alboran Sea to 25 km on the eastern coasts
of the Levantine Sea (Fig. 1a). The horizontal resolution in
the Adriatic and the Aegean seas is not coarser than 16 and
19 km, respectively. On the vertical, the model has 40 z lev-
els with increasing layer thickness with depth, from 16 m at
the surface to 550 m near the seafloor (Parras-Berrocal et al.,
2020). Contrary to other RCSMs developed to analyse the
Mediterranean Sea, the water exchange at Gibraltar is not
parameterized and the properties of the Atlantic waters are
not relaxed toward climatological values. In fact, the water
exchange through the Strait of Gibraltar is explicitly repro-
duced, which allows the North Atlantic signal to propagate
into the Mediterranean Sea and vice versa. The spin-up of
MPIOM was performed according to Sein et al. (2015). First,
MPIOM runs in stand-alone mode starting with climatolog-
ical temperature and salinity data (Levitus et al., 1998). Af-
terwards, it is integrated four times through the 1958-2002
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Figure 1. (a) Oceanic computational grid and resolution adopted in ROM (in kilometres; only one out of four lines is drawn). The do-
mains used for the calculations in each sub-basin are surrounded by colour lines: Adriatic (red), Aegean (orange), and Levantine (grey).
(b) Bathymetry of the main spots for dense water formation in the EMed: Adriatic Sea, Aegean Sea, and Levantine Sea. The main water
masses of each spot sorted by depth range are also shown: [0-100 m] Adriatic Surface Water (AdSW), Black Sea Water (BSW), Levantine
Surface Water (LSW), [100-650 m] Levantine Intermediate Water (LIW), Cretan Intermediate Water (CIW), [650—1000 m] Adriatic Deep
Water (ADW), Cretan Deep Water (CDW), and Levantine Deep Water (LDW).

period forced by ERA40. For the coupled runs, the model
starts from the final state reached in the last stand-alone run
and integrated again, forced two times by ERA40 and one
time by ERA-Interim reanalysis (1979-2012). Then, it runs
for 56 years (1950-2005) starting from the last state of the
coupled simulation forced by ERA-Interim. More informa-
tion about the model parameterization and setup, as well as
a detailed evaluation of Mediterranean present climate and
future changes simulated by ROM, can be found in Parras-
Berrocal et al. (2020).

To assess the ROM performance in reproducing the dense
water formation in the EMed, we use a simulation forced by
ERA-Interim (1980-2012), which has been previously de-
fined as ROM_PO in Parras-Berrocal et al. (2020, 2022). In
order to study the interannual variability of dense water for-
mation in the EMed during the present and future climate

https://doi.org/10.5194/0s-19-941-2023

we take the data from the 1976 to 2005 period of the histor-
ical run (ROM_P1) and from 2006 to 2099 of the climate
change projection under the RCP8.5 scenario (ROM_P2).
All simulations employed in this work are part of the Med-
CORDEX initiative (https://www.medcordex.eu, last access:
19 January 2023). The domains used for the calculations in
each sub-basin are shown in Fig. 1a.

3 Results
3.1 Present-day EMed deep water convection
In this section, we evaluate the ROM_PO skills in reproduc-

ing the average rate and the interannual variability of DWF in
the EMed during the present climate (1980-2012). To quan-
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tify the DWF over the Adriatic, Aegean, and Levantine seas
we have computed the annual DWF rate for a specific isopy-
cnic surface (0yp). The DWF rate is calculated from the dif-
ference between the maximum volume of water denser than
op for a given year minus the minimum volume of that wa-
ter for the previous year (Somot et al., 2018). According to
Somot et al., (2018), following the volume of the deep water
for a given oy (denser than oy) is the best quantitative way to
study the DWF in a model output.

The interannual DWF rate in the Adriatic Sea (Fig. 2a)
agrees well (r=0.70 at 95% confidence level, p
value =0.001) with estimates based on the Princeton
Ocean Model (POM) of Mantziafou and Lascaratos (2008).
ROM_PO (POM) shows annual rates ranging from 0.01
(0.12) Sv to 0.50 (0.93)Sv. During 1981-1999, ROM_PO
produces 5.45 Sv yr of new waters denser than 29.0kgm~3,
corresponding to an annual formation rate of 0.29 Sv
(Fig. 2a), which is comparable to the 0.3 Sv estimated by
Roether and Schlitzer (1991) from tracer data. Mantziafou
and Lascaratos (2008) simulated 7.51 Sv yr of total volume
of deep water (o > 29.1 kg m~3), corresponding to an annual
rate of 0.40 Sv, which overestimates the mean annual rate of
Roether and Schlitzer (1991). On the other hand, the interan-
nual DWF rate in the Aegean Sea (Fig. 2b) is also well cor-
related (r = 0.75, p value =0.002) with the POM results re-
ported by Nittis et al. (2003). The total volume of deep water
formed during 1981-1994 by ROM_PO (o > 28.95kgm~3)
corresponds to an annual formation rate of 0.30 Sv. This is
close to values presented in Nittis et al. (2003), where the
total volume formed in the same period is 3.62Svyr (o >
29.2kgm™?), leading to an annual rate of 0.26 Sv (Fig. 2b).

ROM_PO has demonstrated a good performance simulat-
ing the average and interannual DWF rate in the Adriatic
and Aegean seas. However, the potential density of the newly
formed waters in ROM_PO is lower than those presented by
observations (Fig. S1 in the Supplement) and other models.
We find that the potential densities of ROM_PO at 650 m
depth are 0.1 and 0.2kgm™3 lighter than WOA18 (Boyer
et al., 2018) for the Adriatic and Aegean (Fig. S1), respec-
tively. The deep water generated in the Adriatic Sea has den-
sities between 29.1 and 29.25 kg m~3 (Schlitzer et al., 1991;
Gacic et al., 2002; Mantziafou and Lascaratos, 2008), while
in the Aegean Sea it is denser than 29.2 kg m~> (Klein et al.,
1999; Nittis et al., 2003; Beuvier et al., 2010). In ROM_P0O
the DWF takes place at o > 29.0 kg m ™ for the Adriatic Sea
and at o > 28.95kgm~ for the Aegean (Fig. 2).

In the Levantine basin, for ROM_PO, the total volume of
intermediate and deep water (o > 28.7kgm™>) formed dur-
ing the period 1981-2012 is 22.3 Svyr, which corresponds
to a mean yearly production of 0.69 Sv. This amount of wa-
ter produced in the Levantine Sea agrees very well with the
0.69 Sv suggested by Lascaratos et al. (1993), calculated for
water denser than 28.92kgm~> with a mixed layer model.
The formation rate simulated by ROM_PO is consistent
with previous estimates that range between 0.6 and 1.3 Sv
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(Ovchinnikov, 1984; Tziperman and Speer, 1994; Lascaratos
et al., 1999). In addition to the Adriatic and Aegean Sea, the
potential density simulated by ROM_PO at 300 m depth in the
Levantine Sea is 0.15 kg m~3 lighter than WOA18 (Fig. S1).
The potential density of the intermediate and deep water
formed in the Levantine Sea by ROM_P0 ¢ > 28.7kgm™3
is lower than the o > 28.85kg m™— defined by Lascaratos et
al. (1993). Despite the lighter densities, we have identified
the isopycnals in which the DWF occurs in ROM_PO for the
studied areas. This allows us to assess the projected climate
change signal in the EMed DWF under the RCP8.5 scenario
with the aim of contributing to the Med-CORDEX initiative
to generate useful climatic information.

3.2 Impact of climate change on dense water formation
in the EMed

We now examine the yearly evolution of the DWF rate in the
21st century over the main spots for dense water formation in
the EMed. To achieve this aim, we have computed the DWF
rate for the isopycnals that we have identified in the previous
section as the isopycnals where the DWF takes place in the
ROM. Thus, we have used 29.0kgm™3 as a lower density
bound for the Adriatic Sea, 28.95 kg m ™~ for the Aegean Sea,
and 28.7 kgm 3 for the Levantine Sea.

In the Adriatic, Aegean, and Levantine seas the averaged
DWEF rates for 19762005 are 0.32 +0.09, 0.25 +0.22, and
0.80 £ 0.30 Sv, while for 2070-2099 under RCP8.5 they are
0.08 £0.04, 0.04 +0.02, and 0.14 £ 0.18 Sv (Fig. 3a, b, and
c), respectively. The DWF rate is expected to decrease by
75 % in the Adriatic, 84 % in the Aegean, and almost 83 % in
Levantine Sea for the 2070-2099 period compared to 1976—
2005. The results suggest that the reduction of dense wa-
ter formation in the three studied regions starts by the mid-
21st century under the RCP8.5 scenario; the nonparametric
change-point Pettitt test (Pettit, 1979; Table S1 in the Sup-
plement) detects abrupt changes in DWF rates by 2054 in the
Adriatic and Levantine seas (K =2.9, p value =0), while in
the Aegean the shift happens by 2040 (K =2.5, p value =0).
During the 2005-2040 period the total volume of deep water
formed in the Aegean Sea (13.4 Svyr) is higher than in the
Adriatic (9.93 Svyr) (Fig. 3a, b), which means a shift in the
dominant source of EMDW.

In order to identify the mechanisms leading to the pro-
jected reduction of dense water formation in the EMed, we
have evaluated (i) the role of the winter air—sea fluxes through
the accumulated surface buoyancy loss (BL) and (ii) the strat-
ification index (SI). The BL (Eq. 2) was computed as the time
integral of the buoyancy flux (BF, Eq. 1) for every year (Y)
of the 1976-2099 period from December of the previous year
(T1) to March (7T>) and averaged over the Adriatic, Aegean,
and Levantine basins. The BF is calculated as the sum of con-
tributions of heat and freshwater fluxes (Marshall and Schott,

https://doi.org/10.5194/0s-19-941-2023
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1999; Somot et al., 2018; Parras-Berrocal et al., 2022):

- Qnet
BF=g- + B-SSS-FWF ), )
£0 - Cp
T
BL(Y) = —/BF-dt, )
T

where Qper and FWF are the net surface heat and freshwater
fluxes, respectively (both positive downward), g is the grav-
itational acceleration (9.81 m 5’2), « and B the thermal ex-
pansion and haline contraction coefficients (respectively cal-
culated as a function of surface 7 and S), pg the reference
density of seawater 1025kgm™3, C p the specific heat capac-
ity of seawater (equal to 4000 Jkg~! K1), and SSS the sea
surface salinity.

To assess the pre-winter water column stratification we
have computed the SI using December data. Low values of
ST indicate a weak stratification in the water column. The SI
is often used in Mediterranean studies (Somot et al., 2018;
Margirier et al., 2020; Parras-Berrocal et al., 2022), and it is
calculated following Turner (1973).

h
SI= / N2 zdz, 3)
0

where N is the Brunt—Viisili frequency (N2 = g/ P00, /0;),
z is the depth, p the potential density, and /2 the maximum
depth of integration, which we have chosen to be 650 m be-
cause it is right below the LIW layer (150-600 m; Menna and
Poulain, 2010).

Our results indicate that the intensity of the DWF rate
is mostly determined by the SI (Pearson correlation coef-
ficient (r) > 0.7 and p values are O in all regions), as a
low or high amount of water produced can be found with
similar BL. values (r < 0.1 and p values > 0.05) (Fig. 3).
For the 1976-2099 period the BL (SI) has a mean value
of 0.81£0.13 (1.17£0.31), 0.89 £ 0.18 (1.68 +0.38), and
0.88+0.14m?s™2 (1.73+0.46m?s2) for the Adriatic,
Aegean, and Levantine seas, in that order. Higher values of
the DWF rate are linked to a low SI, which reflects a weaker
stratification of the water column (Fig. 3a, b, and c). The
BL does not show changes in the interannual variability in
the trend. However, the Pettitt test indicates that from the
2040s the SI shows a change in the trend in the three regions
(Table S1), which is especially remarkable in the Aegean
and Levantine basins (Fig. 3b and c). From 2040, the SI
steadily increases in the Adriatic (5.43 x 1073 m?s~2yr 1),
showing a maximum of 1.86 m?s~2. The SI rises sharply in
the Aegean (9.59 x 103 m?s2 yr~!) and even more in the
Levantine (1.52 x 1072 m? s~2yr~1), reaching values close
to 2.5m?s~2 in both regions at the end of the 21st cen-
tury. These changes strengthen the vertical stratification in
the Adriatic, Aegean, and Levantine seas, hampering vertical
mixing and thus deep convection.

Ocean Sci., 19, 941-952, 2023

The projected increase in SI comes from changes in the
hydrographic characteristics of the water column. Under the
RCP8.5 emission scenario the temperature and salinity are
projected to increase through the whole water column in the
main spots for dense water formation in the EMed (Fig. 4).
By the end of the 21st century the Adriatic Sea will be
warmer and saltier. The temperature in the upper ocean (0—
100 m) will increase by 3.3 °C, while in the intermediate
(100-600 m) and 600-1000 m layers it will increase by 2.6
and 2°C (Fig. 4a). The salinity is expected to increase by
0.5 psu at 0-100 m and 0.4 psu at 100-600 and 600—-1000 m
(Fig. 4d). In the Adriatic, the warming and salinization are
practically homogeneous from the surface to deep layers;
however, in the Aegean and Levantine basins, the tempera-
ture and salinity increases start at the surface and are progres-
sively transferred to deeper layers over the years (Fig. 4).

The Aegean Sea experiences a warming of 3.9 °C in the
upper ocean. In the 100-600 m layer the temperature will in-
crease by 2.7 °C, while in the deeper layer the warming is
lower than 0.8 °C (Fig. 4b). The salinity in the upper layer
is fresher than in deeper layers due to the net inflow of
lighter water through the Dardanelles strait. It is precisely in
this layer where the larger salinity increase is found (1 psu)
by the end of the 21st century (Fig. 4e). The 100-600 and
600-1000 m layers also tend to get saltier by up to 0.6 and
0.2 psu, respectively. From the surface to intermediate depths
the warming and salinization accelerate in the second half of
the century.

The Levantine basin is where the higher EMed tempera-
tures are found (Fig. 4c). The temperature is expected to in-
crease, on average, by 3.6°C in the 0-100m layer. In the
100-600 and 600-1000m layers the temperature will in-
crease by 2.1 and 0.6 °C, which correspond to the lowest
warming at those depths in comparison to the other spots for
deep convection in the EMed. Finally, the salinity increases
by 0.4 psu in the upper and intermediate layers and by 0.2 psu
in the deeper layer by the end of the century (Fig. 4f). In
the Aegean the projected increase in temperature and salinity
also accelerates in the second half of the century.

To quantify the relative contribution of surface and inter-
mediate water to the reduction in the intensity of DWEF, we
use the methodology applied in Parras-Berrocal et al. (2022).
We compare the SI calculated from spatially and temporally
averaged vertical profiles in the Adriatic, Aegean, and Lev-
antine seas in four cases (Table 1 and Figs. S2, S3, and S4):
(a) using the values corresponding to the historical period
(1976-2005, Hist.), (b) using the last 30 years of RCP8.5 pro-
jection (2070-2099, Proj.), and also generating two synthetic
profiles, (c) one including Hist. features for the first 100 m
depth and Proj. characteristics for deeper layers (100-650 m
depth), as well as (d) a second one using Proj. properties for
the first 100 m depth and Hist. for deeper layers. In the Adri-
atic Sea, the results suggest that the change in AASW charac-
teristics causes 50 % of the total SI future change, while the
contribution of LIW causes the other 50 %. In the Aegean
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Figure 4. ROM RCP8.5 time series (1976-2099) of 0-1000 m (a, b, ¢) potential temperature (°C) as well as (d, e, f) salinity (psu) and
(g, h, i) potential density (kg m_3). All time series correspond to winter months (December—January—February—March) in the Adriatic (a, d,

g), Aegean (b, e, h), and Levantine (c, f, i) seas.

Table 1. Stratification index (m2s~2) and the quantification of the percentage of surface and intermediate water contributions calculated

from vertical profiles presented in Figs. S2, S3, and S4.

Adriatic Sea

‘ Aegean Sea ‘ Levantine Sea

SI % | SI % | SI %
Hist. (1976-2005) 0.94 - | 140 -] 130 -
Proj. (2070-2099) 1.48 - | 213 -] 235 -
(0-100 m)gig, + (100650 m)proj,  1.21 50.0% | 1.99 80.8% | 1.93 60.0%
(0-100 m)pyoj, + (100-650 m)gisr,  1.21  50.0% | 1.54 192% | 1.72  40.0%

Sea, the alteration in BSW and LSW properties leads to
19.2 % of the total SI future change, while the change in CIW
and LIW is 80.8 %. Finally, in the Levantine Sea changes in
the AW and LSW properties contribute 40 %, whereas LIW
contributes 60 %.

4 Discussion and conclusions

The impact of climate change on dense water formation in
the EMed has briefly been assessed in previous studies (So-
mot et al., 2006; Adloff et al., 2015; Soto-Navarro et al.,
2020). All authors considered the maximum of the winter
mixed layer depth (MLD) to be a proxy for deep water con-
vection. The results reported in those works do not show a
consensus concerning the changes in the deep water forma-
tion role in the EMed. Somot et al. (2006) found that the max-
imum MLD decreases by about 20 % for the Aegean Sea and
60 % for the Levantine Sea in 2099 under the A2 scenario,

https://doi.org/10.5194/0s-19-941-2023

whereas no significant change is expected for the Adriatic
Sea. For this region, their simulations projected an increase
in the DWF rate; however, the ADW outflowing through the
Strait of Otranto is lighter, which leads to a weakening in
the eastern Mediterranean thermohaline cell. The results ob-
tained by Adloff et al. (2015) under the A2 scenario by the
end of the 21st century point to the reduction of MLD in
the Adriatic and Levantine seas, whereas it increases in the
Aegean Sea. More recently, Soto-Navarro et al. (2020) found
in a multi-model analysis that most models agree in project-
ing a reduction in the intensity of DWF in the Adriatic Sea by
the end of the century under RCP4.5 and RCP8.5 scenarios.
However, in the Aegean Sea the results are not robust among
models, as some of them point to a reduction and others to
an increase.

Due to the large spread in the simulated magnitude of the
changes in the DWF in previous works (Somot et al., 2006;
Adloff et al., 2015; Soto-Navarro et al., 2020), we try to
identify the mechanisms involved in the expected changes in
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the EMed DWF using a single model run: the same used in
Parras-Berrocal et al. (2022) for identifying the mechanisms
of the future change in DWF in the north-western Mediter-
ranean. The projection was carried out with the RCSM ROM
under the high-emission RCP8.5 scenario, and it was also
a member (AWI25-MPI-8.5) of the ensemble used in Soto-
Navarro et al. (2020). As in Parras-Berrocal et al. (2022), the
drawback of using a single model run is that it does not al-
low us to provide robust conclusions and to generalize our
results. However, the advantage of this approach is that it
makes it easier to find physically consistent mechanisms re-
sponsible for these changes, making a valuable contribution
to Med-CORDEX. Moreover, this kind of work provides es-
sential information for future studies using multi-model en-
semble analysis by deepening the processes. Indeed, the re-
cent work of Josey and Schroeder (2023) highlights the im-
portance of and the need for further research using climate
models to understand the mechanisms involved in regional
processes such as Mediterranean dense water formation and
its consequences.

In this work we quantify deep water convection through
the DWF rate. We estimate the annual DWF rate following
the volume of deep water for a specific isopycnic surface
(0p), which is probably the most quantitative way to estimate
the DWE, especially in model analysis (Somot et al., 2018).
We show that ROM_PO is capable of reproducing the aver-
age and interannual DWF rates in the main spots for deep
convection in the EMed. Moreover, ROM_PO captures the
main features of the EMT (Roether et al., 1996), simulat-
ing higher DWF rates in the Aegean Sea than in the Adriatic
Sea for winters from 1988 to 1994 (Fig. S5). In ROM_P0O
the potential density of new deep water formed in the Adri-
atic (o0 > 29kg m), Aegean (o > 28.95kg m~?), and Lev-
antine (o > 28.7 kgm™>) seas is lighter than the values pre-
sented in the literature (Lascaratos et al., 1993; Mantziafou
and Lascaratos, 2008; Nittis et al., 2003). This could be ex-
plained by the negative salinity bias displayed throughout the
entire water column (0-1000 m depth) by ROM_PO over the
EMed (Fig. S1). The largest salinity bias is found in the upper
layers of the Aegean Sea (Fig. S1) as ROM_PO overestimates
the inflow of water through the Dardanelles strait, as previ-
ously reported by Parras-Berrocal et al. (2020). However, we
are confident that this limitation does not impact our DWF
study, as ROM_PO has demonstrated a good representation
of the deep water volume formed during the present climate,
independently of the lower density values.

Our results project a DWF rate reduction of 75 % for the
Adriatic Sea, 84 % for the Aegean Sea, and 83 % for the Lev-
antine Sea by the end of the century under the RCP8.5 sce-
nario. Analysing the mechanisms involved in the decrease,
we observe that strong or weak DWF rates can occur with
similar BL values (Fig. S6). We find out that changes in the
hydrographic properties of the upper and intermediate water
masses lead to a higher stratification of the water column in
the Adriatic, Aegean, and Levantine basins, which hampers
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deep convection. Josey and Schroeder (2023) found using
a multidecadal (1951-2020) observation-based analysis that
the weakening heat loss is a potential factor in the reduction
of dense water formation. The authors point to a possible de-
pendence between the weakening heat loss and the stronger
stratification which remains unexplored. Thus, it is essential
for the Med-CORDEX community to clarify the relative con-
tribution of both processes in forthcoming works.

In the future, temperature and salinity show an increase,
which is especially noticeable in the 0—100 and 100-600 m
layers. Those alterations in temperature and salinity will
increase the vertical density gradient, which will in turn
strengthen the stratification of the water column (Table 1).
Recently, Amitai et al. (2021) found that a DWF decrease in
the Adriatic Sea creates a state wherein warmer and saltier in-
termediate water reaching the north-western Mediterranean
significantly affects the deep water convection in the Gulf
of Lions. The reduction of EMed DWF as well as the DWF
collapse expected in the north-western Mediterranean (Soto-
Navarro et al., 2020; Parras-Berrocal et al., 2022) may have
an impact on the deep ventilation and on the MTHC. Those
changes are reflected in the flows exchanged between the At-
lantic Ocean and the Mediterranean Sea through the Strait of
Gibraltar (Parras-Berrocal et al., 2022).

As shown in Fig. 3, from 2020 to 2040 the DWF rate
shows maxima in all DWF spots. During these 20 years,
the SI shows minima due to an increase in potential den-
sity in the 0—100m layer (Fig. S7). In the Adriatic Sea,
changes in salinity are responsible for nearly all of the den-
sity change expected in the 2020-2040 period (Table S2). In
the Aegean and Levantine seas, the salinity contribution to
density changes (2020-2040) is 68.4 % and 63.6 %, respec-
tively (Table S2). These results suggest that salinity changes
are the only cause of those density changes in the Adriatic
Sea and a primary factor in the Aegean and Levantine seas.
In turn, such increased surface density preconditions the con-
vective regions, reducing the vertical stratification and lead-
ing to the formation of larger volumes of deep water.

Another result worth discussing is that from 2005 to 2040
the annual DWF rate for the Aegean Sea is higher than for the
Adriatic Sea in most of the years. For this period, the accu-
mulated deep water in the Aegean Sea is 13.4 Sv yr, whereas
in the Adriatic Sea it is 9.93 Sv yr. The results suggest a shift
in the main source of EMDW from the Adriatic Sea to the
Aegean Sea, as previously happened during the EMT. The
HadCM2-SUL climate experiment (Thorpe and Bigg, 2000)
has also shown a decrease in the intensity of deep convection
in the Adriatic during 2040-2060, while it increases in the
eastern basins. This is also supported by Adloff et al. (2015),
who determined that the future MTHC tends to be similar to
an EMT situation, with the Aegean Sea becoming the main
source of EMDW in the future.

By the end of the century, in the Adriatic Sea a decrease
in density of 0.1kgm™3 is projected at a depth of 650m
with an average decrease over the entire water column of
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0.2kgm™3 (Figs. 4g and S8d). In contrast, in the Aegean
Sea results do not show changes in density at 650 m depth,
while the average decrease over the entire water column is
0.08 kg m~3 (Figs. 4h and S8e). In the Levantine Sea, we ob-
serve a reduction in density of 0.15kgm™3 at both 300m
depth and throughout the entire water column (Figs. 4i and
S8f). Based on the observed density reductions, we calcu-
lated the future changes in dense water formation rates in the
Adriatic, Aegean, and Levantine seas (Fig. S9). In the Adri-
atic Sea, using a reference of 20 kgm~3, a 75 % reduction in
the DWF rate is projected. Using lower reference densities of
28.9 and 28.8 kg m~ resulted in smaller reductions of 58 %
and 39 %, respectively. In the Aegean Sea, where the den-
sity is expected to remain relatively stable, the sensitivity of
the DWF rate to reference density values is negligible, with a
projected decrease that varies from 84 % (using a density of
28.95kgm™>) to 80 % (using 29.9 kg m ). In the Levantine
Sea, the reduction of the projected decrease in the DWF rate
is more substantial, with a drop from 83 % (using a density
of 28.7kgm™3) to 56 % (using 29.55kgm™3). Overall, the
use of a lower isopycnal threshold leads to the same conclu-
sions: a collapse of DWF in the Aegean Sea (Fig. S9b) and a
notable reduction (of more than 50 %) in the Levantine basin
(Fig. S9c). However, in the Adriatic Sea this is not the case,
as the lowest isopycnal density threshold (28.8 kg m™3, blue
line in Fig. S9a) shows events with notable DWF rates during
the last third of the century.

We noted different DWF rate responses to changes in den-
sity threshold for each sub-basin. In the Adriatic Sea, the fu-
ture changes in DWF strongly depend on the density change
in the water column and therefore on the choice of the density
threshold, with denser isopycnals corresponding to stronger
DWEF rate reductions and no remarkable DWF change for
the less dense threshold (Fig. S9d). In the Aegean Sea, a col-
lapse of DWF is expected regardless of the density reference
used. Finally, in the Levantine Sea, the changes in the DWF
rate appear to have a limited dependence on the choice of the
density threshold. The reduction in the DWF rate is 83 % for
28.7kgm™> and 56 % for 28.55kgm~3, so the reduction is
noticeable in both cases, although it is sensitive to the choice
of the density threshold.
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