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Abstract

A scenario of the Mediterranean Sea is performedtfe 2f' century based on an
ocean modelling approach. A climate change IPCCg&2nario run with an
atmosphere regional climate model is used to fac®lediterranean Sea high
resolution ocean model over the 1960-2099 period.

For comparison, a control simulation as long assttenario has also been carried out
under present climate fluxes. This control run shaiv-sea fluxes in agreement with
observations, stable temperature and salinity chenatics and a realistic
thermohaline circulation simulating the differentarmediate and deep water masses
described in the literature.

During the scenario, warming and saltening are kitad for the surface (+3.1°C and
+0.48 psu for the Mediterranean Sea at the endeo2f' century) and for the deeper
layers (+1.5°C and +0.23 psu on average). Theselaied trends are in agreement
with observed trends for the Mediterranean Sea theetast decades. In addition, the
Mediterranean thermohaline circulation (MTHC) isosgly weakened at the end of
the 2F' century. This behaviour is mainly due to the daseein surface density and
so the decrease in winter deep water formationthtend of the Zicentury, the
MTHC weakening can be evaluated as -40% for thernmédiate waters and -80% for
the deep circulation with respect to present-clerainditions. The characteristics of
the Mediterranean Outflow Waters flowing into thdaftic Ocean are also strongly

influenced during the scenario.



1. Introduction

According to the Third Assessment Report of thergmvernmental Panel on Climate
Change (IPCC 2001), the climate over the Meditexaanbasin may become warmer
and drier during the 2century. These two effects could counteract ealobrawith
regards to the possible evolution of the MeditezeanSea thermohaline circulation.
Indeed, the impact of warmer and saltier surfacersan the density is unknown.
The Mediterranean ThermoHaline Circulation (MTHCthe following) is driven by
heat and water losses at the sea surface (Wus).1BGi$ buoyancy flux leads to an
anti-estuarine circulation with fresh and warm wagetting into the Mediterranean
Sea across the Gibraltar Strait at the surfacesaltyl and cold water getting out in a
deeper layer. With such a THC, at least one dedprvi@rmation area is needed as a
key process for driving the vertical circulatiom Fact, three main areas of
intermediate or deep water mass formation have bemorted in the Mediterranean
Sea: the Gulf of Lions also called the MEDOC atd&DOC Group 1970; Schott et
al. 1996) where the Western Mediterranean Deep WEWIDW) is formed, the
Levantine basin (eastern part of the Mediterran&ma) where the Levantine
Intermediate Water (LIW, Lascaratos et al. 1993) #me Levantine Deep Water
(LDW, Ozsoy et al. 1993) are formed, and the Adri&ea (Artegiani et al. 1997)
which is the main source of the Eastern Meditemangeep Water (EMDW). In the
Adriatic Sea, two deep water masses are formeagltine winter season: the first one
comes from the northern Adriatic and flows to tbethern Adriatic, where open-sea
deep convection takes place. Then, the newly fordedatic Deep Water (ADW)
exits through the Strait of Otranto into the loniBasin and becomes the EMDW
(Artegiani et al. 1997).

Past-climate and sensitivity studies have proved the MTHC can show multiple

equilibria and may even be unstable (Myers et@8] Myers and Haines 2002). The
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formation of Sapropels is evidence that the MTHG whutdown, or at the least very
weak in the past (Béthoux 1993). More recently,dbecalled Eastern Mediterranean
Transient (EMT) has proved that the source of tidDEB/ can switch from the
Adriatic Sea to the Aegean Sea during some yeavstfier et al. 1996; Klein et al.
1999, Nittis et al. 2003, Rupolo et al. 2003). Ti@sent change seems to have many
impacts on water mass structures and propertiesir(kdt al. 1999; Lascaratos et al.
1999; Manca et al. 2003) as well as on the biogewestry (Klein et al. 2003).

A weakening or strengthening of the MTHC due tamelie change is therefore
possible and could have an impact on the Mediteaansea surface temperature
(SST) and consequently on the climate of the sumdimg areas. Through the
Mediterranean Outflow Waters (MOW), MTHC changen aaoreover influence the
Atlantic Ocean and hence the Atlantic THC (Curryakt2003; Potter and Lozier
2004). A strong impact on the Mediterranean magr@systems is likely.

The MTHC time scale (70 years, see Pickard and {£m&94) is smaller than for the
global THC (1000 years). So, the impact of a MTHGQdification can be visible more
rapidly in the Mediterranean water mass charatiesishan for the Atlantic. Many
authors have reported a warming and salting ofMediterranean deep waters over
the last decades (e.g. Béthoux et al. 1990; RolalinthBryden 1992; Fuda et al. 2002)
and more recently of the MOW in the Atlantic Ocedose to the Gibraltar Strait
(Potter and Lozier 2004) as well as far from it ((@uet al. 2003). Béthoux et al.
(1998) attribute these trends to global warmingtilirow, past-climate studies and
sensitivity studies of the MTHC have been done (Mdyat al. 1998; Thorpe and Bigg
2000; Myers and Haines 2002; Matthiesen and Ha20€8) but, to our knowledge,
no realistic climate change scenario for thé 2&ntury with all forcings has been

tested for the Mediterranean Sea. We try to addhéssssue in the present study.



Modelling the MTHC requires high horizontal and tieal resolution. Small-scale
advective and convective processes, small-scal®satineric forcings and narrow
straits have to be resolved to allow for a goodasgntation of the various water
masses formation and mixing processes as proveohdry authors (e.g. Wu and
Haines 1996; Wu and Haines 1998; Castellari €G00; Brankart and Pinardi 2001).
These time and space-scale constraints requirdebign of a downscaling strategy
that allows us to assess the impact of a transR@C-A2 (IPCC 2001) climate
change scenario on the MTHC during the' Zkntury. The hierarchy of models
needed for this strategy is presented in sectigh @esent climate validation for the
Mediterranean Sea model is shown in section 3.cliheate change results focusing
on the MTHC evolution are studied in section 4, ibsults are discussed in section 5

and we conclude in section 6.

2. Models and smulations

2.1 Dynamical downscaling strategy

A hierarchy of three different models is used towalfor a dynamical downscaling of
an IPCC-A2 climate change scenario (IPCC 2001)HerMediterranean Sea over the
21% century.

An initial 140-year low resolution coupled simutati has been performed with an
Atmosphere-Ocean General Circulation Model (AOGQMyer IPCC-A2 scenario
forcings (greenhouse gases and aerosols concenjtaffhen, a high resolution
Atmosphere Regional Climate Model (ARCM) has beeseduto obtain high
resolution air-sea fluxes over the Mediterraneaa. S&is simulation uses IPCC-A2
forcings and SST anomalies coming from the AOGCM ikinally, a Mediterranean

Sea simulation has been carried out with a highluéen Ocean Regional Circulation
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Model (ORCM) Ilimited to the Mediterranean Sea. Tlusnulation has been
performed using forcings coming from the AOGCM ahidCM simulations. This
downscaling strategy and the links between thesthredels are displayed in figure 1.
The downscaling method used in this paper is aveaenesting strategy. This means
that the ORCM results do not influence the ARCM &W@GCM results during the
scenario. In reality, the Mediterranean Sea coalelan impact on the global climate
through its SST and through the MOW flowing inte ttlantic Ocean, as discussed

in section 5.

2.2 The global coupled model

The AOGCM used in this study is developed at CNR®Ekr{tre National de
Recherches Météorologique, Toulouse, France), ocauphe ARPEGE atmosphere
model (Déqué et al. 1994) and the OPA ocean madatiéc et al. 1998). This model
has been used to simulate the end of tiec2dtury and different 2climate change
scenarios following the Third Assessment Reporthef Intergovernmental Panel on
Climate Change (IPCC 2001). Royer et al. (2002) 2odville et al. (2002) described
in detail the model and the study of the IPCC-B@nseio. In the present study, we
use the IPCC-A2 scenario and the associated twinlation. In this twin simulation
(also called control run), the greenhouse gasesaanasols concentrations are kept
fixed at their 1950 level. The IPCC-A2 scenari@aigessimistic scenario in which the
CO, concentration is about 815 ppm in 2099 instea@0a@f ppm in the IPCC-B2. The
IPCC-A2 scenario has been chosen because it hasnbea standard for regional
climate intercomparison projects (Christensen eP@02). As shown in figure 1, the
AOGCM is used to provide SST anomalies, as weklrasmalies of 3D temperature

and salinity in the Atlantic Ocean, to the otherdais.



2.3 The atmosphereregional climate model

Regional climate simulations can be performed witigh-resolution AGCMs
(Cubasch et al. 1995), nested regional climate msa@&orgi and Mearns 1999), or
statistical downscaling (Wilby et al. 1998). In theesent study, we use the first
method, which offers advantages in providing glbbatonsistent simulations.
However, in this experiment, the high-resolutiorswastricted to the Mediterranean
Basin in using the variable resolution version goetched version) of the ARPEGE
model (Déqué and Piedelievre 1995). This stretchinitity means that this version of
ARPEGE is at the same time an AGCM because itosajland an ARCM because of
its high resolution over the area of interest.

The model used here is the same as in Gibelin agu® (2003) and we just recall
here its main features. It uses a semi-lagrangiwecion scheme with a two time-
level discretization. The spectral truncation i08,lwith 31 vertical levels located
mainly in the troposphere (exactly those of the ERAeanalysis, Gibson et al. 1997).
The time step is 30 min. The pole of stretchingtishe centre of the Mediterranean
basin (40°N, 12°E) and the stretching factor i9e grid has 120 pseudo-latitudes
and 240 pseudo-longitudes (with a reduction nearpbeudo-poles to maintain the
isotropy of the grid). As a result, the maximumihontal resolution is 0.5°, that is to
say about 50 km over the Mediterranean Basin, aadhes a minimum of 4.5° in the
Pacific.

Déqué and Piedelievre (1995) and Machenhauer €1298) have shown that the
stretched version of ARPEGE realistically reproduseasonal and geographical
variations of the main climatological parametersrourope. The climate simulation
is reasonably close to the CRU climatology (Newlefi999) over Europe and around

the Mediterranean Basin as shown by Gibelin and uBé(R003). The largest



deficiency is a too rainy winter. More details abdloe precipitation field can be
found in Frei et al. (2003) and about the wateteeyt Hagemann et al. (2004).

The model set-up (SST and radiative forcing) is shee as in Gibelin and Déqué
(2003), except that the IPCC scenario is A2 insigfaB2. A 140-year Atmosphere
Scenario (1960-2099) called AS in the following bagn run. Its main characteristics
are summarized in table 1.

The SST used by the ARCM are given by the coargsolution AOGCM
simulations, and the atmosphere is assumed to bquitibrium with the oceans and
sea ice. The consistency of large-scale circulapatterns between ARCM and
AOGCM simulations has been verified in Gibelin abdqué (2003). Indeed, the
physical parameterizations, which calculate thdaser fluxes are the same in the
AOGCM and in the ARCM.

In the ARCM, the year numbering only correspondsh® SST chronology. Due to
the chaotic behaviour of the atmosphere and tdaiwdevel of variability explained
by the SST, a climate model year does not corresporihe actual year with same

number.

2.4 The high resolution M editerranean Sea model

A Mediterranean Sea limited area version of thenpive equation numerical model
Ocean PArallel (OPA, Madec et al. 1998) has beermldped. This model, called
OPAMEDS8 (Somot 2005), is based on the 8.1 versio®BA and consequently is
very close to the one developed for the MERCATOBjqut (Béranger et al. 2004;
Drillet et al. 2005).

The horizontal eddy diffusivity and viscosity cdeiénts are fixed to -1.2 1bm%s
for tracers (temperature, salinity) and dynamigsldcity) with the use of a
biharmonic operator. A 1.5 turbulent closure scheshesed for the vertical eddy
diffusivity (Blanke and Delecluse 1993) and thetioat diffusion is enhanced to 1
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m’/s in case of unstable stratification. The roletloése choices as a source of
uncertainty in assessing the MTHC response to tdirohange is discussed in section
5.2. The density is a function of the potential penature relative to the sea surface,
the practical salinity and the pressure (Jackedt MoDougall, 1995). The C grid in
Arakawa's classification (Arakawa 1972) is used the discretization. The
bathymetry is based on the ETOPO5'X5' data basé&h(@md Sandwell 1997). The
rigid lid hypothesis is applied at the surface.r@efslip lateral boundary condition is
used and the bottom friction is quadratic. A tirtepsof 20 minutes is applied.

The horizontal resolution of OPAMEDS is 1/8°x1/858¢® with ¢ latitude. This is
equivalent to a range of 9 to 12 km from the ndaahhe south of the model with
square meshes. It has 43 vertical Z-levels witlinbiomogeneous distribution (from
A Z =6 m at the surface td Z = 200 m at the bottom with 25 levels in the 800
m). The maximum depth is 4100 m in the Mediterean8ea (Eastern Basin).

The OPAMEDS grid is tilted and stretched at ther@lar Strait to better follow the
SW-NE axis of the real strait. The Gibraltar Straitepresented with a two grid-point

wide strait.

2.5 Mediterranean Sea scenario simulation

In this study, a 140-year simulation (1960-2098Jlexi Mediterranean Scenario (MS)
is performed. For this run, three kind of boundfargings are applied to OPAMEDS:
the air-sea fluxes, the river runoff fluxes incloglithe Black Sea and the Atlantic

Ocean characteristics.

2.5.1 Surface forcing
The whole period of ARCM run (1960-2099) providée tair-sea fluxes for the

Mediterranean Scenario as seen in figure 1. We lexteacted daily momentum,



water and heat fluxes from the AS simulation at .&° Oresolution over the
Mediterranean Sea. The OASIS2.4 tool (Valcke e2@DO0) is used to interpolate the
fields from the atmosphere to the ocean model grid.

Air-sea fluxes change every day and are constardr av 24-hour period.
Consequently, the diurnal cycle is not resolveddBAMEDS8. Water fluxes coming
from the atmosphere model are transformed intaairsalt fluxes by dilution in the
upper model level with respect to the rigid lid bttpesis.

The heat flux is adjusted to the ORCM SST by aam#rfrelaxation towards the daily
SST used by the ARCM (section 2.3). This term i@ty a first order coupling
between the SST of the ocean model and the atmaspkat flux. This term ensures
a consistency between surface heat fluxes comiogn fthe ARCM and SST
calculated by the ORCM. The relaxation coefficient40 W/nf/K, as defined in
Barnier et al. (1995). It is equivalent to an 8-dagtoring time scale, similar to those
used in previous studies (e.g. Korres et al., 2@30ay restoring term). With this
value, the relaxation is not too strong and theancmodel is able to create and

maintain small scale structures and to createantaeral SST variability.

2.5.2 River runoff fluxes

No salinity damping is used at the surface of OPANEand a salt flux due to river
runoff is explicitly added to complete the salt gatl For the present-climate period
(1960-1999), a monthly mean climatology is computenn the RivDis database
(Vorésmarty et al. 1996) for the main 33 riverstiod Mediterranean Sea catchment
basin.

The Black Sea is not included in OPAMEDS. Neverls| this sea can be considered
as one of the major freshwater sources for the tdednean Sea. It is in fact a salt

sink in this model configuration. As with the Gilieat Strait, the exchange between
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the Black Sea and the Aegean Sea consists of dalyen flow across the Sea of
Marmara and the Dardanelles Strait. In this study assume that this two layer flow
can be approximated by a freshwater flux dilutimg $alinity of the mouth grid point.
Thus the Black Sea is considered as a river forAtagean Sea. The monthly mean
equivalent water flux towards the Aegean Sea ispedad as the water budget over
the Black Sea surface : Precipitation + Black SeemRRunoff — Evaporation. This
parameterization is based on the data collecte8tagev et al. (2000) and assumes
that the sea level of the Black Sea does not change

In the scenario, the RivDis runoff has been modifeecording to AS hydrological
fluxes (see figure 1), in a way that is consisteith what is done for SST. We
compute yearly mean multiplying factors to modihe trunoff of each river. Each
factor is a ratio between the value of a given yeat the present climate value. Then
the factor time series (2000-2099) is filteredra&ibelin and Déqué (2003) to obtain
10 decadal values for the 2gentury. Table 2 shows these values for the me@rs
and for the Black Sea. Details can be found in Scand Sevault (2005). The main
decrease is for the Black Sea, and we can expedmpact on the Aegean Sea

salinity. Note that for the Nile, the value remaatisiost unchanged.

2.5.3 The Atlantic Ocean

Another forcing of OPAMEDS is a buffer zone whicimslates the Atlantic Ocean
west of the Gibraltar Strait. Before 2000, tempématand salinity in this area are
relaxed towards the seasonal 3D Reynaud climato(&pynaud et al., 1998) by
means of a Newtonian damping term in the tracer agkgu equal to

-(XmoderXclimatology)/T. The restoring term is weak close to Gibraltar (00-day time

scale at 7.5°W) and stronger moving away from # 8 days at 11°W).
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For the scenario (2000-2099), the temperature afidity climatology is modified
similarly to the SST and the river runoff (Somotié&evault 2005). The computation

is based on the ocean data from the AOGCM sce(sg®figure 1).

2.5.4 Initial conditions and spin-up

The initial conditions are provided by the MEDATLABmonthly climatology for
the Mediterranean Sea (MEDAR/MEDATLAS Group, 20#)d by a seasonal
climatology (Reynaud et al., 1998) for the Atlanpiart of the model.We start our
simulation in August when the vertical stratificatiis the most stable to avoid a
possible strong and non-physical initial mixing.

A 20-year spin-up has been performed under preskmiate conditions before
launching the MS simulation in order to obtain asjtequilibrium. For this spin-up,
OPAMEDS is forced two times successively by thesiabnual fluxes of the 1960-

1970 period.

2.6 Mediterranean Sea control simulation

A 140-year additional experiment, called Meditegam Control run (MC in the
following) has been carried out to verify the mosi@bility.

The interannual air-sea fluxes of the 1960-198@openf the AS simulation are used
to force this control simulation. This 20-year |diegcing is repeated 7 times to obtain
a simulation as long as MS. The MC years are cauintegn 1960 to 2099. The other
forcings (river runoff, Black Sea runoff and buftawne) are the same as for the MS
simulation before 2000. Initial conditions and spm are also identical.
Consequently, these two simulations begin to deeygly from the year 1980. MC
and MS characteristics are summarized in table 1.

The MC run allows for the evaluation of the stapibf the ORCM over a long period
of time under present-climate conditions. Moreovke, difference between MS and
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MC gives an unbiased evaluation of the climate gkampact in case of a drift in

MC.

For the majority of the analysed variables, we whiow two curves on the same
figure, one of the temporal evolution of the valgain the control run and the other of
the temporal evolution in the scenario. The scenara transient simulation that does
not reach equilibrium even at the end of th& 2&ntury. The use of a classical time
average is not advisable to analyse such curveés oompare it to the control run

curves. Instead we have performed an exponentideéist square method) of all the
variables showing a temporal trend in the scendi® choice of an exponential fit

comes from the exponential growth of the GHG cotret¢ion during the A2 scenario

(rate of change equal to about 1.4% per year). fittezl curves are represented by
dashed line in each time series (see figure 2 aiod &ample). In the text and in the
tables, we always use the value of the last ye#neofitted curves that is to say 2099.
From this approach, we can extract rates of chdimgpercentage per year) for the
various analysed physical quantities and then wediscuss their stability during the

scenario (see section 4). For the validation ofdbetrol run (section 3), we use a
linear fit in order to prove the stability of themsillation. As indicated in the tables,
the slope of the MC fit is often non significantyfferent from zero. Then the 2099
value practically always corresponds to the 207892dme average. The 2099 fitted
value also allows us to filter the interannual ahbiiity of the system. In the same
figures, a confidence interval at a 95% level has &een plotted around the fitted
values of the control run (Gaussian test). The ramalh independent values is equal
to 20 due to the design of the control run. To cotaghe confidence interval, the

standard deviation with respect to the fitted cumas been used. This allows us to
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know if the difference between the control run aheé scenario is statistically

significant and when this significance level isateed.

3. Present climate validation

The main goal of this part is to quantify the sigbiof OPAMEDS8 over a long run
under present-climate conditions. We also validaere OPAMEDS8 against
observations for fields useful for representing M&HC, namely air-sea fluxes,
surface and integrated temperature and salinityackexistics, mixed layer depth,

water mass formation rate and water volumes trateppdy the MTHC.

3.1 Air-sea fluxes

Validating the air-sea fluxes is a difficult taskdause of the lack of spatial and
temporal high resolution observed data. Nevertlelés the Mediterranean Sea,
some direct measurements exist and strait transpedasurements give us indirect
information about surface fluxes. For example, ltrey term heat and water balance
between the Gibraltar Strait transport and the kedinean Sea surface flux
(Béthoux 1979; Bunker 1982) allows us to obtainiriext observations of the basin
integrated value of the surface fluxes. Consequefudl validation, we focus on the
spatial average of the MC run over the whole Mediteean basin. Table 3
summarizes the air-sea flux values computed by meéa linear fit as explained in
section 2.6. As the control run is very stable, 2089 fitted values are practically
equal to a classical 30-year average over 2070,;3088xample.

For the MC run (2099 fitted value), the Mediterranesurface heat loss is equal to
-6.2 W/nf including the SST relaxation term which amount81cb W/nf. The value
-6.2 W/nf with an interannual standard deviation of 5.8 Wiénin good agreement

with those found in the literature. From direct siw@ment, Béthoux (1979) gives a
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value of -7+ 3 W/nt for the surface heat flux. This value of -7 W/is confirmed by
Bunker et al. (1982). The same authors found aevafu+5 W/nf for the Gibraltar
heat transport whereas later measurements suggesige of 5.3-6.2 W/fn
(MacDonald et al. 1994).

In an ocean model study including the SST relaxatesm, Wu and Haines (1998)
give a value of -5.8 W/fnfor the two terms (40-year average after reachisteady
state). In the same kind of study, Castellari et{2000) obtain -9.8 W/ for the
surface flux (experiment D) and Brankart and Ping2601) a value of -4 W/fnIn
the latter study, they forced their model with #845-1993 observed COADS heat
flux (da Silva et al. 1995) with a damping term alqto -25 W/n3/K. Disregarding
SST relaxation, the COADS 49-year averaged heatifliequal to +10 W/ Two
other atmospheric datasets have been recentlyhysédsey (2003): the Southampton
Oceanography Centre (SOC) flux climatology (Josesle1999) with an integrated
heat flux of +6 W/rif and the National Center for Environmental Predifi@tional
Center for Atmospheric Research (NCEP/NCAR) atmesphmodel 1949-2002
reanalysis (Kistler et al. 2001) which gives a eabf +2 W/n¥. Consequently, the
atmospheric datasets based on observed valuessmtarc reanalyses or climate
models seem to be unable to produce accurate aifigees for the Mediterranean
Sea. The SST relaxation term is thus necessargro@ fan ocean model. With this
term, the OPAMEDS8 heat flux averaged over the Medinean Sea is in good

agreement with the in-situ measurements.

The other important buoyancy forcing is the wabex {Evaporation — Precipitation —
River input) at the surface. For this flux, theesa of the observed values found in
the literature is larger than for the heat flue thrger water loss is given by Béthoux

(1979) with a deficit of 0.95 m/year and the snrallg Garrett (1996) with 0.52
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m/year. In the present study, the E-P-R water dmssunts to 0.72 m/year (about 2.0
mm/day with an interannual standard deviation & fm/day), which is in the
observed range and very close to the value giv&ilman and Garrett (1994): 0.#1
0.07 m/year. Our value is also in agreement wighwalue -0.67 m/year obtained by
Wu and Haines (1998) in a modelling study with gaxe salinity relaxation towards
observed data. However, thanks to the GIBEX expaninat Gibraltar, Bryden and
Kinder (1991) obtain a value of the Gibraltar Straiater transport which is
equivalent to a E-P-R loss between 0.56 and 0.§&an/

With the UNESCO database used in our study, ther rwnoff fluxes plus the Black
Sea contribution is equal to 0.18 m/year and the term is equal to 0.90 m/year.
This value seems to be overestimated with respeittet latest values given by Josey
(2003) for atmospheric datasets. He obtained E-B./”4 m/year for the SOC

climatology and 0.70 m/year with the NCEP/NCAR ragasis.

The stability of the surface fluxes as well asrtivierannual variability can be seen in
figure 2 for the heat flux in W/fnand figure 3 for the water flux in mm/day for the
1960-2099 period of MC (grey curve). Table 3 sumpearthe heat and water surface
fluxes for the Mediterranean Sea and for varioub-lsasins where deep water
formation may occur (Gulf of Lions, Levantine Basidriatic Sea, Aegean Sea).
These sub-basins are defined in figure 4a. Comgultia buoyancy flux (see Marshall
and Schott, 1999, equation (6), for the formul&ves us to understand the respective
role of the water and heat terms in forcing theCTiH each sub-basin. For the whole
Mediterranean Sea, the buoyancy flux is negativeun notation. This means that
water masses become denser due to air-sea flueesh®sMediterranean Sea, that is

to say that they lose buoyancy. Note that someoasigxpress the buoyancy flux as a
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density flux by multiplying it by -g# with g the acceleration due to gravity gmthe
density (Josey 2003).

The salt forcing seems to be more important tharhéat forcing, resulting in 70% of
the total buoyancy flux. This average behaviour ksathe seasonal and the
interannual variability where the heat term donmeésaas noted by Josey (2003). For
example, in winter, the heat term represents muaa 80% of the total with a value
of -39.6 10° n.s>. Additionally, each sub-basin has its own differeharacteristics.
For example, the deep water formation occurringhm Gulf of Lions seems to be
mainly due to the heat forcing. Indeed, the yeargan buoyancy flux due to the heat
term is equal to -11.0 Tom*s*, which amounts to 2/3 of the total buoyancy fllike
situation is completely different in the LevantiBasin with about 90% of the total
buoyancy flux due to the salt flux. The AdriaticaSand the Aegean Sea show a
surface water gain due to the Po and Black Sedfaurio these sub-basins, the heat
loss (negative buoyancy flux) dominates the waten @positive buoyancy flux) and
it is responsible for the density increase and ghking of the surface waters.
Comparing the evolution of the water and heat tefnthe buoyancy flux under
climate change conditions is one of the key-pointassessing the question of the

future evolution of the MTHC as shown in sectioh.4.

3.2 Sea surface characteristics

The temperature and salinity sea surface charatibsrifor the whole Mediterranean
Sea and for various sub-basins are presentedla4glor the model runs, 2099 fitted
values are used). Climatological values coming frilve MEDATLAS-II database
(MEDAR/MEDATLAS Group, 2002) have also been added this table for
validation, as well as the observed SST used ®QRCM surface relaxation (the so-
called RSST, Smith et al. 1996). For the wholerakie model shows a cooling bias

of -1.0°C with respect to the MEDATLAS-II data anr@d.8°C with respect to the
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RSST. The drift leading to this bias occurred dyitine OPAMEDS spin-up and then
MC is very stable in SST from 1960 to 2099 (figme shown). This initial drift is
due to the too strong Mediterranean net heat k&& 7 W/nf in average) simulated
by ARPEGE without the SST relaxation. In the degpewconvective areas, the bias
is always less than 1°C with respect to the RSST.

The sea surface salinity (SSS) is in very good eagemt with the MEDATLAS-II
database with a bias equal to +0.02 psu for thdenbasin. This result validates the
ARPEGE E-P-R flux of 0.72 m/year. The SSS biasas/wveak in all sub-basins
except for the Adriatic Sea where the bias is @68 Because of the SSS bias, results
concerning the Adriatic Sea have to be consideiiddaare. Nevertheless, the general
good agreement with the climatology has to be Umaet, especially for the salinity,
because this Mediterranean Sea model is forcecice river runoff fluxes without
any relaxation towards SSS observed values.

The surface salinity map of the MEDATLAS-II databas winter is shown in figure
4a and can be compared with the OPAMEDS8 surfagsityain figure 4b (averaged
over the last 30 years of MC). The areas of maxin88%, namely the north of the
Algero-Provencal basin, the southern Adriatic Sed tne northern Levantine basin
are the signature of the open-sea deep water fammateas. Comparing these two
maps, the good agreement of the spatial pattemb&easeen, apart from the Adriatic
Sea where the Po river freshwater input does reohde be large enough to decrease

the SSS as in the climatology.

3.3 Averaged temperature and salinity

To study the MTHC, not only the T-S surface charastics have to be validated but
also the 3D averaged temperature (called < T Xjnahd salinity (< S > in psu). For
a given sub-basin with a volume V, < T > is computarough the following
equation:
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IIIV T (X, Yy, z)dxdydz
[[], dxdydz

The values of < T > and < S > have been computedhi® different sub-basins

<T>=

defined in figure 4a and are summarized in tablesihg the same fitting method as
before.

Comparing with the MEDATLAS-II database, we showattbur model is generally
too cold (0.5°C in average over the whole basim uthe surface behaviour and that
the 3D salinity is well reproduced. For the avethgemperature, the most biased
basins are the Aegean basin (-0.9°C) and the Adsat (-0.8°C), the two shallowest
basins. For the salinity, the maximum bias occarthe Gulf of Lions with a fresh
bias of -0.10 psu. This bias is probably due tooa weak LIW inflow at an
intermediate depth in this area. This failing wlkeady mentioned in other modelling
studies (Wu and Haines 1996; Castellari et al. 2000

As for the surface characteristics, the major pathese biases appear during the 20-
year OPAMEDS spin-up and figures 5 and 6 prove that3D averaged temperature
and salinity of the model are remarkably stabler adlie 140-year control simulation
for the whole Mediterranean Sea. The same behaisooibserved for all individual
sub-basins (figures not shown). For the whole Metinean Sea, the drift of < T > is
equivalent to -0.11°C/century and the drift for & $ +0.02 psu/century. We will see

that this is less than the climate change signahbge than one order of magnitude.

3.4 THC characteristics

3.4.1 Methods
Validating the THC is difficult because of the lagk high resolution and long-term
observed data at depth. However, the MediterraBeanhas been observed for a long

time and many authors have reported the geograipting alifferent winter convective
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areas and the maximal depth that the convectiorrearh. Some have also tried to
compute the formation rates of the different Medi#teean water masses. The
maximum value of local overturning stream functiossused to evaluate the deep
circulation. In this section, these four differemproaches of the MTHC are used to
validate OPAMEDS.

Figure 7a shows the winter (JFM) mixed layer dgMhD) averaged over the 2070-
2099 period of the MC run. The MLD computation mssed on a turbulent kinetic
energy criterion instead ofsp criterion. The robustness of the criterion is dgsed

in section 5.3.

The shaded areas identify the areas of winter gpaneonvection which are those
mentioned in the literature, namely, the Gulf obhs (MEDOC Group 1970; Schott
et al. 1996), the southern Adriatic Sea (Artegienal. 1997), the Levantine basin
(Lascaratos et al. 1993) and the Aegean Sea (Roethal. 1996). The winter
convection is a process known to be very variatdefone year to another (Marshall
and Schott 1999) so the MLD averaged value can mabKerent reality. The yearly
evolution of the maximum depth reached by the mgnthean MLD for each
convective area is shown in figures 8a, 8b, 8c &mhdgrey line) and the 2099 fitted
values are in table 5. Note that deep water massaged by shelf convection also
exist in the Mediterranean Sea (see Artegiani.€t397 for the Adriatic Sea) but this
diagnostic is not relevant for these water masses.

A water mass transformation diagnostic has also beemputed using density classes.
This diagnostic originates from the work by Walid982) carried out with
temperature classes. This method was then adapt@diperman (1986) to density
classes and was applied to the North Atlantic O¢8aeer and Tziperman 1992) and

to the Mediterranean Sea (Lascaratos 1993; Tzipeand Speer 1994, Rupolo et al.

2003, Somot 2005). The cross isopycnal buoyanocy () in Sv, equation (1) in
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Rupolo et al. 2003) produced by surface heat artdnlaxes has been computed for
each convective area every month and then yeadsaged. Figure 9 shows the curve
for the whole Mediterranean Basin and for a 2079928verage. Note that a density
range of 0.10 kg.M has been used. In this study, we will focus oualysis on the
denser part of the curve representing the deeprv@t@mation process. The peak of
minimum value shows that 3.8 Sv of dense wager>(29.05) is formed in
OPAMEDS by the surface fluxes. This value is inesgnent with Lascaratos (1993)
who gives a value of 4 Sv for the transformatiomkpeven if it is with a 28.70
density. The surface heat flux (dotted line in fiy@) contributes more than the water
flux (dashed line) to this dense water formationrdpresents about 80% of the
maximum formation peak.

For each year, the minimum value ofpJand the density of this minimum have been
extracted. These values are the maximum rate oérwatss formation and the
minimum density of the newly formed waters. The penal evolution of these two
parameters has been computed over the 1960-208% (ef. figures 10a and 10b).
The 2099 fitted values are summarized in tablen&s€ figures shows the stability of
the control run in terms of water mass formatiod #re interannual variability of the
formed water mass characteristics. The densith@peak ranges from 27.95 to 29.25
kg.m®. The maximum rate is between 2.5 and 7 Sv wittSa fean.

The same calculation as in figure 9 has been donalf the convective areas (the
Levantine Basin, the Adriatic Sea, the Gulf of Llsoand the Aegean Sea defined in
figure 4a). Sub-basin calculation has been jestiby Lascaratos (1993). The curves
averaged over the 2070-2099 period are not showhleu2099 fitted values are in
table 6. Results for the sub-basins are describkhb

Next, we want to quantify the strength of the Med#&nean Sea thermohaline

circulation (MTHC). The maximum of the meridionalesturning stream function
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(MOF) is commonly used to assess the strengtheofAtitantic THC in Sverdrup (1
Sv = 16 m¥s). The MOF is a zonal integration from the weasteoast () to the
eastern coast £x of the meridional velocity (v(x,y,z,t)) which ithen vertically
integrated from the bottom of the sea H(x,y). Téliseam function in the vertical-
meridional plane has the depth as a vertical coatdiand is given by the following

equation:

j tlj ) j © o v(x,y,z,t).dzdxdt

MOE = ZloXw “H(xy)
L1

where § and { are the start and end time of the time periodedr yor example. It is
possible to compute the ZOF (zonal overturningastrédunction) by replacing the
meridional velocity with the zonal velocity u(x,ytjzand by integrating fromgyo .

A zonal overturning stream function (ZOF) has based for the study of the MTHC
by Myers and Haines (2002). Indeed, the MTHC isatam average because of the
location of the Gibraltar Strait. The exchangesweeh the Levantine Basin, the
lonian Sea and the Western Basin can be studield this Mediterranean ZOF.
However, the MTHC is locally meridional. For examphk local MOF should be
defined to study the WMDW formation and its cirdida from the north to the south
of the western basin. Another local MOF is requitedake into account the ADW
formation and its transformation into the EMDW. Axample of the use of combined
ZOF and MOF is given by D606s et al. (2004) for Badtic Sea.

In figure 11a, we show the global Mediterranean ZWEraged over the last 30 years
of MC. This figure is similar to the figure 2 in Mys and Haines (2002). Figure 11c
represents a local MOF called Adriatic MOF. It umbés the Adriatic Sea and the
northern part of the lonian Sea limited to 37°Nwill be used to study the ADW and

the EMDW. Figure 11le shows the Western MOF inclgdime northern part of the
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Western Mediterranean Sea limited to 38°N (Ligurov@ncal Basin and Tyrrhenian
Sea). The deep circulation of the Tyrrhenian Se#otswell developed in our model
and consequently the Western MOF allows the studyhe WMDW. To better
quantify our results, time series of maximum ancimum values of the different
overturning stream functions have been computediXed sections defined in figure
4a: one section in the Mediterranean ZOF (sectioat R1.7°E, figure 12a), two
sections in the Adriatic MOF (section D at 40°Nyuiie 12b and section E at 37.1°N,
figure 12c) and one section in the Western MOFti@e®+C at 40°N, figure 12d).
These maximum or minimum values give an index efdtnength of the local MTHC.
The validation of the different branches of the MITlInd the study of their evolution
during the scenario is then possible with this dasgic. For each time series, the
2099 fitted values are summarized in table 7.

A diagnostic based on overturning stream functiwees been chosen because it allows
us to quantify in Sverdrups and in depth the cattah changes between the control
and the scenario. Moreover, the choice of any diafjn based on density would be
less appropriate for this climate change study bezahe vertical structure of the
density field changed continuously during the scen&lote that with this diagnostic,
water masses formed by shelf convection are aksamtato account.

3.4.2 Levantine Intermediate Water

The Rhodes Gyre, the area of the Levantine InteiateedVater formation, is clearly
seen in figure 7a. The maximum winter MLD in figuBa shows strong interannual
variability and a 2099 fitted value of 680m. As mened by Ozsoy et al. (1993), the
Levantine Deep Water is sometimes formed in theesarea as the LIW. However,
most of the time, the water mass sinking stopsanhtermediate depth as expected.
Even if the slope of the MC curve in figure 8a ist rstatistically significantly

different from zero, this figure shows one of taegkst drift in MC with a shallowing
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of the maximum MLD during the run from 1200m to ab@00m. Actually, more
LDW formation events occur at the beginning of tba than at the end. A 20-year
spin-up does not seem to be long enough to statihiz MLD in the Levantine Basin.
The maximum LIW formation rate in 2099 (cf. tableL@vantine Basin) is equal to
1.34 Sv (2099 fitted value) for water denser th&02. This value is in good
agreement with previous studies. Indeed, with @i®es method, Lascaratos (1993)
gives a value of 1.5 Sv for the maximum LIW formoatirate. Tziperman and Speer
(1994) confirm this value from a surface climatglodata study; Lascaratos et al.
(1993) give a value of 1.0 Sv with a mixed layerd@loand Castellari et al. (2000) a
value of 1.5 Sv in a modelling study after the nficdition of the surface heat flux
formulae (DS1 experiment). With a 100-year simolatiMyers and Haines (2000)
obtained a LIW formation rate of 1.2 Sv.

However, it is worth noting that the formation raehighly dependent on the chosen
threshold in density. For example, with a 28.92ugainstead of 28.70, Lascaratos
(1993) obtain a lower value for the LIW formaticate: 0.69 Sv instead of 1.5 Sv. In
the framework of a climate change scenario in whith deep water density is
continuously changing, we have chosen to discussraximum formation rate. We
therefore use the minimum value of the functioe. (the maximum formation rate)
and we do not fix any subjective density threshtilé also impossible to separate the
LDW formation from the LIW formation with this diagstic.

Figure 11a shows two well developed THC cells m Bastern Basin. The upper part
of the positive cell corresponds to the Modifiedaftic Water (MAW) eastward
circulation. The bottom part of the negative celfresponds to the eastward transport
of the EMDW. The LIW is located between the maximualue at 200m and the
minimum value at 1200m, representing the internteddganch of the Eastern MTHC.

This description corresponds to the observationsesthe pioneering work by Wiust
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(1961) and before the Eastern Mediterranean TrahgRoether et al. 1996). An
estimate of the westward LIW transport can be olkethias the difference between the
two extreme values. At 27.1°E (section F), the LiMnsport is equal to 1.61 Sv
(table7, 2099 fitted value). This transport is comal as the difference between the
sub-surface maximum and the deep minimum of the Z0F1.7°E (see figure 12a).
This is in relatively good agreement with the fotima rate but higher than the total
westward transport of 0.8 Sv given by Myers andniai(2000) across a vertical
section at 25.5°E.

3.4.3 Adriatic Deep Water

In OPAMEDS, the south of the Adriatic Sea is a waiked area in winter, as seen in
figure 7a and the part of the Adriatic Deep Watae tb open-sea deep convection is
formed here. Figure 8b shows strong interannuabbaity for the MLD maximum
with a mean at about 800 m and some years for wthiehconvection reaches the
bottom. This behaviour corresponds to the obsemat{Artegiani et al. 1997).

The maximum ADW formation rate in 2099 is equaDtb4 Sv for waters denser than
29.23 (cf. table 6). The maximum value of the MQBfie at 40°N (Otranto Strait,
section D) is equal to 0.46 Sv (at 400 m, fittethegin agreement with the formation
rate. The formation rate and overturning valuesatése in agreement with Lascaratos
(1993, 0.34 Sv), Roether et al. (1994, #.8.1 Sv), Wu and Haines (1998, 0.44 Sv)
and Castellari et al. (2000, 0.3 Sv). Figure 12tnshthe interannual variability of the
Adriatic MOF at 40°N. For the control run, yearlyean values between 0.2 Sv and 1
Sv occur. The Adriatic THC is stable throughout tdoatrol run. Note that the MC
curve is almost cyclic because of the OPAMEDS fagcis repeated with a 20-year
period.

3.4.4 Eastern Mediterranean Deep Water
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Eastern Mediterranean Deep Water is formed when ADMfflows the sill at the
Otranto Strait (Klein et al., 1999; Stratford andiies, 2000).

The Adriatic MOF (figure 11c) clearly shows the cading of the ADW past the
Otranto Strait between 39°N and 40°N. The maximwertoirning is located at 400m
in the Adriatic Sea whereas it is located at al8fidm in the lonian Sea. Moreover
non-negligible overturning values are seen dowra tdepth of 2500m. The time
series at 37.1°N (section E, figure 12c) allowsausompute a southward transport of
the EMDW. It is equal to 0.68 Sv, higher than th®WX at Otranto because
entrainment and mixing with LIW occurs during thesdlow.

In figure 12a, the minimum value corresponds todeéep branch of the MTHC in the
Eastern Mediterranean Sea. At 21.7°E (section rgastward EMDW transport of
0.60 Sv is simulated by OPAMEDS. This proves théitglof OPAMEDS to ventilate
the EMDW from its formation area to the rest of thesin. Myers ad Haines (2000)
obtain a value of 0.1 Sv of eastward transport sci@ vertical section at 25.5°E,
associating it with the EMDW transport. Note thigindicant EMDW transport exists
down to about 3000 m in OPAMEDS.

Even if the Aegean Sea is identified as a convectikea in winter in our model
simulation (see figure 7a and figure 8d), no EMelicirculation is found in MC
(Roether et al. 1996; Klein et al. 1999). Watensnied in the Aegean Sea in winter
(maximum formation rate of 1.04 Sv) are not denseugh to overflow into the
Levantine Basin and reach the bottom. In MC, thdewanasses formed in the
Adriatic Sea are denser than in the Aegean Se#agndnixed at the strait sill.

3.4.5 Western Mediterranean Deep Water

In figure 7a, the Gulf of Lions is shown as the onggite of open-ocean deep water
mass formation for the Mediterranean Sea as mesdidsy Marshall and Schott

(1999). For this area, figure 8c shows that theveotion reaches a depth greater than
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2000 m most of the time. Only some rare years dashow convection deeper than
500 m. The two situations have been reported irobservations (Mertens and Schott
1998; Marshall and Schott 1999) and have been atedil(Castellari et al. 2000).
Mertens and Schott (1998) show that the convectached the bottom about 2 years
out of 3 whereas Castellari et al. (2000) obtaliottom convection only 1 year out of
3. Our simulation is closer to the observed resafltdertens and Schott (1998).

The maximum WMDW formation rate is equal to 0.93 f8v waters denser than
28.91. When we compare with other studies, the WMidwhation rate seems to be
overestimated with respect to the value of 0.3 Svagcaratos (1993). However it is
in agreement with Tziperman and Speer (1994, 1 Bwm a modelling study for
which the sea surface salinity climatology used relaxation has been modified,
Castellari et al (2000) obtain three different eslwith various parameterizations of
the surface heat fluxes: 1.6 Sv (DS experimen),Sl. (DS2 experiment) and 0.2 Sv
(DS1 experiment).

The overturning stream function shows a maximunueraf 0.5 Sv on average over
the last 30 years of MC (figure 11e). The contidnutof the Tyrrhenian Sea is
negligible and consequently this value can be clemed as the transport of the newly
formed WMDW flowing southwards. This local MOF alle us to diagnose well the
western part of the MTHC. The depth of the maximawerturning is about 1000 m
and we found significant transport down to 2500 Figure 12d shows strong
interannual variability of the western MOF at 400&¢ctions A+C). A value higher
than 0.8 Sv is reached once during the 140 yeattseasimulation and the 2099 fitted

value is equal to 0.43 Sv.

In conclusion, we have proved that OPAMEDS is ablgroduce a strong, realistic

and stable THC for the Mediterranean Sea: thisus for the heat and salt content
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(equivalentto < T > and < S > as explained abae),geography of winter mixing
areas, the maximum mixed layer depth, the watesrf@snation rate and the deep
circulation strength. These validating results\waligs to have confidence in studying
the possible evolution of the MTHC under IPCC-AZrsario forcings using this

model.

4. Results of the climate change scenario

4.1 Air-sea fluxes

Table 3 summarizes the difference between MC anddvi$he surface fluxes for the
whole Mediterranean Sea and for the water massafitom basins. In addition to the
heat, water and buoyancy fluxes validated in tlewipus sections, this table contains
the yearly and winter averaged value of the wingsst norm (called in the
following) and of the positive part of wind stressrl (called¢ in the following).
These terms are important in preconditioning thepdeater formation (Madec et al.
1990; Madec et al. 1996; Marshall and Schott 1989¢yclonic curl over an area
leads to Ekman pumping and isopycnal doming in #rsa which weakens the
vertical stratification. Moreover, wind stress ingsl an input of turbulent kinetic
energy in the mixed layer and so an increase afgfgh which is another deep mixing
preconditioning mechanism. Changes in these twagenay have a strong influence
on the deep water formation processes in the fudimeate.

For the whole Mediterranean Sea, the surface lsatdecreases from 6.2 W/io
2.4 W/nf and the water loss (or salt gain) increases frof@ én/year to 1.01 m/year
(2099 fitted values). These results were expectahlise the Mediterranean climate
is known to generally become dryer and warmer itPg&C-A2 scenario (IPCC 2001;

Gibelin and Déqué 2003). The temporal evolutiothef heat and water fluxes of MC
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and MS are compared in the figures 2 and 3. Tleeafithange of the exponential fit
is equal to —2.5%l/year for the heat flux and +1.8&%r for the water flux. The
positive rate of change means that the water flixporentially diverges from the
control value following an unstable behaviour. Bor heat flux, the negative rate of
change means a saturated behaviour. Note thattdgr@annual variability of the two
terms does not change significantly between MC Ml With regards to the
buoyancy, the water flux change cancels out thé fheachange (see table 3) and no
significant change in the buoyancy flux is obser¢€8%). We are therefore not able
to answer the question of the evolution of the MTHGM this global approach.

Looking at thet andf values averaged over the whole basin we note that

decreases by 15% aiddoes not change significantly. This could weakesn deep
water formation preconditioning even if a sub-baaimalysis is needed in case of a
strong spatial variability. It is worth noting thidile winterlyt does not follow exactly
the same response as its yearly average with aigoificant decrease.

Focusing on the different sub-basins (Gulf of Liohevantine Basin, Adriatic Sea,
Aegean Sea), table 3 shows that the yearly meanld®sadecreases in the Gulf of
Lions and in the Levantine Basin whereas it inagsasgnificantly in the Aegean Sea
and the Adriatic Sea (+88% and +45% respectiv@lgg surface water loss increases
everywhere. This last feature is particularly ietging for the Adriatic Sea and the
Aegean Sea in which the buoyancy flux due to théew#ux leads to a surface
density increase in MS instead of a density deer@asin MC. This result is mainly
due to the decrease in river runoff in the scendhni® Po river for the Adriatic Sea and
the Black Sea for the Aegean Sea (see table 2).

The effect of the two parts of the buoyancy flug apposed except for in the Aegean
Sea and the Adriatic Sea where the buoyancy laggases at least by more than

90%. The buoyancy loss increase of these two seassithat surface waters become
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denser in MS than in MC due to surface fluxes. This favour of deep convection.
For the other basins, there is a significant desrea the buoyancy loss for the Gulf
of Lions and a small increase for the Levantineifdas

Table 3 shows that the yearly average of the winess nornt decreases in each
sub-basin except for in the Aegean Sea where iteases. The yearly MS-MC

differences could reach 20%. Note that thehanges are similar in winter than in the

yearly mean apart from in the Adriatic Sea. Thdecrease in the Gulf of Lions and
in the Levantine Basin means that less turbulenétic energy is available in the
mixed layer for preconditioning a deeper mixingeTesponse of the positive part of
the curl¢ is clear only for the Adriatic Sea with a decrebge-44% (only -28% in
winter). The MS-MC differences are weak in the othasins apart from in the Gulf
of Lions. A& decrease means a weaker positive vorticity inpunfthe atmosphere
to the ocean. Consequently, thendg forcing tends to weaken the preconditioning
of the classical deep convection areas (the sautAdriatic Sea, the Gulf of Lions
and the Levantine Basin).

The analysis of the surface fluxes allows for stiwpeotheses concerning the possible
evolution of the winter deep convection. For thdf@tiLions, all the surface forcings
(buoyancy flux, wind stress, wind stress curl) téodveaken the winter convection
and hence the western part of the MTHC. On theraontthe winter convection
should be enhanced in the Aegean Sea with an se@auoyancy forcing and more
windy preconditioning weather. The conditions ire thevantine Basin and the
Adriatic Sea have to be checked more carefully bee@f competing forcings.

In any case, even if the surface flux analysisteresting, the MTHC response to
climate change depends also on advection and aitenixing. So the definitive

answer must be given by other diagnostics.
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4.2 Warming and salting

Table 4 summarizes the comparison between MC andhM&ms of SST, SSS, <T>
and <S> for the 2099 fitted values. For the SS& iean warming is equal to +3.1°C
and it is quite homogeneous over the entire bdsirs is probably due to the applied
SST relaxation (see discussion in section 5.6)eNoat the climate change response
of the SST is larger than the SST bias describesgdtion 3.2 (+3.1°C versus -0.8°C)
and that the 3.1°C value is corrected for this .bid®ese two remarks are true for all
the surface and averaged salinity and temperatuaeacteristics and underline the
key role of the control run in a climate changedgtu

For the SSS, the model result is more spatiallyerogieneous. The basin-scale
average is an increase of 0.48 psu with areasamtbaker increase (Levantine Basin:
+0.26 psu) and areas with a stronger increase #ficrBea: +0.94 psu and Aegean
Sea: +1.03 psu). The decrease in the river rudaK fs the main cause of the
behaviour of the Aegean and Adriatic Seas (see fajsoes 4b and 4c). It is worth
noting that these SSS and SST changes lead to kwfce densities in MS than in
MC for every sub-basin (-0.46 kgiraveraged over the Mediterranean Sea). This
shows that the local surface density evolutionoisamly driven by the local buoyancy
flux, which increases in some sub-basins as se@rebelrhe advection of lighter
waters from other sub-basins and from the Atlafiean also plays an important
role. The Aegean Sea (-0.16 k&)rand the Adriatic Sea (-0.15 kginare the two
sub-basins where the density does not decrease. melGulf of Lions (-0.45 kg.m

% and the Levantine Basin (-0.59 kg®mshow more important surface density
decreases. For each sub-basin, SSS, SST and sdefasigy changes have the same
behaviour in winter as on average over the yeais [Bads us to conclude that deep
water formation should decrease with respect tstiface density changes especially

in the Gulf of Lions and in the Levantine BasineTAdriatic Sea and the Aegean Sea
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might keep a strong local vertical circulation. Jlspatial discrimination is mainly
due to the SSS changes driven by river runoff cean¢ndeed, the change of the
Evaporation-Precipitation term is spatially homogus (figure not shown).

Figures 5 and 6 show an exponential drift of theraged temperature and salinity.
This drift starts earlier for < T > than for < Sbut with a smaller rate of change
(1%l/yr versus 2%lyr). Positive rates of change rmdhat the Mediterranean Sea has
not reached its equilibrium state at the end ofaifecentury. In 2099, the changes
account for +1.5°C and +0.23 psu for the whole Medanean Sea. The changes in <
T >and < S > could also be seen as a represantatithe ability of OPAMEDS to
transfer the surface anomalies towards the deegyerd by vertical and horizontal
physical processes (vertical mixing, subductioffudion, advection). For the whole
Mediterranean Sea and for each sub-basin, tabl®wssareas where this transfer is
more efficient (Adriatic Sea) or less efficient {lamtine Basin) than the average. This
allows the following hypothesis to be formulatediridg the scenario, the deeper
waters of the Levantine Basin are weakly ventilatdetreas the deeper layers of the
Adriatic Sea seem to be strongly ventilated. Thisild be the signature of the
weakening of either the EMDW formation by cascadinghe EMDW advection. The
study of the deep circulation changes between MCNS (see below) should clarify

the changes in the EMDW ventilation.

4.3 Thermohaline cir culation weakening

The comparison between figure 7a and figure 7b shithat the winter MLD has
decreased in all the convective areas at the ertdeoMS run. The winter averaged
MLD is only weakly modified for the Adriatic Sea @rfor the Aegean Sea, as
expected. The Levantine Basin does not appear aeya® a specific area (MLD

shallower than 200 m in MS). The most striking tesuthat the winter MLD do not
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exceed 300 m in the Gulf of Lions in the MS simatwhereas it was deeper than
1500 m in MC. We note that no other deep water &bion area appears in MS.

This first qualitative aspect is confirmed by thealysis of the other MTHC
diagnostics described in section 3.4. Firstly, @ablshows that the formation rate of
dense waters decreases in all the convective arbessdecrease reaches -20% for the
Gulf of Lions and for the Levantine Basin whereaerily accounts for —10% at the
global scale. Figure 10a shows for example that dberease in the maximum
formation rate is not very significant for the Metranean Sea. However, the most
important point is the evolution of the formatioeangdity, which is the density of the
peak of minimum value in the water mass transfoionatiagnostic (see figure 10b).
In all the studied sub-basins (see table 6), themraass formed in winter is lighter at
the end of the scenario than in the control rune Tifference is statistically
significant for all the sub-basins. This is clearfigure 10b in which the scenario
fitted curve (black dashed line) goes out of theyge5% confidence range before
2010. The gap between the control run and the siceisaeven higher for convective
areas such as the Gulf of Lions, the LevantinerBard the Aegean Sea (figures not
shown). Even if the volume of the newly formed watess does not decrease a lot
between the control and the scenario, the decilieagee formation density implies
that the waters formed in the scenario do not amkieep as in the control run. The
maximum density decrease occurs in the Levantir@nBaith a decrease of -0.98
kg.m* between MC and MS whereas the Adriatic Sea keepsefd waters denser
than 29 kg.rit in 2099.

The diagnostic of the maximum depth reached byntineed layer every year also
allows to quantify the change in the dense waten&bion process (see figures 8a, 8b,
8c and 8d as well as table 5). These figures sHww the Adriatic Sea winter

convection is weakly changed. For this sea, theiimamx value of the MLD does not
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change significantly as expected from the othegmistics. For the Aegean Sea, the
maximum MLD decreases by about 20% which is stedity significant at a 95%
confidence level with respect to the interannuaialality. The standard deviation of
the maximum MLD is evaluated as 170m for the Adric&Bea and 210m for the
Aegean Sea in MC. This standard deviation is nghicantly modified in the
scenario (160m and 210m respectively). For the htava basin, the situation is
different with a strong weakening of the maximum M(-60% in 2099). Figure 8a
proves that this strong weakening is due to a @serén the Levantine Deep Water
formation frequency. Indeed, the LIW formation occyearly although reaching a
shallower maximum depth. For the Levantine Badie, new configuration without
LDW formation is stable after 2020 in MS. As a sitire of the termination of LDW
formation, the standard deviation of the maximum DMlis strongly weakened
between MC and MS, going from 520m to 260m. Thisclquevolution toward
another stable state is underlined well by a higth maegative rate of change of the
exponential fit in figure 8a (-3.3%/yr).

The Gulf of Lions exhibits a similar behaviour with rapid weakening of the
frequency of the years with very deep convectioenés. Convection events deeper
than 1000 m disappear after 2020 in our scenargndJthe MLD criterion, the
Western Mediterranean deep convection weakens B96-T 2099, which is
statistically significant at a 95% confidence ledekpite the high standard deviation
of the maximum MLD (590m in MC). As for the Levamdi Basin, the rate of change
appears to be high and negative: -2.5%/yr whichesponds to an e-folding time of
40 years.

The weakening of the winter deep water formatiooutth have an impact on the deep
branch of the MTHC. Figures 11b, 11d, 11f, 12a,, 112, 12d and table 7 show the

weakening of the local overturning stream functions
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The major conclusion is that the MTHC becomes dl@hecirculation instead of a
deep circulation. Indeed, intermediate waters asm@ated with a smaller but still
important volume transport, while the deep and dmottwaters become almost
motionless. The westward LIW volume transport dases by about 45% just after its
formation (section F). This transport is computedlze difference between the sub-
surface maximum and the deep minimum of the ZOFlat°E (see figure 12a). We
obtain a westward transport of 1.61 Sv in MC ar@B(Bv in MS. We identify this
transport as an index of the LIW circulation.

At the Otranto Strait, the ADW volume is nevertlssléncreased in MS by 37% (see
table 7 and figure 12b) but with a lower densitgrthn MC, as seen in the formation
rate diagnostic. The result is a weakening of tiwertorning stream function
associated with the EMDW. Figures 11c, 11d showeerahse in the MOF in the
northern part of the lonian Sea. This decreasé 4% at 37.1°N (section E, table
7). Figure 11d also shows that the volume transgdiinited to the upper 1000m in
MS, while it is important up to a depth of 2500mMC. This indicates a density
decrease of the water resulting from the mixinghef newly formed ADW with the
northwards LIW current. This mixed water, called BEW in present climate, is less
able to cascade over the Otranto Sill in the scers clearly seen in figure 11d. So
the EMDW transport becomes weaker and shallowez.riiimimum value of the ZOF
at 21.7°E (section F, table 7) is also a good indethe ventilation of the EMDW
along its path towards the eastern part of the Madinean Sea. A decrease of -85%
is obtained in 2099. Figure 11b shows that the desgative cell of the Eastern
MTHC is quite negligible in MS. We finally concludkat a large weakening of the
deep Eastern Mediterranean THC occurs during oemas@. It is worth noting that
Myers and Haines (2002) obtain the same ZOF paitera sensitivity study to

changes in surface net evaporation. They so plwaieat large increase or decrease in
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the net evaporation can lead to the MTHC becominghallow intermediate
circulation overlying stagnant deep waters.

No sign of any long-term EMT-like circulation isuind in our scenario even if the
Aegean Sea has been identified as a potential weaggr formation site through the
air-sea fluxes analysis. However, figure 8d shdveg tonvection that is deeper than
usual can occur in MS during some very rare wintarstudy of these specific years
has to be performed before a definitive conclusibout EMT-like circulation and
climate change in the Mediterranean Sea can be.made

In the Western Basin (Gulf of Lions area), the aiton is as sensitive as for the
EMDW. The maximum of the Western MOF is equal t& 8v in MS (figure 11f)
instead of 0.5 Sv in MC (figure 11e). The time sgrof the maximum of the MOF
between Spain and Italy at 40°N (section A+C imuifeg4a) is plotted in figure 12d. It
is a good index of the WMDW transport from the had the south of the Western
Mediterranean and resolves its interannual vaitgbiDuring the scenario, a decrease
of -74% is obtained in 2099 for the MOF maximumtdraf change equal to —
2.5%lyr). This difference is statistically signgiat at the 95% confidence level. The
standard deviation of the maximum value of the M®Fotably decreased in the
scenario going from 0.16 Sv to 0.11 Sv. Moreovie, 0.1 Sv isoline is situated at
1100m in MS (figure 11f) instead of 2500m in MCg(fre 11e). As for the Eastern
Basin, the Western MTHC is strongly weakened anzbives shallower during the
scenario.

A more thorough study of the time-series shoulditee in future work to clarify the
time lag-correlation between the different watersses transport decreases. Indeed,
the following questions remain open: Is the surftiee evolution responsible for all
the decreases of the water mass transport ? Ottlieeecrease of the LIW formation

lead the weakening of the WMDW or EMDW formatio8es the weakening of the

-36 -



WMDW influence the surface circulation ? These ¢joes seem crucial for better
understanding and perhaps monitoring the respoifistheo Mediterranean water
masses to climate change. These issues would l&dgo s to assess and understand
the current climate temporal variability of the Ntedranean water mass formation.

In conclusion, the impact of an IPCC-A2 climate i@ scenario on the MTHC
circulation seems to be a shallowing of the maiepdeater masses and a weakening
of their transport. This weakening reaches 80%tHerdeep circulation and leads to

almost motionless water masses below 1000m inahtem and the western basins.

5. Discussion

5.1 TheGibraltar Strait

The impact of the Mediterranean Sea on the Atla@tean occurs by the means of
the Strait of Gibraltar (Reid 1979, Curry et al.030 Potter and Lozier 2004). A
modification of the T-S characteristics of the Medianean Outflow Water (MOW)
could modify the heat and salt content of the Atta®cean (Curry et al. 2003) and
influence its thermohaline circulation.

The present climate steady state is the followihg:Mediterranean Sea releases heat
and freshwater to the atmosphere and the Atlart&a® supplies the same amount of
heat and freshwater to the Mediterranean Sea thrdlng Gibraltar Strait. These
Gibraltar net transports are the result of a wamd &esh surface inflow of the
Atlantic Waters (AW) and of a cold and salty deagflow of the Mediterranean
Outflow Waters (MOW). With the rigid lid hypothesig/ater fluxes are converted
into salt fluxes but the results are equivalent, iBave consider the Gibraltar net
transports, the Mediterranean Sea is a salt scamdea heat sink for the Atlantic

Ocean. However, if we only consider the Atlantiaraermediate depths, the MOW
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(stabilises at about 1000 m in the Atlantic) isemthand salt source because at this
depth, the Atlantic water masses are fresher alittc

We would like to underline that our model has neet designed to study the
response of the MOW to the climate change. Indeedur model, the evolution of
the MOW is not completely free because of the 3Bxaion in the buffer zone. The
imposed temperature and salinity anomalies of tifebzone used for the relaxation
come from the global low resolution AOGCM (see mect2) and no feedback is
allowed from the ORCM towards these anomalies (@ag-nesting strategy). Our
strategy also obliges us to neglect the followirggdback loop: the MOW
modification influences the Atlantic Ocean at imtediate depths, the Atlantic SST is
modified by mixing and finally this SST modificatiohas a feedback on the
Mediterranean Sea through atmospheric teleconmsctio Atlantic Waters flowing
into the Mediterranean Sea. Because of our downgcatrategy, the results
concerning the MOW have to be considered with cdmvever, due to their likely
important impact on the Atlantic Ocean and despit short period studied (100
years) compared to the Atlantic time scale, we @dile to present them.

Despite the weakening by the intermediate MTHC,Giferaltar Strait exchanges do
not change much with a 4% difference between MC7(Ev) and MS (1.12 Sv) for
the volume transport in 2099 (fitted value).

At the Gibraltar Strait in 2099, the yearly averdgerface temperature of the Atlantic
inflow is equal to 18.0°C in MC and to 20.1°C in M3espite the weakening of the
Gibraltar volume transport, this temperature défere implies that the associated heat
inflow (inflow for the Mediterranean Sea) becomeéghler in MS than in MC (8.2
10" W for MS in averaged over 2099, +11%). In addititme MOW temperature
increases from 12.3°C in MC to 14.8°C in MS andM@W heat transport (outflow)

strongly increases (7.0 Tow for MS in 2099, +19%). These competing heat
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transports lead to a decrease of the net heatptvanacross the Gibraltar Strait
towards the Mediterranean Sea between the contmol(L.5 16*W in 2099) and the
scenario (1.2 18 W, -19%). If we integrate the heat gain differemser the 2000-
2099 period, the Mediterranean Sea total heat ¢f@iough the Gibraltar Strait
decreases by 5.9 Q) over the 100-year period (-13% i.e. -1.8 @7 with respect

to the Mediterranean Sea volume). This is in acoed with the basin averaged
surface heat loss which decreases between MC an¢s&Ssection 4.1). However,
the decrease in the surface heat loss is more temothan the decrease in the
Gibraltar heat gain and, consequently, the Meditesan Sea warms up as shown by
the < T > variable (see section 4.2).

In terms of salinity, the AW salinity and the MOVdligity increase, from 36.32 to
36.52 psu and from 38.35 to 38.80 psu respectivEhe 4% weakening of the
Gibraltar volume transport cancels out the salimtyreases and leads to a decrease of
salt transports (-4% for the AW and -4% for the MDMW contrast with the response
of temperature. Finally, the net salt transportflow - inflow) increases between MC
(2.3 10 g/s in 2099) and MS (2.5 1@/s in 2099, +9%). Integrated over the 2000-
2099 period, the conclusion is the same and theitbteanean salt loss through the
Gibraltar Strait slightly increases by +3.5'1 of salt over the 100-year period. This
means an increase by 5% with respect to the MCevéll2 18° g of salt integrated
over the 100-year period). During the scenario,neevaporation (E-P-R) increases
(see section 4.1) leading to a more saline Mediteran Sea. The compensation
which occurs at the Gibraltar Strait is too weakréach a balance and so the
Mediterranean Sea continues to become increassaily as seen on the salt content
evolution (< S > variable, section 4.2).

With regards to the impact of the changes occurirningpe Mediterranean Sea on the

Atlantic Ocean, we can conclude that the MOW cdaddwarming (with an average
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rate of +0.24°C/decade) and getting saltier (+0.pd8/decade) than in present-day
climate. These trends seem to be already obsenvteiAtlantic (Curry et al. 2003;
Potter and Lozier 2004). Potter and Lozier (200&g gcomparable values for the
observed trends since 1955: +0.181 0.024°C/decade and +0.0283 0.0067
psu/decade. In this context, the®2¥ntury would see an acceleration of the already
observed trends.

However, for the heat and salt budget of the Aitaat intermediate depths, the
important point is that the MOW outflow heat traodpcould increase, while the
outflow salt transport could decrease. The integtat1S-MC difference over the
2000-2099 period indicates that the Mediterranesa @uld transport less salt (-4.1
10" g of salt over the 100-year period) and more kehts 162 J over the 100-year
period) into the Atlantic Ocean at intermediate thepover the 21 century if the

climate system follows the IPCC-A2 scenario instefkleeping the present state.

5.2 Uncertainties

In the current study, we did not explore the uraieties linked to climate change
scenarios. As mentioned in the European PRUDENG®[egr (Prediction of Regional
scenarios and Uncertainties for Defining Europedish&te change risks and Effects,
Christensen et al. 2002), many sources of uncédaiare related to the projection of
regional climate changes. To improve the confiddegel of our results, other IPCC
scenarios and other atmospheric forcings shoutddied.

In the context of global warming, many authors hals® shown that the Atlantic
THC response is sensitive to the choice of the mamadel (parameterizations,
resolution, complexity), to the G@mission rate and to the THC initial state (Stocke
and Schmittner 1997; Manabe and Stouffer 1999; IROQL). It is likely that the
situation could be the same for the Mediterraneaa BHC. We therefore think that

ensemble simulations are needed for assessingail ttee possible evolution of the
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Mediterranean THC for the ZTentury. Testing different ocean models and diffier

physical parameterizations is also necessary ifutiee.

5.2.1 Sensitivity to the physical parameterizations

A good example of uncertainty due to the ocean misdiéhe choice of the physical
parameterizations (vertical diffusion, horizont#ffubion, convection). In our study,
we use the 1.5 turbulent closure scheme availabl®RA8.1 for the vertical eddy
diffusivity (Blanke and Delecluse 1993) and thetioat diffusion is enhanced in case
of unstable stratification to simulate the conwattprocess. Chanut (2003) proved
that a high resolution version of OPA using thesleemes is able to simulate well
deep convection and water mass formation in thedddy Sea. The use of a KPP
scheme does not significantly improve the simutatidMoreover, the enhanced
vertical diffusion parameterization is used in m&@CMs and is known to represent
well the water mass formation process, as notedlmger et al. (1996). For the
WMDW formation and with OPA, Madec et al. (1991#oaproved that the deep
convection is not very sensitive to the choicehef toefficient of vertical diffusion.
However, we believe that these choices may havenpact on the MTHC response
to climate change. The present study is a firstssaent of the possible response of
the MTHC to climate change. Consequently, variarssgivity studies are needed in
the future to determine the robustness of our tesul

For example, other schemes of vertical diffusiod annvection have been used in
recent Mediterranean modelling studies dealing wiiliter mass formation (e.g.
Mellor-Yamada 2.5-order turbulence closure schemidiitis et al. 2003; fixed value
for viscosity coefficient and fixed profile for difsivity coefficient in Rupolo et al.
2003; constant value in Myers and Haines 2002Herdiffusion but with a complete

convection scheme). The choice of the horizontiision coefficient has also to be
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tested as the WMDW formation process seems to Ing sensitive to its choice
(Madec et al. 1991a, 1991b). Moreover, more compldxep convection
parameterizations could be also used as the GlS&Inu@scribed in Canuto et al.
(2004) in a study dealing with the Labrador Segpdsmnvection. The authors show
that the GISS vertical mixing model avoids the stmmings of both Mellor-Yamada

2.5 and KPP models when it is implemented intoas®resolution OGCM.

5.2.2 Sensitivity to the diagnostic methods

To diagnose the mixed layer depth in an ocean miedar from being objective. In
the present study, a TKE criterion based on a fitkedshold for the vertical eddy
diffusivity (5 cnf.s) has been used. Other fixed values could be wEedvell as
other criteria, such as those based on the vesdiedllity with a fixed density gap.
The impact of those criteria on the mixed layertdels difficult to assess as it
depends on the basin and on the depth reachedebgothvection. For the Gulf of
Lions, tests have been performed with a criteriaselol on the density vertical profile
(fixed value 0.05 kg.f). Between the two criteria, we obtain an erroabbut 30%
for the mixed layer depth values given in sectiof Jhis lack of consistency is a
problem even if it probably comes from the densriterion which has not been fitted
for the Mediterranean Sea. However, the main gbaliostudy is to assess the MLD
response due to the climate change (see sectipn~bBthe MS-MC values given in
section 4.3, we obtain an error bar of 5%. Thuscareconclude that the uncertainties

of the MS-MC analysis due to the choice of the MdiBgnostic are relatively small.

5.2.3 River runoff impact

In the scenario, the spatial heterogeneity of tution of the SSS field is mainly
driven by the decrease in runoff of the rivers afithern Europe. This heterogeneity
plays a major role in influencing the spatial patteof the MTHC weakening.
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Nevertheless, the river runoff is known to be veifficult to reproduce using a GCM
(Douville et al., 2002) even with a 50 km resolatifHagemann et al., 2004).
Moreover, in an ensemble of IPCC-A2 regional simiafes, it has been proved during
the European PRUDENCE project (Christensen e2@02) that rivers show a broad
range of responses to the climate change in differegional climate models
(Hagemann, personal communication). This confirgaira the need for ensemble
simulations for which we could use river flux andies coming from various
regional climate models. For this purpose, the wfleour Black Sea/Aegean Sea
exchanges parameterization should not be undewrdstim Indeed, this
parameterization integrates the uncertaintieseéléd the model water flux over the
Black Sea plus the precipitation over the Black &gahment basin.

Moreover, we would like to underline that all tresults presented in this work have
been obtained with a rigid lid model. We are awafrthe problems due to the use of a
virtual salt flux instead of a freshwater flux &tetsurface (Huang 1993). A free

surface version of OPA may be used in future w&sullet and Madec 2000).

5.2.4 Impact of the SST relaxation

In a forced ocean model with SST relaxation, thel@h&ST is mainly driven by the

damping SST which has to be knowenpriori. In our scenario, we use a low
resolution AOGCM scenario to create the damping &8dmalies. The use of this
constraint assumes that the Mediterranean SST-tma@e response to the climate
change is comparable in OPAMEDS8 and in the low ltggm ocean model of the

AOGCM. This hypothesis is probably true to firster. However, the feedback of an
Atlantic THC change on the SST and then on theatknhas been proved by many
authors (e.g. Vellinga and Wood 2002). We think thes feedback should also exist

for the Mediterranean Sea at a smaller scale.d@éatly, we think that locally the
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regional pattern of the MTHC weakening could haveegative feedback to the SST
warming and so to the regional climaféis feedback will be taken into account in
future work with a high resolution Mediterraneamasphere coupled model

developed at CNRM (Sevault et al. 2002; Somot 2005)

6. Conclusion

We performed a realistic scenario of what couldhgeevolution of the Mediterranean
Sea under the IPCC-A2 scenario hypotheses duriag2ffi century. The various
forcings (air-sea fluxes, river runoff fluxes andlakhtic-Mediterranean exchanges)
have been computed using previously run AOGCM aRICW. For the whole
Mediterranean Sea, the heat loss by the surfaceat=s from 6.2 to 2.4 W:hand
the water loss (or salt gain) increases from Q@o/2.01 m/year. The wind stress
forcing also decreases in the sub-basins studiegpesfor in the Aegean Sea.

An increase in SST, which is nearly spatially hosrgpus in distribution, (+3.1°C in
2099, value obtained with an exponential fit) isadfeed, while a heterogeneous SSS
increase is produced by the model (from +0.26 psthé Levantine Basin to +1.03
psu in the Aegean Sea). The pattern of SSS ananalimainly driven by the river
runoff decrease, especially by the Po and the Biszkbehaviour.

These competing changes nevertheless lead to eadecm the surface density and
thus a weakening of the Mediterranean thermohatineulation except for in the
Adriatic Sea which maintains a strong deep watemé#&tion. This weakening is
evaluated at about 80% for the deep circulation @¥¥] EMDW) and at 40% for the
intermediate circulation (LIW) from the maximum uabk of the overturning stream
functions. In the Adriatic Sea, the formation ok tMDW is enhanced but the

cascading of this water past the Otranto Stradn thecoming the EMDW, is notably
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less efficient in the scenario. Similarly, the LDW not formed anymore in the
Levantine Basin in the scenario. No EMT-like evéentobserved even though the
surface flux change over the Aegean Sea shoulcdufadeep water formation in this
basin.

The anomalies of SST and SSS are transmitted iné deeper layers. This
transmission is more efficient in the shallow s@sihs, which keep a vertical THC
(Adriatic Sea, Aegean Sea), than in the deepeibasbis (Levantine Basin, Gulf of
Lions area). Over the whole Mediterranean Seaattezaged temperature increases
by 1.5°C and the averaged salinity by 0.23 psu.

The Mediterranean Sea evolution also has an impad¢he Mediterranean Outflow
Waters (MOW) characteristics. During the scendhese waters become warmer and
saltier (+2.5°C and +0.45 psu in 2099). Warming aatling of the Mediterranean
deep waters and of the MOW have been reported frgainographic data for recent
decades and might be already a Mediterranean Beatelchange signature.

In this study, we have used a control run of theesength as the scenario to evaluate
a possible drift of our model. The stability ofdhiun as well as the weak biases
shown by the OPAMEDS8 model gives us some confidencéhe scenario results.

Nevertheless ensemble simulations are neededdesad® robustness of our results.
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Figures Captions

Fig. 1. Simple diagram of the downscaling stratexgplaining the forcing links
between the three models (AOGCM, ARCM, ORCM) usetihe study

Fig. 2: Time series of the net surface heat flux\{i/nf) integrated over the whole
Mediterranean Sea and yearly averaged. In greycdh&ol run (MC) and in black,
the scenario (MS). A linear fit has been computedMC (grey dashed line) whereas
an exponential fit describes MS (black dashed liide values are the slope of the
linear fit for MC and the rate of change (in % pear) of the exponential fit for MS.
A range corresponding to a 95% confidence levelgfey) has been added for the
fitted curve of MC

Fig. 3: As for fig. 2, but for the net surface watieix including the river runoff flux
(E-P-R, in mm/day)

Fig. 4. Sea surface salinity in winter (Januarypriaary, March) (a) for an observed
climatology (MEDATLAS-II), (b) for the 2070-2099 avage of the present-climate
or control simulation (MC) performed with OPAMED&nd (c) for the future-climate
simulation or scenario (MS). The Gulf of Lions areaefined by sections A (40°N)
and B (9.5°E); the Adriatic Sea by section D (4Q°tNg Levantine Basin by section |
(24.9°E) and H; the Aegean Sea by sections G arfseketions A+C, D, E and F are
used to compute the local values of the overturstrgam functions

Fig. 5: As for fig. 2, but for the 3D averaged tesrgdure, < T >, of the Mediterranean
Sea expressed in °C

Fig. 6: As for fig. 2, but for the 3D averaged s#yi, < S >, of the Mediterranean Sea
expressed in psu

Fig 7: Mixed layer depth (in meters, interval=50fo)y the winter season (JFM)
averaged over the 2070-2099 period (a) for therobmun (MC), and (b) for the

scenario (MS)
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Fig 8: As for fig. 2, but for the maximum depth chad by the monthly mean mixed
layer depth (1 point per year — in meters) (a)tfer Levantine Basin, (b) for the
Adriatic Sea, (c) for the Gulf of Lions area, adjl for the Aegean Sea

Fig 9: Water mass formation rate (in Sv) as a fonctof density. Values are
computed for the entire Mediterranean and are geeraver the 2070-2099 period.
In grey, the control run (MC) and in black, thersmao (MS). In dotted line, the heat
flux contribution and in dashed line the salt feontribution

Fig 10: As for fig. 2, but for (a) the yearly maxam values of the water mass
formation rate in Sv (this maximum formation ratgresponds to the minimum of the
curve of the figure 9 computed every year for thére Mediterranean) and (b) the
density for which the maximum formation rate occurs

Fig 11: Vertical sections averaged over the 207892Qperiod for global
Mediterranean Zonal Overturning stream Functiorf@¢aYhe control run, and (b) for
the scenario. The same calculation has been dondhé Adriatic Meridional
Overturning stream Function covering the Adriatea$lus the northern part of the
lonian Sea limited to 37°N (c) for the control riemd (d) for the scenario. The
western Mediterranean Meridional Overturning strdaumction limited to 38°N has
also been computed (e) for the control run, antb(fjhe scenario

Fig 12: As for fig. 2, but for optimum values ofetlzonal or meridional overturning
stream functions calculated for the sections defimefigure 4a, (a) for the section F
at 21.7°E between the lonian Sea and the LevaBt@sé (the intermediate maximum
and the deep minimum are plotted on the same fig(ls¥ for the section D at 40°N
(Otranto Strait), (c) for the section E at 37.1trthern part of the lonian Sea), and

(d) for the sections A+C at 40°N (western Mediteaan)
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Table Captions

Tab. 1: Characteristics of the different simulasionsed in this study, AS for
Atmosphere Scenario, MC for Mediterranean Contol and MS for Mediterranean
Scenario (we use obs for observations and ananfamalies).

Tab. 2: Yearly mean river runoff fluxes (in*ts) applied to the Mediterranean Sea
model during each decade of the scenario (MS rmdhie main rivers and the Black
Sea. The decades are named by the first year, 01the 2010-2019 decade for
example. The climatology (clim) is applied for th860-1999 period of the scenario
and for the control run.

Tab. 3: Air-sea fluxes for the year 2099 in thetoanrun (MC) and in the scenario
(MS). Values are obtained by means of a lineaiofitMC and an exponential fit for
MS performed on the 1960-2099 time series of eauimble. Values are spatially
averaged over the sub-basins defined in figureFda.the buoyancy flux, the terms
due to heat flux and to water flux are indicatedbiackets. For (wind stress norm)
and ¢ (positive part of the wind stress curl), the wineeveraged values are in
brackets. A MC value noted * means that the slop&e linear fit is statistically
different from zero with a 95% significance lev&lIMS value noted * means that the
MS-MC difference in 2099 is statistically signifrdawith a 95% significance level.
Tab. 4: SST (in °C), 3D averaged temperature (< ih 2C), SSS (in psu) and 3D
averaged salinity (< S > in psu) for the year 209¢he control run (MC) and in the
scenario (MS). Values are obtained by means ofneali fit for MC and an
exponential fit for MS performed on the 1960-2099et series of each variable.
Values are spatially averaged over the sub-basfisatl in figure 4a. The equivalent
values for the MEDATLAS-II database (MEDAR/MEDATLAGSroup, 2002) and the
RSST (in brackets, Smith et al. 1996) are named @BSbservations. A MC value

noted * means that the slope of the linear fittéistically different from zero with a
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95% significance level. A MS value noted * meanattthe MS-MC difference in
2099 is statistically significant with a 95% sigoénce level.

Tab. 5: Maximum mixed layer depth (in m) for theay@099 in the control run (MC)
and in the scenario (MS) for each sub-basins defindigure 4a. Values are obtained
by means of a linear fit for MC and an exponertfttdior MS performed on the 1960-
2099 time series of each variable. Maximum values calculated using monthly
mean MLD files. A MC value noted * means that tHeps of the linear fit is
statistically different from zero with a 95% sigodnce level. A MS value noted *
means that the MS-MC difference in 2099 is sta@dly significant with a 95%
significance level.

Tab. 6: Formation rate (in Sv) and formation denéit kg/nT) for the year 2099 in
the control run (MC) and in the scenario (MS). \&auare obtained by means of a
linear fit for MC and an exponential fit for MS pemmed on the 1960-2099 time
evolution of each variable. Values are spatiallgraged over the sub-basins defined
in figure 4a. A MC value noted * means that thepslof the linear fit is statistically
different from zero with a 95% significance lev&lMS value noted * means that the
MS-MC difference in 2099 is statistically signifrdawith a 95% significance level.
Tab. 7: Maximum and minimum values of overturnitiggam functions (in Sv) for
the year 2099 in the control run (MC) and in therszio (MS). Values are obtained
by means of a linear fit for MC and an exponertfttdior MS performed on the 1960-
2099 time series of each variable. Values are tkd over sections defined in
figure 4a. A MC value noted * means that the slopehe linear fit is statistically
different from zero with a 95% significance lev&lMS value noted * means that the

MS-MC difference in 2099 is statistically signifrdawith a 95% significance level.
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simulations AS MC MS

models ARPEGE OPAMEDS8 OPAMEDS8
years 196(-209¢ 196(-209¢ 196(-209¢
resolution (Med. Sea) 50 km 10 km 10 km
control / scenario Scenario from 2000 control Scenario from 2000
GHG and aerosols obs then IPCC-A2 - -
Air-sea fluxes - 1960-1980 AS  1960-2099 AS
SST obs then obs + AOGCM ano obs obs + AOGCM ano
runoff - obs obs + AS ano
buffer zone - obs obs + AOGCM ano

Tab. 1: Characteristics of the different simulasionsed in this study, AS for
Atmosphere Scenario, MC for Mediterranean Contol and MS for Mediterranean

Scenario (we use obs for observations and ananfumalies)

Rivers  clim 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090
Rhone  170C 166¢ 161%f 164¢ 1581 156¢ 153( 151: 146z 1377 136(
Po 149¢ 137¢ 128¢& 125¢ 118: 122¢ 122¢ 118: 118: 118: 121c:
Ebre 42¢ 39¢ 321 34: 321 317 30¢ 274 274 197 18¢
Nile 87t 94t 954 96z 91C 92& 82z 87t 85¢ 901 814
Black Sea 803¢ 6911 6027 562t 490z 442(C 4661 4581 401¢ 289 233(

Tab. 2: Yearly mean river runoff fluxes (in*ts) applied to the Mediterranean Sea
model during each decade of the scenario (MS rmdhie main rivers and the Black
Sea. The decades are named by the first year, 201ihe 2010-2019 decade for
example. The climatology (clim) is applied for th860-1999 period of the scenario

and for the control run.
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Basin
Flux

MC
MS
Basin
MC
MS
Basin
MC
MS
Basin
MC
MS
Basin
MC
MS

Qtot
W/n?
-6.2
2.4 %

-22.C
-14.1*
-0.2*

-16.5
-23.9*

-21.€
-40.6 *

E-P-R
mm/d

2.0 (0.72mly

2.8 (1.01m/v)

1.€
22*

2.8
3.4*

-0.2
0.8*

Mediterranean Sea
Buoy (heat+water)
10° m?.s®
-10.2 -3.1/-7.1)
-10.5+-1.2*/-9.7 %)
Gulf of Lions
-16.6 -11.0 /-5.6)
-13.7 * (-7.0 */-7.8 *)
Levantine Basin
-10.8 +1.0/-9.8)
-12.6 -0.1/-12.1 %
Adriatic Sea
-8.0-8.2/+0.2
-15.2 * (-12.0 */-3.4 %)
Aegean Sea
-10.4 ~10.8/+0.4
-29.4 * (-20.3 */-9.5 %)

T (JFM;
102 N/m

3.3(6.2
2.8 *(6.0)

5.3(9.5
4.2*(8.4%

34(54
2.8* (5.3

1.8 (3.2
1.6*(4.1%

4.0 (4.9
50* (7.6

& (JFM
107 N/m

14 (2.4
1.5(2.6

2.5 (3.8
24(4.4%

1.4(2.4
1.4 (2.6

4.1(5.4
2.3*(3.8%)

29 (3.4
2.8 (3.4

Tab. 3: Air-sea fluxes for the year 2099 in thetoanrun (MC) and in the scenario

(MS). Values are obtained by means of a lineaiofitMC and an exponential fit for

MS performed on the 1960-2099 time series of eanfmble. Values are spatially

averaged over the sub-basins defined in figureFda.the buoyancy flux, the terms

due to heat flux and to water flux are indicatedbiackets. For (wind stress norm)

and & (positive part of the wind stress curl), the wineereraged values are in

brackets. A MC value noted * means that the slopé&e linear fit is statistically

different from zero with a 95% significance lev&lIMS value noted * means that the

MS-MC difference in 2099 is statistically signifitawith a 95% significance level.
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Basin
°C or psu
OBS
MC
MS
Basin
OBS
MC
MS
Basin
OBS
MC
MS
Basin
OBS
MC
MS
Basin
OBS
MC
MS

SST
19.7 (19.5
18.7
21.8*

17.7 (17.5
16.¢
19.9*

21.4 (21.0
20.1
23.3*

17.7 (17.9
16.€
2047

18.9 (18.7
17.€
21.3"*

Mediterranean Sea

<T> SSS
13.7 38.1¢
13.2* 38.1¢
14.7 * 38.66°
Gulf of Lions
13.C 37.9(
12.4* 37.9¢
14.0* 38.42°
Levantine Basin
14.C 39.0¢
13.6* 39.0¢4
14.9* 39.30"
Adriatic Sea
13.¢ 37.7¢
13.C 38.4¢
16.7 * 39.38"
Aegean Sea
14.¢ 38.3:2
13.¢ 38.4¢
16.6* 39.49°

<S>
38.62
38.62"
3885 *

38.41
38.31"
38.56 7

38.7i
38.85"
38.95"

38.5i
38.6(
39.40"

38.8¢
38.8¢
39.27°

Tab. 4: SST (in °C), 3D averaged temperature (< ih 2C), SSS (in psu) and 3D

averaged salinity (< S > in psu) for the year 209¢he control run (MC) and in the

scenario (MS). Values are obtained by means ofnaali fit for MC and an

exponential fit for MS performed on the 1960-2099et series of each variable.

Values are spatially averaged over the sub-basfisatl in figure 4a. The equivalent

values for the MEDATLAS-II database (MEDAR/MEDATLAGSroup, 2002) and the

RSST (in brackets, Smith et al. 1996) are named @BSbservations. A MC value

noted * means that the slope of the linear fittéistically different from zero with a

95% significance level. A MS value noted * meanattthe MS-MC difference in

2099 is statistically significant with a 95% sigo#nce level.
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basins
MC
MS

basins
MC
MS

MC
MS

Maximum mixed layer depth in winter (in m)

Gulf of Lions Adriatic Sea Levantine Basin efjean Sea
217¢ 80C 68C 75C
460 * 85C 270 * 610 *

Tab. 5: Maximum mixed layer depth (in m) for theay@099 in the control run (MC)
and in the scenario (MS) for each sub-basins defindéigure 4a. Values are obtained
by means of a linear fit for MC and an exponerfttedlor MS performed on the 1960-
2099 time series of each variable. Maximum values alculated using monthly
mean MLD files. A MC value noted * means that tHeps of the linear fit is

statistically different from zero with a 95% sigodnce level. A MS value noted *
means that the MS-MC difference in 2099 is sta@dly significant with a 95%

significance level.

Formation rate (in Sv) / Density (kg/fh
Gulf of Lions Adriatic Sea Levantine Basin Aegean SeaMediterranean

0.9¢ 0.5¢ 1.3 1.0 4.01
0.74* 0.5C 1.07* 0.9¢ 3.59*
Formation densitv (ka/r®)

28.91] 29.2¢ 29.0¢ 29.1¢ 28.8¢
28.60" 29.01° 28.07 " 28.71"° 2857 *

Tab. 6: Formation rate (in Sv) and formation denéit kg/nT) for the year 2099 in
the control run (MC) and in the scenario (MS). \é&suare obtained by means of a
linear fit for MC and an exponential fit for MS pemmed on the 1960-2099 time
evolution of each variable. Values are spatiallgraged over the sub-basins defined
in figure 4a. A MC value noted * means that thepslof the linear fit is statistically
different from zero with a 95% significance lev&lIMS value noted * means that the

MS-MC difference in 2099 is statistically signifrdawith a 95% significance level.
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Overturning stream function (in Sv)

sections Section A+C (40°N) Section D (40°N) Section E (37.1°N) Section F (21.7°N)

MC
MS

0.4z 0.4¢ 0.6¢ 1.01/-0.6C
0.11* 0.6c* 0.5¢ 0.79*/-0.09"

Tab. 7: Maximum and minimum values of overturnitiggam functions (in Sv) for
the year 2099 in the control run (MC) and in therszio (MS). Values are obtained
by means of a linear fit for MC and an exponertfttdior MS performed on the 1960-
2099 time series of each variable. Values are tkd over sections defined in
figure 4a. A MC value noted * means that the slopehe linear fit is statistically
different from zero with a 95% significance lev&lMS value noted * means that the

MS-MC difference in 2099 is statistically signifrdawith a 95% significance level.
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Fig. 1: Simple diagram of the downscaling strateyplaining the forcing links
between the three models (AOGCM, ARCM, ORCM) usetthe study
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Fig. 2: Time series of the net surface heat flux\i/n7) integrated over the whole
Mediterranean Sea and yearly averaged. In greycahé&ol run (MC) and in black,
the scenario (MS). A linear fit has been computedMC (grey dashed line) whereas
an exponential fit describes MS (black dashed liide values are the slope of the
linear fit for MC and the rate of change (in % pear) of the exponential fit for MS.
A range corresponding to a 95% confidence levelg(ey) has been added for the
fitted curve of MC
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Fig. 3: As for fig. 2, but for themr'iet surface watieix including the river runoff flux
(E-P-R, in mm/day)
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Fig. 4: Sea surface salinity in winter (Januaryhriary, March) (a) for an observed
climatology (MEDATLAS-II), (b) for the 2070-2099 avage of the present-climate
or control simulation (MC) performed with OPAMED&nd (c) for the future-climate
simulation or scenario (MS). The Gulf of Lions areaefined by sections A (40°N)
and B (9.5°E); the Adriatic Sea by section D (4Q°tNg Levantine Basin by section |
(24.9°E) and H; the Aegean Sea by sections G arffekitions A+C, D, E and F are
used to compute the local values of the overturatngam functions
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Fig. 5: As for fig. 2, but for the 3D averaged temgure, < T >, of the Mediterranean
Sea expressed in °C
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38.50 _
n a

Fig. 6: As for fig. 2, but for the 3D averaged sili, < S >, of the Mediterranean Sea
expressed in psu
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Fig 7: Mixed layer depth (in meters, interval=50foy the winter season (JFM)
averaged over the 2070-2099 period (a) for therobmun (MC), and (b) for the
scenario (MS)
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Fig 8: As for fig. 2, but for the maximum depth ckad by the monthly mean mixed
layer depth (1 point per year — in meters) (a)tfee Levantine Basin, (b) for the
Adriatic Sea, (c) for the Gulf of Lions area, adjl for the Aegean Sea

-71 -



(€)

—— S : . . . : . . .
O MC slope 2.4 /yr ]
MS rate of change
500 -

-~ — 1000

= -

: b

= | -

.t I

& 5001

: =

K

(=1 I

a

: !
[ #

£ —2000| ’

:J I !

= -
! A L) ==
qtd - -4 e

; | =
2500 B

t N

0001 1 1 1 1 1 1 1 1 1 1 1 1 1 |
2000 2050 2100

fear

(d)

—. ALtV S t ;8 P - L
MC slope 1.5mfyr
4

200 | MS rate of change —3.3%/yr

103:

503: b

EDCI: | Yy 11
'nnn:

'yuu:

‘ﬂDj:

1600}

1

[

T ]
axirmurn MLD {

mean ma

Month

18001 1 1 1 1 1 1 1 1 1 1 1 1 1 |
2000 2050 2100

fear

Fig 8: following

-72 -



24 78
kg /S

T

Fig 9: Water mass formation rate (in Sv) as a fonctof density. Values are
computed for the entire Mediterranean and are geeraver the 2070-2099 period.
In grey, the control run (MC) and in black, thersmaeo (MS). In dotted line, the heat
flux contribution and in dashed line the salt feontribution
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Fig 10: As for fig. 2, but for (a) the yearly maxim values of the water mass
formation rate in Sv (this maximum formation rategresponds to the minimum of the
curve of the figure 9 computed every year for thére Mediterranean) and (b) the
density for which the maximum formation rate occurs
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Fig 11: Vertical sections averaged over the 207892Qperiod for global
Mediterranean Zonal Overturning stream Functiorfgathe control run, and (b) for
the scenario. The same calculation has been dondhé& Adriatic Meridional
Overturning stream Function covering the Adriatea$lus the northern part of the
lonian Sea limited to 37°N (c) for the control ruamd (d) for the scenario. The
western Mediterranean Meridional Overturning strdaumction limited to 38°N has
also been computed (e) for the control run, antb(fjhe scenario
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Fig 11: following
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Fig 11: following
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Fig 12: As for fig. 2, but for optimum values ofetlzonal or meridional overturning
stream functions calculated for the sections ddfimefigure 4a, (a) for the section F
at 21.7°E between the lonian Sea and the LevaBu@sé (the intermediate maximum
and the deep minimum are plotted on the same fjg(og for the section D at 40°N
(Otranto Strait), (c) for the section E at 37.1trthern part of the lonian Sea), and
(d) for the sections A+C at 40°N (western Mediteean)
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Fig 12: following
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