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Abstract

The SAMM (Sea Atmosphere Mediterranean Model) lesnldeveloped to study the
climate evolution of the Mediterranean and Europesgions for the 21st Century.
SAMM is a new concept of AORCM (Atmosphere-OceangiBeal Climate Model),
where a global atmosphere model is locally coupldld a regional ocean circulation
model. It consists of the global spectral AGCM ARFE=Climate model, whose
variable resolution is maximum in the Mediterraneagion (50 km), which has been
coupled to the Mediterranean Sea limited area OGQRAMED (10 km). A 140-
year numerical experiment starting in 1960 was with the AORCM. Up to year
2000, forcing was prescribed from observed valwdsereas forcing following a
SRES-A2 scenario was applied beyond 2000. In dalensure the model stability, a
simple monthly heat flux correction on air-sea exaes was applied. The present-
climate validation proves that the AORCM is compégato the state-of-the-art
European Atmosphere Regional Climate Models (AR@M)e same resolution.

At first order, the climate change impact over B@simulated by the AORCM is
comparable with ARCM simulations. However the AORGMnificantly amplifies
the climate change signal over large parts of Eeimgph respect to the corresponding
ARCM: the warming is higher in all seasons and engnareas of Europe (up to 25%
of the signal), winters are wetter over northerrrdpe and summers drier over
southern and eastern Europe (up to 50% of the I3ighitaese differences are highly
significant and the choice between coupled andeoupled regional models could be
an additional source of uncertainty when evaluatirgclimate change response over
Europe. The factors responsible for these diffezsrare discussed. Among them, the
response of the Mediterranean SST, better simuldtgdthe high resolution

Mediterranean Sea model of the AORCM, seems to iepopderant. Further
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mechanism studies and model inter-comparisons @neVer required to legitimate
the present results.
KEYWORDS: Climate change, regional climate modelling, a&-seupling, Europe,

Mediterranean, coupled model



1. Introduction

According to the Third Assessment Report of thergmvernmental Panel on Climate
Change (IPCC 2001), the climate over the Mediteaanbasin may become warmer
and drier during the 21Century. It has even been described as one ofniia
climate change “hot-spots” (Giorgi 2006) in a stiidged on changes in the mean and
in the interannual variability of temperature ameqgipitation. These results of 21
Century climate change scenarios have been obtaiogkd with global ocean-
atmosphere coupled climate models (Giorgi and B)520Giorgi 2006) and with
atmosphere only regional climate models (Gibelin &equé 2003, Déqué et al.
2005, Gao et al. 2006, Christensen and Christe@88i). However each of these
approaches has its own shortcoming. The global ledumodels or AOGCMs
(Atmosphere-Ocean General Circulation Models) ttalte into account ocean-
atmosphere interactions do not resolve the spatales required to correctly
represent the Mediterranean climate. This climatstiongly driven by the regional-
scale mountains, valleys and local winds, which rawe resolved until the spatial
resolution reaches approximately 50 km (Li et &0

Over Europe and the Mediterranean Basin, the sfatiee art of regional models or
ARCMs (Atmosphere Regional Climate Models) thabhes spatial scales up to 50
or 20 km do not include the ocean feedback. Theégnotise low resolution SST
anomalies coming from previously run AOGCMs with raxtive feedback
(Christensen and Christensen 2007). The represemass of these SST anomalies
in the local seas such as the Baltic Sea, the BSeek or the Mediterranean Sea is
doubtful. Indeed, these seas are not very well lsited by the AOGCMs, which is
rather worrying since the impact of the SST charajabke local seas on the regional

climate is relatively important (Kjellstrom et @005, Somot 2005, Li 2006).



Considering the current available computer powes not possible to run long term
high resolution global coupled simulations. Conssjly, developing Atmosphere-
Ocean Regional Climate Models (AORCM) is the pradtivay to test the impact of
regional coupling on regional climate change. B European area, such a model
has already been set up for the Baltic Sea (Ddsethal 2002, Raisanen et al. 2004,
Kjellstrom et al 2005). Significantly different nds for climate change scenarios
have been obtained by comparing the non-coupleinmalgmodel with its coupled
version. Kjellstrom et al. (2005) claimed for insta that the SST anomaly produced
by the AORCM along the 21Century is far more realistic that the one dedfcenh

an AOGCM.

However, the Mediterranean Sea is more compleintalate than the Baltic Sea. The
long (some decades) memory of the Mediterraneastasais mainly due to the long
overturning time of the Mediterranean ThermoHal@e&culation (MTHC). The
MTHC is an anti-estuarine circulation (Wust 1964jich enables the storage of a
large amount of heat because it can transfer suneater anomalies towards the
intermediate and deep layers (Somot et al 2006yeMaer the MTHC is known to
have different stability states (deep or intermegi8éthoux and Gentili 1999, Myers
and Haines 2002) that can affect the SST patteth smbsequently, the regional
climate. Recent modelling studies suggest thammhelC could be strongly weakened
during the 21 Century under the influence of the global climettange (Thorpe and
Bigg 2000; Somot 2005; Bozec 2006; Somot et al6208uch an event could impact
the regional climate and should be taken into actavhen assessing the climate
change response over the Euro-Mediterranean aheaefbre, since the simulation of
the MTHC requires high resolution atmospheric feiX®yers et al. 1998, Somot

2005) as well as a high resolution ocean model @daet al. 1991, Lascaratos and



Nittis 1998), the use of a high resolution atmospfecean regional climate model
(AORCM) seems to be suitable.

The CNRM (Centre National de Recherches Météorqlaeg) has developed an
AORCM coupling a variable resolution version of tgebal ARPEGE-Climate
model and a Mediterranean limited area versiomef@GCM OPA called OPAMED.
As far as we know, this new model named S.A.M.Mr feea-Atmosphere
Mediterranean Model is the first AORCM dedicatedtte Mediterranean Basin. It is
described in Section 2 along with the validatintadat. This paper aims at addressing
two different goals. The first one is to validatéstnew coupled model. This is done
by comparing the simulated atmospheric fields wittserved data and with the
corresponding ARCM in a non-coupled mode (SectpMBe second goal consists in
describing the AORCM climate change response armlyzing the differences
between the AORCM and the corresponding ARCM imgepf climate change for
the Euro-Mediterranean area (Section 4). The reptatveness of the obtained
differences compared to other uncertainty soureatuated in the European project
PRUDENCE (Déqué et al 2007) will be discussed irtiSe 5 as well as the
comparison with the corresponding AOGCM. We coneludSection 6. This paper is
dedicated to the study of the SST and of the athersp fields. The oceanic
validation of the AORCM has been carried out in $01(2005) and the analysis of
the ocean response to the climate change will lpe doanother paper except for the

analysis of the sea level change that is studidaimplis et al (2007, this issue).



2. Data and model setup

2.1 Data

The atmospheric data used in this study are the @&& (New et al. 2002). They are
globally gridded on a 0.5° resolution grid overdaareas. 2-meter temperature and
precipitation are available monthly for the™2Gentury. They were used to validate
the mean state and the interannual variabilityhef SAMM model during the 1961-
1990 period. European boxes has been defined folgp@hristensen and Christensen
(2007) and Jacob et al (2007) in order to simpiifg readability of this validating
section. The boxes are defined in Table 1 (or iguf@ 4 in Christensen and

Christensen 2007). Only land points are considered.

TABLE 1

Concerning the sea, the only parameter validatatisnstudy is the SST, as it is the
one known to mainly influence the climate. The AR@MSs forced by the so-called
RSSTs (Smith et al 1996), which are also usedHenvalidation. The RSST dataset
shows a weak interannual variability for the Med@aeean Basin due to the way the
dataset was created. Therefore, we also use thea®8lysis of the more recent
ERA40 reanalysis (Simmons and Gibson 2000) to atdidhe SST variability of the
model. Note however that the weakness of the interal variability of the RSST
dataset does not seem to influence the resultseofurrent study as shown in section

3.2.

2.2 Model description

2.2.1 Regional coupling strategy



Different ways of doing regional climate modellifgave been described in the
literature for both ocean and atmosphere modele. €xm either use high resolution
global circulation models, limited area regionaingte models forced by data (often
reanalysis for the atmosphere or temperature ahditga3D climatology for the
ocean data) or a global variable resolution mooeh$ed on the area of interest.
Consequently, AORCMs dedicated to a particular aegabe based on different types
of regional climate and ocean moddt#wever, the general principle is always the
same: an air-sea coupling is applied only overra gfathe domain and data are used
to force the model elsewhere. For example, Dosehexrl. (2002) used an ARCM
forced by lateral boundary conditions taken fromm ERA15 reanalysis and coupled
to a regional ocean model of the Baltic Sea fotmgdlimatological data in the North
Sea. Aldrian et al (2005) also used an ARCM forbgdthe ERA15 and NCEP
reanalyses but coupled to a global stretched ogeadel forced by additional
atmospheric forcing outside the coupling domain.

The Mediterranean Sea is a semi-enclosed basimagegdrom the Atlantic Ocean by
the narrow and shallow strait of Gibraltar. The diracales associated with the
Mediterranean Sea temporal variability are ten sism@aller than those of the Atlantic
THC (10-100 years versus 1000 years). So it igc@bdo simulate it with a limited
area ocean model forced by 3D ocean data in aradiee dealing with the Atlantic
Ocean as in Doscher et al. (2002). Moreover, thditdeganean basin being located in
the mid-latitudes, it is influenced by and in tunfluences many global climate
processes such as the NAO, the African monsoontlaadindian monsoon (see
Lionello et al. 2006 for a review). Finally, theraplex orography surrounding the
basin, the local climate and the Mediterranean cgamesis require spatial high
resolution (Somot 2005). We have consequently ehasgobal and stretched AGCM

to represent the atmospheric part of the coupledeino
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2.2.2 The regional atmosphere model

In the present study, we used the variable reswmlutersion (or stretched version) of
the ARPEGE-Climate model (Déqué and Piedelievre519%his stretching ability
allows this version of ARPEGE-Climate to be at saene time an AGCM because it
is global and an ARCM because of its high resotutiger the area of interest.

The model used here is the same as in Gibelin agu® (2003) and we just recall
here its main features. The spectral truncationli@6, with 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 stretchinglasated at the centre of the
Mediterranean basin (40°N, 12°E) and the stretchiamgor is 3. The grid has 120
pseudo-latitudes and 240 pseudo-longitudes (witedaction near the pseudo-poles
to maintain the isotropy of the grid). As a restiie maximum horizontal resolution
reaches 0.5°, which corresponds to approximatelykmOover the Mediterranean
Basin, and has a minimum of 4.5° in the Pacific.

Déqué and Piedelievre (1995) and Machenhauer €1998) have shown that the
variable resolution version of ARPEGE-Climate retadially reproduces the seasonal
and geographical variations of the main climatatagparameters over Europe. The
climate simulation is reasonably close to the CRidatology (New et al. 2002) over
Europe and around the Mediterranean Basin as shgwaibelin and Déqué (2003)

and Jacob et al (2007), the largest deficiencydaitoo rainy winter.

2.2.3 The high resolution Mediterranean Sea model

In this study, we used a Mediterranean Sea lim#éezh version of the primitive
equation numerical model Ocean PArallel (OPA, Madeal. 1998). This model,
called OPAMED, is based on the 8.1 version of ORA & consequently very close

-9-



to the one developed for the MERCATOR projeletid://www.mercator-ocean,fr

Drillet et al. 2005; Béranger et al. 2004; Alhanudcet al. 2005). It is described in
details in Somot (2005) and Somot et al. (2006yMch it has been used to study the
impact of the climate change on the Mediterraneaa ®ith atmospheric forcing
provided by ARPEGE-Climate. Forcing from the ERAfanalysis (Somot 2005)
and from the ECMWF analysis (Bozec et al. 2006)ehal¢o been tested for present
climate studies.

The horizontal resolution of OPAMED is 1/8°x1/8°0@s @ being the latitude. This is
equivalent to a range of 9 to 12 km from the ndathihe south of the domain with

square meshes. It has 43 vertical Z-levels witttetched distribution (fromAZ = 6 m

at the surface tdZ = 200 m at the bottom with 25 levels in the fit€000 m). The
maximum depth is 4100 m in the Mediterranean Seatétn Basin).

The OPAMED grid is tilted and stretched at the Gitar Strait to better follow the
SW-NE axis of the real strait. The Gibraltar Straitepresented with a two grid-point
wide strait. The Atlantic ocean was modelled asutieb zone with a restoring to
climatology as described in Somot et al (2006).iAet step of 20 minutes was

applied.

2.2.4 The regional coupled model

The regional coupled model used in this study waset on the coupling of the two
models described above: ARPEGE-Climate and OPAMHi2y were coupled with

the OASIS coupler (Valcke et al. 2000) with a dailge step. Over the coupling zone
(ocean model domain), the models exchange SST, \Wwatdr and momentum fluxes.
Technical details about the coupling can be foum&evault et al (2002) and Somot

(2005).
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It is worth noting that the use of a Mediterran&aa limited area model for the ocean
leads to neglect a possible global feedback loopledd, we assumed that the
influence of the Mediterranean Outflow Waters (flogvinto the Atlantic Ocean at a
1000m depth) on the Atlantic SST (through the Attathermohaline circulation) and

then on the Euro-Mediterranean climate is weak.

2.3 Models setup and simulations

In this paper, we compared two 140-year simulati®61-2099) following the
SRES-A2 scenario (IPCC 2001). One is performed withARCM in a standalone
mode and the other with the AORCM. The IPCC-A2 scenis a pessimistic

scenario in which the C{xoncentration is about 815 ppm in 2099.

2.3.1 Simulation with the ARCM

The experimental set-up (SST and radiative forcimg} the same as in Gibelin and
Déqué (2003). Up to year 2000, SST was prescrilmd fnterannual observed data
(Smith et al. 1996). GHG gas and aerosol conceotimivere imposed from observed
values. Then, from 2000 onwards, the simulation feased by SRES-A2 radiative
forcing (GHG and aerosol concentrations). Modif&8Ts were also used as surface
boundary conditions for the ARCM. They were compuézactly as in Gibelin and
Déqué (2003) except for the choice of the SRESat@ifA2 instead of B2). This
computation used global low resolution AOGCM sintioias (A2 scenario and
control run) coming from the CNRM (Royer et al. 20@ouville et al. 2002) to
obtain SST anomalies. These anomalies were theplysadded to Smith et al (1996)
climatology in order to force the ARCM.

The year numbering corresponds to the SST chrogalegd to force the atmospheric
model. This does not imply that the daily atmospheirculation of the model (or
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even the climate of the year) coincides with thei@cone since no other data were
assimilated in the model. Only the climate staisstare reproduced by climate
models. We performed a 1 year long spin-up (1960drder to stabilize the soill

scheme.

2.3.2 Simulation with the AORCM

Up to year 2000, the same observed data as fokRi&M were applied as boundary
conditions except for the Mediterranean SST (cogpiione). The coupled simulation
was performed without any relaxation at the seéasarnor in the deep layers but we
applied a heat flux correction (see below).

Explicit river runoff discharges were applied tokedahe water budget more realistic.
A monthly mean climatology covering the 1900-19&ti@pd was extracted from the
RivDis UNESCO database (Vorosmarty et al. 1996j).tRe Nile River, we only kept
the data collected after the Aswan dam was buili9é4. In OPAMED, the Black Sea
was considered as a river with a fresh water flguae to the E-P-R budget of the
Black Sea (Stanev et al. 2000).

We simulated the Atlantic Ocean by a buffer zondaM@.1°W, 32°N-40°N) where
we applied a 3D relaxation towards the Reynaud @t998) climatology as described
in Somot et al. (2006). The relaxation was wealkesecto the Gibraltar Strait (100-
day restoring time scale) than it was by the westenit of the model (3-day at
11°W).

Initial  conditions were taken from the MEDATLAS-II database
(MEDAR/MEDATLAS Group, 2002) for the Mediterranea®ea and from the
Reynaud et al. (1998) climatology for the Atlarp@rt of the model. A 20-year long
spin-up was run before starting to study the sitmrda The first 10 years were
performed with OPAMED in the standalone mode anstrang 3D relaxation for
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temperature and salinity, whereas the 10 last yefatise spin-up were run with the
coupled model.

After year 2000, the SST outside the Mediterran8aa and the radiative forcings
evolved as they did in the ARCM run. River disclesrgand buffer zone T-S

characteristics also changed following the A2 sdenasing an anomaly mode. The
Atlantic T-S anomalies were computed as differertzetsveen a given year and the
present-climate state from the outputs of the AOG&IMady used to compute the
SST anomalies for the ARCM simulation. For the rigéscharges, the anomalies
were applied as multiplying factors of the climatyy. These factors were computed
for each Mediterranean river catchment basin froe ARCM runoff outputs as a

ratio between future and present climate. The atiemavere then filtered and

evolved every decade from year 2000.

Details about the ocean configuration and aboutirtiigementation of the external

forcing in the scenario are given in Somot (200%) Somot et al. (2006).

2.3.3 Heat flux correction

Because of bias in the air-sea fluxes of ARPEGHE&le (the heat loss is generally
too strong when averaged over the whole basin inter), a simple heat flux
correction was applied in the coupled model overNfediterranean Sea. It consists in
adding a constant term in the equation of the tealpevolution of the sea surface
temperature (noted T) as follows :

oT(x,y,t)

p =Q(xy,t)+C, (1)

whereQ is the heat flux provided by the atmospheric matgdending ol and on

atmospheric variablesl and Q depend on longitudex), latitude §) and time )

whereasCy (equivalent to a heat flux) only depends on thatim® (12 values) and
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is spatially averaged over the Mediterranean Sefacai This correction does not
directly act upon the atmosphere model but inflesntin removing the SST bias. It
is worth noting that the correction does not chathgespatial and temporal variability
of the coupled model and also helps to stabilizEeADRCM when it is run for a long
period of time. The correction has been designeah fa preliminary ocean simulation
forced by ARPEGE-Climate with a SST relaxation taygaobserved data as well as
from simulations with the AORCM. The yearly meanueaof the correction is equal
to 28 W/nf correcting the too strong average heat loss, valseiteamounts to —13

W/m?in August and +69 W/fin January.
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3. Validation

The validation was mainly done for the 1961-199€@qak a period long enough to
take into account the interannual variability a# glimate system. This validation was

only done on yearly averages of model output.

3.1SST

The heat loss, spatially averaged over the Mediteran Sea and temporally over the
30-year period, amounted to —3.9 W/nihis value is consistent with in-situ
evaluations of this term which are of+B W/nt (Béthoux 1979, Bunker et al. 1982).
The SST bias of the uncorrected AORCM was equat0t®°C (1961-1990 value)
with respect to the RSST data (Smith et al. 1996 heat flux correction, used in
this study, reduced the bias to —0.1°C with negati&lues in winter and positive in
summer. It is worth noting that other climatologgtakets give different values
compared to the RSST dataset (19.5°C) for the yeaelan observed SST: 19.7°C for
MedAtlas-Il (MEDAR/MEDATLAS Group 2002), 19.6°C fdviODB5 (Brasseur et
al 1996) and 19.3°C for ERA40 analysis averagedr dhie 1961-1990 period
(Simmons and Gibson 2000).

Both corrected and uncorrected AORCM simulationswslan interannual standard
deviation of the Mediterranean SST equal to 0.22(1R61-1990 period, after
removing the trend), which is in agreement with BERRA40 SST analysiso(= 0.25
K). Besides, we found that the heat flux correctibmes not modify the model
interannual variability of the SST. In addition,rohg the same period, a trend in SST
was observed: +0.019°C/year (but only +0.011°C/ylearthe 1961-1980 period).

This positive trend is caused by a weak imbalaretevden the yearly mean heat loss
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by the sea surface (-3.9 Winand the heat flux gain by the Gibraltar Straansport
(+4.4 WInf). It is concluded that the heat flux correctionsvedficient in correcting

the AORCM biases in SST and heat flux.

3.2 Theatmosphericfields

Over land, we performed the validation using tHédent boxes described in Section
2. Over these boxes, we compared the temperatu@Zmaand the precipitation
provided by the AORCM and ARCM simulations to th&®W observed gridded
dataset. Tables 2a and 2b summarize the resutisjirsdp that the regional coupled
model is as good as the regional forced atmosphede! at the same resolution and

close to the CRU values.

3.2.1 Winter bias

In winter, the AORCM shows a cold and dry bias otlex southern Europe boxes
(Iberian Peninsula and Mediterranean) whereas anwaas is obtained over the
Scandinavia box. In addition, the SAMM model is tony over the Northern

European boxes. These biases have already beetegpp@nt in ARPEGE-Climate

version 3 (Gibelin and Déqué 2003, Jacob et al p@dd are linked with the mean
sea level pressure bias (model too zonal). Tablearh 2b also show that no
statistically significant difference can be founetween the AORCM and the ARCM

for the winter season.

With regards to the interannual variability, the @R and the AORCM show the
same behaviour. Their interannual standard devist{temperature and precipitation)
are never significantly different from each otheer at a 90% significant level. Both

models are then equivalent with respect to predanate in winter.
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TABLE 2aand TABLE 2b

3.2.2 Summer bias

In summer, the AORCM was too warm compared to tRé&J@lataset over the East-
Europe box and too cold over the Mid-Europe, Sazanda and Alps boxes.
Temperature biases are nevertheless always lesslfiia Precipitation biases are
also weak for this season (less than 0.3 mm/dpadth the model is significantly too
wet for Iberian Peninsula, France, Mid-Europe arghnBlinavia. No systematic
improvements were observed in the AORCM comparedhéo ARCM. The two

models have comparable quality and the differemeag be attributed to the chaotic

behaviour of the atmosphere and to the inter-deécadebility of the models.

As in winter, the AORCM simulates an interannuatiafaility that is not different
from the one simulated by the ARCM. Moreover, aidatlon of the intermediate
seasons has also been carried out (not shown)simtitar conclusions for the mean

and the standard deviation of the temperature asdptation.

3.2.3 State of the art

Following the model intercomparison of the PRUDEN@1Bject (Christensen et al
2002), Jacob et al. (2007) analyzed the biased &RCM runs over Europe at a 50-
km resolution over the same boxes at the presesd. drhese values could be seen as
the state of the art of the RCM biases for climatmulations over Europe.
Considering the 32 compared values (2m-temperatnce precipitation, winter and
summer, 8 boxes), one can tell that the AORCM \kmashtest model in 22% of the

cases, was in the first half in 69% and was thestvamly one time out of 32.
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We can thus conclude that the present AORCM isa gonodel when compared to
the state of the art of uncoupled regional mod#sreover, the bias and the
interannual variability simulated by the two modate statistically comparable. The
coupled and non-coupled ARPEGE-Climate versions taemn equivalent for the

present-climate.
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4. Climate change response and impact of the coupling

In the following, the response of the models tonelie change is studied in terms of
the difference between the 2070-2099 and the 198D-1mean climatological

parameters.

4.1 Impact on the SST of the M editerranean Sea

In the AORCM, the yearly mean SST averaged oveiMéditerranean basin (East of
the Gibraltar Strait) increased by +2.6°C with animium in spring (+2.3°C) and a
maximum in summer and autumn (+2.9°C). This is gneament with non-coupled
ocean scenarios (Somot and Sevault 2005, Somdt 20@6). Figure 1 shows the
spatial pattern of this response. Minimum warmiogured along the Atlantic Water
pathway in winter and summer and in the north-eagiart of the Mediterranean Sea
in winter. Maximum warming was encountered in thallwer parts of the sea in
winter (North of the Adriatic and Aegean Seas andf Gf Gabes) and in the north-

western part in summer (Adriatic Sea, Tyrrheniaa &&d Liguro-Provencal basin).

FIGURE 1

FIGURE 2

The SST anomalies used to force the ARCM in theiddednean Sea were provided
by a low resolution AOGCM run (Royer et al 200Zaasee Figure 2). The mean SST
of this model increases by +2.5°C with a minimum spring (+2.1°C) and a
maximum in summer (+3.1°C). The yearly mean anagsakire similar in the
AORCM and in the AOGCM (and consequently in the ARC However, the

seasonal cycle of the AORCM, as well as the spataatern were significantly
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changed with respect to the ones of the AOGCM ljasva when comparing Figure 1
and Figure 2). Winter, spring and autumn were warinethe AORCM whereas
summer was colder. These differences are the signatf a damping of the SST
anomaly seasonal cycle. The maximum warming in semwas weaker and the
minimum warming in spring was stronger. In ordeestimate the different behaviour

of the two models, we have computed the parameDewbich is defined as :

DD = (AORCM-future — AORCM-present) — (ARCM-futureARCM-present) (2)

A positive value of DD means that the SST warmihthe AORCM is stronger than
that of the ARCM (and therefore of the AOGCM). g 3 shows a map of the DD

parameter for SST. The DD value was also calculitedther variables.

FIGURE 3

The DD in SST, noted DD(SST), reached +0.3°C intevinvalue significantly
different from zero at a 99% level with respectthe interannual variability of the
AORCM SST), +0.2°C in spring (significant at a 99ewel), -0.2°C in summer
(significant at a 90% level) and +0.04°C in autufmat significant).

In winter, DD(SST) was maximum in the northern-westpart of the Mediterranean
basin (see Figure 3a). In spring the maximum of 8®X) was located in the north-
eastern part of the basin (+0.3°C in the LevanB@asin and the Adriatic Sea). In
summer, DD(SST) was minimum in the south-easterh gfahe Mediterranean Sea
(see Figure 3b). No spatial differences were founautumn. The spatial differences
in the SST anomaly between the models are notteasyplain but they are probably

due to a better resolution of the surface currants the thermohaline circulation of
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the Mediterranean Sea in the AORCM compared to AGCM where the

Mediterranean is crudely modeled with a coarse @idn longitude).

4.2 Impact on the two meter temperature and the precipitation

For the same 8 boxes as for the validation, TaB@sand 3b summarize the
temperature and precipitation anomalies for the 80R(see also Figure 4 and 5 for
winter and summer) as well as the difference ofghemalies (equivalent to DD in

temperature and precipitation).

TABLE 3aand TABLE 3b

At the end of the ZLCentury, a strong warming was simulated for adisems. This
warming has the same characteristics as that sietlksy the regional models used in
the PRUDENCE project. Déqué et al (2005) descrittesl mean behaviour as a
warming that is stronger in summer than in wintey; 6tronger over land than over
sea (2), warmer in the eastern part of Europe mtewxi(3) and in the southern part in
summer (4).

These four characteristics were also found in thesgnt simulations and are
presented in Figure 4. As an example, for the Fedox, the AORCM warming was
stronger in summer (+4.6°C) than in winter (+2.§°@gaker than the East-Europe
warming in winter (+4.2°C) and stronger than théi&n Isles warming in summer

(+2.7°C).

FIGURE 4

FIGURE 5
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In the AORCM (land points only), the weakest wargniwhich is nevertheless highly
significant, occured in the British Isles box irrisg (+1.7°C) and the warmest box
was the Mediterranean box in summer (+5.2°C). Smalleas with warming higher
than 6°C can be seen in winter in Russia (Figujeadd in the Balkan area in summer

(Figure 4b).

For precipitation, Table 3b also shows a patternsstent with the PRUDENCE
results (Déqué et al 2005). A wetter climate inteir(see Figure 5a) for the northern
part of Europe (significant for the British Isledvlid-Europe, East-Europe,
Scandinavia) with a drying over the Mediterrane@a @and a drier climate during
summer (significant everywhere except for Scandajavihe summer drying (see
Figure 5b) was maximum for the southern part ofolgar(lberian Peninsula, France,
Mediterranean, East-Europe). It reached less thamum/d in Romania. Note that the
drying behaviour was also true for the intermedssasons for the Iberian Peninsula,

France and Mediterranean boxes (figures not shown).

Giorgi (2006) proposed to characterize the regiahialate change response by using
a Regional Climate Change Index (RCCI). This iné&based on an ensemble of
global air-sea coupled models and on regional m@&cipitation change, mean
surface air temperature change and change in tkerammual variability of
precipitation and temperature. In that study, th€CR permits to identify the
Mediterranean (MED) and North-Eastern Europe (NEggjons as the main climate
change “hot-spots” with a RCCI reaching 19. Over #6 regions defined by Giorgi
(2006), the RCCI values ranges from 5 to 19. Wemdwrd the RCCI values over the
boxes used in our study as well as over the reglefised by Giorgi (2006). We used

a global warming value of +3.25°C in order to comepthe Regional Warming
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Amplification factor (RWAF, see Giorgi and Bi 2005)The corresponding average
global precipitation change amounted to +4% in A@RCM. These values were
computed from the AORCM simulation (2070-2099 pdyioncluding ocean areas.
The main difference with the study of Giorgi (2006)that we computed the RCCI
using summer (June-July-August) and winter (Decerdbauary-February) values
instead of wet and dry season values to be consisith the frame of our study.

For the AORCM, RCClIs equal to 19 and 20 were okthiaver the MED and NEE

regions defined by Giorgi (2006) in good agreenveith his study. Moreover RCCls

higher than 16 were obtained over all our own barekided in the MED and NEE

regions: 20 over lberian Peninsula (IP), 17 overNrediterranean (MD) and 24 over
East-Europe (EE). The good agreement with Giomgigilts allows us to have some
confidence in the climate change signal simulatethe AORCM and singles out the
Mediterranean Basin and North-Eastern Europe aslitmate change “hot-spots” of

the AORCM simulation.

4.3 Impact of the coupling

Now, we would like to describe the differences leswthe responses of the AORCM
and the ARCM by comparing the two correspondingsru@nly statistically
significantly differences, underlined in grey inbles 3a and 3b, will be pointed out
and discussed.

The warming simulated by the AORCM was strongenttitee ARCM one. Such a
statement is true over a large part of the domaiwinter (Figure 6a) mainly in the
northern part of Europe (British Isles, France, Miarope, Alps, East-Europe). The
DD value was rather large: it reached +0.9°C okerEast-Europe box, that is to say

it accounts for 20% of the AORCM warming.
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FIGURE 6

In spring, the area in which the warming is strongethe AORCM than in the
ARCM is restricted to the East-Europe box (+0.9%@)ereas it also reached the
Mediterranean box in summer (+0.8°C, Figure 6b)aliumn, no significant signal
appeared in the box averages. However, the warmasgsignificantly weaker in the
AORCM over the Middle East.

Concerning the precipitation in winter (Figure 7the AORCM was generally wetter
than the ARCM in northern Europe even if only thé@igh Isles box was significantly
affected (the AORCM anomaly was twice as high as ARCM anomaly). The
summer drying at the end of the Century was sicauifily stronger in the AORCM
(Figure 7b) over the same regions as for the teatpex (Mediterranean, East-
Europe) and also in autumn over the Mediterranean Im these cases as well, the

climate change signal of the AORCM was more thanewhat of the ARCM.

FIGURE 7

The AORCM-ARCM differences in terms of climate chanresponse seem to be
rather large compared to the climate change sitg&lf. Moreover these changes are
spatially and physically consistent (see Figureséba 7a, 7b) as well as statistically
significant with respect to the interannual varigpi(see Tables 3a and 3b). All these

differences are compared to other sources of uaiogytin Section 5.

4.4 Under standing of the coupling impact

4.4.1 Winter
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In winter, climate change responses can be oft@hamed by changes in the large
scale circulation whose signature is well markedtlom mean sea level pressure
(MSLP). Figure 8 represents a map of DD(MSLP) inteti expressing the difference
of the anomalies between the AORCM and the ARCMe (Bguation 2 for a
definition). A significant negative DD(MSLP) was sd#yved over the north of Europe,
which was centred in Scandinavia (DD(MSLP) = -4 hRPahe Scandinavia box,

statistically significant with a 95% level).

FIGURE 8

This favours the advection of Atlantic air mass rowentral Europe, which is
responsible for the observed temperature and ptatwgn anomalies (see Figures 6a
and 7a). A dipole pattern can also be noted foctbed cover and the water available
for precipitation with higher values over northeéfarope and lower values in the
south. It is worth noting that the AORCM-ARCM difeace in terms of 2m
temperature, precipitation, water content and cloaner looks like a NAO+ pattern.
The link between the DD(SST) (larger warming fa@ /ORCM in the north-western
part of the Mediterranean Sea) and the DD(MSLP)as yet explained and is not
consistent with sensitivity studies performed wah atmosphere model forced by

SST that has been modified over the Mediterranean(8 2006).

4.4.2 Spring

Like in winter, the DD(MSLP) showed a negative amadynbut now located over
central Europe. This could lead to an enhancedciidveof warm and wet air masses
coming from the Mediterranean Sea in the AORCM carag to the ARCM. In

addition, the DD(SST) is positive in spring and em@anportant in the north-eastern
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part of the Mediterranean Sea in the AORCM. Bo#séheffects could contribute to
warm East-Europe. Finally, a positive feedback leé snow cover seems to be
sufficient to create the DDgF) described for the EE box (+0.9°C, see Table 3h an

Figure 9).

FIGURE 9

4.4.3 Summer

For the summer, Rowell and Jones (2006) proposee ttdriver” mechanisms and
one positive feedback for explaining a higher dgyiand warming over eastern
Europe and the Mediterranean area in the climaaegd context. These mechanisms
can be used to explain the AORCM-ARCM differences.

The first driver mechanism is linked with a loweillsnoisture (SM) in spring. As no
significant DD(SM) was obtained in spring, this rmaogism is not relevant in our
case. The second one is based on large-scaleatiozublifferences. This mechanism
does not correspond to the AORCM - ARCM differensi¢her, because no
significant DD(MSLP) was found in summer. The lase however seems to explain
part of our signal. It is based on a larger lanal-sentrast leading to an increase in
atmospheric water-holding capacity higher over l#mah over sea. This implies a
strongly reduced relative humidity for continentl masses advected from the
maritime areas leading to a decrease in conveptieeipitation, cloud cover and an
increased warming (increase in short-wave radiaticarming by sensible heat flux,
decrease in evaporation). This third driver mecsrancorresponds to the AORCM
situation because the SST warming was lower INnAGRCM than in the ARCM in
summer, whereas the continental warming was highess increasing the land-sea

contrast.
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The positive feedback between the soil moisturelatigm in summer and the
decrease in evaporation and convective activitycivas also mentioned by Rowell
and Jones (2006), is also supposed to play an tamgorole in the simulated
AORCM-ARCM differences by amplifying the “land-seantrast” mechanism.

These mechanisms (land-sea contrast and summernsodture feedback) are
reinforced by the fact that the atmospheric wateerdence (E-P) over sea increases
less in the scenario in the AORCM than in the ARCMis leads to negative DDs
with respect to the water vapour (see Figure ll@ycccover (see Figure 11) and soil
water content over the Mediterranean countries Eamst-Europe areas. The summer
drying and warming of this part of Europe is consagly enhanced (see Figure 6b

and 7b).

FIGURE 10

FIGURE 11

4.4.4 Autumn

In autumn, changes between the ARCM and the AORGMat concern Europe but
the Middle East. In the AORCM, there was a largerease in atmospheric water
divergence over the Eastern part of the Mediteaan8ea together with a water
convergence over the Middle East with more cloudd more rain explaining the
observed temperature and precipitation changesrésnot shown). As the AORCM
and the ARCM simulated equivalent SST differendgeame seasonal mean, same
spatial pattern), high-frequency coupling processasst explain this significant
difference. However, the study of these processescamplex and requires
computationally expensive sensitivity tests witle tAORCM that are beyond the

scope of this paper.
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5. Discussion

5.1 How large ar e the coupled/non-coupled differences?

From the previous results, we can claim that ac®of uncertainty in predicting the
climate change in Europe could come from the chbesveen an ARCM and an
AORCM with an interactive Mediterranean Sea. Nowwarild like to evaluate how
large this new source of uncertainty is in commarito other sources due to model
choice and pointed out by the European PRUDENCHeg@ro(Christensen and
Christensen 2007). These other sources in regidmbte modelling comprise the
choice of the ARCM for a given forcing GCM, the adwof the forcing GCM, the
choice of the SRES scenario and the internal meatébility (Déqué et al 2007). For
a given SRES scenario (A2 for example), Déqué €2@D7) proved that the larger
sources of uncertainty lie in the choice of theciiog GCM in all seasons and in the
choice of the ARCM only in summer.

Note that the uncertainty linked to the internald®lovariability of a given RCM or of
a given GCM has not been evaluated in this study. &mosphere models, this
internal variability can be linked to different tial states of the atmosphere or to
different SST forcings. We assume that this intemadel variability is negligible
with respect to the other sources of uncertaintgtvidoften true (Déqué et al., 2007).
For the AORCM, we also assume that the initialestdtthe Mediterranean Sea model
IS not an important source of internal model valigb This should be evaluated

through ensemble simulations in the future.

Using the four GCMs and the eleven RCMs of the PENDE project, we were able

to compute the InterModel Distand®) for temperature and precipitation denoted

-28-



IMDgcm and IMDgewm respectively. ThdMDgew was computed using the Hadley
Center GCM (HadAM3H) as a common boundary forcing the various RCMs.
These indexes can be considered as an evaluatite ohcertainty due to the choice
of the model that is to say due to the spreadinthefmodel responses around their
mean response.

For example, théMIDrcy for temperature was computed as :

2
IMDge :\/mZ(ATi -AT)) 3)
i<j

wherei andj are used to number the models from 1 to 11 (ferREMs);AT,; is the

climate change response of the madmhd N(N-1)/2is the number of model couples.

The larger thdMD index the larger the difference in the model responSlese that

thelMD is exactly equal to the intermodel standard denatultiplied by\/E.
TheIMD computation has been carried out in the casesenthere was a statistically
significant difference between the AORCM and theGARresponses as provided by
the so-called DD values (see grey boxes in Tabdear@l 3b). A value of DD larger
than thelMD implies that the impact of the regional couplingtbe regional climate
change response is greater than the impact of d#ifegent GCMs or RCMs. Results

are summarized in Table 3a for temperature andeTatbifor precipitation.

In three seasons (winter, spring and autumn) antvo parameters (temperature and
precipitation), DD was always larger thlMDrcy and had, at least, the same order of
magnitude asMDgcm. In summer, the situation is the same as in wintar the
Mediterranean box but different over the East-Eardmx. IndeedIMDgcyv and
IMDgcwm are very large over this last box in summer (nthea 1.3°C and 0.4 mm/d)
and they are both larger than DD. The high valuBMidscuy can be explained by the

strong warming of the Hadley Center model in thmsaacompared to other GCMs.
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For IMDgrcwm the high value of the index is explained by tiggics of the Eastern-
Europe climate in summer: convective weather siinat strong atmosphere-land
interaction and important contribution of the sedter content in the determination of
the 2m temperature (Rowell and Jones 2006). Thecisp climate and these
threshold effects on the soil water content migtglan why the RCMs are so free
with respect to their common lateral boundary ctods and then able to diverge.
Our study proves that whatever the summer behaviver the EE box may be, the
uncertainty due to using coupled or non-coupled RiSNarge and should not be
neglected a priori. Consequently this new sourcanafertainty should be taken into

account when dealing with European climate change.

5.2 Comparison with the AOGCM response

In order to acquire a better understanding of ifferénces between the AORCM and
the ARCM responses to climate change (DD values), also compared their
responses to that of the corresponding AOGCM (gatmysics, Royer et al 2002). The
AOGCM and the ARCM have the same SST response itnatd change by
construction (see Section 2) whereas the AORCMeé&hdsdferent response in SST
(see Section 4). However, over the Mediterraneansbeface, the AOGCM and the
AORCM are coupled and the ARCM is forced. But, &#iRCM and the AORCM
have the same resolution over the Mediterranean®ést the AOGCM has a lower
one. Therefore, comparing the three model respottsetimate change could also
help to find out which factor among the resolutitiie Mediterranean coupling or the
Mediterranean SST difference sparks off the obseA@RCM-ARCM differences.
Gibelin and Déqué (2003) have already comparedAREM and the AOGCM in

SRES-B2 simulations in the same configuration @8 response of the AOGCM
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was used to force the ARCM). They concluded thatrésolution has a weak effect
on the climate change impact at the European scale.

The comparison between the three models was castiedver the boxes where the
DD parameters were significantly different from adisee Tables 3a and 3b). In
winter, for all the significant boxes, we found tthlke AOGCM response is equal to
the ARCM response even if these models have ardifferesolution and a different
coupled/non-coupled mode. This implies that the ABMRARCM differences would
only be explained by the Mediterranean SST diffeeegiven by the two models
during this season. This SST difference is mainlg tb an explicit simulation of the
Mediterranean thermohaline circulation due to tighesolution ocean part of the
AORCM.

The same behaviour was observed in spring fordhmpérature over the East-Europe
box showing that the difference in SST responsgkeasource of the AORCM-ARCM
difference, as it is in winter. The ARCM, AORCM, ATM comparison did not
bring clear conclusion in autumn.

In summer the situation is different. Over the Medanean and East-Europe boxes,
the AOGCM response was very similar to the AORCIpomse. The prevailing
factor explaining the DD values is consequentlydbepling over the Mediterranean
Sea because the non-coupled ARCM has a differespiorese. For this season, the
interactive Mediterranean Sea enhanced the sintulaggming for the areas under

Mediterranean influence.
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6. Conclusion

As far as we know, this is the first time that thienate change response over Europe
and the Mediterranean basin has been studied usifggh resolution coupled
Atmosphere-Ocean Regional Climate Model (AORCM)e T®AMM model (Sea-
Atmosphere Mediterranean Model) coupling a glokaiable-resolution atmosphere
model (50-km over the Mediterranean area) to arhOMediterranean Sea model has
been designed to represent the major atmosphedioesanic characteristics of the
Mediterranean basin which is mainly driven by oegdry, small scale physical
processes and narrow straits. A SRES-A2 scenaddean carried out with SAMM
from 1960 to 2099. An anomaly mode was used to lgsitmuthe evolution of the
external forcing (SST outside the Mediterranean, @dkantic T-S characteristics,
river runoff fluxes) in addition to the GHG and agol concentrations.

A simple heat flux correction was successfully agpbver the Mediterranean Sea. It
allowed us to remove the SST bias and to ensurmtuel stability without changing
either the SST spatial variability or the interaahwariability. Moreover, we verified
that the AORCM was as good as the corresponding MRERPEGE-Climate) for
the present climate and belongs to the state-e&theof the European regional
climate models.

The climate change simulated by the AORCM showsngyortant warming at the
end of the 2% Century for all seasons with maximum values (highan +6°C) in the
eastern part of Europe in winter and in the southmart of Europe in summer. A
drying was generally simulated over Europe andMieeliterranean Basin except for

northern Europe where the climate mainly becomeageweéver southern Europe, the
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decrease in precipitation between the 1961-199bgeand the 2070-2099 period
often reached —30% in summer.

We showed that the spatial and seasonal pattertieeaflimate change over Europe
simulated by the AORCM were comparable with nonpted regional simulations
run with the corresponding ARCM or with other Eukap RCMs. However, the
climate change signal was enhanced over Europén@nAORCM simulation. In
winter, the warming is significantly larger overettiollowing areas: British Isles,
France, Mid-Europe, Alps and Eastern-Europe witlues reaching +0.9°C for the
AORCM-ARCM difference in the climate change respof(igp to 25% of the signal).
The north of Europe is also wetter in the AORCMuinter. These differences can be
explained by a MSLP anomaly that is probably linkeda higher warming of the
Mediterranean SST in the AORCM. In summer, the Medinean and the East-
Europe areas are significantly warmer (25% of tigmad) and drier (50% of the
signal) in the AORCM. Three factors could explaie former behaviour: a weaker
warming of the AORCM SST for that season, a we&kenidity advection from the
Mediterranean Sea to these areas and a positidbdek of the soil water content.
High-frequency coupling interactions could alsopiaet of the explanation as well as
differences in the spatial pattern of the Mediteeian SST response. Differences in
spring and autumn were also pointed out but wetsomavell explained.

A better consistency between the SST, the airdse@d and the vertical structure of
the atmosphere (air-sea coupling) as well as aetbatepresentation of the
Mediterranean thermohaline circulation and the $&ftern (high resolution ocean
model) are probably the key-processes explaining differences between the
AORCM and the ARCM (with SST coming from a previlA®GCM run). They also

give more confidence in the AORCM results overHEoeo-Mediterranean area.
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However, a detailed study of the ocean part ofABRCM simulation (compared to
the forced ORCM simulation or to the ocean parthef AOGCM run) is needed to
better understand that point. Moreover, mechanigrdies through sensitivity tests
would also be necessary to really understand whigtesses might explain the
differences described in winter and summer. Usnggsimulated SST response of the
AORCM (spatially filtered or not) to force the ARCMnodel could help
understanding the roles of the mean SST differetiee SST pattern difference and
the coupling effect.

Compared to other sources of uncertainty arisinggrwilvaluating the European
climate change through regional climate modelliRRUDENCE project), the choice
between non-coupled and coupled RCMs appears &s limportant as the choice of
the RCM or the choice of the forcing GCM are. Thesult confirms the results
obtained by Kjellstrom et al (2005) for the Bal8ea. Therefore, we recommend that
this new source of uncertainty should not be neégteevhen evaluating the climate
change response over Southern and Eastern Eurdpe) are the areas where the
impact of the regional coupling seems to be thetnmportant. However a multi-
model approach is necessary to legitimate the tesfl our study. For example,
ensemble simulations performed with the same AOR&M different initial ocean
states are required to estimate the internal vifitialof these models. This multi-
model approach should be achieved through a dedidaternational cooperation
between different research centres owing to theénemos computing effort required.
It is actually planned in the European CIRCE projebere 6 different AORCMs
dedicated to the study of the Mediterranean clirshnge will be used. We hope that
this intercomparison framework will also allow tewvelop non-flux corrected regional
coupled models for the Mediterranean Sea in comgaanhd improving the air-sea

flux parameterizations within the RCMs.
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Figures Captions

Figure 1:AORCM response to the climate change for the 30-ggerage sea surface
temperature (in °C) between the 2070-2099 periattha 1961-1990 period (a) in
winter and (b) in summer.

Figure 2:Same as Figure 1 but for ARCM SST response.

Figure 3:30-year average sea surface temperature differarf€z (a) in winter and

(b) in summer between the AORCM and the ARCM clendtange responses (2070-
2099 period minus 1961-1990 period). This is egeiviato Figure 1 minus Figure 2
that is to say a map of the DD values for the sefase temperature (see the text for
definition of DD).

Figure 4:Same as Figure 1 but for 2-meter temperaturen(ajnter and (b) in
summer (in °C).

Figure 5:Same as Figure 1 but for precipitation (a) in eirgnd (b) in summer (in
mm/d).

Figure 6:Same as Figure 3 (DD values) but for 2 meter teatpee (a) in winter and
(b) in summer (in °C).

Figure 7:Same as Figure 3 but for precipitation (a) in eirgnd (b) in summer (in
mm/d).

Figure 8:Same as Figure 3 but for mean sea level pressun®8) in winter.

Figure 9:Same as Figure 3 but for 2m temperature (in °Gping.

Figure 10:Same as Figure 3 but for atmosphere water vapoumif) in summer.

Figure 11:Same as Figure 3 but for nebulosity (in %) in s.lenm
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Table Captions

Table 1:Definition of the European sub-areas used ing¢ledxpressed in degrees in
longitude and latitude.

Table 2aValidation table for winter (December-January-keloy) and summer
(June-July-August) for the two-meter temperatune®Q@, box averages for the boxes
defined in Table 1): CRU data (values from Jacodl.€2007), AORCM bias
compared to CRU, and AORCM-ARCM difference. A vahated *** or ** or *
means that the difference is statistically sigmifitwith a 99% or 95% or 90%
significance level. The significant values are higfted by grey boxes for the
AORCM bias and the AORCM-ARCM difference.

Tab. 2b:Same as Table 2a but for precipitation (in mm/d).

Table 3aClimate change impact for the 2-meter temperédturéhe four seasons and

for the boxes defined in Table A(AORCM) is the mean climate change response of
the AORCM between the 1961-1990 period and the 208® periodA(AORCM) -

A(ARCM) is the difference between the AORCM and ARCIhate change

responses (denoted DD in the text). A value not&ar ** or * means that the
difference is statistically significant with a 998695% or 90% significance level.
The significant values of DD are highlighted byyb®xes. The InterModel
Distances (IMRcwm, IMDgrcMm) are computed only for significant values of DBds
the text for the definition of IMD) and should benespared to the DD values.

Table 3b:Same as Table 3a but for precipitation (in mm/d).
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Area West| Ea

n

tSouth| North

1 (BI) British Isles -10 | 2 50 59

2 (IP) Iberian Peninsulg -10| 3 36 44

3 (FR) France -5 5 44 50

4 (ME) Mid-Europe 2 16 | 48 55

5 (SC) Scandinavia 5 30 55 70

6 (AL) Alps 5 15 | 44 | 48

7 (MD) Mediterranean | 3 25| 36 44

8 (EE) East-Europe 16 30 44 55

Table 1:Definition of the European sub-areas used ingkedxpressed in degrees in

longitude and latitude.

-43 -



BI IP FR ME SC AL MD EE
2-meter temperature, DJF
CRU data 3.6 6.4 4.1 0.7 -8.7 -1.1 4.6 2.4
AORCM bias 04 |-1.9%| 0.0 0.5 1.6** -0.4 -1.2%* 0.2
AORCM — ARCM -0.2 -0.2 -0.5 -0.5 0.1 -0.5 -0.3 -0.5
2-meter temperature, JJA
CRU data 13.8 20.5 17.4 16.7 13.0 154 20(6 17.
AORCM bias -0.3 -0.3 -0.3| -0.7** -0.9** -0.8** 0.1 0.7**
AORCM — ARCM -0.2 -0.5 -0.5 -0.4 -0.2 -0.4 -0.5 40.

Table 2aValidation table for winter (December-January-keloy) and summer

(June-July-August) for the two-meter temperatune’Q@, box averages for the boxes

defined in Table 1): CRU data (values from Jacadl.€2007), AORCM bias

compared to CRU, and AORCM-ARCM difference. A vahgged *** or ** or *

means that the difference is statistically sigaifitwith a 99% or 95% or 90%

significance level. The significant values are tigjited by grey boxes for the

AORCM bias and the AORCM-ARCM difference.



Bl IP FR ME SC AL MD EE
precipitation, DJF
CRU data 3.4 2.7 2.4 1.7 1.8 3.2 3. 1.3
AORCM bias

AORCM - ARCM -0.2 0.0 -0.1 -0.2 0.0 -0.2 0.0 0.0
precipitation, JJA
CRU data 2.5 1.1 1.8 2.3 2. 4.0 1.5 2.6
AORCM bias 0.2 0.0
0.2 0.1 0.1 0.2 0.1 0.1

AORCM — ARCM

0.1

0.1

Tab. 2b:Same as Table 2a but for precipitation (in mm/d).



Bl IP FR ME SC AL MD EE
2-meter temperature, DJF
A(AORCM) 2.2%%% |2 gk | D kx| Z kx| ek | 3 Jkwx | 3 Qww 4. 2%x%
A(AORCM)-A(ARCM) [ 0.5** 0.3 0.7** 0.8** -0.1 0.7** 0.4 0.9**
IMD gcpm / IMDgem 0.6 /0.2 0.3/0.4| 0.5/0.E 0.8/0.€ 0.8/0.5
2-meter temperature, MAM
A(AORCM) 1.7%% |3 3%*x | D wwk | D Bwkk (3 Grkk | 3 Qrrx | 33w 4.2%%*
A(AORCM)- A(ARCM) 0.0 0.2 0.2 0.3 0.6 0.3 0.4 0.9**
IMD gem / IMDgem no data / 0.¢
2-meter temperature, JJA
A(AORCM) 2.7%*% |4.8%* | 4.6%* | 3.6%*  |2.7%* | 4.7%* | 5.2%x* 4.6%**
A(AORCM)- A(ARCM) 0.1 0.1 0.3 0.5 -0.2 05| 0.8* 0.9**
IMD gcym / IMDRem 1.0/0.7 20/13
2-meter temperature, SON
A(AORCM) 3.1%%% |3.8Fx | Z x| 3 oRx |3 wkk | B Gk | 3 G 3.6%*
A(AORCM)- A(ARCM) 0.2 0.2 0.5 0.2 -0.3 0.2 -0.1 -0.3

Table 3aClimate change impact for the 2-meter temperdturéhe four seasons and

for the boxes defined in Table A(AORCM) is the mean climate change response of

the AORCM between the 1961-1990 period and the 208® periodA(AORCM) -

A(ARCM) is the difference between the AORCM and ARCIhate change

responses (denoted DD in the text). A value not&ar ** or * means that the

difference is statistically significant with a 998695% or 90% significance level.

The significant values of DD are highlighted byyb®xes. The InterModel

Distances (IMcw, IMDgrcyv) are computed only for significant values of DE4s

the text for the definition of IMD) and should benespared to the DD values.




Bl IP FR ME SC AL MD EE
precipitation, DJF
A(AORCM) 0.8*** 0.0 0.3 0.4** | 0.5%** 0.3 -0.2 0.2**
A(AORCM)- A(ARCM) | 0.4%* -0.1 0.2 0.3 0.2 0.3 -0.1 0.1
IMD gcm / IMDgew 0.3/0.5
Precipitation, MAM
A(AORCM) -0.1 -0.5** | -0.3 0.0 | 0.3 0.1 -0.3** 0.2**
A(AORCM)-A(ARCM) | -0.1 0.0 0.0 01| 01 0.3 0.1 0.1
precipitation, JJA
A(AORCM) -0.4%** | -0.5** |-0.6*** 0.3** 0.0 -0.4** -0.5%** -0.5%**
A(AORCM)-A(ARCM) | -0.1 0.0 0.0 01| -01 0.1 -0.2* -0.3*
IMD gcm / IMDgew 0.3/0.2| 05/04
precipitation, SON
A(AORCM) 0.2 -0.3** | -0.3* 0.0 | 0.3**] -04 -0.4%** -0.1
A(AORCM)-A(ARCM) | -0.1 0.2 -0.3 02| -01 04| -0.3* -0.1
no data /
IMD gcym / IMDRrem
0.2

Table 3b:Same as Table 3a but for precipitation (in mm/d).
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Figure 1. AORCM response to the climate changeHer30-year average sea surface
temperature (in °C) between the 2070-2099 periatithe 1961-1990 period (a) in

winter and (b) in summer.
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Figure 2: Same as Figure 1 but for ARCM SST respons
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Figure 3: 30-year average sea surface temperatifieeedce in °C (a) in winter and
(b) in summer between the AORCM and the ARCM clengttange responses (2070-
2099 period minus 1961-1990 period). This is edemato Figure 1 minus Figure 2
that is to say a map of the DD values for the setase temperature (see the text for

definition of DD).
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Figure 4. Same as Figure 1 but for 2-meter temperata) in winter and (b) in

summer (in °C).
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Figure 5: Same as Figure 1 but for precipitationifawinter and (b) in summer (in

mm/d).
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Figure 6: Same as Figure 3 (DD values) but for 2amemperature (a) in winter and

(b) in summer (in °C).
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Figure 7: Same as Figure 3 but for precipitationifawinter and (b) in summer (in

mm/d).



Figure 8: Same as Figure 3 but for mean sea leeskpre (in hPa) in winter.

Figure 9: Same as Figure 3 but for 2m temperatar&d) in spring.



Figure 10: Same as Figure 3 but for atmosphererwaggour (in mm) in summer.

Figure 11: Same as Figure 3 but for nebulosity4)nn summer.



