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7.1. Introduction

The Mediterranean region is rather unique in respect to its geographical position:

north of the largest desert in the world – the Sahara, and south of a large

temperate climate region – Europe. It is therefore a transition area between

tropical and mid-latitude climates. As a transition area, the Mediterranean region

shows important local climate variability and rather large gradients, both in the

South–North and East–West directions.

The Mediterranean climate is characterized by its strong seasonal contrast.

The summer is dry and hot, the winter is humid and mild. The left panel of

Fig. 124 shows the sea-level pressure for the region of the North Atlantic, Europe

andMediterranean for December–January–Feburary as described in the ERA-15

dataset. The remarkable structure of this figure is the Icelandic Low and the

Azores High. The main atmospheric center of action affecting the Mediterranean

climate is the Azores High, a subtropical anticyclone related to the descending

branch of the Hadley cell. The Mediterranean region can thus be related

to tropical climate events like El Niño and monsoons (see also Chapter 2).

The Mediterranean Sea is an important playground for the North Atlantic

Oscillation, a major atmospheric circulation pattern of the Northern



Figure 124: Sea-level pressure (hPa) and 300-hPa zonal wind (m/s) for
December–January–February, as depicted in the ECMWF re-analysis

dataset from 1979 to 1993.
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Hemisphere, characterized by a seesaw between the Icelandic Low and the Azores

High. The Mediterranean climate may thus be strongly influenced by processes

which can involve the atmosphere only or coupled ocean–atmosphere pheno-

mena in mid and high latitudes (see also Chapters 3 and 6). As depicted in the

right panel of Fig. 124 showing the 300-hPa zonal wind for the whole Eurasian

continent and North Africa, the Mediterranean Sea is located in the north

flank of the sub-tropical jet stream. The jet stream plays an important role

in forming atmospheric teleconnections between the Mediterranean and regions

far away.

TheMediterranean Sea is a concentration basin with an evaporation rate much

larger than the rainfall rate and river runoff (Mariotti et al., 2002; Struglia et al.,

2004), leading to increase in salt content. It is also a source of heat to the

atmosphere with annual decreases of temperature for water masses. This

particular behaviour of the Mediterranean Sea has its roots and consequences

in the Gibraltar Strait, where the inflow is fresh (36.6 psu) and warm (maximum

of 21�C in August and minimum of 17�C in March), and the outflow is salty

(38.25 psu) and cold (13.3�C). The Mediterranean Sea is thus similar to a

thermodynamic engine which transforms the inflowing light Atlantic water into

dense deep Mediterranean waters through air–sea coupling (see Chapters 4 and 5

for more descriptions). This water transformation process generates thermo-

haline forcing which drives, in a large proportion, the Mediterranean marine

general circulation. Convection can thus be observed in several places of the

Mediterranean Sea, particularly, in the Gulf of Lions, Adriatic Sea, Aegean Sea

and Levantine basin.

The surface circulation in the western Mediterranean can be schematically

described as follows. The Atlantic Water (AW) enters the Alboran Sea forming

the Alboran gyres (Gascard and Richez, 1985; Heburn and La Violette, 1990),

and flows eastward forming the Algerian Current (AC). The AC presents

well-marked meanders due to baroclinic instabilities. Then the AC splits into

two branches at the Sicily Strait, one entering the Tyrrhenian Sea passing

through the Corsica Strait and forming the Northern current, the other entering

the eastern Mediterranean (Millot, 1987; Herbaut et al., 1998). The AW entering

the eastern Mediterranean divides into two distinct streams (Robinson et al.,

1999; Lermusiaux and Robinson, 2001). One flows over the Tunisian shelf, the

other forms the Mid Ionian jet. These two currents merge at the level of East

of Libya (as seen in Marullo et al., 1999) as a coastal current (Alhammoud et al.,

2005; Hamad et al., 2002) flowing eastwards along the Egyptian coast. Then

this current flows northwards along the Jordanian–Israel–Lebanon Coast and

westwards at the level of Turkey. During its eastward progression, the AW

is transformed through convection processes into Western Mediterranean

Deep Water (WMDW) in the Gulf of Lion, into Levantine Intermediate Water
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(LIW) in the Levantine Basin, into Eastern Mediterranean DeepWater (EMDW)

in the Adriatic and Aegean Seas. The LIW flows westwards into the Western

Mediterranean at intermediate depth (400 m) through the Sicily Strait and then

into the Atlantic Ocean through the Gibraltar Strait, closing the water budget of

the Mediterranean Sea.

Numerical modelling, both global and regional, is an important tool to

understand physical mechanisms controlling climate change and variability at

different spatio-temporal scales. It also provides the unique possibility to

construct physically based and comprehensive future climate scenarios, the

starting point for many socio-economical impact considerations. Sections 7.2, 7.3

and 7.4 will present several studies on the physical mechanisms controlling

the Mediterranean climate variation and change. Sections 7.5 and 7.6 will

then present the current status of the Mediterranean regional climate modelling

and the preliminary results of a regional coupled model. Perspectives will be given

in Section 7.7.

7.2. Teleconnection Patterns from the Mediterranean Region

The Mediterranean Sea plays an important role in determining the climate of the

nearby regions (Millan et al., 2005a,b). It is also believed that the Mediterranean

Sea can exert influences on the climate of regions far away. The first mechanism

may be through the Mediterranean outflow water (about 1 Sverdrup of warm

and salty water) flowing out of the Gibraltar Strait into the North Atlantic.

The Mediterranean Sea can thus contribute to the global climate variation by

altering the oceanic overturning circulation (see Chapter 5). Teleconnection

patterns in the atmosphere can also be initiated from the Mediterranean region.

Rowell (2003) reported that a warming of the Mediterranean Sea Surface

Temperature (SST) can increase the Sahelian rainfall during Summer through an

increase of moisture transport in the eastern part of the Sahara. He remarked

that the rainfall increase is also amplified by a more intense moisture flux

from the tropical Atlantic ocean and a more intense local water re-cycling. The

Mediterranean Sea may also regulate the northward progress of the African

summer monsoon by changing the meridional thermal contrast.

The Mediterranean Sea is an important playground for the North Atlantic

Oscillation (NAO), a major atmospheric circulation pattern of the Northern

Hemisphere. In particular, the Polar–Mediterranean mode, as classified by

Kodera and Kuroda (2003), can exert important influences on the Eurasian

climate. Yu and Zhou (2004) reported that the cooling trend observed during the

recent half century for the subtropical Eurasian continents and for the month of
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March is strongly correlated with the DJF (December–January–February) NAO

index. They found also that the relation was the strongest with a lag of two

months, the time necessary for the cooling signal to propagate from North Africa

to Central Asia, in a quasi-barotropic structure for the whole troposphere. The

mechanism responsible for this linkage is however still unclear.

The existence of large-scale zonally propagated teleconnection structures was

already pointed out by Branstator (2002). He demonstrated that the Asian jet-

stream beginning over North Africa played the role of waveguide by trapping

disturbances inside the jet-stream and propagating them from west to east.

Watanabe (2004) also found that there is a downstream extension of the NAO

during late winter through wavetrain structure. This wavetrain is furthermore

interpreted as composed of quasi-stationary Rossby waves trapped on the Asian

jet waveguide and excited by the anomalous upper-level convergence over

the Mediterranean Sea. He concluded that the Mediterranean convergence

associated with the NAO may have some predictability for the medium-range

weather forecast in East Asian countries.

Li (2005) uses an atmospheric GCM to study the influences of the

Mediterranean Sea on the atmosphere. An idealized homogeneous cooling of

2�C for the Mediterranean Sea is imposed as forcing. The model used is the

LMDZ, an atmospheric general circulation model with a resolution of 4� in

latitude and 5� in longitude. The model was run 9,000 days under perpetual

January mode for respectively normal boundary conditions and conditions of an

idealized Mediterranean cooling. Figure 125 plots the simulated geopotential

height anomalies for 1,000, 850, 500 and 300 hPa respectively. A baroclinic

structure is created downstream of the cooling location, across the entire

Eurasian continent, roughly following the subtropical jet-stream. There are

high (low) pressure anomalies in the lower (upper) atmosphere. Over South Asia,

an opposite-sign baroclinic structure is obtained and it is believed to be the

consequence of tropical rainfall anomaly. All other remote structures are

quasi-barotropic and the most remarkable ones are the deepening of the

Aleutian Low in the North Pacific and the weakening of the Icelandic Low in

the North Atlantic.

In order to study the temporal evolution of the response and the physical

mechanisms at different time scales, an ensemble of transient simulations, parallel

to the equilibrium runs, are also performed. Each of them lasts 30 days and the

ensemble size reaches the huge number of 3,000 to ensure a good statistical

significance and an entire coverage of all possible atmospheric states. The

approach of the ensemble transient simulations is found very useful in showing

the temporal evolution of the response (Li and Conil, 2003). The two tele-

connections need several days in the North Pacific and even several tens of days in

the North Atlantic to form and to grow. Both of them have a quasi-barotropic
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vertical structure. It is believed that they are the consequence of complex

interactions between the mean flow and the transient eddies in the atmosphere.

It is interesting to note that the North Atlantic response is not directly from

the Mediterranean Sea, the source of the perturbations, but through a long circle

around the world, following roughly the Asian jet-stream and then the North

Atlantic sub-polar jet-stream.

Figure 125: January geopotential height changes (m) at levels of 1,000, 850,
500 and 300-hPa for a homogeneous cooling of 2�C of the Mediterranean
sea surface temperature, as simulated in the atmospheric general circulation

model LMDZ.
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7.3. Mediterranean Thermohaline Circulation and its

Sensitivity to Atmospheric Forcing

The overturning circulation driven by the thermohaline forcing is a particular

character of the Mediterranean Sea general circulation. Since the pioneering

work of the MEDOC group (MEDOC group, 1970), a large number of studies

has been dedicated to water formation in the Mediterranean Sea. An extensive

summary can be found in Madec et al. (1991, 1996), Marshall and Schott (1999),

Castellari et al. (1998), Lascaratos and Nittis (1998), Lascaratos et al. (1999) and

Korres et al. (2000), Beckers et al. (2002) concerning physical mechanisms and

numerical modelling.

Several factors participate in deep water formation. Firstly, cyclonic structures

in the horizontal circulation play an important pre-conditioning role by imposing

the dense water in formation to stay at the same place and not to be advected off

the formation zone. A second ingredient is the presence of strong atmospheric

forcing for both heat flux and wind stress. Convection in the Gulf of Lions

and the Adriatic Sea is particularly sensitive to the Mistral and Bora winds which

create strong evaporative cooling and wind stress curl when they blow into

the sea from the Alps. Intuitively, we can imagine that the performance of the

Mediterranean Sea general circulation modelling is quite dependent on the

atmospheric forcing and in particular, the intensity of wind stress.

This is confirmed by recent experiments performed with the OPA

Mediterranean general circulation model at the resolution of 1/8� (MED8,

conducted by A. Bozec, unpublished results) and of 1/16� (MED16, conducted

by K. Béranger, unpublished results). Two datasets of atmospheric forcing are

used, one is from ERA40 – the ECMWF re-analysis (T159 model), the other

the ECMWF operational analysis (T319). The period used from the re-analysis

is from 1990 to 1999 and that from the operational analysis is from August 1998

to August 2002. The ERA run lasts almost 10 years and the ECMWF run is

repeated two times to have a simulation of 8 years (in order to have a comparable

length with ERA run). It appears that the ERA run is unable to generate

convection unless a strong probably unrealistic restoring to winter temperature

and salinity is applied, while ECMWF run is able to trigger convection.

Figure 126 shows time series of the maximum depth reached by the mixed layer

in the Gulf of Lions and in the Levantine basin for the two simulations using

MED8 (very similar results are obtained by using MED16). For both Gulf of

Lions and Levantine basin, the mixed layer is much deeper in ECMWF run than

in ERA run. A stronger interannual variability is also observed in ECMWF run.

Although our experimental design does not allow a perfect comparison between

the operational analysis and the re-analysis, since they are not over a same time
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period, we think that the explanation of such large differences is the fact that

the ECMWF winds are stronger than those provided by ERA40. A comparison

of wind stress for the average of Jan–Feb–Mar between the two datasets is shown

in Fig. 127. Although the spatial structure is similar, the intensity in ERA40

seems significantly under-estimated. This is confirmed by S. Marullo (personal

communication) who compared both datasets against measurements through

wind sensors installed on surface buoys in three locations of the Mediterranean

Sea. It is revealed that ECMWF operational analysis winds are quite close

to those of the buoy sensors, but the re-analysis winds are under-estimated.

The difference in spatial resolution (50 km for ECMWF against 120 km

for ERA) is believed to be the main reason to explain the discrepancy of the

two datasets. As presented in the following section, the same MED8 model, when

forced by Arpege-Climate model stretched to have 50 km for the Mediterranean,

did produce marine convection. We may thus generalize the above results and

tentatively conclude that the necessary atmospheric resolution is about 50 km

in order to simulate the Mediterranean convection and deep water formation.

7.4. Sensitivity of the Mediterranean Thermohaline Circulation

to Anthropogenic Global Warming

Regional climate changes under global warming context (Jones et al., 1995, 1997;

Machenhauer et al., 1998; Frei et al., 2002; Gibelin and Déqué, 2003) are the

most important motivations for the Mediterranean regional climate modelling.

It is generally agreed that the Mediterranean region is one of the sensitive areas

on Earth in the context of global climate change, due to its position at the border

of the climatologically determined Hadley cell and the consequent transition

character between two very different climate regimes in the North and in the

South.

In terms of global mean surface air temperature, the Globe has experienced

a general warming of 0.6�C over the last century. IPCC (2001) estimated changes

of the global temperature to be between 2 to 5�C at the end of the present century.

The global mean temperature is only a mean indicator and changes at regional

scales can be much larger. Many global and regional models tend to simulate a

warming of several degrees (from 3 to 7�C) on the Mediterranean for the end of

the twenty-first century and the warming in Summer is larger than the global

average. There is also a general trend of a mean precipitation decrease for the

region (especially in Summer), due mainly to the northward extension of the

descending branch of the subtropical Hadley circulation (IPCC 2001). Examples

and studies concerning the regional projections of global warming are given
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in Chapter 8. Here we only investigate the sensitivity of the Mediterranean

thermohaline circulation to global warming.

The simultaneous increase of both surface temperature and water deficit

(Gibelin and Déqué, 2003; Li, 2003; Giorgi et al., 2004b) could counteract

each other in the possible evolution of the Mediterranean Sea thermohaline

circulation (MTHC). A weakening or strengthening of the MTHC due to

climate change could have an impact on the Mediterranean sea surface

temperature and consequently, on the climate of the surrounding areas. With

a Mediterranean model at 1/4-degree resolution, Thorpe and Bigg (2000) found

that a global warming would lead to a reduced deep water formation in the

Mediterranean Sea and to a warmer and saltier outflow.

Through the Mediterranean Outflow Waters (MOW), changes of MTHC can

furthermore influence the Atlantic Ocean and then the Atlantic thermohaline

circulation. The Mediterranean marine ecosystems are also expected to be

strongly influenced by the variation of marine circulation. Vichi et al. (2003)

investigated the climate change impact on the northern Adriatic Sea and found

that an enhanced stratification of the water column, particularly in Summer may

reduce the vertical diffusion of oxygen and nutrients.

Somot et al. (2005) reported a study employing the Arpege-Climate stretched-

grid model (Déqué and Piedelievre, 1995; Déqué et al., 1998; Gibelin and Déqué,

2003) with local spatial resolution around 50 km for the Mediterranean basin.

The IPCC-A2 global scenario for the end of the twenty-first century was used.

Regional patterns of climate change are similar to those presented in Chapter 8,

with a general warming of about 3�C and a decrease of precipitation around the

Mediterranean basin. Somot et al. (2005) used furthermore the corresponding

changes of atmospheric forcing (wind stress, heat flux, damping SST and water

flux) at the sea surface and of river runoff to force a Mediterranean Sea general

circulation model at the resolution of 1/8 degree (MED8 model).

For the whole Mediterranean Sea and at the end of the twenty-first century,

the net heat loss by the surface is lower in the scenario run (1.6W.m�2) than in the

control run (6.1 W.m�2) but the water loss (Evaporation – Precipitation – River

runoff ) is higher (0.98 vs. 0.72 m/year). This leads to an increase in temperature

and salinity for the Mediterranean Sea (see Table 8) and for each sub-basins.

The increase in SST is nearly homogeneous whereas a heterogeneous SSS

increase is produced by the model (from þ0.36 psu in the Gulf of Lions to þ0.87

psu in the Aegean Sea). The pattern of SSS anomalies is mainly driven by the river

runoff decrease and especially the behaviour of the Po and Black Sea.

The competing changes in SST and SSS lead finally to a decrease in surface

density and thus a weakening of the MTHC. This weakening is estimated to

about 60% for the deep circulation (WMDW: Western Mediterranean Deep

Water, EMDW: Eastern Mediterranean Deep Water) and 20% for the
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intermediate circulation (LIW: Levantine Intermediate Water). The strength of

the thermohaline overturning cell can be seen in the Mediterranean zonal

overturning stream function (ZOF) following Myers and Haines (2002). The top

panel of Fig. 128 plots the ZOF for the control run (30-year average at the end of

the control run). The intermediate circulation is seen as a clockwise vertical

circulation (positive values) with a maximum value of 1.2 Sv in the Eastern Basin

and 1.5 Sv in the Western Basin. This represents mainly the circulations of the

Modified Atlantic Water (MAW) and the LIW. The counter-clockwise circula-

tion in the deep part of the Eastern Basin shows the EMDW circulation. A 0.5-Sv

circulation is found in the control run. The WMDW path can not be seen by

a ZOF. A Western Mediterranean meridional overturning stream function is

needed instead. The bottom panel of Fig. 128 plots the ZOF at the end of the

scenario simulation (average over the 2070–2099 period). A decrease in the

strength and extension of the intermediate thermohaline overturning cell

is observed. The deep cell has almost completely vanished. We can thus conclude

that the MTHC weakens and becomes shallower during global warming, at least

for the IPCC-A2 scenario.

Behaviours of the MOW give an integrated mesurement of the Mediterranean

Sea evolution. Warmer (þ1.9�C) and saltier (þ0.5 psu) waters are simulated

for the end of the twenty-first century. Warm and salty tendencies have also

been reported during recent years for the Mediterranean deep waters (Béthoux

et al., 1990; Rohling and Bryden, 1992; Fuda et al., 2002; Rixen et al., 2005) and

the MOW (Curry et al., 2003; Potter and Lozier, 2004) from hydrographic

data for the last decades. This might be already a manifestation of climate change

and global warming for the Mediterranean Sea.

The robustness of the results presented by Somot et al. (2005) using only one

scenario and one particular model needs, however, to be confirmed by other

models and other groups. It will be interesting to explore the validity of the

results by incorporating uncertainties in different stages of the investigation

Table 8: Temperature (in �C) and salinity (in psu) averaged over different layers
of theMediterranean Sea. ‘‘Control’’ indicates the current climate and ‘‘Scenario’’
at the end of the 21st century.

SST T (0–500m) T (500-m bottom) SSS S (0–500m) S (500-m

bottom)

Control 18.7 13.8 13.0 38.18 38.44 38.66
Scenario 21.7 15.9 13.9 38.61 38.84 38.84
Diff. þ3 þ2.1 þ0.9 þ0.43 þ0.40 þ0.18
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in relation to the emission scenarios, climate projection scenarios, regional

downscaling methods and the tunable parameters of the Mediterranean Sea

model itself. It will be extremely useful if the multi-model ensemble approach can

be performed by different research groups in a coordinated manner.

Furthermore, it is worthwhile to note that SST anomalies coming from

global coupled model are used for the relaxation of the SST in the regional marine

model. This overlooks for example the feedback of the MTHC change to the

large-scale SST. As shown by Räisänen et al. (2004) for the Baltic Sea, a more

suitable way to overcome this problem is to use an atmosphere–ocean-coupled

regional climate model focused on the Mediterranean Basin.
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run (top) and for the scenario run (bottom).
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7.5. Current Status of Mediterranean Regional Climate Modelling

Global and regional modellings complement each other. While the global-

coupled ocean–atmosphere General CirculationModels (GCM) are the best tools

to predict large-scale climate variations at seasonal and interannual scales, and

to estimate climate changes at longer time scales, especially those related to the

anthropogenic modification of atmospheric composition or surface character-

istics, they can not however be directly used in impact-oriented applications

because of their relatively coarse spatial scale (typically several hundreds of

kilometres). Furthermore, while coarse-resolution coupled GCMs may be

capable of capturing the mean climate behaviour, they are usually not successful

in reproducing higher order statistics and extreme values. Regional climate

modelling has been introduced to fill the gap between the global climate

models and the growing demand of climate predictions and scenarios on shorter

spatio-temporal scales.

Few studies dedicated to the Mediterranean regional climate modelling have

been reported so far. Most of the existing research works on climate variability

and change over Europe include only partially the Mediterranean basin as the

southernmost part of their considered domain. Due to the marginal effects

(Giorgi and Francisco, 2000a,b), simulated climates over the Mediterranean

basin are often biased by the prescription of the boundary conditions. This

decreases the validity of such studies on the Mediterranean climate. One can note

however that in Giorgi et al. (2004a,b) and Gibelin and Déqué (2003), the whole

Mediterranean basin is quite in the central part of their regionally oriented

studies.

The most important regional climate forcing in the Mediterranean region

is associated with the complex orography, characterized in many coastal regions

by steep mountain slopes, and the large land–sea contrast. These provide

a very good testbed but also a big challenge for regional climate modelling.

Determination of the Mediterranean regional climate is currently undertaken

through several different approaches. The most popular one is the use of (usually

atmospheric only) regional climate models (RCM) (Giorgi and Mearns, 1999).

The spatial resolution of such models varies from a few kilometres to several tens

of kilometres. Models running at resolution less than 10 km are normally based

on the full non-hydrostatic equations. Regional climate models (for example,

those used in Jones et al., 1995; Christensen et al., 1997; Giorgi andMearns, 1999;

and many others) need to be nested into coarser-resolution global models in order

to get the necessary driving information through the lateral boundaries of the

domain. This approach allows implementation of highly detailed physical

parameterizations in the RCM to ensure a better simulation of local weather

and climate events. Another existing approach is based on the use of variable grid
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(zoomed) general circulation models (GCM) with higher resolution for the

Mediterranean basin (for example, Déqué and Piedelievre, 1995; Li and Conil,

2003). This ensures a smooth downscaling of information from large scale

to regional scale, but the resolution limit is currently thought to be around

50 kilometres, due to limitations in computing capacity and physical parameter-

izations implemented in such GCMs. A third approach for high-resolution

determination of climate parameters over the Mediterranean region is associated

with the application of statistical methods for the downscaling of results

simulated by large-scale GCMs (Wilby et al., 1998).

Several high resolution models of the Mediterranean Sea have been developed

during the last decade. These models accurately reproduce the Mediterranean

thermohaline circulation and the intermediate and deep water formations which

drive it. Among these models, we can mention several 1/8� grid mesh models

like OPA (Béranger et al., 2004, 2005) and the POM model (Nittis et al., 2003).

A 1/16� grid mesh version is also running in the framework of the European

Commission-funded programme MFSTEP (Mediterranean Forecasting System:

Toward Environmental Predictions) and at IPSL (Béranger et al., 2005).

7.6. Atmosphere–Sea Coupled Modelling

Obtaining a good representation of the Mediterranean thermohaline circulation

is a great challenge for the ocean modelling community because air–sea fluxes

need to be simulated with very high accuracy. In the past, many modelling groups

were involved in such a challenge, but their oceanic general circulation models

were forced by atmospheric fluxes and their sea surface temperatures were

relaxed to the observed ones. This relaxation term is a strong constraint for many

studies such as the Mediterranean Sea interannual variability and regional

climate change projection. Indeed, the impact of the relaxation term on the

interannual variability is uncontrolled and often unrealistic. Moreover, in the

framework of climate change studies, we do not know how to compute the future

SST needed for the surface relaxation. Besides, it is completely impossible, in

projecting future scenarios, to take into account the feedback of the evolution of

the Mediterranean SST on the local (or global) climate. This justifies the

development of an Atmosphere–Ocean Regional Climate Model devoted to

Mediterranean studies.

The SAMM model (Sea–Atmosphere Mediterranean Model, Sevault et al.,

2002) has been developed at CNRM (Centre National de Recherches

Météorologiques, Météo-France) coupling the stretched version of Arpege-

Climate (Déqué and Piedelievre, 1995) and MED8 as used in the previous
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sections. The atmospheric component has a horizontal resolution of 50 km over

the Mediterranean Basin and the Mediterranean Sea component has a resolution

of about 10 km. Each day, the two components exchange SST as well as

momentum, water and heat fluxes. At the surface, the interaction between the

Mediterranean Sea and the atmosphere is completely free because the simulation

has been run without relaxation or flux correction. For the river runoff fluxes,

a monthly climatology is computed from the RivDis database (Vörösmarty et al.,

1996). Specific parameterizations are used for the Black Sea (based on salt

conservation) and for the Nile (in order to obtain realistic runoff for the period

after the building of the Aswan dam). Outside the Mediterranean Sea, the SST

used in the atmospheric model is prescribed from interannual monthly mean

observed data, reconstructed with in situ and satellite data (Smith et al., 1996).

A 38-year simulation has been performed with SAMM following a 20-year

spin-up. The area and the coast line of the model are presented in Fig. 129 as well

as the winter averaged 34 m-depth temperatures and horizontal currents.

For comparison purposes, a parallel experiment has been carried out with

MED8 forced by air–sea fluxes coming from a previously run using only the

atmospheric Arpege-Climate model. The only difference between the simulations

is thus the way of taking into account the air–sea fluxes, which permits one to

quantify the differences between fully coupled and uncoupled models.

The surface water flux (Evaporation–Precipitation) for the SAMM simulation

and over the whole basin is equal to 0.77 m/year with a weak standard deviation

in agreement with observed evidence. Note that the river runoff flux is prescribed

according to its seasonally-varied obervation-based estimation with an annual

average of 0.18 m/year. The same computation for the surface net heat flux gives

a value of �7.1 W/m2 (heat loss for the Mediterranean Sea) with a standard

deviation of 5.0 W/m2. These values are in agreement with observed data and

other modelling studies. In SAMM as in the real world, the surface heat loss is

compensated by a positive heat transport across the Gibraltar Strait (þ5.5 W/m2,

with a weak standard deviation of 0.3W/m2). Note that the values are normalized

by the surface of the Mediterranean area to be consistent with the surface flux.

The small negative total heat budget, �1.6 W/m2 (�7.1þ 5.5 W/m2) implies

a weak cooling drift occurring along the simulation. But it is not statistically

different from zero due to the large interannual variability of the heat content

change (standard deviation of 5.1 W/m2). The time series of the net surface

heat flux, the Gibraltar heat transport and the heat content change are plotted in

Fig. 130 for the coupled simulation (left panel) and for the forced simulation

(right panel).

The time correlation between the surface flux and the heat content is equal

to 0.98 for both simulations. The comparison of the interannual variability of

these 3 terms implies that all the surface flux variability is damped by the heat
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content of the Mediterranean Sea and not exported across the Gibraltar Strait.

Indeed, the physical constraints due to the shape of the strait lead to a filtering

of the interannual variability.

Another interesting feature is that the interannual variability (standard

deviation) simulated in the coupled model is always lower than in the forced

model. Even if the simulations are not long enough to obtain statistically

significant results, this variability difference is obtained for many variables,

both globally and locally. For example, this is true for the surface heat flux and

the heat content averaged over the Mediterranean Sea but also in the Gulf of

Lions area and in the Adriatic Sea. For these two sub-basins of deep water

formation, a lower interannual variability in the coupled model is also observed

for the water mass formation rate and the deep water volume transport. Further

work is needed to better understand this behaviour but the coupled model seems

to simulate an additional air–sea feedback which is not represented in the forced

ocean model. We are thus convinced that regional coupled models are much more

suitable to study physical mechanisms and climate interannual variability, and

to make future projections of regional climate change (see also Section 7.7.2).

7.7. Perspectives and Outlooks

In this chapter, we have shown several examples where numerical modelling

was used to investigate physical mechanisms controlling the Mediterranean
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Figure 130: Time evolution of the Mediterranean Sea heat budget components
(in W/m2) computed from the coupled simulation (left) and from the forced

simulation (right). The surface heat flux is plotted in solid line, the
Gibraltar heat transport in dashed line and the heat content change

term in dotted line.
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climate variation and change. Due to its particular geographical position, the

Mediterranean region is quite strongly related to other major climate phenomena

of the globe, such as tropical monsoons and the North Atlantic Oscillation. The

Mediterranean Sea can also exert its climatic influence on the nearby and remote

regions in Africa, Europe and Asia through complex atmospheric processes.

It is also believed that the Mediterranean outflow water plays an important role

for the Atlantic overturning circulation and ultimately the global climate. Under

the global warming context, current atmospheric models seem to converge on

the conclusion that both water stress on the nearby lands and water deficit

of the Mediterranean Sea itself increase. This may further impact the marine

overturning circulation and the marine ecosystem. Considering the results

reviewed in this chapter, two important issues can be foreseen for the

Mediterranean regional climate modelling in the next few years.

7.7.1. High-Resolution Mediterranean Climate Modelling Systems

The spatial resolution of future modelling systems will be further increased.

It is expected to have regional atmospheric models with resolution around 10

to 20 kilometres in the next few years. Experience with numerical weather

forecasting shows that higher spatial resolution usually leads to better prediction,

mainly due to improvements in the representation of atmospheric instability

which is crucially dependent on the model’s spatial resolution. In climate

modelling, higher spatial resolution may lead to improvements in some aspects

and degradation in others (May and Roeckner, 2001; Leung et al., 2003). Climate

is in fact more related to the sources and sinks of energy, moisture and

momentum. Mechanisms controlling their budgets and evolution at different

spatio-temporal scales are thus crucial for climate. In general higher spatial

resolution models can provide a more comfortable background to incorporate

sophisticated physics and the latter will improve the performance of regional

climate models. For the Mediterranean region, high resolution is particularly

important, as shown in Section 7.4, since there is a very complex terrain

surrounding the Mediterranean Sea, responsible for intense wind events, such

as Mistral and Bora which contribute largely to oceanic convection in the

Mediterranean (Gulf of Lions, Adriatic Sea and Aegean Sea).

The overall studies reported in the current scientific literature seem to show

improved model performance with higher spatial resolution, especially in

reproducing extreme events, such as strong precipitation episodes and cyclogen-

esis often related to the specific surface orography. But there is indeed a need to

further evaluate and quantify the impacts of spatial resolution on regional climate

simulation. Even in the most advanced high-resolution regional climate models,
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it will be difficult, in some cases, to determine dynamically the hydrological

variables, such as run-off. Application of statistical methods will always be

necessary to provide appropriate solutions for climate change impact studies.

In the next few years, high-resolution Mediterranean climate modelling

systems are expected to be used to produce consistent data for the

Mediterranean basin during the last 40 years, which can not be achieved by

global re-analysis performed at weather prediction centres (such as NCEP and

ERA40) due to the too coarse spatial resolution and the deficiency in the

hydrological cycle. By performing a special calibration through the regional

atmospheric/land-surface climate models covering a quite large domain around

the Mediterranean, it is in principle possible to reduce the hydrological bias of

the re-analysis products. Such simulations of the Mediterranean climate over the

last 40 years will be very useful to study the dynamical and physical processes

controlling the climate in the Mediterranean region. They are also useful for

climate trend detection for the last 40 years.

7.7.2. Development and Validation of Integrated Regional Modelling Systems

Other components controlling the regional climate will enter interactively into

the regional modelling system. They include, through the most important topics,

the Mediterranean Sea general circulation, basin-scale hydrology, dynamic

surface vegetation, land use, atmospheric chemistry, air pollution and man-

made or desert-originated aerosols, marine and land-surface ecosystems. It is

expected that new climate feedbacks and modes derived from the complex

interaction among different components of the Mediterranean climate system

might be discovered and quantified. Especially the regional atmosphere and

Mediterranean Sea coupled models should receive high priority for their

development and utilisation in the Mediterranean climate studies.

With increasing complexity of numerical modelling systems, validation against

appropriate observational data is becoming an important issue. This will require

however a significant improvement of the currently existing data bases for the

region and an increasing capacity to obtain and analyse new measurements with

different geophysical characteristics of the region like soil moisture, soil types,

vegetation coverage, dust sources and transport, etc. The current observational

network around the Mediterranean basin is still scarce and accuracy of measured

geophysical parameters in this region is also significantly lower than that over

more developed areas like Europe. Special emphasis will be made on the

processing of satellite data dedicated to measure surface processes such as sea

surface temperature and height, and vegetation. Initiatives as those managed by

CIESM to monitor deep sea hydrology will be encouraged as they provide

mandatory controls for the climate models.
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Putting the numerical systems in the configuration of paleoclimate will be an

interesting exercise to test the robustness of the numerical models because it is the

only way to test the sensitivity of our complex models to documented climate

changes. Paleoclimate simulations will allow to test not only the ability of models

to simulate the correct amplitude but also the geographical pattern of climate

changes thanks to a large number of dated samples all around the Mediterranean

basin. It should be noted that climate studies on these timescales require also

outputs from global general circulation models.
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Déqué, M., & Piedelievre, J. P. (1995). High-resolution climate simulation over Europe.
Climate Dynamics, 11, 321–339.

Regional Atmospheric, Marine Processes and Climate Modelling 393
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