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Abstract The winter time weather variability over the

Mediterranean is studied in relation to the prevailing

weather regimes (WRs) over the region. Using daily geo-

potential heights at 700 hPa from the ECMWF ERA40

Reanalysis Project and Cluster Analysis, four WRs are

identified, in increasing order of frequency of occurrence,

as cyclonic (22.0 %), zonal (24.8 %), meridional (25.2 %)

and anticyclonic (28.0 %). The surface climate, cloud

distribution and radiation patterns associated with these

winter WRs are deduced from satellite (ISCCP) and other

observational (E-OBS, ERA40) datasets. The LMDz

atmosphere–ocean regional climate model is able to sim-

ulate successfully the same four Mediterranean weather

regimes and reproduce the associated surface and atmo-

spheric conditions for the present climate (1961–1990).

Both observational- and LMDz-based computations show

that the four Mediterranean weather regimes control the

region’s weather and climate conditions during winter,

exhibiting significant differences between them as for

temperature, precipitation, cloudiness and radiation distri-

butions within the region. Projections (2021–2050) of the

winter Mediterranean weather and climate are obtained

using the LMDz model and analysed in relation to the

simulated changes in the four WRs. According to the SRES

A1B emission scenario, a significant warming (between 2

and 4 �C) is projected to occur in the region, along with a

precipitation decrease by 10–20 % in southern Europe,

Mediterranean Sea and North Africa, against a 10 % pre-

cipitation increase in northern European areas. The pro-

jected changes in temperature and precipitation in the

Mediterranean are explained by the model-predicted

changes in the frequency of occurrence as well as in the

intra-seasonal variability of the regional weather regimes.

The anticyclonic configuration is projected to become more

recurrent, contributing to the decreased precipitation over

most of the basin, while the cyclonic and zonal ones

become more sporadic, resulting in more days with below

normal precipitation over most of the basin, and on the

eastern part of the region, respectively. The changes in

frequency and intra-seasonal variability highlights the

usefulness of dynamics versus statistical downscaling

techniques for climate change studies.

Keywords Mediterranean � Winter weather regimes �
Climate change � Coupled regional atmosphere–ocean

simulation

1 Introduction

The Mediterranean region consists of a landmass sur-

rounding a body of saline water (Mediterranean Sea) that is
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a semi-enclosed marginal sea with a narrow strait at

Gibraltar in communication with the rest of the oceans. The

typical Mediterranean climate, which lies between the

semi-arid climate of North Africa and the temperate and

rainy climate of central Europe, is characterized by hot, dry

summers and mild, rainy winters. Evaporation exceeds

largely precipitation and river runoff in this region (Mari-

otti et al. 2008), which makes the Mediterranean Sea a

concentration basin. The winter Mediterranean climate,

especially in terms of precipitation, is significantly influ-

enced by the westerlies and the associated cyclonic activ-

ity, and by the North Atlantic Oscillation (NAO) that affect

more the western (e.g. Hurrell 1996) than the eastern parts

(Alpert et al. 2006; Hatzianastassiou et al. 2009). The East

Atlantic (EA) oscillation also impacts the northern and

eastern areas of the Mediterranean (Trigo et al. 2006). In

addition to Atlantic storms, Mediterranean storms can be

generated within the region through cyclogenesis in areas

such as the lee of the Alps, the Gulf of Lyon and the Gulf

of Genoa (Lionello et al. 2006a).

As a consequence of its location in a transition zone

between humid mid-latitude and semiarid subtropics, the

Mediterranean is a climatically sensitive region. It is often

exposed to multiple stresses, such as a simultaneous water

shortage and air pollution exposure (IPCC 2007) that affect

the population of the countries surrounding the Mediter-

ranean Sea. The Mediterranean climate is vulnerable to

changes caused either by anthropogenic forcings, like

increases in concentrations of greenhouse gases (e.g. Lio-

nello et al. 2006b; Ulbrich et al. 2006) or changes in

atmospheric aerosols (Alpert et al. 2006), as well as by

natural forcings, like variability of the position and strength

of the mid-latitude storm tracks or sub-tropical cells

(Giorgi and Lionello 2008). The large sensitivity of Med-

iterranean climate has been seen by significant climatic

shifts that took place in the past (Luterbacher et al. 2006)

and are expected to occur in the future since the region has

been identified as one of the ‘‘hot spots’’ of future climate

change (Giorgi 2006). The strong atmospheric variability

over Europe and the Mediterranean region is even higher in

winter (e.g. Xoplaki et al. 2004; Jones and Lister 2009) and

impacts on life and economic development.

Investigation of persistent and recurrent large-scale flow

patterns that appear repeatedly at fixed geographical loca-

tions, known as weather regimes (WRs), can contribute to

illuminate the climate variability of the Mediterranean

region. WRs organize the behaviour of synoptic systems that

affect local-scale weather during several days or even con-

secutive weeks (Ullmann and Moron 2008). Therefore, WRs

can explain many aspects of local weather and climate over

different regions, not only in terms of mean but also in terms

of variability and extremes (Yiou et al. 2006). Weather

regimes have been largely used to characterize the

atmospheric dynamic circulation patterns (Michelangeli

et al. 1995) relevant to weather conditions for most of mid-

latitude regions, Northern Hemisphere (Corti et al. 1999;

Straus and Molteni 2004); Southern Hemisphere (Solman

and Menendez 2003) and Europe (Vautard 1990; Moron and

Plaut 2003). For example, Ullmann and Moron (2008) ana-

lyzed observed sea surge variations over the French Medi-

terranean coast, and found five WRs over the northeast

Atlantic and Europe during wintertime periods of the twen-

tieth century (1905–2002). They found that more than 75 %

of sea surges C 40 cm occurred during WRs associated with

a negative NAO phase. Santos et al. (2005) performed a

similar study over Portugal in order to isolate the WRs

responsible for the interannual variability of the winter pre-

cipitation and found this was strongly coupled with the large-

scale atmospheric flow in the Euro-Atlantic sector. Fontaine

et al. (2011) examined the relationship between WRs over

the Euro-Mediterranean region and West Africa rainfall, and

found that changes in WR frequencies account for a part of

the West Africa’s inter-annual rainfall variability. Vrac and

Yiou (2010) provide a comprehensive review of clustering

algorithms for local precipitation modelling over the Medi-

terranean basin, discussing the pros and cons of several

methods, with an emphasis on extreme precipitation events.

In a recent study, Beaulant et al. (2011) apply the k-means

cluster method to identify large-scale circulation patterns

associated to extreme precipitation events in Southern

France in the present and future, and find an increase in heavy

precipitation events under SRES A2 scenario by the end of

the century in this region.

The scope of the present work is to study the spatio-

temporal variability of cloud cover and surface climate

parameters over the Mediterranean region during winter in

relation with the main synoptic configuration affecting the

region that define distinct WRs, to evaluate the ability of an

atmosphere–ocean coupled regional climate model (LMDz)

to simulate this variability and to analyze future wintertime

climate projections for the Mediterranean. Particular

emphasis is placed on investigating how cloud properties

vary as function of dynamical atmospheric circulation

regimes over the Mediterranean. To achieve this, first, the

main wintertime WRs of the region are determined based on

700 hPa geopotential height (Z700) data from the European

reanalysis Project ERA40. Then, the variability of these

regional WRs is investigated in relation to associated key

meteorological variables, namely surface air-temperature,

precipitation, total cloudiness and surface shortwave and

longwave radiation fields. Data from ground based obser-

vations, ERA40 Reanalysis, and satellite ISCCP database,

are used here. This study focuses on winter because during

winter the Mediterranean climate variability maximizes and

because winter contributes the largest part of annual mean

regional cloudiness and precipitation.
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To assess WRs in the Mediterranean region and their

potential changes in a climate change scenario, we have

used the atmospheric–ocean coupled regional climate

model LMDz. The simulation is 100 years long

(1951–2050) covering recent and future climate, following

the SRES A1B emission scenario.

The remainder of the paper is organized as following.

Section 2 gives a brief outline of the LMDz model and the

datasets used for model evaluation and for weather regime

analysis. The clustering method applied for the determina-

tion of the weather regimes is given in Sect. 3. Section 4

presents the climatological wintertime conditions in the

Mediterranean (4.1) and then analyzes the results of the

clustering applied to ERA40 and to LMDz (4.2). An analysis

of clouds in LMDz is given in Sect. 4.3. In Sect. 4.4, the

2021–2050 projected changes in WRs are discussed. Finally

Sect. 5 provides a summary and conclusions.

2 Models and datasets

2.1 LMDz/NEMO-MED8 model

The regional coupled model used in this study is composed

of the LMDZ-regional atmospheric (Li 1999; Hourdin et al.

2006) and NEMO-MED8 oceanic models. LMDZ-regional

is an atmospheric general circulation model, with a zoom

over the Mediterranean region. The spatial resolution over

the Mediterranean basin is about 30 km. LMDz is used

here as a traditional regional climate model (RCM), since it

is forced, outside the Mediterranean domain every 6-h, by

outputs of the IPSL-CM4 global ocean–atmosphere cou-

pled model (Marti et al. 2010). NEMO-MED8, described

by Sevault et al. (2009), is an oceanic general circulation

model operated for the Mediterranean Sea. Its horizontal

resolution is 1/8 degree (that corresponds to about 10.6 km

at 40�N and 11.4 km at 35�N) and with 43 layers in the

vertical from the sea-surface to the bottom.

A small area of the North Atlantic near the Strait of

Gibraltar is taken into account in the model as a buffer

zone. In this zone, both temperature and salinity are relaxed

to values calculated by the coarse resolution global oceanic

model, and the net inflow from the Atlantic Ocean is about

0.06 Sv. The Black Sea is neglected and is only considered

as a source of fresh water, with a climatological seasonal

cycle. The LMDZ-regional and NEMO-MED8 models are

interactively coupled through the coupler OASIS (Valcke,

2006) at a diurnal frequency. For each day, LMDZ-regio-

nal provides the surface radiative fluxes, turbulent heat

fluxes and wind stress to NEMO-MED8 and receives in

turn the sea-surface temperature (SST). Heat fluxes and

SST are interpolated through a simple re-mapping scheme,

which conserves the domain average. Wind stress is

interpolated by a bilinear scheme that has a good behaviour

in dealing the curl of winds.

The initial state of the Mediterranean Sea is set to the

climatology of Medatlas (Mediterranean and Black Sea

Database of temperature, salinity and bio-chemical

parameters climatological atlas, MEDATLAS 1997) for

January in terms of oceanic temperature and salinity, and

there are no currents at the initialisation. The spin-up of the

coupled model has a duration of 30 years. After the spin-up

time, the regional coupled model is run with outputs of

IPSL-CM4 under historical conditions (solar constant,

greenhouse gases, sulphate aerosols and volcanism) from

1951 to 2000, and under the IPCC SRES-A1B scenario

from 2001 to 2050.

2.2 ISCCP dataset

We use the ‘‘International Satellite Cloud Climatology

Project’’ (ISCCP) D1 dataset to evaluate winter cloudiness

over the Mediterranean region. The ISCCP D1 (Rossow and

Schiffer 1999; http://isccp.giss.nas.gov) provides a global

distribution of cloud amount and other properties (cloud-top

altitude and optical thickness) at 280 9 280 km2 scale and

3-h intervals from 1983 to present. The ISCCP data set is

built from measurements of the visible and infrared multi-

spectral radiometers on board five geostationary and two

polar orbiting operational weather satellites. The cloud

parameters (Rossow et al. 1996) are inferred from the anal-

ysis of the visible (daytime) and infrared (night time and

daytime) full resolution data (ranging from 4 km to 7 km)

and sampled to 30 km spacing. At low and mid-latitudes, to

attain global uniformity in the multi-satellite data set, the

number of channels used has been restrained to one visible

channel and one IR window channel.

The cloud identification is performed with a threshold

technique using IR (night-time and daytime) and VIS

(daytime) clear-sky values; these values are established

from statistical analysis of the spatial and temporal vari-

ability of the data (Rossow and Garder 1993). For daytime

data, both IR and VIS/IR cloud fractions (number of full

resolution pixel identified as cloud contaminated) are

available; this allows insight into the bias of the night-time

cloud fraction compared to the VIS/IR daytime cloud

fraction. During daytime, the VIS data allow improved

detection of low clouds.

The retrieved ISCCP daytime cloud cover is within the

68 % (±3 %) of other cloud cover climatologies, when the

sub-visual clouds with optical thickness smaller than 0.1

(about 5 % of the CALIOP lidar observations) are not con-

sidered (Stubenrauch et al. 2012). Taking into account the

sub-visual high-level clouds (OD \ 0.1) detected only with

the CALIOP lidar, increases the cloud cover amount by more

than 10 % in the tropics (15�N–15�S), but by less than 5 % in
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the northern hemisphere mid-latitudes. The latitudinal,

regional and seasonal variations of the ISCCP cloud cover

amount are in agreement with the other climatologies

(Stubenrauch et al. 2012; Rossow and Golea 2013).

In the present study, the ISCCP D1 data for the period

from March 1983 to February 2000 and the region 10�W–

35�E and 25�N–50�N are used. This region is entirely

within the field of view of the METEOSAT geostationary

satellite, avoiding thus discontinuities that may arise from

changes in instruments. For each day the cloud cover field

at 12GMT has been retained since visible observations are

available for the whole region at this time.

2.3 Era40

Various fields from the European Reanalysis project ERA40

(Uppala et al. 2005), produced by ECMWF are used in this

study. ERA40 is a globally gridded dataset of horizontal

(spectral) resolution T159 (about 125 km) and 60 vertical

levels, and covers the period 1958–2001. To calculate the

weather regimes we have used the daily geopotential height

at 700 hPa (Z700). Upward and downward shortwave and

longwave radiation fields at the surface have also been

analysed to characterise the 4 identified regimes, and to

evaluate radiation fields from the LMDz model.

For Sea surface temperature comparison we have used

the monthly version of HadISST 1.1 Sea Surface Tem-

perature dataset (Rayner et al. 2002).

2.4 E-OBS dataset

The E-OBS (Haylock et al. 2008), part of the European

Climate Assessment and Dataset (ECA&D), is a European

land-only high-resolution gridded data set for daily pre-

cipitation and surface minimum, maximum, and mean

daily temperature for the period 1950–2006. The data set

was developed as part of the European Union Framework 6

ENSEMBLES project for validation of Regional Climate

Models and for climate change studies. This gridded data

set has been produced by interpolating more than 2300

station data over the region, using a three steps ‘‘kriging’’

procedure. The dataset includes daily estimates of the

interpolation uncertainty, provided as standard error,

which, although not the only one, constitutes the largest

source of uncertainty in the dataset. In the present study we

use the 50 km gridded E-OBS product.

3 Methodology

In order to determine the characteristic weather regimes

prevailing over the Mediterranean, we apply a clustering

method to daily 700 hPa geopotential height (Z700) over

the domain shown in Fig. 1. The level of 700 hPa was

chosen as being representative of the lower layer of the

atmosphere, where most weather phenomena take place.

The clustering method is k-means (e.g. MacQueen 1967),

one of the simplest unsupervised learning algorithms that

solve the well-known clustering problem.

The procedure follows a simple and easy way to classify a

given data set into a certain number of clusters (assume k

clusters) that are fixed a priori. The main idea is to define k

centroids, one for each cluster. The next step is to associate

each point of a given data set to the nearest centroid. When no

point is pending, the first step is completed and an early

grouping is done. At this point k new centroids are re-cal-

culated as barycenters of the clusters resulting from the

previous step. After determining these k new centroids, a

new binding has to be done between the same data set points

and the nearest new centroid. In this way, a loop is being

generated, and the k centroids may change their location step

by step. When no more changes are done, i.e. centroids do not

move any more, the procedure is completed and the final

clustering is obtained. Although it can be proved that the

procedure is always terminated, the k-means algorithm does

not necessarily find the minimum of the function to be

minimized, i.e. mean intra-cluster variance. The algorithm is

also significantly sensitive to the initial randomly selected

cluster centres.

In this work, we use the k-means function implemented

in matlab, and the number of clusters is fixed at 4. The

choice of 4 clusters is justified by three independent

considerations.

We repeated the k-means clustering algorithm with

k = 2–8, and, to ensure a stable solution of the clustering

algorithms, we repeated the procedure 100 times. For

k = 4, less than 1 % of the individual days fall into a

different cluster when repeating the calculation, hence

producing a very stable result. For 3–8 initially set clusters

the stability falls to 10–30 %, to the point that for 8 clusters

no convergence is found (not shown). A second approach

to evaluate the robustness of the clustering results, in

relation to other initial number of clusters, was to apply the

Silhouette Validation Method (Rousseeuw 1987). This

method represents each cluster by a so-called ‘‘silhouette’’

that compares the tightness and separation with respect to

other choices of cluster number. Applying this validation

procedure for 2–8 clusters, we found largest value of this

index (i.e., goodness of cluster separation) is for 2 clusters,

and second largest validity for 4 clusters.

Finally, previous work using similar clustering methods

to study wintertime climate in Europe have diagnosed 4

clusters as the number to group weather regimes (Nuissier

et al. 2011). Vrac and Yiou (2010) use 7 clusters, but four

of those correspond closely to clusters found in this study

(see their Fig. 10). Notice that Vrac and Yiou, like many
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other WRs studies use 500 hPa geopotential height to

calculate the regimes, unlike Plaut and Simmonnet (2001)

for example or our study that use Z700.

In summary, in this work, we use the k-means function

implemented in matlab, and the number of clusters is fixed

at 4. The cluster calculation was performed over the winter

period 1961–2002.

Both ERA40 and LMDz daily Z700 fields were first

detrended. We assumed a linear trend that was subtracted

from the field at each grid-point, and then the seasonal

cycle was removed. Finally, to make the clustering calcu-

lation more efficient, we use also a principal component

analysis and keep the first 10 components. The detrending

procedure is especially important for the LMDz fields,

since the clustering analysis is done for the complete length

(100 years) of the simulation, and LMDz has a significant

positive trend in the Z700 field throughout the complete

simulation (due to global warming). The same procedure

was applied to ERA40 for consistency.

The present work investigates the winter time WR

(DJF). The k-means clustering method is applied to the

daily de-trended values of Z700 height. Given the model

high spatial resolution (about 30 km around the Mediter-

ranean), a bilinear interpolation scheme is first applied to

convert the dataset into a regular grid of 1̊ by 1̊ in longitude

and latitude.

Given the availability of the ISCCP, E-OBS and ERA40

datasets, we have chosen the December 1983–February

2000 period (17 winter seasons) as the common period for

evaluating the twentieth century simulation of the LMDz

model. In order to evaluate the effect of increased GHG

concentration and aerosols given by the SRES A1B during

the period 2000–2050, we have calculated differences

between the reference periods 1961–1990 and 2021–2050.

As mentioned before, the ERA40 clusters were calculated

for the winter period December 1961–February 2002, and

the relative percentage of clusters calculated for the two

periods of interest: evaluation: 1983–2000; twentieth cen-

tury: 1961–1990. Summary of the results are given in

Table 1.

4 Results

General features of the winter-time climatology over the

Mediterranean region are first outlined (Sect. 4.1). Then,

the results for the observationally based and LMDz mod-

elling based (Sect. 4.2) weather regime are analysed and

discussed. Followed by a short discussion of clouds in

LMDz (Sect. 4.3). In Sect. 4.4 we evaluate and analyse the

projected changes in precipitation and temperature for the

last 30 years of the simulation (2021–2050) in the context

of changing winter weather regimes. The winter season is

referred to by the year of the first month, i.e., winter 1999

corresponds to December 1999, and January and February

2000.

4.1 Climatological winter conditions

in the Mediterranean basin

Figure 1 shows the winter-time climatology (1983–1999)

of total cloud cover, precipitation, mean surface tempera-

tures and sea surface temperatures, from the ISCCP and

E-OBS datasets (left panels), and the differences between

model and observational dataset (right panels), in absolute

terms for cloud cover and temperatures, and as percentage

for precipitation.

The ISCCP winter total cloud cover (Fig. 1a) shows a

latitudinal gradient, with highest values over the Atlantic

Ocean and Black Sea (up to 80–90 %) and lowest values

over Northern Africa (30–50 %). Cloud cover over the

Mediterranean Sea varies between 50 and 70 %, whereas

higher values (70–80 %) are found over the European

continent. The LMDz model underestimates the cloud

cover over the whole domain (Fig. 1b), but reproduces

reasonably well the latitudinal gradient. Over the Medi-

terranean basin LMDz underestimates the ISCCP

cloud cover by 10–30 %, with smaller differences

(10–20 %) over western and south-western Europe and

higher (20–40 %) over south-eastern Europe and North

Africa.

The winter surface temperatures over the domain are

warmest over northern Africa and the Iberian Peninsula,

and get gradually colder towards the north and eastern part

of the domain. In general, the LMDz mean surface tem-

peratures are in reasonable agreement with those from

E-Obs dataset, though there is an overall cold bias

(Fig. 1d). This bias is smallest over France (less than

0.5 �C), is 0.5–2 �C over the Iberian Peninsula, Northern

Africa, central and north-eastern Europe, and between 2

and 3 �C in some high-altitude areas like the Alps or the

Italian and western Balkan’s mountain ranges.

The Sea Surface Temperatures (SSTs) show a latitudinal

gradient from south to north, with values between 13 and

19 over the Mediterranean Sea (Fig. 1e). LMDz has a cold

SST bias with values between 0.5 and 2.5 �C (Fig. 1f).

This is due to a cold SST bias from the global model (up to

4 �C over the Atlantic sector, not shown), which is reduced

in the regional coupled system. The same coupled model,

when driven by more realistic large-scale boundary con-

ditions, shows much improved temperature (L’Hévéder

et al. 2012). The larger cold biases in surface temperatures

in the eastern part of the domain are probably influenced by

this cold Mediterranean SST bias. The cold SST bias could

also be responsible for the lower cloud cover simulated by

the model over the Mediterranean Sea.
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a ISCCP total cloud cover b LMDz CLD − ISCCP

c E−OBS 2m Temp d LMDz T2m − E−OBS T2m

e DJF HadISST f LMDz SST − HadISST

g E−OBS Precipitation h LMDz pr − E−OBS pr
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During winter, significant precipitation (20–140 mm/

month) falls over land throughout the entire study region

(Fig. 1e). The highest values (both observed and simulated)

occur in western Europe, along the Atlantic coasts, and in

the western parts of the major Mediterranean peninsulas

(Iberian, Italian, Balkan and Anatolian). Precipitation is

enhanced by the orographic relief with high mountains, like

the Alps, Pyrenees in France and Apennines in Italy. The

model reproduces the overall spatial pattern of precipita-

tion, but overestimates it over most European continental

areas, especially mountainous ones at the west coasts (by

about 80 %, Fig. 1f). As a consequence it underestimates the

east coasts precipitation as well as that at the northern African

coast. The topographic enhancement of precipitation in

regional models is a well known problem, found in different

RCM and regions (e.g., Coppola et al. 2010; Rojas 2006).

In summary, the LMDz model reproduces the spatial

pattern of the satellite- and surface-based climatological

winter time cloud cover, surface temperatures and precip-

itation, with the following biases: it underestimates cloud

cover, it has a cold temperature bias, while it overestimates

precipitation (mainly orographic).

4.2 Climatologies of winter weather regimes

over the Mediterranean basin from ERA40,

observational datasets and LMDz

We applied the clustering algorithm, described in Sect. 3,

to both ERA40 and LMDz Z700 (both for the period

1960–1999) to determine the four regimes controlling

wintertime weather over the Mediterranean, percentage of

occurrence of each regime is calculated for the period

1983–1999 only. Figure 2a–d displays the four weather

regimes derived from ERA40 analysis and Fig. 2e–h the

regimes from LMDz model. Z700 anomalies are shown

with colour shading whereas the composites of each cluster

(Z700 values) are given as black contours. Between 85 and

80 % of the individual events that fall into one particular

cluster last for longer than 2 days, hence we term them

‘‘regime’’.

Based on the configuration of ERA40 large-scale Z700

and their anomalies, the four clusters have been termed as:

(1) Cyclonic regime (least frequent regime: 22 % occur-

rence), (2) Anticyclonic regime (most frequent regime:

28 %), (3) Meridional regime (25.2 % occurrence) and (4)

Zonal regime (24.8 % occurrence).

The main four winter clusters from LMDz (Fig. 2e–h)

closely match the ones obtained from ERA40 (Fig. 2a–d),

especially in terms of anomalies, with some differences in

the relative frequency of occurrence (Table 1). A correla-

tion analysis indicates that the ERA40 and LMDz clusters

are indeed highly correlated (R = 0.94–0.98, shown in

table 1). Table 1 summarises the relative frequency of

occurrence of all ERA40 and LMDz regimes, including

those of LMDz simulations for the twentieth and twenty-

first centuries. These results indicate the ability of the

LMDz model to reproduce the weather regimes prevailing

over the Mediterranean during winter.

The patterns of atmospheric and surface variables,

associated with each of these regimes, specifically, the

fields of cloud cover, precipitation, maximum and mini-

mum surface air temperatures (T2 m) and surface down-

ward solar and thermal radiation where calculates and are

described below. To ease the lecture, we have provided a

schematic diagram summarizing each ERA40 regime. The

full ERA40 figures can be found as online supplementary

material. For each regime we first describe the ERA40/

Observational fields and then the LMDz composites.

4.2.1 Cyclonic regime

The Cyclonic regime is characterized by a strong negative

geopotential anomaly over France (brown contours in

Fig. 3a). This circulation anomaly induces higher-than-

normal cloudiness over the Mediterranean basin west of the

Balkans and in western North Africa ([20 %). Positive

precipitation anomalies are associated with higher cloud

clover. Whereas lower cloudiness prevails over the south-

Table 1 Frequency of occurrence of ERA40- and LMDZ-based four main winter weather regimes (cyclonic, anticyclonic, meridional and zonal)

over the Mediterranean basin (in % of total winter days)

Period Cyclonic Anticyclonic Meridional Zonal

ERA40: 1983–1999 22.0 28.0 25.2 24.8

ERA40: 1961–1990 23.0 25.5 25.3 26.1

LMDz eval: 1983–1999 21.9 (R = 0.94) 20.6 (R = 0.97) 28.4 (R = 0.95) 29.1 (R = 0.98)

LMDz 20C: 1961–1990 22.1 24.9 25.9 27.1

LMDz 21C: 2021–2050 20.1 30.0 25.4 24.5

Fig. 1 DJF climatological mean fields for evaluation per-

iod:1983–1999. a ISCCP cloud cover, b ISCCP cloud cover—LMDz

cloud cover, c E-OBS 2 m mean temperature, d LMDz—E-OBS 2 m

mean temperature, e HadISST Sea Surface Temperatures (SSTs),

f LMDz—HadISST, g E-OBS precipitation, h E-OBS—LMDz precip-

itation (percentage)

b
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eastern Mediterranean Sea and in central and eastern North

Africa. Consequently, there are negative downward surface

solar radiation anomalies over areas with positive cloud

cover anomalies (up to -20 %). Negative maximum and

minimum temperature anomalies are seen over Central and

Northern Europe, and positive anomalies to the south, over

the North African coasts and over the Balkans and Ana-

tolian Peninsula.

Differences in maximum and minimum temperatures are

not included in the schematic. Over western North Africa

(northern Algeria and Morocco) and over the south-eastern

Iberian Peninsula positive minimum T2 m anomalies pre-

vail by the presence of enhanced cloud amounts. Clouds

trap part of the emitted thermal radiation from the surface

during night and re-emit down to surface, in line with the

positive anomalies of downward surface thermal radiation

over these regions (by about 10 %, purple arrows). Thus, in

this region, enhanced cloudiness results in reduced daily

temperature amplitude. On the other hand, over the Bal-

kans and the Anatolian peninsulas, the positive T2 m

anomalies are explained by the advection of warmer air

from North Africa driven by the cyclonic circulation that

affects both minimum and maximum T2 m (between 2 and

3 �C).

Although this regime is the least frequent one, its pre-

cipitation has a large contribution to the total seasonal

precipitation. For example the Iberian Peninsula receives

35–45 % of the total seasonal precipitation during these

events, Alps and Italy between 50 and 60 % and the rest of

south-eastern Europe between 40 and 60 %.

4.2.1.1 LMDz cyclonic regime The LMDz cyclonic

regime has similar features of Z700 and associated anom-

alies to the ERA40 regime, with a less pronounced trough

around 5–10�E (see Fig. 2). Similarly to the ERA40

regime, the LMDz is characterised by positive total cloud

cover anomalies over almost the whole Mediterranean

region, with values up to 50 % over the Italian, Balkans

and Anatolian peninsulas (see Fig. 4), but is more extended

than the ERA40. Significant positive precipitation anoma-

lies (Fig. 4b) appear over most of the region, with negative

precipitation anomalies in the northernmost part of the

domain, (similarly with the ERA40 regime) and over north-

eastern Africa, which is not covered by the observational

dataset.

As in the ERA40 cyclonic regime, the surface down-

ward solar (Fig. 4e) and thermal (Fig. 4f) radiation

anomalies are strongly related to those of cloud cover and

T2 m. The LMDz solar radiation anomalies at surface are

enhanced above regions with high altitude (up to 50 %)

reflecting thus topographic features in the LMDz model.

Temperature anomalies are driven by a combination of

circulation advection and cloud cover, and are overall well

reproduced by the model (Fig 4c, d). Differences in the

north-eastern part of the domain, can be attributed to the

deeper cyclonic anomaly and stronger warm south advec-

tion in the model. Remarkably, the warmer-night/colder-

days feature that is observed over the Iberian Peninsula is

well reproduced by the model, albeit smaller minimum

T2 m anomalies.

One important difference with the ERA40 regime is that

the model does not reproduce the positive minimum tem-

perature anomalies over Morocco/Algeria, though it sim-

ulates the negative maximum T2 m anomalies. Positive

minimum T2 m anomalies can be explained by night-time

heat trapping by clouds. The fact that the model has higher

than normal cloud cover in this region (Fig. 4a) but does

not reproduce heat trapping might be due to the vertical

distribution of clouds by the model. In the model the

enhanced cloudiness is due to low-level clouds, and not to

high-level ones, which are most efficient in trapping heat.

On the contrary, negative high-level cloud anomalies are

simulated by the model (not shown).

4.2.2 Anticyclonic regime

This regime is characterized by a pronounced north–east

ridge extending over southern France and Germany, with

strong positive geopotential anomalies centred over

southern France, spreading out down to the Mediterranean

basin (Fig. 3b). Lower than normal cloud cover is found

over the whole region between 25 and 50�N, with more

clouds over north-eastern African regions (Libya and

Egypt). Very dry conditions occur during this regime, with

the strongest negative precipitation anomalies (up to

-80 %) over Italy, the Alps and the western Greek and

Anatolian peninsulas, i.e. where the largest negative cloud

cover anomalies occur. Precipitation amounts associated

with this regime contribute very little (less than 15 %) to

the total seasonal precipitation over most parts of the

domain.

This anticyclonic regime induces positive anomalies of

maximum T2 m over most of the domain (Fig. 5d), except

the regions surrounding the eastern basin, and of minimum

T2 m over all European areas north of 40̊N. The negative

maximum and minimum T2 m anomalies over Greece and

Turkey are influenced by the circulation patterns found at

the edge of positive Z700 anomalies (Fig. 2b). The fields of

regional surface downward solar (Fig. 5e) and thermal

Fig. 2 Climatological (1983–1999) four weather regimes prevailing

over the Mediterranean during winter (December–January–February)

in terms of geopotential height at 700 hPa (Z700 contours in km).

Coloured areas represent the Z700 anomalies (in m) with respect to

the climatological fields. Results are given from the application of

cluster analysis to Z700 fields from: ERA40 (a, b, c, d) and LMDz

model (e, f, g, h)

c

558 M. Rojas et al.

123



a Cluster 1: Cyclonic (22.0 %)

clusters of DJF GEOP 700hPa ERA40 1983−1999
b Cluster 2: Anticyclonic (28.0 %)

c Cluster 3: Meridional (25.2 %) d Cluster 4: Zonal (24.8 %)

e Cluster 1: Cyclonic (21.96%)

clusters of DJF GEOP 700hPa LMDz 1983−1999
f Cluster 2: Anticyclonic (20.57%)

g Cluster 3: Meridional (28.4%) h Cluster 4: Zonal (29.05%)
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(Fig. 5f) anomalies are generally in line with the patterns

of cloud cover and T2 m: positive/negative anomalies of

downward solar/thermal radiation all over southern

Europe.

4.2.2.1 LMDz anticyclonic regime As in the observa-

tions, this regime is the most frequent weather regime

during the winter season in the LMDz model, occurring

almost 28 % of the days (compared well to the 28 % in

ERA40, see Fig. 6). The positive geopotential anomalies

centred over France, are somewhat stronger in the model

compared to ERA40. Similarly to the ERA40 regime,

negative total cloud cover anomalies (Fig. 6a) are found

over most of the domain, with important negative precip-

itation anomalies (up to 80 %) over Italy, Alps, western

Balkans and southern Iberian Peninsula, except over east-

ern northern Africa and off its coastal areas (Fig. 6b). In

this region, lying outside the E-OBS database domain, the

model indicates important positive precipitation anomalies.

In the model, the regime is further characterized by

positive (negative) solar (thermal) downward radiation

anomalies (Fig. 6e, f) at surface, resembling the cloud cover

pattern. These stronger radiation anomalies are enhanced

over topographic features, and are not seen in the ERA40

regime. Both maximum and minimum T2 m anomalies

(Fig. 6c, d) show a distinct north-west/south-east positive/

negative dipole structure that is more pronounced than in the

ERA40 regime, but overall very similar. According to the

model anticyclonic regime, negative T2 m anomalies exist

over the Mediterranean basin, with maximum values in its

eastern part.

4.2.3 Meridional regime

This regime is characterized by a trough extending over the

Balkans with its axis reaching north-eastern Africa, and

brings into the Mediterranean air from north-western Eur-

ope and the Atlantic Ocean. Negative Z700 anomalies

persist over the eastern half part of the region (east of 10̊E)

against positive Z700 anomalies over the Iberian Peninsula

and most of France (Fig. 3c).

Cloud cover is lower than the climatological wintertime

mean over the western Mediterranean whereas it is slightly

higher in the central and eastern basins. Associated to this

cloudiness pattern, negative precipitation anomalies are found

over the Iberian Peninsula, France and Italy, and positive

precipitation anomalies over northern Europe, the Balkans

and Anatolian peninsulas. The total precipitation of this

a b

dc

Fig. 3 Schematics of the four ERA40 winter regimes, including anomalies of Z700, cloud cover, precipitation surface temperatures and infrared

radiation. a cyclonic regime, b anticyclonic regime, c meridional regime, d zonal regime
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a DJF LMDz total cloud cover anomaly b DJF LMDz Precipitation anomaly

c DJF LMDz Tmin LMDz anomaly d DJF LMDz Tmax LMDz anomaly

e DJF LMDz Solar downward rad at surf anomaly f DJF LMDz Thermal downward rad at surf anomaly

Fig. 4 Geographical distribution of the anomalies of winter surface

and atmospheric conditions over the Mediterranean region for LMDz

cyclonic weather regime (21.9 %) a total cloud cover, b precipitation,

c min temperature, d max temperature, e solar downward radiation at

surface, f solar upward radiation at surface g thermal downward

radiation at surface, g thermal downward radiation anomaly at

surface, h thermal upward radiation at surface
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regime contributes to up to 50 % of the total winter precipi-

tation (maximum contributions over the Alps and Turkey).

The patterns of surface downward solar and thermal

radiation anomalies are fully in line with those of cloudi-

ness, with positive/negative solar/thermal radiation anom-

alies in the western Mediterranean basin and negative/

positive anomalies, respectively, in the eastern part of the

basin. During this regime, most of central part of the

domain is colder than normal, except over the Iberian and

Anatolian peninsulas that exhibit positive anomalies of

maximum and minimum T2 m, respectively. These

anomalies increase the daily temperature amplitude over

the Iberian Peninsula (similarly to the cyclonic regime) and

decrease the daily temperature amplitude over the Anato-

lian Peninsula.

4.2.3.1 LMDz meridional regime The meridional regime

(Fig. 2g) occurs 25.2 % of the winter days in the LMDz

model, the same as in the ERA40 data, and resembles

closely the Z700 isolines and anomalies, albeit a further

eastward shifted centre, and deeper geopotential anomalies.

As a consequence of the further eastward displaced Z700

anomalies, the negative/positive cloud cover anomaly

(Fig. 8a) over the western/eastern part of the Mediterra-

nean basin is extended more eastward than in the ISCCP

data. Hence the precipitation anomaly pattern is also dis-

placed further eastward. However, the main difference with

the ERA40 regime is an important enhancement of the

negative temperature anomalies (model anomalies are up to

1 �C colder, Fig. 8c, d), and the enhanced model solar and

thermal downward radiation anomalies (up to 10 and 5 %

respectively, Fig. 8e, f).

The pattern and amplitude of the cold temperature

anomalies in this regime could be explained by the stronger

temperature advection induced by the circulation pattern of

this regime. Over the Iberian Peninsula the positive max-

imum temperature seen in the observations are only mar-

ginally reproduced in the model (see Fig. 8d, 0.5 in the

model versus 1 �C observed anomalies). Therefore the

model underestimates the enhanced daily temperature

range seen in the observations.

4.2.4 Zonal regime

This regime brings humid air from the Atlantic to the

Mediterranean (Fig. 3d), and shows in most variables the

opposite pattern than the meridional regime. When it

occurs, negative Z700 anomalies prevail over western part

of the domain and positive on the eastern side. More than

average cloudiness occurs in the western Mediterranean

basin through to the Italian and western Balkans peninsu-

las, together with precipitation (Fig. 3d). Slightly less

cloudiness appears over the eastern Mediterranean basin,

with negative precipitation anomalies. The positive pre-

cipitation anomalies of this regime contribute 30–50 % of

the total winter precipitation in France and the Iberian

Peninsula.

The anomalies of surface radiation during this regime

are clearly smaller than those of all other weather regimes.

There are negative solar and positive thermal downward

radiation anomalies at surface (up to 20 and 10 %,

respectively), in a spatial pattern resembling the cloud

cover anomalies. The temperature anomalies of this regime

are also more moderate than the other three. They are

positive throughout the basin, except for negative maxi-

mum T2 m anomalies over the Iberian Peninsula, which

together with positive minimum T2 m anomalies in this

region reduce the daily temperature range.

4.2.4.1 LMDz zonal regime The zonal regime occurs

29 % of the winter days in the LMDz model (see Fig. 2h),

and compared to the corresponding ERA40 regime

(Fig. 2d), has a less zonal geopotential pattern (black

contours). The anomaly field (shaded contours) does

resemble well the ERA40 regime (see Fig. 2d) though with

slightly more expanded positive anomalies in the eastern

part of the domain. The total cloud cover anomaly (Fig. 7a)

is mostly positive (up to 50 %), and spreads further to the

east than in the ERA40 regime, accordingly important

positive precipitation anomalies (Fig. 7b) are found over

northern Africa, the Iberian Peninsula, France and the Alps,

similar to the ERA40 regime.

As for the meridional regime, the temperature and radia-

tion anomalies (Fig. 7c–f) of the zonal regime are larger and

geographically more expanded in the LMDz model than in

the ERA40 dataset. The temperature anomalies are positive

with values up to 3 �C (both minimum and maximum tem-

peratures, Fig. 7c, d), especially over Italy and the Balkans.

Largest radiation anomalies (Fig. 7e, f) are found over these

same regions, negative solar downward anomalies (up to

-20 %) and positive thermal downward radiation (up to

10 %). The model also reproduces the observed decreased

daily temperature amplitude over the Iberian Peninsula

during this type of events.

4.3 LMDz cloud level and temperature anomalies

The LMDz model enables the investigation of some addi-

tional characteristics of the identified weather regimes, for

example how these regimes affect the low, mid and high

level clouds, in addition to their impact on the total cloud

cover fields discussed above. This is important given the

different role of each cloud type for the shortwave and

longwave radiation budgets, and hence the regional cli-

mate. To this aim, the composite of the cloud fields for the

4 model WRs have been calculated (not shown).
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LMDz has 4 cloud variables, low, mid and high level

clouds as well as total cloud cover, which is a column-

integrated cloud cover with assumption of random

overlapping. Low-level clouds correspond to cloud cover

in the lower levels of the model, up to 500 hPa. Mid-level

clouds are found between 500 and 300 hPa. High-level

a DJF LMDz total cloud cover anomaly b DJF LMDz Precipitation anomaly

c DJF LMDz Tmin LMDz anomaly d DJF LMDz Tmax LMDz anomaly

e DJF LMDz Solar downward rad at surf anomaly f DJF LMDz Thermal downward rad at surf anomaly

Fig. 5 Same as Fig. 4, but for the LMDz anticyclonic weather regime (20.6 %)
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a DJF LMDz total cloud cover anomaly b DJF LMDz Precipitation anomaly

c DJF LMDz Tmin LMDz anomaly d DJF LMDz Tmax LMDz anomaly

e DJF LMDz Solar downward rad at surf anomaly f DJF LMDz Thermal downward rad at surf anomaly

Fig. 6 Same as Fig. 4, but for the LMDz meridional weather regime (28.4 %)
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clouds are above 300 hPa and correspond mainly to cirrus

clouds. Convective clouds are separated at each level, but

are mainly found at low and mid-level in the model.

In all four regimes, positive precipitation anomalies are

mainly correlated with the mid-level clouds, and to a lesser

degree with low-level clouds. Solar downward radiation

anomalies are best anti-correlated to the total cloud

anomaly, whereas the thermal downward radiation is

strongly correlated to high-level clouds, which mainly

represent cirrus clouds in the model. As has been discussed

already in the regime characterisation, maximum and

minimum temperatures are determined both by temperature

advection induced by the circulation anomalies, and by

cloud fields. Consideration of different levels of clouds

shows that the pattern of high-level clouds shapes the

temperature anomalies in the model. Temperature dis-

crepancies found between the ERA40 and LMDz WRs (as

discussed for the cyclonic regime over northern Africa for

example), can be explained by the type (level) of clouds

simulated by the model.

4.4 Mediterranean climate change projection

The last 30 years of simulation, 2021–2050, show pro-

jected climate changes following the SRES A1B scenario.

Figure 8 shows the cloud cover, 2 m temperatures, SSTs

and precipitation differences between the periods

2021–2050 and 1961–1990. Seven regions used to calcu-

late regional precipitation differences are also indicated.

The LMDz simulation indicates that a general decrease

of cloud cover (Fig. 8a) is foreseen for Europe and the

Mediterranean Sea, by up to about 5–10 % in most areas,

reaching -15 % above the eastern Mediterranean basin,

including Greece and Turkey. A general warming over the

study region is also projected, with an increasing gradient

from the south-west to north-east (Fig. 8b). Smallest

warming is projected in most of northern Africa and Por-

tugal (up to 1.5 �C). Warming up to 2 �C is foreseen over

the Iberian Peninsula, France, and the Mediterranean Sea,

against stronger warming moving eastwards into the

European continent, reaching up to 4 �C in the north-

eastern part of the domain. This warming is in accordance

with previous studies (Déqué et al. 2012 and references

therein) and IPCC AR4 projections for the region (Chris-

tensen et al. 2007), and is similar to the projected warming

of the driving model. The SSTs differences are somewhat

smaller than the 2 m temperatures in the model, especially

near the coasts. Finally, the model simulation predicts a

5–20 % decrease in precipitation in the Mediterranean

region (up to 42̊N, Fig. 8d), and unchanging or positive

precipitation changes north of 45̊N. The spatial pattern of

the precipitation changes for the twenty-first century is

related to the total cloud cover pattern. This accordance is

even stronger between low and mid-level clouds and pre-

cipitation changes (not shown).

In order to analyse the changes shown in Fig. 8 in terms

of weather regimes, the cluster analysis was applied to the

Z700 fields of the LMDz twenty-first century’s simulation.

The analysis yielded the same four weather regimes that

had been identified for the recent decades. The comparison

between the weather regimes of the twentieth and twenty-

first centuries was however calculated from the cluster

analysis of the complete (1961–2050) period, and reveals

changes in their relative frequency of occurrence (see

Table 1). More specifically, the cyclonic and zonal regimes

become less frequent (decreasing from 27 to 24.5 % and

from 22 to 20 % respectively), and the anticyclonic regime

becomes more frequent (increasing from 25 to 30 %).

There is no significant change in the frequency of the

meridional regime. The cyclonic and anticyclonic regime

also differ somewhat from their twentieth century coun-

terpart in that the Z700 anomalies are larger, i.e., deeper

low over France for the cyclonic regime and higher high in

the anticyclonic regime. A consequence of this difference

is that for example, the relative contribution of rainfall to

the total winter total of the cyclonic regime is larger in

some regions as the Alps during the twenty-first century

compared to the twentieth century.

The projected changes in relative frequency of the four

weather clusters can partly explain the simulated changes

of temperature and precipitation shown in Fig. 8. For

example, increasing frequency of the anticyclonic cluster

leads to more days with dry and warm conditions over most

of the Mediterranean Basin and western Europe respec-

tively. Whereas decreasing frequency of the cyclonic WR

contributes to the decreasing precipitation over most of the

region and less days with negative temperature anomalies

in the western part of the region (Fig. 4a, c, d), i.e. warmer

conditions. Less frequent zonal cluster also contributes to

less precipitation over the Iberian Peninsula and France and

the Alps. All changes of WRs’ frequency are statistically

significant (t test) at the 95 % confidence level.

In order to further quantify the contribution of the

change in relative occurrence of each WR to the total

precipitation change, we have defined 7 regions to take

regional averages. The regions are indicated in all panels in

Fig. 8. In Fig. 8d, we see that over Iberian Peninsula (IBS),

Western and North Eastern North Africa (WNA, ENA) and

Balkans (BAL) regions there is a precipitation decrease

projected for the twenty-first century. The other regions

show no significant precipitation decrease (around 5 %).

This precipitation change in all 7 regions is shown in the

lower bars in Fig. 9. For example for IBE our simulation

projects a 15 % decrease in the winter precipitation, and

over Western and Eastern North Africa (WNA and ENF

respectively) the projected decrease is about 20 and 10 %
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respectively. Bars in the upper part in Fig. 9 show the

percentage of the total change that can be attributed to each

of the 4 clusters. For example, over the Iberian Peninsula,

50 % of the decrease comes from a change in the cyclonic

clusters (that decreases in frequency from 22 to 20 %), and

between 10 and 15 % of the three other clusters. In the case

a DJF LMDz total cloud cover anomaly b DJF LMDz Precipitation anomaly

c DJF LMDz Tmin LMDz anomaly d DJF LMDz Tmax LMDz anomaly

e DJF LMDz Solar downward rad at surf anomaly f DJF LMDz Thermal downward rad at surf anomaly

Fig. 7 Same as Fig. 4, but for the LMDz zonal weather regime (29.1 %)
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of the region FRA there is no net change is precipitation,

but the cyclonic and anticyclonic clusters contribute to an

increase in precipitation (negative bars) and the meridional

and zonal clusters to a decrease. Although there is a small

decrease in the frequency of occurrence of the cyclonic

type of events in the future, for the Alpean region, the

amount of precipitation that falls during these events rep-

resent a larger fraction of the total winter precipitation than

during the 20C.

A final aspect of the WRs that is analysed is the conti-

nuity or duration of each regime and the associated climate

variables and the projected change in the twenty-first

century. To study this characteristic we have defined the

so-called ‘‘weather regime (WR) events’’, which are con-

secutive days characterized by the occurrence of one of the

four WRs in the region. Figure 10 shows the distribution of

the WR events of each regime as a function of their

duration (1–3, 4–6, 7–10 days, etc.). The results are given

separately for the two periods of the model simulations, i.e.

for the twentieth century (green bars) and for the climate

change projection of the twenty-first century (brown bars),

and for the ERA40 as reference (blue bars). Figure 10 also

shows the median (red line) and the 25th and 75th per-

centiles (blue box edges; the whiskers extend to the most

extreme data points, and red crosses represent outliers) of

the event length for each regime in the twentieth and in the

twenty-first centuries. On average, the four WRs last

between 3 and 5 days, with long duration events lasting up

to 10–15 days (75th percentile). Compared to the duration

of the ERA40 regimes, the LMDz reproduces very well all

median regime lengths, except the zonal regime, which is

generally is shorter in ERA40.

Analysing the results for the twentieth century reveals

differences between the four LMDz WRs in relation to

their continuity and length. The cyclonic and anticyclonic

WRs are more persistent, with 75th percentile of events

lasting up to 7–8 days and maximum length up to 25 days,

whereas the meridional and zonal regimes are generally

shorter, with 75th percentile of 5 days and maximum

length of up to 15 days. The mean duration of the WRs

events is 4, 5, 3.5 and 4 days, for the cyclonic, anticy-

clonic, meridional and zonal regimes, respectively. The

mean duration of the same regimes in the twenty-first

a LMDz DJF cloud cover (2021−2050) − (1961−1990)

b LMDz DJF T2m (2021−2050) − (1961−1990)

c LMDz DJF SST (2021−2050) − (1961−1990)

d LMDz DJF Precip (2021−2050) − (1961−1990) %

Fig. 8 Climate change projections for the Mediterranean region.

a percentage Cloud cover differences (in %), b Absolute temperature

difference (in C), c absolute SST differences, d precipitation %

difference between the twenty-first and twentieth century. Also

indicated in each panels are the 7 regions for which regional

precipitation changes are calculated (and shown in Fig. 9). Regions

are: Iberian Peninsula (IBE), France (FRA), Western North Africa

(WNA), Eastern North Africa (ENA), Northern Central Europe

(NCE), Balkans (BAL), and Alps (ALP)

b
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century are equal to 4.5, 6.5, 4.5 and 4 days, respectively,

indicating longer lasting events of anticyclonic regime in

the twenty-first century. More specifically, during the

period 2021-2050, the anticyclonic regime, in addition of

becoming more frequent, events are on average longer

lived. Even more, shorter events (less than 6 days)

decrease while longer lasting events ([10 days) increase.

The effect on temperature is therefore longer lasting posi-

tive temperature anomalies over most of the (western)

region, as well as more frequent and longer lasting negative

precipitation anomalies in most of the region. Although the

relative frequency of meridional WR is not projected to

change in this simulation, the mean duration of events does

increase, with a larger tail of long-lived events. This

implies longer-lived negative T2 m anomalies, and nega-

tive precipitation anomalies in the western part of the

basin, and positive precipitation anomalies in the eastern

part. Finally, both cyclonic and zonal regime frequencies

are projection to decrease, with no significant changes in

the duration of these events.

5 Summary and conclusions

We have classified the winter-time synoptic activity over

the greater Mediterranean basin via a clusters analysis, and

found four distinct weather regimes. The composites of

surface and atmospheric variables, namely temperature,

precipitation, cloudiness, and radiation fields for these

regimes were aproduced to draw the complete picture of

each regime. The cluster analysis was done on an obser-

vational and modelling basis, using daily 700 hPa geopo-

tential height fields from ERA40 for the period December

1983–February 2000. This period was chosen because it

overlaps with the period for which satellite ISCCP daily

cloud cover data are available.

The four regimes have been named according to their

nature as: cyclonic, anticyclonic, meridional and zonal.

The most frequent regime is the anticyclonic one (occur-

ring 28 % of the winter days). It is characterized by a

strong positive geopotential anomaly centred over France,

and is associated to less than normal cloud cover and

negative precipitation anomalies. On the other hand, the

least frequent regime is the cyclonic (occurring 22 % of the

winter days), having an almost opposite configuration to

the anticyclonic regime, with strong negative geopotential

height anomalies centred over France, above mean cloud

cover and positive precipitation anomalies over most of the

domain. Despite its lower frequency of occurrence,

between 40 and 60 % of the total winter precipitation falls

during days of this regime, indicating the episodic nature of

winter precipitation in the region.

The LMDz model reproduces remarkably well the four

regimes, the composites of the surface and atmospheric

variables. Despite this agreement, however, there is an

overestimation of the total seasonal precipitation. The main

shortcoming of the LMDz model is the relative occurrence

of the different regimes. Whereas LMDz simulates a fre-

quency of about 23 and 25 % for the cyclonic and anti-

cyclonic regimes, respectively, ERA40 indicates

frequencies of 22 and 28 % of cyclonic and anticyclonic

events respectively. This partly explains the precipitation

overestimation in the model. We conclude from this anal-

ysis that circulation anomalies associated with the four

predominant weather regimes, are a dominant controlling

factor for the climate in the Mediterranean region, at least

during winter.

Climate change projection for the Mediterranean using

the LMDz model, indicates an important surface warming

in 2021–2050, with a south-west/north-east gradient, from

about 1.5 degree to up to 4 degrees. The south-west/north-

east gradient is also seen in the ensemble of ENSEMBLES-

RCM projections (Déqué et al. 2012) and also in the

CMIP3 ensemble (Giorgi and Lionello (2008); Mariotti

et al. 2008). The LMDz temperature projection by mid-

twenty-first century is similar to the projected warming in

the driving model, except over the Mediterranean See,

where LMDz simulates between 0.5 and 1 �C less

warming.

The cluster analysis for the future period indicates small

but statistically significant changes in the relative fre-

quency of occurrence of three of the four weather regimes.

Anticyclonic weather regime increases and the cyclonic

and zonal regimes decrease. These changes, together with

changes in WR intensity, and event length or duration can

explain part of the simulated temperature and precipitation
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Fig. 9 Regional precipitation changes for seven regions indicated in

Fig. 8. Blue bars (bottom) % precipitation change, 4 colored bars

(top) relative contribution of each regime change to precipitation

decrease. Negative bar indicates that change in that particular regime

contributes to more precipitation to the region
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changes over the Mediterranean region. It should be

stressed that the fact that the regime frequency and event

length changes, has non negligible implications for the

validity of statistical downscaling of GCMs, which often

need to assume stationarity in these variables, and hence

give support to the use of Regional Climate Models for

regional Climate change studies. A similar result is

reported in Driouech et al. (2010) for Morroco.

The results of our LMDz simulation for the twenty-first

century, confirm the already alarmed desertification in the

Mediterranean semi-arid and arid regions, including most

parts of the Iberian, Italian and Greek Peninsulas (e.g.

Alcamo et al. 2007). Understanding of the causes of this

desertification is of major importance, given its environ-

mental, economic and social impacts. Our analysis pro-

vides a primary mechanism giving a first order explanation

of this future desertification. This is in the modified fre-

quency of occurrence of the main weather regimes pre-

vailing over the Mediterranean region during winter, and

the expected changing weather conditions above it. Further

investigation is needed in order to clarify the reasons for

the specific changes in synoptic conditions and atmo-

spheric circulation and the share of natural and anthropo-

genic forcing agents in these changes.
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L’Hévéder B, Li L, Sevault F, Somot S (2012) Interannual variability

of deep convection in the Northwestern Mediterranean simulated

with a coupled AORCM. Clim Dyn. doi:10.1007/s00382-012-1

527-5

Li Z (1999) Ensemble atmospheric GCM simulation of climate

interannual variability from 1979 to 1994. J Clim 12:986–1001

Lionello P et al (2006a) The Mediterranean climate: an overview of

the main characteristics and issues. In: Lionello P, Malanotte-

Rizzoli P, Boscolo R (eds) Mediterranean climate variability.

Elsevier, Amsterdam, pp 1–26

Lionello P et al (2006b) Cyclones in the Mediterranean region:

climatology and effects on the environment. In: Lionello P,

Malanotte-Rizzoli P, Boscolo R (eds) Mediterranean climate

variability. Elsevier, Amsterdam, pp 325–372

Luterbacher J et al (2006) Mediterranean climate variability over the

last centuries. A review. In: Lionello P, Malanotte-Rizzoli P,

Boscolo R (eds) Mediterranean climate variability. Elsevier,

Amsterdam, pp 27–148

MacQueen JB (1967) Some Methods for classification and analysis of

multivariate observations. in: Proceedings of 5th Berkeley

symposium on mathematical statistics and probability. Univer-

sity of California Press. pp. 281–297. MR0214227. Zbl

0214.46201. http://projecteuclid.org/euclid.bsmsp/1200512992

Mariotti A, Zeng N, Yoon JH, Artale V, Navarra A, Alpert P, Li L

(2008) Mediterranean water cycle changes: transition to drier

twenty-first century conditions in observations and CMIP3

simulations. Environ. Res. Lett. 3 044001. doi:10.1088/1748-93

26/3/4/044001

Marti O et al (2010) Key features of the IPSL ocean atmosphere

model and its sensitivity to atmospheric resolution. Clim Dyn

34:1–26. doi:10.1007/s00382-009-0640-6

MEDATLAS (1997) Mediterranean hydrological Atlas on CD- ROM.

IFREMER (Ed.), published by IFREMER/DITI/IDT on behalf of

the MEDATLAS consortium under contract MAS2-CT93-0074

Michelangeli P, Vautard R, Legras B (1995) Weather regimes:

recurrence and quasi-stationarity. J Atmos Sci 52:1237–1256

Moron V, Plaut G (2003) The impact of El Niño southern oscillation
upon weather regimes over Europe and the North Atlantic boreal

winter. Int J Climatol 23:363–379

Nuissier O, Joly B, Joly A, Ducrocq V, Arbogast P (2011) A

statistical downscaling to identify the large-scale circulation

patterns associated with heavy precipitation events over southern

France. Q J R Meteorol Soc 137:1812–1827

Plaut G, Simmonnet E (2001) Large-scale circulation classification,

weather regimes, and local climate over France, the Alps and

Western Europe. Clim Res 17:303–324

Rayner NA, Parker DE, Horton EB, Folland CK, Alexander LV,

Rowell DP, Kent EC, Kaplan A (2002). Global analyses of sea

surface temperature, sea ice, and night marine air temperature

since the late nineteenth century J Geophys Res 108(D14):4407.

doi:10.1029/2002JD002670

Rojas M (2006) Multiple nested regional climate simulations for

Southern South America: sensitivity to model resolution. Mon

Weather Rev 134:2208–2223

Rossow WB, Garder LC (1993) Cloud detection using satellite

measurements of infrared and visible radiances for ISCCP.

J Clim 6:2341–2369

Rossow WB, Golea V (2013) Factors that might affect ISCCP

determinations of long-term cloud cover changes. J Climate

(submitted)

Rossow WB, Schiffer RA (1999) Advances in understanding clouds

from ISCCP. Bull Am Meteorol Soc 80:2261–2288

Rossow WB, Walker AW, Beuschel DE, Roiter MD (1996)

International satellite cloud climatology project (ISCCP) Doc-

umentation of new cloud datasets. WMO/TD-No. 737, World

Meteorological Organization

Rousseeuw PJ (1987) Silhouettes: a graphical aid to the interpretation

and validation of cluster analysis. Comput Appl Math 20:53–65.

doi:10.1016/0377-0427(87)90125-7

Santos JA, Corte-Real J, Leite SM (2005) Weather regimes and their

connection to the winter rainfall in Portugal. Int J Climatol

25:33–50

Sevault F, Somot S, Beuvier J (2009) A regional version of the

NEMO ocean engine on the Mediterranean Sea : NEMOMED8

user’s guide, Note 107. Groupe de Météorol. de Grande Echelle
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