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Abstract. The study aims to evaluate the ability of global, Assessment (IPCC, 2007; Giorgi and Lionello, 2008;
coupled climate models to reproduce the synoptic regime oMariotti et al., 2008), this region is expected to experience
the Mediterranean Basin. The output of simulations of thea 10-20% drop in precipitation toward the end of the 21st
9 models included in the IPCC CMIP3 effort is compared century. This expectation is critical for the Mediterranean
to the NCEP-NCAR reanalyzed data for the period 1961—countries due to their dense population and rich agricultural
1990. The study examined the spatial distribution of cycloneresources (see Iglesias et al., 2007).
occurrence, the mean Mediterranean upper- and lower-level The prime contributors to the precipitation in the MB
troughs, the inter-annual variation and trend in the occur-are migrating wintertime extratropical cyclones (e.g. Hertig
rence of the Mediterranean cyclones, and the main largeand Jacobeit, 2008; Lionello, 2012). The linkage between
scale circulation patterns, represented by rotated EOFs dfiediterranean cyclones (hereafter MCs) and precipitation is
500 hPa and sea level pressure. also addressed by Trigo et al. (2000), who attributed the ob-
The models reproduce successfully the two maxima in cy-served negative precipitation trend to a decline in the fre-
clone density in the Mediterranean and their locations, thequency of severe storms entering the Mediterranean from the
location of the average upper- and lower-level troughs, thewest and northwest. The relationship between the MCs and
relative inter-annual variation in cyclone occurrences and theprecipitation is demonstrated here by the correlation between
structure of the four leading large scale EOFs. The main disthe time series of the seasonal number of cyclones and pre-
crepancy is the models’ underestimation of the cyclone den<ipitation in 38 winter seasons (December—February), shown
sity in the Mediterranean, especially in its western part. Thein Fig. 1 (for details regarding the analysis of cyclone counts,
models’ skill in reproducing the cyclone distribution is found see Sect. 3.1). Since the temporal correlation is based on
correlated with their spatial resolution, especially in the ver-38 winter seasons, values exceeding 0.27 are significant at
tical. The current improvement in model spatial resolutionthe 0.95 level. The correlation is thus significant over much
suggests that their ability to reproduce the Mediterranean cyeof the MB. The above implies that the observed and projected
clones would be improved as well. trend in precipitation in the Mediterranean is linked to trend
in the occurrence of MCs. This relationship and the addi-
tional importance of MCs as a source of extreme weather
events (associated with wind storms, dust events, tempera-
1 Introduction ture extremes, etc.) make them an important target of investi-
gation (e.g. Frich et al., 2002; Xoplaki et al., 2004; Lionello
Instrumental precipitation records indicate that in recentgt 1. 2006: Raible, 2007).
decades much of the land area surrounding the Mediter- A pioneering attempt to assess the future change in the
ranean Basin (MB) has experienced a decline in Wi”tersynoptic regimes over the MB was done by Lionello et

season precipitation (e.g. Dunkeloh and Jacobeit, 2003)y) (2002), using the ECHAM4 model with T106 resolution
According to the models included in the IPCC Fourth
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agreement between the change in precipitation and in the
occurrence of intense cyclones (which are at least 15hPa
deep compared to their surrounding), expressed by a de-
crease over the majority of the MB and an increase along
its northern coasts and further north in Europe.

In assessment of future climate projection of climate, it
is common to use information from several models to draw
conclusions that are more robust than when using a single
model (counting on the multi-model analysis to reduce the
effect of model biases and increasing the data sample when
separating the effect of externally forced changes from inter-
nal variability). When selecting models, it is reasonable to
assume that models that offer a more realistic simulation of
the present climate are more reliable than others (Reichler

Latitude

10w o 10°E 20°E 30°E 40°E 50°E
Longitude and Kim, 2008). The studies mentioned above contributed
to the evaluation of climate model reliability in reproducing
DE...OG.. 04 02 0 02 (!4.-.05....0& recent (late 20th century) synoptic conditions. Bengtsson et
correlation al. (2006) found that the model (ECHAMS5), viewed from a

global perspective, simulates recent (1979-2002) observed

Fig. 1. Correlation, calculated for each grid cell 6f % 5°, between | s . I Li I d i (2 f d
the time series of DJF rainfall and cyclone counts. The cyclonesCYclone activity quite well. Lionello an Gorgi (2007) foun

were extracted from the sea level pressure daily fields of the NCEPNat the regional model they used provides a good agreement
NCAR reanalysis project (Kalnay et al., 1996; Kistler et al., 2001). between the distribution pattern of intense cyclones (deeper
The methodology for cyclones’ detection is described in Sect. 3.1than 15 hPa) over Europe and the MB, except for a maximum
and the rainfall is taken from the NOAA/NCEP CAMS data set found over eastern Turkey in the model's output but not in
(Ropelewski et al., 1984; Janowiak and Xie, 1999), which reliesthe data (ERA-40). Raible et al. (2010) examined the abil-
on observations. Correlations higher than 0.27 indicate 0.95 Signif-ity of the ECHAMS5 model, in a more advanced version than
icance. that used in the IPCC AR4 (IPCC, 2007), i.e. with a horizon-
tal resolution of 1.125 1.125 and 31 hybrid sigma pressure
levels, to reproduce synoptic features of the MB and Europe.
(about 1.2 x 1.1°). They compared 30-yr model integration They showed that the simulated general pattern of cyclone
with the present conditions to a parallel one with a dou-density is quite realistic over both regions, but that their den-
bled CGQ concentration. They did not find substantial differ- sity over the Mediterranean is underestimated.
ences between the two, except for an insignificant tendency In the present study we evaluate the ability of 9 different
for increase in the number of deepest cyclones (measured iAR4 models to reproduce the present winter synoptic fea-
pressure difference between the center and the periphery dfires of the MB, in particular the cyclonic activity. Our study
the cyclone) and some decrease in the occurrences of legompares the output of a multi-model ensemble and the ob-
deep systems. Bengtsson et al. (2006) conducted a study agkrvations, and also looks into differences among the mod-
global cyclogenesis and cyclone tracks in the present and irls in an attempt to discern the factos behind more success-
the projected changes under the so-called A1B emission scdul simulations of the observations. The 9 models were those
nario (Nakicenovic et al., 2000). They analyzed output fromused in the simulations of the 20th century during the World
the ECHAMS coupled model, in the version used during theClimate Research Program (WCRP) Third Couple Model
IPCC Fourth Assessment (AR4), and found the greenhousénter-comparison Project (CMIP3, Meehl et al., 2007) — a
gas forced the 21st century simulation to exhibit a marked deproject that was an integral part of the IPCC AR4 (IPCC,
crease in cyclone activity and intensity in the MB during win- 2007). In addition to studying the pattern of surface cyclone
ter. Giorgi and Lionello (2008), using ensembles of global counts and their inter-annual variation, we examine the large-
and regional models, attributed the expected future decreasscale circulation mean and variability. Specifically, we exam-
in rainfall to a development of a general anticyclonic circula- ine the climatological mean slp and 500-hPa gph fields, the
tion over the Mediterranean, seen in their average differencéntensity and location of the mean Mediterranean trough (Ja-
maps (future minus present) of both the sea level pressureobeit, 1987) and the typical patterns of inter-annual winter-
(slp) and upper-level geopotential height (gph). Lionello andtime 500-hPa gph (and of slp) variability.
Giorgi (2007) also compared the future changes in precip- The plan of the paper is as follows: Sect. 2 provides in-
itation and in cyclone occurrences, using a regional modeformation on the data used in this study. Section 3 describes
(of 50km resolution) with boundary conditions from the the methods of analysis. Section 4 presents the results and
HadAM3h model with 1.25x 1.875° resolution and for the  Sect. 5 is a summary and discussion.
IPCC AR4 A2 and B2 scenarios (IPCC, 2007). They found
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2 Data viewed largely as a technical step, does not add any cyclones
to those found in the original data and hence has no impact
The study deals with the boreal winter season, i.e. the monthsn the results.
of December through February (DJF), which form the core A screening of the analysis region for local minima then
of the Mediterranean rainy season. The study period is 19614ollows. A candidate cyclone center is a local slp minimum
1999 and contains 38 winters. The study region i5-20° N, with respect to its surrounding 8 grid points at the corners
30° W-6C E. and the sides of a°5< 5° grid box centered on the perti-
The data available for the observational basis is thenent gridpoint, provided that the minimum value is lower by
NCEP-NCAR reanalysis project, with a 2.5 2.5° resolu-  at least 4 hPa than the average value of all the surrounding
tion (Kalnay et al., 1996; Kistler et al., 2001), serve here to8 gridpoints.
represent the observed conditions (referred to as “observa- Inspection of 3 months of data showed that the above crite-
tions”, hereafter). As indicated in the introduction, the sim- ria were met not only for closed cyclones, but in several cases
ulated data are derived from the output of 9 CMIP3 models,also for open troughs, which had no real minimum (except
which provide daily mean resolved output. These data arehe one associated with the remote, often outside the study
from the Program for Climate Model Diagnostics and Inter- region, low-pressure center from which the trough extends).
comparisons (PCMDI) at the Lawrence Livermore National To avoid this problem we added an additional criterion to the
Laboratory (seéttp://www-pcmdi.linl.gov/ipcc/abouipcc. detection algorithm, which examines the pressure difference
php and are referred to as “simulations” hereafter. The ob-between the minimum point and each of its 8 neighboring
served and simulated cyclone statistics are calculated us2.5° grid points. We identified a trough (and not a closed cy-
ing daily slp fields (see further details in Sects. 3.1 and 3.2clone) when the pressure gradient in one direction was lower
below). The spatial resolution of the NCEP-NCAR reana-than 4 Pa/dwhile in the opposite direction it exceeds it. This
lyzed data is 2.5x 2.5°, which is appropriate for analysis threshold was obtained through several iterations until op-
of synoptic-scale features and is compatible with that of thetimum agreement between the distributions of the cyclones
studied models (see Table 1), though finer resolution is geneletected manually by trained forecasters and these detected
erally better for cyclone analysis (e.g. for explosive cyclo- automatically through our algorithm was achieved.
genesis, as shown by Kouroutzoglou et al., 2011). Other at-
mospheric circulation properties were calculated from the3.2 Representativeness of daily averages for cyclone

monthly-mean output of the same sources. A brief list of the detection
study model properties is given in Table 1 (for further details
regarding these models see Randall et al., 2007). The analysis of MCs is based on daily-averaged slp. It is

For the observed precipitation we used the NOAA/NCEPimportant to verify whether such sampling resolution is suf-
CAMS dataset, which provides monthly compilations de- ficient for detecting the migrating wintertime cyclones and
rived from land-based rain gauge measurements (Ropelewskheir climatological distribution. The analysis of 24 h reso-
et al., 1984; Janowiak and Xie, 1999). These data are inution data is expected to underestimate the number of cy-
2° x 2° spatial resolution. clones found in higher temporal resolution data, especially

when they move fast. For that reason the cyclone detection
program was applied first to the output of the GFDL-cm2.1

3 Methods model, for which 3-hourly data were available for 10yr, in
24 hintervals, as well as daily averaged data. Results for ran-
3.1 Cyclone detection domly selected 3 boreal fall seasons (October—November),

winters (DJF) and spring seasons (March—April) were com-
The cyclone detection algorithm applied here is based on th@ared within the domain 2@o 70° N and 20 W to 55 E.
one used by Raible and Blender (2004), Raible et al. (2008, As expected, the number of cyclones found in the instan-
2010). The algorithm was applied to daily slp fields of the ob- taneous data is consistently larger than that found in the daily
servations and simulations. Prior to the detection process thaveraged ones. However, the ratio between the two counts re-
data were interpolated from their original spatial resolution mained stable, in the range of 0.83-0.92 for all the 9 seasons
(which varied from one model to another) to a2:52.5° examined. These ratios are considerably larger than the 0.53
latitude by longitude grid (identical to that of the observa- ratio obtained by Blender and Schubert (2000), presumably
tions) to bring both simulations and observations to a com-due to the difference in the study region they used and that
mon resolution. Next, the data resolution was refined by perused here. The area studied by Blender and Schubert (2000)
forming spline interpolation to a finer 0.5 0.5° grid in or- covers the Northern Hemisphere north of 40 so that the
der to increase the accuracy in locating the identified low-MCs are a negligibly small portion of their sample, whereas
pressure centers (following Pinto et al., 2005) and to derivein the present study they are the majority. The slow move-
more accurately the gradient around them for final selectiorment of the MCs, with a typical speed of 5-10 T Alpert
of cyclones to be included. However, this procedure can beand Ziv, 1989), implies that the 24 h resolution data would
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Table 1. The study models and their main characteristics.

Model Source Horizontal Number of
resolution vertical levels
GFDL-cm2.0 US Department of Commerce/NOAA/Geophysical Fluid Dynamics 2.0° x 2.5° 24
Laboratory, USA
GFDL-cm2.1 US Department of Commerce/NOAA/Geophysical Fluid Dynamics 2.0° x 2.5° 24
Laboratory, USA
NCAR CCSM3.0 National Center for Atmospheric Research, USA T85 (1.4.4°) 26
MIROC3 HiRes Center for Climate System Research (University of Tokyo), Na106 (1.F x 1.1°) 56

tional Institute for Environmental Studies and Frontier Research
Center for Global Change, Japan
MIROC3 MedRes Center for climate system research (University of Tokyo), Nationb42 (2.8 x 2.8°) 20
Institute for Environmental Studies and Frontier Research Center
for Global Change, Japan

INGV ECHAM 4 Italy T63 (1.9 x 1.9°) 21

MPI ECHAM 5 Max Plank Institute for Meteorology, Germany T63 (1:91.9°) 31

CSIRO-mk3.0 (2 runs) Commonwealth Scientific and Industrial Research Organizati®f3 (1.9 x 1.9°) 18
Marine and Atmospheric Research, Australia

CSIRO-mk3.5 Commonwealth Scientific and Industrial Research Organizatidr§3 (1.9 x 1.9°) 18

Marine and Atmospheric Research, Australia

capture a larger portion of them than it may for the Atlantic  The collective ability of the models to simulate the ob-
and European cyclones. The spatial correlation between theerved patterns of DJF 500 hPa gph variability was done
density distributions of cyclone counts extracted from theby gathering the individual 342 observations, i.e. 38yr of
two output types was used to estimate the representativene§smodels, for extracting the simulated EOFs. This approach
of the 24 h resolution data for the data having 3 h resolution.is sometimes referred to as “the common EOF method” (e.g.
The correlation varied between 0.76 and 0.93. The stable raBarnett, 1999).

tio and the high spatial correlation between the two sets in-

dicate that the use of daily averages is appropriate for the

purpose of our analysis and is capable of providing usefuld Results

statistics for model-observations and model-model compar-

isons. 4.1 Mediterranean cyclones — spatial distribution

3.3 EOF analysis The analysis of MCs was performed for the region bounded
by the longitudes of 10W and 50 E and the latitudes
The models ensemble’s ability to simulate the observed patof 20° N and 60 N (referred to as the “larger MB” here-
terns of inter-annual variability was examined for the winter after). The climatological spatial distribution of daily cyclone
season averaged 500-hPa gph to a principal component analounts per winter, December through February (DJF), based
ysis (PCA a.k.a EOF analysis) over the entire study area. Then data of 1961/1962-1998/1989, in a resolution ok 5°
spatial patterns of such an analysis (hereafter EOF patterngan area of approximately 2:510° km?), is shown in Fig. 2.
tend to be sensitive to sampling fluctuations and the choice ofrhe prominent two maxima within the Mediterranean Basin,
the study domain (e.g. North et al., 1982), and might affect amat 40 N and 12 E and at 35N and 30 E, reflect the ten-
attempt to compare the models to one another and to obsettency of cyclones to concentrate mainly in two areas: one
vations. Thus we proceeded to apply a “factor rotation” pro-in the western basin, near Italy, and the other in the east-
cedure to the PCA results. Such an additional step has beegrn basin, south of the southern coast of Turkey. The max-
shown to yield much more stable patterns in relatively shortimum values within these centers are 5-6 cyclone centers
data samples (Cheng et al., 1995). Here we applied a VARIper 5 x 5° grid box per season. The distribution of cyclone
MAX rotation procedure (Cheng et al., 1995) to the leading counts over southern Europe is rather uniform, varying be-
five PCs of each model and of the observations. The choicéween 1.5 and 2 cyclone centers pesd° grid box per sea-
of the number of PCs was based on Rule N, a test for EOFson, increasing northward towards the location of the Euro-
variance separation, based on the normalized EOF varianggean storm track.
and a standard error thereof, derived from parametric consid- The higher cyclone density over the MB compared to that
erations (North et al., 1982; Preisendorfer, 1988). over central Europe agrees with previous studies such as that
by Pinto et al. (2005) and Ulbrich et al. (2009). However, the

Nat. Hazards Earth Syst. Sci., 13, 779793 2013 www.nat-hazards-earth-syst-sci.net/13/779/2013/



B. Ziv et al.: Coupled climate model simulations of Mediterranean winter cyclones 783

50°N BO'N
T LI —

Lauae
2N 24N 2N 32N 36N 40N 44N 48N 52N SN 60N
Latitude
40°N

W 8W  &W 0 4E  8E IZE I6E  20F  24F 28'E  3E 36E 40E ME 48E  52E
Longitude

10°'W o 10°E 20°E 30°E A0°E 50°E
) . . . Longitude
Fig. 2. Observed average number of wintertime (DJF) cyclones in

a 5 x 5° grid boxes (in counts per box per year, in 1.0 interval)
derived from the NCEP-NCAR Reanalysis daily averaged sea leve
pressure fields from 38 winters between 1961/1962 and 1998/199¢

60N

50°N

low counts seen over Europe may be partly attributed to the -
use of daily averaged output, which underestimate cycloneszz |
occurrence in regions where they move relatively fast, suct® |
as Europe, in contrast to the Mediterranean, where they ten -
to be slow, particularly near cyclogenetic centers. This uni- £
form distribution over Europe stands in contrast to the highly

variable distribution of MCs, emphasizing the cyclogenetic

character of the Mediterranean and hints at the role of the |
geography of the Mediterranean Basin (i.e. land-sea contras -
and location of mountain ridges) in the cyclogenesis proces: Longitude

((T'g'zggger_nrir andttEgger, 19%39;:Alp(29r.t et atl).,t19§t).6;”Tr(|jg.f(? etFig. 3. (a) As for Fig. 2, but averaged over the 9 study models.
al, )- The pattern S.een in 9. .IS Sg stantially di e_r'The counts of each model are normalized by the ratio between its
ent from that found by Lionello and Giorgi (2007, see their total number of detected cyclones and that detected in the observa-

Fig. 4), where one maximum over Europe and a secondaryions, (b) The difference between the observed and model-averaged
one over the Adriatic Sea were detected. This difference igFigs. 2 and 3a, respectively). The contours are in 1.0 interval and

most likely the result of the threshold for cyclone depth usedthe zero line is thick. The t-test is a “Welch t-test”, which accounts
in their study for isolating deep cyclones (15 hPa comparedor the different variance in the observations and models. The mod-
to 4 hPa here). els are pooled together and normalized, as explained in the test. The
Table 2 shows the total number of cyclones detected incolors indicate regions in which the difference is significant at the
the simulations and observations over the larger MB. Alsolevel of 95% based on an estimate of 40 degrees of freedom; pale
shown are the percentages of cyclones found in the Wes?@nkindigate.s. significant model uhderl-estimation and pale blue in-
Mediterranean (WM, 35N—45 N, 5° E-20 E) and the East dicates significant model over-estimation.
Mediterranean (EM, 30N-40° N, 25 E-40 E) out of the
total number of cyclones over the “larger MB”, their average
intensity and minimum slp value in each of these regions.the CSIRO-mk3.0, and the multi-model average number of
The intensity of a cyclone is represented by the pressure difeyclones exceeds that based on the observations by 67 %.
ference between its center and the average over the 8 grid One might speculate that this discrepancy is related to dif-
points at the corners and the sides of a 5° grid box around  ferences in model resolution, but we found no systematic
it. The most striking feature seen in Table 2 is the large dif-relationship between these factors. Moreover, the number
ferences among the various models and between models araf cyclone counts obtained by the model with the highest
observations in the number of cyclones detected in the studyesolution, MIROC3 HiRes, was far from having the high-
area. The number of simulated cyclone counts in the largeest number of cyclone counts (4 models had more counts),
MB area varies from 3239 for the GFDL-cm2.0 to 7824 for and was lower than that obtained for the MIROC3 MedRes,

20°N
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Table 2. Features of the cyclone occurrence statistics in the Mediterranean Basin. The methodology for cyclone detection is described in
Sect. 3.1. The intensity of a cyclone is represented by the pressure difference between its center and the average over the 8 grid points at th
corners and the sides of & & 5° grid box around it. Note that the percentages (columns 5 and 8) are defined with respect to the “large MB”
(10° W=5C E, 20°—60° N), so they are not summed to 100.

East Mediterranean West Mediterranean

Source Total No. Average central Ave intensity Percentage Average min. Aveintensity Percentage

of cyclones slp (hPa) (hPa) (%) slp (hPa) (hPa) (%)
Observations 3372 1009.2 7.3 19.0 1006.8 7.8 18.8
GFDL-cm2.0 3239 1011.7 8.4 13.6 1006.3 9.2 14.2
GFDL-cm2.1 3852 1013.0 8.0 16.0 1009.1 9.5 11.5
NCAR ccsm3.0 4475 1011.9 9.5 16.0 1007.5 10.7 10.1
MIROC3 HiRes 6347 1011.7 7.8 17.9 1006.8 9.5 15.0
MIROC3 MedRes 6863 1010.0 6.8 14.8 1008.2 7.4 12.4
ECHAM4 6465 1013.7 7.9 16.6 1011.0 9.5 11.4
ECHAMS5 5597 1011.6 7.7 19.7 1006.2 9.2 12.9
CSIRO-mk3.0, runl 7824 1014.3 7.7 12.8 1009.6 9.6 12.5
CSIRO-mk3.0, run2 6779 1014.7 8.7 14.9 1006.3 11.3 104
CSIRO-mk3.5 4769 1013.6 7.7 11.6 1003.7 11.8 10.4
Model average 5621 1012.6 8.0 15.4 1007.5 9.8 121
Models minus Observations 2249 3.4 0.8 -3.6 0.7 1.9 —-6.7
Deviation (%) 67 0.3 11 19 0.1 24 36

which has the coarsest resolution among the study modfor the individual models, together with the standard model
els. Previous studies examined the relationship between therrors (the root-mean-square differences between model and
model resolution and the number of cyclones detected in th@bservations averaged over the large MB) are listed in Ta-
output fields. Blender and Schubert (2000) and Zolina ancble 3 (see also Sect. 5). These standard errors vary between
Gulev (2002) found that the number of detected cyclones foi0.31 (for the MIROC3 HiRes) and 0.56 (for the CSIRO-
a certain model increases when its horizontal resolution iamk3.5). A comparison between the average simulated cy-
enhanced. However, their studies used the same model ardone distribution pattern and the observed pattern (Figs. 3b
varied the threshold for truncation of its output data, whereasand 2, respectively) indicates that the models overestimate
this study compares different models with their native spatialthe relative cyclone occurrences over Europe and underesti-
resolution. Therefore there is no real disagreement betweemate it in the Mediterranean. While the difference over Eu-
the relationship they found and the lack of such in our study.rope is not significant everywhere, in the MB it is significant.
The percentage of cyclones found within the cycloge- The underestimation of cyclone density is more pronounced
netic centers in the Mediterranean reflect both the relativan the WM (see also Table 2). According to the models, it
cyclone density between the west (WM) and east Mediter-appears as if a larger part of the Atlantic cyclones that en-
ranean (EM) as well as the relative density over the Mediter-ter Europe remain over the continent and a smaller portion
ranean as a whole with respect to Europe. Table 2 shows thaif them enters (or forms secondary cyclones) in the Mediter-
the models underestimate the relative number of cyclone ocranean than is found in nature (for more details, see Romem
currences in both the WM and EM. In the EM they display a et al., 2007).
range from 19.0 % in the observations to 15.4 % in the simu- There are two factors which may contribute to underes-
lations, and in the WM the discrepancy is larger: from 18.8 %timation of the MC density with respect to the European
in the observations to 12.1 % in the simulations. The averageyclones: one is the bias resulting from our density defini-
minimum pressure in the cyclone centers is lower in the ob-tion, given in terms of number of cyclones per grid cell (of
servations than in the simulations, by 3.4 hPa for the EM andb° x 5°); the areal density is underestimated proportionally
0.7 for the WM. The intensity of the cyclones was overesti- to cosine (lat). Second is the smoothing out of fast moving
mated by the models for both regions, by 11 % and 24 % forcyclones in the 24 h time resolution data (see also Sect. 3.2),
the EM and WM, respectively. which is expected to affect especially the European cyclones,
Figure 3a and b show the distribution of cyclone occur- which are faster than the MCs. However, these effects do not
rence averaged over the 9 models and the difference betweaffect the comparison between observation and simulation.
the average simulated and the observed, respectively. The cy-
clone distribution of each model is normalized by the ratio
between its total number of cyclone counts and that of obser-
vation (both shown in the left panel in Table 2). The results
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Table 3. List of quantitative estimates for the ability of the 9 study models to reproduce the observed synoptic features. The results for the 3
models with the highest score in each category are indicated in bold letters. Note that for all of the estimates, excluding the Average Cyclone
counts relative inter-annual STD and the rotated EOF coherence, smaller values reflect better performance.

Latitude ) .
50°N 60°N

40N

30°N

Latitude
30°N 35°N 40°N 48'N SO'N SS'N 80N

Model Cyclone Average Cyclone SNI 500 Rotated
distribution Standard counts relative  (defined in  (zonal anomaly) EOF
error  inter-annual STD Sect. 4.3) Standard error  Coherence
GFDL-cm2.0 0.44 1.08 1.7 32 2.10
GFDL-cm2.1 0.45 1 2.1 32 2.98
NCAR ccsm3.0 0.44 1.02 3.6 28 2.25
MIROC3 HiRes 0.31 0.99 1.6 19 2.08
MIROC3 MedRes 0.55 0.9 2.3 26 3.16
ECHAMA4 0.42 0.98 2.3 16 2.29
ECHAM5 0.33 0.99 15 15 2.37
CSIRO-mk3.0, runl 0.55 0.76 1.9 33 2.39
CSIRO-mk3.5 0.56 0.88 2.4 36 2.24
Ensemble 3.34

(b)

4.2 Inter-annual variations in the occurrence of
Mediterranean cyclones

The inter-annual standard deviation (STD) of MC occurrence
for DJF was calculated for the large MB. The centers of
large variability (not shown) in both observations and sim-
ulations coincide with the maxima of cyclone occurrence in
the MB shown in Figs. 2 and 3a, respectively. Here we re-
fer to the “relative STD”, i.e. the STD divided by the lo-
cal cyclone long-term mean occurrences. The relative STD
for both observations and that averaged over the 9 study
models is homogeneous (not shown). A comparison between
the observed and simulated distributions indicates that the
models slightly underestimate the relative year-to-year varia-
tions. The observed average relative STD is 1.2. It measures
slightly below 1.0 over the majority of the Mediterranean
Sea, but exceeds this value over western North Africa, West-
ern Europe, the Iberian Peninsula and the Middle East. The
average relative STD of the models is 0.95 and the values
over most of Europe, the Mediterranean and the Middle East
are lower than that, with values as low as 0.6. The local maxi-
mum over western North Africa is overestimated by the mod-
els.

The relative STD of each of the individual models, av-
eraged over the larger MB, are lower than that observed
(Table 3), varying between 0.76 (CSIRO-mk3.0) and 1.08
(GFDL-cm2.0). An inspection of the distributions of the rela-
tive STD of the individual models shows that all of them cap-
ture the maximum over western North Africa, each of them
show some weak signatures of high values over the Iberian
peninsula and West Europe, but none of them show any max-

Fig. 4. Long-term trend in cyclone counts for DJF (in units of per- imum over the EM.

centage per 10yr) dh) observations an¢b) average of the 9 study

As part of the analysis of inter-annual variability, we also

models. The Sign and Signiﬁcance of the trend is represented as |ealcu|ated the |Ong_term trend in Cyclone occurrence durlng

Fig. 3b. the study period. Figure 4a shows the observed long-term

trend for the large MB. The MB is dominated by decreasing
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trend (in agreement with Trigo et al., 2000) with two dis-
tinct extremes (0.95 significant): the major one over the east-
ern Turkey, with an extension toward the Balkan, and a sec-
ondary one over Italy. The simulated trend based on the in-
dividual models show non-significant patterns, with ampli-
tudes considerably smaller than those found in observations
and without having any spatially consistent structure. The
multi-model average trend distribution (Fig. 4b) is weak and
lacks the large center of negative trend in eastern Turkey and
the opposite sign trend in western North Africa. However, 6 |
of the models (CSIRO-mk3.0, CSIRO-mk3.5, GFDL-cm2.0, z
GFDL-cm2.1, MIROC3 HiRes and INGV ECHAM 4) show '

Latitude
40°N 50°N 60N 70N
T T T
'

30°N

200w 10°'W o 10°E 20°E 30°E 40°E 50°E 60°E

footprints of negative trend in parts of the MB. In spite of the Longude
general failure in the collective models’ ability to reproduce EEEETE .
the observed long-term trend, it should be stressed that none™ 1008 " ea Level Prossure nPa] - 102 1030

of them showed a positive trend in MC occurrences.

Fig. 5. Long-term mean sea level pressure for DJF based on the
4.3 Long-term mean sea level pressure observations, in hPa.

of them is weaker than in observations or completely miss-
In an effort to relate the cyclone occurrence to the large-scaléng. It is visible only in the maps of three of the models: the
circulation, we compared the seasonal mean slp field in obMIROC3 HiRes, the ECHAM5 and, somewhat less clearly,
servations to that simulated in the models. Figure 5 shows thghe ECHAM4. Note that these three models had also the
observed long-term DJF mean slp during the study periodsmallest standard error in the cyclone density distributions.
The prominent features are the subtropical high-pressure refhese two latter findings support the interpretation of the
gion extending from the Atlantic into the Iberian Peninsula Mmediterranean low-pressure trough as the footprint of MCs.
and North Africa and the south-to-north pressure gradientbe- Since the ability of the models to resolve MCs had been
tween the western Mediterranean (and the Alboran Sea) angxamined through the cyclone distribution pattern (Sect. 4.1),
the northeastern Atlantic, west of Ireland. Also prominent is e used the slp long-term means only for evaluating the mod-
the high-pressure over Siberia (the Siberian High), which isels’ reliability to represent the south—north pressure gradient
a baroclinic phenomenon, associated with the cold surfacén the western part of the domain. This was done by calculat-
temperatures during winter (e.g. Cohen et al., 2001). Alonging the pressure difference between the average over the do-
the southern edge of the domain is the northern edge of thénain 30 N—-35° N and 160 W—40 E and that in the domain
tropical low-pressure trough over sub-Saharan Africa. In thesse N—6® N and 10 W—40 E. Based on this difference we
center of the domain there is a low-pressure region, stretchdefined a “south—north pressure index” (SNI) for each model
ing between the Atlantic and the Siberian Highs. This low- as the ratio between the south—north pressure difference be-
pressure region displays two secondary centers: a relativelveen the two domains in the pertinent model and that in
strong one between the Italian Peninsula and Sardinia and @bservations. The corresponding values are displayed in the
weaker center southwest of the Anatolian Peninsula, betweemdividual maps in Fig. 6. All of them exceed 1.0, reflect-
Turkey and Crete. These two centers are consistent with théng the collective models’ consistent overestimation of the
centers of MC density in Fig. 2. Thus this low pressure ap-south—north pressure-gradient. The values vary between 1.5
pears to be the footprint of MCs as they form and migrate(for ECHAMS5) and 3.65 (for the NCAR ccsm 3.0), with an
eastward in the MB. average of 2.15. The 3 models with the lowest bias are the

Figure 6 shows the long-term DJF mean slp for each of thev|ROC3 HiRes, ECHAM 5 and GFDL-cm2.0.

study models. All of them display the high-pressure system This slp collective models’ biases are not confined to our
to the south of the Mediterranean Sea, over North Africa andstudy region. Figure 7 displays the spatial distribution of sim-
low pressure to the north, which is centered over the Britishylated vs. observed slp difference over the Northern Hemi-
Isles and extends into Europe. A comparison between thgphere between $™ and 80 N. The figure indicates a con-
models and observations (Fig. 6) indicates a consistent modejistent negative bias in the mid-latitudes, being the largest
overestimate of the strength of the high-pressure zone ovegver Siberia {8hPa), in Alaska and the northeastern Pa-
North Africa and the related south-to-north pressure gradiific (—6 hPa in both). This minimum is straddled by posi-
ent over southwestern Europe. Such overestimation was alsgve biases over the Arctic{8 hPa) and over North Africa
noted by Stephenson et al. (2006) for the NAO simulatedand the Mediterranear4 hPa). These biases are not widely

by the CMIP2 coupled models and by Raible et al. (2010)discussed in the literature. However, resolving them is be-
for the simulation of the ECHAMS latest version. More- yond the scope of this study.
over, the simulated low-pressure signature of MCs in each
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NCAR SNI = 3.65

30'E 60°E

30'E 60'E 30'E 60'E

4 MIROC MRS = I CSIRO mk30-1
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000 1005 1010 1015 1020 1025 1030
Sea Level Pressure [hPa]

Fig. 6. As in Fig. 5, but for the 9 study models. The names of the individual models and their corresponding south—north pressure-difference
index (SNI) are denoted above the respective panels.

4.4 Long-term mean 500-hPa gph maximum relative vorticity of only half that of the observa-
tions (~ +0.5 x 10~2s~1). The bias of the models is further
The simulated and observed long-term mean 500-hPa gpllemonstrated by the gph differences between them and the
were compared as well. The average gph (contours) andbservations (Fig. 8c), being positive along the ROlati-
geostrophic relative vorticity (colors) in the observations tude, i.e. along the southern coasts of the Mediterranean (in
and models are shown in Fig. 8a and b, respectively. Theagreement with the ECHAM5 simulation done by Raible et
geostrophic vorticity is used as an approximation for the vor-al. (2010), with a maximum of 30 m at 1&, and negative
ticity due to absence of wind data in the model database. Iralong 55 N latitude, with a maximum of-75m at 8 W.
the observations, a ridge is seen extending from the subtropithe magnitude of each of these extrema is larger than the
cal east Atlantic toward the British Isles and a trough extendsobserved inter-annual standard deviation at the pertinent lo-
from Eastern Europe toward the Balkan and the eastern halations, implying that the biases are statistically significant.
of the Mediterranean. The vorticity field is consistent with This feature indicates a common tendency among the mod-
the gph field and emphasizes these features. The ridge wegls to have an anticyclonic bias in the upper-level flow over
of Europe is accompanied by negative values, on the ordethe MB, expressed in a negative bias in the relative vortic-
of —1x 10°s™%, and the trough over the EM is accompa- ity of 1 x 10-5s-1 over Italy and Greece. This is consis-
nied by maximum of+1 x 105s71. In the respective sim-  tent with the collective models’ tendency to underestimate
ulated fields (Fig. 8b), the ridge is shifted eastward and exthe frequency of MCs. In order to better resolve the regional
tends over the Iberian Peninsula and the trough is weak, with
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specific features and to eliminate the zonally oriented bi-
ases, we calculated the standard error of each model with re
spect to observation in the geopotential zonal eddy (deviatior
from hemispheric zonal average; see Table 3). As is the cas
with their simulation of cyclone distribution, the ECHAM4,
ECHAMS5 and MIROC3 (HiRes) models show the smallest :
error, about half that of that for the other models.

60N
T

Latitude
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40°'N
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4.5 Inter-annual variations in the large-scale circulation ar

The 5 spatial patterns (rotated EOFs; see Sect. 3.3) base Zf. . : : : . ‘
on observations explain 88.8% of the inter-annual vari- oW w0 0E | ooE WE a0E SIE L WE
ance of the 500-hPa gph. The rotated model patterns were
paired with their observed counterparts through visual com--
parison and confirmed by calculating spatial correlation be-
tween pairs. The average correlations between the pairs of
rotated EOFs for the individual models varied between 0.63 -3 -
(MIROC3 HiRes) and 0.79 (GFDL-cm2.1). The performance a ==
of the models in reproducing the observed rotated EOFs wa
estimated by the degree of similarity between the respective
patterns, determined as the ratio between the average spati _ |
correlations between the 5 pairs of EOFs found most correg"% I
lated and that of the other 20 pairs (see Table 3). The mod%_|
els showing the highest performance are MIROC3 MedRes
GFDL-cm2.0 and CSIRO-mk3.0.
The collective ability of the models to simulate the ob- 2
served patterns (described in Sect. 3.3) is demonstrated i |
Fig. 9, which compares the 5 rotated EOFs derived from the &| , , ‘ , , ‘ ,
multi-model sample (right panel) to the observations (left oW OW 0 R e WE wE L wE e
panel). The fit between the patterns, as reflected by spa-
tial correlation, is better than those found for any individual Fig. 8. Long-term mean gph for DJF (contours, in meters) and
model. The four leading patterns (in terms of percent vari-geostrophic relative vorticity (in 2@ s~1 units, shaded), both at
ance explained) spatially correlate with their observed coun500-hPa, foi(a) observations anb) simulations.(c) The 500 hPa
terpart at a level of 0.86 and above, and the average for th@ph difference between the(b-a). The sign and significance of
5 rotated EOFs is 0.83 — also above those of the individuafhe trend is represented as in Fig. 3b.
models. The rotated 1st EOF pattern of both observations and

BO'N

407
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-20 0 20
Geopotential height [gpm]

Fig. 9. Varimax rotated EOFs of 500 hPa gph, derived from observations (left panels) and the ensemble of all the 9 study models (right
panels) calculated by pooling them together. The numbers denote the percentage of the variance explained by the pertinent EOF. The patterr
are paired according to the spatial correlation between them.
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simulations resemble the NAO pattern, which is considerec
as the dominant for the study region and was found to be
well captured by the models included in CMIP1 (Stephenson
and Pavan, 2003) and CMIP2 (Stephenson et al., 2006). Th
5th rotated EOFs, which have the lowest variance explained
exhibit a rather low spatial correlation of 0.35. It should be g
noted that the 5 rotated EOFs extracted from the models ex3_|
plain 83.2 % of the inter-annual variance of the 500-hPa gph
The same experiment was done for the slp field and yieldec
similar and consistent results, so they are not shown here. s

TON
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5 Summary and d|scuss|on 200W ow o 10E Longiﬁ?;’j% 30°E 40°E 50°E 60°E

70N

This study aims to evaluate the ability of global coupled cli-
mate models to reproduce the climatological synoptic regime
of the Mediterranean Basin. The emphasis is given to the
MCs because of their crucial role in the regional hydrology
and the consequence to society (e.g. Iglesias et al., 2007
The quality of the simulation of MC distribution in space
is thus critical for the collective models’ ability to reliably
project the hydrological future of the region. In accordance
with this goal the output of 9 CMIP3 models are compared
to the NCEP-NCAR reanalyzed data, and inter-compared ir
terms of temporal and spatial distribution of synoptic features
over Europe and the Mediterranean region. Taw w0 we we  me e we | e
In all models, a maximum in MC density and a Mediter- Longitude
ranean upper-level trough appear in similar locations as in
observations. The models also simulate reasonably well thi
inter-annual variation in the occurrence of MCs. Also impor-
tant in the context of this study is that the main large-scale
patterns of inter-annual variability, as represented by rotatec |
EOFs of the seasonal (wintertime) mean slp and 500hPagp -
anomalies, are well simulated by the models. In this respect &7 I
the collective estimate based on all the models resembles th &,
observations better than does each model separately. s
However, the models as a whole underestimate the ob
served level of Mediterranean cyclone density. This discrep-
ancy is largest in the Western Basin, where the simulatec
winter average cyclone count is about 60 % of that observed

60N
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but is also noted in its Eastern part. Another discrepancy W R e 0RO R
found is their inability to reproduce the observed decreasing
trend in MCs, especially in the eastern part. Fig. 10. Long-term mean of the DJF precipitation according to ob-

The inter-comparison shows that models which are closegervation(a), taken from the NOAA/NCEP CAMS data set (Ro-
to observations in terms of a single measure, e.g. CyJoelewskl _et al., 1984, Janowiak an_d Xie, 199_91), th_e 9 study models
clone density distribution, do not necessarily perform bet-(b). and difference bem'een. the@)’ n mmoday units. The.res.o._
ter in all measures. For MCs detection and reproducing th lution of the observ_ed precipitation |§_2 2_ . The sign and signifi-

. . ance of the trend is represented as in Fig. 3b.
mean 500 hPa gph field, MIROC3 HiRes, ECHAM 5, and
ECHAM 4 agree best with observations; for reconstructing
the south-to-north pressure gradient over West Europe it is
MIROC3 HiRes, ECHAM 5, and GFDL-cm2.0 that agree (represented by the rotated EOFs) the closest to observations
best with observations; for reproducing the inter-annual vari-are the MIROC3 MedRes, GFDL-cm2.1, and CSIRO-mk3.0.
ation in cyclone occurrence, GFDL-cm2.0, NCAR ccsm3.0, The high temporal correlation between precipitation in
and GFDL-cm2.1 agree best with the observation; andthe MCs discussed in Sect. 1 and the deviations of simu-
for identifying properly the dominating large-scale patternslated cyclone density from that observed suggest that the
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precipitation will be also underestimated over the MB and 0.6
overestimated over Europe. Figure 10 shows the observe®
and simulated (by the 9 study models) long-term mean pre-;
cipitation for DJF and the differences between them. The,
models reproduce quite realistically the distribution pattern,d
i.e. the maximum along the northern Mediterranean coastsa
But, indeed, there is a substantial underestimation of the’
Mediterranean precipitation and overestimation over the ma’ o2

0.4

y=0.1052x + 0.2467

jority of Europe, both in the order of 30%. The difference . o
between the modeled and observed rainfall exceeds consic,
erably the inter-annual standard deviation (not shown), so iir
can be considered statistically significant. o 0
Consistent with the underestimation of cyclone density, we" 05 1 1.5 2 2.5 3
found discrepancy in the mean related cyclonic system ove Horizontal Resolution (deg)

the Mediterranean both in the slp and mid-tropospheric gpt
fields, a noticeably stronger subtropical high-pressure along
North Africa, extending northward over the MB. This bias °
is accompanied by an overestimation of the south-to—nortr;
pressure gradient over Western Europe, about twice that ok,
served. The standard error in cyclone distribution and thad 0.4
in the 500-hPa gph of the study models were found highly?
correlated R = 0.74), presumably due to the deep vertical
exte|_’1t of MCs (e.g. Tsidulko anq Alpert, 20(?1): The cor- . v = 0.0062x+ 06131
relation between standard error in cyclone distribution ande R?=0.6343
the NSI (reflecting the south-to-north pressure gradient) wasr
found to be 0.32. In spite of its marginal significance, this
suggests that the formation of MCs might be suppressed ur’® o
der enhanced westerlies over Western Europe (as implied b’ 10 20 30 40 50 60
the enhanced zonal pressure-gradient when the NAO is it
its positive phase, Hurrell et al., 2003). Further analysis and
perhaps idealized model simulations are needed to determinfeig. 11. scatter plots of the standard error (with respect to obser-
cause and effect between these discrepancies: cyclonic activation) of the study models in reconstructing the cyclone density
ity on the one hand and mean circulation bias on the other. |fistribution and their horizontdh) and vertical resolutioib).
is notable, however, that synoptic activity and large scale cir-
culation anomalies are inter-linked in a dynamical relation-
ship and thus possibly both discrepancies may be tied to theesolution. Unfortunately, we have here only one example for
inability of the models to simulate the geographical detailsthat, i.e., the two versions of the MIROC3 GCM, in which
of the MB due mainly to their low spatial resolution. Sup- the one with higher resolution capture MCs much better than
port for this assertion is provided by the fact that the modelsits counterpart. Our results concerning the vertical resolution
that offer a better simulation of cyclone counts, the MIROC3 are consistent with Roeckner et al. (2006), who showed that
HiRes, ECHAM 5 and ECHAM 4, also have relatively high vertical resolution is crucial for simulating baroclinic eddies.
horizontal and vertical resolution. These 3 models also dis-They also claimed that increased vertical resolution has to be
play a smaller bias in the simulation of the mean 500 hP&followed by an increase in horizontal resolution for consis-
fields (see Table 3). tency. It seems that additional factors related to the vertical
The relationship between the models’ characteristics angpacing, such as partition of the vertical levels and the num-
their ability to reproduce the cyclone distribution is demon- ber of levels within the boundary layer, can be important.
strated through scatter plots of their standard error in cyclond-iner vertical resolution allows more accurate representation
density distribution and their horizontal and vertical reso- of the complexity of topography, which plays a key role in
lution (Fig. 11a and b, respectively, Tables 1 and 3). Thethe Mediterranean cyclogenesis. It is interesting to note that
scatter plots indicate that the models reconstructing bettethe model spatial resolution was not found significantly cor-
the observed cyclone density distribution are those havingelated with the overall number of cyclones in the study area
larger number of vertical levels and finer horizontal resolu- (compare Tables 1 and 2 and see discussion in Sect. 4.1).
tion. A better methodology for examining the relationship  Another feature that needs further elaboration is the inabil-
between a model’s resolution and performance is to compardéy of the models to reproduce the negative trend observed in
the output of several versions of the same model with varyingMCs. The observed trend may reflect the beginning of the

0.6

No of vertical levels
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expected reduction of MCs due to global warming (IPCC, Cheng, X., Nitsche, G., and Wallace, J. M.: Robustness of low-
2007) or just a natural internal climatic variation, which can-  frequency circulation patterns derived from EOF and rotated
not be captured by climate models. Indeed, the observed EOF analysis, J. Climate, 8, 1709-1713, 1995.
trend is attributed to the increasing trend in the NAO (Hur- Cohen, J., Saito, K., and Entekhabi, D.: The role of the Siberian
rell et al., 2003), whatever its source is. The same trend was high in Northern Hemisphere climate variability, Geophys. Res.
found in the time series of the observed rotated EOF #1, e 28,299-302, 2001_' . . . .
which resembles the NAO (see Fig. 9). Analysis done forDunkeIoh, A.. anq Jacobeit, J.: Clrculgtlon dynamic of Mediter-
. ranean variability 1948-98, Int. J. Clim., 23, 1843-1866, 2003.
the simulated rotated EOFs_ of each model that re;embles thlgrich, P., Alexander, L. V., Della-Marta, P., Gleason, B., Haylock,
observed rotated EOF#1 did not show any consistent trend. ;1 kjein Tank, A. M. G., and Peterson, T.: Observed coherent
In four of the 9 models the trend was negative; in 3 — pos-  changes in climatic extremes during the second half of the twen-
itive and in the remaining 2 — no trend. Consistently with  tieth century, Clim. Res., 19, 193-212, 2002.
the above, the long-term trend of the 500 hPa gph (Lu et al.Giorgi, F. and Lionello, P.: Climate change progections for the
2004, Fig. 1a) shows clearly the large-scale background for Mediterranean region, Glob. Climate Change, 63, 90-104,
the decreasing trend in Mediterranean cyclonic activity, as doi:10.1016/j.gloplacha.2007.09.0@%08.
reflected by the anti-cyclonic trend expressed in the negativétertig. E. and Jacobeit, J.: Assessments of Mediterranean precipi-
values of the relative vorticity. tatlon_changes for th_e 21st century using statistical downscaling
The relation found here between the degree of the under-, ‘chniques, Int. J. Clim., 28, 1025-1045, 2008.
estimation of MCs population by the models and their reso—Hurre”’ J. W., Kushnir, ., Ottersen, G., and Visbeck, M.: An
. . ) . overview of the North Atlantic Oscillation, in: The North At-
lution SqueSt,S that thg reflnement In .the more advgnced cli- lantic Oscillation: Climatic Significance and Environmental Im-
mate models is promising for their ability to better simulate pact, edited by: Hurrell, J. W., Kushnir, Y., Ottersen, G., and
the Mediterranean cyclogenesis, and to predict the Mediter- \jspeck, M., American Geophysical Union, Geophysical Mono-
ranean Basin’s response of to future climatic changes. graph Series, Washington DC, 1-35, 2003.
Iglesias, A., Garrote, L., Flores, L., and Moneo, M.: Challenges
to manage the risk of water scarcity and climate change in the
) ) Mediterranean, Water Resour. Manage., 21, 775-788, 2007.
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