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and/or can be modulated by other decadal oscillations (i.e. Mediterranean SST 
and the AMO are related, Marullo et al., 2011).  
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Fig. 2. Frequency for each WR: Seasonal cycle of the frequencies from May to October 
(x-axis) of each WR. The frequency is the result of averaging the frequency of the 4 
simulations. 
 

NAO index has been superimposed (fig. 3 green line) for summer season re-
vealing that there is not a linear relationship between indexes (i.e. positive NAO 
in 1960s and negative NAO in the 2000s, the correlation between indexes is -0.1).  
 
3.2.1 Signal to noise ratio  
We have created two pools of years (13) of positive (red bars in figure 3) and 
negative (blue bars in figure 3) Mediterranean SST and checked the significant 
difference in the ensemble by calculating the signal to noise ratio for number of 
days for a particular WR.  

Figure 4a shows the signal (difference of total number of days of occurrence 
between positive and negative MedIndex) and the noise (spread of the ensemble 
calculated as the standard deviation) for each WR. There are some significant 
changes, in particular more number of days for +ME and –EM and less number of 
days for –NAO when the MedIndex exhibits positive years in comparison with 
negative years.  

Changes in the spatial patterns are also occurring for those opposite pool of 
years: in particular the WR representing –NAO (WR11 and WR21) shows an 
increase in the SLP over France-central Europe when the Mediterranean Sea is 
warmer than normal (figure 4 b,f). These changes in the spatial structure could 
have a potential regional impact over the region.   
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Fig. 3. Mediterranean SST Index and global spatial pattern: a) SST averaged over the area 
[8W-41E; 30N-46N] from May to September. The index has been detrended and stand-
ardized. Blue and Red bars corresponds to the years chosen for defining cold and warm 
anomalous Mediterranean SST. Superimposed is the NAO index (green line) for the same 
season. b) SST Composite maps of positive minus negative years of temperature anoma-
lies over the Mediterranean Sea in May-September (Index from figure 3a).Only the 
significant areas (in C) have been shaded from a t-test at 99% of confidence level. 
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Fig. 4. Signal to noise ratio for the difference between warm and cold Mediterranean SST. 
a) Difference in number of days for a particular WR between years of positive and nega-
tive Mediterranean SST (blue circle) and the spread within the ensemble (red star). In 
black is the sign of the signal for some of the WR where the change is significant. b) 
Ratio between SLP difference between years of positive and negative Mediterranean SST 
and the spread within the ensemble for WR1. e)-h) Same as b) but for other WRs.  
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Fig. 5. Seasonal cycle of frequency and changes for the Ensemble Mean. a) Same as 
Figure 2 but for the ensemble mean of the 4 simulations. b) Difference of frequency 
between years of positive minus negative Mediterranean SST for the ensemble mean. 
Only significant values are plotted according with a Monte Carlo test with 10000 realiza-
tions at 90% significant level. 
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3.2.2 The Ensemble mean  
In order to remove inter-ensemble variability, which can be interpreted as another 
aspect of the internal variability of the atmosphere, we have calculated the SLP 
projection onto the WR from the observations for the ensemble mean field (not 
shown). The projection shows similar patterns to figure 1 but with small ampli-
tudes. Besides some of the WR are missing in the ensemble mean.  

In particular, for the seasonal cycle (figure 5a), three WR are highlighted +ME, 
-ME and +NAO (WR 1, 25, 5). The rest of the WR are less frequent and they are 
confined in a particular part of the season (comparing figure 2 and figure 5a). In 
particular –NAO (WR 11, 16, 21) occurs now at the beginning and at the end of 
the season and +EM (WR24) occurs at the beginning of the summer. 

Changes in frequency are evaluated along the season for each WR. Only the 
significant changes have been shaded according with a Monte Carlo test with 
10000 realizations at 90% significant level (similar to Polo et al., 2011).  

Under conditions of positive SST anomalies over the Mediterranean Sea, the 
changes in frequency for the ensemble mean reveals: i) an increase of frequency 
of -ME in JJA (WR25) ii) A significant shift of the +EM (WR24) from June to 
July iii) Shift in the frequency of WRs associated with +NAO (WR 5, 20, 21, 22) 
and iv) a less frequency of occurrence of –NAO (WR 6, 16) in September-
October.  
 
4. Discussion  
This work is a first step for evaluating Mediterranean impacts of the WR over the 
Euro-Atlantic. The ensemble used here represents the main observed WR charac-
terized in the Euro-Atlantic sector. One of the striking results suggested from an 
ensemble of 4 simulations used here is that under warmer (colder) than normal 
conditions over the Mediterranean Sea, the frequency of occurrence for –NAO 
decreases (increases) at the end of the summer season, in September-October.  

We have tested with the Reanalysis data by computing the WR from ERA-40 
data with 5-days means SLP for the summer season and with another clustering 
method (k-means, see Michelangeli et al., 1995; Ullmann and Moron, 2007). The 
4 main patterns (figure 6) are consistent with the most frequent patterns described 
in ERA-interim (Polo et al., 2011). We have computed as well the changes in 
frequency for years of positive and negative SST anomalies over the Mediterra-
nean Sea (Table 1). Significant changes in –NAO are found when Mediterranean 
SST anomalies occur. This is in agreement with the model results, giving robust-
ness to the idea that those changes are SST-driven.  
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Fig. 6. WR from ERA40 Reanalysis data and k-means clustering. WR as a result of 
clustering the 5-days SLP data from ERA40 Reanalysis for the period 1957-2005 for the 
summer season May to October and k-means methods. The contours show SLP anomalies 
in hPa. a) East-Atlantic b) positive NAO c) Atlantic Ridge d) negative NAO.  
 

As the simulations are global, from a composite of years we cannot assure that 
the only forcing comes from the Mediterranean basin. However, those SST 
anomalies over the Mediterranean Sea are highlighted from the rest of the globe; 
figure 3b shows the Composite SST map for positive minus negative values of 
the MedIndex at 99% confidence level. Warm anomalies are found over the 
Pacific and Atlantic Warm pool, which are areas that potentially impact the 
extratropics (Cassou, 2008). 

The fact that the frequency of certain WRs decrease and other increase in the 
ensemble mean should be interpreted as a reduction of internal noise due to the 
external forcing (i.e. Mediterranean SST). However, it is difficult to directly 
attribute the change in frequency to the Mediterrenan conditions. Analysis of 
specific sensitivity experiments should be done in order to isolate the Mediterra-
nean forcing. Experiments used by Garcia-Serrano et al (2013) will be analysed 
to understand the impact over the Euro-Atlantic region. 
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Further work is of course necessary to understand the proper impact of chang-
es in the WR frequency described here, and further calculations will be made to 
provide the precipitation changes and surface patterns associated with each WR 
showing significant change in time. Besides, the methodology used along the 
work has also several limitations. The first one comes from the chosen data: SLP 
projection is insufficient to describe WRs in a region of high variability in both 
atmosphere and the ocean such as the Euro-Atlantic sector. Additional calculation 
with geopotential height at different levels should be done. The second limitation 
is the time-step of the data: the election of 5-days mean, due to the availability of 
the data, clearly filters out many WRs described in Polo et al (2011). Despite 
these restrictions, this work provides some evidence that WR changes are associ-
ated with SST variations mainly over the Mediterranean Sea.  
 
Table 1. Frequency for the ERA-40 WR. Number of days and percentage (in parenthesis) 
for the occurrence of each WR defined in figure 6. The significant difference in frequency 
at 95% of confidence level from a t-test is highlighted  
 

Ndays(%) MEDpos MEDneg DIFF (in %) 
 

EA 57(17) 68(14) 3 
+NAO 49(14) 57(12) 2 
AR 168(49) 219(47) 2 
-NAO 50(14) 124(26) -12 
Total days 324 468  

 
5. Conclusions 
Main conclusions are summarized as follows:  
• Projection of the SLP from four AGCM-AMIP simulations onto the WR 

described from the ERA-interim Reanalysis in the summer season and the pe-
riod 1989-2000 has shown similarities in the spatial structure for the 4 fami-
lies of patterns: +Middle East and –Middle East, -NAO, +NAO.  

• The most frequent patterns are +Middle East and +Iceland –Middle East, 
these two patterns explain more than 30% of the occurrence. 

• The spatial pattern of the WR –NAO exhibits a higher (lower) SLP over 
France when conditions over the Mediterranean Sea are warmer (colder) than 
normal. 

• Changes in number of days of occurrence have been observed between the 
years of positive and negative Mediterranean SST compared with the spread 
in the ensemble. In particular more (less) frequency of +MiddleEast and –
NAO (+NAO).   
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• Analysis of the ensemble mean shows different seasonal cycle of the WR 
compared with the mean of the ensemble. In particular some of the WR oc-
curring in JJA are internal variability in the ensemble.   

• Changes in frequency of occurrence of the ensemble mean when tempera-
tures over Mediterranean Sea are warmer (colder) than normal are found: i) 
more (less) frequency of WR -ME (WR25) ii) a shift of more (less) frequency 
of occurrence in July compared with June is found of WR which consist in a 
low pressure centered over East Europe iii) shift of the frequency for WR of 
the +NAO positive family (WR 22, 21, 5) and iv) less (more) occurrence of –
NAO in September-October (WR 16, 6). 

The less occurrence of the –NAO at the end of the season could be a conse-
quence of the SST anomalies over the Mediterranean Sea. We need to further 
explore this possibility by analyzing sensitivity experiment in order to isolate the 
Mediterranean forcing to the atmospheric conditions. Understanding the possible 
driver role of the Mediterranean Sea could be important to better assess the ex-
treme conditions and their impacts. 
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