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1. Introduction 

Extreme precipitation events (EPEs) cause devastating consequences to society, econ-

omy, and the environment (Jonkman, 2005). The Mediterranean frequently experiences 

such events, which are considered to be the most impactful meteorological hazard in 

the region (Llasat et al., 2010; Tramblay and Somot, 2018). Thus, better forecasting of 

EPEs at longer lead times can provide the time needed to implement mitigating actions 

that will reduce their negative impacts. 

Previous work has already demonstrated that using the large-scale weather variability 

over the Mediterranean can improve the EPEs’ forecasts for the medium- and extended-

range forecasts, in particular for the end of week 1 and the week 2 of predictions (Mas-

trantonas et al., 2022). 

The large-scale variability in the designed forecasting tools was introduced in the form 

of nine weather patterns, with distinct atmospheric characteristics over the domain. 

These patterns, known as “Mediterranean Patterns”, are depicted in Figure 1. They were 

derived based on empirical orthogonal function and subsequent K-means clustering on 

sea-level pressure and geopotential height at 500 hPa (for more information see Mas-

trantonas et al., 2021). These patterns indicate negative anomalies over the western 

Mediterranean (Atlantic/Biscay/Iberian Low), central Mediterranean (Sicilian Low) and 

the eastern Mediterranean (Balkan/Black Sea Low), positive anomalies over the whole 

domain (Mediterranean High), or, finally, non-substantially anomalous conditions over 

the entire domain (Minor High, Minor Low).  

 

Figure 1. The 9 Mediterranean patterns (Mastrantonas et al. 2021). The figure presents the composites 

of clusters derived with K-means clustering on the principal components’ projections of SLP and Z500 

anomalies. Colour shading refers to SLP anomalies (hPa), and contours to Z500 anomalies (dam). In pa-

rentheses their abbreviations are given that are used in the other figures of this document. 
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Given the usefulness of the Mediterranean patterns for EPEs predictions at longer lead 

times, there is an interest in identifying other modes of atmospheric variability that are 

associated with these patterns and can influence their frequency or predictability. Espe-

cially for such modes with high forecasting skill, possible (tele)connections between 

them and the Mediterranean patterns can further support the predictability of the lat-

ter, and thus the predictability of EPEs. 

This document provides insights into the above question and quantifies the connections 

between the Mediterranean patterns and other modes of atmospheric variability. 

2. Data and Methods 

For this analysis, we used daily data from ERA5, the latest reanalysis dataset of ECMWF. 

The selected atmospheric variables are sea-surface temperature (SST), the upper 7-cen-

timetres of soil moisture layer (SML), the sea-ice area fraction (SIAF), precipitation (TP), 

geopotential height at 500 hPa (Z500), and sea-level pressure (SLP). These data were 

pre-processed to generate daily timeseries of atmospheric variability, as will be de-

scribed later. 

We used precomputed modes of daily variability that are freely available online. These 

modes are the North Atlantic Oscillation (NAO) and Atlantic Oscillation (AO), provided 

by NOAA (https://ftp.cpc.ncep.noaa.gov/cwlinks/), the Mediterranean Oscillation (MO; 

normalized pressure difference between Algiers and Cairo), provided by the University 

of East Anglia (https://crudata.uea.ac.uk/cru/data/moi/), and the real-time multivariate 

Madden-Julian Oscillation (MJO-RMM) index, provided by the ECMWF (https://acquisi-

tion.ecmwf.int/ecpds/data/list/RMMS/ea/).  

Coming back to the data from ERA5, for SST and SML, we used the area over the Medi-

terranean (26/50N, -11/41E) and implemented empirical orthogonal function analysis 

with varimax rotation to obtain the dominant modes of variability over the domain. For 

this, we used the xMCA package (https://github.com/nicrie/xmca). We then used the 

projections to the initial six principal components of each variable (Figure 2) for further 

analysis. As can be seen in the relevant figure, these modes relate to centres of variabil-

ity in various parts of the domain, from the very west (e.g., SST-3, SST-4, SML-1), up to 

the very east (e.g., SST-6, SML-5, SML-6).  

Additionally, we derived the Western Mediterranean Oscillation (WeMO), based on the 

normalized pressure difference between Cadiz and Padua, as in Martin-Vide and Lopez-

Bustins (2006). 

https://ftp.cpc.ncep.noaa.gov/cwlinks/
https://crudata.uea.ac.uk/cru/data/moi/
https://acquisition.ecmwf.int/ecpds/data/list/RMMS/ea/
https://acquisition.ecmwf.int/ecpds/data/list/RMMS/ea/
https://github.com/nicrie/xmca
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Finally, we derived two normalized modes of variability for distant domains: the precip-

itation over Sahel (10/20N, -10/20E), and the SIAF over Europe (ArcticEurope; 70/90N, -

30/60E).  

All of the above indices (20 timeseries in total) were selected because previous works 

have identified links between (some of) them and the atmospheric variability over ex-

tended Europe or parts of the Mediterranean in particular (Kretschmer et al., 2016; Lee 

et al., 2019; Raicich et al., 2003). Thus, with this analysis we assess and quantify their 

connections specifically for the Mediterranean patterns. 

We used the SLP and Z500 fields for getting projections of all daily fields to the nine 

Mediterranean patterns. As there are two variables that are projected, we initially nor-

malized the derived timeseries and then averaged them for extracting the final nine in-

dices. 

To remove possible implications due to existing trends (e.g., climate change), and in-

traseasonal variability, we detrended the data and removed their seasonal average for 

each year, as suggested in a relevant work of Di Capua et al (2020). Finally, to remove 

possible noise in the data, and since the interest is on medium- and extended-range 

links, we used 5-day aggregations (mean) of all timeseries. 

After the above-described data pre-processing, we performed the core part of the anal-

ysis, which is the identification of links between the Mediterranean patterns and other 

modes of variability. For this, we used (multi)linear correlation/regression; either in their 

simple form, as well as when considering causality between the timeseries, with the use 

of the Tigramite package (https://jakobrunge.github.io/tigramite/; Runge, 2020; Runge 

et al., 2019; ). For the multilinear regression, we initially implemented a feature selec-

tion, so that we extracted the 10 indicators of highest connection to each of the Medi-

terranean patterns (based on correlation), thereafter, we implemented the regression 

for all possible combinations of the selected indicators.  

The analysis was conducted for the years 1980–2020 that were common for all used 

indices. We additionally focused on winter-half (Sep–Feb), the time when most EPEs oc-

cur in the Mediterranean (Mastrantonas et al., 2021).  

https://jakobrunge.github.io/tigramite/
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Figure 2. The initial six components of SST and SML over the Mediterranean domain based on empirical 

orthogonal function analysis with varimax rotation. 

3. Results 

Before presenting the core results of the analysis, it is worth commenting on the con-

nections among the Mediterranean patterns, based on the cross-correlation of the rel-

evant indices, as depicted in Figure 3. From this figure it can be noticed that there is a 

high degree of connectivity for most of the patterns, with either strong positive links 
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(e.g., Minor High – Mediterranean High; 0.94), or strong negative links (e.g., Black Sea 

Low – Iberian Low; -0.91). This is an outcome of the spatial characteristics of the pat-

terns: Many of them have essentially a latitudinal/longitudinal shift of their low-/high-

pressure centre compared to other patterns (e.g., Biscay Low has an easterly shift com-

pared to Atlantic Low), or are a “mirror image” (e.g., Minor Low and Minor High). These 

strong links will be also demonstrated in the connections between the Mediterranean 

patterns and the remaining atmospheric indices used in this work, based on the results 

in the following figures. 

 

Figure 3. Cross-correlation of the 5-day aggregated indices of the Mediterranean patterns. 

Figure 4 presents the lagged correlation between the nine Mediterranean indices and 

the remaining 20 atmospheric indices. Negative lags essentially inform about connec-

tions between the Mediterranean indices and the past state of the selected indicator, 

while positive lags inform about the reverse; how the past state of the Mediterranean 

indices affects the studied indicator. For most indicators, the peak occurs at 0 lag, mean-

ing that most information is exchanged at a synchronous state. As previously explained, 

the results show high resemblance/opposite behaviour for different Mediterranean pat-

terns, especially for the large-scale atmospheric modes, as the NAO, and ArcticEurope 

(SIAF). Not surprisingly, the MO has the highest correlation, as it is derived based on SLP 

over the Mediterranean. This correlation for lag 0 though, drops remarkably for the rest 

lead times. AO is stronger connected compared to NAO, despite that NAO is closer 
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related to the atmospheric variability over the (western) Mediterranean. One reason 

can be that AO is more “large-scale” compared to NAO. For the SST and SML indicators, 

the stronger links occur mainly from a previous state of the patterns to a future state of 

the indicators, thus it is mainly the patterns that affect these indicators and not the op-

posite. Precipitation over Sahel and sea ice area fraction over Europe (ArcticEurope) 

show relatively weak connections with the patterns. Finally, the results suggest that the 

past state of the MJO has an influence on the Mediterranean indices, yet of low magni-

tude. 

 

Figure 4. Lagged correlation between the Mediterranean indices and the rest atmospheric indicators. 
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The above results refer to bivariate cross-correlation analysis. Yet, the atmosphere is a 

chaotic and highly complex system. Thus, a single indicator is not expected to provide a 

large amount of information. Multilinear regression analysis is the next step of this anal-

ysis. Figure 5 presents the correlation of the multilinear regression for the nine Mediter-

ranean indices and the most connected combination of the indicators, when selecting 1 

up to 10 indicators for the linear model. For the linear models of each Mediterranean 

index, we used the 20 atmospheric indicators and the studied Mediterranean index due 

to their high autocorrelation, thus obtaining a pool of 21 predictors. Here, we only focus 

on the negative lags, as information about the future state of the Mediterranean pat-

terns is the main interest of this work. Initially, the results do not vary notably for the 

different patterns in terms of the magnitude of correlation for the different lags and 

number of indicators (predictors) used. The correlation improves for an increasing num-

ber of indicators, but the results start to saturate after using 4–5 indicators in the model. 

Moreover, there is a high drop of the connections from lag -1 (meaning 5-day window 

back in time) to lag -2 (meaning two 5-day windows back in time), with the decrease 

being less sharp for the more distant lags. 

 

Figure 5. Lagged correlation between the Mediterranean indices and combined atmospheric indicators, 

based on multilinear regression model. 
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The above figure 5 informs about the magnitude of the correlation for the best linear 

model considering different number of indicators. However, it does not tell which indi-

cators are used in each model. A summary of this information is provided in Figure 6. 

The figure shows, for the different pattern and lag, which atmospheric indicators are 

used for the best multilinear models. Since there are many models studied (from 1 up 

to 10 predictors), the results refer to the times that each indicator is used for the best 

models using from 1 up to 6 predictors. This information is provided in percentages, with 

the values varying from 0 (the indicator is not used at all), up to 1 (the indicator is used 

in all 6 best models for the selected Mediterranean pattern and lag). 

Initially we can notice that SML_6 is not in the figure, as it is never used in any of the 

models. Also, there is a clear differentiation between the lag -1, and all subsequent lags. 

For lag -1, the predictor “Pat”, meaning the lagged timeseries of the studied Mediterra-

nean index, is used for all best models considering from 1 up to 6 predictors. This is 

clearly the reason of the high autocorrelation, that is key for informing about the future 

state of the index. Continuing for lag -1, we see that AO and MO are the other two indi-

cators that are frequently used for the different models and for most Mediterranean 

indices. The state of MJO is finally another important predictor for many of the models. 

For longer lead times, the first observation is that the lagged state of the Mediterranean 

index is not useful anymore for the vast majority of the selected multilinear regression 

models. Different modes of the SST variability start picking up for most of the Mediter-

ranean patterns, while the importance of MJO is further increasing. SML1 is also used in 

a large portion of models, especially as we go further in time. 

Despite its strong connection with atmospheric variability over the Mediterranean, the 

WeMO is used in only a handful of models. Moreover, as with the bivariate correlation 

in Figure 4, it can be noticed that NAO is used in substantially less models compared to 

AO, with the reason being that NAO and AO are highly correlated (corr=0.54) and that 

AO has stronger connections with the Mediterranean patterns, thus NAO does not pro-

vide independently any additional information on their state for most cases. Precipita-

tion over Sahel is used only for lag -1 for some patterns, and, finally, ArcticEurope pro-

vides some useful information for the longer lead times. 

Summarizing, the multilinear regression suggests that the previous state of the Medi-

terranean indices is the most important predictor for lags of one timestep, with the state 

of the atmosphere in the northern hemisphere (AO), and the tropics (MJO) being also 

useful predictors. For longer lead times, local information about the state of the mois-

ture over the land and the temperature over the sea, in combination with the state of 

the MJO can bring some useful insights about the future state of the Mediterranean 

atmospheric variability. 
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Figure 6. Percentage (0–1) of usage of each atmospheric indicator to the best multilinear regression mod-

els when using from one up to six predictors. Results for all Mediterranean patterns and negative lags. 
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Bivariate correlation and multilinear regression consider correlations between the vari-

ables. This does not necessarily infer causality. To address causal relationships, we used 

the PCMCI (Runge et al., 2019b) causal discovery algorithm with the help of the Ti-

gramite package. This algorithm uses PC1
i and subsequently momentary conditional in-

dependence (MCI) removing thus “false” connections due to common drivers, autocor-

relations, and other indirect effects, depicting therefore only the causal connections in 

a time series dataset. The results of this analysis are shown in Figure 7. Note that for 

simplifying the graph, we only show the connections from the atmospheric indicators to 

the studied Mediterranean patterns, and all other connections are masked. We devel-

oped 9 different networks, considering the 20 indicators and each Mediterranean pat-

tern for each network, so that connections within Mediterranean are excluded. The 

analysis was conducted for lags -1 up to -5. 

Initially, each Mediterranean pattern is causally affected by three to six indicators. This 

is a very low proportion of the total 20 indicators analysed. From the colour of the nodes, 

it can be noticed that the autocorrelation of the atmospheric indicators is stronger com-

pared to the one of the Mediterranean indices. This can be because atmospheric varia-

bility over the Mediterranean (Mediterranean patterns) evolves faster as compared to 

the remaing indicators that are of larger extend (e.g., AO, NAO) or of slower varying 

processes (e.g., SST, SML). 

Where available, AO has a causal effect for the lag -1, while NAO, has effects only at lag 

-5, meaning 25 days in advance. Such distant links though should be further analysed for 

their robustness.  

MJO has a causal effect at lag -2 for most patterns, and additionally at lag -4 for the 

Iberian Low. This lag -2 (10 days lead time) agrees with the study of Cassou (2008) con-

cluding that successful forecasts of the NAO state can be derived when using the previ-

ous ~12-day MJO phase as predictor. The state of sea-surface temperature and soil mois-

ture over the Mediterranean region has causal connections to the patterns mainly at 

short lags. This contradicts results of the multilinear regression that showed that the 

importance of these variables increases with longer lead time. 

Finally, it is worth noting that MO and WeMO do not have any causal effect to the Med-

iterranean patterns, even though both indicators inform about the atmospheric state 

over the region based on SLP. 
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Figure 7. Causal network indicating the links from the atmospheric indicators to the Mediterranean pat-

terns, and the autocorrelation of all studied indices. The numbers in the arrows indicate the lag of the 

relevant causal connection. Note that all other causal links between the indicators are masked. 

4. Conclusions 

This work analysed possible teleconnections and sources of predictability for the previ-

ously developed nine Mediterranean patterns. The analysis used a multitude of atmos-

pheric indicators, either regional, as sea surface temperature and soil moisture, or more 

distant, as the state of Atlantic Oscillation and the Madden-Julian Oscillation. To assess 

possible links, we used bivariate correlation analysis, multilinear regression models, and 

causal networks accounting for common drivers, autocorrelation and indirect effects. 

From the results, it can be concluded that the Mediterranean is considerably affected 

by the atmospheric state in the northern hemisphere, as depicted by the Atlantic 
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Oscillation. There is also a high degree of connection with the Madden-Julian Oscillation, 

a link that increases for longer lead times. Finally, the local state of the surface condi-

tions in the sea (temperature) and over land (moisture) is also connected with the at-

mospheric variability over the Mediterranean and seems to be a useful predictor for 

longer lead times. 

These findings are quite promising for providing information about the atmospheric 

state in the region at longer lead times. Given the fact that the Mediterranean patterns 

are strongly connected with extreme precipitation over the region, this information can 

further support actions targeting mitigation of negative consequences of such hazards. 

To further advance on this topic, there are additional steps needed to strengthen the 

findings of this work. Initially this work used linear models to analyse connections. As 

the climate system is complex and non-linear, the use of non-linear tools, like mutual 

information, should be considered. Moreover, to develop a forecasting tool, the analysis 

should consider splitting the data to training/validation/testing, so that the quantifica-

tion of the connections is robust and can be applied to unseen data. Of course, the latter 

becomes more complicated with ongoing climate change that substantially alters the 

behaviour of various atmospheric modes (e.g., Herrera-Lormendez et al., 2021), making 

the use of simple statistical tools questionable. 
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i PC acronym comes from Peter Spirtes and Clark Glymour, the names of the two re-
searchers who invented the method. 


