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A B S T R A C T   

Study region: Europe, with a particular focus on the Czech Republic, Poland, Spain, and Norway. 
Study focus: Long-lasting droughts have become a semi-permanent feature of the European 
climate, especially over the last two decades. These prolonged droughts are usually driven by 
persistent sea surface temperature anomalies over the Pacific and Atlantic basins. By employing 
complex statistical methods (i.e., Canonical Correlation Analysis and Convergent Cross-Mapping) 
in this study we make a comprehensive assessment of the observed drying trend over the central 
and southern parts of Europe and its underlying drivers. 
New hydrological insights: Building upon the potential relationship between drought variability 
and large-scale oceanic and atmospheric circulation, we show that the observed drying trend in 
the central and southern parts of Europe has been driven by a long-term slowdown of the Atlantic 
Meridional Overturning Circulation (AMOC), via changes in the large-scale atmospheric circu-
lation. A weakening of AMOC leads to an increase in the frequency of atmospheric-blocking like 
circulation over the central part of Europe, which in turn inhibits precipitation and favors long- 
term drying. Since climate projections indicate a slowdown of the AMOC in the future, we suggest 
that this will potentially lead to an increase in the frequency of dry years, especially over the 
central and southern parts of Europe (e.g., the eastern part of Germany, the Czech Republic, 
Poland, Spain and Portugal).   

1. Introduction 

Since the early 2000s, Europe has become a ’hot spot’ for high-intensity droughts, resulting in significant socio-economic losses (e. 
g., forest fires, agriculture and livestock farming like significant drop in EU cereal production, disruption of the inland waterway 
transport, stress on the public water supply and environmental degradation, among others) (Bakke et al., 2020; Ionita et al., 2021; 
Ionita and Nagavciuc, 2021; Spinoni et al., 2016; Stahl et al., 2016). Prolonged drought events pose a range of risks (e.g., lack of water 
for drinking water supply, irrigation, industrial use and power production, hindrance to navigation and deterioration of water quality, 
restriction/disruption of the industrial production process, sport/recreation facilities affected by a lack of water, tourism, fish fatalities 
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and stress on other aquatic fauna, reduced productivity of annual crop cultivation) to society, economy, environment, and biodiversity. 
How these long-lasting droughts are managed directly affects their costs and overall impacts. Depending on the type of drought (e.g., 
meteorological, hydrological, soil moisture, and/or societal), the overall impacts of lengthy and high-intensity droughts are felt across 
different sectors (e.g., agriculture, inland waterway transport, availability of drinking water, ecology, tourism). Over the past 5 years, 
more than a half of Europe has been affected by extreme drought conditions, with significant impacts on agriculture, inland waterway 
transport, forestry, society, and biodiversity (Bakke et al., 2020; Hari et al., 2020; Ionita et al., 2020; Ionita and Nagavciuc, 2020; 
Schuldt et al., 2020). In addition, climate projections indicate that Europe will become one of the hotspots for future high-intensity 
droughts and prolonged heatwaves, with southern and central Europe becoming increasingly dry and hot, and Fennoscandia 
becoming wetter and colder (Balting et al., 2021; Cook et al., 2020; IPCC, 2018; Naumann et al., 2018; Spinoni et al., 2019, 2018). For 
example, in terms of damages and impacts, the 2003 drought event affected large parts of central Europe, including the northwestern 
parts of Spain, France, Italy, Germany, Switzerland, and Austria, and the western part of the Czech Republic, leading to 17.134 billion 
Euro in direct impact (EEA, 2019). The 2015 drought event affected mostly the central and eastern parts of Europe and it was the 
hottest and climatologically driest summer over the 1950–2015 study period for an area stretching from the eastern Czech Republic to 
Ukraine (Ionita et al., 2017). The socio-economic impact in 2015 (~1250 deaths and 2.172 billion Euro of direct impact (EEA, 2019)) 
was much lower compared to the 2003 event, due to the awareness of the risk and vulnerability of the drought events. In a recent study 
(Naumann et al., 2021), has shown that over the period 1981 – 2010 droughts were responsible for around 9 billion € of damages per 
year to the economies of countries in the EU and the UK, and this value is expected to rise as economies grow and temperatures in-
crease. Therefore, a better understanding of drought characteristics and their large-scale drivers at the European level is essential for 
better drought monitoring and forecasting in order to provide reliable adaptation strategies and thus reduce socioeconomic losses. 

One of the most important drivers of long-lasting dry events over Europe is the North Atlantic sea surface temperatures (SST) 
(Ionita et al., 2012; Kingston et al., 2015; Schubert et al., 2014). For example, the 2015 drought event in the central part of Europe was 
mainly driven by anomalously cold SST anomalies in the North Atlantic basin ( the so-called “cold blob”, Duchez et al., 2016; Ionita 
et al., 2017). This cold blob, characterized by an anomalously negative SST anomaly south of Greenland, was associated with a ~ 15 % 
weakening of the Atlantic Meridional Overturning Circulation (AMOC) since the middle of the 20th century (Dima and Lohmann, 
2010; Rahmstorf et al., 2015), under influence of increasing atmospheric CO2 concentrations (Dima et al., 2021). Since the AMOC 
plays a crucial role in transporting heat northward, a slowdown or a shutdown could lead to widespread cooling over the Northern 
Hemisphere, particularly around the east coast of U.S and the west coast of Europe (Jackson and Wood, 2020; Liu et al., 2020, 2017; 
Vellinga and Wood, 2008). To our knowledge, there is no study focused on a potential direct link between the observed AMOC changes 
and the drought features over Europe through the observational record. Therefore, building up on previous findings which indicate 
that, on monthly to interannual time-scales, persistent large-scale SST anomalies influence the frequency of drought events over 
Europe, in this study, we investigate the potential relationship between the long-term changes in drought over Europe and the 
weakening trend of the Atlantic Meridional Overturning Circulation. 

2. Data and methods 

The main variable analyzed in our study is the Standardized Precipitation Evapotranspiration Index (SPEI). SPEI was computed 
based on the monthly precipitation (PP), monthly mean air temperature (TT), and the potential evapotranspiration (PET) data from the 
CRU TS v. 4.04 dataset (Harris et al., 2020) using the R-package SPEI (https://cran.r-project.org/web/packages/SPEI/index.html). 
The SPEI computation is based on the probability distribution of the difference between PP and PET (PP– PET) and the data are 
normalized into a log-logistic probability distribution to obtain the SPEI (Vicente-Serrano et al., 2010). The potential evapotranspi-
ration data were computed by employing the Penman–Monteith equation (Vanderlinden et al., 2008). Since the aim of our study is to 
analyze the observed trends in the long-term drought, at European level, we focus our analysis on an accumulation period of 12 months 
for SPEI (SPEI12). Thus, for the current study, we make use of December SPEI12, which integrates the drought variability throughout 
the whole year. To analyze the relationship between drought variability and the North Atlantic SST, we make use of the HadISST data 
set, with data distributed on a 1◦ × 1◦ grid (Rayner et al., 2003) and covering the period 1871–2021. For the current study, we used the 
period 1901 – 2020, which overlaps with the time period when we have available data to compute SPEI. 

In order to identify large-scale atmospheric circulation patterns associated with dry conditions over Europe, we use the monthly sea 
level pressure (SLP) fields from the 20th Century Reanalysis data V3, covering January 1902 to December 2015 period, with a spatial 
resolution of 2◦ × 2◦ (Slivinski et al., 2021). 

The trend analysis for the December SPEI12 field was performed by using the Mann-Kendall test (Mann, 1945). The Mann–Kendall 
test has been intensively used to identify trends in the hydrometeorological time series (Adamowski et al., 2009; Dang et al., 2020 and 
the references therein). The significance of a trend is determined by the Z statistic that has a normal distribution with a mean of 0 and a 
variance of 1. A positive Z value indicates an increasing trend, whereas a negative Z value shows a decreasing trend in the time series. 
The non-parametric Sen’s slop method (Sen, 1968) was used to evaluate the magnitude of the trends. 

The coupled modes of variability between SPEI12 and annual SST are obtained by applying the Canonical Correlation Analysis 
(CCA) technique. CCA is a powerful multivariate method used to identify pairs of patterns with the maximum correlation between their 
associated time-series (von Storch and Zwiers, 1999). In this study, we use the CCA to identify the main coupled modes of variability 
and their associated time components in the December SPEI12 and annual SST fields. Before applying CCA, the dimensionality of the 
SPEI12 and SST fields was reduced through an empirical orthogonal functions (EOF) analysis. The first 10 EOFs of SPEI12 and SST 
were retained as input in the CCA. For December SPEI12 the first 10 EOFs capture ~80 % of the total variance, while the first 10 EOFs 
of the annual SST capture ~85 % of the total variance. 
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In order to remove the uniform global warming trend, before applying the CCA between the SPEI12 and annual SST fields, we 
removed the yearly global average from each grid point. Dima et al. (2021) have demonstrated that this technique removes the 
spatially quasi-uniform nonlinear trend determined from data without the necessity to choose a linear or nonlinear shape to be 
removed a priori. In this respect, this method considerably improves the signal-to-noise ratio in the examined datasets since the 
globally consistent warming trend explains a large amount of variance in the initial SST field. 

To investigate the potential causal relationships between annual SST (variable X) and December SPEI12 (variable Y), we used the 
Convergent Cross-Mapping (CCM) method, which relies on time embedded state space reconstruction based on data (Sugihara et al., 
2012). An attractor is reconstructed based on each of the two-time series. If the variables are causally linked, then they are components 
of the same dynamical system. Consequently, their individual phase-space representations are projections of the common system’s 
attractor and are topologically equivalent. Nearby points in the attractor of Y will correspond to nearby points in the attractor of X. If 
only X causes Y, then Y will contain information about X, but the time evolution of X is independent of Y and the former variable does 
not contain information about the later. CCM determines how well local neighborhoods on the attractor of X (a “library” of points) 
correspond to local neighborhoods on the phase space representation of Y. Thus, in the attractor of Y one finds nearest neighbors to a 
given point at time t and construct weights from them. Using these weights, an estimate of X at time t is generated based on its nearest 
neighbors in the X phase space representation. This procedure to compute X is repeated for all values of Y from the library of points. 
The similarity between the predicted and observed X time segments – the cross-map estimation – is quantified by the Pearson’s 
correlation coefficient. The Pearson’s correlation coefficient, which compares the observed and the predicted values, is used to 
measure prediction accuracy. In practice, the saturation of a cross-map between X and Y variables at a plateau above the significance 
thresholds suggests a causal relationship between the two variables (Dima et al., 2021; Sugihara et al., 2012). An increase in the library 
size corresponds to a better filled attractor and closer neighbors. Therefore, the correlation coefficient between predicted and observed 
X time segments should grow. This increase in the correlation is called convergence and distinguishes causation from correlation (Dima 
et al., 2021; Sugihara et al., 2012). 

3. Results and discussion 

The spatial pattern of the Mann–Kendall trend statistics (Mann, 1945) for the December SPEI12, for the period 1902–2020, is 
presented in Fig. 1. Negative values (brown) indicate a trend towards drier conditions, while positive values (green) indicate a trend 
towards wetter states. December SPEI12 exhibits a very clear signal: most of the countries in the southern and central parts of Europe 
show a significant decreasing trend (drying) over the last 120 years, while the countries in the northern part of Europe exhibit a 
significant positive trend (wetting). This is in agreement with the results from a recent study (Ionita and Nagavciuc, 2021), in which it 

Fig. 1. Linear trend of the December Standardized Precipitation Evaporation Index for an accumulation period of 12 monthly (SPEI12). Stipples 
indicate statistically significant trends (95 % signficance level). Analyzed period: 1902–2020. Units: z scores/119 years. 
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has been shown that drought indices which take into account the effect of temperature (e.g. SPEI and the self-calibrated Palmer 
Drought Severity Index) show a drying trend over the southern and central parts of Europe and a wetting trend over the northern part 
of Europe, while precipitation-based drought indices (i.e. the Standardized Precipitation Index) do not capture this drying trend. The 
hotspots, in terms of drying, are Spain, Portugal, the southern part of France, Italy, the eastern part of Germany, the Czech Republic, 
Poland, Hungary, Slovenia, and Croatia. The hotspots in terms of wetting are northern part of U.K., Norway, Finland and Sweden 
(Fig. 1). This dipole-like structure between the central and southern parts of Europe and the north-western part of Europe is very clear 
also when looking at the probability distribution function of December SPEI12 averaged at country level (Fig. 2). The 30-years 
probability density function (PDF) for some of the countries affected by the drying trend over the last 120 years (i.e. the Czech Re-
public – Fig. 2a, Poland – Fig. 2b, Spain – Fig. 2c) shows a very clear pattern: the period 1991–2020 was the driest one over the 
observational record, while the period 1902–1930 was the wettest one. In the case of the countries which show a wetting trend (i.e. 
Norway – Fig. 2d) the pattern is rather opposite, the period 1991–2020 being the wettest one, while the period 1902 – 1930 being the 
driest one. 

Fig. 2. The probability distribution function of December SPEI12 for different periods averaged at country level: a) the Czech Republic, b) Poland, 
c) Spain and d) Norway. 
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The temporal evolution of December SPEI12 averaged over some of the countries affected by the drying trend (i.e., Czech Republic 
– Fig. 3a, Poland – Fig. 3b, Spain – Fig. 3c) and the wetting trend (i.e., Norway) indicates strong interannual variability of the drought 
conditions, at country level, as well as a statistically significant drying (wetting) trend of the long-term drought condition (i.e., 
SPEI12). For the Czech Republic, Poland, and Spain, the occurrence of wet years was much higher before 1980′s compared to the 
period 1981 – 2020. After the beginning of the 1980′s, there are just a limited number of years with positive (wet) values (Fig. 3a, b, 
and c). For the Czech Republic, Poland, and Spain the driest years have been recorded through the 21st century, while in the case of 
Norway the driest years have been recorded at the beginning of the 20th century. The strongest drying trend is observed for the Czech 
Republic (− 1.53/139 years), followed by Poland (− 1.42/139 years) and Spain (− 0.98/ 139 years) (Table 1). In the case of Norway, we 
observe a significant wetting trend over the analyzed period (1.42/139 years). 

The identified hot spots, in terms of drying trend, have been under the influence of a long-lasting drought over the last decade 
(Ionita et al., 2021; Moravec et al., 2021), with 2015 and 2018 reaching record levels in terms of meteorological and soil moisture 
drought, especially over the central part of Europe (Ionita et al., 2017; Moravec et al., 2021). The extreme dry summers in 2015 and 
2018 have been associated with exceptional cold SST anomalies in the North Atlantic Basin and persistent high-pressure systems over 
Europe (i.e. atmospheric blocking) (Duchez et al., 2016; Ionita et al., 2017). Overall, on monthly to interannual time-scales, the as-
sociation between cold central North Atlantic conditions, blocking-like atmospheric circulation patterns, and dry summers in central 
parts of Europe manifests as a predominant feature of the hydroclimate variability over Europe throughout the observational record 
(Ionita et al., 2011; Schubert et al., 2014) and also over paleo time-scales (Ionita et al., 2021). On interannual to multidecadal time 
scales, dry (wet) summers were found to be associated with a cold (warm) North Atlantic basin in the previous winter, reduced 
(enhanced) winter precipitation over the central part of Europe, and enhanced blocking over the central and northern parts of Europe 
(Ionita et al., 2021, 2012; Kingston et al., 2012; Schubert et al., 2016). Similarly, it was shown that during the negative phase of AMO 
(cold North Atlantic basin) Germany and the southern part of the Scandinavian Peninsula is affected by dryness, while a warm North 
Atlantic basin (positive AMO phase) is associated with wetness over these regions (Ionita et al., 2012). 

To investigate the potential drivers of the drying trend over the central and southern part of Europe, we applied the CCA meth-
odology between December SPEI12 and the annual North Atlantic SST over the 1902 – 2020 period (Fig. 4). The main aim of the CCA is 
to identify coupled modes of variability and their associated temporal components in the SPEI12/ SST data sets. Fig. 4a shows the SST 
pattern of the first coupled mode (further referred as CCA1-SST), which explains 14.37 % of the total variance. It is dominated by an 
area of negative SST anomalies south of Greenland surrounded by positive SST anomalies located around the eastern U.S coast and the 
western European coast and the North Sea. The structure of the CCA1-SST pattern (Fig. 4a) was found to be part of an SST mode 

Fig. 3. Temporal evolution of December SPEEI12 averaged over different countries and the associated linear trend (red line): a) the Czech Republic, 
b) Poland, c) Spain and d) Norway. Green indicates wet years and orange indicates dry years. Analyzed period: 1902–2020. 
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Table 1 
Results of the trend analysis for the December SPEI12 (Figure3) averaged at country level. The trend analysis was conducted based on nonparametric 
Mann-Kendall test. The analysis was performed over the period 1902 – 2020.    

SPI Trend P-value 

Czech Republic December SPEI12 -1.53 z-scores/analyzed period 4.02E-09a 

Poland December SPEI12 -1.42 z-scores/analyzed period 1.91E-05a 

Spain December SPEI12 -0.98 z-scores /analyzed period 2.79E-05a 

Norway December SPEI12 1.42 z-scores/ analyzed period 4.79E-09a 

The null hypothesis of no trend is rejected if the p-values is lower than 0.05 (significance level of α = 0.05). 
a Indicates a statistically significant trend the 95 % confidence level using the Mann–Kendall test. 

Fig. 4. The first coupled mode of variability between (a) Annual Sea Surface Temperature (SST) and b) December SPEI12 over the period 
1902–2020; c) The standardized amplitudes corresponding to CCA1–SST (black line) and CCA1–SPEI12 (red line). 
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associated with the long-term AMOC weakening trend (Caesar et al., 2018; Dima and Lohmann, 2010), which was attributed to 
increasing atmospheric CO2 concentration (Dima et al., 2021). Later on, based on observation data and simulations performed with an 
oceanic general circulation model, it was shown that this pattern is generated by centennial scale AMOC changes induced by deep 
water formation changes in the Nordic Seas (Dima et al., 2022; e.g. Fig. 4 and S4 in their study). In particular, the center of negative 
anomalies located south of Greenland appears to be linked with a weakening of an AMOC cell centered at 50◦N. A downslope of deep 
western boundary current (DWBC), which is fed by the Nordic Seas overflow system, could result in the bottom vortex stretching with 
corresponding ocean surface changes on the Northern Recirculation Gyre, associated with adjustment of the Gulf Stream position 
(Born et al., 2009; Langehaug et al., 2012; Yeager and Danabasoglu, 2014; Zhang et al., 2011; Zhang and Vallis, 2006). An anomalous 
DWBC affects also the subpolar AMOC cell, through geostrophic balance. These processes are consistent with the North Atlantic SST 
structure (Fig. 4a). One notes that the AMOC trend mode, characterized by centennial-scale changes, is distinct from the multidecadal 
fluctuations of the overturning circulation (Dima and Lohmann, 2010), which are reflected on the North Atlantic SST as a monopolar 
pattern and which are associated with the Atlantic Multidecadal Oscillation (AMO; Schlesinger and Ramankutty, 1994). This implies 
that the atmospheric and SPEI12 changes emphasized here are linked only to centennial-scale variations of AMOC, which are 
emphasized in climate projections for this century but are not directly reflecting the multidecadal fluctuations of the overturning 
associated with AMO. 

The corresponding December SPEI12 (CCA1-SPEI12) spatial pattern (Fig. 4b), which explains 13.88 % of the total variance, is 
characterized by a dipole-like structure between the southern and central parts of Europe (negative loadings) and the Scandinavian 

Fig. 5. a) Regression map of the time series corresponding to CCA-SPEI12 on the annual Sea Level Pressure (SLP) field; b) as in a) but for winter 
(January-February-March) SLP field; c) as in a) but for spring (April-May-June) SLP filed; d) as in a) but for summer (July-August-September) SLP 
field; and e) as in a) but for autumn (October-November-December) SLP field. 
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Peninsula and U.K. (positive loadings). The highest negative loadings correspond to the regions/countries where a significant drying 
trend is observed (i.e., Spain, Portugal, the southern part of France, Italy, the eastern part of Germany, the Czech Republic, Poland, 
Hungary, Slovenia, and Croatia, see also Fig. 1). Overall, the first CCA pair, which is the focus of our study, and which reflects the 
coupling between December SPEI12 and the annual SST, indicates that dry (wet) conditions over the southern and central (northern) 
parts of Europe are associated with negative SST anomalies south of Greenland, flanked by positive SST anomalies over the eastern U.S 
coast, western European Coast, the North Sea, and the Mediterranean Sea. The dipole-like structure of the CCA1-SPEI12 is a prominent 
feature of the drought variability at the European scale (Ionita et al., 2015). 

This is consistent with the corresponding time-series of the CCA1-SPEI12 and CCA1-SST, which are significantly correlated 
(r = 0.89, 99 % significance level) and shows a significant centennial trend (e.g., drying over the southern and central parts of Europe 
is associated with cooling of the North Atlantic basin south of Greenland) over the analyzed period (Fig. 4c). The fact that the North 
Atlantic cooling was associated with an AMOC weakening (Dima and Lohmann, 2010; Caesar et al., 2018; Dima et al., 2022) implies 
that the CCA1-SPEI12 pattern could be considered a consequence of Atlantic ocean circulation slowdown. 

In order to investigate the mechanisms through which an AMOC weakening and associated negative SST anomalies south of 
Greenland influence the SPEI12 field, we constructed regression maps of the sea level pressure field on the CCA1 - SPEI12 time 
components (Fig. 5). The regression of the annual SLP field on the time series of CCA1 – SPEI12 (Fig. 5a), indicates that dry conditions 
over the southern and central parts of Europe are associated with a high-pressure system extending from the east coast of the U.S. to the 
central and southern parts of Europe (where it reaches the highest amplitude) and a low-pressure system over Fennoscandia and the 
Arctic region. The mechanisms linking the CCA1 - SPEI12 pattern with this atmospheric structure are revealed also by the corre-
sponding regression maps constructed between the seasonal SLP field (i.e., January – February – March (Fig. 5b), April – May - June 
(Fig. 5c), July – August – September (Fig. 5d) and October – November – December (Fig. 5e)) and the time series of CCA1 – SPEI12. The 
winter SLP regression map resembles the positive phase of the North Atlantic Oscillation (NAO) (Fig. 5b) and is consistent with a 

Fig. 6. The first coupled mode of variability between (a) Annual Sea Surface Temperature (SST) and b) Annual SLP over the period 1902–2020; c) 
The standardized amplitudes corresponding to CCA1–SST (black line) and CCA1–SLP (green line). Explained variance: SST (12 %) and SLP (19 %). 
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barotropic atmospheric response to the north-south SST gradient disposed south of Greenland, in the CCA1-SST pattern (Rodwell et al., 
1999) (Fig. 4b). Our findings are also in agreement with the study of (Rousi et al., 2021) which has shown that an AMOC decline leads 
to ~60 % increase in an anticyclonic (i.e. high pressure) circulation over the western and central parts of Europe, with a significant 
effect on the central European droughts. 

The high-pressure system over the central and southern parts of Europe suppresses ascending motions, and reduces water vapor 
condensation and precipitation formation, leading to drought conditions below this system. This high-pressure system over the central 
and southern parts of Europe has a seasonally persistent feature (Fig. 5b-e), thus leading to long-lasting droughts by suppressing 
precipitation and/or increasing the temperature. Thus, based on these results, we argue that the long-term drying trend observed over 
the southern and central parts of Europe is driven by an association between a relatively high frequency of atmospheric blocking 
conditions (e.g., persistent high-pressure systems) induced by the centennial scale trend of SSTs disposed south of Greenland. This 
specific SST pattern was associated with a long term weakening trend of the AMOC, in response to increasing atmospheric CO2 
concentrations (Caesar et al., 2018; Dima et al., 2021). 

The influence of the prolonged positive SLP anomalies on the drying trend over the central part of Europe is supported also by the 
first coupled mode of variability between the annual SST and the annual SLP filed. The spatial structure of the first coupled mode of 
variability SST/SLP (Fig. 6) is similar to the SST pattern associated with the drying trend over central Europe (Fig. 3a) and the annual 
SLP regression map (Fig. 5a). Thus, we can argue that the coupling between the AMOC trend mode and prolonged positive SLP 
anomalies over the central north Atlantic Basin extending up to central Europe are leading to drying especially in the central and 
southern parts of Europe. 

The influence of AMOC on the North Atlantic large-scale atmospheric circulation is made mainly through the SST anomalies it 
generates in this sector. Consequently, the structure and mechanism of atmospheric response depend on the corresponding thermal 
structure of the ocean surface. Two distinct SST patterns were emphasized in associations with AMOC changes (Park and Latif 2008; 
Dima and Lohmann, 2010; Dima et al., 2022). On one side, multidecadal AMOC variations associated with AMO are associated with a 
monopolar North Atlantic SST pattern which induces a thermal baroclinic atmospheric response, which projects onto NAO (Sutton and 
Hodson, 2007). The corresponding axis of the SLP dipole is not zonally aligned, but it is tilted north-eastward (Dima and Lohmann, 
2007). On the other side, centennial-scale AMOC changes are reflected by the SST dipole located south of Greenland. This patterns 
increases the local meridional temperature gradient, which in turn favors the formation of storms which can feed with energy the zonal 
circulation and result in a NAO-like barotropic atmospheric response (Frankignoul et al., 2013; Rodwell et al., 1999). This type of 
atmospheric response (i.e., NAO like barotropic), which has an impact on the European climate, can be observed in Figs. 5 and 6 and 
resembles the barotropic atmospheric response to the AMOC centennial scale changes, reflected by the SST dipole located south of 
Greenland. One notes that at both time scales, an AMOC weakening induces a positive NAO-like response in the atmosphere. 

The causal relationship between the North Atlantic SST pattern and the corresponding SPEI12 structure derived through CCA has 
been also tested by using the CCM method, which was applied to the corresponding two time-series (Fig. 4c). The cross-map skill from 
the time component of the SPEI12 and the time component to the North Atlantic SST identified through CCA increases with the library 
length and reaches a plateau around ρ ≈ 0.85, well above the 95 % significance level, indicating a robust causal relationship from the 
later to the former (Fig. 7). 

4. Discussion and conclusions 

In this study, we have investigated the spatio-temporal variability of the annual drought variability over Europe, as represented by 
SPEI12, and related the long-term drying trend over the central and southern parts of Europe with large-scale atmospheric and oceanic 
anomalies. The relationship between December SPEI12, which reflects an integration of moisture availability through the whole year, 

Fig. 7. Cross map skill (red line) given by the correlation between predicted and observed values, as a function of library length for the SST and 
SPEI12 time components. The blue (black) lines correspond to the 95th cross map between each affected variable and the surrogate of the cause 
generated by a swap (Ebisuzaki) model. The variables have the embedding dimension, E = 8 and embedding lag = 0. 
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and annual SST was analyzed by using canonical correlation analysis and Convergent Cross-Mapping methods. We have focused the 
current study just on the first mode of coupled variability since we aimed to identify the drivers of the drying/wetting trend patterns at 
European scale. The coupled modes of variability, as identified by the CCA, can provide insights into the teleconnection patterns 
between the long-term drought conditions over Europe and global/regional SST patterns. These indicate that the long-term drying 
trend in the southern and central parts of Europe, as captured by SPEI12, is linked with a dipolar SLP pattern, which resembles the 
positive phase of NAO, but with the Azore center shifted towards Europe, which is reminiscent of a barotropic response to a SST 
structure located south of Greenland, in response to the long-term weakening trend of the AMOC. 

The relationship between a weak AMOC state and long-lasting drought over Europe seems to be a pervasive one through different 
time scales and climate backgrounds. In a recent study (Ionita et al., 2021), have found that long-lasting droughts over the central part 
of Europe, over the last millennium, have been driven by a combination of low solar variability, a weak AMOC state characterized by 
negative SST anomalies south of Greenland, and high atmospheric blocking frequency over the central part of Europe. From an even 
longer time span perspective, the 8.2ka BP climatic event, which occurred during a period of a relatively warm climate background, 
and was likely associated with a significant reduction of the AMOC intensity (von Grafenstein et al., 1998), and can be seen as an 
analog for the current and future oceanic and hydro-climatic configuration. Consistent with our results, an abrupt surface cooling of 
the North Atlantic basin, which indicated a weakening of AMOC, at ~8.2ka lead to enhanced drying over the western part of Europe. 
Further back in time, for the Younger Dryas fluctuation (about 12,900–11,700 years BP), a strong cooling of the North Atlantic Ocean 
in response to a reduction of the AMOC, corroborated with enhanced blocking activity, has been associated with harsh winters and 
warm summers over Europe (Schenk et al., 2018). Therefore, the connections between the North Atlantic Ocean and dryness/wetness 
over Europe appear to represent a pervasive manifestation through climatic events manifested in both, recent and distant past. 

Future climate projections indicate that Europe will face substantial drying, even for the less aggressive pathways scenarios 
(SSP126 and SSP245) (Balting et al., 2021). As climate projections show a long-term slowdown of AMOC during this century (Collins 
et al., 2013), our results imply additional drought risk, next to the one driven by the global warming signal, in the central and southern 
parts of Europe in the upcoming decades. 
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