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Abstract

:

The atmospheric seasonal cycle of the North Atlantic region is dominated by meridional movements of the circulation systems: from the tropics, where the West African Monsoon and extreme tropical weather events take place, to the extratropics, where the circulation is dominated by seasonal changes in the jetstream and extratropical cyclones. Climate variability over the North Atlantic is controlled by various mechanisms. Atmospheric internal variability plays a crucial role in the mid-latitudes. However, El Niño-Southern Oscillation (ENSO) is still the main source of predictability in this region situated far away from the Pacific. Although the ENSO influence over tropical and extra-tropical areas is related to different physical mechanisms, in both regions this teleconnection seems to be non-stationary in time and modulated by multidecadal changes of the mean flow. Nowadays, long observational records (greater than 100 years) and modeling projects (e.g., CMIP) permit detecting non-stationarities in the influence of ENSO over the Atlantic basin, and further analyzing its potential mechanisms. The present article reviews the ENSO influence over the Atlantic region, paying special attention to the stability of this teleconnection over time and the possible modulators. Evidence is given that the ENSO–Atlantic teleconnection is weak over the North Atlantic. In this regard, the multidecadal ocean variability seems to modulate the presence of teleconnections, which can lead to important impacts of ENSO and to open windows of opportunity for seasonal predictability.
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1. Introduction


El Niño-Southern Oscillation (ENSO) is the leading mode of climate variability at interannual timescales, and the key phenomenon for seasonal climate forecasting worldwide. It corresponds to an air-sea coupled mode, characterized by changes in sea surface temperature (SST) and sea level pressure (SLP) gradients over the tropical Pacific. During an El Niño (La Niña) event, the diabatic heating (cooling) associated with increased (decreased) condensation over the equatorial Pacific alters the energy balance in the tropics and therefore the global atmospheric circulation. This alteration triggers the appearance of atmospheric teleconnections in regions far away from the tropical Pacific (e.g., the North Atlantic). The present article is mainly focused on the North Atlantic eastern sector, a region in which the ENSO teleconnection is still poorly understood and controversial. This connection, when established, takes place through different mechanisms that involve the divergent and non-divergent circulation over the troposphere and the stratosphere [1]. In this regard, the atmospheric seasonal cycle of the North Atlantic acts as a modulator of the ENSO teleconnection, whose strength is sensitive to the time of year.



The North Atlantic Oscillation (NAO) dominates climate variability over the extra-tropical North Atlantic. This oscillation is defined as an exchange of mass between subtropical and subpolar regions and is related to changes in the position of the eddy-driven jet-stream ([2], and papers therein). The NAO exhibits different global signatures, being related to a Tropical Northern Hemisphere pattern (TNH) in winter [3] and to a more internal and northward shifted configuration in summer [4]. In winter, the NAO is also highly influenced by the polar stratosphere [5]. The NAO has profound impacts on a variety of ecological processes and, consequently, on species’ abundance and dynamics [6]. Although most of the variability associated with the NAO is explained by internal and non-linear processes [7,8,9], some predictability has been found from ENSO [1] and the tropical North Atlantic.



The importance of tropical versus extratropical ocean–atmosphere interactions on the NAO has not been fully determined yet ([2]; and papers therein). Although traditionally the scientific community has focused on the ENSO influence over the North Pacific and the American Continent [10], several studies have also suggested a consistent and statistically significant impact of ENSO over the North Atlantic and Europe (NAE; [11,12,13,14,15,16]). The ENSO signature over the NAE is stronger during late winter and early spring, when El Niño (La Niña) is typically accompanied by a weakening (strengthening) of the subtropical high surface pressure system associated with a negative (positive) NAO-like pattern. In winter, ENSO influences the polar stratosphere, by weakening (strengthening) the polar vortex during El Niño (La Niña) conditions [11,17], a result confirmed by model simulations and long reanalysis data records (e.g., [18,19]). Although the anomalous circulation associated with ENSO reaches Europe in a stationary way regardless of the period considered [3], recent observation- and model-based studies suggest that the impact on rainfall is not stationary in time and can be modulated by multidecadal changes in the oceanic conditions [20,21,22]. The time-varying influence of ENSO over Europe could also be due to multidecadal changes in the NAO structure and strength [23,24,25,26].



In the Tropical North Atlantic (TNA), the so-called West African Monsoon (WAM) is also affected by ENSO during boreal summer (June to September). The WAM affects mainly the sub-Saharan semi-arid region of Sahel, whose economy and sustainability are particularly vulnerable to fluctuations in the amount of rainfall. This region experiences a strong seasonal rainfall regime between the months of July and September, which is related to a semi-annual shift of the Intertropical Convergence Zone (ITCZ) and the temperature contrast between the Sahara and the Gulf of Guinea. Although General Circulation Model (GCM) experiments show that ENSO produces a decrease (increase) of rainfall under its positive (negative) phase, its impact has been found to be non-stationary in time [27,28], being the relationship stronger in some decades and weaker in others [29].



Also in the tropics, and in relation to the African Easterly Waves (which also modulate rainfall during the WAM), hurricanes have ENSO as the primary source of predictability at interannual scales [10,30]. These extraordinary energetic weather systems often produce very strong winds, heavy precipitation, and storm surge events over the tropical areas they affect [31,32,33,34]. Nevertheless, the stability in time of ENSO impact on Atlantic hurricane activity has been little analyzed in the literature so far.



Thus, a common feature for European and tropical North Atlantic regions is that ENSO teleconnection seems to be non-stationary in time. In the present paper, we provide further insight into the ENSO impact on the anomalous rainfall over these regions under a non-stationary approach. This article discusses the available literature, trying to conciliate different results that have emerged during the last decades mainly for seasonal predictability purposes. For the sake of simplicity, the study is focused on boreal late-winter and spring in the extratropics, and on summer in the tropics.



With this aim, different analyses are performed using observed and reanalysis data (Section 2). A detailed description of the stationarity of the ENSO impact over the tropical/extratropical North Atlantic and its influence in seasonal predictability is provided in Section 3. The article concludes with a discussion and a short summary in Section 4.




2. Data and Methodology


Along this review paper, different analyses are performed to illustrate the non-stationarity of the ENSO teleconnections on North Atlantic climate variability. For this purpose, the following datasets are used:

	
The Global Land Precipitation data from the Climatic Research Unit (CRU)—University of East Anglia: The dataset has a horizontal resolution of 0.5° × 0.5° in longitude/latitude and covers the period 1901–2014 [35].



	
The Sea Surface Temperature and sea ice data from the Met Office Hadley Centre (HadISST): These data span from 1870 to the present on a monthly basis and have a horizontal longitude/latitude resolution of 1° × 1° [36].



	
The Atlantic Hurricane Database 2 (HURDAT2): The database goes back to 1851, and provides six-hourly information on the location, maximum winds, central pressure, and (post 2004 only) size of all known tropical and subtropical cyclones in the North Atlantic. As a note of caution, this dataset is far from being complete and accurate for the entire century and a half [37].



	
The National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) re-analysis [38]: It spans from 1948 to the present and has a horizontal resolution of 2.5° × 2.5°. In the vertical, it extends from the surface up to 3 hPa and it is available every 6-h, and at daily and monthly timescales.








Most of the results are presented in terms of sliding window correlations, regression and correlation maps [39], using at least a 90% confidence interval when tackling statistical significance. The significance analyses are mainly based on non-parametric Monte-Carlo approaches with a confidence interval of 90%.



Finally, a statistical hindcast based on Maximum Covariance Analysis (MCA) between SST and rainfall is performed using the SST-based Statistical Seasonal foreCAST (S4CAST; [40]), a model developed to determine rainfall predictability over different regions and time periods. The leading mode of co-variability between rainfall and SST is described for different periods, and a hindcast for Sahelian and Euro-Mediterranean rainfall is performed.




3. Results


3.1. ENSO Influence on the Tropical North Atlantic


3.1.1. ENSO Impact on the West African Monsoon


West Africa is the westernmost region of Africa, bordering the eastern coast of the North Atlantic sector. It hosts a monsoon in boreal summer, known as the West African Monsoon (WAM).



The decadal influence of the Pacific on the Sahel is very robust [41]. The influence of ENSO on the variability of WAM at interannual timescales has also been documented using observations [42,43,44,45,46,47] and GCMs [27,28,29,48,49,50,51]. From these, a consensus emerged in that rainfall decrease in the region is linked to the positive phase of ENSO.



Regarding the physical mechanisms involved in the observed ENSO–WAM link [46,52,53], several studies that use sensitivity experiments suggest that, during El Niño events, the high-tropospheric heating over the warm SST region in the tropical Pacific triggers a Kelvin wave throughout the African Atlantic sector, which is associated with anomalous subsidence over West Africa. Such a mechanism describes an anomalous Walker-type circulation that remotely connects the Tropical Pacific and West Africa [29,49,50,51], thus reducing rainfall. In addition, a connection with the anomalies of the large-scale gradient between the SSTs from the west Pacific to the eastern Indian Ocean has also been proposed, by which a stationary equatorial Rossby wave propagating westward induces anomalous subsidence over West Africa [48].



Some works have put forward the non-stationary relationship in time between the ENSO and WAM variability [27,28,44,46,47,51]. From the 1970s to the early 2000s, the negative correlation between Sahelian rainfall and Pacific SST anomalies has strengthened in comparison to the previous decades [46], as supported by sensitivity experiments done with GCMs [50]. Nevertheless, observational studies do not show this increment [28], maybe because during this period the Pacific acts together with the Atlantic, being anti-correlated during summer [54]. With this configuration, the Atlantic counteracts the effect of the Pacific on the Sahel diminishing the observed impact, a theory that has been further supported through the use of sensitivity experiments [51].



In order to analyze the non-stationary link between ENSO-Sahelian rainfall and its impact on seasonal predictability, the S4CAST model [40] is used in this study. Maximum covariance analysis (MCA) between SST anomalies in the tropical Pacific sector (120° E–60° W; 30° S–20° N) and anomalous rainfall in the Sahelian domain (18° W–10° E; 12° N–18° N) during JAS (July-August-September) is performed to determine the leading mode of co-variability. Each mode of covariability is defined by two spatial structures (for the predictand and predictor variables) and two time series (expansion coefficients) indicating the amplitude of the spatial pattern in each of the time steps. The variability of the expansion coefficients reveals changes in the standard deviation and changes in the correlation between both time series (Figure 1a). Indeed, the 21 year-sliding window correlations between the expansion coefficients of the leading mode (green line) indicates that the relationship changes over time in a significant way. In this way, three different steady periods are determined: (i) the entire period (EP), calculating the MCA for the whole period; (ii) the period with significant correlation (SC); and (iii) the periods with no-significant correlation (NSC). By repeating the MCA for each individual period, the leading co-variability mode shows a percentage of explained variance of 46%, 48% and 37%, respectively (Figure 1). As a remarkable result, the SC period is mainly restricted to the period from 1950s onwards (Figure 1, top panel), consistent with the previously mentioned works. The leading co-variability mode in terms of regression maps for the same SC period shows a heating in the tropical Pacific related to a decrease in rainfall in the Sahel, as pointed out by several authors (e.g., [27,28,51]). A cross-validated hindcast for the three periods is done and the correlation between the hindcast rainfall and the observations is shown as a measure of the reliability of the mode in predicting Sahelian rainfall. According to these results, the ability of the leading mode in reproducing rainfall impacts due to ENSO is stronger during the SC period; it decreases during EP, and virtually vanishes for the NSC period.



The correlation curve in Figure 1 evolves as a multidecadal oscillation and indicates the periods in which ENSO teleconnection is stronger over the Sahel. Looking at the ENSO signal, there is no change in its spatial configuration, so it is plausible to think that the slowly varying background state could be modifying the teleconnection mechanism. This result has also been pointed out in Rodríguez-Fonseca et al. [29], where the authors encourage to further explore the multidecadal modulation of teleconnections. The present study confirms the absence of stationarity and its impact on seasonal predictability.




3.1.2. ENSO Impact on Hurricane Season


Hurricanes are the primary source of hazardous weather in the Tropical North Atlantic [55,56,57]. Although the hurricane season starts officially in June and ends in November, the period with greatest activity extends from August to October (ASO; [31,58]). This is due to the seasonal cycle of sea surface temperatures over the Tropical Atlantic corridor (10°N–20°N, 80°N–20°W), also known as the Main Development Region (MDR). Over the North Atlantic, tropical cyclones generally form from African Easterly waves travelling westward into the ocean [59,60]. If African Easterly Waves enter the MDR during late summer or early autumn, they are more likely to encounter SSTs promoting deep convection (>26 °C; [61]). Such conditions, in conjunction with a weak vertical wind shear environment (v250–v850 hPa < ~+8 m/s), are known to foster strong tropical cyclone intensification [32,60]. In fact, 85% of major Atlantic hurricanes develop from African easterly waves over the MDR [59].



At interannual timescales, the positive (negative) phase of ENSO is associated with a significant enhancement (decrease) of vertical wind shear over large parts of the MDR, especially over and around the Caribbean Sea (Figure 2a; [62,63]). Thus, a reduction in hurricane activity is observed during the onset years of El Niño, and the contrary during La Niña [64,65,66]. Other factors such as the ENSO influence on the Western African Monsoon, African Easterly Waves and the intensity of the Azores high also contribute to the strong interannual variability of Atlantic hurricane activity [1,67,68]. The estimated influence of the ENSO decay phase on the following ASO hurricane season is much more reduced than for the ENSO onset [64,69].



At longer timescales, several studies have shown that hurricanes appear to be influenced by natural multidecadal variability of the climate system (Figure 2b; [70,71,72,73] and/or global warming [74,75,76]). However, to our knowledge, no attempt has been made so far to understand the role of multidecadal variability (fundamentally the Atlantic Multidecadal Oscillation, AMO [77]) on the ENSO-hurricanes interannual teleconnection. Thus, the stationarity of ENSO influence on hurricane activity is shown in Figure 2b, where the 21-year running correlation curve between Niño 3.4 index and tropical cyclone activity is provided together with the AMO index. The moving correlation curve depicts an apparent non-stationary connection. The link is statistically significant after the 1970s, and weaker during the three decades before. Also, a strong anti-correlation period appears at the beginning of the 20th century. However, it is not evident from Figure 2b that AMO itself plays a fundamental role on the multidecadal modulation of the ENSO-hurricanes interannual teleconnection. In Figure 2b, significant negative correlation exists during both the positive and negative polarity of the AMO. Nevertheless, these results must be considered with caution because the HURDAT2 dataset is less reliable on pre-satellite decades [59,62,78,79,80]. These results are in agreement with Giannini et al. [81], where it is shown that a developing positive ENSO phase leads to a reduction in rainfall over the Caribbean region. Such teleconnection is found to be stronger after the 1970s, and may be associated with a stronger than average North Atlantic Anticyclone, which in turn reduces convection over the Caribbean sea area.





3.2. ENSO Influence on the Extratropical North Atlantic


Regarding the dynamics associated with the ENSO impact on the NAE rainfall, several mechanisms have been proposed, including tropospheric and stratospheric pathways. These mechanisms, together with their stationarity and the influence of multidecadal ocean variability, are discussed in the next sections. The impact on predictability is also analyzed using the S4CAST model.



3.2.1. Tropospheric Mechanisms of ENSO Impact on the European Region


The tropospheric mechanisms of ENSO teleconnection in the extratropics include the alteration of both the overturning divergent circulation and the non-divergent flow. On the one hand, it is well known that El Niño (La Niña) enhances (decreases) air subsidence over the Equatorial Atlantic and thus weakens (reinforces) both the Walker and the Atlantic Hadley circulations [82,83]. As a consequence, the Azores high and the related westerlies are altered, and so is the climate variability over the NAE. This impact seems to depend on SSTs over the TNA [84,85,86,87], especially in late winter [88,89]. On the other hand, the most accepted tropospheric mechanism implies the alteration of the Aleutian low through changes in the Pacific Hadley circulation in early and mid-winter, and then, via downstream propagation of large-scale Rossby wave-trains [16,90] and synoptic-scale waves over North America [91,92,93,94,95]. In January, the Tropical Northern Hemisphere pattern (TNH; consistent of three centers of actions along the North Pacific-American sector; [96,97,98,99]) is completely established [100]. This is accompanied by a split of the Rossby wave-train impacting Eurasia [101]. The resulting quasi-barotropic structure represents the leading rotational mode of upper level streamfunction in the NAE region [3].



As stated in the previous section, the ENSO impact on the North Atlantic seems to be non-stationary in time. This issue can be partially explained by changes in the ocean mean state, but also by alterations in ENSO amplitude and structure [87,102], which are modulated by multidecadal SST variability [103]. On the one hand, according to the thermal wind equation, positive meridional temperature gradients act to strengthen the upper level jets. Under a negative AMO, regions with negative meridional gradients are associated with a weakened jet, thus fostering the propagation of ENSO related Rossby waves. On the other hand, the existence of distinct ENSO patterns (more eastern/western located) depending on the decade considered [104,105,106,107,108,109,110], acts to change the region of the ENSO-related Rossby waves, and thus, their associated impacts.



In relation to the changes in the mean state, the modification of the conditions of the upper tropospheric jets and Rossby waveguides can also modify the ENSO-related planetary wave propagation from the tropical Pacific towards the NAE sector. This mechanism holds differently for the so-called Eastern and Central Pacific ENSO episodes [111], and seems to be modulated by natural multidecadal SST anomalies [21,22].



Also in this context, a recent study from Gómara et al. [26] points to a potential non-stationary connection between ENSO and explosive North Atlantic cyclones [112]. Through the use of cyclone track density winter data on NCEP, ERA-40 and a long control simulation (ECHAM5/MPIOM1), they find a non-stationary influence of ENSO on the leading interannual mode of explosive North Atlantic cyclones. In reanalysis, this teleconnection is distinguishable between the mid and late 20th century [23]. In the GCM, the teleconnection is significant and robust for most of the time period, with the exception of two specific intervals of several decades when it vanishes. Although further analyses need to be done in this line, these results are also consistent with the existence of multidecadal changes in the ENSO–North Atlantic teleconnection.



In fall, a negative NAO-like pattern is related to ENSO, though this relationship is non-stationary and changes depending on the considered decades. In this way, López-Parages and Rodríguez-Fonseca [20] suggest that the ENSO influence seems to be modulated by the Interdecadal Pacific Oscillation (IPO). Whereas for some decades El Niño is related to a negative NAO-like signature, in others the signature is the opposite.



In summer, some authors point to a weak impact of ENSO over the Euro-Mediterranean region, which can lead to local rainfall anomalies [113,114]. These anomalies occur (especially after the 1970s) together with a negative NAO-like configuration and negative SST anomalies over the North Pacific. As a consequence, Rossby waves triggered from the Pacific are able to reach more efficiently the western North Atlantic.



In the same context, other authors suggest a multidecadal modulation of the ENSO impact in the summer circumglobal teleconnection pattern (CGT), via changes in its coupling to the Indian Summer Monsoon (ISM; [115]). According to these results, the weakening in the ENSO–ISM coupling after the 1970s leads to a weakening of the CGT centers of action, especially over the North Atlantic and Europe. The CGT has been linked with a west-east dipole of anomalous precipitation over Europe [116], thus pointing to a multidecadal modulation of the ENSO impact on European precipitation in summer through changes in the CGT pattern.



Finally, the mentioned non-stationarities in this section are also reflected in bio-climatic indices. Capa-Morocho et al. [117] have recently found that summer maize yield variability over northwestern Iberia is highly linked to El Niño, with opposite impacts depending on the decades considered. Rozas et al. [118] suggest, also for summer, a significant positive link between the growth of beeches over Northern Iberian Peninsula and Niño 3.4 index. As explained by the authors, such strengthened connection is due to the increased late spring and early summer cloudiness under El Niño conditions, which act to mitigate temperature and rainfall stresses for beech growth.




3.2.2. Stratospheric Mechanisms of ENSO Impact on the European Region


A two-step pathway relates ENSO to North Atlantic climate via the polar stratosphere in winter. The first part of the pathway concerns an ENSO-polar vortex negative relationship consisting in the excitation of the Pacific North American pattern (PNA; e.g., [119,120]) that leads to the amplification of the stationary zonal wavenumber-1 wave during the El Niño (EN) phase [119,121]. The amplified wave activity propagates upward and breaks at stratospheric levels, warming the polar stratosphere and weakening the vortex (e.g., [121,122]). The opposite happens under La Niña (LN) conditions. However, the seasonal mean response of the polar vortex to EN and LN does not agree with a higher frequency of extreme weak or strong polar vortex events, respectively. In fact, a higher frequency of major stratospheric warmings (MSWs, extreme weak vortex events) for both EN and LN events is found than under neutral ENSO conditions [123,124]. The second part of the pathway concerns the downward propagation of the ENSO-induced stratospheric anomalies to the troposphere. In general, extreme warm (cool) anomalies in the polar stratosphere descend in wintertime and project onto a negative (positive) phase of the NAO, affecting the NAE climate [5]. ENSO-induced polar stratospheric anomalies also propagate downward (e.g., [18,125]), but only when a MSWs occurs [126,127]. Additionally, Butler et al. [128] have recently suggested that this stratospheric pathway would result in a tropospheric pattern of the same sign for both EN and LN events, since it is due to the stratospheric anomalies associated with MSWs. Nevertheless, there is still high uncertainty in the processes involved in this stratospheric pathway.



Only a few studies have analyzed the stationarity of the stratospheric signal, by extending the study of the stratospheric pathway to the stratospheric response to the new type of ENSO (Central Pacific (CP) ENSO) (e.g., [111,129,130,131]). Several studies have shown that the effect of CP ENSO on the boreal polar stratosphere is weaker than that corresponding to the canonical one and, consequently, its connection with European weather through the stratospheric pathway is also less important [88,111,129]. However, Hurwitz et al., [130] have not found any significant difference in the stratospheric response to ENSO between canonical and CP flavors in CMIP5 models.



To further analyze the possible non-stationarity of the ENSO stratospheric pathway, the polar stratospheric state associated with the first co-variability mode of European precipitation (pcp) and tropical Pacific SSTs in late winter-spring (February-March-April, FMA) is analyzed by means of NCEP/NCAR reanalysis data [38]. In agreement with López-Parages et al. [21]; (cf. Section 3.2.3), periods with strong and positive (P period) and weak and negative relationships (N period) between Pacific SSTs and European rainfall are found. The use of reanalysis data restricts the intervals to 1965–1984 and 1949–1964/2003–2008 as representative of positive and negative periods. Our results show that the stratospheric pathway in the P period plays a more important role in the European rainfall response to ENSO than in the N period.



First, the polar vortex in P period is anomalously weak during the whole winter in association with a warming of the equatorial Pacific (Figure 3a). In contrast, in N period (Figure 3e), the middle polar stratosphere is only significantly disturbed in January-February-March (JFM) and February-March-April (FMA) averages. The difference in the intensity of the signal in the polar stratosphere between periods may be explained by a discrepancy in the intensity and persistence of the tropospheric forcing (Figure 3b–d,f–h). In particular, whereas a strong deepening of the tropospheric Aleutian low appears during October-November-December (OND) in the P period (Figure 3b), this is much weaker and not detected until December-January-February (DJF) in the N period (Figure 3g). In addition, the location of the center of geopotential height (Z) anomalies at 500 hPa close to the Aleutian low is different in both periods, being westward shifted in N relative to P. This shift might have an effect on the interference of the anomalous wavenumber-1 wave with the climatological one. The spatial shift is also consistent with a similar displacement in the region of the strongest warming in the equatorial Pacific SSTs. In fact, these results agree with those derived by Zubiaurre and Calvo [129] about the timing and intensity of tropospheric forcing of CP ENSO.



Secondly, the mentioned polar stratospheric anomalies of the P period descend during winter, being statistically significant along the whole stratosphere in FMA (Figure 3a). Positive anomalies of geopotential height (Z) at polar cap in the positive phase of the mode also reach the lower troposphere in JFM, but are not statistically significant. Nevertheless, despite this lack of statistical significance in the troposphere, there is a connection between the ENSO-induced extratropical stratospheric Z anomalies and the SLP anomalies in the NAE sector (90° W–40° E, 30°–90° N). The correlation between an index of the NAE SLP anomalies in FMA related to the changes in tropical SSTs and another index of the ENSO-induced extratropical Z anomalies at 10 hPa in the same months is 0.86. The correlation remains mostly the same when leading the Z index one month and is still statistically significant with a lag of two months at a 95% confidence level (0.68). In the case of the N period, the positive polar cap Z anomalies in Figure 3e do not even reach the lower stratosphere. The correlation of the NAE SLP in FMA and stratospheric indices in different months is not statistically significant in any given case at a 95% confidence level (FMA: 0.40; JFM: −0.06; DJF: 0.22).



To confirm the important role of the stratosphere during P period in the ENSO-European pcp teleconnection and since the downward propagation of ENSO-induced stratospheric anomalies has been linked to the occurrence of MSWs, we have computed the frequency of MSWs associated with the extreme events of the European pcp in FMA linked to changes in tropical Pacific SSTs. The extreme events have been identified as those cases where the expansion coefficient of the pcp of the first co-variability mode between tropical SSTs and European pcp is larger than 0.75 standard deviation in absolute value. In the case of P period, 60% of extreme events are preceded by the occurrence of a MSW. The probability is even higher (4 out of 5) for events of the positive phase, i.e., higher pcp than normal in Central Europe and close to the pattern associated with the negative phase of the North Atlantic Oscillation [132]. Regarding the N period, only 42% of extreme events of European pcp follow MSWs and there is not a predominant phase among them. These results agree well with previous authors such as Ineson and Scaife [133] or Cagnazzo and Manzini [127], who highlight the importance of a MSW for the downward propagation of ENSO-induced stratospheric anomalies.



Finally, we have also found that the link between the ENSO and polar stratospheric anomalies is only statistically significant in the P period regardless of the European pcp (Figure 3i). In fact, Figure 3i shows that only statistically significant correlations are found in the time windows corresponding to P period.




3.2.3. Impact of ENSO on Anomalous Rainfall


Regardless of the mechanisms through which ENSO teleconnection is established over the extratropics, the ENSO signature on European and Mediterranean rainfall has changed across the 20th century [134,135], a feature that confirms the absence of stationarity in the ENSO response. As stated before, some authors have attributed this changing impact to the influence on the atmospheric mean state of well-known multidecadal SST modes such as the AMO and the Interdecadal Pacific Oscillation (IPO, [20,136]).



This seems to be crucial for those regions where the skill of seasonal forecasting systems is still poor, as is the case of Europe and the Mediterranean region. As a consequence, windows of opportunity for the enhancement of these currently complicated seasonal predictions could be opened, at least, for certain decades.



To illustrate this point, the S4CAST model has been applied during late winter and early spring (FMA) to determine the reliability of the tropical Pacific for seasonal predictability of European rainfall. In this way, Figure 4 depicts the leading co-variability mode between Pacific SSTs and European rainfall described in López-Parages et al. [21]. The correlation between the expansion coefficients identifies a change in the teleconnection, with periods of strong rainfall response and positive correlation between Niño 3.4 index and rainfall (P periods: 1900–1940/1965–1984; consistent with López-Parages et al. [21]) and periods when this signal is weak and not statistically significant (N period: 1944–1964/2003–2008).



The evolution of the correlation presents some similarities to that found for the influence of ENSO on Sahel rainfall variability in summer. The capability of the rainfall hindcast is plotted in terms of correlation maps, showing that it significantly increases in the same periods that the ENSO response over the Sahel is stronger.






4. Discussion and Conclusions


The present paper has reviewed and further addressed different El Niño–Southern Oscillation (ENSO) teleconnections over the Atlantic basin, finding interesting coincidences about their temporal non-stationarities. In this context, correlation curves from Figure 1, Figure 2 and Figure 3 depict very similar results despite the regions, seasons, and variables used are different. In general, distinct ENSO-related impacts are found before and after the 1970s over the Atlantic basin. Some correlation curves appear to evolve in phase with the Atlantic Multidecadal Oscillation (AMO). As a consequence, during decades of negative AMO, the occurrence of ENSO increases the forecast ability of winter European and tropical rainfall. On the contrary, during the periods of positive AMO the ENSO’s impacts are almost negligible over the Atlantic and no further ability can be added to seasonal forecasts.



Although the AMO seems to be the principal modulating factor, the influence of other patterns, such as the Interdecadal Pacific Oscillation or Global Warming, has been suggested in the literature [20,115]. For the case of the North Atlantic European (NAE) region, Capa-Morocho et al. [115] found a stronger ENSO–NAE teleconnection when both the AMO and IPO coincide under same phase (for instance, the period 1960–1980).



A remarkable feature that guarantees the robustness of our results is the existence of different non-stationary ENSO impacts, all of which appear consistent in time regardless of the variables, seasons and regions chosen for the analysis.



The presence of non-stationarities can be due to different potential reasons. First, climate anomalies over the Northern Hemisphere can be understood as a linear combination of teleconnections associated with changes in the zonal mean flow and the ENSO states [137]. This could explain the different dynamical mechanism associated with the ENSO forcing in each of the periods. Over the European region, López-Parages et al. [22] have recently demonstrated using sensitivity General Circulation Model (GCM) experiments that different background states (e.g., global SSTs during negative or positive AMO) associated with the same El Niño pattern can produce distinct teleconnections. In particular, the ENSO impact over Europe is better established during the negative AMO decades, in which a southward shift of the Intertropical Convergence Zone (ITCZ) produces changes in the jetstream configuration and, thus, in the wave-propagation pathways. In this line, the role of decadal variability in the timing and seasonal establishment of teleconnections remains as an interesting topic for future research.



Secondly, another possible reason for the non-stationarity is the presence of concomitant SST anomalies in other ocean basins associated with El Niño events in negative AMO periods [138]. Such SST anomalies in other basins could counteract the effect of El Niño over the North Atlantic and Sahel. This was stated in Losada et al. [51] for the case of the ENSO influence in the West African Monsoon after the 1970s when equatorial Atlantic anomalies counteract the effect of the Pacific; as well as Losada et al. [139] for the response of summer Mediterranean climate to tropical SST anomalies.



A third possible reason can be related to the amplitude of the ENSO signal, as some authors have suggested that the ENSO amplitude could vary under different phases of the AMO. In this context, López-Parages et al. [22] have recently shown that changes in the background state are inconsequential if very strong ENSO events are considered. Nevertheless, under realistic ENSO events, changes in the ocean climatology are enough to alter the wave-guides and, thus, teleconnections.



Finally, despite that causality is a challenging topic to undertake in climate variability, most of the results provided in this article are backed by plausible physical mechanisms and confirmed by sensitivity experiments done by existing studies (e.g., [22]). Nevertheless, although results are supported by model experiments, they are still constrained by the relatively limited coverage of observational data. Thus, there is a need for sustained observations to resolve multi-decadal variability.



The presents results are crucial not only for the understanding of ENSO teleconnections and associated dynamics and impacts, but also for the current seasonal forecast system, as it opens windows of opportunity for North Atlantic climate predictability.
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Figure 1. (Top Panel) Expansion coefficients of the leading MCA mode calculated between the anomalies of tropical Pacific SST (blue bars, left axis) and the anomalous Sahelian rainfall (red line, left axis) in JAS. Superimposed, the 21-year centered moving correlation windows (green line, right axis) and significant correlation (black filled circles) between both expansion coefficients; (Bottom Panels): (First) Regression maps of the SST expansion coefficient of the leading MCA mode onto the SST (left) and rainfall (center). Correlation maps (right) between the cross validated hindcast of rainfall performed only with the leading MCA mode. The whole time period is used for the analysis. (Second) As (first) but using the years corresponding to the center of the significant correlation windows (green dots in the green curve). (Third) As (first) and (second) but using the years corresponding to the center of the non-significant correlation windows. The percentage of squared covariance fraction is indicated in the left bottom corner of the figure. 
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Figure 2. (a) Previous August-October SSTs (red/blue shadings in K·std−1) and vertical 850–250 hPa wind shear (black/purple contour values at ±0.5 m·s−1·std−1) regressed onto Niño 3.4 index (December-February). Statistically significant areas of enhanced/reduced wind shear marked with crosses/dots (95% confidence interval). The Atlantic Hurricane Main Development Region is shown in a black rectangle; (b) Anomaly from long term mean: Number of Tropical Storms and Hurricanes over the North Atlantic (June to November, blue and magenta lines—11 years smoothing). The Atlantic Multidecadal Oscillation index (red dashed line). Twenty-one-year running correlations (centered) between Tropical Storm activity (hurricanes included) and Niño 3.4 index (black line). There is a 95% confidence interval (t test) in thicker segments. Data sources: HURDAT2, HadISST and NCEP. 
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Figure 3. Analysis of the stratospheric pathway of ENSO-European weather teleconnection. (a–d) Regression maps of different anomalous 7-year high-pass filtered fields on the SST expansion coefficient of the first co-variability mode of the tropical SSTs and the European rainfall in FMA for the P period: (a) Area-averaged geopotential height over the polar cap (90°–60° N) in different months (from OND to FMA) (contour interval: 10 m); (b–d) Geopotential height at 500 hPa in OND, DJF and FMA, respectively (contour interval: 10 m); (e–h) Same as (a–d) but for the N period. Shadings correspond to statistically significant correlations between the SST index and the Z anomalies at a 95% confidence level (Monte-Carlo test with 400 permutations); (i) 20-year centered moving correlation windows between the 7-year high-pass filtered geopotential anomalies at 10 hPa and averaged over the polar cap (90°N–60°N) in DJF and the 7-year high-pass filtered SST anomalies over the El Niño 3.4 area in the same months. Thick line indicates statistically significant values at a 90% confidence level (Monte-Carlo test with 400 permutations). 
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Figure 4. (Top Panel) Expansion coefficients of the leading MCA mode calculated between the anomalies of tropical Pacific SST (blue bars, left axis) and the anomalous Euro-Mediterranean rainfall (red line, left axis) in FMA. Superimposed, the 21-year centered moving correlation windows (green line, right axis) and significant correlation (black filled circles, right axis) between both expansion coefficients. The black curve corresponds to the AMO index; (Bottom Panels) (First) Regression maps of the SST expansion coefficient of the leading MCA mode onto the SST (left) and rainfall (center); Correlation maps (right) between the cross validated hindcast of rainfall performed only with the leading MCA mode. The whole time period is used for the analysis. (Second) As (first) but using the years corresponding to the center of the significant correlation windows (green dots in the green curve). (Third) As (first) and (second) but using the years corresponding to the center of the non-significant correlation windows. The percentage of squared covariance fraction is indicated in the left bottom corner of the figure. 
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