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Abstract El Niño Southern Oscillation (ENSO) impact on the North Atlantic8

European sector (NAE) is still under discussion. Recent studies have found a non9

stationary feature of this teleconnection, suggesting an effective modulating role10

of the ocean mean state. Nevertheless, physical explanations about the underly-11

ing mechanisms have been little studied in the available literature. In addition,12

ENSO events show different SST spatial patterns, phases, and amplitudes, which13

can also influence on the related remote impacts. In view of all this, in the present14

study a set of partially coupled experiments have been performed with a global15

atmospheric general circulation model in which different SST ENSO patterns are16

superimposed over distinct Pacific and Atlantic SST mean states. These SST back-17

ground conditions are constructed according to the observational difference be-18

tween periods with a distinct impact of ENSO on the leading Euro-Mediterranean19

rainfall mode in late winter-early spring. Our results point to two distinct mech-20

anisms associated with ENSO that can be modulated by the SST mean state: 1)21

the thermally driven direct circulation (Walker and Hadley cells) connecting the22

Atlantic and Pacific basins, and 2) the Rossby wave propagation from the tropical23

Pacific to the North Atlantic. The former elucidates that the positive NAO-like24

pattern usually related to La Niña events could be only valid for selected decades.25

The latter explains a reinforced signature of Eastern Pacific Niños on the Euro-26

Mediterranean rainfall when the tropical Pacific is warmer than usual and the27

North Atlantic is colder than usual. This feature is consistent with the changing28

ENSO impact identified in previous studies and demonstrates how the ENSO tele-29

connection with the NAE climate at interannual timecales could be modulated by30

multidecadal changes in the SST. According to our results, the assumption of sta-31

tionarity which is still common to many studies of ENSO teleconnections clearly32

has to be questioned.33
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1 Introduction34

The El Niño-Southern Oscillation (ENSO) is the coupled ocean-atmosphere mode35

that is considered as the main driver of global atmospheric teleconnections at in-36

terannual timescales. Its oceanic component (El Niño), which is characterized by37

anomalous Sea Surface Temperatures (SSTs) over the equatorial Pacific Ocean,38

alters the sources of atmospheric heating and, as a consequence, affects remote39

regions around the globe. During El Niño (La Niña) events the central-eastern40

tropical Pacific becomes warmer (colder) and the related atmospheric convection41

and rainfall are shifting along with the anomalous temperature. ENSO related42

changes in the local divergent flow induce further changes in the divergent and43

non-divergent (or rotational) flow, therefore impacting distant areas through dif-44

ferent teleconnection mechanisms. In the last decades a series of publications have45

found a non-linear response of zonal winds in the central Pacific to SST anomalies46

(Kang and Kug, 2002; Philip and van Oldenborgh, 2009; Frauen and Dommenget,47

2010). This feature could be associated with two distinct and documented El Niño48

patterns, Eastern Pacific (EP) and Central Pacific (CP), which have discernibly49

different impacts on remote regions (Kug et al, 2009; Kao and Yu, 2009; Choi et al,50

2011; Frauen et al, 2014). However, whilst the ENSO signature over the Pacific51

and the tropics has been highly analyzed, ENSO response over extratropical re-52

gions requires further investigation. One of the less understood teleconnections is53

the one associated with the North Atlantic European Sector (NAE), which even54

is far from being unequivocally accepted (Brönnimann, 2007 and paper therein).55

The divergent flow response associated with ENSO involves 1) changes in the56

Hadley and Walker cells in relation to variations in the convection (Wang, 2002b;57

Wang and Enfield, 2003; Wang and Picaut, 2004; Ruiz-Barradas et al, 2003) but58

also 2) changes in the rotational flow by the modification of the planetary vorticity59

and hence, the triggering of Rossby waves (Cassou and Terray, 2001; Honda et al,60

2001).61

Regarding the changes in the direct circulation, six centers of action of velocity62

potential appear when an ENSO episode occurs: three over the equator (western63

Pacific, eastern Pacific, and Atlantic) and three over mid-latitude regions (west64

Pacific, near Caribbean Sea, and Europe). These divergent and convergent centers65

along the globe represent a weakening (for El Niño; strengthening for La Niña) of66

the Pacific and Atlantic Walker circulations (equatorial centers), and its related67

Hadley cells in the subtropics (Wang, 2002a; Wang and Picaut, 2004). Thus, cli-68

mate variability over the NAE could be significantly linked (or not) with tropical69

Pacific SSTs depending on the intensity and spatial configuration of the previously70

mentioned anomalous circulations.71

Regarding the changes in the rotational flow, the most accepted dynamical72

mechanism explaining the ENSO-NAE teleconnection via the troposphere im-73

plies the disturbance of the Aleutian low through variations in the Pacific Hadley74

circulation in early and mid winter, and then the downstream propagation of75

Rossby wavetrains across North America from January (Honda et al, 2001; Moron76

and Gouirand, 2003). From this month the canonical Tropical Northern Hemi-77

sphere Pattern (TNH), which is organized in three centers of actions along the78

North Pacific-American sector (Mo and Livezey, 1986; Barnston and Livezey,79

1987; Livezey and Mo, 1987; Trenberth et al, 1998), is completely established80

(Bladé et al, 2008), together with a split of the Rossby wavetrain impacting Eura-81
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sia (Karoly et al, 1989). The resultant rotational atmospheric response to ENSO is82

formed by a TNH-like pattern and the abovementioned split of the wavetrain, re-83

vealing a quasi barotropic structure, and representing the leading rotational mode84

of upper level streamfunction in the NAE (Garćıa-Serrano et al, 2011).85

It is worth to highlight that the ENSO atmospheric signal detection in NAE86

is difficult due to the fact that the atmospheric interannual variability over this87

region is highly dominated by internal processes (Trenberth et al, 1998; Quadrelli88

and Wallace, 2002). Nevertheless, the above mentioned studies together with other89

statistical analyses point to a robust ENSO response (Brönnimann, 2007), which90

is seasonal dependant (Moron and Gouirand, 2003; Mariotti et al, 2002), maybe91

nonlinear (Wu and Hsieh, 2004; Pozo-Vázquez et al, 2005a), and possibly nonsta-92

tionary in time (Knippertz et al, 2003; Sutton and Hodson, 2003; Gouirand and93

Moron, 2003; Greatbatch et al, 2004), with the late winter being the more appro-94

priate season for finding a robust signal (Brönnimann, 2007). However, a better95

understanding of how this link is affected by different phases, spatial patterns, and96

strengths of ENSO events, is necessary.97

Concerning the non-stationary behavior of the response, several studies have98

found a strong impact of ENSO events over the Euro-Mediterranean rainfall in late99

winter and early spring during the beginning of the 20th century (1900s-1920s) and100

after the sixties (1970s-1980s), compared to a weak signal in the decades in between101

(Mariotti et al, 2002; López-Parages and Rodŕıguez-Fonseca, 2012). Nevertheless,102

this changing response is not completely accepted and a clear agreement about the103

possible underlying mechanism is still needed. Several studies have indicated the104

importance of a realistic representation of the SST mean state in order to prop-105

erly reproduce the atmospheric response to SST anomalies (Peng and Whitaker,106

1999; Cassou and Terray, 2001). Related to this, in a recent paper López-Parages107

et al (2014) have attributed the variable ENSO-EuroMediterranean rainfall link108

to changes in the upper mean flow associated with the multidecadal variability109

of the SST. Thus, new challenges related to a possible modulation of the already110

not-completely understood ENSO-NAE teleconnection, appear.111

With the aim to shed light on these questions, an atmospheric general circula-112

tion model (AGCM) is forced in this work with idealized ENSO SST patterns (of113

different spatial configurations, strengths, and signs) under distinct ocean back-114

ground states to test, which of the aforementioned features are determinant to115

better achieve the changing impact of ENSO events on the European region.116

The article is organized as follows. We begin by presenting the data and model117

simulation used for this study (Section 2). The remote impact of ENSO on the118

NAE is analyzed in Section 3 for different types of El Niño and La Niña events,119

paying special attention to the non-linear features. Finally, in Section 4, a brief120

summary and a discussion are presented.121

2 Data and Model122

In this work a low resolution version (3.75◦ x 2.5◦) of the atmospheric component123

of the Australian Community Climate and Earth System Simulator (ACCESS)124

model (Bi et al, 2013) is used to analyze the role of the ocean mean state as125

modulator of ENSO teleconnections with the NAE climate in February-March-126
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April after the mature phase of ENSO events, according to López-Parages and127

Rodŕıguez-Fonseca (2012) and López-Parages et al (2014).128

The ACCESS Model is made up of the Met Office (UKMO) Unified Model129

AGCM with Hadley Centre Global Environment Model version 2 (HadGEM2)130

physics (Davies et al, 2005; Martin et al, 2010; Martin et al, 2011). In the present131

study this model has been coupled in some specific regions to a simple slab ocean132

model (Washington and Meehl, 1984; Dommenget and Latif, 2002; Murphy et al,133

2004; Dommenget, 2010) letting the SSTs over these regions to respond to the134

different spatial patterns of SST forcing, which in turn have been defined from135

HadISSTs data (Rayner et al, 2003). A flux correction, however, has been required136

to force the model SSTs to closely follow a reference SST climatology (1950-2010).137

The sea ice climatology has been also prescribed here from HadISST dataset.138

First of all, a set of control simulations, for which the aforementioned reference139

SST climatology is modified over the Atlantic (40S-80N) and the tropical Pacific140

(30S-30N) basins, are performed. To this aim, an anomalous SST pattern (Fig-141

ure 1a) corresponding to the difference between periods with a distinct impact of142

ENSO on the Euro-Mediterranean rainfall in late winter and early spring (Mariotti143

et al, 2002; López-Parages and Rodŕıguez-Fonseca, 2012), is added or subtracted144

to the reference SST climatology. This pattern (1a), which resembles an Atlantic145

Multidecadal Oscillation structure (AMO; Knight et al, 2005; Kang et al, 2014),146

has been only prescribed here over the Atlantic and the tropical Pacific. This has147

been done in order to take into account, not only the Atlantic SSTs associated148

with the AMO, but also the AMO signature on the tropical Pacific (Kucharski149

et al, 2015; Dong et al, 2006), which could influence the processes involved during150

the ENSO event. Furthermore, to better analyze the influence of the changing151

SST background state on the ENSO-NAE teleconnection the amplitude of this152

anomalous SST pattern, has been doubled. The resultant ”modified climatolo-153

gies” (obtained by adding or subtracting Figure 1a with double amplitude to the154

reference 1950-2010 climatology) are hereinafter referred as P and N, respectively,155

in accordance to the positive (P) and negative (N) links, between El Niño and156

rainfall variability in central Europe, identified in López-Parages et al (2014).157

Secondly, for these modified climatologies, a series of sensitivity experiments158

(see Table 1) are performed superimposing different idealized ENSO patterns as159

defined in Dommenget et al (2013). These patterns (Figures 1b and c), which repre-160

sent the non-linear spatial structure of ENSO events in an optimal way, have been161

normalized to have a Niño-3.4 (5S-5N, 120-170W) mean SST anomaly of +1K (for162

El Niño events) or -1K (for La Niña events), as in Frauen et al (2014). Hereinafter163

these spatial patterns will be referred as Eastern Pacific (EP) and Central Pacific164

(CP) ENSO. Note, however, that in these sensitivity experiments performed with165

an AGCM only the oceanic component of ENSO (El Niño) is prescribed. Outside166

the Atlantic and the tropical Pacific, the AGCM model is coupled to the simple167

slab ocean model. All the experiments are performed considering different signs168

(El Niño and La Niña) and amplitudes (100% and 200%) of ENSO forcing.169

The mean response of each sensitivity experiment has been calculated and170

compared with the other experiments in order to answer different open questions171

regarding the influence of distinct types of ENSO phases and patterns (El Niño172

and La Niña; EP and CP) under different ocean mean states (P and N). The173

significant differences have been evaluated through the non-parametric Wilcoxon-174

Mann-Whitney test (Wilks, 2011).175
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Table 1 Overview of the simulations performed in this study. All of them are 50 years long

ENSO SST mean state

amplitude P N

+200% EP200 P CP200 P EP200 N CP200 N
+100% EP100 P CP100 P EP100 N CP100 N
Control P N
-100% -EP100 P -CP100 P -EP100 N -CP100 N
-200% -EP200 P -CP200 P -EP200 N -CP200 N

However, it is worth to note that the experimental design applied here only176

allows us to investigate the direct global impacts of tropical Pacific SSTs during177

ENSO events and does not capture the entire global impact of ENSO. For instance,178

the ENSO signature over the Tropical North Atlantic, which also influences the179

ENSO-related atmospheric response over the North Atlantic and Europe (Mathieu180

et al, 2004; Ham et al, 2014), is not captured here (taking into account that the181

AGCM is not coupled to the slab ocean model over the Atlantic basin). Thus, the182

present study is designed only in order to isolate the direct link between tropical183

Pacific SSTs during ENSO events and the NAE climate.184

A basic observational validation of our experimental results has been also pre-185

sented in this study. For this purpose, SLP data from NCAR (Trenberth and186

Paolino, 1980) and from the 20th century reanalysis V2 (20CR; Compo et al,187

2011) provided by the NOAA, have been used. The significance of the observa-188

tional patterns has been also determined by the Wilcoxon-Mann-Whitney test.189

3 Results190

3.1 ENSO responses under different background climatologies191

In this section the anomalous responses, in February-March-April, to distinct192

ENSO SST patterns (with different signs, amplitudes and spatial patterns) un-193

der P and N climatologies, are obtained. The impact is analyzed, for each case,194

at upper and surface levels, normalizing the ENSO-related patterns by the mean195

Niño-3.4 SST anomaly values. In order to distinguish the rotational and divergent196

signals in the upper troposphere, the atmospheric streamfunction and the velocity197

potential at 200hPa have been presented.198

Additionally, the wave activity flux (WAF), which is a vector approximately199

parallel to the local group velocity of Rossby waves, has been computed directly200

from the zonally asymmetric part of the anomalous streamfunction regression maps201

(assuming stationary Rossby waves and neglecting vertical movements; see equa-202

tion 38 of Takaya and Nakamura 2001 for further details).203
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3.1.1 EP El Niños204

For Eastern Pacific El Niños (EP), the atmospheric response appears stronger in205

P than in N at upper (Figure 2) and surface (Figure 3) levels. In both cases, the206

model is able to reproduce the ENSO-related rotational impact over the NAE in207

late winter and early spring (Gouirand and Moron, 2003; Moron and Plaut, 2003;208

Garćıa-Serrano et al, 2011), that is, a well established TNH pattern together with a209

significant center located downstream over the European continent. This enhanced210

signal in P with respect to N is less noticeable when the EP forcing is doubled211

(Figures 2b,d and 3b,d).212

For EP100 El Niños, the intense rotational response in P (Figure 2a) contrasts213

with the weaker wave activity in N (Figure 2c). This seems to be due to the214

stronger divergence identified over the tropical Pacific in the former case (see con-215

tours in Figures 2a,c), for which the two twin anticyclones straddling the equator216

and related to the typical Gill-type atmospheric response to equatorial anomalous217

heating (Gill, 1980), appear also reinforced. Considering that remote impacts as-218

sociated with tropical convection are sensitive to absolute rather than anomalous219

values of SST, temperatures required for deep convection (preferentially exceeding220

a threshold of 26◦-28◦; see Graham and Barnett 1987) are favored in P mean state,221

in which the underlying tropical Pacific is warmer (Figure 1a; see also Figure A1222

of supplementary material). If EP El Niños are strong (200%) this threshold is223

exceeded in both, P and N, and so, their related upper level perturbations look224

similar (Figures 2b,d). Two distinct wavetrains can be clearly identified over the225

northern hemisphere in those cases in which a strong rotational response is found226

(in P for normal El EP Niños and in both, P and N, for strong EP El Niños). One227

is generated from the west Pacific extending east across the North Pacific and then228

south over North America. A second wavetrain originates from the east tropical229

Pacific and crosses the North Atlantic northward until the British Islands, where230

it is reflected towards lower latitudes over the Euro-Mediterranean region. The231

resultant SLP patterns highlights the barotropic nature of the anomalous pertur-232

bation (contours in Figures 3a,b,d). As a consequence, a deep low pressure system233

appears over the British Islands, and a significant impact on European rainfall234

is found (shaded in Figures 3a,b,d), being similar to the ENSO-related impact235

identified in previous studies (Moron and Gouirand, 2003; Bulić and Kucharski,236

2012). It is interesting to note that, for EP100 in N, the three centres over Florida,237

the Labrador Strait and, in particular, over the British Islands appear noticeably238

weakened (Figure 3c). Hence, the significant Euro-Mediterranean rainfall pattern239

associated with ENSO is not found (Figure 3c). The aforementioned responses240

are coherent with the distinct ENSO signature on Euro-Mediterranean rainfall241

identified, for late winter and early spring, before (under a P-like SST mean state242

configuration) and after (under a N-like SST mean state configuration) the 1920’s,243

and before (under a N-like SST mean state configuration) and after (under a P-244

like SST mean state configuration) the 1960’s (Mariotti et al, 2002; López-Parages245

and Rodŕıguez-Fonseca, 2012; López-Parages et al, 2014). It is worth, however, to246

quantify the amplitude in the response between observational and model impacts.247

According to López-Parages et al (2014), an anomaly of 8 mm/month is detected248

for central European rainfall in relation to 1K anomalous warming over the tropi-249

cal Pacific (see Figures 2b and 2d of that paper). By carefully looking at the EP100250

ENSO signature on European rainfall in our idealised experiments (Figure 3a), be-251
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tween 0.4 and 0.5 · 10−5Kg/m2s anomalous rainfall is obtained on central Europe252

for 1.3K warming in the Niño 3 region (Figure 1b). This implies between 8 and 10253

mm/month/KNino3, which reflects a slight overestimation of rainfall in the model254

with respect to the observations. Let us consider, in order to illustrate these mag-255

nitudes, the averaged rainfall in FMA for La Coruña (north-western Iberia; data256

from the Spanish Meteorological Agency) and Paris (data from Météo-France),257

which corresponds to 83 and 47 mm/month, respectively. According to this, an258

anomalous EP El Niño episode of 1K amplitude is related to an enhanced rainfall259

in these locations of around 10% − 12% (La Coruña) and 17% − 21% (Paris).260

A closer inspection also reveals a changing response of surface rainfall over the261

tropical North Atlantic (Figure 3), which seems to be associated with the distinct262

eastward extension of the divergence flow signal forced by ENSO (contours in263

Figure 2). Related to this, for EP200 events a significant rainfall impact is found264

over the whole TNA and the Sahelian region in P (Figure 3b), while the areas265

with a significant signature are reduced in N (Figure 3d). A similar difference266

can be observed between EP100P (Figure 3a) and EP100N (Figure 3c). As it was267

previously noted, the remote impacts associated with tropical convection depend268

on absolute values of SST. Hence, the aforementioned extension of the divergent269

flow towards the TNA depends on both, the Pacific SST mean state (P or N),270

and the intensity of the EP El Niño event. Thus, when a strong EP El Niño271

happens under a warm Pacific background state (P), the divergent flow over the272

TNA is highly perturbed (Figure 2b), and a significant impact is found in rainfall273

(Figure 3b). On the contrary, if a weak EP El Niño happens over a cold Pacific274

background state (N), the perturbation at upper levels is clearly reduced (Figure275

2c), and the rainfall signature over the TNA weakens (Figure 3c). According to276

this, EP100P (weak EP El Niño plus warm Pacific mean state; see Figures 2a and277

3a) and EP200N (strong EP El Niño plus cold Pacific mean state; Figures 2d and278

3d) reflect intermediate cases.279

3.1.2 CP El Niños280

As for EP El Niños, atmospheric response to the Central Pacific El Niños (CP)281

appears stronger in P than in N (see Figure 4). The main wavetrain associated282

with the well-known TNH pattern is obtained for both intensities (CP100 and283

CP200) and ocean mean states (P and N), finding a similar response as for EP284

events. Nevertheless, the rotational impact over Europe appears weaker and more285

northerly located than for EP El Niños. At surface, a negative NAO-like pattern286

emerges (Figure 5), showing different intensities depending on the mean state and,287

most specially, on the amplitude of the El Niño forcing.288

The intensified rotational response of CP Niños in P is explained, as for EP289

Niños, by the stronger divergence signal over the tropical Pacific (contoured in290

Figure 4). The divergent response for CP100N (Figure 4c) is, however, not as291

weak as for EP100N (Figure 2c). This feature is explained by the fact that, in N,292

the climatological SSTs in the western tropical Pacific (Figure 1a, opposite sign293

for N periods) are warmer than on the eastern side, which allows the development294

of deep convection easily in this region if an anomalous warming is superimposed.295

As a consequence, the rotational signal over the Pacific North American sector296

is slightly stronger for CP than for EP events (note the stronger Aleutian low in297

Figure 4 with respect to Figure 2). Over the North Atlantic, on the contrary, a298
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weakening of the WAF is found for CP in both, P and N. Related to this, the299

centre of streamfunction over Canada (positive) appears weaker and more zonally300

elongated than for EP El Niños and so, a totally positive SLP signal is found at high301

latitudes (Figure 5). This feature is specially marked in N, for which the positive302

SLP signal is statistically significant (Figure 5c,d). Regarding the divergent flow303

response (contours in Figure 4), it seems that the eastward extension over the304

subtropical North Atlantic appears reinforced in P. At surface (Figure 5), however,305

no clear differences are identified between P and N at subtropical latitudes. On the306

contrary, the most distinguishable response is obtained in relation to the intensity307

of the CP event instead of in relation to the background state, finding a significant308

impact over the Azores region for strong CP El Niños in both, P and N (Figure309

5b,d).310

A joint analysis of the rotational and the divergent flow is needed to understand311

this impact at surface levels. According to the results obtained here the shape of312

the aforementioned centre of streamfunction over Canada (positive), not only pro-313

duces the high SLPs over the North Atlantic, but also influences the impact over314

the Azores region through the divergent flow: If this centre appears slightly south-315

eastward elongated towards the subtropical Atlantic (as in P) the Azores high is316

significantly perturbed only if the divergent impact associated with ENSO is really317

strong (Figures 4b and 5b); whilst, if this centre is weaker and zonally distributed318

(as in N), a slight increase of the divergent flow is enough to significantly change319

the Azores high (Figures 4d and 5d).320

Thus, the changing dipole SLP configuration obtained for CP El Niños is321

broadly explained by: 1) a distinct propagation of stationary Rossby waves and322

2) a different eastward extension towards the North Atlantic of the divergent flow323

signal associated with ENSO.324

The aforementioned signatures over the NAE related to CP and EP El Niños325

resemble the documented responses in relation to ”moderate” and ”strong” El326

Niños (Toniazzo and Scaife, 2006), which responds to the fact that the latter are327

closely associated with the EP pattern prescribed here (see Figure 2 from Frauen328

et al, 2014).329

3.1.3 La Niñas330

A first view of the La Niña experiments reveals a weaker response than for El Niño331

episodes in both, the rotational and the divergent flow (see Figure 6).332

A reinforced TNH pattern associated with CP La Niña events is identified in333

P (Figures 6a,b) compared to N (Figures 6c,d). This fact, which occurs as a con-334

sequence of the stronger convergence in the upper troposphere over the tropical335

Pacific in P, is in agreement with Frauen et al (2014), who found a stronger atmo-336

spheric response for the same SST anomalies under a warmer background tropical337

Pacific (as occurs here in P). The downstream signal over the NAE is much weaker338

than for El Niño episodes. A significant center of negative streamfunction is found339

at upper levels over Western Europe (Figures 6a,c), spreading eastward when La340

Niña amplitude is doubled (Figures 6b,d). A positive center is also obtained at341

higher latitudes, being situated over the North Atlantic in N (Figures 6c,d), and342

further east over the Northern Eurasia in P (Figures 6a,b). This feature seems to343

explain the positive SLP signal identified in N over Iceland and its surrounding344
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areas (Figures 7c,d), differently from P, for which the SLP anomalies obtained345

over the same region are negative (Figures 7a,b).346

At lower latitudes the stronger convergence detected over the tropical Pacific347

in P (Figures 6a,b) with respect to N (Figures 6c,d) reinforces the climatological348

Walker cell connecting the tropical Pacific with the tropical Atlantic. As a conse-349

quence, an anomalous divergence is found over the tropical Atlantic in P, which350

is related to the enhancement of the two twin anticyclones straddling the equa-351

tor (Figures 6a,b). This stronger inter-basin connection strengthens, in turn, the352

meridional Hadley cell over the Atlantic basin (Wang, 2002b), favouring therefore353

the intensification of the Azores high pressure system (Figures 7a,b). In N, on the354

contrary, the inter-basin connection is much less intense, and the aforementioned355

perturbation over the Azores is not found (Figures 7c,d).356

The aforementioned characteristics are broadly reproduced for EP La Niñas,357

finding however a weaker impact over the NAE sector than for CP La Niñas (see358

Figures A2 and A3 of supplementary material).359

4 Summary and Discussion360

In this study the role of the ocean mean state as a modulator of the ENSO-NAE361

teleconnection in late winter and early spring (February-March-April) is explored.362

To this aim, a set of sensitivity experiments, in which a full complexity AGCM is363

forced with standardised ENSO patterns of different signs and strengths, are per-364

formed. These ENSO patterns are, in turn, superimposed over distinct SST back-365

ground states over the Atlantic and the tropical Pacific basins. These background366

SST patterns are obtained by adding the difference between the climatologies in367

those periods, in which the impact of ENSO over the Euro-Mediterranean rainfall368

is different, to a control climatology (1950-2010).369

Regarding El Niño events it has been found that, a wavetrain crossing the North370

Atlantic north-eastward reaches the European Continent and a significant impact371

on the Euro-Mediterranean rainfall is obtained, if the anomalous heating occurs372

in the eastern side of the tropical Pacific (EP Niños). This feature is dependent373

on the ocean mean state (P or N), specially if the El Niño amplitude is ”normal”374

(100% EP events). According to this, the aforementioned wavetrain associated375

with normal EP Niños is clearly enhanced when the tropical Pacific SST mean376

state is warmer than usual and the North Atlantic SST mean state is colder than377

usual.378

If the heating associated with El Niño occurs in the central tropical Pacific379

(CP El Niños) the wavetrain towards the North Atlantic is more zonally guided,380

which favours a weakening of the Iceland low pressure system. Under these circum-381

stances, a significant weakening of the Azores high is also found if the CP El Niño382

is ”strong” (200% CP events). In these cases, an anomalous negative NAO-like383

pattern is identified.384

Regarding La Niña events a weaker impact, compared to that of El Niño events,385

is detected over the NAE sector. Opposite SLP signatures, at high and subtrop-386

ical latitudes, are found for the same La Niña pattern over the North Atlantic387

depending on the SST background state. If the tropical Pacific SST background388

conditions are warmer than usual, a stronger anomalous convergence is detected389

in the upper troposphere when a La Niña pattern is superimposed. Under these390
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circumstances the Rossby wavetrain associated with the La Niña forcing is modi-391

fied, and the zonal and thermally driven Walker cell connecting the Pacific and the392

Atlantic basins is enhanced. These characteristics associated with CP La Niñas are393

broadly reproduced for EP La Niñas, just finding slight differences in the intensity394

and spatial location of some centers of action (see Figure A2 of supplementary395

material). According to the results presented here, the positive NAO-like pattern396

usually related to La Niña events (Fraedrich and Müller, 1992; Gouirand and Mo-397

ron, 2003; Moron and Plaut, 2003; Moron and Gouirand, 2003; Pozo-Vázquez et al,398

2001, 2005b) could take place only during selected decades.399

As this study is based on idealised experiments, a basic validation of the dis-400

tinct model mean responses obtained is recommended in order to put our results401

in context with the observations. To this aim, SLP composites maps over the NAE402

sector are calculated in the observational period for each ENSO forcing and ocean403

mean states (Figure 8). This composite analysis is based on composites of anoma-404

lies calculated for warm and cold ENSO events, being characterised the EP and405

CP episodes by the Niño3 and Niño4 indices, respectively. For EP Niños, the three406

centres of action identified in our simulations over Florida, the Labrador Strait,407

and the British Islands in relation to a wavetrain coming from the Eastern Pacific408

under a P SST mean state (Figure 3a), are also obtained in observations for those409

decades under a P-like SST mean state configuration (Figure 8a). Under N SST410

mean conditions this SLP structure is weakened for both, model (Figure 3c) and411

observation (Figure 8d). For CP Niños, a dipolar pattern resembling a negative412

NAO-like structure is found, but with different amplitudes, in P and N (Figure 8b413

and 8e). This feature is also coherent with the model response to CP Niños (Fig-414

ures 5a and 5c). Finally, for CP Niñas, a positive NAO-like signature is detected415

in P for both, observations (Figure 7a) and model (Figure 8c); whilst the same is416

not found in N for any of them (Figures 7c and 8f). It is necessary to note that the417

comparison between observational and model results is far to be direct, as in the418

former case significant differences in ENSO forcing appears between P and N (see419

Figure A4 of supplementary material) and hence, to associate a distinct response420

over the NAE sector with an effective modulation by the SST mean state rather421

than with the differences in the forcing itself, is highly complicated. In spite of this422

aspect, as it is shown in Figure 8, the main observational characteristics identified423

in the ENSO-related responses in P and N mean states are consistent with those424

detected in model results. Two different observational SLP databases are used,425

finding for both of them consistent results with our experimental responses. We426

can conclude that the observational dependence of ENSO response over the NAE427

sector on the SST background conditions is, therefore, properly reproduced by the428

ACCESS model.429

Regarding rainfall, it has been demonstrated how the dependence of ENSO sig-430

nature in European rainfall on the ocean mean state is evident for EP El Niños, in431

agreement with previous observational studies (Mariotti et al, 2002; Knippertz432

et al, 2003; López-Parages and Rodŕıguez-Fonseca, 2012; López-Parages et al,433

2014). This feature takes place even though 1) no SST anomalies over the TNA434

are prescribed in our simulations, and 2) the ocean-atmosphere feedbacks over the435

TNA, which could enhance the ENSO-related atmospheric response over the NAE436

(Mathieu et al, 2004), are absent in our experimental design. The other ENSO437

events (CP El Niños, EP La Niñas, and CP La Niñas) present a less evident de-438

pendence of European and mediterranean rainfall response to ENSO on the SST439
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mean state than EP El Niños. This fact could be partially explained by the afore-440

mentioned decoupling over the TNA region in our experimental design. Indeed,441

an eastward displacement of the centres of action associated with ENSO towards442

the European continent is expected if the influence associated with the TNA SSTs443

would be considered (Sung et al, 2013; Ham et al, 2014). Thus, further experi-444

ments, in which the anomalous SSTs over the TNA are prescribed, or in which445

the slab ocean model is also applied over the Atlantic basin, could shed light on446

new changing processes related to the non-stationary ENSO-NAE teleconnection447

identified in observations.448

Along this study the importance of having a changing propagation of Rossby449

wavetrains associated with ENSO for a non-stationary impact downstream over450

the North Atlantic, has been highlighted. Related to this it is necessary to note451

the relevance of the eastern North American region for North Atlantic storm track452

development. According to this, the slight differences detected here in the propa-453

gation of Rossby wavetrains could induce strong changes in baroclinicity and low454

level heat fluxes over Newfoundland and its surrounding areas. As a consequence,455

the growth conditions of tropospheric eddies could be remarkably different and so,456

the storm track activity over the whole North Atlantic.457

The present study demonstrates how the remote impact of both warm and458

cold ENSO events, on the NAE climate could be noticeable different depending on459

the low frequency variability of the SST. According to our results a warmer than460

usual SST background of the tropical Pacific, together with a colder than usual SST461

background over the North Atlantic, favours the link between ENSO and the NAE462

sector in twofold: 1) changing the thermally driven direct circulation (Walker and463

Hadley cells), and 2) varying the Rossby waves pathway in their propagation from464

the tropical Pacific to the North Atlantic. However, the underlying mechanism in465

the latter case is still unclear, needing further analysis to completely understand by466

which way the ocean mean state could alter the propagation of the planetary waves467

triggered by ENSO, in the upper troposphere. It is important to note how most of468

the available studies consider the jet streams as important agents controlling the469

propagation of Rossby waves from tropical to extratropical latitudes (Hoskins and470

Karoly, 1981; Hoskins and Ambrizzi, 1993; Ambrizzi et al, 1995; Branstator, 2002).471

Hence, the influence that changes in the ocean mean state exert on the zonal mean472

flow at upper levels is a matter which should be examined in detail in the future.473

Another interesting question emerging from this modelling study is the important474

role that tropical Pacific SST background state seems to play in remote ENSO475

responses. It should be pointed out that the SST mean state pattern prescribed in476

our sensitivity experiments, which is based on the changing impact of ENSO on the477

leading Euro-Mediterranean rainfall mode in the observational record, has strong478

similarities with the AMO spatial signature over both, the Atlantic and the tropical479

Pacific basins. According to this, one might well wonder why the non-stationary480

teleconnection identified in observations evolve in phase with the AMO instead of481

with other multidecadal variability modes associated with the Pacific SSTs such482

as the Pacific Decadal Oscillation (Mantua et al, 1997) or the Interdecadal Pacific483

Oscillation (Zhang et al, 1997). Future studies should investigate this issue and484

its possible relation to the model bias. Furthermore, it should be also pointed485

out that the distinct SST mean states prescribed in our sensitivity experiments486

could interact in different ways with the ENSO forcing. Which specific ENSO-487

related processes depend on the ocean mean state? To address this question the488
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non-linear interaction between the background state and the forcing must be also489

thoroughly analysed in forthcoming studies.490

The main conclusion of our work is that the assumption of stationarity that491

is common to many studies of ENSO teleconnections must be clearly questioned.492

According to our results, impacts over the NAE sector associated with ENSO493

events (with different signs, patterns, and amplitudes) could be significantly dif-494

ferent if they take place under distinct background conditions. As a consequence,495

the comparability between those studies considering different climatologies is lim-496

ited, which could explain the apparent disagreement among them in the available497

literature.498

Acknowledgements This work was supported by the National Spanish projects: TRACS499

(CGL2009-10285) and MULCLIVAR (CGL2012-38923-C02-01). In particular, JLP thanks the500

FPI grant (BES-2010-042234) associated with TRACS project. JLP also thanks the Monash501

Weather and Climate group of Monash University (Melbourne) for scientific discussions and502

incredible hospitality. The sensitivity experiments described in this paper were performed on503

Monash University.504

References505

Ambrizzi T, Hoskins BJ, Hsu HH (1995) Rossby Wave Propagation and Tele-506

connection Patterns in the Austral Winter. J. Atmos. Sci.52:3661–3672, DOI507

10.1175/1520-0469(1995)0523661:RWPATP 2.0.CO;2508

Barnston A, Livezey R (1987) Classification, Seasonality and Persistence of Low-509

Frequency Atmospheric Circulation Patterns. Mon. Wea. Rev.115:1083, DOI510

10.1175/1520-0493(1987)1151083:CSAPOL 2.0.CO;2511

Bi D, Dix M, Marsland SJ, OFarrell S, Rashid H, Uotila P, Hirst A, Kowalczyk E,512

Golebiewski M, Sullivan A, et al (2013) The access coupled model: description,513

control climate and evaluation. Aust Meteorol Oceanogr J 63(1):41–64514
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5 Figures717

a)

b)

c)

Fig. 1 a) P (1910-1940 + 1965-1990) minus N (1941-1955 + 1995-2009) Sea Surface Tem-
perature annual mean state obtained from HadISST. Units are [K] b) Standardised EP 100%
ENSO pattern c) Standardised CP 100% ENSO patterns. ENSO patterns (the same as in
Dommenget et al, 2013) are normalised by their corresponding SST anomalies over the El
Niño34 region [K/(KNino34)−1]. The simple slab ocean model is active outside the Atlantic
and the tropical Pacific (white areas in figure above).
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a)

c) d)

b)

Fig. 2 EP El Niños. Streamfunction (units in 107m2/s), velocity potential (with opposite
sign; 107m2/s), and wave activity flux (arrows; m2/s2), at upper troposphere (200hPa) under
P (top) and N (bottom) mean states. On the left side, results for 100% EP ENSO amplitude.
On the right side, for EP 200% amplitude. The patterns are February-March-April seasonal
means normalized by the corresponding SST mean anomalies over the El Niño3.4 region (Units
in K−1). Only the 95% significant regions are shown for streamfunction (shaded areas). For
velocity potential (purple contours) the whole signal is plotted but only the 95% significant
response is bolded. The minimum (maximum) contour represented, for positive (negative)
values, is 0.05 ·107 (−0.05 ·107), with ci= 0.05 ·107. Only the WAF values larger than 1 m2/s2

are shown, being removed the values for equatorial latitudes (lower than 10).

a)

c) d)

b)

Fig. 3 EP El Niños. Rainfall (shaded; 10−5Kg/m2s), SLP (red and green contours for
positive and negative values, respectively; Pa), and WAF (arrows; m2/s2), over the NAE
sector under P (top) and N (bottom) mean states. On the left side, results for 100% EP ENSO
amplitude. On the right side, for EP 200% amplitude. The patterns are February-March-April
seasonal means normalized by the corresponding Niño3.4 mean anomalies (Units in K−1).
Only the 95% significant regions are shown for rainfall. For SLP (purple contours) the whole
signal is plotted but only the 95% significant response is bolded. The minimum (maximum)
contour represented, for positive (negative) values, is 30 (−30), with ci= 30. Only the WAF
values larger than 1 m2/s2 are shown, being removed the values for equatorial latitudes (lower
than 10).
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a)

c) d)

b)

Fig. 4 CP El Niños. Same as Figure 2 but for CP El Niños.

a)

c) d)

b)

Fig. 5 CP El Niños. Same as Figure 3 but for CP El Niños.
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a)

c) d)

b)

Fig. 6 CP La Niñas. Same as Figure 2 but for CP La Niñas.

c) d)

b)a)

Fig. 7 CP La Niñas. Same as Figure 3 but for CP La Niñas.
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a) b) c)

d) e) f)

Fig. 8 Observational ENSO impact. SLP response of EP and CP ENSO over the NAE
sector in P (1910-1940 and 1965-1990; top) and N (1941-1955 and 1995-2009; bottom) ob-
servational periods. They are constructed by calculating the composite maps based on those
years in which the Niño3 (EP) and Niño4 (CP) indices exceeds 0.5 (-0.5 for La Niña events)
standard deviations. Red (solid yellow) and green (dashed yellow) contours represent positive
and negative values from 20CR (NCAR) database. The 95% significant responses are bolded.
Contours lines are the same as in figures 3, 5, and 7.
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