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Abstract El Nifio Southern Oscillation (ENSO) impact
on the North Atlantic European sector (NAE) is still under
discussion. Recent studies have found a non stationary fea-
ture of this teleconnection, suggesting an effective modu-
lating role of the ocean mean state. Nevertheless, physical
explanations about the underlying mechanisms have been
little studied in the available literature. In addition, ENSO
events show different SST spatial patterns, phases, and
amplitudes, which can also influence on the related remote
impacts. In view of all this, in the present study a set of
partially coupled experiments have been performed with a
global atmospheric general circulation model in which dif-
ferent SST ENSO patterns are superimposed over distinct
Pacific and Atlantic SST mean states. These SST back-
ground conditions are constructed according to the obser-
vational difference between periods with a distinct impact
of ENSO on the leading Euro-Mediterranean rainfall mode
in late winter-early spring. Our results point to two distinct
mechanisms associated with ENSO that can be modulated
by the SST mean state: (1) the thermally driven direct cir-
culation (Walker and Hadley cells) connecting the Atlantic
and Pacific basins, and (2) the Rossby wave propagation
from the tropical Pacific to the North Atlantic. The former
elucidates that the positive NAO-like pattern usually related
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to La Nifia events could be only valid for selected dec-
ades. The latter explains a reinforced signature of Eastern
Pacific Nifios on the Euro-Mediterranean rainfall when the
tropical Pacific is warmer than usual and the North Atlan-
tic is colder than usual. This feature is consistent with the
changing ENSO impact identified in previous studies and
demonstrates how the ENSO teleconnection with the NAE
climate at interannual timecales could be modulated by
multidecadal changes in the SST. According to our results,
the assumption of stationarity which is still common to
many studies of ENSO teleconnections clearly has to be
questioned.
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1 Introduction

The El Nifio—Southern Oscillation (ENSO) is the coupled
ocean-atmosphere mode that is considered as the main
driver of global atmospheric teleconnections at interan-
nual timescales. Its oceanic component (El Nifo), which
is characterized by anomalous Sea Surface Temperatures
(SSTs) over the equatorial Pacific Ocean, alters the sources
of atmospheric heating and, as a consequence, affects
remote regions around the globe. During El Nifio (La Nifia)
events the central-eastern tropical Pacific becomes warmer
(colder) and the related atmospheric convection and rainfall
are shifting along with the anomalous temperature. ENSO
related changes in the local divergent flow induce further
changes in the divergent and non-divergent (or rotational)
flow, therefore impacting distant areas through different
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teleconnection mechanisms. In the last decades a series
of publications have found a non-linear response of zonal
winds in the central Pacific to SST anomalies (Kang and
Kug 2002; Philip and Oldenborgh 2009; Frauen and Dom-
menget 2010). This feature could be associated with two
distinct and documented El Nifio patterns, Eastern Pacific
(EP) and Central Pacific (CP), which have discernibly dif-
ferent impacts on remote regions (Kug et al. 2009; Kao and
Yu 2009; Choi et al. 2011; Frauen et al. 2014). However,
whilst the ENSO signature over the Pacific and the tropics
has been highly analyzed, ENSO response over extratropi-
cal regions requires further investigation. One of the less
understood teleconnections is the one associated with the
North Atlantic European Sector (NAE), which even is far
from being unequivocally accepted (Bronnimann 2007 and
paper therein).

The divergent flow response associated with ENSO
involves (1) changes in the Hadley and Walker cells in rela-
tion to variations in the convection (Wang 2002b; Wang
and Enfield 2003; Wang and Picaut 2004; Ruiz-Barradas
et al. 2003) but also (2) changes in the rotational flow by
the modification of the planetary vorticity and hence, the
triggering of Rossby waves (Cassou and Terray 2001;
Honda et al. 2001).

Regarding the changes in the direct circulation, six cent-
ers of action of velocity potential appear when an ENSO
episode occurs: three over the equator (western Pacific, east-
ern Pacific, and Atlantic) and three over mid-latitude regions
(west Pacific, near Caribbean Sea, and Europe). These
divergent and convergent centers along the globe represent
a weakening (for El Nifio; strengthening for La Nifia) of the
Pacific and Atlantic Walker circulations (equatorial centers),
and its related Hadley cells in the subtropics (Wang 2002a;
Wang and Picaut 2004). Thus, climate variability over the
NAE could be significantly linked (or not) with tropical
Pacific SSTs depending on the intensity and spatial configu-
ration of the previously mentioned anomalous circulations.

Regarding the changes in the rotational flow, the most
accepted dynamical mechanism explaining the ENSO-NAE
teleconnection via the troposphere implies the disturbance
of the Aleutian low through variations in the Pacific Had-
ley circulation in early and mid winter, and then the down-
stream propagation of Rossby wavetrains across North
America from January (Honda et al. 2001; Moron and
Gouirand 2003). From this month the canonical Tropical
Northern Hemisphere Pattern (TNH), which is organized in
three centers of actions along the North Pacific-American
sector (Mo and Livezey 1986; Barnston and Livezey 1987;
Livezey and Mo 1987; Trenberth et al. 1998), is completely
established (Bladé et al. 2008), together with a split of the
Rossby wavetrain impacting Eurasia (Karoly et al. 1989).
The resultant rotational atmospheric response to ENSO is
formed by a TNH-like pattern and the abovementioned split
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of the wavetrain, revealing a quasi barotropic structure, and
representing the leading rotational mode of upper level
streamfunction in the NAE (Garcia-Serrano et al. 2011).

It is worth to highlight that the ENSO atmospheric signal
detection in NAE is difficult due to the fact that the atmos-
pheric interannual variability over this region is highly
dominated by internal processes (Trenberth et al. 1998;
Quadrelli and Wallace 2002). Nevertheless, the above men-
tioned studies together with other statistical analyses point
to a robust ENSO response (Bronnimann 2007), which is
seasonal dependant (Moron and Gouirand 2003; Mariotti
et al. 2002), maybe nonlinear (Wu and Hsieh 2004; Pozo-
Viazquez et al. 2005a), and possibly nonstationary in time
(Knippertz et al. 2003; Sutton and Hodson 2003; Gouirand
and Moron 2003; Greatbatch et al. 2004), with the late win-
ter being the more appropriate season for finding a robust
signal (Bronnimann 2007). However, a better understand-
ing of how this link is affected by different phases, spatial
patterns, and strengths of ENSO events, is necessary.

Concerning the non-stationary behavior of the response,
several studies have found a strong impact of ENSO events
over the Euro-Mediterranean rainfall in late winter and
early spring during the beginning of the twentieth century
(1900s—1920s) and after the sixties (1970s—1980s), com-
pared to a weak signal in the decades in between (Mari-
otti et al. 2002; Loépez-Parages and Rodriguez-Fonseca
2012). Nevertheless, this changing response is not com-
pletely accepted and a clear agreement about the possible
underlying mechanism is still needed. Several studies have
indicated the importance of a realistic representation of the
SST mean state in order to properly reproduce the atmos-
pheric response to SST anomalies (Peng and Whitaker
1999; Cassou and Terray 2001). Related to this, in a recent
paper Lopez-Parages et al. (2014) have attributed the vari-
able ENSO-EuroMediterranean rainfall link to changes in
the upper mean flow associated with the multidecadal vari-
ability of the SST. Thus, new challenges related to a pos-
sible modulation of the already not-completely understood
ENSO-NAE teleconnection, appear.

With the aim to shed light on these questions, an atmos-
pheric general circulation model (AGCM) is forced in
this work with idealized ENSO SST patterns (of different
spatial configurations, strengths, and signs) under distinct
ocean background states to test, which of the aforemen-
tioned features are determinant to better achieve the chang-
ing impact of ENSO events on the European region.

The article is organized as follows. We begin by pre-
senting the data and model simulation used for this study
(Sect. 2). The remote impact of ENSO on the NAE is ana-
lyzed in Sect. 3 for different types of El Nifio and La Nifia
events, paying special attention to the non-linear features.
Finally, in Sect. 4, a brief summary and a discussion are
presented.
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2 Data and model

In this work a low resolution version (3.75° x 2.5°) of the
atmospheric component of the Australian Community Cli-
mate and Earth System Simulator (ACCESS) model (Bi
et al. 2013) is used to analyze the role of the ocean mean
state as modulator of ENSO teleconnections with the NAE
climate in February—March—April after the mature phase of
ENSO events, according to Lépez-Parages and Rodriguez-
Fonseca (2012) and Lopez-Parages et al. (2014).

The ACCESS Model is made up of the Met Office
(UKMO) Unified Model AGCM with Hadley Centre Global
Environment Model version 2 (HadGEM2) physics (Davies
et al. 2005; Martin et al. 2010, 2011). In the present study
this model has been coupled in some specific regions to a
simple slab ocean model (Washington and Meehl 1984;
Dommenget and Latif 2002; Murphy et al. 2004; Dom-
menget 2010) letting the SSTs over these regions to respond
to the different spatial patterns of SST forcing, which in turn
have been defined from HadISSTs data (Rayner et al. 2003).
A flux correction, however, has been required to force the
model SSTs to closely follow a reference SST climatology
(1950-2010). The sea ice climatology has been also pre-
scribed here from HadISST dataset.

First of all, a set of control simulations, for which the
aforementioned reference SST climatology is modified over
the Atlantic (40S—80N) and the tropical Pacific (30S-30N)
basins, are performed. To this aim, an anomalous SST pat-
tern (Fig. la) corresponding to the difference between
periods with a distinct impact of ENSO on the Euro-Med-
iterranean rainfall in late winter and early spring (Mariotti
et al. 2002; Lopez-Parages and Rodriguez-Fonseca 2012),
is added or subtracted to the reference SST climatology.
This pattern (la), which resembles an Atlantic Multidec-
adal Oscillation structure (AMO; Knight et al. 2005; Kang
et al. 2014), has been only prescribed here over the Atlantic
and the tropical Pacific. This has been done in order to take
into account, not only the Atlantic SSTs associated with the
AMO, but also the AMO signature on the tropical Pacific
(Kucharski et al. 2015; Dong et al. 2006), which could influ-
ence the processes involved during the ENSO event. Fur-
thermore, to better analyze the influence of the changing
SST background state on the ENSO-NAE teleconnection the
amplitude of this anomalous SST pattern, has been doubled.
The resultant “modified climatologies™ (obtained by adding
or subtracting Fig. 1a with double amplitude to the reference
1950-2010 climatology) are hereinafter referred as P and N,
respectively, in accordance to the positive (P) and negative
(N) links, between EI Nifio and rainfall variability in central
Europe, identified in Lopez-Parages et al. (2014).

Secondly, for these modified climatologies, a series of
sensitivity experiments (see Table 1) are performed super-
imposing different idealized ENSO patterns as defined

(C))

Difference in SST background state between P and N periods

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

(b) (+) EP ENSO pattern

i3

Fig. 1 a P (1910-1940 + 1965-1990) minus N (1941-1955 + 1995-
2009) Sea Surface Temperature annual mean state obtained from
HadISST. Units are [K], b standardised EP 100 % ENSO pattern, ¢
Standardised CP 100 % ENSO patterns. ENSO patterns (the same
as in Dommenget et al. 2013) are normalised by their correspond-
ing SST anomalies over the El Nifio34 region [K /(KNino34)~!]. The
simple slab ocean model is active outside the Atlantic and the tropical
Pacific (white areas in figure above)

in Dommenget et al. (2013). These patterns (Fig. 1b, c),
which represent the non-linear spatial structure of ENSO
events in an optimal way, have been normalized to have a
Nifio-3.4 (5S-5N, 120-170W) mean SST anomaly of +1 K
(for El Nifio events) or —1 K (for La Nifia events), as in
Frauen et al. (2014). Hereinafter these spatial patterns will
be referred as Eastern Pacific (EP) and Central Pacific (CP)
ENSO. Note, however, that in these sensitivity experiments
performed with an AGCM only the oceanic component of
ENSO (El Nifio) is prescribed. Outside the Atlantic and the
tropical Pacific, the AGCM model is coupled to the sim-
ple slab ocean model. All the experiments are performed
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Table 1 Overview of the

. . o ENSO amplitude
simulations performed in this

SST mean state

study 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

All of them are 50 years long

considering different signs (El Nifio and La Nifia) and
amplitudes (100 and 200 %) of ENSO forcing.

The mean response of each sensitivity experiment has
been calculated and compared with the other experiments
in order to answer different open questions regarding the
influence of distinct types of ENSO phases and patterns (El
Nifio and La Nifia; EP and CP) under different ocean mean
states (P and N). The significant differences have been eval-
uated through the non-parametric Wilcoxon—-Mann—Whit-
ney test (Wilks 2011).

However, it is worth to note that the experimental
design applied here only allows us to investigate the direct
global impacts of tropical Pacific SSTs during ENSO
events and does not capture the entire global impact of
ENSO. For instance, the ENSO signature over the Tropi-
cal North Atlantic, which also influences the ENSO-related
atmospheric response over the North Atlantic and Europe
(Mathieu et al. 2004; Ham et al. 2014), is not captured here
(taking into account that the AGCM is not coupled to the
slab ocean model over the Atlantic basin). Thus, the pre-
sent study is designed only in order to isolate the direct link
between tropical Pacific SSTs during ENSO events and the
NAE climate.

A basic observational validation of our experimental
results has been also presented in this study. For this pur-
pose, SLP data from NCAR (Trenberth 1080) and from the
twentieth century reanalysis V2 (20CR; Compo et al. 2011)
provided by the NOAA, have been used. The significance
of the observational patterns has been also determined by
the Wilcoxon—-Mann—Whitney test.

3 Results

3.1 ENSO responses under different background
climatologies

In this section the anomalous responses, in February—
March—April, to distinct ENSO SST patterns (with differ-
ent signs, amplitudes and spatial patterns) under P and N
climatologies, are obtained. The impact is analyzed, for
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each case, at upper and surface levels, normalizing the
ENSO-related patterns by the mean Nifio-3.4 SST anomaly
values. In order to distinguish the rotational and divergent
signals in the upper troposphere, the atmospheric stream-
function and the velocity potential at 200 hPa have been
presented.

Additionally, the wave activity flux (WAF), which is a
vector approximately parallel to the local group veloc-
ity of Rossby waves, has been computed directly from the
zonally asymmetric part of the anomalous streamfunction
regression maps (assuming stationary Rossby waves and
neglecting vertical movements; see equation 38 of (Takaya
and Nakamura 2001) for further details).

3.1.1 EP El Nifios

For Eastern Pacific El Nifios (EP), the atmospheric
response appears stronger in P than in N at upper (Fig. 2)
and surface (Fig. 3) levels. In both cases, the model is able
to reproduce the ENSO-related rotational impact over the
NAE in late winter and early spring (Gouirand and Moron
2003; Moron and Plaut 2003; Garcia-Serrano et al. 2011),
that is, a well established TNH pattern together with a
significant center located downstream over the European
continent. This enhanced signal in P with respect to N is
less noticeable when the EP forcing is doubled (Figs. 2b,
d, 3b, d).

For EP100 El Nifos, the intense rotational response
in P (Fig. 2a) contrasts with the weaker wave activity in
N (Fig. 2c). This seems to be due to the stronger diver-
gence identified over the tropical Pacific in the former case
(see contours in Fig. 2a, c¢), for which the two twin anti-
cyclones straddling the equator and related to the typical
Gill-type atmospheric response to equatorial anomalous
heating (Gill 1980), appear also reinforced. Considering
that remote impacts associated with tropical convection
are sensitive to absolute rather than anomalous values of
SST, temperatures required for deep convection [preferen-
tially exceeding a threshold of 26°-28°; see (Graham and
Barnett 1987)] are favored in P mean state, in which the
underlying tropical Pacific is warmer (Fig. la; see also
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(+) EP 200% P period

Fig. 2 EP El Nifios. Streamfunction (units in 107 m?%/s), veloc-
ity potential (with opposite sign; 107 m?/s), and wave activity flux
(arrows; m?/s?), at upper troposphere (200 hPa) under P (fop) 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 corre-
sponding SST mean anomalies over the El Nifio3.4 region (Units in

Figure A1l of supplementary material). If EP El Nifios are
strong (200 %) this threshold is exceeded in both, P and N,
and so, their related upper level perturbations look similar
(Fig. 2b, d). Two distinct wavetrains can be clearly identi-
fied over the northern hemisphere in those cases in which a
strong rotational response is found (in P for normal El EP
Nifios and in both, P and N, for strong EP El Nifios). One
is generated from the west Pacific extending east across
the North Pacific and then south over North America. A
second wavetrain originates from the east tropical Pacific
and crosses the North Atlantic northward until the British
Islands, where it is reflected towards lower latitudes over
the Euro-Mediterranean region. The resultant SLP patterns
highlights the barotropic nature of the anomalous perturba-
tion (contours in Fig. 3a, b, d). As a consequence, a deep
low pressure system appears over the British Islands, and
a significant impact on European rainfall is found (shaded
in Fig. 3a, b, d), being similar to the ENSO-related impact
identified in previous studies (Moron and Gouirand 2003;
Buli¢ and Kucharski 2012). It is interesting to note that,
for EP100 in N, the three centres over Florida, the Labra-
dor Strait and, in particular, over the British Islands appear
noticeably weakened (Fig. 3¢). Hence, the significant Euro-
Mediterranean rainfall pattern associated with ENSO is not
found (Fig. 3¢). The aforementioned responses are coherent

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 m?/s? are shown, being removed the values for
equatorial latitudes (lower than 10)

with the distinct ENSO signature on Euro-Mediterranean
rainfall identified, for late winter and early spring, before
(under a P-like SST mean state configuration) and after
(under a N-like SST mean state configuration) the 1920s,
and before (under a N-like SST mean state configuration)
and after (under a P-like SST mean state configuration) the
1960s (Mariotti et al. 2002; Lopez-Parages and Rodriguez-
Fonseca 2012; Lépez-Parages et al. 2014). It is worth, how-
ever, to quantify the amplitude in the response between
observational and model impacts. According to Lépez-Par-
ages et al. (2014), an anomaly of 8 mm/month is detected
for central European rainfall in relation to 1 K anomalous
warming over the tropical Pacific (see Figures 2b and 2d
of that paper). By carefully looking at the EP100 ENSO
signature on European rainfall in our idealised experiments
(Fig. 3a), between 0.4 and 0.5 - 1073 Kg/m?s anomalous
rainfall is obtained on central Europe for 1.3 K warming
in the Nifio 3 region (Fig. 1b). This implies between 8
and 10 mm/month/K Nino3, which reflects a slight over-
estimation of rainfall in the model with respect to the
observations. Let us consider, in order to illustrate these
magnitudes, the averaged rainfall in FMA for La Coruiia
(north-western Iberia; data from the Spanish Meteoro-
logical Agency) and Paris (data from Météo-France),
which corresponds to 83 and 47 mm/month, respectively.
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(+) EP 100% P period -

(+) EP 200% P period -

3

90N BOW

-2 -1.8-1.6-1.4-1.2 -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 3 EP El Nifios. Rainfall (shaded; 10~> Kg/m?s), SLP (red and
green contours for positive and negative values, respectively; Pa),
and WAF (arrows; m?/s2), over the NAE sector under P (fop) 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 cor-
responding Nifio3.4 mean anomalies (Units in K~'). Only the 95 %

According to this, an anomalous EP El Nifio episode of 1 K
amplitude is related to an enhanced rainfall in these loca-
tions of around 10-12 % (La Coruiia) and 17-21 % (Paris).

A closer inspection also reveals a changing response of
surface rainfall over the tropical North Atlantic (Fig. 3),
which seems to be associated with the distinct eastward
extension of the divergence flow signal forced by ENSO
(contours in Fig. 2). Related to this, for EP200 events a
significant rainfall impact is found over the whole TNA
and the Sahelian region in P (Fig. 3b), while the areas
with a significant signature are reduced in N (Fig. 3d).
A similar difference can be observed between EP100P
(Fig. 3a) and EP100N (Fig. 3c). As it was previously
noted, the remote impacts associated with tropical con-
vection depend on absolute values of SST. Hence, the
aforementioned extension of the divergent flow towards
the TNA depends on both, the Pacific SST mean state (P
or N), and the intensity of the EP El Nifio event. Thus,
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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 m?/s? are shown, being removed the values for equato-
rial latitudes (lower than 10)

when a strong EP El Nifio happens under a warm Pacific
background state (P), the divergent flow over the TNA
is highly perturbed (Fig. 2b), and a significant impact
is found in rainfall (Fig. 3b). On the contrary, if a weak
EP EI Nifio happens over a cold Pacific background state
(N), the perturbation at upper levels is clearly reduced
(Fig. 2c), and the rainfall signature over the TNA weak-
ens (Fig. 3c). According to this, EP100P (weak EP El
Nifio plus warm Pacific mean state; see Figs. 2a, 3a) and
EP200N (strong EP El Nifio plus cold Pacific mean state;
Figs. 2d, 3d) reflect intermediate cases.

3.1.2 CP EI Nifios

As for EP El Nifios, atmospheric response to the Cen-
tral Pacific El Nifios (CP) appears stronger in P than in N
(see Fig. 4). The main wavetrain associated with the well-
known TNH pattern is obtained for both intensities (CP100
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Fig. 4 CP El Nifios. Same as Fig. 2 but for CP El Nifios

and CP200) and ocean mean states (P and N), finding a
similar response as for EP events. Nevertheless, the rota-
tional impact over Europe appears weaker and more north-
erly located than for EP El Nifios. At surface, a negative
NAO-like pattern emerges (Fig. 5), showing different inten-
sities depending on the mean state and, most specially, on
the amplitude of the El Nifio forcing.

The intensified rotational response of CP Nifios in P
is explained, as for EP Nifios, by the stronger divergence
signal over the tropical Pacific (contoured in Fig. 4). The
divergent response for CP100N (Fig. 4c) is, however, not
as weak as for EP100N (Fig. 2c). This feature is explained
by the fact that, in N, the climatological SSTs in the west-
ern tropical Pacific (Fig. la, opposite sign for N periods)
are warmer than on the eastern side, which allows the
development of deep convection easily in this region if an
anomalous warming is superimposed. As a consequence,
the rotational signal over the Pacific North American sec-
tor is slightly stronger for CP than for EP events (note
the stronger Aleutian low in Fig. 4 with respect to Fig. 2).
Over the North Atlantic, on the contrary, a weakening of
the WAF is found for CP in both, P and N. Related to this,
the centre of streamfunction over Canada (positive) appears
weaker and more zonally elongated than for EP El Nifios
and so, a totally positive SLP signal is found at high lati-
tudes (Fig. 5). This feature is specially marked in N, for
which the positive SLP signal is statistically significant
(Fig. 5c, d). Regarding the divergent flow response (con-
tours in Fig. 4), it seems that the eastward extension over
the subtropical North Atlantic appears reinforced in P. At
surface (Fig. 5), however, no clear differences are identified

between P and N at subtropical latitudes. On the contrary,
the most distinguishable response is obtained in rela-
tion to the intensity of the CP event instead of in relation
to the background state, finding a significant impact over
the Azores region for strong CP El Nifios in both, P and N
(Fig. 5b, d).

A joint analysis of the rotational and the divergent
flow is needed to understand this impact at surface lev-
els. According to the results obtained here the shape of
the aforementioned centre of streamfunction over Canada
(positive), not only produces the high SLPs over the North
Atlantic, but also influences the impact over the Azores
region through the divergent flow: If this centre appears
slightly southeastward elongated towards the subtropical
Atlantic (as in P) the Azores high is significantly perturbed
only if the divergent impact associated with ENSO is really
strong (Figs. 4b, 5b); whilst, if this centre is weaker and
zonally distributed (as in N), a slight increase of the diver-
gent flow is enough to significantly change the Azores high
(Figs. 4d, 5d).

Thus, the changing dipole SLP configuration obtained
for CP El Niflos is broadly explained by: (1) a distinct
propagation of stationary Rossby waves and (2) a different
eastward extension towards the North Atlantic of the diver-
gent flow signal associated with ENSO.

The aforementioned signatures over the NAE related to
CP and EP El Nifios resemble the documented responses
in relation to “moderate” and “strong” El Nifios (Toniazzo
and Scaife 2006), which responds to the fact that the latter
are closely associated with the EP pattern prescribed here
(see Figure 2 from Frauen et al. 2014).
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(+) CP 100% P period -

(b) (+) CP 200% P period —_—

I I I I I
-2 -18-16-14-12 -1 -0.8-0.6-0.4-0.2 0

Fig. 5 CP El Nifios. Same as Fig. 3 but for CP El Nifios

3.1.3 La Nirias

A first view of the La Nifia experiments reveals a weaker
response than for El Nifio episodes in both, the rotational
and the divergent flow (see Fig. 6).

A reinforced TNH pattern associated with CP La Nifia
events is identified in P (Fig. 6a, b) compared to N (Fig. 6c,
d). This fact, which occurs as a consequence of the stronger
convergence in the upper troposphere over the tropical
Pacific in P, is in agreement with Frauen et al. (2014), who
found a stronger atmospheric response for the same SST
anomalies under a warmer background tropical Pacific (as
occurs here in P). The downstream signal over the NAE
is much weaker than for El Nifio episodes. A significant
center of negative streamfunction is found at upper levels
over Western Europe (Fig. 6a, c¢), spreading eastward when
La Nifia amplitude is doubled (Fig. 6b, d). A positive center
is also obtained at higher latitudes, being situated over the
North Atlantic in N (Fig. 6c, d), and further east over the
Northern Eurasia in P (Fig. 6a, b). This feature seems to
explain the positive SLP signal identified in N over Iceland
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and its surrounding areas (Fig. 7c, d), differently from P,
for which the SLP anomalies obtained over the same region
are negative (Fig. 7a, b).

At lower latitudes the stronger convergence detected
over the tropical Pacific in P (Fig. 6a, b) with respect to N
(Fig. 6c, d) reinforces the climatological Walker cell con-
necting the tropical Pacific with the tropical Atlantic. As a
consequence, an anomalous divergence is found over the
tropical Atlantic in P, which is related to the enhancement
of the two twin anticyclones straddling the equator (Fig. 6a,
b). This stronger inter-basin connection strengthens, in
turn, the meridional Hadley cell over the Atlantic basin
(Wang 2002b), favouring therefore the intensification of
the Azores high pressure system (Fig. 7a, b). In N, on the
contrary, the inter-basin connection is much less intense,
and the aforementioned perturbation over the Azores is not
found (Fig. 7c, d).

The aforementioned characteristics are broadly repro-
duced for EP La Nifias, finding however a weaker impact
over the NAE sector than for CP La Nifias (see Figures A2
and A3 of supplementary material).
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4 Summary and discussion

In this study the role of the ocean mean state as a modu-
lator of the ENSO-NAE teleconnection in late winter and
early spring (February—-March—April) is explored. To this
aim, a set of sensitivity experiments, in which a full com-
plexity AGCM is forced with standardised ENSO patterns
of different signs and strengths, are performed. These
ENSO patterns are, in turn, superimposed over distinct SST
background states over the Atlantic and the tropical Pacific
basins. These background SST patterns are obtained by
adding the difference between the climatologies in those
periods, in which the impact of ENSO over the Euro-
Mediterranean rainfall is different, to a control climatology
(1950-2010).

Regarding Fl Nifio events it has been found that, a wave-
train crossing the North Atlantic north-eastward reaches the
European Continent and a significant impact on the Euro-
Mediterranean rainfall is obtained, if the anomalous heating
occurs in the eastern side of the tropical Pacific (EP Nifios).
This feature is dependent on the ocean mean state (P or N),
specially if the El Nifio amplitude is “normal” (100 % EP
events). According to this, the aforementioned wavetrain
associated with normal EP Nifios is clearly enhanced when
the tropical Pacific SST mean state is warmer than usual
and the North Atlantic SST mean state is colder than usual.

If the heating associated with El Nifio occurs in the cen-
tral tropical Pacific (CP El Nifios) the wavetrain towards
the North Atlantic is more zonally guided, which favours
a weakening of the Iceland low pressure system. Under
these circumstances, a significant weakening of the Azores
high is also found if the CP EI Nifo is ”strong” (200 % CP
events). In these cases, an anomalous negative NAO-like
pattern is identified.

Regarding La Nifa events a weaker impact, compared
to that of El Nifio events, is detected over the NAE sec-
tor. Opposite SLP signatures, at high and subtropical lat-
itudes, are found for the same La Nifia pattern over the
North Atlantic depending on the SST background state.
If the tropical Pacific SST background conditions are
warmer than usual, a stronger anomalous convergence is
detected in the upper troposphere when a La Nifia pattern
is superimposed. Under these circumstances the Rossby
wavetrain associated with the La Nifia forcing is modi-
fied, and the zonal and thermally driven Walker cell con-
necting the Pacific and the Atlantic basins is enhanced.
These characteristics associated with CP La Niifias are
broadly reproduced for EP La Nifas, just finding slight
differences in the intensity and spatial location of some
centers of action (see Figure A2 of supplementary mate-
rial). According to the results presented here, the posi-
tive NAO-like pattern usually related to La Nifia events
(Fraedrich and Miiller 1992; Gouirand and Moron 2003;
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Moron and Plaut 2003; Moron and Gouirand 2003; Pozo-
Viazquez et al. 2001, 2005b) could take place only during
selected decades.

As this study is based on idealised experiments, a basic
validation of the distinct model mean responses obtained is
recommended in order to put our results in context with the
observations. To this aim, SLP composites maps over the
NAE sector are calculated in the observational period for
each ENSO forcing and ocean mean states (Fig. 8). This
composite analysis is based on composites of anomalies
calculated for warm and cold ENSO events, being charac-
terised the EP and CP episodes by the Nifio3 and Nifio4
indices, respectively. For EP Nifos, the three centres of
action identified in our simulations over Florida, the Labra-
dor Strait, and the British Islands in relation to a wavetrain
coming from the Eastern Pacific under a P SST mean state
(Fig. 3a), are also obtained in observations for those dec-
ades under a P-like SST mean state configuration (Fig. 8a).
Under N SST mean conditions this SLP structure is weak-
ened for both, model (Fig. 3c) and observation (Fig. 8d).
For CP Nifios, a dipolar pattern resembling a negative
NAO-like structure is found, but with different amplitudes,
in P and N (Fig. 8b, e). This feature is also coherent with
the model response to CP Nifios (Fig. 5a, c). Finally, for
CP Ninas, a positive NAO-like signature is detected in P
for both, observations (Fig. 7a) and model (Fig. 8c); whilst
the same is not found in N for any of them (Figs. 7c, 8f).
It is necessary to note that the comparison between obser-
vational and model results is far to be direct, as in the for-
mer case significant differences in ENSO forcing appears
between P and N (see Figure A4 of supplementary mate-
rial) and hence, to associate a distinct response over the
NAE sector with an effective modulation by the SST mean
state rather than with the differences in the forcing itself,
is highly complicated. In spite of this aspect, as it is shown
in Fig. 8, the main observational characteristics identified
in the ENSO-related responses in P and N mean states are
consistent with those detected in model results. Two differ-
ent observational SLP databases are used, finding for both
of them consistent results with our experimental responses.
We can conclude that the observational dependence of
ENSO response over the NAE sector on the SST back-
ground conditions is, therefore, properly reproduced by the
ACCESS model.

Regarding rainfall, it has been demonstrated how the
dependence of ENSO signature in European rainfall on
the ocean mean state is evident for EP El Nifios, in agree-
ment with previous observational studies (Mariotti et al.
2002; Knippertz et al. 2003; Lépez-Parages and Rod-
riguez-Fonseca 2012; Lopez-Parages et al. 2014). This
feature takes place even though (1) no SST anomalies over
the TNA are prescribed in our simulations, and (2) the
ocean-atmosphere feedbacks over the TNA, which could



ENSO influence on the North Atlantic European climate: a non-linear and non-stationary... 2081

(a) (+) EP P OBS (b)

(+) cP P 0BS (C)

(-) CP P 0BS

e oW BN TN GOW oW 4w W ZN W 6 106 & w0 ME S

(E) (+) CP N OBS (f)

oW oW 7oW  GIW  som  dw W zw w0

(=) CP N 0BS

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) observational periods.
They are constructed by calculating the composite maps based on
those years in which the Nifio3 (EP) and Nifio4 (CP) indices exceeds

enhance the ENSO-related atmospheric response over the
NAE (Mathieu et al. 2004), are absent in our experimen-
tal design. The other ENSO events (CP El Nifios, EP La
Nidas, and CP La Nifas) present a less evident dependence
of European and mediterranean rainfall response to ENSO
on the SST mean state than EP El Nifios. This fact could
be partially explained by the aforementioned decoupling
over the TNA region in our experimental design. Indeed, an
eastward displacement of the centres of action associated
with ENSO towards the European continent is expected if
the influence associated with the TNA SSTs would be con-
sidered (Sung et al. 2013; Ham et al. 2014). Thus, further
experiments, in which the anomalous SSTs over the TNA
are prescribed, or in which the slab ocean model is also
applied over the Atlantic basin, could shed light on new
changing processes related to the non-stationary ENSO-
NAE teleconnection identified in observations.

Along this study the importance of having a changing
propagation of Rossby wavetrains associated with ENSO
for a non-stationary impact downstream over the North
Atlantic, has been highlighted. Related to this it is neces-
sary to note the relevance of the eastern North American
region for North Atlantic storm track development. Accord-
ing to this, the slight differences detected here in the propa-
gation of Rossby wavetrains could induce strong changes in
baroclinicity and low level heat fluxes over Newfoundland

W oW 70 GM SN 4w oW mN  1ow

0.5 (—0.5 for La Nifa 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 Figs. 3, 5, and 7

and its surrounding areas. As a consequence, the growth
conditions of tropospheric eddies could be remarkably dif-
ferent and so, the storm track activity over the whole North
Atlantic.

The present study demonstrates how the remote impact
of both warm and cold ENSO events, on the NAE climate
could be noticeable different depending on the low fre-
quency variability of the SST. According to our results a
warmer than usual SST background of the tropical Pacific,
together with a colder than usual SST background over
the North Atlantic, favours the link between ENSO and
the NAE sector in twofold: (1) changing the thermally
driven direct circulation (Walker and Hadley cells), and
(2) varying the Rossby waves pathway in their propaga-
tion from the tropical Pacific to the North Atlantic. How-
ever, the underlying mechanism in the latter case is still
unclear, needing further analysis to completely understand
by which way the ocean mean state could alter the propa-
gation of the planetary waves triggered by ENSO, in the
upper troposphere. It is important to note how most of
the available studies consider the jet streams as important
agents controlling the propagation of Rossby waves from
tropical to extratropical latitudes (Hoskins and Karoly
1981; Hoskins and Ambrizzi 1993; Ambrizzi et al. 1995;
Branstator 2002). Hence, the influence that changes in the
ocean mean state exert on the zonal mean flow at upper
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levels is a matter which should be examined in detail in
the future. Another interesting question emerging from this
modelling study is the important role that tropical Pacific
SST background state seems to play in remote ENSO
responses. It should be pointed out that the SST mean state
pattern prescribed in our sensitivity experiments, which
is based on the changing impact of ENSO on the leading
Euro-Mediterranean rainfall mode in the observational
record, has strong similarities with the AMO spatial signa-
ture over both, the Atlantic and the tropical Pacific basins.
According to this, one might well wonder why the non-
stationary teleconnection identified in observations evolve
in phase with the AMO instead of with other multidecadal
variability modes associated with the Pacific SSTs such
as the Pacific Decadal Oscillation (Mantua et al. 1997) or
the Interdecadal Pacific Oscillation (Zhang et al. 1997).
Future studies should investigate this issue and its possible
relation to the model bias. Furthermore, it should be also
pointed out that the distinct SST mean states prescribed in
our sensitivity experiments could interact in different ways
with the ENSO forcing. Which specific ENSO-related
processes depend on the ocean mean state? To address
this question the non-linear interaction between the back-
ground state and the forcing must be also thoroughly ana-
lysed in forthcoming studies.

The main conclusion of our work is that the assumption
of stationarity that is common to many studies of ENSO
teleconnections must be clearly questioned. According to
our results, impacts over the NAE sector associated with
ENSO events (with different signs, patterns, and ampli-
tudes) could be significantly different if they take place
under distinct background conditions. As a consequence,
the comparability between those studies considering differ-
ent climatologies is limited, which could explain the appar-
ent disagreement among them in the available literature.
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