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Abstract

The European precipitation response to El Nifio (EN) has been found to present interdecadal changes, with alternated periods
of important or negligible EN impact in late winter. These periods are associated with opposite phases of multi-decadal sea
surface temperature (SST) variability, which modifies the tropospheric background and EN teleconnections. In addition,
other studies have shown how SST anomalies in the equatorial Pacific, and in particular, the location of the largest anomalous
SST, modulate the stratospheric response to EN. Nevertheless, the role of the stratosphere on the stationarity of EN response
has not been investigated in detail so far. Using reanalysis data, we present a comprehensive study of EN teleconnections to
Europe including the role of the ocean background and the stratosphere in the stationarity of the signal. The results reveal
multidecadal variability in the location of EN-related SST anomalies that determines different teleconnections. In periods
with relevant precipitation signal over Europe, the EN SST pattern resembles Eastern Pacific EN and the stratospheric
pathway plays a key role in transmitting the signal to Europe in February, together with two tropospheric wavetrains that
transmit the signal in February and April. Conversely, the stratospheric pathway is not detected in periods with a weak EN
impact on European precipitation, corresponding to EN-related SST anomalies primarily located over the central Pacific.
SST mean state and its associated atmospheric background control the location of EN-related SST anomalies in different
periods and modulate the establishment of the aforementioned stratospheric pathway of EN teleconnection to Europe too.

Keywords El Nifio - Stratospheric pathway - Multidecadal variability - European precipitation

1 Introduction

El Nifio-Southern Oscillation (ENSO) is the most impor-
tant phenomenon from seasonal to interannual timescales
of the oceanic-atmospheric climate variability. It originates
in the tropical Pacific and its effects extend to other basins
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and regions, including Europe (Peixoto and Oort 1992).
The ENSO signal on European weather resembles a North
Atlantic Oscillation (NAO) pattern and peaks in late winter-
spring (e.g.: Moron and Gouirand 2003). The tropical signal
reaches Europe through different pathways along the tropo-
sphere and stratosphere (e.g.: Bronnimann 2007 and refer-
ences therein). The tropospheric pathway itself includes four
documented different tracks (Garcia-Serrano et al. 2017).
One of the most recognized tracks is associated with changes
in the non-divergent (or rotational) flow and involves a North
Pacific—North Atlantic connection through the excitation of
a tropical forced wavetrain from the Pacific (describing the
Tropical Northern Hemisphere pattern; hereinafter TNH)
that propagates into the North Atlantic (e.g.: Bronnimann
2007). Another well-known tropospheric pathway is through
changes in the divergent flow, which is established in the
tropics linking Atlantic and Pacific throughout the Walker
cell and influencing the North Atlantic area by modify-
ing the Atlantic Hadley cell (e.g.: Wang 2002; Ham et al.
2014). Regarding the stratospheric connection, it consists
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of a two-step mechanism. El Nifio (EN) signal reaches the
stratosphere through the intensification of the upward prop-
agation of stationary waves (in particular, wavenumber 1
component) resulting from the strengthening of the Aleutian
low, as part of the Pacific North American (PNA)-like pat-
tern in the troposphere (e.g.: Taguchi and Hartmann 2006;
Garcia-Herrera et al. 2006; Garfinkel et al. 2008). Upward
planetary waves dissipate in the stratosphere, warming the
polar stratosphere and weakening the polar vortex. As a
second step, the EN-induced polar stratospheric anoma-
lies descend reaching the troposphere in late winter (e.g.:
Manzini et al. 2006) and inducing a negative NAO phase
(Bell et al. 2009; Cagnazzo and Manzini 2009; Ineson and
Scaife 2009; Herceg-Bulic et al. 2017). Most of these stud-
ies also showed that the occurrence of a major stratospheric
warming (MSW) is essential for the establishment of the
aforementioned downward propagation of the EN-induced
stratospheric anomalies.

Nonetheless, this stratospheric pathway of impact over
Europe is only found for canonical EN winters, when the
largest SST anomalies are located in the Eastern Pacific,
EP EN. In contrast, for centrally located EN events, Central
Pacific EN (CP EN), such stratospheric pathway is missing
(e.g.: Zubiaurre and Calvo 2012; Sung et al. 2014; Iza and
Calvo 2015; Calvo et al. 2017). Indeed, the tropospheric
teleconnections generated by these two types of events
are different, in particular, the change in the strength of
the Aleutian low, which is, in general, stronger in winter
for EP EN than CP EN (Yu and Kim 2011). This would
explain the existence or not of the stratospheric pathway
depending on the EN type. The previous statements have
been derived assuming that EN teleconnections to Europe
for both types of EN are not modulated by the oceanic mean
state, but very recent studies have given evidence that this
assumption should be rejected at least for the tropospheric
teleconnections. By means of sensitivity experiments with
an atmospheric general circulation model, Lépez-Parages
et al. (2016a) demonstrated that the remote impact of EP EN
events on Europe is enhanced when the tropical Pacific SST
mean state is warmer and the North Atlantic SST is colder
than usual. A change in the upper tropospheric flow and
consequently, the propagation of Rossby wavetrains in the
troposphere was found to be relevant for these differences in
the EP EN impact on Europe. These authors did not address
the modulation of the stratospheric part of the teleconnec-
tion associated with the two EN types though.

In agreement with the modulation of the EN teleconnec-
tions by the oceanic mean state, some authors have found
that the European response to EN has changed with time
across the twentieth century regardless of the type of EN
(e.g.: Mariotti et al. 2002; Lopez-Parages and Rodriguez-
Fonseca 2012; Lopez-Parages et al. 2015). In fact, Lopez-
Parages et al. 2015 (LP2015 hereafter) analyzed in detail
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the multi-decadal modulation of ENSO teleconnection to
Europe based on the first mode of co-variability of Euro-
pean precipitation and tropical SST in observations and a
long-term pre-industrial simulation. LP2015 identified peri-
ods in which ENSO has a significant impact on the Euro-
pean precipitation and other periods in which the ENSO
effects over Europe are almost negligible. The origin of the
changing ENSO impact on Euro-Atlantic precipitation was
again identified to be the multi-decadal variability of the
SST. Similar results were found in long-term pre-industrial
simulations for an ensemble of 18 models (L6pez-Parages
et al. 2016b). Since multi-decadal changes in SST lead to
changes in the upper tropospheric flow, it would be expected
that the stratospheric pathway also becomes affected, but
all mentioned work only focused on the modulation of the
tropospheric pathway. Only Rodriguez-Fonseca et al. (2016)
in their Fig. 3 gave a first hint that the first co-variability
mode of European precipitation and tropical SST for periods
with a strong ENSO significant impact on Europe might
be associated with perturbations in the polar stratosphere,
but not for periods with a negligible European response to
ENSO. However, these authors did not explore the underly-
ing mechanisms explaining the modifications in the strato-
spheric pathway between different periods or the effects of
multi-decadal variability of the SST on the stratospheric
mean state.

As mentioned before, the multi-decadal modulation of
the ENSO teleconnection to Europe through the stratosphere
has not been examined in detail yet, probably because it has
been only recently that the very low-frequency variability of
the polar stratosphere has been investigated (e.g.: Schimanke
et al. 2011; Reichler et al. 2012; Woo et al. 2015; Omrani
et al. 2016) and there is still a lot of uncertainty in this topic.
The analysis of multi-decadal changes in the ENSO-related
stratospheric teleconnection would be extremely relevant
since these changes might contribute to the interdecadal
variability of EN signal over Europe and it would then help
to provide a complete picture of the non-stationary ENSO
impacts over this area.

Therefore, in this study, we examine the interdecadal
variability of the pathways of EN teleconnection to Europe
in reanalysis data focusing on determining whether the EN
teleconnection through the stratosphere contributes, at least
partially, to the differences in the European precipitation
response detected in previous studies. To do that, we analyze
the tropospheric forcing, the state of the polar stratosphere
and the possible downward propagation of the stratospheric
signal associated with EN events for those periods with dif-
ferent European precipitation response to EN in late winter.
Additionally, we examine interdecadal changes in the oce-
anic mean state and the tropospheric and stratospheric back-
ground in the different periods to investigate the potential
reasons that lead to a change in the EN-related stratospheric
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teleconnection to Europe. Thus, the analysis constitutes a
comprehensive study where we reconcile the knowledge on
EN stratospheric and tropospheric pathways to Europe at dif-
ferent time scales and the influence of the oceanic mean state
on them. We focus only on EN events to avoid some issues
related to asymmetries between El Nifio and La Nifia (LN)
and because the signal of EN in the stratosphere is usually
stronger than that of LN (Mitchell et al. 2011).

The paper is organized as follows. The data and method-
ology are presented in Sect. 2. Section 3 describes the results
related to the EN-European precipitation connection through
the stratosphere in different periods. The background condi-
tions in the ocean, troposphere and stratosphere for periods
with a different EN signal in Europe are analyzed in Sect. 4.
Finally, a summary with the most relevant conclusions and
a short discussion are presented in Sect. 5.

2 Data and methodology

In this study, monthly mean sea surface temperature (SST)
data is taken from the Hadley Centre Sea Ice and Sea Sur-
face Temperature data set (HadISST1) with a 1° X 1° resolu-
tion (Rayner et al. 2003). The atmospheric data comes from
the National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
in a 2.5° latitude x 2.5° longitude grid (Kalnay et al. 1996).
Precipitation data corresponds to the University of Delaware
global land precipitation dataset with a horizontal resolu-
tion of 0.5° x 0.5° (Willmott and Matsuura 2001). Oceanic
and atmospheric data covers the period from 1948 to 2012
except for the precipitation dataset that only extends until
2010. Anomalies are computed based on the climatology
of all available years and linearly detrended in each grid
point and for the single month/season to avoid the effects of
anthropogenic influence. This detrending procedure is one of
the most common approaches to avoid anthropogenic effects
and some verifications have been made to ensure that it is
acceptable for the purposes of our study. In fact, we have
verified that data shows a persistent trend of the same sign
along the whole period and there are not large discontinui-
ties surrounding the starting time of the assimilation of satel-
lite data by the reanalysis.

Following LP2015 we distinguish two sub-periods based
on the effects of El Nifio on late winter European rainfall and
in particular, on the correlation between EN3.4 index (5°S-
5°N, 120°W-170°W) and the principal component of the
first variability mode of the Euro-Mediterranean precipita-
tion in February-March-April (FMA) (see LP2015 for more
details). Their results show that the period from 1965 to
1984 is characterized by a strong response of the European
precipitation to ENSO in FMA and shows a statistically sig-
nificant positive correlation between the mentioned oceanic

and precipitation time series. Hereafter, this positive period
is referred as the P period. Conversely, the impact of ENSO
on the European rainfall is weak from 1949 to 1964 and from
2003 to 2008 and the aforementioned time series show a low
negative correlation. These periods are analyzed jointly and
denoted as the N period.

Our analysis is performed by creating composite maps of
different variables for EN events in the P and N periods. The
EN events have been identified when the standardized EN3.4
index in December-January-February exceeds 0.5, finding 6
events in the N period and 8 events in the P period (Table 1).
MSWs have been identified by imposing the reversal of the
zonal mean zonal wind at 60°N and 10 hPa (Butler et al.
2015). The statistical significance of our results has been
computed with a Monte-Carlo test with 500 permutations
and it will be given at the 90% confidence level (considering
the low number of events in each sample). Please note that
our results do not change when using more recent reanalyses
such as JRA-55 with a higher resolution and a better assimi-
lation data scheme than NCEP/NCAR reanalysis. Being the
results similar, we have preferred to use NCEP/NCAR rea-
nalysis as it covers a longer time period than the rest of the
modern reanalysis.

3 Stratospheric pathway of EN
teleconnection to Europe in different
periods

First, we identify the EN signal on the FMA European
weather in the P and N periods defined in LP2015. This
is presented in Fig. 1 that shows composites of precipita-
tion and sea level pressure (SLP) anomalies in FMA for EN
events during P and N periods. As expected, the precipita-
tion pattern shows differences between both periods (Fig. 1a,
c). Whereas the FMA precipitation pattern for EN events
in the P period presents statistically significant positive
anomalies over most of Europe (Fig. 1a), the statistically
significant anomalies of the pattern for the N period are of

Table 1 List of EN winters in P and N period

P Period (1965-1984) N period (1949-1964; 2003-2008)

1965-1966* (EP) 1951-1952*
1968-1969* (CP) 1957-1958* (EP)
1969-1970* 1963-1964

1972-1973* (EP)
1976-1977* (EP)
1977-1978
1979-1980%
1982-1983 (EP)

2002-2003* (CP)
2004-2005 (CP)
2006-2007* (CP)

Asterisk denotes winters with major stratospheric warming occur-
rence and the type of EN, Eastern Pacific (EP) or Central Pacific
(CP), is found in brackets
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Fig. 1 Composite of anomalous fields in FMA for P period EN3.4 events: a standardized precipitation and b SLP (hPa). ¢, d Same as a, b but for
N period EN3.4 events. Shading corresponds to statistically significant anomalies at the 90% confidence level (Monte-Carlo test)

opposite sign and mostly restricted to Scandinavia (Fig. 1c¢).
The EN composite of SLP anomalies also displays differ-
ent characteristics in P and N periods. During the P period,
the FMA SLP pattern has a hemispheric distribution with
a positive center of anomalies over the polar cap and nega-
tive anomalies over Aleutian Islands, western Atlantic and
Europe (Fig. 1b). It partially resembles a pseudo-negative
phase of NAO but with a strong wavy contribution. The neg-
ative SLP anomalies over the Atlantic and particularly, those
over Europe are responsible for the higher precipitation than
normal over central and Southern Europe of Fig. 1a. For the
N period, the anomalies are mainly restricted to the Euro-
Atlantic area with a negative and a positive center over the
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Atlantic and west of Scandinavia, respectively (Fig. 1d).
The latter is related to the negative anomalies of precipita-
tion over Northern Europe of Fig. 1c. In this case, the SLP
anomaly is not significant over the pole.

Next, the SST patterns during the peak of EN events
(December-January-February, DJF) have been analyzed
to characterize the EN SST anomalies in the two different
periods (Fig. 2). Stronger anomalous SSTs over the equa-
torial Pacific are found in the P than in the N period. The
anomalies also present different location, being closer to the
American coast in the P than in the N period. Thus, the
SST pattern found in the P period resembles an EP EN pat-
tern, whereas it is similar to the CP EN in N period. This
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Fig.2 Composite of anomalous SST in December-January-February (DJF) for EN winters in a P and b N periods. Shading indicates statistically

significant anomalies at the 90% confidence level (Monte-Carlo test)

is confirmed by Table 1 that shows a high frequency of EP
(CP) EN in P (N) period. The results agree with Léopez-
Parages et al. (2016a) that identified the strongest EN signal
over Europe associated with EP EN during the P period and
found differences in the associated tropospheric telecon-
nections. Nevertheless, as indicated in Sect. 1, EP and CP
EN events have a distinct effect on the polar stratosphere
and the stratospheric pathway of the EN teleconnection to
Europe too, having the former a more relevant contribu-
tion (e.g.: Sung et al. 2014; Calvo et al. 2017). We have
investigated if this is also the case for the EN effects in the
two different periods of our study and if the contribution of
this stratospheric pathway could then be added to the tropo-
spheric results of Lopez-Parages et al. (2016a) to explain the

Fig. 3 Composite of anomalous a
geopotential height at 500 hPa
(m) in November — December
(ND) for EN winters in a P and
b N periods. Shading indicates
statistically significant anoma-
lies at the 90% confidence level
(Monte-Carlo test)

P period

differences in the European precipitation response detected
in Fig. 1.

Since stratospheric teleconnections start with a modula-
tion of the tropospheric forcing, in particular, through the
deepening of the Aleutian low and enhancement of upward-
propagating wave activity, we examine next changes in
mid-tropospheric circulation. Figure 3a, b show the pattern
of geopotential height (Z) at 500 hPa (Z500) in Novem-
ber—December (ND). We have focused on early winter
months based on two main reasons. First, we identify the
strongest anomalous upward-propagating wave activity in
November—December. Secondly, we are interested in the
precursors of the anomalies that travel across the strato-
sphere and reach Europe from February, so we have to allow
time to the atmosphere to complete the whole bridge. The

b N period
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EN composite of the P period is associated with a signifi-
cantly deeper Aleutian low in ND (Fig. 3a). In the N period,
negative anomalies over the Aleutian Islands are also identi-
fied but they are weaker than in the P period and not signifi-
cant (Fig. 3b). These patterns are in very good agreement
with Rodriguez-Fonseca et al. (2016) and those obtained
by Iza and Calvo (2015) for EP and CP El Nino events in
reanalysis data. To verify the effects of mid-tropospheric
changes on the injection of tropospheric wave activity into
the stratosphere, the daily distribution of anomalous daily
extratropical eddy heat flux at 100 hPa is shown in Fig. 4a,
averaged between 45°N and 75°N for November and Decem-
ber and composited during EN events for P and N periods.
During EN events of the P period (red color in Fig. 4a), the
upward propagating wave activity is stronger than normal, as
denoted by a higher frequency of positive values of anoma-
lous heat flux. In contrast, during EN events of the N period
(gray color in Fig. 4a), the distribution of anomalous eddy
heat flux is centered at small negative values, indicative of a
negligible reduction in wave activity (Fig. 4a). Since previ-
ous studies have identified the wavenumber-1 component
(WN1) as the component undergoing the main EN-related
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Fig.4 a ND daily distribution of 100 hPa eddy meridional heat flux
anomalies (K m s™!) averaged over 45°N—75°N, 10-day filter applied
for (gray) N and (red) P periods EN winters. b Composite of anoma-
lies of WN1 component of 45°N-75°N Z (m, shading) for P (top) and
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enhancement of upward-propagating waves (e.g.: Garfinkel
et al. 2008), we have examined the vertical propagation of
the anomalous WN1 of geopotential height (Z) to verify if
the change in the WN1 wave component is indeed repre-
sentative of the variations of the total wave activity in the
different periods (Fig. 4b). Anomalous waves for EN events
during the P period are statistically significant in the strato-
sphere in both months and in phase with the climatological
waves, leading to a constructive interaction of anomalous
and climatological waves and thus, a strengthening of sta-
tionary WN1 wave (e.g.: Manzini et al. 2006; Ineson and
Scaife 2009). In contrast, the eddy anomalies in the N
period are weaker than in the P period and only statistically
significant in the lowermost stratosphere in November. They
are out of phase with the climatological ones in November
and in quadrature in December (Fig. 4b). This indicates that
the upward propagation of WN1 wave during EN events in
the N period is reduced in November and it does not have
much effect on the climatological wave activity in Decem-
ber, which would agree with the results for the total anoma-
lous eddy heat flux.
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N (bottom) periods EN winters. Contours represent climatological
waves. Stippling: statistically significant anomalies at the 90% confi-
dence level with a Monte-Carlo test
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Fig.5 Cross sections of anomalies of area-weighted u (m s~') aver-
aged between 55°N and 70°N for El Nifio events in a P period and
b N period. Shading represents statistically significant anomalies at
the 90% confidence level (Monte-Carlo test)

The stronger tropospheric forcing in early winter and the
enhanced upward propagation into the stratosphere during
EN events of the P period suggests that the polar strato-
sphere might be more affected by EN in the P period than the
N period. This statement is confirmed in Fig. 5, where the
temporal evolution of zonal mean zonal wind (%) anomalies
averaged between 55°N and 70°N is shown. In the strato-
sphere, these anomalies are representative of the state of
the polar night jet and thus, the polar vortex. The P period is
characterized by negative anomalies of & in the stratosphere,
indicating a weakening of the polar vortex with a peak in
December in the middle stratosphere when the anomalies are
statistically significant (Fig. 5a). These anomalies descend,
reaching the troposphere in January and persisting until Feb-
ruary (although not always statistically significant, probably
due to the small samples). Conversely, the N period polar
night jet strengthens in early and mid-winter and weakens in
later winter (Fig. 5b), but the anomalies are not statistically
significant except for a small layer in the lower stratosphere
in March. In addition, the anomalies do not descend with
time as it happens in the P period. Thus, contrary to the
P period, in the N period, the Euro-Atlantic precipitation
anomalies of Fig. 1c are not connected to EN circulation
anomalies in the stratosphere.

Thus, according to i results, the stratospheric influence
on the troposphere only appears in January and Febru-
ary in the P period. However, up to now we analyzed

the averaged European precipitation response in FMA in
agreement with previous works (Fig. 1a). So, we next
examine separately each FMA month in P period to test
whether the FMA precipitation pattern in the P period
(Fig. 1a) is mostly composed by the signal of any of
those three months and then, decide if the stratospheric
contribution (only present in February) is relevant. The
comparison of the corresponding precipitation patterns
(Fig. 6a, d, g) with that for FMA (Fig. 1a) reveals that
the latter is a combination of robust signals in February
and April. The contribution of February is however larger
than that of April, probably because the EN influence
over Europe involves both stratospheric and tropospheric
pathways in February but it should occur through a trop-
ospheric-only track in April. The SLP pattern in February
shows a dipolar structure with positive anomalies over the
polar cap and negative anomalies at mid-latitudes over the
Atlantic (Fig. 6b). These negatives anomalies and specifi-
cally, their European part is the main responsible for the
precipitation anomalies over Europe in Fig. 6a. The SLP
dipolar pattern resembles partially a negative NAO phase
in accordance with the stratospheric influence showed
for February in Fig. 5a. Apart from the stratospheric
mechanism, we cannot rule out the tropospheric pathway
through the wavetrain from the Pacific that crosses the
North America (the typical TNH pattern) in this month.
The wavetrain can be identified in meridional wind at
250 hPa patterns by the alternated anomalie s of oppo-
site sign extending from the North Pacific to the North
Atlantic (Fig. 6¢).

In April, the SLP pattern differs from a dipolar structure
as that shown in February and instead it presents a wavy
pattern that extends from the Atlantic to Northern Europe
(Fig. 6h). As it was found in February, the center of nega-
tive SLP anomalies over Northern Europe causes the pre-
cipitation anomalies over Europe seen in Fig. 6g. However,
whereas the mentioned center in February results from the
combination of the descent of stratospheric disturbances
(Fig. 5a) and the arrival of an extratropical tropospheric
wavetrain (Fig. 6¢), the relative low over Europe in April
is part of another tropospheric wavetrain with different ori-
gin. In this case, it originates in the Tropical North Atlantic
region and propagates northward over the Atlantic, turn-
ing towards Europe as revealed by the pattern of meridi-
onal wind at 250 hPa (contours in Fig. 6i). This wavetrain
might be therefore related to the ENSO-induced warm SST
anomalies over the Tropical North Atlantic (e.g.: Enfield and
Mayer 1997) (shading in Fig. 61). In fact, Ham et al. (2014)
also showed a south-north SLP pattern related to these Trop-
ical North Atlantic SST anomalies, similar to what we see
in Fig. 6h. These authors highlighted the important role of
these Atlantic SST anomalies to obtain the European atmos-
pheric response to ENSO, as more recently studies such as
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a Precipitation

February

March

April

Fig.6 Composite of anomalous a standardized precipitation, b SLP
(hPa) and ¢ SST (K, shading, purple dots indicate non-statistically
significant values) and meridional wind (m s™1) at 250 hPa (contours;
gray (all values) and black (stat. significant, 90% confidence level,

Knight et al. (2017), Scaife et al. (2017) and Herceg-Bulic
et al. (2017) have also pointed out. In this regard, Herceg-
Bulic et al. (2017) have indicated the relevance of the North
Atlantic to enable a delayed ENSO impact on Europe.
Finally, all the previous EN pathway are inactive or weak
in March, explaining that we do not find relevant anoma-
lies of SLP (precipitation) over the Atlantic (Europe) in this
month. In particular, the stratospheric effect on the North
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Monte-Carlo)) for P period EN events in February. d—f and g—i Same
as a—c but for March and April, respectively. Shading in a, b, d, e, g,
h corresponds to statistically significant anomalies at the 90% confi-
dence level (Monte-Carlo test)

Atlantic area is not anymore active (Fig. 5a), the TNH wave
train has already weakened and the Tropical North Atlantic
SSTs are weaker than in April (Fig. 6f).
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4 Oceanic and atmospheric mean state
in different periods

Our results corroborate previous studies in that the location
of the EN-related SST anomalies over the equatorial Pacific
is a key element for establishing a stratospheric pathway and
a strong European response to EN. Thus, we would like to
explore further the conditions that lead to: (1) the predomi-
nance of a distinct type of EN (EP or CP) during a certain
period of time, and (2) a modulation of the stratospheric
pathway once it is triggered. All this is done by focusing on
the background atmospheric and oceanic conditions.
Figure 7a shows in shading the difference in the annual
climatology of SSTs between P and N periods. Warmer SSTs
in the eastern equatorial Pacific appear in the P period com-
pared to the N period, together with statistically significantly

Fig.7 P period —-minus- N
period differences of: a the
annual climatology of SST (K,

colder SSTs in the central North Pacific and a differential
warming between the North and South Atlantic. The pat-
tern of difference of SST over the North Pacific and Atlan-
tic resembles a combination of a positive Pacific Decadal
Oscillation (PDO) and a negative Atlantic Multidecadal
Oscillation (AMO) signals respectively, being both oscil-
lations characteristics of the internal multi-decadal ocean
variability of the Pacific and Atlantic (Enfield et al. 2001;
Mantua et al. 2002). The variability of SSTs for the mature
phase of EN (DJF) also shows discrepancies between P and
N periods (Fig. 7b). In particular, the difference in the SST
standard deviation between these two periods reveals higher
variability in the equatorial Eastern Pacific SST during the P
period than the N period (Fig. 7b). The detected differences
in the climatology and variability of SSTs of the equato-
rial Eastern Pacific between both periods agree with those
found in the location and amplitude of EN SST anomalies

P - minus - N

shading, purple dots indicate
non-statistically significant
values) and 500-hPa transient
v? (m? s72, contours; gray (all
values) and black (stat. sig-
nificant, 90% confidence level,
Monte-Carlo test)), b Standard
deviation of SST in DJF (K,
shading: stat. significance,
F-Fisher test)
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of Fig. 2. Those changes in the equatorial Pacific mean state
are likely linked to the SST configuration in the Atlantic
in agreement with previous studies (e.g.: Dong et al. 2006;
Kucharski et al. 2016). For instance, Kucharski et al. (2016)
documented a negative AMO phase to be responsible for
higher variability and warmer SSTs in the equatorial Eastern
Pacific through a change in the Walker circulation.
Concerning the extratropical Pacific SST, the observed
SST configuration in Fig. 7a has also been linked to the
AMO by changes in the general atmospheric circulation
including a shift of the Intertropical Convergence Zone
(ITCZ) (e.g.: Dong et al. 2006; Zhang and Delworth 2007;
Chiang et al. 2002). In our case, the P-minus-N difference of
the annual transient v’ at 500 hPa shows positive values over
the extratropical North Pacific (Fig. 7a, contours), indicative
of stronger storm tracks in that basin in the P period than
in N period. This would be connected to an intensification
of the surface northward atmospheric eddy heat transport
(Zhang and Delworth 2007) and an increase in the baro-
clinicity. The storm tracks changes impact on the main cli-
matological circulation structures over Eastern Asian and
North Pacific. For instance, in winter (DJF), the season focus
of our study, the P-minus-N difference of Z500 shows nega-
tive values over the North Pacific and Siberia (Fig. 8a). This
suggests an intensification and southward shift of the Aleu-
tian low in P period respect to N period and a westward shift
of the Siberian High. The mentioned North Pacific atmos-
pheric differences add to the direct influence of the Atlantic

SSTs over the equatorial Pacific to determine the EN events
characteristics. More specifically, a deep Aleutian low has
been documented to precede the occurrence of EP EN (Yu
and Kim 2011), but especially when accompanied by a
weakening of the North Pacific Hadley cell (Yu et al. 2012),
which are exactly the conditions of the P period respect to
the N period. Indeed, by computing the Hadley cell strength
as the vertical shear of v between 200 and 850 hPa averaged
over 120°E-280°E along 10°N (Oort and Yienger 1996), we
found that the cell strength is 0.53 m s~ for P period and
0.83ms~! forN period in DJF. Thus, the North Pacific Had-
ley cell is weaker in the P period than in N period although
not statistically significant at a 90% confidence level. Over-
all, we can conclude that the global SLP and SST patterns
are consistent with the preferred occurrence of EP El Nifio
events in the P period.

Next, since we are particularly interested in the modula-
tion of the stratospheric pathway, we examine the differ-
ences in the mean state at stratospheric and tropospheric
levels between P and N periods. The intensification of the
climatological Aleutian low in P respect to N depicted in
Fig. 8a together with the negative center of geopotential
height differences over Eastern Asia imply changes in cli-
matological tropospheric forcing. In fact, they affect the
upward-propagating stationary waves (particularly WN1
wave) as both centers are located over the negative anti-
node of the climatological WN1 wave of Z in the middle
troposphere (e.g.: Garfinkel et al. 2010). Indeed, it leads

P - minus -N

N
5 10 15 20 m

—40-35-30-25-20-15-10 -5 0

Z050

-120 -100 -80 -60 -40 -20 O 20 m

Fig.8 P period —minus- N period differences in DJF of a Z (m) at 500 hPa (shading: stat. significance, Monte-Carlo test) and b Z (m) at 50 hPa

(shading: stat. significance, Monte-Carlo test)
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to a statistically significantly stronger climatological WN1
component of extratropical Z at 50 hPa (Z050) in P period
than in N period (172.5 vs 125.1 m). Consequently, the mean
state of the polar vortex also undergoes differences between
both periods and the pattern of difference of Z050 shows a
displaced vortex towards Eurasia and a deeper Aleutian high
in P period respect to N period (Fig. 8b). These differences
in the stratospheric background state would also modulate
the impact of the wave forcing associated with the EN on
the polar vortex. For instance, during the P period, the EN
mid-tropospheric circulation pattern of Fig. 3a resembles the
pattern of difference in the climatology of Z500 of Fig. 8a,
suggesting that the anomalous WN1 associated with EN,
and its related impacts, would be intensified under that mean
state. Additionally, this EN-related anomalous WN1 wave
activity will be more effective to disturb the vortex as the
latter is already displaced towards Eurasia.

5 Summary and discussion

Motivated by previous results that found interdecadal vari-
ability in EN signal in precipitation over Europe (e.g.: Mari-
otti et al. 2002, LP2015) and by the existence of a strato-
spheric pathway of EN teleconnection in this region, we
have analyzed the role of the stratosphere in the EN telecon-
nections in periods with a different EN signal in European
precipitation in reanalysis data. The tropospheric mecha-
nisms in these different periods have been already addressed
in other studies (LP2015; L6pez-Parages et al. 2016a and
b), but the stratospheric part of this linkage remained to
be investigated in detail. In addition, we have focused not
only on the possible pathways of the EN teleconnection to
Europe but we have also examined the oceanic and atmos-
pheric mean states that favor or hinder these pathways. Thus,
we present here a comprehensive study where tropospheric
and stratospheric knowledge at different time scales are
investigated.
The key conclusions of our study are the following:

e Only periods with strong European precipitation response
to EN show an active role of the polar stratosphere in
this teleconnection in agreement with Rodriguez-Fon-
seca et al. (2016). The location of EN SST anomalies
is different in periods with strong and weak EN impact
on Europe, such that periods with strong and weak EN
impact on Europe are mostly related to Eastern and Cen-
tral EN SST anomalies, respectively. This different SST
pattern ultimately modulates the impact on the tropo-
spheric Aleutian low and consequently, on the upward-
propagating stationary WN1 wave.

e The EN signal on European precipitation in late win-
ter that travels through the stratospheric pathway is

only one part of the total signal and it is concentrated
in February. Some signal also reaches Europe through
two tropospheric tracks, the TNH wavetrain in February
and another wavetrain in April originated over the tropi-
cal North Atlantic due to EN-induced SST anomalies.
Considering this result, two important remarks should be
made. First, both EN tropospheric and stratospheric tel-
econnections are relevant and required to obtain a strong
EN response in precipitation in Europe. This would agree
with LP2015 who found these alternated periods in the
signal of EN in Europe in a low-top model, i.e., with-
out a well-resolved stratosphere. This is also consistent
with Herceg-Bulic et al. (2017) that showed that the per-
sistence of wintertime ENSO signal in both the strato-
sphere and the North Atlantic is required to enable the
delayed ENSO impact on Europe in spring, and Scaife
et al. (2017) and Knight et al. (2017) that highlighted the
importance of including tropical Atlantic influence on
seasonal forecast to obtain a correct signal of ENSO on
Europe. Secondly, analysis of seasonal averages for late
winter must be taken with caution because it is a transi-
tion season in which different mechanisms might work
in different months and the predominant one might mask
the rest.

e Different climatological SST structures over the Atlan-
tic and North Pacific and their associated atmospheric
conditions explain the preferred location of EN SST
anomalies in different periods. In particular, a negative
AMO phase over the Atlantic and a positive PDO over
the North Pacific have been found to favor the occurrence
of EP EN SST during the P period, in agreement with a
change in the general atmospheric circulation. The clima-
tological oceanic configuration affects the atmospheric
background, resulting in a deeper Aleutian low and a
westward shift of the Siberian high in the troposphere,
and a displaced stratospheric polar vortex towards Eura-
sia in agreement with Li et al. (2018). Under these back-
ground conditions an anomalous WN1 wave activity
would be more effective for disturbing the polar vortex
and thus, initiating the stratospheric EN pathway.

Therefore, our results suggest that a strong European
response to EN is due to both active tropospheric and
stratospheric pathways that connect the tropical ENSO
signal with late winter European weather. As for the strat-
ospheric pathway, some authors have suggested that the
occurrence of MSWs is extremely important for obtaining
this EN strong signal over Europe (e.g.: Ineson and Scaife
2009; Cagnazzo and Manzini 2009; Butler et al. 2014;
Domeisen et al. 2015). However, the frequency of MSWs
is indeed high for both P and N periods. In particular, 6
out of 8 EN winters in the P period have a MSW and 4
out of 6 in the N period (Table 1). Although contradictory
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at a first sight, the discrepancies between our results and
previous studies might be explained. For instance, the
mentioned studies focused on canonical EN events that
have associated a warming of the polar stratosphere and
in that case, the occurrence of MSWs was needed for
the downward propagation of the signal. In contrast, EN
events in the N period are predominantly CP (Table 1),
the EN type that does not show a robust warming on the
stratosphere (Iza and Calvo 2015). Thus, although MSWs
occur during EN winters of the N period, there might not
be an EN signal in the stratosphere to propagate down-
ward. However, the limited number of events avoid us
to derive robust conclusions on this issue. Apart from
MSW, other stratospheric phenomenon such as the Quasi-
Biennial Oscillation (QBO) has also been identified as
a modulating factor of the EN signal in Europe, being
stronger under a westerly phase of the QBO (Bronnimann
2007). Nevertheless, we have not found this relationship
(not shown). It seems, though, that the location of the
EN SST anomalies over the equatorial Pacific is a key
element for establishing the EN stratospheric pathway.
This would agree with previous studies (e.g.: Iza and
Calvo 2015; Calvo et al. 2017). However, it is worthy
highlighting that our work is not simply repeating the
different CP versus EP results as documented in those
previous studies. The focus of our study is the analysis of
the non-stationarity of the EN teleconnections to Europe
through the stratosphere regardless of the type of EN,
and the contribution of these teleconnections to the total
signal, when they are active. Thus, although there is a
preference for one EN flavor in P and N periods, there
are EN events of all types in both but under different
oceanic mean state. Additionally, these former studies
made a special emphasis on the disparity of the strato-
spheric response to each type of EN depending on the
occurrence of SSWs that we are not able to do because
of the limitations explained before. Our results point out
though that the oceanic mean state in different periods
and its associated atmospheric background is extremely
relevant first to determine the predominant location of
the EN SST in each period and secondly, to establish the
different EN teleconnections in the troposphere as shown
by LP2015 and Lépez-Parages et al. (2016a) and conse-
quently, in the stratosphere. To schematize the results on
the oceanic and atmospheric mean state and their link to
the EN signal in Europe, the time evolution of standard-
ized indices that characterize the mean state of different
components is presented in Fig. 9. The indices considered
are the EN3 as a representative of EP EN events (orange
line), AMO (the yellow line), PDO (the green line) and a
time series of the P-minus-N Z050 pattern constructed by
projecting the pattern of Fig. 8b on the Z050 field in DJF
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Fig.9 20-year running mean of different standardized indices: the
stratospheric index based on the evolution of P-minus-N difference
pattern of Z050 (blue line), El Nifio3 index (orange line), AMO (with
reversed sign, yellow line) and PDO (green line). The years in the
x-axis correspond to forwarded 20-years period (i.e. 1960 stands for
1960-1979). The arrows at the top indicate then only approximately
the N and P periods and are included just to help in the interpretation
of the results

from 1948 to 2012 (blue line). The high agreement in the
evolution of EN3 and PDO was expected as reported by
different studies (e.g.: Newman et al. 2016). Interestingly,
the evolution of these two indices resembles very much
the one of the WN1 pattern in the stratosphere, confirm-
ing Hurwitz et al. (2012)’s results that related a disturbed
polar vortex to cool SSTs over the central North Pacific
through the deepening of the Aleutian low and the sub-
sequent intensification of the stationary WN1 wave. The
AMO index undergoes a similar evolution as the other
indices but with a lag of around — 10 years in agreement
with Zhang and Delworth (2007). In addition, although
the 20-year running mean applied to these indices does
not allow a straightforward comparison between the P and
N periods and the evolution of the indices, the P period
window corresponds with periods where all these indices
show high positive values (negative in the case of AMO)
and the opposite for the N period.

Finally, we note that our ability to draw robust con-
clusions is hampered by the short observational period,
particularly in the stratosphere. The analysis of climate
model simulations would reduce part of this uncertainty
and would enable us to address some open questions such
as those related to the role of MSWs or QBO in the dif-
ferent periods. It would be interesting to analyze either
the next CMIP6 simulations or sensitivity experiments
to verify the conclusions presented here. However, that
analysis is out of the scope of the present paper.
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