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ABSTRACT

The Northern Hemisphere (NH) stratospheric signals of eastern Pacific (EP) and central Pacific (CP) El
Nifio events are investigated in stratosphere-resolving historical simulations from phase 5 of the Coupled
Model Intercomparison Project (CMIPS5), together with the role of the stratosphere in driving tropospheric El
Nifo teleconnections in NH climate. The large number of events in each composite addresses some of the
previously reported concerns related to the short observational record. The results shown here highlight the
importance of the seasonal evolution of the NH stratospheric signals for understanding the EP and CP surface
impacts. CMIP5 models show a significantly warmer and weaker polar vortex during EP El Nifio. No sig-
nificant polar stratospheric response is found during CP El Nifio. This is a result of differences in the timing of
the intensification of the climatological wavenumber 1 through constructive interference, which occurs earlier
in EP than CP events, related to the anomalous enhancement and earlier development of the Pacific-North
American pattern in EP events. The northward extension of the Aleutian low and the stronger and eastward
location of the high over eastern Canada during EP events are key in explaining the differences in upward
wave propagation between the two types of El Nifio. The influence of the polar stratosphere in driving tro-
pospheric anomalies in the North Atlantic European region is clearly shown during EP El Nifio events,
facilitated by the occurrence of stratospheric summer warmings, the frequency of which is significantly higher
in this case. In contrast, CMIPS results do not support a stratospheric pathway for a remote influence of CP
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events on NH teleconnections.

1. Introduction

In the last decade, a robust impact of the warm phase
of El Nifio-Southern Oscillation (ENSO) has become
evident in the Northern Hemisphere (NH) polar
stratosphere. Although ENSO is an ocean-atmosphere
coupled phenomenon that takes place in the tropical
Pacific Ocean, it impacts global climate. During the
warm ENSO phase (here referred to as El Nifo), its
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signal extends from the tropics to the extratropics by
means of atmospheric Rossby wave trains, associated
with an anomalous Pacific-North American (PNA)
pattern in the NH during winter. These Rossby waves
can also propagate upward and reach the stratosphere
(e.g., Garcia-Herrera et al. 2006) through the deepening
of the Aleutian low in the PNA pattern and enhance-
ment of wavenumber 1 (Manzini et al. 2006; Garfinkel
and Hartmann 2008). As waves dissipate at middle and
high latitudes in the stratosphere, they lead to a weaker
polar vortex and a strengthening of the Brewer—-Dobson
circulation during El Nifio. This strengthening gener-
ates anomalous cooling in the tropical stratosphere
and anomalous warming in the polar stratosphere
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(Sassi et al. 2004; Garcia-Herrera et al. 2006; Manzini
et al. 2006). A robust El Nifio signal in polar strato-
spheric temperatures has also been found in radiosondes
(Free and Seidel 2009) and satellite data (Cagnazzo
et al. 2009), in agreement with the mechanism first
proposed in modeling studies and reanalysis data. An El
Nifio impact on the Arctic polar ozone has also been
reported based on observations and general circulation
models (Cagnazzo et al. 2009), consistent with enhanced
downwelling over the Arctic.

El Nifio modulation of the NH polar vortex can have
an effect higher up in the mesosphere (Li et al. 2013) and
also impact lower levels, reaching the troposphere.
Weaker vortex anomalies have been shown to descend
into the troposphere during El Nifio events, contributing
to a negative Arctic Oscillation (AO) phase and af-
fecting surface climate in the NH region. In fact, several
studies have highlighted the active role of the polar
stratosphere in driving tropospheric teleconnections in
the North Atlantic European (NAE) region and suggest
that major stratospheric sudden warmings (SSWs) may
modulate the downward propagation of the signals (e.g.,
Ineson and Scaife 2009; Cagnazzo and Manzini 2009;
Bell et al. 2009; Butler et al. 2014).

Recent studies have pointed out the importance of
distinguishing different “flavors” of ENSO. They have
revealed a different type of event characterized by the
largest sea surface temperature (SST) anomalies located
in the central tropical Pacific. Its warm phase is known as
central Pacific El Nifio, warm pool El Nifio, date line El
Niflo, or El Nifio Modoki (Ashok et al. 2007; Yeh et al.
2009; Kao and Yu 2009; Kug et al. 2009; Larkin and
Harrison 2005), while the traditional El Nifio, with the
largest SST anomalies in the eastern Pacific, is referred
as canonical El Nifio, eastern Pacific El Nifio, or cold
tongue El Nifio. Here we will use central Pacific (CP) El
Nifio and eastern Pacific (EP) El Nifio to denote these
two types of warm ENSO events.

The different locations of the SST anomalies in CP
and EP EIl Nifio lead to distinct tropospheric telecon-
nection patterns (Weng et al. 2007, 2009; Kao and Yu
2009; Kim et al. 2009). In the stratosphere, CP El Nifio
has a clear impact on the Southern Hemisphere (SH)
polar lower-stratospheric region in the form of an
anomalous significant warming, absent during EP El
Nifo (Hurwitz et al. 2011a,b; Zubiaurre and Calvo 2012;
Xie et al. 2012). This response is related to an intensified
Pacific-South American (PSA) pattern due to enhanced
tropical convection west and south of the date line
(Hurwitz et al. 2011a; Zubiaurre and Calvo 2012).

In the Northern Hemisphere, the CP El Nifio impact
on the polar stratosphere is not as clear as in the SH, and
contradictory results have been reported. On the one
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hand, Hegyi and Deng (2011) found a significantly
stronger polar vortex in MERRA during CP El Nifio.
This signal in wind was consistent with that reproduced
in temperature with a climate model, although it was
found not significant (Zubiaurre and Calvo 2012). On
the other hand, Graf and Zanchettin (2012), Garfinkel
et al. (2013), and Hegyi et al. (2014) reported an
anomalously weak polar vortex in CP El Nifio in re-
analysis data and two idealized simulations, re-
spectively. However, in the NCEP-NCAR reanalyses
data, Sung et al. (2014) found a weaker polar vortex
during CP events only in the upper stratosphere. In the
middle and lower polar stratosphere, the CP El Nifio
response was mainly negligible. Interestingly, the char-
acterization of specific winters as EP or CP does differ
among these studies. Garfinkel et al. (2013) compared
several of the definitions used to characterize CP El
Nifio events and concluded that, at least in reanalysis
data, the NH polar stratospheric response to CP El Nifio
was not robust, as its sign depended on the composite
size, the index used, and the month or seasonal average
analyzed. Very recently, Iza and Calvo (2015) high-
lighted the role of SSWs in the characterization of the
CP El Nifio response in reanalysis data. They showed
that the CP El Nifio response in the NH polar strato-
sphere depended on the occurrence of SSWs such that,
in the absence of SSWs, CP and EP EI Nifio responses
were opposite in the polar stratosphere. Furthermore,
the different responses reported during CP events in the
polar stratosphere may lead to different signals in the
tropospheric teleconnection over the NAE region, as
was shown in several studies based on reanalysis data
(e.g., Hegyi and Deng 2011; Sung et al. 2014). It is
therefore clear that the impacts of EP and CP EI Nifio on
the NH polar stratosphere and NH climate still deserve
further investigation.

Model simulations from the CMIPS5 activity provide
ensembles large enough to investigate ENSO signals in
depth. Kim and Yu (2012) and Kug et al. (2012) showed
that CMIPS models tend to simulate more independent
EP and CP El Nifio patterns compared to CMIP3
models. In this regard, CMIP5 models constitute the first
opportunity to analyze the stratospheric response of EP
and CP El Nifio in ocean—atmosphere coupled models
with a well-resolved stratosphere (Gerber et al. 2012;
Charlton-Perez et al. 2013). Cagnazzo et al. (2009) an-
alyzed the NH ENSO signal in the Chemistry—Climate
Model Validation Activity, version 2 (CCMVal2),
multimodel ensemble, which included atmospheric
general circulation models (mostly high top), not cou-
pled to the ocean, but driven with observed SSTs and
sea ice concentrations as boundary conditions. They
reported a robust El Nifio signal in the NH polar
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TABLE 1. CMIP5 high-top models used in the study.

Models Resolution® (Lon X Lat) Levels Top SSWs frequency
CESM1(WACCM) 144 X 96 66 5.96 X 10 %hPa 0.63
CMCC-CESM 144 X 96 39 0.01 hPa 0.54
CMCC-CMS 192 X 96 95 0.01 hPa 0.69
CanESM2 128 X 64 35 1hPa 1.15
GFDL CM3 144 X 90 48 0.01 hPa 0.30
HadGEM2-CC 192 X 145 60 85km 0.57
MIROC-ESM 128 X 64 80 0.0036 hPa 0.65
MIROC-ESM-CHEM 128 X 64 80 0.0036 hPa 0.61
MPI-ESM-LR 192 X 96 47 0.01 hPa 0.81
MPI-ESM-MR 192 X 96 95 0.01 hPa 0.87
MRI-CGCM3 320 X 160 48 0.01 hPa 0.31

@ Resolution is given as number of grid points.

stratosphere, in agreement with observations, but did
not explore the differences between EP and CP El Nifio.
Hurwitz et al. (2014) did investigate the atmospheric
response to EP and CP ENSO in the CMIPS5S models
from a seasonal-mean point of view and found in-
distinguishable winter-mean responses to EP and CP El
Nifio in the NH polar stratosphere at 50hPa. The
stratospheric vortex weakened for both types of El Nifio
although there was substantial intermodel variability.
However, several studies have emphasized the impor-
tance of studying the seasonal evolution of El Nifio re-
sponse from early to late winter/early spring (e.g.,
Manzini et al. 2006; Ineson and Scaife 2009; Fletcher and
Kushner 2011; Sung et al. 2014), which is key for de-
picting 1) upward wave propagation from the tropo-
sphere to the stratosphere, 2) wave-mean flow
interactions and nonlinear interactions between ENSO
and other sources of stratospheric variability (Calvo
et al. 2009; Calvo and Marsh 2011), and 3) the potential
downward stratosphere to troposphere coupling. While
the seasonal evolution of the EP El Nifio response has
been previously investigated, most of the studies re-
garding CP El Nifio in the NH have focused on seasonal
means. In addition, the signal of El Nifio in the strato-
sphere can be influenced by other sources of variability,
such as the quasi-biennial oscillation or solar variability
(e.g., Calvo et al. 2009; Calvo and Marsh 2011; Richter
et al. 2015). While the analysis of the influence of these
signals on the El Nifio response is out of the scope of this
paper, the approach followed here using large ensem-
bles with El Nifio cases from many different models with
different configurations helps to focus on the El Nifio
signal and minimize the influence of other phenomena.

Thus, our study constitutes the first attempt to in-
vestigate the seasonal evolution of the NH stratospheric
responses to EP and CP El Nifio events in an ensemble of
atmosphere—ocean coupled simulations from different
models with a well-resolved stratosphere. We explore the

similarities and differences between EP and CP signals
with the aim of understanding contradictory previous
results. The role of the stratosphere in driving the tro-
pospheric ENSO-NAE teleconnections is also assessed.
Since stratospheric variability is poorly represented in
low-top CMIP5 models (Charlton-Perez et al. 2013) and
Hurwitz et al. (2014) argued that ENSO-related polar
variability was better simulated in the high-top CMIP5
group of models (those with a model lid above 1hPa;
Charlton-Perez et al. 2013), our study analyzes models of
this group exclusively.

2. Models and method

Table 1 lists the 11 CMIPS5 high-top models used in
this study. They are all atmosphere—ocean coupled
models with the model lid above 1hPa. Note that they
do not exactly coincide with the group of high-top
models analyzed by Charlton-Perez et al. (2013). In
particular, the IPSL and NASA GISS high-top models
are not included in our study, as data above 10 hPa were
not provided to the CMIP5 archive at the time of
the analysis. Simulations from historical experiments
(Taylor et al. 2012) from 1951 to 2005 have been ana-
lyzed and only one ensemble member per model for
each experiment has been used. The historical simula-
tions are run with observed climate forcings (including
greenhouse gas concentrations, ozone depletion, aero-
sols, land-use change, and solar variability).

EP and CP El Nifio events are defined based on the
standardized detrended November-February (NDJF)
SST anomalies in the regions of Nifio-3 (N3; 5°N-5°S,
150°-90°W) and Nifo-4 (N4; 5°N-5°S, 160°E-150°W),
respectively. We adopt this simple definition in the in-
terest of clarity. As in Hurwitz et al. (2014), EP El Nifio
winters are identified when the anomalies in the N3 in-
dex are larger than one standard deviation and exceed
the value of the N4 index by at least 0.1. Analogously, CP El
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TABLE 2. Number of El Nifio events included in the composites.

EP EI Nifio CP El Niio
All With SSWs Without SSWs All With SSWs Without SSWs
48 32 16 43 20 23

Nifio winters are identified when the anomalies of the
N4 index are larger than one standard deviation and
exceed the N3 value by at least 0.1. In this fashion, the
same winter cannot be considered as both EP and CP
El Nifio. A total of 48 EP events and 43 CP events are
identified from the 11 historical simulations (see Table 2).
While the frequency of EP events agrees well with that
from reanalysis, CMIP5 models tend to underestimate
the observed number of CP El Nifio (Bellenguer et al.
2014).

The EP and CP El Nifio signals are then analyzed by
compositing, for each field, monthly mean anomalies for
all the El Nifio events identified across all models.
Anomalies for each field are computed with respect to
their own 55-yr model climatologies. For each model,
time series of historical simulations are detrended before
computing the anomalies. Significance of the El Nifio
anomalies is assessed at the 95% confidence level by a
Monte Carlo test of 1000 trials. Random groups of 48 and
43 events are composited from the entire pool of anom-
alies from all the years and all the models to be compared
with the EP and CP composites. The significant signals
discussed here show agreement in the sign of the anomaly
in at least 70% of the models (8 out of 11 models).

To quantify the role of linear interference between
the climatological stationary fields and the forced El
Niflo waves, we have followed the methodology de-
scribed in Smith et al. (2010) and Fletcher and Kushner
(2011) using daily data. The El Nifio composite
anomalous meridional eddy heat flux is decomposed
as in Eq. (1), where v is the meridional wind compo-
nent and 7 is temperature. Asterisks denote the de-
viation with respect to the zonal mean (the eddy), angle
brackets denote the ensemble mean (EM), ¢ denotes
the climatological mean, and a denotes the deviation
from the climatological mean (El Nifio anomalies). The
linear interference effect (which will be the focus of our
study) appears in the EMpy term, while the EMyp
accounts for the anomalous eddy heat flux associated
with the wave itself. The fluctuation (FL) term is cal-
culated as the residual and it includes the inter-
ensemble and transient eddy contributions:

((*T*),) =EM, , + EM,, +FL, where
EM, = (T5) @} + @(T})
EMy, = @WiN(T}). 1)

and
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Note that, in our study, the El Nifio anomalies are
computed with respect to their own 55-yr model clima-
tology, while the climatological mean is the mean of all
the years in all the models (which agrees well with the
climatology of individual models).

Daily CMIP5 output is also used to identify SSW
events. SSWs are identified following the definition of
Charlton and Polvani (2007): a major SSW occurs when
the zonal-mean zonal winds at 60°N and 10 hPa change
from westerly to easterly between the months of No-
vember and March. Winds must return to westerly for at
least 20 consecutive days between events and for 10
consecutive days before 30 April. For each model, the
SSW frequency of occurrence is computed considering
1951-2005 and is reported in Table 1. With the exception
of HadGEM2-CC, our frequencies compare well with
those reported by Charlton-Perez et al. (2013). Given
that we use a longer period (1951-2005), instead of
1960-2000 as in Charlton-Perez et al. (2013), our esti-
mates may differ from those of Charlton-Perez et al.
(2013) and are possibly more robust. The multimodel
mean of our simulations reproduces the observed fre-
quency of the SSWs, although there is quite a large spread
in the simulated frequencies for individual models,
ranging from 0.3 to 1.1 events per year (Table 1). Still, in
most of the models, their frequency agrees with obser-
vations within the 95% confidence level.

3. Tropospheric teleconnections associated with El

Niiio

Figure 1 shows the spatial pattern of sea surface
temperature in the tropical Pacific Ocean composited
for the EP and CP EI Nifio events. The warm anomalies
peak in the eastern Pacific in EP El Niflo, while during
CP El Nifio the largest warming is simulated around the
date line. In addition, EP El Nifio warming extends
southward along the coast of South America while the
CP El Nifio anomalies are much weaker therein. These
patterns are in good agreement with observations [e.g.,
Fig. 1 in Kim and Yu (2012)], despite some differences
(the modeled CP anomalies extend southeastward
toward the coast more than in the observations in
late winter, while the EP anomalies might not extend
far enough southeast). Note also that, as in the obser-
vations, the overall amplitude of the warming is higher
in EP El Nifio than in CP El Nifo, even though CMIP5
models still underestimate the amplitudes of the largest
EP El Nifio events (Kim and Yu 2012). In terms of
seasonality, the largest anomalies are simulated from
November to February in both EP and CP events (not
shown). Thus, potential differences in the atmospheric
response cannot be attributed to differences in the
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FI1G. 1. Longitude-latitude composite of SST anomalies (K) for (left) EP El Nifio and (right) CP EI Nifio from
November to February. Contour interval is 0.3 K. Solid (dashed) contours denote positive (negative) anomalies.
Stippling indicates significance at the 95% confidence level.

timing of occurrence of the events. Overall, this com-
parison gives us confidence to investigate the differences
in their atmospheric response between the two types of
ENSO events.

El Nifio tropospheric teleconnection patterns in the
NH are displayed in Fig. 2 by means of the EP and CP
El Nifio composites of eddy geopotential height

anomalies at 500 hPa. This is a common diagnostic used
in the literature to explore the ENSO modulation of
the PNA pattern. The PNA response (e.g., Wallace and
Gutzler 1981) is characterized by an anomalous low in
the North Pacific Ocean, an anomalous high in the
northern United States and Canada, and an anomalous
low over the Gulf of Mexico. It appears significant in
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Fi1G. 2. Composite of the 500-hPa eddy geopotential height anomalies (m; color shading) for (left) EP El Nifio,
(center) CP El Nifio, and (right) the difference between EP and CP together with the multimodel mean climatology
(contours) from November to February. Color interval is 10 m. Solid (dashed) contours, every 20 m, denote positive
(negative) values. Stippling indicates significance at the 95% confidence level.
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both EP and CP EI Nifio composites, although the
pattern is more coherent and stronger during EP El
Nifio events. Garfinkel et al. (2010) showed that, in
observations, the deepening of the Aleutian low was
key to modulating the polar vortex in response to
ENSO. A significant deepening of the Aleutian low is
seen from November to February during EP events
and, later in the season, from December to February, in
CP events. The deepening is stronger and extends
northward in EP El Niflo from November to January
(significant differences between EP and CP El Nifio at
the 95% confidence level; Fig. 2, right), whereas the
magnitude and location are similar in February. The
more northward extension of the Aleutian low during
EP events seems to be a seasonal feature, as it also
appears in the seasonal mean of the high-top CMIP5
models reported by Hurwitz et al. (2014; their Fig. 1).
The CMIPS behavior is in agreement with previous studies
that used reanalysis data and single-model simulations. In
reanalysis data, Yu and Kim (2011) and Sung et al. (2014)
found a delayed PNA response to the SST anomalies and,
in particular, a weaker and less immediate response of the
deepening of the Aleutian low in CP El Nifio events
compared to EP El Nifio. The more northward displace-
ment of the Aleutian low in EP El Nifio events and the
similar response between EP and CP events in late winter
were also reported in Goddard Earth Observing System
Chemistry—Climate Model (GEOSCCM) simulations
(Garfinkel et al. 2013).

In addition to the Aleutian low, clear differences in the
anomalous high center of the PNA over the northeastern
United States and Canada are also found between EP and
CP El Nifio in Fig. 2. Larger anomalies, significant over
larger areas and elongated toward the Atlantic, are sim-
ulated during EP El Nifio. Although the deepening of the
Aleutian low has received most of the attention as a
precursor of polar vortex weakening, Garfinkel et al.
(2010) also identified the positive anomaly in geo-
potential height over the regions of northeastern Canada
and the North Atlantic as an important factor for wave
driving into the stratosphere (see their Fig. 3c). Thus,
differences between EP and CP El Nifio found in this
region (significant at the 95% level from November to
January; Fig. 2, right) also trigger differences in the
stratospheric response, as will be shown in section 5.

4. Upward propagation of El Niiio signal into the
stratosphere

As discussed in the introduction, the canonical El
Nifio signal on the PNA propagates upward into the
stratosphere during boreal winter by means of Rossby
waves (e.g., Garcia-Herrera et al. 2006). This is
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hypothesized to occur through constructive in-
terference between the El Nifio eddy anomalies and the
climatological eddy fields (Fletcher and Kushner 2011),
mainly associated with wavenumber 1 (abbreviated as
wavel) (e.g., Manzini et al. 2006; Garfinkel and
Hartmann 2008). Figure 3 shows a vertical cross section
of the longitudinal distribution of the wavel eddy geo-
potential height anomalies averaged over 45°-75°N
during El Nifo events, superimposed on the multi-
model mean climatology. CMIP5 models clearly
simulate a significant enhancement of the climatological
wavel during EP events from November to January, as
the anomalies are in phase with the climatology. During
CP El Nifio, tropospheric anomalies are weak in early
winter, in agreement with the weak PNA pattern shown
in these months in Fig. 2. Only in February do CP El Nifio
anomalies seem to be in phase with the climatological
patterns. Note that both negative anomalies in the
northern Pacific Ocean (Aleutian low) around the date
line and positive anomalies over the eastern part of North
America and the western Atlantic Ocean (west of 60°W)
are important in enhancing the climatological wavel
pattern in the troposphere. Regarding wavenumber 2
(abbreviated as wave2; not shown), models simulate a
significant weakening of the climatological pattern from
December to February during both EP and CP events,
although the magnitude of the anomalies is half of that of
wavel. The wave2 weakening during EP events was al-
ready shown in other single-model studies (Taguchi and
Hartmann 2006; Li and Lau 2013).

In addition to the EP and CP geopotential height
anomalies in wavel amplitude shown in Figs. 3 (left and
center), Fig. 3 (right) shows the corresponding EP and
CP wavel geopotential height phase anomaly computed
from November to February and the 45°-75°N average.
The anomalies are computed as the phase difference
between the eddy El Nifio anomalies and the eddy
multimodel mean climatology. Results show that the EP
anomaly and the climatology are in phase from No-
vember to January from the midtroposphere to the up-
per stratosphere [as the phase difference is comprised
between 90° and —90°; see Smith and Kushner (2012) for
more details]. In contrast, for CP events, a clear in-phase
behavior only appears in February. These results cor-
roborate visual inspection of the behavior of the wave
amplitudes during El Nifio events with respect to the
climatology (Figs. 3, left and center).

Results from Fig. 3 suggest differences in the upward
propagation of wavel through changes in wave in-
terference between the EP and CP anomalies and the
climatological field. Linear interference between the
climatological and the anomalous El Nifio wavel can be
quantified by computing the linear term of the
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FIG. 4. Linear term [as in Eq. (1)] of the anomalous eddy me-
ridional heat flux [as in Eq. (1)] for EP El Nifio (red) and CP El
Nifio (green) from November to February at 100 hPa.

meridional eddy heat flux (i.e., EM 1), as described in
section 2, Eq. (1) (Smith et al. 2010; Fletcher and
Kushner 2011). Figure 4 shows this term at 100 hPa,
averaged from 45° to 75°N from November to February
for EP and CP events. (Similar results are found at
50hPa.) The analysis of all the terms in Eq. (1) is shown
in Table 3. It reveals that the interference term com-
puted here (i.e., EMj 1) dominates over the nonlinear
(i.e., EMyL) term in all the months for both EP and CP
El Nifio events. The EMj |y term is also larger than the
fluctuation term (i.e., FL) in the months in which the
values of the total anomalous eddy heat flux are
the largest (November and December in EP events and
February in CP events). Interestingly, the compensation
between the linear term and the fluctuation term in the
EP case in January and February supports the idea that
the coupling in early winter is primarily upward while
later in the winter there is more downward influence, as
we will show in section 5. In the CP case, the fluctuation
term is larger (in absolute value) than the EMp 1 term
from November to January, indicating that during most
of the winter the interensemble and transient variability
dominates over the signal from a forced response.
Figure 4 shows that, during EP events, the linear term
of the anomalous meridional eddy heat flux is always
positive, indicating constructive interference. It reaches
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TABLE 3. Total anomalous meridional wavenumber-1 eddy heat
flux values at 100 hPa and averaged over 45°-75°N and their de-
composition in different terms according to Smith et al. (2010) and
Fletcher and Kushner (2011) from November to February for EP
and CP El Nifo events.

Nov Dec Jan Feb

EP events

Total 0.24 0.69 0.31 0.13

EMy 1~ 0.26 0.70 1.15 0.66

EMnL 0.04 0.10 0.22 0.11

FL —0.06 -0.11 —-1.04 —0.64
CP events

Total 0.29 0.38 0.29 0.64

EM i~ -0.20 0.15 0.07 0.88

EMnL -0.01 0.04 0.03 0.13

FL 0.50 0.19 0.19 -0.37

the largest value in January, in agreement with Fig. 3.
During CP events, the wavel anomalous meridional
eddy heat flux is negative in November (indicating de-
structive interference) and almost negligible in De-
cember and January. Only in February are large values
of the anomalous meridional wavel eddy heat flux
simulated at 100 and 50hPa larger than those for EP
events, indicating constructive interference. These re-
sults corroborate those from visual inspection of Fig. 3
and highlight the differences between EP and CP events
in upward propagation through constructive interfer-
ence between the eddies and the climatology.

In summary, the CMIP5 models simulate distinct
seasonal evolutions of the upper-tropospheric responses
to EP and CP El Nifio events, with the CP events lagging
behind by about two months. During EP events, the
deepening of the Aleutian low extends toward northern
latitudes, and the intensification of the high in the northern
part of North America is stronger and occurs earlier in the
season compared to CP El Nifo. This tropospheric re-
sponse translates into a significant wavel intensification in
phase with the wavel climatology in midwinter from No-
vember to January. During CP events, the deepening of
the Aleutian low occurs later in the season, and the en-
hancement of the high over North America is weaker and
does not extend toward the Atlantic in early winter. As a
result, the in-phase intensification of wavel with the cli-
matology appears only in February.

5. Stratospheric response and downward
propagation of El Niiio signals at high latitudes:
Influence of stratospheric sudden warmings

Next, we will show how the differences in the timing of
the responses revealed in the previous section affect the
zonal-mean stratospheric EP and CP El Nifio signals.
Figures 5 and 6 show the latitude—altitude cross section
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of El Niflo composites of zonal-mean temperature and
zonal-mean zonal wind anomalies, respectively. In the
tropical troposphere, a significant zonal-mean warming
(Fig. 5) is simulated in response to the anomalies in SST,
larger in EP El Nifio than in CP El Nifio, and in

agreement with observations (e.g., Calvo Fernandez
et al. 2004; Free and Seidel 2009). These anomalies are
accompanied by an intensification of the subtropical jets
(Fig. 6), as reported in the literature (e.g., Seager et al.
2003; Lu et al. 2008; Calvo et al. 2010).
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In the NH polar region, a robust warming appears
during EP El Nifio in November in the upper stratosphere;
it intensifies in December and moves downward toward
the lower polar stratosphere from January to March. The
largest anomalies range from 2 to 3.5K throughout the
winter. Consistently, significant easterly wind anomalies

CALVO ET AL.

4361

CP EININO

Pressure (hPa)

30
Latitude

DEC

Pressure (hPa)

Latitude

Pressure (hPa)

Latitude
FEB

Pressure (hPa)

Pressure (hPa)

Latitude

Land

1

are simulated in November in the upper stratosphere at
middle and high latitudes, weakening the polar vortex from
December to March. Similar zonal-mean signals were
present in previous studies (e.g., Garcia-Herrera et al. 2006;
Manzini et al. 2006) and are in agreement with the wavel
intensification and constructive interference between
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wavel EP El Nifio anomalies and the climatology, as shown
in Figs. 3 and 4. In contrast, the CP El Nifio events do not
show a robust response in the polar region in either zonal-
mean temperature or zonal-mean zonal wind anomalies
from December to March. These results are consistent with
the weaker and delayed tropospheric PNA response found
in CP events (Fig. 2) and the lack of constructive in-
terference between the waves and climatology until Feb-
ruary (Figs. 3, 4). Note that, even though there are positive
wavel eddy heat flux values in this month during CP events
(indicative of constructive interference), there is not a sig-
nificant response in zonal-mean temperature or wind, but
there is a tendency toward less cooling and less strength-
ening of the polar stratosphere between February and
March. Overall, the CMIP5 patterns in temperature and
zonal wind are in remarkably good agreement with NCEP-
NCAR reanalyses results from Sung et al. (2014) and Iza
and Calvo (2015).

In addition to the polar stratospheric anomalies, Fig. 6
shows that, during EP events, significant easterly wind
anomalies descend toward the troposphere and reach
the surface mainly in February and March. During CP
events, the nonsignificant signals at the polar region do
not extend toward the troposphere. Differences in the
seasonal evolution of the downward propagation of the
polar signals between EP and CP El Nifio events can be
compactly illustrated by plotting the October—-March
zonal-mean zonal wind averaged between 45° and 75°N
as a function of altitude (Figs. 7a,b), following the di-
agnostic first used by Manzini et al. (2006). Other lat-
itudinal averages around 60°N show similar results.
Significant easterly zonal-mean zonal wind anomalies
(up to —6ms ') are simulated during EP events in the
upper polar stratosphere in December. They reach the
troposphere in January and extend to the surface from
February to April (negative anomalies up to —0.5ms ™!
at the surface). This is in agreement with the behavior
reported from observations and previous results from
atmospheric models driven with observed SSTs
(Cagnazzo and Manzini 2009; Ineson and Scaife 2009;
Bell et al. 2009). In contrast, such a development of a
stratospheric anomaly propagating downward into the
troposphere is not found for the CP events. In this case,
not significant westerly anomalies are simulated in the
stratosphere. Disconnected from the stratospheric be-
havior, weak significant easterly anomalies occur only in
the troposphere from January to March.

Several studies have reported contradictory results in
response to CP El Nifio events in observations (see, e.g.,
Garfinkel et al. 2013), which Iza and Calvo (2015) at-
tributed to the occurrence of SSWs. The role of SSWs in
the CMIP5 EI Nifio response is addressed here by con-
sidering EP and CP El Nifio winters with and without
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SSWs. Figures 7c and 7d show the EP and CP compos-
ites with SSWs, respectively, while Figs. 7e and 7f are for
the EP and CP composites without SSWs. Interestingly,
during EP El Nifio events, a weaker polar vortex is
simulated in the upper stratosphere in December re-
gardless of the occurrence of SSWs (Figs. 7c,e). How-
ever, this response propagates downward only during
EP El Nifio winters with SSWs, with the largest values
reaching the surface in February. In the absence of
SSWs in the EP El Nifio composite (Fig. 7¢), the upper-
stratospheric easterly wind anomaly in December does
not propagate into the troposphere. These differences
in the EP EIl Nifio signal highlight the role of SSWs
in propagating the signal toward the troposphere,
in agreement with previous single-model studies
(Cagnazzo and Manzini 2009; Ineson and Scaife 2009).

During CP El Nifio winters with SSWs (Fig. 7d), a
significant easterly anomaly appears in the middle
stratosphere in February and March and in the tropo-
sphere from January to March. In the absence of
SSWs, a significant strengthening of the stratospheric
polar vortex is found in February and March, in agree-
ment with reanalysis results from Iza and Calvo (2015).

The different behavior during winters with and with-
out SSWs shown in Figs. 7c—f might arise because the
anomalies are computed with respect to a mean clima-
tology that includes all years of each model simulation,
generally colder than the mean of winters with SSWs
and warmer than the mean of winters without SSWs.
Thus, to test the sensitivity of the EP and CP responses
with and without SSWs to the mean state, Fig. 8 shows
the downward propagation of EP and CP El Nifio zonal-
mean zonal wind anomalies computed as explained
next. For each El Nifo event, the anomalies are com-
puted with respect to their own model climatology of
years with and without SSWs; then El Nifio anomalies
are composited. During EP El Nifio events (Figs. 8a,c),
easterly anomalies are simulated in early winter (from
November to January) in the stratosphere, and they
propagate downward regardless of the occurrence of
SSWs. However, the tropospheric signal is stronger and
robust in EP winters with SSWs. In the middle strato-
sphere, statistical significance is generally lost in the EP
El Nifio case with SSWs, probably because of the large
polar stratospheric variability in the climatology of
winters with SSWs. During CP El Nifio events, the wind
anomalies are instead not consistent in the composites
with and without SSWs, as their sign depends on the
specific case considered (Figs. 8b,d).

These results indicate that the EP stratospheric El
Niflo response (an anomalous weaker polar vortex and
warmer polar stratosphere) is robust in early winter re-
gardless of the occurrence of SSWs, although SSWs
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contours denote positive (negative) anomalies. Stippling indicates significance at the 95% confidence level.

seem to favor the downward propagation of the signal
toward the surface in late winter. In addition, Table 2
shows that there is likely a preference for SSWs to occur
during EP El Nifio events (32 winters with SSWs out of
48 total EP El Nifio winters vs 20 winters with SSWs out
of 43 total CP El Nifio winters). The frequency of oc-
currence of SSWs during EP El Nifio winters is indeed
67 %, statistically different from the SSW climatological
frequency (52% for the entire 594 yr considered) at the
95% confidence level. On the other hand, the frequency
of occurrence of SSWs during CP El Nifio winters is
46%, which is not statistically different from climato-
logical values at the 95% confidence level. In both cases,

the significance was tested with a Monte Carlo test of
1000 trials. The number of SSWs in EP or CP El Nifio
winters was tested against random groups of 48 and 43
winters, respectively, extracted from the entire pool of
all winters from all the models. The statistically signifi-
cant larger frequency of SSWs during EP El Nifio is in
agreement with previous modeling studies (e.g., Taguchi
and Hartmann 2006; Cagnazzo and Manzini 2009) and
indicates that both EP El Nifio and SSWs are non-
linearly related. Note that the higher frequency of SSWs
for EP El Nifo leads to an ensemble of EP El Nifio
winters without SSW, which is indeed half the size of
that with SSWs (16 cases; see Table 3). Thus, composites



4364

a) EP EI NINO (SSW clim SSW)

10¢

Pressure (hPa)

100

1000E___ ., ° e
O N D J F M A M

100 F

Pressure (hPa)

1000, o,
O N D J F M A M

JOURNAL OF CLIMATE

VOLUME 30

b) CP EI NINO (SSW clim SSW)

1T 7T
| \/‘é
\ *Q-
I
& 10f
<
(0]
5
2 ‘
£ 100f
L/
L
1000E___,
O N D J F M A M
d) CP EI NINO (noSSW clim noSSW)
1 |\ T T \T] T \Lnz
9 \
s il ]
o o
<
©
3
g
£ 100 E
1000k

o N D J F M A M

FIG. 8. (a),(b) As in Figs. 7c and 7d, but for EP and CP El Nifio winters with SSWs, with anomalies computed
with respect to the multimodel mean climatology of winters with SSWs (a total of 307 winters). (c),(d) As in
Figs. 7e and 7f, but for EP and CP El Nifio winters without SSWs, with anomalies computed with respect to the
multimodel mean climatology of winters without SSWs (a total of 287 winters). See more details in the text for the
calculation of the anomalies. Contour intervals are 0.5ms ' up to 2ms™ ' and 1 ms™! for larger values. Solid
(dashed) contours denote positive (negative) anomalies. Stippling indicates significance at the 95%

confidence level.

from this latter subset need to be considered with more
caution, as they might be less robust than those for EP El
Nifio winters with SSWs. The insignificant change in the
frequency of occurrence of SSWs during CP winters
could be the reason for the lack of robustness (e.g., in-
consistency in sign and pattern) in the stratospheric re-
sponse to CP El Nifio.

We have shown zonal-mean differences throughout
the winter season in the polar stratosphere and
downward propagation in relation to the occurrence
of SSWs. We have recalculated the phase difference
between the anomalous El Nifio wavel and the cli-
matological wavel (as in Fig. 3, right) and the wavel
eddy heat flux anomalies (as in Fig. 4) for EP and
CP EIl Niiio winters with and without SSWs (not
shown). Within the troposphere and in early winter
(November-December, the period with upward dy-
namical coupling from the troposphere to the strato-
sphere), the EP El Nifo phase anomalies stay close to
zero, indicating an in-phase relationship (as in Fig. 3,
right) regardless of the occurrence of SSWs. In the

case of CP EIl Nifio events, there is less consistent in-
phase behavior in the troposphere. In early winter, CP
El Nifio phase anomalies are close to zero only in De-
cember for winters with SSWs. The wavel eddy heat flux
anomalies are consistent with Fig. 7, showing larger
values in winters with SSWs, for both EP and CP El
Nifio events.

6. Role of the stratosphere on the tropospheric El
Nifio teleconnections in the North Atlantic-
European region

Growing evidence shows the impact that downward-
propagating anomalies from the polar stratosphere into
the troposphere have on tropospheric climate in the
North Atlantic-European region during El Nifio events
(e.g., Cagnazzo and Manzini 2009; Ineson and Scaife
2009; Butler et al. 2014). The differences between EP
and CP events shown previously are therefore expected
to lead to differences in surface signals. This is explored
in Figs. 9a and 9b, which show the CMIP5 sea level
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pressure anomalies composited for EP and CP El Nifio
events in February and March, when the largest tropo-
spheric responses are simulated. During EP El Nifio
events, the sea level pressure (SLP) pattern displays a
clear and robust negative AO structure, with positive
anomalies over the polar cap and negative anomalies in
the middle latitudes centered in the Pacific and Atlantic
Oceans. Although the negative anomalies over the
North Pacific appear throughout the winter (from No-
vember to March, not shown), the strong robust positive
anomaly over the polar cap and the negative anomaly

over the Atlantic and Europe are only simulated in
February and March. This is in excellent agreement with
results from single-model studies that used observed
SSTs as boundary conditions with many ensemble
members, from mechanistic simulations, and from ob-
servations (Ineson and Scaife 2009; Cagnazzo and
Manzini 2009; Bell et al. 2009; Butler et al. 2014). During
CP El Nifio events, a robust negative sea level pressure
anomaly is simulated in the North Pacific. However, the
response over the polar cap and the NAE region (giving
the annular pattern) is not developed during any month
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(not shown). The absence of a substantial response in
the NAE region for CP events is consistent with the
weak and not robust signal simulated in the stratosphere
by the CMIP5 models and the lack of downward prop-
agation reported in the previous section.

The patterns in sea level pressure are in agreement
with the signals in surface temperature (Figs. 9c,d).
Significant warmer temperatures are simulated over
Canada and colder temperatures over the United States
and Mexico in both EP and CP events. This response is
robust throughout the winter, consistent with the nega-
tive anomalies in SLP in the northern Pacific Ocean and
deepening of the Aleutian low. This suggests the re-
sponse does not come from the stratosphere but it is part
of the tropospheric PNA teleconnection, as also dis-
cussed by Butler et al. (2014). During EP events, sig-
nificant cold anomalies are simulated in February and
March in northern and central Europe and Siberia,
consistent with the negative phase of the AO driven by
the stratospheric EP El Nifio signal. This pattern is also
known to be associated with anomalous easterly zonal
winds at the surface and a reduction of the warm air
advection from the North Atlantic Ocean to northern
and central Europe (e.g., Cagnazzo and Manzini 2009).
During CP El Nifio events, no signal is simulated in this
region supporting the lack of any stratospheric influence
in this case.

In the previous section, we also assessed the influence
of SSWs in the downward propagation of the EP and CP
El Nifio signals. Next, we investigate the tropospheric
NAE teleconnections in sea level pressure and surface
temperature stratifying according to the occurrence of
SSWs (Figs. 10, 11). Results are very similar regardless
of the climatology used to compute the anomalies. A
negative AO phase is simulated in both EP and CP El
Nifio winters with SSWs in the February-March aver-
age, although the response over the pole and the At-
lantic Ocean and Europe is stronger, more robust, and
significant over larger areas in EP events. Consequently,
the surface temperature response is quite different over
northern Europe in EP and CP events (Figs. 11a,b).
While it shows a strong significant cooling in response to
EP El Nifio winters with SSWs, the signal in sea level
pressure in the case of CP El Nifio does not seem to be
strong enough to drive large significant temperature
anomalies via anomalous surface winds.

In the absence of SSWs, the SLP response to EP El
Nifio events resembles that during EP El Nifio winters
with SSWs, although the anomalies over the pole are
very weak and hardly significant. This is in agreement
with the weaker and not significant zonal-mean zonal
wind anomalies in Figs. 7e and 8c and the lack of sig-
nificant signal over Europe in surface temperature
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(Fig. 11c). These differences between EP El Nifio win-
ters with and without SSWs reflect the role of SSWs in
driving the tropospheric EP El Nifio signal. This, to-
gether with the significantly enhanced occurrence of
SSWs during EP El Nifio winters shown in the previous
section, indicates that the surface response to SSWs and
EP El Nifio events are difficult to address separately.
Finally, during CP EI Nifio events without SSWs, only
the significant negative anomaly over the North Pacific
(Fig. 9d), reminiscent of the enhancement of the Aleu-
tian low, and the corresponding anomalous warming
over western Canada and Alaska (Fig. 11d) are
simulated.

7. Summary and discussion

The seasonal evolution of the NH stratospheric sig-
nals in response to two different flavors of El Nifio—the
eastern Pacific El Nifio and the central Pacific El Nifio—
have been explored for the first time in an ensemble of
simulations from atmosphere—ocean coupled models
with a well-resolved stratosphere (the high-top CMIP5
historical simulations). The 11 CMIP5 models used here
allowed for large composites, 48 EP events and 43 CP
events, to address some of the uncertainties in the ob-
servational record commonly related to the small num-
ber of events considered (see, e.g., Garfinkel et al. 2013).
The role of the stratosphere in driving tropospheric El
Nifio teleconnections in the NAE region in late winter
and early spring has also been investigated.

The CMIPS5 models reproduce the well-known be-
havior of EP El Nifio in the NH (e.g., Garcia-Herrera
et al. 2006; Garfinkel and Hartmann 2008; Cagnazzo and
Manzini 2009; Free and Seidel 2009; Ineson and Scaife
2009). The EP El Nifio signal in the troposphere prop-
agates from the tropics to the extratropics in the form of
Rossby waves intensifying the positive phase of the
PNA pattern. A robust deepening of the Aleutian low
and an enhancement of the high over eastern Canada
are simulated from November to February. This tropo-
spheric pattern intensifies the climatological wavel,
which propagates upward into the stratosphere through
constructive interference and weakens the climatologi-
cal wave?2 pattern. Upward-propagating waves dissipate,
decelerate the polar vortex, and warm the polar strato-
sphere. Then the anomalous zonal-mean wind anoma-
lies propagate downward from the upper stratosphere
into the troposphere and surface in February—March,
having a simultaneous robust negative AO imprint in
sea level pressure and surface temperature.

During CP El Nifio winters, the CMIP5 models
simulate a positive PN A pattern that is generally weaker
and maximizes later in the winter compared to EP
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El Niflo. Intensification of the climatological wavel
through constructive interference in the lower strato-
sphere only occurs in February during CP El Nifio
events and so lacks the early winter upward wave
propagation that occurs in response to EP events. This
might be because the stratospheric pathway and its
downward impact on the troposphere require a delay of
about one to two months (Newman et al. 2001). As a
result, the CMIP5 response to CP El Nifo in the polar
stratosphere is weak and not significant. This is

significantly different from EP events at the 95% con-
fidence level from December to February. Also differ-
ent from EP El Nifio, the CP El Nifio stratospheric
response in CMIP5 models does not propagate down-
ward into the troposphere and so does not affect surface
climate in the NAE region.

Our results from CMIP5 models confirm previous
suggestions from reanalysis (Sung et al. 2014) in that dif-
ferences between EP and CP EI Nifio signals in the polar
stratosphere are due to differences in the timing of the
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a) EP EI NINO (SSW) b) CP EI NINO (SSW)
c) EP EI NINO (noSSW)
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FIG. 11. As in Fig. 10, but for surface temperature anomalies.

intensification of the PNA tropospheric teleconnection
with respect to the seasonal cycle. Previous studies
showed that these differences are associated with the
different location of tropical convection anomalies be-
tween EP and CP events (e.g., Hurwitz et al. 2011a;
Zubiaurre and Calvo 2012) and the extratropical back-
ground state (Branstator 2002; Frederiksen and
Branstator 2005). In particular, CMIP5 models show an
enhancement of the Aleutian low at higher latitudes in EP
than in CP events in early winter, which supports earlier
results by Garfinkel et al. (2013). Their idealized model
simulations revealed that the northward displacement of
the Aleutian low toward the Bering Strait enhanced

upward wave propagation into the stratosphere. In addi-
tion, we have shown that not only the deepening of the
Aleutian low but also the intensification of the high over
eastern Canada and its eastward extension (which has not
received so much attention in the literature) are key for
enhancing planetary wavel and explain the differences
between EP and CP stratospheric signals.

In the stratosphere, CMIP5 high-top models corrob-
orate the previously reported response to EP El Nifio in
reanalysis data and atmosphere-only models: that is, a
warmer polar stratosphere and weaker polar vortex.
CMIPS results also shed light on the contradictory re-
sponses to CP EIl Nifio events. The negligible signal
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during CP events on polar stratospheric temperatures
and zonal-mean zonal winds is in agreement with re-
analysis results from Garfinkel et al. (2013) and Iza and
Calvo (2015). Even though the idealized single-model
results of Garfinkel et al. (2013) indicated that large
composites are needed to get a significant response to
CP EI Nifio, the present CMIP5 results reveal a lack of
response even when large composites are used. Our in-
terpretation is that the absence of response is mainly due
to the seasonally late establishment of El Nifio tele-
connection in the Pacific and because the frequency of
occurrence of SSWs is not enhanced during CP events.
Our study also confirms the role of the polar strato-
sphere in driving tropospheric changes in the polar and
NAE region during EP El Nifio events in the form of a
negative AO pattern. A weaker polar vortex appears in
early winter in the polar upper stratosphere during EP
El Nifio regardless of the SSWs occurrence. However,
only during EP winters with SSWs, the wind response
reaches the surface, generating a stronger and significant
negative AO pattern in the NH, in agreement with ob-
servations and previous modeling results that used
atmospheric models run with observed SSTs. The sig-
nificant enhanced frequency of SSWs during EP El Nifio
winters implies a nonlinear relationship between EP EL
Niflo and SSWs, with SSWs favored during EP El Nifo.
To separate the surface climate effects of the EP EL
Nifio and SSWs is, in turn, complicated and possibly
somewhat ill posed (Polvani et al. 2016). In contrast,
CMIPS results show that the CP El Nifio signal plays a
negligible role in driving both the stratospheric pathway
and, consequently, its tropospheric teleconnections in
the NAE region. In fact, during CP events, the strato-
spheric response is the opposite in winters with and
without SSWs, in agreement with reanalysis results (Iza
and Calvo 2015). Only during CP El Nifio winters with
SSWs do the CMIPS5 models simulate a negative AO
pattern at the surface, although the coupling to the
surface is weaker than during EP El Nifio winters, par-
ticularly over Europe. This seems to be more related to
the occurrence of SSWs than to the effect of CP events,
as revealed by the frequency of occurrence of SSWs,
which is not statistically different from the climatology
in this case (at the 95% confidence level). This indicates
that CP El Nifio does not favor a perturbed stratosphere,
whose most extreme manifestations are SSWs.
Therefore, the above analysis of the EP and CP El
Nifio events supports the relevance of correctly model-
ing the stratospheric responses to potentially improve
climate predictability over Europe (Sigmond et al. 2013;
Domeisen et al. 2015). However, according to our re-
sults from CMIP5 high-top models, only EP El Nifio
events show a nontrivial connection to SSWs and
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consequently have the potential to enhance climate
predictability in the NAE region via the stratospheric
pathway.

Finally, we want to stress the importance of studying
the seasonal evolution of EP and CP El Nifio anomalies
to understand similarities and differences between them
and their remote impacts. Even though Hurwitz et al.
(2014) did not find significant differences between the
EP and CP seasonal-mean polar stratospheric response
at 50hPa in the high-top CMIP5 models, significant
differences appear in the seasonal evolution of the
monthly means throughout the stratosphere. Note that
Hurwitz et al. (2014) did not find a significant correlation
in CP events between their Walker cell or North Pole
low minimum indices and the North Pole vortex weak-
ening index, which is consistent with the not significant
responses found here in the monthly mean behavior. In
line with this, other interesting topics not addressed here
are the seasonal evolution of La Nifia stratospheric re-
sponse in the CMIP5 models, its connection with SSWs
(as observations and models seem to disagree in their
frequencies), and the potential effects on NH tropo-
spheric climate, as well as the quasi-biennial oscillation
(QBO) modulation of the extratropical stratospheric
signals of different flavors of ENSO. The enhanced
frequency of SSWs during EP El Nifio reported here and
how exactly the EP El Nifio-SSW link is established also
deserves further investigation. Finally, the impact of El
Niiio flavors in the SH also needs to be clarified, as it has
been proven to be significant during CP El Nifio events
in single-model studies and observations (Hurwitz et al.
2011a; Zubiaurre and Calvo 2012) but not in the sea-
sonal means in CMIP5 models (Hurwitz et al. 2014).
These topics will be hopefully explored in future studies.
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