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1 | INTRODUCTION

Weather and climate variability in extra-tropical regions
are influenced by tropical forcing. The main mode of tropi-
cal variability at the interannual timescale is the El Nifio-
Southern Oscillation (ENSO). Ocean warming associated
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Abstract

The El Nino-Southern Oscillation (ENSO) has experienced changes in its prop-
erties since the 1990s, particularly increased occurrence of Central Pacific El
Nifio events. These events have influenced atmospheric circulation in the mid
to high-latitudes of both hemispheres through atmospheric teleconnection.
Here it is shown that, in the Northern Hemisphere, the planetary circulation
response to the Eastern Pacific (EP) event in boreal winter is associated with
Rossby waves propagating poleward and is mostly confined to the Pacific
region, while the Central Pacific (CP) event induces a negative phase of Arctic
Oscillation (AO)-like circulation pattern at planetary scale. In the Southern
Hemisphere (SH), the difference between the circulation patterns associated
with the two types of El Nifio in austral summer is rather small and the
response of the tropospheric circulation consists of an Antarctic Oscillation
(AAO)-like negative phase pattern. In the SH, the circulation response to CP
Nifio lasts longer than that to EP Nifio. In particular, during EP Nifio the com-
posite circulation anomalies reverse sign from austral summer to winter,
which is not the case during CP event. This adds an interhemispheric asymme-
try dimension to the ENSO atmospheric teleconnection in the high-latitudes in
relation to ENSO diversity. These changes in the circulation are associated
with surface air-temperature anomalies that have the potential to exacerbate
observed long-term trends. A subgroup of CMIP5 models that realistically sim-
ulate both ENSO nonlinearity (diversity) and the AO and AAO-like patterns
are analysed, showing that in the warmer climate, the circulation response in
the high-latitudes to both types of events is amplified in both hemispheres.
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with El Nifio results in the release of large amounts of heat
and moisture into the tropical free atmosphere that are
then transferred to the mid-to-high latitudes via atmo-
spheric teleconnections.

Theoretical and observational studies point to two
main mechanisms for ENSO teleconnection in the
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mid-to-high latitudes: a wave-train mechanism and an
eddy-jet stream mechanism 2017. The former is an atmo-
spheric response to steady thermal forcing near the
equator in the form of Rossby wave trains emanating
poleward from the tropics and arching eastwards
(e.g., Hoskins and Karoly, 1981; Horel and Wallace, 1981;
Trenberth et al., 1998). The eddy-jet stream mecha-
nism reflects the changes in the strengths and loca-
tions of subtropical and polar jet streams resulting from
ENSO impacts (Seager et al., 2003; L'Heureux and
Thompson, 2006; Lu et al., 2008).

The Rossby wave train induced by abnormal heating
in the tropical Pacific results in the dominant tele-
connection pattern in the Northern Hemisphere (NH)
known as the Pacific-North American Pattern (PNA). It
manifests in quasi-stationary high and low pressure
anomaly patterns, that is, strengthened Hawaii and
Canadian highs, Aleutian low and Mexican depression
(Leathers et al., 1991). The PNA is more pronounced in
boreal winter when the tropical central/eastern Pacific
(EP) heating associated with El Nifio reaches its maxi-
mum and when westerly jet stream is shifted southward.
In boreal summer the westerly jet stream weakens and
shifts northward that reduce the forcing from equatorial
heating, but the heating associated to the summer Asian
monsoon can trigger the upper-level Asia-North America
teleconnection pattern (Zhu and Li, 2016, 2018). Another
NH teleconnection pattern is the North Pacific Oscilla-
tion (NPO), which has been related to Central Pacific El
Nifio (Di Lorenzo et al., 2010; Stuecker, 2018). The oppo-
site anomalies of sea surface temperature (SST) in the
eastern and central equatorial Pacific (cooling) may also
generate the long barotropic Rossby wave, that force the
large-scale pressure anomalies in the mid-latitude tropo-
sphere (Zhu et al., 2020). ENSO is not the unique source
of Rossby wave train emanating from the tropics to the
mid-to-high latitudes. For instance, Yan et al. (2021)
show that wildfire aerosols emitted over tropical Africa
can yield comparable wave train.

Both observational and model studies show evidence
of the relationship between ENSO and main climate vari-
ability modes of NH extratropical circulation, that is, Arc-
tic Oscillation (AO) and the North-Atlantic Oscillation
(NAO). The energy from the tropics to the extratropical
North Atlantic was shown to be transported through the
tropical Atlantic SST (Rajagopalan et al., 1998; Robertson
et al., 2000; Saravanan and Chang, 2000; Jia et al., 2009).
However, the relationship between ENSO and AO is still
debated. It is supposed that the strong ENSO/AO rela-
tionships are associated with the weak circumpolar vor-
tex when the AO phases change with rather clear
periodicity. The strong circumpolar vortex is mostly asso-
ciated with the positive phase of AO and the linear

relation between AO and ENSO are not present (Kryjov
and Park, 2007). The latter agrees with the modelling
study of Zhu and Wang (2016) showing that the correla-
tion is low when AO and ENSO related signals are con-
fined to high and low latitudes, respectively.

Several studies also examined the circulation
response to ENSO in the Southern Hemisphere (SH;
Rayner et al., 2003; Carvalho et al., 2005; L'Heureux
and Thompson, 2006; Ciasto and Thompson, 2008; Pohl
et al., 2010; Brands, 2017). ENSO accounts for ~25% of the
Antarctic Oscillation (AAO) variability in austral summer
during the peak of El Nifio, and less during austral winter
(L'Heureux and Thompson, 2006; Fogt and Bromwich,
2006). The positive (negative) ENSO phase is associated
with the negative (positive) phase of AAO (van Loon and
Madden, 1981; Karoly, 1989). However, the seasonality
and impacts depend on the origin of the tropical Rossby
wave train (Ding et al., 2012, 2016; Li et al., 2015).

While NH and SH teleconnections have been widely
documented, the interhemispheric variability in ENSO
response has been less studied. Carvalho et al. (2005)
highlighted that, compared to the NH, the tropospheric
response to the tropical forcing in the extra-tropics of the
SH is characterized by deep and zonally symmetric or
annular structures that represent exchanges of mass
between the mid- and high-latitudes. While L'Heureux
and Thompson (2006) evidence the interhemispheric
asymmetry of the ENSO teleconnection consisting of dif-
ferent seasonality and location of zonal circulation anom-
alies, Ayarzagiiena et al. (2018) note the seasonal
dependence of the ENSO response in the Atlantic region
where the interhemispheric symmetry is characteristic of
early boreal winter and obvious asymmetry observed in
the late winter.

The studies mentioned above provided a theoretical
and observational framework for interpreting the ENSO-
associated atmospheric teleconnection to the mid-to-high
latitudes. However, they do not consider that large inter-
event variability exists in terms of the ENSO tele-
connection pattern (Zheleznova and Gushchina, 2015,
Zheleznova and Gushchina, 2016; Yeh et al., 2018;
Taschetto et al., 2020), even during extreme El Nifio
events (Dewitte and Takahashi, 2019). The details of the
seasonal evolution of El Nifio and where SST anomalies
develop along the equator are fundamental for inferring
atmospheric pathways and impacts (Frauen et al., 2014;
Sanabria et al., 2018; Sulca et al., 2017; Cai et al., 2020).

This aspect of ENSO has been referred to in recent lit-
erature as ENSO diversity (Capotondi et al., 2015). Two
main types of El Nifio events are part of this ENSO diver-
sity: the Central Pacific (CP) and the EP El Nifio (Ashok
et al., 2007; Kao and Yu, 2009; Kug et al., 2009). ENSO
diversity can be also viewed in terms of the intensity of
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the events (i.e., moderate vs. extreme/strong) with
‘strong’ El Nifio events being the EP type (e.g., 1982/83,
1997/98), whereas CP El Nifios are ‘moderate’ events
(Takahashi and Dewitte, 2016). However, because during
CP El Nifio events the SST maximum is located near or
within the warm pool where the well-developed deep
convection takes place, the heat and moisture release to
the atmosphere during a CP El Nifio is such that the tele-
connection pattern can be as marked as during strong EP
El Nifio events.

The difference of the atmospheric response to the two
types of El Nifio has been addressed in several studies.
The pioneer study by Leathers et al. (1991) showed that
the atmospheric response in the form of positive phase of
PNA is the most prominent characteristic of EP El Nifio
events while El Nifio events like the CP El Nifio events
were shown to be associated with the negative phase of
North Atlantic Oscillation (NAO). The strong zonal sub-
tropical jet tends to trap poleward propagating waves that
then follow the subtropical waveguide (Ambrizzi and
Hoskins, 1997; Branstator, 2002). During CP El Nifio
events, this subtropical bridge has been suggested to
drive a zonally extended wave train from the Pacific to the
Atlantic that is associated with a negative phase of
the NAO (Graf and Zanchettin, 2012) and enhanced cyclo-
genesis in the Gulf Stream region (Schemm et al., 2018).
The related increased (Li and Lau, 2012) or more zonal
(Drouard et al., 2013) transient eddy propagation from
the North Pacific to the North Atlantic has also been
suggested to force a negative NAO phase (Jimenez-Esteve
and Domeisen, 2018). The link between the western tropi-
cal Pacific forcing and the AO manifests in a positive
anomaly of rainfall (Li et al., 2006) and enhanced outgoing
longwave radiation (OLR) (Zhou and Miller, 2005) associ-
ated with the low and high AO index, respectively.

In the SH, the response to the two types of El Nifio
exhibits a seasonal dependence: the EP El Nifio favours
the AAO-like negative phase circulation pattern in aus-
tral summer, while the CP EI Nifio promotes the negative
phase of the AAO during the austral late autumn-winter
(Lim et al., 2013). The mechanisms of these tele-
connection patterns are also distinct. In particular, the
subtropical westerlies shift poleward during CP El Nifio
events, opposite to those during EP El Nifio events, so
that the westerly anomalies on the poleward flank of the
subtropical jet act as a secondary source of baroclinic
eddies in addition to the higher-latitude westerlies.

As a result, a source of the variability in the ENSO
teleconnection arises from the modulation of ENSO itself
manifested as the low-frequency change in the occur-
rence of CP and EP El Nifno events observed over the
last five decades (Lee and McPhaden, 2010; Takahashi
et al., 2011). In particular, the ENSO teleconnection has

of Climatology

been shown to have changed since the 1990s when CP El
Nifio events became more frequent (Yeh et al., 2018).
Since the current generation of coupled models have
some difficulties in simulating both ENSO diversity and
mean state changes, and because the ENSO tele-
connection is by essence non-linear (Frauen et al., 2014),
there is still a low confidence in projected changes in the
ENSO teleconnection in a warmer climate (Yeh
et al., 2018; Taschetto et al., 2020). Still, the models that
tend to realistically simulate ENSO diversity project a sig-
nificant increase in variance of EP El Nifio events (Cai
et al., 2018; Carréric et al., 2020) and, amongst these
models, there is also a consensus on the pattern of the
mean SST change (i.e., reduction of the zonal SST gradi-
ent across the equatorial Pacific caused by greater SST
increase in the east than in the central and west Pacific)
(Karamperidou et al., 2017). Therefore the extent to
which the models participating in the Coupled Model
Intercomparison Project (CMIP) can provide material for
better understanding the evolution of the ENSO tele-
connection patterns in warmer climates still need to be
evaluated. In particular, since the high-latitude systems
are experiencing the largest warming trend on the planet
(Larsen et al., 2014), it is important to better understand
how tropical interannual variability could exacerbate or
mitigate those through the ENSO teleconnection (Grassi
et al., 2005).

Here we investigated the response of planetary scale
atmosphere circulation to ENSO forcing in both hemi-
spheres over the period 1950-2017 while taking into
account the changes in ENSO properties over the last six
decades. We also address the climate change issue based
on a selection of ‘realistic’ CMIP5 climate models.

The article is organized as follows: first, the data and
the methods are presented (Section 2). The Section 3
describes the response of planetary scale circulation to
ENSO in the Northern and Southern Hemispheres based
on the Reanalysis data, while the possible changes of the
ENSO teleconnection in future climate are discussed in
Section 4. Section 5 is a discussion followed by conclud-
ing remarks.

2 | DATA AND METHODS

2.1 | Data

The monthly geopotential at 1,000, 700 and 500 hPa
(H1000, H700 and H500) and near surface air tempera-
ture were obtained from the NCEP/NCAR reanalysis
(Kalnay et al., 1996) for the period from 1950-2017. The
Hadley Centre Global Sea Ice and Sea Surface Tempera-
ture (HadISST) archive was used to derive monthly SST
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anomalies (Rayner et al., 2003). As El Nifio peaks during
the boreal winter when the Artic Oscillation also has max-
imum amplitude, the data for December, January and
February were examined for the NH. AAO has maximum
amplitude in austral winter, therefore the teleconnection
during June, July and August were analysed as well in the
SH. The anomalies were calculated by removing seasonal
cycles averaged over 1950-2017. All data were detrended
before applying the lag-regression analysis.

To evaluate the dependence of the results on the data
sets, the ERA-Interim reanalysis was also used (Dee
et al., 2011). It was shown (Figure S1) that the results
obtained from NCEP/NCAR and ERA-Interim reanalyses
are comparable for the overlapping period (1979-2015).
The remainder of the article focuses on results derived
from the NCEP/NCAR Reanalysis.

2.2 | Methods

The two ENSO indices introduced by Takahashi
et al. (2011) were used. They account for the variability
associated with the EP El Nifio and the CP El Nifio events
(here after E and C indices) and are defined based on the
first two EOF modes of SST data over the tropical Pacific
(11°S-11°N; 120°E-80°W). They consist of the linear com-
bination (through rotation) of the principal components of
the first two EOFs—PC1 and PC2. Whereas the E index
accounts for the extreme El Nifio events that are of the EP
type, the C index captures the variability associated with
the CP El Nifio and La Nifia events. These indices are
independent by construction (i.e., their correlation is zero)
and can be conveniently used for regression analysis. To
determine the spatial pattern of SST anomalies associated
with each index, the bilinear regression of SST anomalies
over the tropical Pacific (20°S-20°N; 120°E-80°W) onto E
(E-pattern) and C (C-pattern) indices was used.

For composite analysis, the CP and EP years were
selected using the method proposed by Yeh et al. (2009).
If the Nifo3 index (SST anomaly [SSTA] averaged over
Nifio3 region [5°S-5°N; 150°-90°W]) is greater than
0.5°C and the Nifio4 index [SSTA averaged in Nifno4
region (5°S-5°N, 160°E-150°W)] for three consecutive
months or more from October to March, then the EP El
Nifio is occurring. If the Nifio4 index is greater than the
Nifio3 index and 0.5°C, then the CP El Nifo is identified.
Over 1950-2017, this leads identification of five CP events
(1968-1969, 1990-1991, 1994-1995, 2004-2005, 2009-
2010) and 7 EP events (1965-1966, 1972-1973, 1976-
1977, 1982-1983, 1991-1992, 1997-1998, 2015-2016).

The AO was defined as the first EOF mode of the
monthly 1,000 (500) hPa geopotential height anomalies
poleward of 20°N (Thompson and Wallace, 1998). The

AAO was defined as the first EOF mode of the monthly
700 (500) hPa geopotential height anomalies poleward of
20°S  (http://www.bom.gov.au/climate/enso/history/In-
2010-12/SAM-what.shtm).

We analysed 17 climate models from the Coupled
Model Intercomparison Project phase 5 (CMIP5) that
exhibited skill in simulating realistic ENSO properties
(Table 1). In particular, these models capture non-
linearity in ENSO properties that is a good metric of the
ability of the models to realistically simulate the two
types of El Nifio events (Cai et al., 2018). The data of
two experiments were used: ‘historical’ and Representa-
tive Concentration Pathway (RCP) 8.5 Data from the ‘his-
torical’ experiment covers the period from 1916 to 2005
and consists of simulations where the observed changes
in air composition (including CO,) was due to both
anthropogenic and volcanic impacts, and the radiative
forcing was associated with the release of short-lived nat-
ural and anthropogenic aerosols into the atmosphere.
Land use and its impact on greenhouse gas emission
were also considered (Taylor et al., 2012). The RCP8.5
scenario corresponds to a high greenhouse gas emissions
pathway. The greenhouse gas emissions and concentra-
tions in this scenario considerably increase over time,
leading to a radiative forcing of 8.5 W-m™2 at the end of
the 21st century. It covers the period from 2006 to 2095.

To diagnose the changes in ENSO statistics in the
future climate, we compare the E and C modes for
the two periods: 1916-2005 from historical experiment
and 2006-2095 from RCP8.5 experiment. The changes in
statistics are reflected in both the pattern and the tempo-
ral evolution of the modes. To take into account the
change of ENSO patterns between the present and future
climate, the E and C indices of the RCP8.5 simulations
were scaled by the projection of the associated spatial pat-
tern on its counterpart of the historical run as in Carréric
et al., 2020.

3 | ATMOSPHERE CIRCULATION
RESPONSE TO TWO TYPES OF EL
NINO IN THE MODERN CLIMATE
3.1 | Northern hemisphere

To examine the circulation patterns associated with the
two types of ENSO, the composites of geopotential anom-
alies at 1,000 hPa during EP and CP events and regres-
sion of H1000 against the E and C indices were plotted
(Figure 1). First, we focused on the synchronic regression
because the characteristic propagation time of the pole-
ward wave that responds to El Nino lasts for only a cou-
ple of weeks (Thompson et al., 2000; Kryjov and Gorelits,
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TABLE 1 CMIP5 climate models used in the current investigations

No Model Country Resolution

1 bbc-csm1-1-m Beijing Climate Center, China Meteorological Administration, China 2.8125° X 2.7906°

2 CCSM4 National Center for Atmospheric Research, USA 1.25° X 0.9375°

3 CESM1-BGC Community Earth System Model Contributors, USA 1.25° X 0.9375°

4 CESM1-CAM5 Community Earth System Model Contributors, USA 1.25° X 0.9375°

5 CMCC-CESM Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy 3.75° X 3.75°

6 CMCC-CM Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy 0.75° X 0.75°

7 CMCC-CMS Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy 3.75° X 3.7111°

8 CNRM-CM5 Centre National de Recherches Météorologiques/Centre Européen de Recherche 1.40625° X 1.40625°
et Formation Avancée en Calcul Scientifique, France

9 FIO-ESM The First Institute of Oceanography, SOA, China 2.8125° X 2.8125°

10 FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences, China 2.8125° X 1.6590°

11 GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory, USA 2.5° X 2.0°

12 GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory, USA 2.5° X 2.0°

13 GISS-E2-H NASA Goddard Institute for Space Studies, USA 2.5° X 2.0°

14 GISS-E2-R NASA Goddard Institute for Space Studies, USA 2.5° X 2.0°

15 IPSL-CM5B-LR Institute Pierre-Simon Laplace, France 3.75° X 1.875°

16 MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National 1.40625° X 1.40625°
Institute for Environmental Studies, and Japan Agency for Marine-Earth
Science and Technology, Japan

17 MRI-CGCM3 Meteorological Research Institute, Japan 1.125° X 1.125°

2015) while the resulting circulation anomaly persists
over the whole winter and more. The composite circula-
tion pattern of CP El Nifio events is characterized by pos-
itive anomalies over the Arctic basin with two maxima
located over the North Eurasia and North Atlantic/South
Greenland. Low surface pressure was observed over the
mid-latitudes with three maxima located in the
extratropical Pacific and Atlantic and over the South-
Eastern Asia (Figure 1a). The observed geopotential dis-
tribution is similar to the circulation pattern of a negative
phase of the AO (Figure le) with the spatial correlation
between them reaching .52. The difference in the atmo-
spheric circulation between the CP El Nifio associated
pattern and the AO consists mostly of the larger exten-
sion of positive geopotential anomalies towards the mid-
latitudes during the CP El Nifio events compared to the
maximum of AO pattern centred over the North Pole.
Moreover, the main negative minimum in the CP El
Nifio composite is located over the Pacific and over the
Atlantic in the AO pattern. The minimum is also shifted
eastward to the North America coast during CP events as
compared to AO. This difference is due to the fact that
despite the atmospheric teleconnections being driven by
the tropical convective forcing associated with CP El
Nifio, there exists some similarities in the spatial

structure of AO which is an intrinsic atmosphere circula-
tion in the mid-to-high latitudes.

The regression map of H1000 onto the C index
showed a structure similar to the negative phase of AO
(Figure 1c,e) with an even higher level of spatial correla-
tion (.68). Notably, the CP El Nifio composite was
slightly different from the regression pattern because
the regression analysis tends to emphasize the tele-
connection pattern associated with the season when the C
index peaks (i.e., December-January-February). On the
composite map, the positive geopotential anomalies
encompass the mid-latitudes with a maximum over
Europe and the Atlantic (Figure 1a), while on the regres-
sion map, they are more confined to the polar and subpo-
lar regions (Figure 1c). Despite these differences between
the composite and regression analyses, the overall corre-
spondence in the ENSO teleconnection patterns provides
some confidence in the significance of the differences
between circulation response to CP and EP El Nifio events.
Since the C index accounts for variability associated with
both CP El Nifio (positive values) and La Nifia (negative
values) events (Takahashi et al.,, 2011), we also checked
that the regression pattern associated with the positive C
index is comparable to when negative values are not dis-
criminated (not shown), which indicates that the AO-like
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FIGURE 1 Composite maps of geopotential height anomalies at 1,000 hPa level in boreal winter for Central Pacific (a) and Eastern

Pacific (b) El Nifio events. Regression of geopotential height anomalies at 1,000 hPa level in boreal winter on C index (c) and E index (d).
Dotted areas represent statistically significant values at a 90% confidence level. Negative phase of Arctic Oscillation at 1,000 hPa level (e).
Positive phase of PNA (f). Contour interval is 5 hPa in panels (a,b,f), 2.5 hPa in panels (c,d) and 0.005 hPa in panel (e). The outermost

latitude is 20°N [Colour figure can be viewed at wileyonlinelibrary.com]

response is characteristic of that of CP El Nifio events
(Figure 1c).

The EP composite and regression of H1000 onto
the E-index (Figure 1b,d) exhibits a wave structure
and is reminiscent of the PNA pattern (Figure 1f). In
particular, the long Rossby wave propagating from the
tropics manifests in an enhanced Hawaii high,

Aleutian low, Canadian high and Mexican depression
with maximum anomalies over the Pacific Ocean.
This result agrees with previous studies showing that
the abnormal heat release in the equatorial Pacific
associated with El Nifio induces the PNA-like wave
response in the atmosphere of the NH (Trenberth
et al., 1998). Over Eurasia, the circulation response to
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the EP El Nifio manifests in low pressure anomalies
centred over Siberia (Figure 1b,d).

As the Rossby waves have stronger amplitude in the
middle and upper troposphere, the regression of geo-
potential at 500 hPa onto the El Nifio indices was also
analysed (Figure 2). The regression patterns at H500 are
similar to those obtained for the low troposphere but
with more pronounced annular (wave) structure for the
CP (EP) events. During CP events, the mid-latitude low
pressure belt is broken over middle Eurasia (Figure 2a),
which is similarly observed in the AO pattern at the
500 hPa level (Figure 2b). The EP El Nifio-associated cir-
culation pattern represents the wave with zonal
wavenumber 3 with maximums over North-East Amer-
ica, Central Europe and Far East and minimums located
over the North Pacific, Atlantic and Ural region
(Figure 2c).

Circulation anomalies, such as the AO, NAO, PNA
and others, result in significant temperature anomalies
around the world. The AO negative phase is associated
with the weakening of westerlies and increased invasion
of Arctic air into the mid-latitudes resulting in cold win-
ters in Eurasia and North America (Thompson and
Wallace, 1998). The positive PNA phase induces positive
temperature anomalies over North-Western America and
negative anomalies over Greenland and EP (Leathers
et al, 1991). To identify the temperature anomalies
related to the circulation anomalies associated with the
two types of El Niflo, the regression of near surface tem-
perature onto the E and C indices was calculated. CP
events are associated with warmer conditions over the EP
and western coasts of North America (Figure 3a), while
colder conditions are observed over the central and North
Eurasia, central and western Pacific and eastern coasts of
North America. The maxima are centred over Alaska and

FIGURE 2
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Greenland and the minimum over the southeast USA,
the Siberian Arctic, Kamchatka and the CP. These anom-
alies are strongly consistent with the temperature
response associated with the negative phase of the
AO. During EP events, the negative temperature anoma-
lies are located over the Arctic and positive anomalies
over the central part of Eurasia and North America. This
pattern may result from enhanced mean western currents
that advect warm air on the continents and isolate cold
air in the Arctic region (Figure 3b). Notably, over a large
part of the NH, the values of the regression coefficient of
air temperature onto the C and E indices are generally
opposite, except over the Pacific, Alaska and Eastern
Siberia where the temperature response to both types of
El Nifio has the same sign (Figure 3).

Next, the 1- and 2-month lagged-regression between
ENSO indices and geopotential during the months of
December-March were analysed (Figure 4). Values for
the lag were selected assuming that the circulation over
the mid-to-high latitudes exhibits drastic change from
winter to spring that could camouflage the remote signal.
Note that the regression of January-February H1000 onto
December-January El Nifio indices does not significantly
differ from simultaneous regression but significant differ-
ences emerge when the March circulation is regressed
onto the winter indices (Figure 4d,h). In March, follow-
ing CP events, the negative pressure anomalies are con-
fined to the Polar region, while in the Pacific the Hawaii
maximum is intensified. In contrast, in March following
the EP El Nifio peak, the subtropical Pacific maximum
disappears and the main positive regression is located
over Asia. Arguably these changes of atmosphere circula-
tion lagged response are mostly due to the spring reorga-
nization of the circumpolar vortex and associated
changes of troposphere circulation in Polar region that

0.025
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0.015

0.005

0.0025

-0.0025

-0.005

-0.01

Regression of geopotential height anomalies at 500 hPa level in boreal winter on C index (a) and on E index (c). Dotted

areas represent statistically significant values at a 90% confidence level. Negative phase of Arctic Oscillation at 500 hPa level (b). Contour
interval is 2.5 hPa in panels (a,c) and 0.005 hPa in panel (b). The outermost latitude is 20°N [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 3
air temperature anomalies in boreal

Regression of surface

winter on C index (a) and E index (b).
Dotted areas represent statistically
significant values at the 90%
confidence level. Contour interval is
0.2°C. The outermost latitude is 20°N
[Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 4 Lagregression of geopotential height anomalies at 1,000 hPa level on C index (a-d): (a) December-January, (b) December—
February, (c) January-February, (d) January-March. The first month corresponds to the ENSO index and the second month to geopotential
anomalies. The same is shown here but for regression on E index (e-h). Contour interval is 2.5 hPa. The outermost latitude is 20°N [Colour

figure can be viewed at wileyonlinelibrary.com]

result in weaker sensitivity to the tropical forcing
(Baldwin, 2019).

3.2 | Southern hemisphere

The SH response to the two types of El Nifio was
analysed based on composite and regression analysis sim-
ilar to the NH analysis. The composites of geopotential at
700 hPa and AAO negative phase pattern are presented
(Figure 5) along with the regression of H700 onto ENSO
indices in austral summer and winter (Figure 6). The

regression for H500 was also calculated but, due to its
similarity with that of H700, it is not presented. For the
NH, we focused on the analysis of the circulation
response in boreal winter because El Nifio usually peaks
in November-January when the maximum of the AO
occurs. However, for the SH, since El Nifio usually starts
to develop in austral winter when the AAO tends to be at
its peak and El Nifio peaks during austral summer when
AAO amplitude is weaker, we carried out the analysis for
both seasons (austral winter and summer). The simulta-
neous regressions for austral winter and austral summer,
as well as the regression between December-January-
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February (DJF) ENSO indices and geopotential in June-
July-August (JJA), were calculated.

The composites presented in Figure 5 indicate that
the circulation pattern in austral summer during the EP
El Nifio event resembles that of the negative phase of
AAO (spatial correlation reaches .68; Figure 5b,f), consis-
tent with previous studies (Seager et al., 2003). The posi-
tive geopotential anomalies associated with the EP event

FIGURE 5
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are located over the Antarctica while the negative pres-
sure anomalies are located in the mid-latitudes. The
centre of maximum positive anomalies is shifted from
the continent towards the Pacific by ~20° as compared
to the AAO pattern. The CP El Nifio composite notably
differs from that of EP El Nifio. In particular, the DJF
composite displays positive anomalies in the subtropics
and low pressure in the subpolar and polar regions

25

20

180°

Composite maps of geopotential height anomalies at 700 hPa level in austral summer for Central Pacific (a) and Eastern

Pacific (b) El Nifio events. Composite maps of geopotential height anomalies at 700 hPa level in austral winter following Central Pacific
(c) and Eastern Pacific (d) El Nifio events. Composite map of geopotential height anomalies at 700 hPa level in austral summer for Central
Pacific El Nifio events except for El Nifio 1994-1995 (e). Negative phase of Antarctic Oscillation at 700 hPa level (f). Contour interval is
5 hPa in panels (a-€) and 0.005 hPa in panel (f). The outermost latitude is 20°S [Colour figure can be viewed at wileyonlinelibrary.com]
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180°

FIGURE 6 Regression of geopotential height anomalies at 700 hPa level on C index (a—c): (a) austral summer—austral summer,
(b) austral summer—following austral winter, (c) austral winter—austral winter. The first season corresponds to the ENSO index and the

second season to geopotential anomalies. The same is shown here but for regression on E index (d-f). Dotted areas represent statistically
significant values at a 90% confidence level. Contour interval is 2.5 hPa. The outermost latitude is 20°S [Colour figure can be viewed at

wileyonlinelibrary.com]

(Figure 5a), which is more similar to the positive AAO
phase. However, inspection of individual El Nifio
events indicates that the inversed distribution of geo-
potential anomalies is mostly due to the 1994-1995
austral summer that was associated with dramatic neg-
ative anomaly located over Antarctica. When this El
Nifio event is excluded from the composite analysis,
the composite map for CP El Nifio is more like the
negative AAQO distribution (Figure 5e,f). These huge
anomalies in H700 over Antarctica during the 1994-
1995 austral summer could be associated with the non-
linear interaction between the forced response to ENSO
and the internal unforced atmospheric variability of the
Southern Annular Mode promoted by air-sea-ice inter-
actions but it is beyond the scope of the present study
to investigate this issue.

The simultaneous regression of H700 onto the E
index in DJF is alike the composite and also displays a
pattern similar to that of the negative AAO (spatial corre-
lation of .44), although the maximum is not centred over
the pole but is shifted towards 65°S (Figure 6d). During
CP events, the location of positive regression coefficients

is shifted even more equatorward over the Pacific as com-
pared to during EP events, corresponding to a weakening
of the subpolar depressions over the Pacific (Figure 6a).

Therefore, by comparing the SH and NH DIJF circula-
tion response, we may conclude that the difference
between El Nifio types is less pronounced in the SH with
both types of events being associated with a prominent
annular structure similar to that of the AAO. However,
the symmetrical structure centred over the South Pole,
which is a typical structure of the AAO, is not observed
in both types of El Nino events and the maximum anom-
alies are shifted towards the Pacific Ocean.

The composite for austral winters following the EP El
Nifio peak is almost opposite to that of the summer
(Figure 5b,d) and is similar to the positive phase of AAO
with negative geopotential anomalies over the pole, indi-
cating intensified circumpolar vortex and positive anoma-
lies in the subtropics and the mid-latitudes. However, the
AAO is characterized by an annular symmetrical struc-
ture while the ENSO-teleconnection pattern has marked
longitudinal variability. The CP El Nifio composite in
austral winter is not the exact opposite to that in austral
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summer but both differs significantly (Figure 5c,e). In
JJA, the positive anomalies over the pole are weak and
limited in space, the negative anomalies are shifted from
the Southern Ocean toward Antarctica, and the strong
positive anomaly appears over the Bellingshausen Sea.
As a result, the austral winter CP composite is alike the
positive phase of AAO.

The simultaneous regression of geopotential onto
ENSO indices in JJA is similar to the regression in DJF
for the CP event and differs significantly for EP events. In
austral winters following a CP El Nifio peak, positive
regression coefficients of geopotential height at 700 hPa
onto C index are located over subpolar and mid-latitudes
over the Pacific and negative regression coefficients are
observed between 70°S and 40°S over the Indian and
Atlantic Oceans and to the north of 50°S over the Pacific
Ocean (Figure 6c). This structure is comparable to that of
the DJF regression map although the latter is character-
ized by values of regression coefficient almost half that of
the JJA. This points to a stronger SH circulation response
to ENSO observed in austral winter. The simultaneous
regression patterns in JJA following EP events are similar
to those of DJF over the Western Hemisphere and are
opposite over the Eastern Hemisphere (Figure 6f) with
positive (negative) anomalies dominating over the South-
ern Ocean in austral winter (summer).

Notably, the lagged response of the circulation to EP
El Nifio significantly differs from the instantaneous
response that is not seen during CP events (Figure 6).
The circulation anomalies associated with the CP El Nifio
are rather persistent; the regression patterns do not
change when simultaneous winter or summer regression
or lagged regression of the JJA geopotential onto the DJF
C index is considered (Figure 6a—c). This is likely due to
the longer persistence of SST anomalies during CP El
Nifio events compared to EP El Nifio events (Gushchina
and Dewitte, 2012). In particular, the EP El Nifio is char-
acterized by a fast transition from El Nifio to La Nifia
conditions, thus the austral winter circulation anomalies
in the mid-to-high latitudes are significantly different
from anomalies during austral summer. This results in
opposing signs of the lagged regression coefficients of the
JJA geopotential onto DJF index (as compare to syn-
chronic regression in austral summer). Noticeably, that
simultaneous regression during austral winter displays
the same pattern as in austral summer (Figure 6d,f)
because towards the austral winter both SST and circula-
tion anomalies change to the opposite of those found dur-
ing austral summer.

The SH temperature response in austral summer
manifests in warmer subtropics except for the Pacific
region and south-east of South America (Figure 7a,d).
Over Antarctica, the temperature response to CP El Nino

of Climatology

events is lacking except for the Western Antarctic. The
latter exhibits opposite anomalies associated with the dif-
ferent types of El Nifio: positive/negative during EP/CP
events. The dipole-like temperature structure is observed
over the oceans during both CP and EP El Nifio events
during austral summer (Figure 7a,d) and is characterized
by an opposite sign over the Pacific (positive anomalies
to the south and negative to the north) and Atlantic (pos-
itive anomalies to the north and negative to the south).
In the mid-latitudes of the SH there are no stationary
centres of atmosphere comparable to the Iceland and
Aleutian lows or the Siberian and Canadian anticyclones
in NH. Thus, the positive and negative geopotential
anomalies in the SH mid-latitudes are not associated with
the intensification or weakening of specific pressure cen-
tres but mostly due to the intensification or weakening of
cyclonic activity over the Southern Ocean. The intensifi-
cation (i.e., the negative anomalies) contributes to the
negative temperature anomalies due to a reduction in
solar radiation and weak cyclonic activity leads to
warmer conditions.

The temperature response in austral winter follow-
ing a CP peak is three times larger than in austral sum-
mer, while the spatial structure does not significantly
change (Figure 7b,c). The maximum positive anomalies
are located over the Pacific and Indian Ocean sectors,
while the Weddell Sea and Antarctic Peninsula are
characterized by colder conditions. These anomalies
may result from the north-westward shift of the anticy-
clone over Antarctica and associated southern currents
over the Weddell Sea and northern currents over the
Pacific. The changes in temperature response to EP El
Nifio from austral summer to winter (Figure 7e,f) are
similar to those observed in the geopotential height
anomalies at 700 hPa (Figure 6e,f). The lagged regres-
sion of austral winter temperature onto the austral
summer E index is opposite to the simultaneous regres-
sions in summer and winter over the Eastern Antarc-
tica and EP. However, over Western Antarctica and the
Indian and Atlantic Oceans, the lagged regression of
austral winter temperature onto the austral summer E
index has the same sign as its simultaneous regression
counterpart.

We may conclude that the response of the SH circula-
tion does not significantly differ between the two types of
El Nifio events. It is characterized by an almost symmet-
ric dipole annular structure with positive regression coef-
ficients located in the polar regions surrounded by a belt
of negative regression coefficients. In austral summer
(winter) it is associated with a weakening (intensifying)
circumpolar vortex. An exception is the lagged regression
pattern between austral winter circulation anomalies and
austral summer E index that is due to the rapid transition
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Regression of surface air temperature anomalies on C index (a—c): (a) austral summer—austral summer, (b) austral

summer—following austral winter, (c) austral winter—austral winter. The first season corresponds to the ENSO index and the second

season to temperature anomalies. The same is shown here but for regression on E index (d-f). Contour interval is 0.2°C. The outermost

latitude is 20°S [Colour figure can be viewed at wileyonlinelibrary.com]|

from El Nifio to La Nifia that characterizes the evolution
of strong EP El Nifio events (Santoso et al., 2017).

The SH response contrasts with the NH where the dif-
ference between CP and EP El Nifio events is significant
in terms of the ENSO teleconnection. This indicates that
ENSO diversity is a source of interhemispheric asymme-
try of the ENSO teleconnection.

4 | ENSOTELECONNECTIONS
UNDER FUTURE CLIMATE

41 | Selection of CMIP5 models

Evolution of the ENSO teleconnection in future climates
is uncertain with models exhibiting a weak intermodel
agreement from region to region (Yeh et al., 2018), but
there is more confidence in the evolution of ENSO as

projected by these same models (Cai et al., 2018). In par-
ticular, EP El Nifio events are projected to increase in

amplitude and frequencies due to both increase in strati-
fication and mean SST (Cai et al., 2018; Carréric
et al., 2020). Increased stratification is also favourable for
the increase in amplitude and frequencies of the CP El
Nifno events (Yeh et al., 2009). Because the ENSO tele-
connection is nonlinear, which is largely associated with
the diversity of El Nino (Frauen et al., 2014), subtle
changes in the E and C patterns and the mean SST can
therefore influence the ENSO teleconnections, explaining
the spread in the response of the ENSO teleconnection to
global warming in climate models.

Considering the weak intermodel agreement in terms
of the ENSO teleconnections (Yeh et al., 2018), we select
a subgroup of models that not only simulate realistic
ENSO diversity but also the AO/AAO mean structure
and the teleconnection patterns of geopotential at partic-
ular pressure levels associated with the two types of
El Nifio.

We analysed 17 CMIP5 models that were demon-
strated to have skill in simulating ENSO non-linearity
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that is a key feature for the model's realism in simulating
ENSO diversity (Cai et al., 2018). Amongst this subgroup,
we select the models that realistically simulate the
AO/AAO in the historical runs. The criteria for selecting
realistic models was such that models yielding spatial
correlation with Reanalysis larger than 80% (90%) for the
AO (AAO) were retained.

To evaluate the model's ability to simulate the tele-
connection patterns for the two types of El Nifo, the
comparison between models and Reanalysis was based
on spatial correlation (correlation larger than 50 and
40%, respectively, for the NH and SH) of the regression of
geopotential at 925 hPa in the NH (the data for 1,000 hPa
is not available for several models) and at 500 hPa in the
SH onto the E and C indices. The regression patterns
for 500 and 700 hPa are similar in SH but at 500 hPa
there are fewer data gaps because of topography. The
different threshold for correlation between the SH and
NH is due to the fact that only 1 model amongst the
17 yielded a value for correlation higher than 50% dur-
ing austral winter in the SH. These rather stringent
criteria yields the selection of 5 CMIP5 models for the
NH (CMCC-CMS, GISS-E2-R, FIO-ESM, CESMI1-CAMS5
and IPSL-CM5B-LR), 8 models for the SH in austral sum-
mer (bbc-csm1-1-m, CCSM4, CESM1-BGC, CESM1-CAMS5,
CNRM-CMS5, FIO-ESM, GFDL-ESM2M and MIROCS5) and
5 models in SH in austral winter (CCSM4, CESM1-CAMS5,
CNRM-CMS5, GFDL-ESM2M and MIROCS). In the follow-
ing, the results are presented as the ensemble mean of the
selected CMIP5 models.

4.2 | RESULTS

42.1 | Geopotential

The regression coefficients of geopotential at 925 (500)
hPa for the NH (SH) onto the E and C indices for the his-
torical and RCP8.5 experiments, along with their differ-
ences, are presented (Figures 8 and 9). Since the seasonal
ENSO variance changes in the warmer climate, in order
to objectively compare the regression maps for the
RCP8.5 and historical scenario, the regression coefficients

for RCP8.5 were scaled with the coefficient m%p) and
hist)

3 (Crp) for EP and CP El Niiio respectively. The subscript

rms(Chm)

refers to the scenario (RCP8.5 vs. historical) of a selected
model, and we consider the DJF mean for the E and the
C timeseries so that their root mean square (rms) is not
necessarily equal to unity. Note that during DJF, the vari-
ance in E and C indices exhibits an increase in the
warmer climate on the order of ~15% (Cai et al., 2018).

of Climatology

The results indicate that the spatial structure of planetary
circulation response to both types of El Nifio events does
not significantly change from the present to the future
climate. In the NH, the AO-like response to CP events
and the wave-like response to EP events clearly manifest
(Figure 8). In the SH, the annular geopotential structure
is observed in both climates (Figure 9). However, the
amplitude of the regression coefficient is significantly
increased in some regions in the warmer climate. For
instance, over the North Pacific, the negative coefficient
value increases by 30% from the present to the warmer
climate, which corresponds to an increased intensity of
the Aleutian low. Over the NH polar region, the ampli-
tude increased by 25%, which corresponds to a weaken-
ing of the circumpolar vortex. For both hemispheres,
the difference between the RCP8.5 and historical experi-
ments can be interpreted as an overall intensification of
the circulation response to ENSO during boreal winter
(Figures 8 and 9 right columns) although the intensifi-
cation is less evident in the SH. The latter is mostly
due to the weak inter-model agreement: three models
(CESM1-CAMS5, CNRM-CM5 and MIROCS5) simulate a
weaker CP event teleconnection and 5 models (CCSM4,
CESM1-BGC, CNRM-CM5, bbc-csml-1-m and GFDL-
ESM2M) simulate weaker EP event teleconnections in
the SH in the warmer climate. The intensification of
the circulation response is observed both in the low
(925hPa) and middle (500 hPa) troposphere (not shown
for NH).

In austral winter, we may observe the similar
amplification tendency; the averaged regression coeffi-
cient values in the main anomaly centres increased by
20-25% in the warmer climate (Figure 10i,1). However,
the strongest intensification of the SH response to
ENSO in the future climate manifests in the circula-
tion anomalies in austral winter regressed onto the
austral summer El Nifio indices (Figure 10c,f), indicat-
ing that increase in El Nifio variance may induce an
increase in the austral winter southern circumpolar
vortex amplitude in the warmer climate. The latter in
turn may yield stronger isolation of Antarctic atmo-
sphere and depletion of the ozone layer as intense cir-
cumpolar circulation prevents warmer and ozone-rich
air masses from the mid-latitudes to penetrate into the
Antarctic (Solomon et al., 2014).

4.2.2 | Surface air temperature

The regression coefficients of air temperature onto the E
and C indices in the NH for present and future climates
and their differences are presented (Figure 11). It evi-
dences the amplification of positive temperature
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FIGURE 8

Averaged CMIP5 model (see the text) regression of geopotential height anomalies at 925 hPa level in boreal winter on C

index for (a) 1916-2005 period (historical run), (b) 2006-2095 period (RCP8.5 experiment) and (c) differences between RCP8.5 and historical

runs. The same is shown here but for regression on E index (d-f). The regression coefficients for RCP8.5 are normalized by

rms(Crep
1ms(Chis:)

rms( Eyep

rms(Epist) and

for EP and CP El Nifio, respectively, where the subscript refers to the scenario (RCP8.5 vs. historical) and rms refers to the root mean

square. Contour interval is 2.5 hPa. The outermost latitude is 20°N [Colour figure can be viewed at wileyonlinelibrary.com]

anomalies associated with the CP events over the Cana-
dian and central sector of the Arctic, while also highlight-
ing that the negative anomalies over the Pacific hardly
change in amplitude or peak location. This is consistent
with the changes in circulation discussed above (intensi-
fication/weakening of Aleutian low/circumpolar vortex).
However, the change of the temperature response in
warmer climate is not uniform: strong on the eastern
periphery of the Aleutian low (positive anomalies due to
advection of warm air) and weak on the western periph-
ery (negative anomalies associated to cold advection from
high latitudes). This could be due to the nonlinear ampli-
fication of the temperature response over the continent
and rectification processes associated with the absorption
of solar radiation enhanced by the snowmelt-albedo feed-
back (Jakobs et al., 2019) or the effect of snow cover and
type of precipitation (snow vs. rain) onto boundary layer
dynamics. This apparent inconsistency between the cir-
culation and temperature climate change patterns calls
for further investigation, which is beyond the scope of
this paper.

The most prominent amplification of temperature
response in future climate is observed over Alaska during
CP events (Figure 1lc); in particular, the warming

associated with CP El Nifio events is three times larger in
the future climate than in the present climate. This larger
sensitivity of air-temperature anomalies to CP El Nifio
events in the warmer climate may exacerbate the strong
positive temperature trend in the Arctic through rectifica-
tion processes. These non-linear processes could include
the seasonal recovery of sea ice extent in the Arctic dur-
ing CP El Nifio years that would impact air temperature
through ice-air interactions, or changes in ocean mixing
associated with anomalous weather conditions during CP
El Nifio years. The amplification of temperature response
to CP El Nifio over Eurasia is less clear, possibly due to
biases in some models. In particular, the models FIO-
ESM and IPSL-CM5B-LR simulate positive temperature
anomalies over Eurasia in the present climate whereas
the Reanalysis indicates that a CP El Nifio event yields
cooling in this region (Figure 4a). The amplification of
temperature anomalies associated with EP El Nifio events
in the future climate is less pronounced compared to CP
El Nifio events, reflecting weaker inter-model consensus
(Figure 11f). Meanwhile, the intensification of positive
temperature anomalies manifests over Greenland, Arctic
Ocean, Kamchatka, the Okhotsk Sea and Western Sibe-
ria. The cooling associated with EP events amplifies over
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FIGURE 9 Averaged CMIP5 model regression of geopotential height anomalies at 500 hPa level in austral summer on C index for
(a) 1916-2005 period (historical run), (b) 2006-2095 period (RCP8.5 experiment) and (c) difference between RCP8.5 and historical runs. The

same is shown here but for regression on E index (d—f). The regression coefficients for RCP8.5 are normalized by

rms( Erp
rms(Epist)

rms( Crep )
1ms(Chist)

and for EP

and CP El Niflo, respectively, where the subscript refers to the scenario (RCP8.5 vs. historical) and rms refers to the root mean square.

Contour interval is 2.5 hPa in panels (a,b,d,e) and 1 hPa in panels (c,f). The outermost latitude is 20°S [Colour figure can be viewed at

wileyonlinelibrary.com]

the mid and subtropical latitudes of Northern America
(Figure 11f).

In the SH, the temperature response in DJF to both
types of El Nifio is weaker compared to the NH and
the changes associated with global warming are not
pronounced (Figure 12c,f). In austral winter, the tem-
perature response to El Nifio weakens in the future cli-
mate both for simultaneous and lagged regressions
(Figure 12i,1,0,r).

5 | DISCUSSION AND
CONCLUSIONS

In this article, we investigated the atmospheric
teleconnections in the mid-to-high latitudes associated
with the different types of El Nifio events, com-
plementing previous studies (reviewed in Yeh et al., 2018;
Cai et al., 2019, 2020). Our focus was on the relationship
between modes of variability in the high-latitudes
(i.e, AO and AAO) and the ENSO teleconnection

patterns, considering that their interactions may yield
significant climate extremes and exacerbate long-term
trends (e.g., Stuecker et al., 2017) and that there is a low-
frequency modulation of ENSO diversity. We show that,
in the NH in DJF, the CP El Nifio events that have
become more frequent since the 1990s, induce a negative
AO-like circulation pattern. In the SH in DJF, however,
the ENSO teleconnection patterns are comparable to the
negative AAO circulation pattern for both types of El
Nifio. Thus, while there is a significant difference
between the DIJF circulation response to CP and EP
events in the NH, this is not the case for the SH.

In the SH the main difference between the circulation
response to CP and EP events consists in persistence of
the response. During EP El Nifio the composite circula-
tion anomalies change significantly from austral summer
to winter with an anomalous circulation pattern similar
to that of the negative (positive) phase of AAO in austral
summer (winter), while the composite circulation anom-
alies during CP El Nifio hardly change from DJF to JJA.
This could result from the fast transition from warm to
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FIGURE 10 Averaged CMIP5 model regression of geopotential height anomalies at 500 hPa level on ENSO indices for 1916-2005
period—historical run (first column), 2006-2095 period—RCP8.5 experiment (second column) and difference between RCP8.5 and historical
runs (third column) for (a-f) austral summer—following austral winter, (g-1) austral winter—austral winter. The first season corresponds to
ENSO index; the second season—to geopotential anomalies. The top panel is regression on C index, the bottom—on E index. The regression
coefficients for RCP8.5 are normalized by '::;é:;) Z';STSZ) for EP and CP El Nino, respectively, where the subscript refers to the scenario
(RCP8.5 vs. historical) and rms refers to the root mean square. Contour interval is 2.5 hPa in panels (a,b,d,e,g,h,j,k) and 1 hPa in panels
(c,£,i,1). The outermost latitude is 20°S [Colour figure can be viewed at wileyonlinelibrary.com]

and
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FIGURE 11 Averaged CMIP5 model regression of surface air temperature anomalies in boreal winter on C index for (a) 1916-2005

period (historical run), (b) 2006-2095 period (RCP8.5 experiment) and (c) difference between RCP8.5 and historical runs. The same is shown
o) and ") gor EP and CP EI

rms(Enist) and rms(Chist) or an
Nifio, respectively, where the subscript refers to the scenario (RCP8.5 vs. historical) and rms refers to the root mean square. Contour interval

is 0.2°C in panels (a,b,d,e) and 0.1°C in panels (c,f). The outermost latitude is 20°N [Colour figure can be viewed at wileyonlinelibrary.com]

here but for regression on E index (d-f). The regression coefficients for RCP8.5 are normalized by

cold tropical Pacific SST anomalies in austral autumn
(MJJ) during strong EP El Nifio events, while CP El Nifio
SST anomalies have a longer persistence (Dewitte
etal., 2012).

This implies that there is an interhemispheric asym-
metry of the ENSO teleconnection associated with ENSO
diversity. In the NH in boreal winter during EP events,
the Rossby wave emanating poleward and arching
eastward induces circulation anomalies confined to
the Pacific region in the low troposphere (1,000 hPa) and
the wave structure with zonal wavenumber 3 in the
middle troposphere (500 hPa). During such events
in the SH, the atmospheric response consists of an
approximately symmetric dipole annular structure, simi-
lar to what occurs during CP El Nifio events. Previous
studies have emphasized the non-linearity of the ENSO
teleconnection associated with ENSO diversity (Cai
et al., 2010; Frauen et al., 2004). Here, we suggest that
such non-linearity contributes to the interhemispheric

asymmetry of the ENSO teleconnection to the high-lati-
tudes. Given an El Nifio SST spatial pattern, inter-
hemispheric asymmetry of the ENSO teleconnection is
expected due to the interhemispheric asymmetry of the
mean atmospheric circulation and the existence of two
main distinct mechanisms of teleconnection sensitive
to the mean state (i.e., the wave train mechanism
and eddy-jet mechanism; reviewed in Yang et al., 2018)).
We argue here that ENSO diversity reinforces this
interhemispheric asymmetry because the ENSO tele-
connection is more sensitive to the El Nifio types in the
NH than over the SH.

Such interhemispheric asymmetry is also observed in
the response of surface air-temperature anomalies. Over
most of the NH, the temperature regression patterns are
almost opposite for CP/EP events and the temperature
response to CP events is similar to the temperature anom-
alies associated with the negative AO phase. The pattern
of the temperature response to El Nifio in the SH,
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however, is comparable for both types of El Nifio events
and deviates slightly from that of the AAO along with
exhibiting marked seasonal variations (i.e., it is three times
larger in austral winter than in summer).

Limitation of our study includes the fact that reanalysis
products correspond to one realization of the climate vari-
ability, so that internal atmospheric variability may con-
tribute to emphasizing the ENSO teleconnection pattern
inferred from the reanalysis (Langenbrunner and
Neelin, 2013). To estimate the relative contribution of
internal atmospheric variability versus the ENSO forced
signal, we take advantage of the ERA-20CM atmospheric
simulations performed at the European Centre for
Medium-Range Weather Forecasts (ECMWF) that pro-
vides 10 simulations for the period 1900-2010 (Hersbach
et al., 2015). The 10 simulations allow an estimate of inter-
nal atmospheric dynamics through the inspection of dis-
persion amongst the ensemble. We performed a similar
analysis to that of Figure 1c,d but using the 10 members of
ERA-20CM for the period 1950-2010, which corresponds
to the overlapping period with that used for the analysis of
the NCEP-NCAR Reanalysis (Figure S2). The results indi-
cate that there is significant dispersion in the ENSO
teleconnections patterns in the high-latitudes (less so in
the mid-latitudes) in this model, suggesting that internal
atmospheric variability may be significant in the atmo-
spheric response to ENSO. In particular, the structure of
the circulation response to both types of El Nifio in ERA-
20CM is similar to the PNA pattern (Figures S2b,e), while
the AO-like negative phase structure is not observed in the
ERA-20CM ensemble mean for the C pattern (Figure S2e)
as compare to NCEP-NCAR (Figure S2a).

Thus, from the analysis of ERA-20CM, we cannot rule
out the hypothesis that our results based on NCEP-NCAR
could be partly explained by natural variability rather than
by ENSO. However, there is the possibility that the magni-
tude of the dispersion is overestimated in ERA-20CM due
to either model bias or the limited numbers of ensemble
members. In particular, biases in the mean circulation can
energize the eddy flux and yield unrealistic simulations of
the internal atmospheric variability. The experimental
design of the AMIP run also has the limitation of not taking
into account explicitly regional air-sea-land interactions pro-
cesses that could also be important for modulating the

of Climatology

ENSO teleconnections. Further studies based on larger
ensembles is thus required to quantitatively determine the
magnitude of internal dynamics in modulating the forced
response to ENSO in the high-latitudes.

With this limitation in mind, we have analysed models
participating to CMIP5 focusing on those that realistically
simulate both ENSO diversity and the high-latitude cli-
mate modes (i.e., AO and AAO). We showed that, in the
warmer climate, there is an amplification of the circula-
tion response for both types of El Nifio and in both hemi-
spheres, that is, the circulation anomalies in the mid-to-
high latitudes are stronger in the warmer than in the mod-
ern climate, while the amplitude of El Nifio events does
not significantly changed. However, the spatial pattern
(spatial structure) of the response is unchanged. The rea-
sons for increased sensitivity of the atmospheric response
in the high-latitudes to ENSO remain to be addressed. At
this stage, it is interesting to note that our model ensemble
does not exhibit significant changes in the patterns of
ENSO in the warmer climate (not shown), so it is likely
that such amplification results from changes in mean
state, whether in the tropical regions or/and in the extra-
tropics, that would favour the mechanisms mentioned
above. This issue deserves further investigation that is
beyond the scope of the present study. Furthermore,
amplification of the ENSO teleconnections in the warmer
climate manifests in the surface temperature fields, mostly
in the NH and for the CP El Nifio events. The positive
temperature anomalies in the NH polar regions (especially
over Alaska) associated with CP El Nifio teleconnection
may amplify the overall warming trend in the high-
latitudes through non-linear (rectification) processes, and
in particular in the Arctic region. Considering the serious
climatic implications of such scenario, our results call for
investigating the interaction between ENSO-induced vari-
ability and long-term trends over the Arctic region in order
to assess if the ENSO teleconnection can exacerbate or
mitigate the current warming trend in this region.
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