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ABSTRACT

The dependence of the winter stratospheric and Euro-Atlantic climate response on ENSO amplitude is in-

vestigated using the HadGEM3 model. Experiments are performed with imposed east Pacific sea surface

temperature perturbations corresponding to Niño-3.4 anomalies of 60.75, 1.5, 2.25, and 3.0K. In the North

Pacific, El Niño (EN) deepens and shifts the Aleutian low eastward, while the equivalent magnitude La Niña
(LN) perturbations drive anomalies of opposite sign that are around 4 times weaker. The muted North Pacific

response to LN can be traced back to the weaker response of tropical convection and the associated anomalous

Rossby wave source. The EN perturbations weaken the Arctic polar vortex, with the winter mean zonal mean

zonal wind at 608N and 10 hPa decreasing approximately linearly with Niño-3.4 anomaly by around

23.6m s21K21. For the strongest EN case (13K), the frequency of sudden stratospheric warmings (SSWs)

increases by ;60% compared to the control experiment. Hence the results do not support a saturation of the

stratospheric pathway for strong EN as suggested in previous literature. The equivalent amplitude LN pertur-

bations cause a weak strengthening of the polar vortex and no substantial change in SSW frequency, in contrast

to some reanalysis-based studies. EN induces a negative North Atlantic Oscillation (NAO) index throughout

boreal winter, which increases approximately linearly with the Niño-3.4 anomaly by around 20.6 standard

deviations K21. Only the response to the strongest LN perturbations projects onto a weak positive NAO in

November, suggesting that the mechanism for the Euro-Atlantic response to LN may be distinct from EN.

1. Introduction

El Niño–Southern Oscillation (ENSO) is the leading

mode of interannual climate variability in the tropics.

ENSOhas remote influences on climate inmany parts of

the world (Diaz et al. 2001), offering a potential source

of predictive skill on seasonal time scales. This study

focuses on the Euro-Atlantic sector, where the sur-

face response to the warm phase of ENSO (El Niño)

projects, on average, onto a negative phase of the North

Atlantic Oscillation (NAO) (e.g., Li and Lau 2012), with

associated impacts on surface wind, temperature, and

precipitation patterns (e.g., Ineson and Scaife 2009). The

mechanisms for this remote Euro-Atlantic response to

El Niño have been extensively studied (e.g., Toniazzo

and Scaife 2006; Garfinkel andHartmann 2008; Bell et al.

2009; Ineson and Scaife 2009; Cagnazzo and Manzini

2009; Butler et al. 2014; Hurwitz et al. 2014; Calvo et al.

2017; Ayarzagüena et al. 2018) and can be broadly cate-

gorized as comprising a ‘‘tropospheric pathway’’ (e.g.,

Toniazzo and Scaife 2006; Bell et al. 2009; Jiménez-
Esteve and Domeisen 2018; Ayarzagüena et al. 2018;

Hardiman et al. 2019) and a ‘‘stratospheric pathway’’

(e.g., Bell et al. 2009; Ineson and Scaife 2009; Cagnazzo

and Manzini 2009; Garfinkel et al. 2010; Butler and
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Polvani 2011; Butler et al. 2014; Domeisen et al. 2015;

Polvani et al. 2017).

Through its effect on precipitation and upper-level

divergence in the tropical Pacific, ENSO modulates the

generation and propagation of planetary-scale Rossby

waves emanating from the tropical Pacific into both

hemispheres (Hoskins and Karoly 1981). In the North-

ern Hemisphere, this is associated with a modulation of

the Pacific–North America pattern (PNA), which is a

key driver of winter climate variability in North America

(Müller and Roeckner 2006). Under El Niño conditions,

the Aleutian low deepens relative to ENSO neutral con-

ditions (Niebauer 1988; Rodionov et al. 2005; Bell et al.

2009; Cagnazzo and Manzini 2009), and vice versa for

La Niña (Hoerling et al. 1997; Garfinkel et al. 2018). The

changes in the Aleutian low under El Niño are associ-

ated with an amplification of wavenumber 1 and an

increase in upward propagation of wave activity into the

Northern Hemisphere high-latitude stratosphere in winter

(Rodionov et al. 2005; Ineson and Scaife 2009; Garfinkel

et al. 2010; Domeisen et al. 2015).

Momentum deposition by planetary-scale Rossby

waves is the dominant driver of intraseasonal variability

of the stratospheric polar vortices during winter months;

the increased wave forcing in the stratosphere under El

Niño weakens the polar vortex and increases the fre-

quency of major sudden stratospheric warmings (SSWs)

(Charlton and Polvani 2007; Cagnazzo and Manzini

2009; Ineson and Scaife 2009; Bell et al. 2009; Butler and

Polvani 2011; Butler et al. 2014; Domeisen et al. 2015;

Scaife et al. 2016). In turn, SSWs can induce a negative

NAO index anomaly for up to two months after onset

(e.g., Hitchcock and Simpson 2014), leading to an ex-

tended influence on European surface climate in winter

(e.g., Ineson and Scaife 2009; Cagnazzo and Manzini

2009; Polvani et al. 2017). This chain of mechanisms

constitutes the stratospheric pathway for the El Niño
teleconnection to the Euro-Atlantic sector. The role of

the stratospheric pathway in the response to La Niña is

less well understood, although studies have generally

found an opposite response with a strengthening of the

polar vortex in winter (Manzini et al. 2006; Garfinkel and

Hartmann 2008; Iza et al. 2016; Hardiman et al. 2019).

Previous studies based on reanalysis andobservational data

(e.g., Garfinkel and Hartmann 2008; Rao and Ren 2016a)

suggest that nonlinearities in the Arctic stratospheric re-

sponse toElNiño andLaNiña can arise fromdifferences in

the tropospheric wave forcing during ENSO events. It has

been proposed that El Niño enhances the amplitude of

wavenumber 1 in the northern high-latitude stratosphere,

but has a smaller effect on the amplitude of wavenumber 2,

whereas in LaNiñawinters the amplitude ofwavenumber 2

may increase (Barriopedro and Calvo 2014; Rao and Ren

2016a; Garfinkel et al. 2012). Some reanalysis datasets

suggest an increase in the frequency of major SSWs under

both El Niño and La Niña conditions (Butler and Polvani

2011), although this result may not be robust across dif-

ferent reanalyses (Polvani et al. 2017). Such a result of

increased SSW frequency for both ENSO phases would

appear to be inconsistent with the finding from some

models of a strengthening of the polar vortex during La

Niña (e.g., Garfinkel et al. 2012; Iza et al. 2016; Hardiman

et al. 2019).

There is also a tropospheric pathway for the Euro-

Atlantic sector response to ENSO, which may become

especially relevant in years with no SSW events (e.g.,

Domeisen et al. 2015). Li and Lau (2012) proposed that

changes in the strength of the Aleutian low in the North

Pacific during El Niño winters are directly linked to the

NAO by enhanced eastward wave activity flux and prop-

agation of transient eddies from the North Pacific to the

North Atlantic. For La Niña, an increase in eastward

propagation of Rossby waves into the tropical Atlantic is

the most effective mechanism for a tropospheric pathway

when the polar vortex tends to be strongest (Jiménez-
Esteve and Domeisen 2018), leading to a positive NAO

index. Iza et al. (2016) also highlight the role of La Niña
as a driver of stratospheric circulation changes in winter

only in the absence of SSWs. Toniazzo and Scaife (2006)

suggest that for the strongest El Niño events, the Euro-

Atlantic sector surface climate response has its origin in

the tropical Atlantic, and Rodríguez-Fonseca et al. (2016)
emphasize the key role of ENSO-driven changes in the

Hadley and Walker circulations in the tropical Pacific–

Atlantic teleconnection, consisting of wind regime anom-

alies that affect the North Atlantic–European sector.

Ayarzagüena et al. (2018) found that a region of anoma-

lous Rossby wave source near the Caribbean Sea was

important for the early winter North Atlantic response

to both El Niño and La Niña. Building on this finding,

Hardiman et al. (2019) used an ensemble of initialized

hindcasts from a decadal prediction system and found that

the tropospheric pathway via the Caribbean Sea domi-

nated the response in January in strong El Niño years, but

that the stratospheric pathway via a strengthening of the

polar vortex was most important in strong La Niña years.

Variations in the amplitude and pattern of the Euro-

Atlantic sector response to ENSO have been attributed

to the dominance of different atmospheric pathways

(Butler et al. 2014; Domeisen et al. 2015), to different

magnitudes of ENSO events (Toniazzo and Scaife 2006;

Bell et al. 2009), and to the details of the spatial pattern

of sea surface temperature (SST) anomalies in the

equatorial Pacific (Calvo et al. 2017; Ayarzagüena et al.

2019). However, the diversity of findings across the lit-

erature indicates uncertainty in the relative importance
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of stratospheric and tropospheric pathways for the re-

sponse of Euro-Atlantic sector climate to ENSO. A

common approach to assess remote teleconnections in

observations is to composite all El Niño and La Niña
events, but the number of ENSO events in the reanalysis

era is relatively small (19 El Niño and 18 La Niña events
in NCEP–NCAR reanalysis over the period 1958–2013;

Butler et al. 2014) and the spatial characteristics and

amplitude of individual events vary substantially, which

may influence remote effects. Furthermore, internal

climate variability in the Euro-Atlantic sector is large

(Visbeck et al. 2001; Hurrell et al. 2003), making it dif-

ficult to identify the relative importance of specific

ENSO characteristics in determining teleconnections

to Europe.

This paper aims to systematically explore the rela-

tionship between ENSO magnitude and the Euro-

Atlantic response to ENSO using a set of idealized

climate model experiments that impose different am-

plitude SST anomalies in the tropical east Pacific. The

focus of the study will be on the response in boreal

winter [December–February (DJF)], as this is the sea-

son when the Northern Hemisphere stratosphere is

dynamically active.

The remainder of the paper is laid out as follows:

section 2 describes the model setup and analysis

methods, results are presented in section 3, and a dis-

cussion in light of previous literature in section 4. Fi-

nally, our conclusions are given in section 5.

2. Methods

Experiments were performed with the Met Office

Hadley Centre Global Environment Model version 3

(HadGEM3) based on the Unified Model (UM) version

8.4. The model was run in an atmosphere-only configu-

ration at N96 horizontal resolution (1.8758 longitude 3
1.258 latitude) and with 85 vertical levels from the sur-

face up to an altitude of;84km (Mizielinski et al. 2014).

Earlier generations of the HadGEM model have been

shown to capture the mean climatology and variability

of theNorthernHemisphere stratosphere in winter (e.g.,

Hardiman et al. 2012; Osprey et al. 2013; Charlton-Perez

et al. 2013), which is important for the ENSO telecon-

nection to the Euro-Atlantic sector (Ineson and Scaife

2009).

Monthly SSTs and sea ice are imposed from the

HadISST dataset (Rayner et al. 2003), with the control

simulation using a climatology averaged over 1995–2005

to represent approximate ENSO neutral conditions. All

other forcings (e.g., the concentrations of well-mixed

greenhouse gases) are fixed at year 2000 levels in all

experiments. The experiments are time slice simulations

integrated for 54 years with an annual cycle but no in-

terannual variation in boundary conditions. The per-

turbation experiments impose SST anomalies in the

tropical east Pacific to represent anENSO-like anomaly.

The functional form of the imposed SST perturbations

(DT) is

DT(l,u)5

8><
>:
a3 arctan

�
l2 180

6

�
3 exp[20:03(u2)], if 1808# l# 2858 and 2108#u# 108

0, otherwise

where the constant a is set to 60.58, 61.15, 61.73, and

62.3. This function creates SST anomalies corre-

sponding to eight different ENSO amplitudes, with

associated El Niño–like and La Niña–like SST anom-

alies in the Niño-3.4 region (58N–58S, 1908–2408E)
of 23.0K (LN3), 22.25K (LN2.25), 21.5K (LN1.5),

20.75K (LN0.75), 10.75K (EN0.75), 11.5K (EN1.5),

12.25K (EN2.25), and 13.0K (EN3). In the longitu-

dinal direction, the SST anomalies increase rapidly in

amplitude from 1808 to 2008E, reaching;75% of the full

amplitude by 2008E, and increasing more gradually

thereafter to a maximum in the east Pacific. The function

decays exponentially with latitude away from the equator

reaching zero at 6108. The SST anomaly pattern is not

designed to represent a specific real-world ENSO, but

rather aims to capture the broad canonical pattern of SSTs

associated with ENSO events.

To characterize the degree of similarity of the im-

posed SST perturbations to observed ENSO, Fig. 1

shows composite El Niño and La Niña SST anomalies

derived from ERA-Interim (Dee et al. 2011). The

composites are based on a threshold oceanic Niño index

in DJF of 60.5K, which identifies 13 El Niños (1980,

1983, 1987, 1988, 1992, 1995, 1998, 2003, 2005, 2007,

2010, 2015, and 2016) and 13 La Niñas (1984, 1985, 1989,
1996, 1999, 2000, 2001, 2006, 2008, 2009, 2011, 2012, and

2018) over the period 1980–2018. The SST anomaly

imposed in the model is shown for the EN0.75 case in

Fig. 1c. The pattern correlation of the imposed SST

anomaly over the region 1808–2708E, 108N–108Swith the
observed El Niño and La Niña composites is 0.76 and

0.66, respectively. With individual observed ENSOs it

ranges from20.48 (2015) to 0.83 (2016) for El Niño, and
from 20.38 (2011) to 0.85 (1985) for La Niña, owing to
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the large interevent variation in ENSO characteristics

(Capotondi et al. 2015). Hence, although the imposed

SST anomaly has a slightly lower pattern correlation

with the observed La Niña composite compared to El

Niño, there are individual events for both phases where

the imposed anomaly resembles observations similarly

well.

Note that even in the case of there being similar SST

patterns for El Niño and La Niña, nonlinearities in the

tropical response could occur owing to the threshold

behavior of convection with SST (Graham and Barnett

1987; Waliser and Graham 1993; Zhang 1993) and the

presence of the SST cold tongue in the east Pacific (e.g.,

Johnson and Kosaka 2016; Xie et al. 2018). As a con-

sequence, the spatial pattern of SST, as well as its am-

plitude, is likely to be important for understanding

differences in teleconnections between ENSO events

(Calvo et al. 2017; Larkin andHarrison 2005; Ayarzagüena
et al. 2019). However, according to the model study of

Garfinkel et al. (2018), at least 75 central and east Pacific

type events are required to distinguish significant dif-

ferences in the North Pacific response to El Niño flavors,

and hence we restrict the focus of this study to examining

the effect of varying ENSO amplitude for a fixed SST

pattern.

In each of the HadGEM3 perturbation experiments

the SST anomalies are held fixed throughout the 54-yr

integrations, thereby simulating perpetual ENSO con-

ditions throughout the year. Although idealized in na-

ture, the experimental design enables a systematic

investigation of the effect of different ENSO magni-

tudes and offers a significantly larger sample size than

available in the observational record. This is important

when considering the large internal variability in both

the Arctic winter stratosphere (Maycock and Hitchcock

2015) and the Euro-Atlantic sector in the troposphere,

and therefore provides a more robust sample in com-

parison to some previous literature.

The analysis focuses on the Northern Hemisphere

response to ENSO in boreal winter. Analysis of the

Southern Hemisphere teleconnection response in a

subset of the experiments shown here can be found in

Yiu and Maycock (2019). A two-tailed Student’s t test is

used to assess the significance of the simulated changes

between the perturbation and control experiments

using a threshold of 95% confidence level. Major SSWs

are identified following Charlton and Polvani (2007),

and the station-basedNAO index is calculated following

Hurrell (1995) as the difference in normalized sea level

pressure (SLP) between Ponta Delgada (Azores) and

Reykjavik (Iceland) averaged over the winter months

(DJF). To calculate the regional surface climate re-

sponse to the imposed ENSO perturbations, two geo-

graphic regions are defined: Northern Europe (NEU)

covers all land and sea points between 488–758N and

108W–408E; theMediterranean basin (MED) represents

the southern European response and is delimited by

308–488N and 108W–408E (Giorgi and Francisco 2000).

3. Results

a. North Pacific response

To quantify changes in the strength and position of

the Aleutian low, Fig. 2 shows 500-hPa geopotential

height (Z500) anomalies over the North Pacific in the

eight ENSO perturbation experiments. El Niño forc-

ing (Figs. 2a–d) causes a decrease in Z500 over the

North Pacific and an eastward shift of the center of the

Aleutian low toward the west coast of North America.

This broad pattern of response to El Niño is consistent

with most previous studies (e.g., Niebauer 1988; Müller
and Roeckner 2006; Ineson and Scaife 2009). The peak

magnitude of the North Pacific Z500 response near

the center of the Aleutian low (408N, 2058E in the

model) increases monotonically with El Niño amplitude.

FIG. 1. Composite SST anomalies (K) for (a) El Niño and (b) La

Niña events identified over 1980–2018 using the SST dataset from

ERA-Interim, plotted alongside (c) the imposed 0.75 K El Niño
perturbation from our experiments.
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Conversely, the imposedLaNiñaperturbations (Figs. 2e–h)
induce positive Z500 anomalies in the North Pacific sec-

tor; however, these are weaker than in the equivalent

El Niño experiments and in the case of LN0.75 are

indistinguishable from internal variability. Comparing

equivalent amplitudeEN and LN cases in Fig. 2, the peak

North Pacific Z500 response in EN2.25 (EN3) is 3.4 (4.7)

times larger than for the equivalent LNcase. InEN1.5 the

peak Z500 response is around 2.6 times larger than in

EN0.75 and around 1.8 times smaller than in EN3.

To further examine the asymmetry in the North Pa-

cific response between the El Niño and La Niña exper-

iments, Fig. 3a shows the sum of the SLP responses in

EN1.5 and LN1.5 multiplied by a factor of 2 for com-

parison with the sum of the EN3 and LN3 responses

shown in Fig. 3b. In the North Pacific, there is a strongly

asymmetric response between El Niño and La Niña of

up to 15hPa, which is similar for both 23 (EN1.51LN1.5)

and EN3 1 LN3; this confirms the larger impact of

El Niño on the Aleutian low in our experiments. Based

on an area-averaged North Pacific SLP index (358–608N,

1808–2408E), the response in LN2.25 and LN3 is around

6 times smaller than the equivalent EN experiment

(see Fig. S1 in the online supplemental material). Some

previous literature suggests that although opposite in

sign, the amplitude of the North Pacific responses are

similar for El Niño and La Niña (Garfinkel et al. 2012;

Polvani et al. 2017). However, Rao and Ren (2016b)

found a saturation of the North Pacific response under

strong La Niña forcing, although the magnitudes of

their SST anomalies for moderate (21K) and strong

(22K) La Niñas are smaller than our LN2.25 and LN3

experiments. Jiménez-Esteve and Domeisen (2019)

also find a nonlinear North Pacific SLP response be-

tween El Niño and La Niña in DJF, with the response

to moderate El Niño (1.5K) being around 1.5 times

larger than for moderate La Niña, and the response to

strong El Niño (3K) around 3 times larger than for

strong La Niña (see their Fig. 3c). The area-average

North Pacific SLP response in our LN3 experiment

(21.4 hPa) is around a factor of 2 smaller than the23 K

La Niña case of Jiménez-Esteve and Domeisen (2019).

Note, however, that caution should be taken when com-

paring area-average anomalies, as the patterns of re-

sponse to EN and LN in the North Pacific are somewhat

different, with the maximum anomalies being generally

located farther west in the LN experiments compared to

the equivalent amplitude EN case (Fig. 2).

We now examine the degree of nonlinearity in re-

sponse to moderate and strong events within El Niño
and La Niña phases. Figure 3c shows the difference in

responses of EN3 2 (2 3 EN1.5) and Fig. 3d shows

FIG. 2. DJFgeopotential height response at 500hPa (m) in theNorthPacific to theeightdifferentmagnitudeENSOevents: (a)EN0.75, (b)EN1.5,

(c) EN2.25, (d) EN3, (e) LN0.75, (f) LN1.5, (g) LN2.25, and (h) LN3. Red colors indicate positive anomalies and blue colors indicate negative

anomalies. Black stippling denotes statistical significance at the 95% confidence level. Note the different scaling between top and bottom row plots.
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LN3 2 (2 3 LN1.5). Note that the scale of the inter-

phase asymmetry plots (Figs. 3a,b) is 3 times larger

than the scale on the intraphase nonlinearity (Figs. 3c,d)

plots, indicating that the magnitude of the SLP response

in the experiments is more nonlinear between the warm

and cold phases of ENSO than across different ampli-

tudes of the same phase. Figure 3c shows a nonlinear

response in the North Pacific between EN1.5 and EN3,

with a relatively stronger deepening of the Aleutian low

between EN1.5 and the control than between EN1.5 and

EN3. Using the area-averaged SLP measure, we find an

Aleutian low response of21.4,23.9,27.0, and28.5hPa

for EN0.75, 1.5, 2.25, and 3K, respectively (see Fig. S1).

The relative decreases in North Pacific SLP for successive

0.75KElNiño increments between 0 and 3Kare therefore

1.4, 2.5, 3.1, and 1.5hPa. These correspond to increases in

the amplitude of the SLP response by a factor of 2.8 and 2.2

for successive doublings from 0.75 to 1.5K and 1.5 to 3K,

respectively. However, for EN2.25 the mean SLP response

is around 65% larger than for 33 EN0.75. Jiménez-Esteve
and Domeisen (2019) find based on the same SLP mea-

sure for the Aleutian low that the DJF response to strong

FIG. 3. Northern Hemisphere SLP response asymmetry (hPa) in (a) twice a 61.5 K forcing (EN15 and LN15)

and (b) strong ENSO forcings (EN3 and LN3) following Jiménez-Esteve and Domeisen (2019). (bottom)

Nonlinearity in the SLP response to (c) El Niño and (d) La Niña, calculated by subtracting twice a moderate

event (61.5 K) from the strongest ENSO amplitude (63 K). Green contours show climatological signal; intervals

are 5 hPa.
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ElNiño forcing (13K) is around a factor of 2.5 to 3 larger

than for moderate (11.5K) forcing.

b. Tropical response

The differences in the North Pacific response between

El Niño and La Niña can be traced back to the response

of convection in the tropical Pacific and the associated

Rossby wave source (RWS) anomalies (Fig. 4). The anom-

alies in outgoing longwave radiation (OLR) show a weaker

tropical circulation response to La Niña compared to

El Niño. Despite the idealized nature of the imposed SST

anomalies, the relationship between OLR and SST in

the tropical east Pacific (58S–58N, 1908–2408E) compares

well with observations [see our Fig. S2 in the online

FIG. 4. DJF 200 hPaRossbywave source (s22) anomalies following Sardeshmukh andHoskins (1988) for (left) El

Niño and (right) La Niña perturbations. Green contours show positive (solid line) and negative (dashed line)

anomalies in outgoing longwave radiation; the contour interval is 630Wm22.
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supplemental material; also, see Fig. 2c of Johnson and

Kosaka (2016)]. As a consequence of the weaker convec-

tion response, the RWS anomalies, which peak around

the location of the subtropical westerly wind maximum

(Sardeshmukh and Hoskins 1988), are around 4 times

weaker in the LN experiments compared to the EN cases.

El Niño drives a negative RWS anomaly in the eastern

margin of the North Pacific at approximately 408N and a

positive RWS anomaly in the northwest Pacific, both of

which increase with the magnitude of the El Niño forcing.

The weak response of convection in the tropical Pa-

cific to LaNiña is consistent with the findings of Xie et al.

(2018), who showed that the cold tongue in the east

Pacific makes convection relatively insensitive to cold

anomalies because sea surface temperatures fall below

the critical threshold for convection (Graham and

Barnett 1987; Waliser and Graham 1993; Zhang 1993).

This is qualitatively similar to the asymmetry in the

convective response to strongElNiño andLaNiña events
found byRao andRen (2016a,b) and Jiménez-Esteve and
Domeisen (2019). Xie et al. (2018) artificially increased

the background temperatures in the equatorial Pacific to

288C and showed that convection in the tropical Pacific

becamemore sensitive to LaNiña perturbations (see also
Bayr et al. 2019). It is possible that the particular pattern

of imposed SST anomalies used in this study (Fig. 1),

which maximizes in the east Pacific, means the simulated

response of tropical convection in the La Niña experi-

ments is weaker than might occur for cold events that

peak in the west Pacific (e.g., Capotondi et al. 2015).

c. Stratospheric circulation

Figure 5 shows zonal mean zonal wind anomalies in

DJF as a function of latitude and pressure in the dif-

ferent ENSO perturbation experiments. El Niño per-

turbations drive progressively stronger stratospheric

wind anomalies. While in EN0.75 there are only small

regions in the lower stratosphere with statistically sig-

nificant increases in zonal mean zonal wind, the re-

sponse in EN3 is much larger and reaches 218ms21 at

658N. The weakening of the polar vortex under El Niño
agrees with earlier studies (Taguchi andHartmann 2005;

Toniazzo and Scaife 2006; Cagnazzo and Manzini 2009;

Ineson and Scaife 2009; Bell et al. 2009), but here we

show the increase in amplitude of the stratospheric wind

response to successively larger El Niño forcing. For only

the strongest La Niña perturbations (LN2.25 and LN3)

is there a small strengthening of the polar vortex in the

extratropical lower stratosphere by up to 6ms21. The

strengthening of westerly winds in the troposphere be-

tween 108 and 408N and the weakening of westerlies

between 408 and 708N in Figs. 5a, 5c, 5e, and 5g indicate

an equatorward shift of the midlatitude eddy-driven jet

under El Niño (Ineson and Scaife 2009; Cagnazzo and

Manzini 2009; Bell et al. 2009), and vice versa for the La

Niña cases.

To elucidate the origin of the differences in the polar

vortex response across the ENSO experiments, Fig. 6

shows the anomalous Eliassen–Palm (EP) flux vectors

[scaled following Edmon et al. (1980)] and EP flux di-

vergence in DJF. El Niño drives enhanced convergence

of EP flux in the stratosphere between 408 and 808N and

100 to 5 hPa. These anomalies increase with the mag-

nitude of El Niño and are accompanied by enhanced

upward propagation of wave activity in the lower

stratosphere. In contrast, the La Niña perturbations in-

duce substantially weaker EP flux anomalies, with a

weak increase in EP flux divergence in the stratosphere

and decrease in upward propagation of wave activity

that is only clearly evident for LN2.25 and LN3. The

differences in upward wave propagation explain the

resulting stratospheric responses. The enhanced upward

wave propagation in the El Niño experiments is associ-

atedwith an increase in wavenumber-1 and a decrease in

wavenumber-2 amplitudes (see Fig. S3). For La Niña
there is a substantially smaller decrease in wavenumber-1

amplitude compared to the increase found for El Niño, as
well as a change in phase rather than amplitude for

wavenumber-2 in the strongest La Niña cases (LN2.25

and LN3) (see Fig. S3).

Figure 7 shows the distributions of DJF zonal mean

zonal wind anomalies at 10 hPa and 608N for all years in

the experiments. Under increasing El Niño forcing there
is a systematic shift in the distribution of stratospheric

zonal winds to more negative anomalies at an average

rate of around 23.6m s21K21. This indicates there is

not a saturation of the stratospheric response to in-

creasing El Niño forcing in these experiments, contrary

to some earlier studies that find a saturation of the

stratospheric pathway for strong El Niños (Toniazzo

and Scaife 2006; Bell et al. 2009).

The finding from our experiments of an approxi-

mately linear response of stratospheric winds is broadly

consistent with the results of Weinberger et al. (2019)

using a large ensemble of historical simulations from a

different climate model, and agrees with the WACCM4

model simulations of moderate and extreme El Niño
events found in Zhou et al. (2018). The large-amplitude

El Niño imposed by Bell et al. (2009) was based on a

composite SST anomaly from four observed El Niños
(1982/83, 1986/87, 1991/92, and 1996/97) that was then

doubled. Based on the observed Niño-3.4 index for

those years, we calculate the magnitude of their double

El Niño perturbation likely exceeds the maximum per-

turbation considered here of 3K, so it is possible that

saturation of the stratospheric pathway may occur at
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FIG. 5. DJF cross sections of zonal mean zonal wind anomalies (m s21) in the Northern Hemi-

sphere as a function of pressure and latitude. Zonal mean zonal wind response to (left) El Niño and

(right) LaNiña in (from top to bottom) crescent order ofmagnitude. Red (blue) colors show positive

(negative) anomalies in zonal mean zonal wind. Pressure is assumed to decrease logarithmically.

Black stippling indicates statistical significance at the 95% confidence level.
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FIG. 6. DJF anomalousEliassen–Palmflux vectors and EP flux divergence (shading) (m s21 day21)

in the Northern Hemisphere stratosphere for the ENSO experiments. The vectors are scaled fol-

lowing Edmon et al. (1980).
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even larger El Niño forcing, but this would be stronger

than observed El Niños since preindustrial times.

In the La Niña experiments, Fig. 7 shows that detec-

tible zonal mean zonal wind anomalies at 10 hPa and

608N only occur for LN2.25 and LN3. There is a strong

correlation (r 5 0.97) across all the experiments be-

tween the mean change in DJF Aleutian low SLP index

(see Fig. S1) and the mean change in DJF zonal mean

zonal wind at 10 hPa and 608N, indicating the impor-

tance of the North Pacific response for the changes to

upward wave propagation as discussed above.

As described in the introduction, the changes in polar

vortex strength during ENSO have been linked to

changes in the frequency of SSWs. Figure 8 shows the

frequency of major SSWs by month in the model ex-

periments. The control experiment has an average SSW

frequency of;0.8 yr21, which is slightly higher than the

frequency of SSWs under ENSO neutral conditions

derived from reanalyses (;0.4–0.6 yr21; Butler et al.

2014). The La Niña experiments show a small decrease

in mean SSW frequency of between 0.05 and 0.12 yr21,

but these changes are small compared to the large in-

terannual variability. There is also no substantial change

in SSW frequency in the EN0.75 experiment. However,

in the EN1.5, EN2.25, and EN3 experiments the fre-

quency of SSWs increases by 0.28, 0.45, and 0.49 yr21

(35%, 57%, and 62%), respectively. The majority of the

additional SSWs occur in January and February, whereas

there is a relative decrease in March warmings.

Figure 8 shows that the weakening of the polar vortex

in midwinter (DJF) in the El Niño experiments (Figs. 5

and 7) occurs alongside an increase in frequency of SSWs.

The relative increase in SSW frequency is largest from

EN1.5 to EN2.25, while the increase between EN2.25 and

EN3 is smaller. While this could suggest onset of a satu-

ration of the stratospheric response to El Niño, where the
number of SSWs that can occur in a given year is limited

by their characteristic dynamical time scales (Bell et al.

2009), the mean zonal wind anomalies (Fig. 7) show a

proportionately larger increase in response from EN2.25

to EN3. This could indicate that the SSWs that occur in

EN3 have either larger amplitude or persist for longer, or

that the seasonal mean stratospheric zonal wind anoma-

lies are not strongly related to SSW frequency (Garfinkel

et al. 2012).

Across all the El Niño experiments, the average in-

crease in SSW frequency is 37%. In contrast, there is a

FIG. 7. Scatterplot of DJF zonal mean zonal wind anomalies (m s21) at 608N and 10 hPa as a

function of ENSO amplitude. Each gray point represents one year and the black symbols show

the 54-yr mean anomaly for each experiment.

FIG. 8. Frequency of major sudden stratospheric warmings

(SSWs yr21) sorted by month in the ENSO perturbation experi-

ments. SSWs are identified following Charlton and Polvani (2007).

November is shown in black, December in gray, January with

vertical lines, February in white, and March with diagonal lines.
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slight decrease in the mean frequency of SSWs by 9%

across all La Niña experiments. This result is in-

consistent with the findings from some reanalysis studies

that show an increase in SSW frequency under both El

Niño and La Niña (Butler and Polvani 2011; Garfinkel

et al. 2012; Butler et al. 2014; Polvani et al. 2017; Song

and Son 2018; Domeisen et al. 2019). However, the

number of ENSO events during the reanalysis era is

relatively small compared to the large internal vari-

ability in the Arctic polar vortex and the change in fre-

quency of SSWs under La Niña is sensitive to the

reanalysis dataset used (Polvani et al. 2017).

d. Temporal evolution of zonal mean wind anomalies

Figure 9 shows the seasonal evolution of zonal mean

zonal wind anomalies at 608N as a function of pressure

through boreal winter. The effect of the strongest ElNiño
perturbations (EN2.25 and EN3) on the extratropical

lower stratospheric circulation is already evident in early

winter. By midwinter there is a clear reduction in zonal

wind speeds, which intensifies in the lower stratosphere in

late winter and coincides with a reduction in westerlies in

the troposphere and at the surface. The EN0.75 experi-

ment shows a qualitatively similar pattern of wind

anomalies to the larger El Niño perturbations, but these

are smaller in amplitude and hence less statistically sig-

nificant. Zhou et al. (2018) find inWACCM4experiments

that the largest stratospheric response to both strong and

moderate El Niño occurs in late winter, whereas Fig. 9

shows the strongest response in our El Niño experi-

ments occurs in January and February. This difference

could potentially be due to the different seasonal

evolution of the imposed El Niño forcing and/or dif-

ferences in the climatological polar vortex character-

istics in HadGEM3 and WACCM4.

While the broad pattern of extratropical circulation

change from the stratosphere to the surface shown in

Fig. 9 has been described in many previous studies (e.g.,

Christiansen 2001; Cagnazzo and Manzini 2009; Ineson

and Scaife 2009), we show here that under increasing

El Niño amplitude the strength of the wind anomalies

increases monotonically. The response to EN3 is ap-

proximately double that in EN1.5, suggesting an ap-

proximately linear response over the range of El Niño
forcing considered here (see also Fig. 7). Together Figs. 5,

8, and 9 suggest an important role for the stratospheric

pathway in determining the tropospheric circulation re-

sponse to El Niño in our experiments.

For the La Niña experiments, there is no discernible

stratospheric wind response in LN0.75 and LN1.5. For

LN2.25 and LN3 there are significant increases in

stratospheric winds, but these are smaller in magni-

tude than in the equivalent El Niño experiments and

have a different temporal signature, with the largest

stratospheric changes for La Niña occurring in November–

December and late winter (March) rather than in mid-

winter for El Niño. Significant changes in tropospheric

extratropical zonal winds only occur in LN3 in early

spring, potentially suggesting a distinct mechanism for

the remote teleconnection to La Niña compared to

El Niño (Jiménez-Esteve and Domeisen 2018).

e. Changes in the North Atlantic Oscillation

Figure 10 shows the evolution of SLP anomalies in the

experiments averaged over the Euro-Atlantic sector

(308W–308E) as a function of latitude and time. For all the

La Niña experiments and the EN0.75 experiment there

are virtually no significant changes in SLP in the Euro-

Atlantic sector, except for a small strengthening of the

Azores high in earlywinter inLN2.25 andLN3.However,

for El Niño amplitudes of 1.5K and larger there is a clear

SLP dipole pattern between December and February

comprised of aweakening of the Icelandic low (608–708N)

and a weakening of the Azores high (308–508N). The

strongest anomalies are found in February, when in the

EN3 experiment the Icelandic low and the Azores high

become weaker by around 7 and 5hPa, respectively. This

corresponds to a more negative NAO index and a

weakening of the North Atlantic eddy-driven jet (Figs. 5

and 9). The different timing in the Euro-Atlantic SLP

response to El Niño and La Niña may suggest different

dominant mechanisms for the teleconnections. While the

stratospheric pathway appears to play an important role

for the propagation of the El Niño signal to the Euro-

Atlantic sector, other mechanisms such as changes in

tropospheric wave activity fluxes between the North Pa-

cific and North Atlantic might be more important for the

response to La Niña in these experiments.

Figure 11 shows a scatterplot of theDJFNAO index for

each winter as a function of ENSO amplitude. Overall,

there is an inverse relationship between the mean NAO

index and ENSO amplitude. The strongest relationship is

found in the top-left quadrant, where 75% of simulated El

Niñowinters coincidewith a negativeNAO index. InEN3,

almost all winters have a negativeNAO indexwith amean

anomaly of 21.65 standard deviations (s.d.). Across the

four El Niño experiments, the mean DJF NAO anomaly

increases as a function of Niño-3.4 amplitude at a rate of

around 20.6 s.d. K21. The experiments with the largest

frequency of SSWs (Fig. 8) show a more negative NAO

index in agreement with Charlton and Polvani (2007) and

reinforces that the winter NAO intensity and sign have a

strong dependence on the strength of the stratospheric

polar vortex (Kidston et al. 2015; Scaife et al. 2016; Polvani

et al. 2017). The relationship in the bottom-right quadrant

of Fig. 11 is weaker, where 55% of simulated La Niña
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FIG. 9. Cross sections of zonal mean zonal wind anomalies (m s21) at 608N as a function of pressure

and time. Zonal mean zonal wind response to (left) El Niño and (right) La Niña in (from top to

bottom) crescent order of magnitude. Red (blue) colors show positive (negative) anomalies in zonal

mean zonal wind (m s21). Black stippling indicates statistical significance at the 95% confidence level.
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winters are associated with a positive NAO, which repre-

sents only a small shift in the NAO distribution compared

to the control experiment. Only the strongest La Niña
perturbations (LN2.25 and LN3) project weakly onto a

positive NAO index (see also Fig. 10). As expected given

the results described above, the top-right and bottom-left

quadrants of Fig. 11 show weaker relationships with just

25% with ENSO1/NAO1 and 45% with ENSO2/

NAO2.

With the results from Fig. 11 in mind, we return to the

assessment of asymmetry in the response between ENSO

phases introduced in section 3a. Figures 3a and 3b show

that the SLP differences in the polar and Euro-Atlantic

sectors are relatively larger for 2 3 (EN1.5 1 LN1.5)

(12.5 and 7.5hPa, respectively) than for the sum of the

strongest perturbations EN3 1 LN3 (10 and 5hPa, re-

spectively). For the nonlinearity of SLP response within

each ENSO phase (Figs. 3c,d), the difference between

FIG. 10. Monthly evolution of SLP response in the European sector (308W–308E average) between 308 and 708N. The two rows are in

crescent order of magnitude of SST anomalies in the equatorial Pacific. Red (blue) colors show positive (negative) anomalies in sea level

pressure (in hPa). Black stippling indicates significance at the 95% confidence level.

FIG. 11. Scatterplot of DJF NAO index as a function of ENSO magnitude. Each gray point

represents one year and the black symbols show the 54-yr meanNAO index for each experiment.
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EN3 and 2 3 EN1.5 in the Euro-Atlantic sector shows

an anomalous ridge over the United Kingdom, which

could be related to differences in blocking between the

experiments and deviations from a typical NAO-like

response (Graf and Funke 1986); however, a detailed

assessment of blocking is beyond the scope of this

study. Contrary to El Niño, the La Niña perturbations

show weaker nonlinearities in SLP response (Fig. 3d),

except in the North Atlantic where the strongest La

Niña perturbation shows an anomalous ridge over the

United Kingdom and southern Europe and a trough

over Greenland and Iceland that projects onto a weak

positive NAO pattern.

f. European surface climate response

Table 1 shows changes in regional mean DJF climate

anomalies over the NEU and MED regions in the

ENSO experiments (see section 2 for region defini-

tions). The differences in all the La Niña perturbation

experiments are not statistically significant at the 95%

confidence level and are therefore not discussed. There

is a negligible decrease in precipitation in the NEU

region for EN3, whereas in the MED region there is a

positive precipitation anomaly of up to 0.35mmday21

in EN2.25. The changes in precipitation pattern result

from the southward displacement of the North Atlantic

eddy-driven jet along with the weakening of the Ice-

landic low and the Azores high (see section 3d). The jet

is shifted to lower latitudes and favors enhanced heat

and moisture transport over the Atlantic and across the

south of Europe (not shown).

Thenegative andpositive 850hPa temperature anomalies

in theNEUandMEDregions, respectively, are reminiscent

of the canonical temperature pattern associated with a

negative NAO (Hurrell et al. 2003); however, the differ-

ences in the experiments are not highly statistically signifi-

cant. This may be related to the fact that the SSTs over the

Atlantic basin are held fixed in these atmosphere-only ex-

periments, and hence any changes in temperature associ-

ated with feedbacks on the ocean surface are neglected.

In agreement with Fig. 9, significant decreases in near-

surface zonalwinds are found in theNEUregion forEN1.5,

EN2.25, and EN3, the largest decrease of 20.62ms21 is

found in EN2.25. Over the MED region, negative zonal

wind anomalies do not surpass20.04ms21 in the strongest

El Niño forcing and are not statistically significant.

4. Discussion

There have been numerous studies in the last decade

using different approaches to assess the influence of

ENSO on the occurrence of SSWs. Table 2 provides a

meta-analysis of SSW frequencies for El Niño, La Niña,
and ENSO neutral conditions found in these studies and

compares them with the results of this study.

The relatively high frequency of SSWs in the ENSO-

neutral experiment (0.8 yr21) is consistent with an ear-

lier version of HadGEM2, which showed a slightly

higher SSW frequency than other high-top climate

models (Charlton-Perez et al. 2013). Nevertheless, the

increase in SSW frequency between ENSO neutral and

El Niño years in HadGEM3 (0.2 yr21) is very consistent

TABLE 1. Winter (DJF) averaged climate response to ENSO over the northern Europe (NEU) and Mediterranean basin (MED)

regions. Precipitation is shown in mmday21, temperature at 850 hPa in K, and zonal wind at 1000 hPa in m s21. Results in bold indicate

statistical significance at the 95% confidence level.

Perturbation

experiment

Precipitation

(mmday21)

Temperature

850 hPa (K)

Zonal wind 1000

hPa (m s21)

Northern Europe

(NEU)

EN3 20.06 20.83 20.52

EN2.25 20.1 20.67 20.62
EN1.5 20.1 20.45 20.52

EN0.75 20.02 20.19 20.09

LN0.75 0.07 20.10 20.05

LN1.5 20.01 20.19 20.16

LN2.25 0.02 0.05 20.06

LN3 0.04 20.14 20.05

Mediterranean region

(MED)

EN3 0.31 0.59 20.04

EN2.25 0.35 0.62 20.06

EN1.5 0.24 0.66 20.03

EN0.75 0.08 0.23 20.04

LN0.75 20.02 0.28 0.04

LN1.5 0.01 0.29 0.05

LN2.25 20.09 0.11 20.03

LN3 20.06 0.02 0.04
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with the increases found in the other studies (0.13 to

0.42yr21; see Table 2). For La Niña, there is a clear dis-

tinction in findings between the studies using NCEP–

NCAR reanalysis dataset and other studies. The NCEP–

NCAR dataset shows higher SSW frequencies in LaNiña
years compared to ENSO neutral years. However, sev-

eral studies using climate models [e.g., Domeisen et al.

(2015) and Polvani et al. (2017), as well as this work]

consistently show almost no change in SSW frequency in

La Niña conditions compared to ENSO neutral. This

could reflect either a deficiency of models to capture the

effects of La Niña in the stratosphere or a biased sample

for La Niña years from the relatively short reanalysis

record. A noteworthy point is that the ERA-40/ERA-

Interim reanalysis dataset also analyzed by Polvani et al.

(2017) shows little difference in SSW frequency in La

Niña years, suggesting there are substantial differences in
the apparent La Niña–SSW relationship between rean-

alyses. It should be noted that the experiments performed

here are more idealized than many of the studies listed in

Table 2. The SST perturbations in this study are based on

an analytic function that captures the broad pattern of

ENSO, whereas some other studies base their experi-

ments on observed ENSO events.

The above discussion of the ENSO–SSW relationship

is related to the proposed saturation of the stratospheric

pathway under large El Niño forcing. The fact that the

strongest negative NAO response occurs in our EN3

experiment disagrees with the work of Toniazzo and

Scaife (2006), who found that the observed response to

moderate El Niño events (1.4K) projects onto a nega-

tive NAO, but the response to the strongest El Niño
events (;2.8K) does not resemble a negative NAO.

However, Toniazzo and Scaife (2006) were not able to

reproduce this difference with an atmospheric model

with a poorly resolved stratosphere, and the observed

strongest El Niño events only reflected a few years

and may therefore be affected by small sample size

and other factors such as differences in SST pattern.

More recently Hardiman et al. (2019) have shown us-

ing initialized seasonal hindcasts that the winter North

Atlantic response during strong El Niños does not

strongly resemble the NAO. However, the importance

of initialization for this result is currently unclear, as the

hindcast ensemble only samples a small number of ob-

served strong El Niños. Rao and Ren (2016b) found a

weaker stratospheric response under strong (2K) versus

moderate (1K) El Niño forcing, despite also finding

TABLE 2. Synthesis of SSW frequencies under El Niño, La Niña, and ENSO neutral conditions from various studies. The results from

this study are calculated by averaging across all of the El Niño and La Niña perturbation amplitudes, while Neutral is calculated from the

control experiment. (IGCM3 is version 3 of the Reading Intermediate General Circulation Model; CCMVal is SPARC Chemistry-

Climate Model Validation Activity; for other expansions, see http://www.ametsoc.org/PubsAcronymList.)

Reference Model/dataset El Niño La Niña Neutral

Bell et al. (2009) IGCM3 model simulations 0.55 — 0.42

Butler and Polvani (2011) NCEP–NCAR reanalysis 1958–2010 0.72 0.78 0.41

Garfinkel et al. (2012) ERA-40 reanalysis 1960–2004 0.71 0.73 0.33

GEOSCCMperpetual ENSO 150 winters 0.70 0.18 0.32

CCMVal model integrations 1960–2004 0.83 0.60 0.58

Li and Lau (2013) 800-yr CM3 simulation 0.28 0.23 —

Butler et al. (2014) NCEP–NCAR reanalysis 1958–2013 0.79 0.72 0.37

Domeisen et al. (2015) MPI-ESM seasonal prediction system 0.63 0.46 0.48

Polvani et al. (2017) 46LCAM5 model simulations 1952–2003 0.70 0.51 0.55

NCEP–NCAR reanalysis 1958–2013 0.80 0.63 0.45

ERA-40–ERA-I reanalysis 1958–2013 0.80 0.63 0.60

Calvo et al. (2017) CMIP5 high-top models (EP El Niño
only) 1951–2005

0.66 — 0.52

Song and Son (2018) NCEP–NCAR reanalysis (1958–2014) 0.81 0.65 0.43

JRA-55 Reanalysis (1958–2014) 0.81 0.70 0.48

CMIP5 models historical simulations

(1950–2005)

0.59 0.55 0.56

Domeisen et al. (2019) JRA-55, ERA-40, ERA-Interim, NCEP–

NCAR, and MERRA2 reanalyses

(1958–2017)

0.72 0.68 0.47

This study HadGEM3 model simulations 1.08 0.72 0.79
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larger tropical latent heating anomalies for the strong El

Niño perturbation. Bell et al. (2009) suggested that

during strong El Niño events the stratospheric pathway

becomes saturated owing to a natural limit to the dy-

namical warming of the polar vortex following SSWs.

However, in their El Niño perturbation experiment the

frequency of SSWs is only 0.55 yr21 (Table 2), whereas

for our largest-amplitude EN3 experiment we find a

mean SSW frequency of 1.28 yr21 with 17 out of 54

winters having two or more SSWs. Hence it would ap-

pear that with an El Niño amplitude of 3K we do not

reach a point where saturation of the stratospheric

pathway occurs, despite HadGEM3 having an SSW

frequency in the control experiment that is double that

of the model used by Bell et al. (2009). It may therefore

be a limitation of the model used by Bell et al. (2009),

possibly associated with a coarser vertical resolution (26

levels compared to 85 in HadGEM3), that saturation of

the stratospheric pathway was reached at a lower mean

SSW frequency.

In contrast to Bell et al. (2009), Toniazzo and Scaife

(2006), and Hardiman et al. (2019), we find that the

negative NAO response becomes stronger as the El

Niño forcing increases up to 3K and that this is pre-

dominantly associated with the downward influence

from the stratospheric pathway. Other studies have

separated ENSO years with and without SSWs to isolate

the stratospheric and the tropospheric pathways (e.g.,

Butler et al. 2014; Domeisen et al. 2015); however, in this

case one must take care to define an appropriate refer-

ence state for calculating the NAO index that avoids

biasing the sample. Given that in the EN1.5, EN2.25,

and EN3 experiments the majority of the years (.85%)

have at least one SSW, we cannot perform such a sep-

aration and retain adequate sample sizes to isolate a

signal from internal variability.

Figure 3 emphasizes that although symmetric SST

anomalies are imposed to simulate El Niño and La Niña
perturbations the climate response is strongly asym-

metric between both phases. The asymmetries between

El Niño and La Niña in the stratosphere and North

Atlantic can be at least partly traced back to the changes

in convection and Rossby wave source anomalies. Our

experiments capture the threshold behavior for the re-

lationship between OLR and SSTs in the east Pacific

found by Johnson and Kosaka (2016) (see Fig. S2),

which reflects that negative SST anomalies in the east

Pacific cold tongue are less effective at perturbing trop-

ical convection (Xie et al. 2018). Jiménez-Esteve and

Domeisen (2019) also found that nonlinearities and

asymmetries in the response to ENSO in the North Pa-

cific depend on the magnitude of the ENSO event rather

than on the spatial location of the SST perturbations.

Conversely,Garfinkel et al. (2018) suggest an influence of

the spatial location of SST perturbations and tropical

convection on the linearity of responses between ENSO

phases. Rao and Ren (2016b) found a stronger response

for a 2KLaNiña compared to a 1K perturbation, but the

tropical latent heating response did not increase mark-

edly upon doubling La Niña amplitude, so it is unclear

what mechanism could explain the larger stratospheric

response. Sensitivities to background state and details of

SST patterns may explain differences in the response to

La Niña between various studies (Rao and Ren 2016b;

Jiménez-Esteve and Domeisen 2019; Hardiman et al.

2019; this study).

The fact that the imposed La Niña SST anomalies in

this study differ from some observed events in terms of

spatial location and magnitude could influence the re-

sponse in the tropical Pacific and subsequent telecon-

nection to high latitudes.

The experimental design implemented in this study

neglects other indirect pathways for ENSO to influence

the Euro-Atlantic region, for example through interac-

tions with Atlantic sea surface temperatures (Cassou

and Terray 2001) as a consequence of the use of an

atmosphere-only model. However, a key advantage of

our approach is that it allows the effect of ENSO am-

plitude to be cleanly separated from other factors such

as the pattern of SST anomalies and external drivers of

climate variability, which affect interpretation of the

observational record.

5. Conclusions

This study has investigated the effect of variations

in ENSO amplitude on European winter climate. A

suite of idealized experiments was performed using

the HadGEM3 model with imposed SST perturbations

in the Niño-3.4 region of between 23K and 13K.

The imposed SSTs have an idealized spatial pattern

representative of a classical east Pacific ENSO event

(Fig. 1).

The imposed El Niño perturbations enhance deep

convection in the equatorial Pacific, exciting an anom-

alous poleward propagating Rossby wave train that

strengthens the Aleutian low and shifts its center to-

ward North America. Oppositely signed, but substan-

tially weaker, North Pacific anomalies are found for

the equivalent amplitude La Niña perturbations. The

Aleutian low acts as an atmospheric bridge between

the troposphere and the stratosphere (Garfinkel et al.

2010); the El Niño perturbations enhance the vertical

propagation of wave activity from the troposphere to

the stratosphere, while only the strongest La Niña per-

turbations (22.25 and23K) affect the stratospheric EP
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fluxes by inhibiting the upward wave propagation to the

stratosphere.

As a consequence of the enhanced wave forcing under

El Niño perturbations, the stratospheric polar vortex

weakens throughout winter and the frequency of sud-

den stratospheric warmings increases by up to ;60%

under a 3 K El Niño perturbation. The weakening of the

stratospheric polar vortex and the increase in frequency

of SSWs increases monotonically across the range of El

Niño amplitudes considered (0.75, 1.5, 2.25, and 3K).

We therefore do not find evidence of a saturation of the

stratospheric pathway for strong El Niño forcing as

proposed by some studies (Toniazzo and Scaife 2006;

Bell et al. 2009). Nevertheless, further investigation is

necessary to determine at what forcing level saturation

of the stratospheric pathway may occur. In the EN3

experiment, around 60% of winters have 1 SSW, 27%

have 2 SSWs, and only 7% have no SSWs, suggesting

that saturation could occur for higher forcing ampli-

tudes. In contrast, there are no substantive changes in

SSW frequency in the La Niña experiments and the

stratospheric winds only show significant strengthening

in early and late winter for the strongest La Niña per-

turbations (22.25 and 23K).

At the surface over the Euro-Atlantic sector, the

wintertime response to all four El Niño amplitudes

projects onto a negative NAO pattern, with the largest

SLP anomalies found in February. The winter mean

NAO index anomaly increases monotonically with El

Niño amplitude reaching 21.65 s.d. for the 3 K pertur-

bation. The negative NAO conditions lead to drier

winters over northern Eurasia and wetter winters in the

Mediterranean. In contrast, the La Niña perturbations

are associated with substantially smaller surface climate

anomalies in the Euro-Atlantic sector that lack statisti-

cal significance, with only the 22.25 and 23 K La Niña
perturbations showing a weak response that projects

onto the positive phase of the NAO. The substantially

weaker response to La Niña compared to El Niño in

these experiments may be partly related to the particu-

lar pattern of imposed SSTs, with tropical convection

being potentially more sensitive to La Niña events that

peak in the central and western Pacific.

This work confirms the importance of the stratosphere

in the ENSO teleconnection to Europe in winter. Fur-

ther research is needed to elucidate the mechanism for

the timing of the La Niña teleconnection to Europe,

which is only evident in early and late winter in the ex-

periments described here and not in midwinter as indi-

cated by reanalysis data (Jiménez-Esteve and Domeisen

2018). By systematically investigating the Euro-Atlantic

response to different ENSO amplitudes over a large

range of amplitudes from 23K to 13K, this work has

overcome some of the limitations of the typically small

sample sizes of reanalyses and observation-based studies,

highlighting the strong asymmetry between the climate

response to El Niño and La Niña and a nonlinear be-

havior of different magnitude events of the same ENSO

phase. A similar approach could be used to isolate the

effect of variations in the spatial pattern of Pacific SST

anomalies on the ENSO teleconnection to Europe.
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