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Abstract
New observational evidence for variability of the atmospheric response to wintertime El Niño-Southern Oscillation (ENSO) 
is found. Using different approaches and datasets, a weakening in the recent ENSO teleconnection over the North Atlantic-
European (NAE) region is demonstrated. Changes in both pattern and strength of the teleconnection indicate a turning point 
in the 1970s with a shift from a response resembling the North Atlantic Oscillation (NAO) to an anomaly pattern orthogonal 
to NAO with very weak or statistically non-significant values; and to nearly non-existent teleconnection in the most recent 
decades. Results shows the importance of the background sea surface temperature (SST) state and sea-ice climatology 
having opposite effects in modulating the ENSO-NAE teleconnection. As indicated with targeted simulations, the recent 
change in the SST climatology in the Atlantic and Arctic has contributed to the weakening of the ENSO effect. The findings 
of this study can have implications on our understanding of modulations of ENSO teleconnections and ENSO as a source 
of predictability in the NAE sector.
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1 Introduction

El Niño-Southern Oscillation (ENSO) is a phenomenon 
driven by the atmosphere–ocean interaction and a strong 
driver of climate variability all over the world (Lin and Qian 
2019). ENSO has been attracting scientific attention because 
of its complexity of physics (Barnett et al. 1991; Wang and 
Picaut 2004), world-wide climate impacts (Brönnimann 
2007; Ropelewski and Halpert 1989), predictability (Ren 
et al. 2019), and the possible implications for seasonal fore-
casts (Smith and O’Brien 2001; Scaife et al. 2014; van Old-
enborgh et al. 2005). Detection of the ENSO-related signal in 
some parts of the midlatitudes is not straightforward because 
of the ‘noisy’ internal variability of the extratropical atmos-
phere (Colfescu and Schneider 2017) and other stronger 
influences which can modulate or even mask the ENSO 
signature. It is well known that the weather and climate of 

the North Atlantic-European area (NAE) are affected domi-
nantly by the North Atlantic Oscillation (NAO) (Hurrell 
et al. 2003). Although this phenomenon exists throughout 
the year, it is most prominent during winter. Due to interest 
in its strong impact, NAO has been extensively investigated 
and abundant evidence of its influence, manifestation and 
variability on different timescales has been reported. The 
impact of NAO that extends over a great area from eastern 
North America to western and central Europe is reflected in 
temperature, precipitation, and intensity and location of the 
North Atlantic storm tracks (Wettstein and Wallace 2010; 
Woollings et al. 2015). According to the existing evidence, 
NAO may be considered a result of the internal atmospheric 
dynamical processes through the interaction between eddies 
and the mean flow (Lau 1981; Limpasuvan and Hartmann 
1999; Vallis et al. 2004). Therefore, NAO is an internal 
mode of climate variability with weak predictable signal 
beyond the weather timescales. However, recent studies pro-
pose possible predictability of NAO through driving physi-
cal climate processes that are themselves predictable to some 
extent, such as tropical precipitation and the North Atlantic 
sub-tropical gyre (Domeisen et al. 2018; Scaife et al. 2014, 
2017).
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Variability of the extratropical atmosphere can be affected 
by ENSO through the so-called teleconnections. While the 
ENSO impact is quite clear for certain regions, like Aus-
tralia and Pacific-North America (PNA) (Power et al. 1999; 
Ropelewski and Halpert 1986), its influence on some other 
regions, such as NAE, is challenging to establish. There is 
considerable uncertainty on the amplitude and pattern of the 
atmospheric response to ENSO over NAE due to internal 
variability of the atmosphere (Deser et al. 2017). However, 
other studies indicate that the timing, spatial pattern and 
strength of the ENSO impacts can be considerable over the 
NAE region. The response is seasonally dependent, and 
there is a substantial difference even between the telecon-
nection patterns for early (November–December) and late 
(January–March) winter (Ayarzagüena et al. 2018; Jiménez-
Esteve and Domeisen 2018; King et al. 2018; Molteni et al. 
2015, 2020). While the wave-train originating in tropical 
Pacific is predominantly responsible for the ENSO influence 
on NAE region in late winter, interactions between tropical 
Pacific, Indian Ocean and Atlantic basins are important for 
establishing the early winter ENSO teleconnection to the 
NAE region (Abid et al. 2020b; Ayarzagüena et al. 2018). 
Various atmospheric processes that can impact and modulate 
the signature of ENSO in NAE area exist. An important con-
tributor to the observed variety of the ENSO teleconnections 
is the diversity, in strength and pattern, of the ENSO events 
that can produce diverse responses (Calvo et al. 2017; Ineson 
and Scaife 2009; Iza and Calvo 2015; Larkin 2005; Li and 
Lau 2012; Toniazzo and Scaife 2006; Zhang et al. 2019).

Physical mechanism through which ENSO forces climate 
anomalies in the more distant parts of the world includes 
tropospheric propagation of the atmospheric Rossby waves 
(Horel and Wallace 1981; Hoskins and Karoly 1981; Kingtse 
and Livezey 1986). Alongside the tropospheric pathway, 
existing evidence shows that the tropical Pacific-NAE tel-
econnection is also established through the stratosphere. 
Vertically propagating waves associated with ENSO may 
perturb the polar stratosphere, which in turn affects the sur-
face below (Bell et al. 2009; Calvo et al. 2017; Domeisen 
et al. 2019; Iza and Calvo 2015). In addition to the winter-
time signal, the stratosphere may also support a prolonged 
ENSO impact from winter to spring by persistence of the 
winter ENSO signal (Herceg-Bulić et al. 2017).

Despite some disagreements between the previous results, 
most authors report a detectable ENSO-related signal in the 
European climate anomalies (Bartholy and Pongrácz 2006; 
Halpert and Ropelewski 1992; Kiladis and Diaz 1989; Rodó 
et al. 1997; Van Loon and Madden 1981). The canonical 
wintertime El Niño events are associated with a southward 
shift of the Atlantic cyclone track, more frequent cyclonic 
weather types over the NAE region and increased precipi-
tation in the Mediterranean (Brönnimann 2007). La Niña 
events are mainly associated with the signal having almost 

symmetric pattern to that of the El Niño, with the opposite 
sign of the anomalies.

Regarding the spatial pattern of the ENSO teleconnec-
tions with the NAE region, a number of authors show that 
during the late winter ENSO impact on the European region 
projects onto the NAO pattern, with the warm phase (El 
Niño) resembling the negative NAO, and the cold phase 
(La Niña) resembling the positive NAO (Bell et al. 2009; 
Brönnimann 2007; Domeisen et al. 2015; Mezzina et al. 
2019). However, Mezzina et al. (2019) argued that these 
two phenomena produce similar sea level pressure patterns 
in the NAE area via different dynamical mechanisms, which 
is indicated by the upper-tropospheric fields. The observed 
diversity of La Niña events can also have a significant impact 
on the atmospheric NAO-like response in the NAE area 
(Zhang et al. 2015). This relationship between ENSO and 
NAO shows non-stationarity on decadal timescales (Rod-
ríguez-Fonseca et al. 2016).

We have described but a small part of the substantial pro-
gress that has been achieved in understanding the ENSO 
impact on NAE climate, but there are still many unsettled 
questions related to the strength, pattern, stationarity, and 
the underpinning physical mechanisms of the ENSO-NAE 
teleconnection (Bulić and Kucharski 2012; Hardiman et al. 
2019; Lorenzo et al. 2011; Moron and Ward 1998; van Old-
enborgh et al. 2000). In this study we look into the possi-
ble variation of ENSO and NAO co-occurrence to test the 
theory that the total ENSO influence on the NAE area pro-
jects onto the NAO pattern in late winter. From the results, 
non-stationarity of the ENSO teleconnection in the NAE 
area is found in both observed and modelled data. Finally, 
the potential cause for the weakening of this ENSO telecon-
nection is proposed, considering the decrease in the Arctic 
sea-ice cover and the background SST state.

2  Materials and methods

2.1  Observational data

To analyse mean-sea level pressure (MSLP) we have used 
the Hadley Centre (HadSLP2r) dataset (Allan and Ansell 
2006). We also performed analysis for several other param-
eters (MSLP, zonal wind, geopotential height, temperature, 
surface ice concentration) taken from the NOAA 20th Cen-
tury Reanalysis v3 (hereafter NOAA 20CR) (Slivinski et al. 
2019). Niño 3.4 index from the HadISST dataset (Rayner 
et al. 2003) was used to define ENSO events, while the Hur-
rell PC-based NAO index was used to define NAO events.
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2.2  Model

We used the International Centre for Theoretical Phys-
ics (ICTP) atmospheric general circulation model (ICTP 
AGCM/SPEEDY) to investigate the effect of background 
SST on ENSO teleconnections. SPEEDY is an AGCM of 
intermediate complexity with a horizontal resolution of 
3.75° longitude × 3.75° latitude with a spectral triangular 
truncation at wavenumber 30 (T30) and 8 vertical levels 
(Kucharski et al. 2006a, 2013; Molteni 2003). The prognos-
tic vorticity-divergence equations are solved using a hydro-
static, σ-coordinate, spectral-transform method (Bourke 
1974), with semi-implicit treatment of gravity waves. The 
model has parameterizations for various physical processes 
such as shortwave and longwave radiations, large-scale con-
densation, convection, and surface fluxes of momentum, 
heat, and moisture.

The model has been used in many studies, including 
those on the ENSO-Indian summer monsoon teleconnec-
tion (Kucharski et al. 2006b, 2007), tropical oceans telecon-
nection to Southwest Central Asia wet-season precipitation 
(Abid et al. 2020a), impact of the land–sea thermal contrast 
on the Northern Hemisphere climatic modes (Molteni et al. 
2011), and the ENSO-related global teleconnections (Abid 
et al. 2020b; Bulić et al. 2012; Herceg Bulić and Branković 
2007; Herceg-Bulić et al. 2017; Kucharski et al. 2006b, 
2013). Under close examination in these studies, the model 
is able to re-produce well the general features of the various 
teleconnections pathways during different seasons and even 
differences between seasons (e.g. Abid et al. 2020b). It is 
now well-known that ENSO teleconnection to the extratrop-
ics involves tropospheric as well as stratospheric pathways 
(Domeisen et al. 2019). With SPEEDY’s relatively coarse 
spatial resolutions and low top (at σ = 0.02), it is reason-
able to question its suitability for the present study. In the 
supporting information for Herceg-Bulić et al. (2017) the 
numerical treatments at the top two levels of SPEEDY are 
described; and variabilities of temperature and zonal winds 
at the model top are also examined [also see Fig. 11 in King 
et al. (2010)]. These variabilities are found to be similar 
to those in reanalysis and other models. King et al. (2010) 
also report the response in the model subject to top-lev-
els temperature perturbation that imitate ozone reduction 
[see Fig. 14 and associated text in King et al. (2010)]. The 
resulting zonal-mean response that propagates to the tropo-
sphere through eddy forcing is found to be consistent with 
that reported by more in depth dynamical studies such as 
Simpson et al. (2009). It appears that the top two levels of 
SPEEDY can enable troposphere-lower-stratosphere interac-
tion to some extent. The winds bias in the troposphere which 
in turn affects the accuracy of Rossby waveguiding is also an 
important factor for modelled teleconnection (e.g. Hoskins 
and Ambrizzi 1993; Li et al. 2020). We had not found that 

biases in SPEEDY affect simulation of the canonical ENSO 
teleconnections [see previous studies cited above, especially 
Fig. 4 in Kucharski et al. (2013)] so seriously that the model 
should not be used. One possible reason for the good model 
performance is that the tropospheric wind biases during DJF 
in the model is in fact very small (see http:// users. ictp. it/ 
~kucha rsk/ speed y8_ clim. html). The previous studies and 
evaluations described above, coupled with our experience 
in using the model to research tropical-extratropical telecon-
nections give us some confidence in using SPEEDY for the 
present exploration.

We performed many experiments consisting of 210-year 
long simulations (the beginning 10 years are discarded). The 
model was forced with monthly-varying anomalous El Niño 
or La Niña SSTs that are repeating annually (Fig. 1b). The 
same anomalous ENSO SSTs are superimposed on different 
SST and sea-ice climatologies in the different experiments. 
Investigation of the modulation of the ENSO teleconnections 
by the background states due to changes in SST and sea-
ice concentration (SIC) climatologies is based on different 
combinations of ‘early’ or ‘late’ SST and ‘high’ or ‘low’ 
SIC climatologies. Here, the ‘early’/‘high’ climatologies 
are calculated from the 1979–1999 period, and ‘late’/‘low’ 
climatologies from the 2005–2015 period. The difference 
of ‘early’ from ‘late’ SST climatologies used in the model 
experiments is shown in the Fig. 1a. In the Sect. 3.1, we 

Fig. 1  a ‘Early’ (1979–1999) minus ‘late’ (2005–2015) SST cli-
matologies used in the model experiments. b El Niño SST anomaly 
applied; La Niña is exact opposite of this. Both the climatology and 
anomalous SST applied in the model experiments are monthly vary-
ing but only Jan/Feb are shown here. Original data is from HadISST

http://users.ictp.it/~kucharsk/speedy8_clim.html
http://users.ictp.it/~kucharsk/speedy8_clim.html
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describe the climatological skin temperature difference over 
oceans and sea-ice for the experimental results presented.

The atmospheric response, in terms of anomalies of 
certain variables, due to ENSO is calculated by subtract-
ing a control run (forced globally prescribed climatologi-
cal SST and SIC with no ENSO) from another experiment 
with ENSO SST anomaly superimposed on the same SST 
and SIC climatologies. To isolate the modulating impact of 
the SST climatology in different ocean basins, we have also 
performed further ‘low’ sea-ice experiments with different 
combinations of ‘early’ and ‘late’ SST climatologies pre-
scribed in three different ocean regions (Arctic, Indian and 
Pacific, and Atlantic oceans). These results are described in 
detail in the Sect. 3.1 of the paper.

2.3  Classification of ENSO and NAO events

ENSO years were categorized according to the strength of 
the winter (January, February, and March, hereafter JFM) 
Niño 3.4 index (HadISST), defined as SST anomalies aver-
aged over 5° S–5° N and 120°–170° W. NAO years were 
classified based on the JFM NAO index, the first principal 
component (PC1) of JFM mean sea level pressure (MSLP) 
over the North Atlantic-European region (20°–80°  N, 
90° W–40° E). There are three different categories in which 
the values of both of the standardized indices are sorted: 
negative ( I < −0.5𝜎 ), neutral (I ∈ [−0.5�, 0.5�]) and posi-
tive ( I > 0.5𝜎).

3  Results

3.1  Variation of ENSO and NAO co‑occurrence

According to the scientific literature concerning the ENSO-
NAE teleconnection in late winter, it is widely accepted 
that the ENSO impact on the NAE region projects onto a 
NAO-like pattern, with positive ENSO being associated 
with the negative NAO. In that case, one would expect the 
ENSO index (which measures the strength and phase of an 
ENSO event) to be correlated with the NAO index (which 
represents the spatial distribution and strength of a particular 
NAO event). In order to examine the relative occurrence of 
ENSO and NAO, probability distributions of NAO phases 
during three ENSO states are presented in Figs. 2 and 3. 
ENSO events are sorted according to the value of the Had-
ISST Niño 3.4 index, where ENSOpos signifies the warm 
ENSO phase (El Niño), the cold ENSO phase (La Niña) 
is denoted as ENSOneg, while ENSO0 stands for neutral 
ENSO events. Following the same principle, the NAO events 
are sorted into positive, negative and neutral categories 
according to the value of the PC-based Hurrell NAO index.

Figure 2 shows how many times in the investigated period 
events connected to a certain ENSO phase (ENSOneg, 
ENSOpos and ENSO0) were accompanied by the negative, 
positive or neutral NAO. According to the HadSLP data, 
there are 40 ENSOneg events in total and 35% of them are 
associated with the positive NAO, 30% with the negative 
phase of NAO and 35% with its neutral phase. The distribu-
tion for 30 ENSOpos events is slightly different. Out of all 
recorded ENSOpos events, 47% are accompanied by nega-
tive NAO, 33% by positive and 20% by neutral NAO. At first 
glance, distributions presented in Fig. 2 confirm the previous 
findings that the warm ENSO phase (El Niño) is connected 
with the negative NAO (e.g. Bell et al. 2009; Brönnimann 
2007; Domeisen et al. 2015), because a larger number of 
ENSOpos events co-occurs with the negative phase of NAO.

In order to examine if a similar distribution of ENSO and 
NAO events is maintained on shorter time scales, we plotted 
the probability distributions for successive 30-year periods 
with an overlap of 20 years from 1899 to 2018 (Fig. 3). They 
reveal temporal non-stationarity of the ENSO-NAO rela-
tionship. In the first seven periods, warm ENSO is more 
frequently accompanied by negative NAO than by positive 
NAO. Particularly, the ENSOpos-NAOneg occurrences 
are predominant in the following sub-periods: 1909–1938, 
1919–1948, 1929–1958, 1939–1968 and 1949–1978. How-
ever, in the sub-period 1969–1998 the situation has reversed 
and there are more cases when warm ENSO (ENSOpos) 
is accompanied by positive NAO (NAOpos) than those 
accompanied by negative NAO. The difference is even 

Fig. 2  Probability distribution of NAO phases during a particular 
ENSO phase for HadSLP data for the period 1899–2015. ENSO0 
(neutral), ENSOneg (La Niña) and ENSOpos (El Niño) events are 
defined by the values of JFM HadISST Niño 3.4 index (ENSO0: 
− 0.5σ ≤ I ≤ 0.5σ, ENSOneg: I < − 0.5σ, ENSOpos: I > 0.5σ). Analo-
gous definition is made for NAO events and NAO index (JFM Hurrell 
PC-based NAO index)
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more pronounced in the last two sub-periods (1979–2008 
and 1989–2018). This finding indicates the non-stationary 
behaviour of the ENSO-NAO occurrence with a change in 

the relative distribution of the ENSO and NAO indices in the 
1970s. The probability distribution of different ENSO and 
NAO phases in overlapping 30-year long sub-periods made 

Fig. 3  Probability distribu-
tion of NAO phases during 
a particular ENSO phase for 
HadSLP data for a 1899–1928, 
b 1909–1938, c 1919–1948, 
d 1929–1958, e 1939–1968, f 
1949–1978, g 1959–1988, h 
1969–1998, i 1979–2008, and 
j 1989–2018. ENSO0 (neu-
tral), ENSOneg (La Niña) and 
ENSOpos (El Niño) events 
are defined by the values of 
JFM HadISST Niño 3.4 index 
(ENSO0: − 0.5σ ≤ I ≤ 0.5σ, 
ENSOneg: I < − 0.5σ, ENSO-
pos: I > 0.5σ). Analogous defini-
tion is made for NAO events 
and NAO index (JFM Hurrell 
PC-based NAO index)
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for ERA-20C reanalysis data (Poli et al. 2016) (not shown) 
confirms the previously described behaviour. When the dec-
adal variability of the NAO index is removed by subtracting 
a 31-year moving average (not shown) from the standardized 
NAO index, the available period is shortened due to filtering. 
Nevertheless, the probability distribution using the filtered 
NAO index also points to the same observed change in the 
co-occurrence of ENSO and NAO phases.

In Fig.  3, ENSOneg (La Niña) events are more fre-
quently accompanied by the positive phase of NAO in the 
first three 30-year periods (Fig. 3a–c). Starting from 1929 
to 1958 period (Fig. 3d), ENSOneg-NAOneg combina-
tion becomes dominant in the following period, except for 
1969–1998 (Fig. 3f) and 1989–2018 (Fig. 3j) when there is 
an equal number of events in both ENSOneg-NAOneg and 
ENSOneg-NAOpos categories.

The shift in ENSO-NAO occurrence is also supported by 
Fig. 4 showing a 31-year running correlation between the 
JFM HadISST Niño 3.4 and JFM Hurrell PC-based NAO 
index. The 31-year long correlation intervals are represented 
by the year in the centre of the interval, which is shown on 
the x-axis (e.g. the correlation interval 1899–1929 is shown 
as 1914). The correlation coefficients with a negative sign 
indicate that the warm ENSO phase is mostly accompanied 
by negative NAO. The 31-year running correlation displays 
the temporal variability of the correlation between the two 
indices. At the beginning of the considered period, the cor-
relation is not statistically significant. For the 31-year long 
periods starting around 1910, the correlation becomes sta-
tistically significant. The correlation, however, drops to non-
significant values again for 31-year periods starting around 
1940. To inspect the role of the observed decadal variability 
of the NAO index in the running correlation with the Niño 

3.4 index, we repeated the calculation using a filtered NAO 
index (not shown). Running correlation with the NAO index 
after removing the decadal variability points to the same 
conclusion suggested by the results in Fig. 4: the non-sta-
tionarity of the ENSO-NAO correlation and the weakening 
to statistically non-significant values around 1970.

3.2  Non‑stationarity in ENSO teleconnection 
over the NAE region

Motivated by the non-stationarity of the ENSO-NAO con-
nection illustrated in Figs. 2, 3 and 4, we investigate the 
teleconnection spatially with regression maps. Based on the 
results shown in Figs. 3 and 4, we chose the 1929–1958 
period as an example of the earlier conditions in the ENSO-
NAE teleconnection, and the 1979–2008 period as an exam-
ple of the ENSO-NAE teleconnection after the observed 
change. The regressions for the two periods (and their dif-
ference) are presented in Figs. 5, 6, 7 and 8 for sea level pres-
sure, zonal wind and geopotential heights at 200 hPa level.

Regression of HadSLP onto the Niño 3.4 index for the 
whole considered period (Fig. 5c) indicates that there is 
a weak ENSO-related signal over the western part of the 
Northern Atlantic. However, regression made for two shorter 
(30-year) periods shows that the response resembles the 
negative NAO pattern for 1929–1958 period (Fig. 5a). Area 
with negative regression coefficients stretches from the 
eastern coast of North America across the Atlantic towards 
Europe and is accompanied by area with positive regres-
sion coefficients to the north. However, in the more recent 
period, 1979–2008 (Fig. 5b), the regression shows a signifi-
cant change. The area with negative regression coefficients 
is very weak and is reduced to the middle of the Atlantic, 

Fig. 4  31-year running correlation between the observed HadISST 
JFM Niño 3.4 and JFM Hurrell PC-based NAO index for 1899–2015. 
The x-axis shows the centres of 31-year long correlation intervals. 

Red line indicates statistically significant values in the 95% confi-
dence interval according to the two-tailed Student’s t-test
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while the other parts of North Atlantic and Europe no longer 
show any statistically significant response. The change is 
evident when looking at the difference of the two regression 
maps (Fig. 5d). The difference between the later and the 
earlier considered 30-year period is large and statistically 
significant over the north-eastern part of North America, 
in the North Atlantic, and to the northwest of the Scandi-
navian Peninsula. Another dataset, NOAA 20CR, indicates 
the same features of the ENSO teleconnection over the 
NAE region: weakening of the atmospheric response over 
the Atlantic and Arctic in recent period (Fig. 6b). Again, 
NOAA 20CR dataset reveals a negative NAO-like response 
to ENSO for the earlier period (Fig. 6a). Similarly, as was 
obtained for the HadSLP data (Fig. 5c), when the whole 
period is considered, the regression is relatively weak over 
the NAE region (Fig. 6c). Figure 6d shows the difference 
between the regressions for the more recent (Fig. 6b) and 
earlier period (Fig. 6a) indicating remarkable changes in the 

response over the Atlantic and Arctic area. The difference is 
especially pronounced to the north-west of the Scandinavian 
Peninsula, and in the North Atlantic, west of the European 
continent.

To analyse the changes over time in more detail, we 
divided the total considered period into overlapping 30-year 
periods (Supp. Fig. S1), the same as the probability dis-
tributions presented in Fig. 3. Some of the earlier periods 
are associated with strong and statistically significant nega-
tive NAO-like response (i.e. 1909–1938 in Supp. Fig. S1c, 
1919–1948 in Supp. Fig. S1d, 1929–1958 in Supp. Fig. S1e, 
and 1939–1968 in Supp. Fig. S1f). During these periods 
negative regression coefficients are found over the south-
ern and eastern parts of Europe accompanied by positive 
coefficient over the Artic region. However, the response 
starts to weaken in the 1949–1978 period (Supp. Fig. S1g). 
It changes considerably in the later period (Supp. Fig. 
S1i), when the regression is non-significant over most of 

Fig. 5  Regression of JFM HadSLP onto JFM Niño 3.4 index (HadISST) [hPa/ °C] for a 1929–1958, b 1979–2008, c 1899–2015, and d regres-
sion map in (b) minus regression map in (a). Statistically significant results (p < 10%) are shaded
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Europe. Weakening of the signal continues resulting in the 
non-significant response in last period (Supp. Fig. S1j). As 
already indicated by the Niño 3.4 and NAO index connection 
(Figs. 2, 3, 4), these results imply the existence of a change 
in the ENSO-NAE teleconnection in strength and spatial 
pattern of the atmospheric response.

Upper level fields confirm the temporal variability in the 
ENSO-NAE teleconnection found for sea level pressure 
(Figs. 5, 6). Regressions of geopotential height (GH200, 
GH500 and GH850) onto the Niño 3.4 index (Supp. Fig. S2) 
show a barotropic response. The regression maps for periods 
prior to and after the turning point indicate considerably 
different patterns. In fact, the responses presented in the left 
and right columns are orthogonal to each other in the Atlan-
tic sector. Focusing on the 200 hPa level (Fig. 7), the ENSO 
impact on the NAE region in the earlier period (Fig. 7a) 
is associated with positive regression coefficients over the 
northern Canada, which is accompanied by a zonally ori-
ented belt of negative regression coefficients stretching from 
the eastern North America across the Atlantic towards the 

European continent. In the later period, the negative regres-
sion coefficients are weaker (Fig. 7b) and the area does not 
reach the NAE region, unlike the case during the earlier 
period. The difference between the later and earlier period 
(Fig. 7d) shows significant values over northern Canada, and 
an area spanning from the eastern coast of North America 
towards Europe.

Consistent with the results for geopotential heights, the 
regression of zonal wind at 200 hPa onto the Niño 3.4 index 
is modulated as well (Fig. 8). Zonal wind response to ENSO 
in the earlier period (Fig. 8a) contains positive regression 
coefficients on the southern part of the North Atlantic, link-
ing North America and Europe, which are accompanied 
by negative regression coefficients in the northern, pole-
ward side of the Atlantic (compare Fig. 11c). However, the 
response shows altered amplitude and spatial characteristics 
during the later period (Fig. 8b). In the later period zonal 
wind response does not reach the Eastern Atlantic and is 
disconnected from the European continent. This is also illus-
trated in the difference of the regression maps for the later 

Fig. 6  Same as Fig. 5 except for JFM NOAA 20th Century Reanalysis v3 sea level pressure (SLP)
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and earlier period (Fig. 8d), which is statistically significant 
in the NAE region. This change in the response is present on 
different levels for zonal wind (not shown).

Changes in both patterns and strengths of geopotential 
height, mean sea level pressure and zonal wind regression 
maps indicate a shift in the ENSO impact on the NAE region 
which has occurred in the 1970s. Prior to 1970, the atmos-
pheric response to ENSO over the NAE region had a form 
of two zonally oriented belts with stronger connection, in 
terms of the values of the regression coefficients (Fig. 8a). 
However, after 1970 the overall response over the NAE area 
is weakened (Fig. 8b) and anomalies do not reach the Euro-
pean continent (also compare Fig. 7a with b). It is found 
that during the most recent period not only the teleconnec-
tion pattern has changed, but also the mean sea level pres-
sure response faded to non-significant values (Fig. S1j). It 
is shown that the results of the regression depend on the 
considered period and its length (e.g. Fig. 6a–c).

By examining the regression maps, we are focusing only 
on the linear part of the ENSO-NAE teleconnection. How-
ever, the signal related to ENSOneg (La Niña) phase over 

the NAE region is found to be nonlinear (Zhang et al. 2015). 
To distinguish the nonlinear signal, a separate analysis of 
the two ENSO phases, in form of ENSOpos (El Niño) and 
ENSOneg (La Niña) composites for HadSLP (Fig. 9) was 
made. Spatial distribution of the ENSO regression onto 
HadSLP (Fig. 5) and its change from earlier (Fig. 5a) to 
later 30-year period (Fig. 5b) is consistent with ENSOpos 
composites (Fig. 9a, c). The ENSOpos composite in the 
later 30-year period (Fig. 9c) changes sign of the spatial 
pattern over the NAE area, which agrees with the results 
shown in Fig. 3. Meanwhile, the HadSLP composites for 
ENSOneg events for the same two 30-year periods (Fig. 9b, 
d) have an overall weaker response over the NAE area and 
the spatial pattern is of the opposite sign. Despite the rela-
tively small size of the presented composites, they imply 
that the observed change in the ENSO-NAE teleconnection 
is mainly due to the weakened ENSOpos-NAE connec-
tion. Also, results of the composite analysis revealed that 
the teleconnections associated with both of ENSO phases 
become weaker over the NAE region in the later 30-year 
period (Fig. 9c, d).

Fig. 7  Same as Fig. 5 except for JFM NOAA 20th Century Reanalysis v3 geopotential heights at 200 hPa (GH200) [m/°C]
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3.3  Potential cause of weakened ENSO‑NAE 
teleconnection

Inspection of the regression maps from early to late 
30-year periods indicates a temporal modulation of the 
ENSO-NAE teleconnection. Therefore, we present results 
for other variables that may suggest the cause of the non-
stationarity. First, we present temperature anomalies 
(based on the climatology for the 1899–2015 period) at 
200 hPa for two 30-year periods (Fig. 10). Comparing 
T200 anomalies in the earlier (Fig. 10a) and later period 
(Fig. 10b), and their difference (Fig. 10c), the warming 
of the subpolar northern Canada atmosphere is evident. 
In the earlier period, temperature anomalies over the 
polar region are weakly negative. However, in the later 
period, anomalies over the polar region strengthen and 
change their sign. The warming of the polar atmosphere 
modifies the meridional temperature gradient, which may 
induce changes in the speed and structure (e.g. waviness) 

of the jet stream (Cohen et al. 2014; Francis and Vavrus 
2015; Cattiaux et al. 2016). Because the jet stream has an 
important role for teleconnections acting as waveguides 
(Branstator 2002), we present zonal wind change as well. 
Figure 11 shows zonal wind anomalies at 200 hPa for two 
periods as above: earlier (1929–1958; Fig. 11a) and later 
(1979–2008; Fig. 11b). The difference between the later 
and earlier period, compared to the u200 climatology 
(Fig. 11c), reveals that in the later period the southern 
flank of the Atlantic jet has strengthened, indicating its 
equatorward shift. According to these results, the change 
in the strength and position of the jet coincides with the 
weakening of the ENSO-NAE teleconnection. Variability 
of the midlatitude atmospheric circulation has been widely 
investigated and many studies proposed Arctic warming 
and sea-ice loss as an important contributor (Gastineau 
and Frankignoul 2015; Screen et al. 2018; Warner et al. 
2019). Furthermore, century-scale sea-ice extent analysis 
has shown that the sea-ice extent changed considerably in 
the Northern Hemisphere and has accelerated during the 

Fig. 8  Same as Fig. 5 except for JFM NOAA 20th Century Reanalysis v3 zonal wind at 200 hPa (u200) [m  s−1 °C−1]
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Fig. 9  Composites of JFM HadSLP [hPa] for ENSOpos (El Niño) 
and ENSOneg (La Niña) events for a, b 1929–1958, c, d 1979–2008, 
and e, f 1899–2015. ENSOpos events are defined as JFM HadISST 
Niño 3.4 index > 0.5 σ, while ENSOneg are defined as JFM HadISST 

Niño 3.4 index < -0.5 σ. Number (n) of ENSOpos and ENSOneg 
events in each period is written in the parenthesis. Statistically signifi-
cant results (p < 10%) are shaded
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past several decades (Walsh and Chapman 2001). NOAA 
20CR surface ice concentration anomalies averaged over 
the polar cap (− 180° to 180° E, 70°–90° N) for the period 
1899–2015 (Fig. 12) show that the significant drop in 
the ice concentration coincides with the changes in the 
ENSO-NAO teleconnection over the NAE area. Moreo-
ver, both tropical and extratropical SSTs affect the atmos-
phere through remote forcing and local ocean–atmosphere 
interaction (Gastineau and Frankignoul 2015; Czaja et al. 
2019). In the next section, we pose the following question 
using model experiments: what are the roles of Arctic sea-
ice loss and change in SSTs in controlling the ENSO-NAE 
teleconnection?

3.4  Modelling evidence

In the previous sections, observational evidence of the 
weakening of the ENSO-NAE teleconnection is presented. 
In this section we report model results of investigating the 

modulation of ENSO-NAE teleconnections through back-
ground states that are controlled by SST and SIC.

Figure 13 shows the mean sea level pressure responses to 
El Niño in simulations with differently prescribed climato-
logical values of SIC and SST. The experiment forced with 
El Niño SST under ‘high’ SIC and ‘early’ SST climatologies 
(Fig. 13a) simulated a canonical response to ENSO with a 
negative NAO-like pattern over the NAE region. However, 
the experiment forced with ‘low’ sea-ice and ‘late’ clima-
tological SST (representing more recent conditions), turned 
out considerably different (Fig. 13b). Not only is the spatial 
pattern of the response changed (the pattern does not pro-
ject onto the NAO pattern), the area of statistical significant 
values in the NAE sector has also shrunk. In particular, the 
anomaly over the Atlantic which links the action centres over 
the Gulf of Mexico and Europe is absent in the experiment 
with recent sea-ice and SST conditions. But what are the 
relative roles of sea-ice and SST changes in the weaken-
ing of the teleconnection over NAE? The ENSO forcing on 

Fig. 10  NOAA 20th Century Reanalysis v3 averaged JFM temperature anomalies (using 1899–2015 climatology) at 200 hPa (T200) [°C] for a 
1929–1958, b 1979–2008, and c anomalies in (b) minus anomalies in (a)
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background conditions with ‘low’ sea-ice but with a switch 
to ‘early’ SST climate in fact produces the strengthened 
response (compare Fig. 13b, d, and also Fig. 13f, h). On the 
other hand, the weakening of the signal is obtained for the 
experiment retaining the ‘late’ SST climatology but with 
a switch to ‘high’ sea-ice (Fig. 13c, g). This suggests that 
the ‘late’ SST climatology is responsible for the weakened 
ENSO teleconnection in the NAE. The GH200 response to 
ENSO (Fig. 13e–h) is consistent with the result for mean sea 
level pressure, manifesting similar dependence on the SST 
and sea-ice climatology throughout the atmosphere.

The above results highlight the role of the ‘late’ SST cli-
matological state on weakening of the atmospheric response 
to ENSO, while the ‘low’ sea-ice climatology could have 
the opposite effects. The biggest difference in SSTs is found 
in the Pacific and northern Atlantic (Fig. 1a). The differ-
ence in what we call ‘climatologies’ can be due to the two 
stronger El Niños (1982/83, 1997/98) in the earlier period 

as well as other decadal variations between the two periods. 
To check, we repeated the calculation for Fig. 1a with these 
two El Niños excluded. Globally the pattern stays similar. 
In tropical Pacific, these two El Niños contribute to at most 
about 40% of the values in Fig. 1a. In the North Atlantic, the 
values largely do not change. The model experiments have 
been prescribed with identical El Niño anomaly on top of the 
different background states, so that whatever ENSO telecon-
nection differences resulted should be due to modulating 
factor(s), not to differences in El Niño strengths.

To explore the impact of the SST climatology in more 
detail, with the aim to identify which parts of the global 
oceans are necessary for the weakening, we repeated the 
‘low’ sea-ice experiments with ‘early’ and ‘late’ SST clima-
tologies prescribed in the different oceans. Three separate 
ocean basins are delineated for this purpose—Indian and 
Pacific Ocean, Arctic Ocean, and Atlantic Ocean, as shown 
by the boxes with blue borders in Fig. 1a. Also, shown in 

Fig. 11  NOAA 20th Century Reanalysis v3 averaged JFM zonal 
wind anomalies (using 1899–2015 climatology) at 200  hPa (u200) 
[m/s] for a 1929–1958, b 1979–2008, and c anomalies shown in (b) 

minus anomalies in (a) [m/s] (shaded) with overlaid contours of JFM 
zonal wind (u200) climatology for period 1899–2015 (contour inter-
val = 10 m/s)
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Fig. 1b is the anomalous SST applied in all of the El Niño 
experiments. Since there are two climatological SSTs to 
choose from for each of the three ocean basins, eight unique 
combinations of ‘early’ or ‘late’ SST climatologies pre-
scribed in these regions exist. All these eight experiments 
have been carried out. Results from two of them (all basins 
at ‘early’ or at ‘late’ SST) are already shown in Fig. 13. 
Figure 14 shows results from the other six, with the blue 
borders indicating the areas where the SST climatology is 
from the ‘early’ period, and the area outside of that is from 
the ‘late’ period. Atmospheric responses to El Niño under 
these conditions are then compared with the response the 
‘low’ sea-ice conditions with globally prescribed ‘late’ SST 
climatology (Fig. 13b). The idea is to see which one(s) of 
these experiments revert from a weakened to a strength-
ened ENSO response that is similar to the ‘low’ sea-ice and 
‘early’ SST everywhere which is shown in Fig. 13d. This 
approach allows examination of the sensitivity of the mod-
elled atmospheric response to the background SST states.

With the experiment presented in Fig. 13b as a start-
ing point, we consider the impact of reverting the SST 
climatology in the Indo-Pacific region to the ‘early’ SST 
climatology, while the ‘late’ SST climatology is kept else-
where (Fig. 14a). The pattern is similar to that in Fig. 13b 
(i.e. anomalies form a monopole over the Eastern Atlantic 
detached from the anomalies covering Central America). In 
comparison with Fig. 13a, the NAE response in Fig. 14a is 
much weaker with statistically significant anomalies cover-
ing a very small area. The response is somewhat stronger 
when ‘early’ SST climatology is prescribed over the Arctic 

Ocean (Fig. 14b), but it still retains the monopole form. 
Similar weak teleconnections in the NAE area are obtained 
for the experiment with ‘early’ SST climatology prescribed 
in the Atlantic (Fig. 14c). The results of Fig. 14a–c suggest 
that the change of SST climatology in these three ocean 
areas independently is not enough to substantially modify 
the result of Fig. 13b. The response still does not change 
significantly from Fig. 13b when we revert to ‘early’ SST 
climatology everywhere outside the Arctic Ocean (Fig. 14d) 
or outside the Atlantic Ocean (Fig. 14e). However, when 
‘early’ SST climatology is prescribed in both the Arctic 
and Atlantic, the response changes simultaneously in the 
strength and pattern (Fig. 14f). The response then consists 
of non-significant positive northern centre and significant 
negative southern centre across the Atlantic (connected with 
anomalies covering Central America) and is a reminiscence 
of the responses under ‘early’ SST conditions (Fig. 13a, d). 
Experiments in Fig. 14 reveal that if the SST climatology in 
the Arctic and Atlantic is reverted to ‘early’ SST values, the 
teleconnection in the NAE region stays similar as that for 
low sea-ice and globally prescribed ‘early’ SST climatology, 
i.e. it is strengthened like in Fig. 13d. Equivalently, it means 
that if ‘late’ SST climatology is prescribed in the Arctic or 
Atlantic, the response is weaker with anomalies forming a 
similar pattern as the one in ‘late’ SST conditions (Fig. 13b, 
c). The total SST (i.e. El Niño anomaly + climatology) in the 
later period is less than that of the early period, because the 
climatology in the tropical Pacific has weakened (Fig. 1a) 
in the late period. However, in this instance, it turns out the 
change in SST climatology in the Pacific is not a factor.

Fig. 12  NOAA 20th Century Reanalysis v3 surface ice concentration anomalies [frac.] averaged over the polar cap (− 180° to 180° E, 70° to 90° 
N) for the period 1899–2015
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Therefore, the model results together indicate the Atlantic 
and Arctic SST change in recent decades is able to sepa-
rately weaken the ENSO teleconnection in the NAE area. 
The later warming of the North Atlantic is related to the 
Atlantic Multidecadal Oscillation, both in pattern and tim-
ing. We suggest that SST in the Atlantic affects the back-
ground winds which determine the Rossby wave propagation 
and interaction with mean flow that are so important for 
ENSO teleconnection in the NAE (e.g. Hoskins and Karoly 
1981; Hoskins and Ambrizzi 1993). A simple inspection of 
the model experiments performed here indicates a common 

feature is the weaker subtropical jet in the North Atlantic 
in the earlier period compared to the later one. Consistent 
with the modulation of the El Niño teleconnections pre-
sented above, this only occurs for experiments with Atlantic 
and Arctic SST changes prescribed (Supp. Fig. S3 shows 
three examples). This result presented in Supp. Fig. S3 is 
in agreement with Fig. 11, suggesting that the subtropical 
jet in the North Atlantic is stronger for periods with weaker 
teleconnections. Investigation of the changes in complex 
tropospheric and stratospheric pathways (Jiménez-Esteve 
and Domeisen 2018; King et al. 2018; Mezzina et al. 2019; 

Fig. 13  ICTP AGCM simulated MSLP response to El Niño in con-
ditions with: a ‘high’ sea-ice and ‘early’ SST climatology, b ‘low’ 
sea-ice and ‘late’ SST climatology, c ‘high’ sea-ice and ‘late’ SST 
climatology and d ‘low’ sea-ice and ‘early’ SST climatology. Panels 

e–h: same as panels a–g but for GH200 response. Shading indicates 
statistically significant values. Contouring interval is 0.5 hPa in a–d 
and 5 m in e–h. Statistically significant results (p < 5%) are shaded
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Domeisen et al. 2019; Li et al. 2020), and how well models 
and reanalyses agree with each other, is beyond the scope 
of the present study.

For completeness, we have conducted additional 
experiments with El Niño SST anomalies placed in the 
central Pacific (El Niño Modoki SST pattern, Supp. Fig. 
S4), as well as the cold phases of both the canonical and 
central-Pacific ENSO (not shown). In terms of the effect 
on the strength of atmospheric teleconnections in the 
NAE area, the results obtained are similar to those for the 
canonical El Niño as given in Figs. 1 and 13. Note that it 
is not our aim here to argue that the ENSO teleconnec-
tion in NAE is not dependent on ENSO diversity or that 
there is no non-linearity between the El Niño and La Niña 
anomalies, but only to report the outcome from the addi-
tional experiments.

We believe that our conclusion here regarding the role of 
Arctic and Atlantic oceans in weakening the ENSO telecon-
nection in NAE is robust (although it might still be model 

dependent) due to the consistency of the results across a 
large number of sensitivity experiments performed.

4  Discussion and conclusions

The results of our study provide evidence of variability in the 
atmospheric response to ENSO. Using different approaches 
(probability distribution of the NAO phases during a par-
ticular ENSO phase, running correlation, regression maps) 
and for different datasets (HadSLP and NOAA 20th Cen-
tury reanalysis), we demonstrate a weakening in the recent 
ENSO-NAE teleconnection during late winter. Additional 
composite analysis agrees with the spatial pattern and the 
observed changes of the HadSLP regressions on the Had-
ISST Niño 3.4 index presented. Also, the investigation of 
HadSLP composites for El Niño and La Niña suggests that 
the observed weakening of the ENSO-NAE teleconnection 
is mostly tied to the weakening of the El Niño-NAOneg con-
nection. This decrease of the SLP response is visible in the 

Fig. 14  ICTP AGCM simulated MSLP response to El Niño in con-
ditions with ‘low’ sea-ice and ‘early’ (1979–1999) SST climatology 
prescribed in: a Indian and Pacific Ocean, b Arctic Ocean, c Atlan-
tic Ocean, d Atlantic, Indian and Pacific Ocean, e Arctic, Indian and 

Pacific Ocean and f Arctic and Atlantic Ocean. Blue rectangles illus-
trate regions with prescribed ‘early’ SST climatology; outside those 
regions the ‘late’ SST climatology is prescribed. Statistically signifi-
cant results (p < 5%) are shaded. Contouring interval is 0.5 hPa
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composites for La Niña as well. However, because of the 
generally weaker response to La Niña in the NAE area in the 
considered period, the observed weakening of the ENSO-
NAE teleconnection can be primarily ascribed to the El Niño 
phase. The ENSO response in the NAE area has turned from 
El Niño and negative NAO-like connection to statistically 
non-significant values. Weakening of the signal is found at 
the surface (SLP), and also at higher levels (for different 
variables, e.g. geopotential height, temperature, zonal wind). 
The correlation between Niño 3.4 and NAO index, as well as 
regression maps, indicate that the change began to develop 
in the 1970s.

It is well-known that natural variability is an important 
source of uncertainty in the ENSO-NAE teleconnection. As 
highlighted in van Oldenborgh and Burgers (2005), the rela-
tively short period of observations, weak ENSO signal and 
large atmospheric noise in the extratropics are all limiting 
factors for investigating the strength and long-term varia-
tions of ENSO teleconnections. The modulations of ENSO 
teleconnections can be small compared to the effects of 
atmospheric internal variability and it is often challenging to 
demonstrate high statistical confidence (Sterl et al. 2007; van 
Oldenborgh et al. 2000). However, the presented analysis of 
the ENSO-NAE teleconnection, together with the consistent 
results of targeted model experiments, supports our hypoth-
esis that sea-ice concentration and SST climatology are 
important factors in the modulation of the ENSO-NAE tel-
econnection. Recent studies (e.g. Fereday et al. 2020; Michel 
et al. 2020) using large ensembles of model experiments also 
reported recent and projected future changes of ENSO tel-
econnections, further suggesting that modulations of ENSO 
teleconnections to the Northern Hemisphere could be real in 
principle and are not just due to statistical artefacts.

Analysis of observed data and reanalysis has pointed to 
non-stationary behaviour of the ENSO-NAO relationship, 
with a change in sign of spatial patterns and frequency of 
co-occurrence of ENSO and NAO phases around 1970s. 
Moreover, analysis of the ENSO and NAO connection 
using different definitions of the NAO index (PC-based and 
station-based) and various approaches to remove the NAO 
decadal variability (filtering and calculating the index based 
on 30-year climatologies; not shown) shows good agree-
ment with the results presented in Fig. 3, implying that the 
observed change cannot be entirely attributed to the recent 
positive NAO trend. To offer a possible reason behind the 
described change, we have further investigated the poten-
tial role of sea-ice and SST climatology in modulating the 
ENSO-NAE teleconnection. For that purpose, ICTP AGCM 
(SPEEDY) has been forced with El Niño SSTs in the tropical 
Pacific. Sensitivity experiments with different combinations 
of sea-ice and SST climatology of ‘low’ (or ‘high’) sea-ice 
concentration and ‘early’ (or ‘late’) SST conditions enabled 
the investigation of their roles. Our results indicate that both 

the sea-ice and SST climatology modulate the ENSO tel-
econnection over the NAE region. However, their contri-
butions have opposite effects: the Arctic sea-ice loss tends 
to strengthen the teleconnection, with anomalies resem-
bling a NAO pattern; while it is weakened under the more 
recent SST climatology. According to the targeted simula-
tions, recent change in the SST climatology in the Atlantic 
and Arctic is of great importance for the weakening of the 
ENSO-NAE teleconnection.

Although the focus of our study was to provide an expla-
nation of the observed change in the late winter ENSO-NAE 
teleconnection by looking at the impact of sea-ice and SST 
climatology, these two factors are not the only possible influ-
ences on ENSO teleconnection to the NAE region. For exam-
ple, taking into consideration the delayed ENSO influence on 
the NAE region via the stratosphere (e.g. Herceg-Bulić et al. 
2017) and the difference between the late fall, early and late 
winter atmospheric response to ENSO (Abid et al. 2020b; 
Ayarzagüena et al. 2018; King et al. 2018) could provide the 
base for future studies of the ENSO-NAE teleconnection.
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