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Abstract
The response of the North Atlantic large-scale circulation to El Niño–Southern Oscil-
lation (ENSO) exhibits distinct differences between early (November–December) and
late (January–February) winter. However, the reasons for this are unclear, particu-
larly regarding the early winter response. Here we examine the role of storm-track
dynamics in influencing the intraseasonal variability of the ENSO teleconnection to
the North Atlantic. During late winter there a broad weakening of the eddy heat flux
upstream of the North Atlantic storm track during the El Niño phase, which is asso-
ciated with a broad southward jet shift across North America and the North Atlantic.
The late winter response is reinforced by synoptic eddies through enhanced cyclonic
wave breaking, consistent with previous studies. However, a stronger teleconnection
occurs during early winter. There are modest changes in the North Atlantic eddy heat
flux, but strong changes in the upper-level storm track associated with ENSO, with
increased anticyclonic wave breaking during El Niño reinforcing the jet across the cen-
tral North Atlantic. During early winter there are less frequent northern eddy-driven jet
occurrences in El Niño years and more frequent northern eddy-driven jet occurrences
in La Niña years. These poleward North Atlantic jet excursions typically follow peaks
in the eddy heat flux; however, in El Niño years this relationship breaks down and the
jet does not transition to the northern position as frequently, despite no clear changes
in the upstream eddy heat flux. Composite analysis reveals that precursor storm-track
anomalies upstream over the eastern North Pacific/North America are important in
suppressing the poleward jet excursions. These precursors map onto the seasonal mean
North Pacific storm-track anomalies during El Niño. Measured across all years, there
is a clear relationship between the mean early winter eastern North Pacific storm-track
activity and eastern North Atlantic eddy-driven jet, which can explain the early winter
ENSO teleconnection to the North Atlantic.
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1 INTRODUCTION

The El Niño–Southern Oscillation (ENSO) phenomenon
is characterised by coupled ocean–atmosphere variability
in the Tropical Pacific but has remote influences across
the globe, through atmospheric teleconnections (e.g.,
Horel & Wallace, 1981; Trenberth et al., 1998; Wallace
& Gutzler, 1981). The shifting patterns of tropical con-
vection associated with ENSO influence the upper-level
jet streams and associated storm tracks, which has a
significant influence on seasonal climate variability in
many continental regions in the extratropics (e.g., Tren-
berth, 2020). In the Northern Hemisphere, the strongest
extratropical influence of ENSO is seen in the North
Pacific sector, where the North Pacific jet shifts south and
strengthens further downstream, significantly influenc-
ing the climate of North America (e.g., Cook et al., 2007;
Seager, Naik, et al., 2010; Seager, Kushnir, et al., 2010).

ENSO has also been shown to influence the large-scale
circulation in the extratropical North Atlantic region sig-
nificantly, with an associated impact on the seasonal cli-
mate conditions of the surrounding continental regions of
Europe and North America (e.g., Brönnimann et al., 2007;
Taschetto et al., 2020). Moreover, the ENSO teleconnec-
tion to the North Atlantic provides an important source of
predictability in wintertime seasonal forecasts (e.g., Dun-
stone et al., 2016; O’Reilly et al., 2020; O’Reilly, Heatley,
et al., 2017; Scaife et al., 2014; Smith et al., 2012; Thornton
et al., 2023).

Given the importance of ENSO as a source of seasonal
predictability, there have been many studies into the mech-
anisms governing the teleconnection to the extratropical
North Atlantic. Previous studies have highlighted the sig-
nificant influence of ENSO on the North Atlantic Oscil-
lation (NAO: e.g., Brönnimann et al., 2007; Pozo-Vázquez
et al., 2005a,b), which is the dominant mode of large-scale
circulation variability in the North Atlantic sector and
is characterised by stronger/weaker meridional sea-level
pressure gradient over the entire basin (e.g., Hurrell
et al., 2003). Previous studies have shown that the link
between ENSO and the NAO is particularly strong in late
winter (i.e., January–March), with negative NAO condi-
tions more likely during El Niño winters and positive NAO
conditions more likely during La Niña winters (e.g., Brön-
nimann et al., 2007; Drouard et al., 2015; Li & Lau, 2012;
Toniazzo & Scaife, 2006).

The mechanisms linking ENSO to the phase of the
late winter (January–February) NAO in the literature can
broadly be grouped into stratospheric and tropospheric
pathways. The stratospheric pathway is characterised by
changes in the strength of the upward-propagating plan-
etary waves; this anomalous propagation acts to weaken
the stratospheric polar vortex in El Niño winters and

strengthen the stratospheric polar vortex in La Niña
winters (e.g., Domeisen et al., 2019). These stratospheric
signals subsequently exhibit a downwards impact on the
troposphere, ultimately influencing the likely phase of
the NAO (e.g., Butler et al., 2014; Hardiman et al., 2019;
Ineson & Scaife, 2009).

The tropospheric pathway is characterised by changes
in the Pacific jet stream and the propagation of eddy
energy into the North Atlantic sector. The North Pacific jet
strengthens and extends zonally across the North Pacific
due to eddy momentum flux feedbacks during El Niño
winters (e.g., Seager, Naik, et al., 2010). There is a subse-
quent influence on the eddy propagation into the North
Atlantic sector (e.g., Jiménez-Esteve & Domeisen, 2020),
with the associated anomalous eddy momentum fluxes
acting to favour the particular phases of the NAO (Drouard
et al., 2015; Li & Lau, 2012).

Whilst most of the literature has focused on the ENSO
teleconnection to the North Atlantic in the late win-
ter, recent studies have emphasised the intraseasonal
variability of the teleconnection. In the early winter
(November–December), the teleconnection is quite dif-
ferent from that in the late winter, with the associated
sea-level pressure anomalies closely resembling the “East
Atlantic” pattern (EA) rather than the NAO (Ayarza-
güena et al., 2018; Geng et al., 2023; King et al., 2018;
King et al., 2023; Moron & Gouirand, 2003), as also shown
here in Figure 1a; in addition, some studies have high-
lighted the possible role of the tropical Indian Ocean in
modifying the ENSO teleconnection to the North Atlantic
in early winter (Abid et al., 2021, 2023). Previous stud-
ies have demonstrated that free-running coupled climate
models struggle to reproduce the early-season telecon-
nection to the North Atlantic (Ayarzagüena et al., 2018;
Molteni, 2020). Some seasonal forecasting systems seem
to resemble the observed teleconnection more closely
in early winter, but the response is inconsistent and
weaker than that seen in observations (Ayarzagüena
et al., 2018; Molteni & Brookshaw, 2023; Thornton
et al., 2023). In order to identify the causes for such
apparent modelling deficiencies, it is important to first
develop understanding of the mechanisms driving the
early winter teleconnection. To date, however, this has
received relatively little attention in the literature; inves-
tigating the mechanisms underlying the early winter
teleconnection to the North Atlantic is a key focus of
this study.

To understand the response of the extratropical North
Atlantic large-scale circulation to ENSO, in the analysis
that follows we explore changes in the regime behaviour
and the associated storm track lifecycle in the North
Atlantic. On subseasonal timescales, the variability of
the wintertime North Atlantic eddy-driven zonal jet
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(a) (b)

(c) (d)

(e) (f)

F I G U R E 1 Difference between El Niño and La Niña phases in early winter, ND, and late winter, JF, for (a,b) SLP, (c,d) u at 200 hPa,
and (e,f) u at 850 hPa. The climatologies (1950–2022) of each field for the different periods are contoured, with contour intervals (a,b) 4 hPa,
(c,d) 5 m⋅s−1 from 20 m⋅s−1, and (e,f) 1.5 m⋅s−1 from 6 m⋅s−1. Hatching indicates regions where the difference has p-values greater than 0.1,
based on a Monte Carlo resampling.

(i.e., in the lower troposphere) exhibits a trimodal
latitude distribution that sets it apart from other extra-
tropical storm-track regions and seasons (Woollings
et al., 2010). These regimes are robust across different
observational datasets and periods and correspond closely
to circulation regimes found through cluster analysis
of daily geopotential height anomalies over the North
Atlantic sector (e.g., Vautard, 1990). Novak et al. (2015)
showed that some of the more common transitions are
linked to the lifecycle-type behaviour of the North Atlantic
storm track (Ambaum & Novak, 2014), with peaks in
storm-track activity (i.e., eddy heat flux) in the western
North Atlantic linked with poleward displacements of the
eddy-driven jet, and subsequent weaker periods associated
with a more southern jet position. Moreover, sensitiv-
ity experiments demonstrate that higher upstream heat

fluxes have been shown to result in a higher frequency of
poleward displacements of the eddy-driven jet (O’Reilly,
Minobe, et al., 2017).

In this study, we examine the role of storm-track
dynamics in governing the mean seasonal response of
the North Atlantic large-scale circulation to ENSO using
reanalysis data. In particular we focus on the regime
behaviour of the eddy-driven jet and how this relates
to the storm-track activity; we find that the observed
seasonal mean responses in early and late winter can
be interpreted as changes in occurrence of the different
eddy-driven jet latitude regimes. We show that there are
changes in the relationship between the storm-track activ-
ity and the eddy-driven jet that are clearly linked to the
upstream influence of the North Pacific jet—but there are
distinct differences between early and late winter that are
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important in generating the intraseasonal variability of the
ENSO teleconnection.

2 DATASETS AND METHODS

2.1 Reanalysis data and storm-track
diagnostics

We analyse data from the ERA5 reanalysis dataset
(Hersbach et al., 2020) over the period 1950–2022, which
includes a total of 72 winters. The daily mean data were
regridded to 1◦ × 1◦ horizontal resolution prior to the
analysis. To examine the role of storm-track activity
and associated eddy–mean-flow interactions, we analyse
high-pass eddy variables. These eddies were calculated by
taking daily mean variables and running them through
an eight-day high-pass filter, specifically a 31-point Lanc-
zos filter (Duchon, 1979). In the analysis that follows we
examine several storm-track diagnostics.

• Meridional eddy heat flux: defined as the poleward
transport of heat at 850 hPa in the lower troposphere
by synoptic (high-pass filtered) eddies, v′T′. The eddy
heat flux is an important measure of baroclinic wave
growth and reflects the tendency of baroclinic waves to
transport heat polewards over their lifecycle, generating
eddy kinetic energy at the expense of available potential
energy.

• Eddy kinetic energy (EKE): defined here as a measure
of the EKE of synoptic (high-pass filtered) eddies at
200 hPa in the upper troposphere, K = 1

2
(u′2 + v′2).

• Eddy total energy flux (TEF): is a measure of the flux
of energy associated with synoptic eddies, including the
eddy available potential energy and eddy kinetic energy,
defined as TEF = v(K + P) + v′𝜙′. The first term repre-
sents the advection of eddy kinetic energy (K, as above)
and eddy available potential energy, P (following, e.g.,
Drouard et al. (2015)). The eddy available potential
energy is defined as P =

[
h2∕(2s2)

]
𝜃′2, where 𝜃′ is the

high-pass filtered potential temperature and the param-
eters s2 = −h(𝜕𝜃R∕𝜕p) and h = (R∕p)(p∕ps)R∕Cp are con-
stants that depend only on the pressure level (𝜃R is a
reference potential temperature; R is the gas constant;
ps is the reference pressure level; Cp is the specific heat
capacity). The second term represents the ageostrophic
geopotential flux of synoptic eddies, where va is the
horizontal ageostrophic velocity and 𝜙 is the geopoten-
tial; this term has been linked to downstream develop-
ment of baroclinic waves (e.g., Orlanski & Chang, 1993).
Together, these provide a measure of the total energy
propagation of synoptic eddies. In the analysis that

follows we evaluate the TEF at 200 hPa in the upper
troposphere, with a particular focus on the zonal
component.

• E vectors: here we analyse the horizontal compo-
nents, E = [Ex,Ey] = [(v′2 − u′2)∕2,−u′v′], which pro-
vide a measure of the shape and tilt of the synoptic
eddies and can be used to estimate the feedback of
the eddies onto the mean flow (Hoskins et al., 1983).
We examine the E vector at 200 hPa in the upper tro-
posphere. The meridional component of the E vector
is an important measure of the direction of synop-
tic wave breaking, with poleward vectors indicating
cyclonic wave breaking and equatorward vectors indi-
cating anticyclonic wave breaking. The tendency of the
synoptic eddies in forcing the low-frequency zonal flow,
through momentum flux convergence, can be estimated
by taking the divergence of the E vector (e.g., Tren-
berth, 1986).

2.2 North Atlantic eddy-driven jet
diagnostic

In addition to the storm-track diagnostics we also evalu-
ate the behaviour of the North Atlantic eddy-driven jet. We
broadly follow the approach of (Woollings et al., 2010) to
identify the location of the eddy-driven jet in the North
Atlantic. The daily mean zonal wind at 850 hPa in the
lower troposphere is averaged over the region 0–60◦W,
retaining values between 15 and 75◦N. The zonal mean
zonal wind is then low-pass filtered using a 10-day Lanc-
zos filter to identify changes in the jet on timescales longer
than those of individual synoptic systems. The maximum
wind speed on each day is then identified as the latitude
of the North Atlantic eddy-driven jet. The daily jet lati-
tudes are then used to calculate jet latitude distributions
using a kernel estimate with standard smoothing parame-
ter h = 1.06𝜎n−1∕5, where 𝜎 is the standard deviation and n
is the sample size (Silverman, 1981). In the pdfs presented
below, we use the same h calculated from all years for the
La Niña and El Niño subsets to aid comparison with the
climatological distribution.

2.3 Blocking-event diagnostic

We analyse the changes in blocking frequency by using
a two-dimensional large-scale wave-breaking index, com-
monly used to identify blocking events in the literature
(e.g., Woollings et al., 2008). Here we follow the method-
ology of (Masato et al., 2013). The index uses daily Z500
data and identifies meridional reversals of the normal
equator-to-pole gradient, over regions of 15◦ to the north
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O’REILLY et al. 2073

and south of each point in the northern midlatitudes.
Events must span at least 15◦ in longitude and must per-
sist for at least five days to be identified as blocking events
according to this diagnostic.

2.4 ENSO definitions

To define ENSO years we follow the “Oceanic Niño
Index” (ONI) methodology of National Oceanic and Atmo-
spheric Administration (NOAA), applied to the Hadley
Centre Sea Ice and Sea Surface Temperature (HadISST)
dataset (Rayner et al., 2003). The ONI methodology used
three-month averages of SSTs averaged over the Niño 3.4
index region (170◦W–120◦W, 5◦S–5◦S). Anomalies with a
magnitude greater than 0.5◦ K relative to a moving 30-year
averaged climatology are defined as ENSO winters. The
anomaly must remain over the threshold for four consec-
utive three-month seasons, one of which must be DJF, to
satisfy the criteria of being an ENSO winter. A total of 19
El Niño winters and 18 La Niña winters are identified in
the 72 winters over the period of this study.

2.5 Significance testing

To provide a measure of the statistical significance for the
composite ENSO differences presented below, we compare
the observed composite differences with distributions of
randomly sampled composites. Specifically, two compos-
ites with the equivalent number of years are resampled at
random from the entire dataset to produce random com-
posites and the difference of these is recorded. This process
is repeated 10 000 times and the resulting distribution is
used to estimate p-values, which provide some context
to the magnitude of the observed anomalies. Where the
observed ENSO composite differences are large compared
with the random distribution, this provides positive evi-
dence that ENSO plays a role in governing the differing
circulation responses (Ambaum, 2010).

3 RESULTS

3.1 Intraseasonal variability in the
large-scale circulation and storm-track
response to ENSO

We begin our analysis by examining the extratropical
ENSO teleconnection over the North Atlantic sector (and
extended over the western North Pacific) in terms of ear-
ly/late winter mean large-scale atmospheric circulation.
Figure 1 shows the composite ENSO difference—defined

here as the composite El Niño winter average minus the
composite La Niña winter average—for sea-level pres-
sure (SLP), zonal wind in the upper troposphere (at
200 hPa, U200) and zonal wind in the lower tropo-
sphere (at 850 hPa, U850). We focus our analysis on early
(November–December) and late (January–February) win-
ter periods, following Ayarzagüena et al. (2018). Analysis
of individual months from October–March (Figure S1)
reveals that the clearest ENSO influence over the North
Atlantic is in the November–February period and confirms
that there is a distinct shift between the early (ND) and late
(JF) winter periods, as highlighted in previous studies.

The large-scale circulation response in SLP over the
North Atlantic (Figure 1a,b) is substantially different in
the early winter (ND) compared with late winter (JF). In
early winter, the SLP difference has a strong low in mid-
latitudes mapping approximately onto the “East Atlantic
Pattern”, whereas in late winter the SLP difference resem-
bles the negative phase of the NAO pattern. This difference
was highlighted by Moron and Gouirand (2003), Ayarza-
güena et al. (2018), and King et al. (2018). It is of interest
to go beyond large-scale SLP anomalies and analyse the
changes in the North Atlantic jet. The equivalent zonal
wind differences (Figure 1c–f) show that in the early win-
ter period the jet response to ENSO in the North Atlantic is
generally found further downstream towards Europe and
is strongest in the midlatitudes, where the jet stream is
further south during El Niño winters. In contrast, the late
winter teleconnection has stronger changes further south
in the Atlantic, with the zonal wind anomalies spanning
most of the North Atlantic basin and not just confined to
the midlatitudes as in early winter.

To understand further the processes governing the
variations between the early and late winter ENSO
response in the North Atlantic, we examine differences in
seasonal mean storm-track measures, shown in Figure 2.
We first examine differences in the meridional eddy heat
flux, v′T′, at 850 hPa (Figure 2a,b). In the early winter
there is relatively little difference in the meridional eddy
heat flux over the peak climatological storm-track region
(shown in contours), with a slight meridional shift reflect-
ing the changes in the mean jet (i.e., Figure 1c,e). The lack
of clear changes in the meridional eddy heat flux over
North America and the peak climatological storm-track
region during the early winter period is consistent with
the fairly modest changes in the upper-tropospheric jet
around the west coast of North America (i.e., Figure 1c).
In contrast, in the late winter there is a broad weaken-
ing in the meridional eddy heat flux over North America
and a larger-scale southward shift over the North Atlantic
basin, which is consistent with the lifecycle behaviour
shown by Novak et al. (2015). The broad weakening over
North America and the western North Atlantic in the
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(a) (b)

(c) (d)

(e) (f)

F I G U R E 2 Difference between El Niño and La Niña phases in early winter, ND, and late winter, JF, for (a,b) eddy heat flux, v′T′, at
850 hPa, (c,d) EKE at 200 hPa, and (e,f) zonal component of TEF at 200 hPa. For (a–d), the climatologies (1950–2022) of each field for the
different periods are contoured, with contour intervals (a,b) 4 K⋅m⋅s−1 from 8 K⋅m⋅s−1 and (c,d) 20 m2⋅s−2. The vectors in (e,f) show the TEF
difference. Hatching indicates regions where the difference (shaded) has p-values greater than 0.1, based on a Monte Carlo resampling.

late winter largely follows the large-scale shift of the
upper-tropospheric zonal wind between ENSO phases in
the late winter (i.e., Figure 1d), which is associated with
a change in large-scale wind shear and associated baro-
clinicity (as measured by the Eady growth rate, shown in
Figure S2).

We now examine the EKE and TEF at 200 hPa in
the upper troposphere in the different phases of ENSO
(Figure 2c–f). Both of these storm-track diagnostics show
a consistent southward shift of the storm track and a slight
strengthening during El Niño winters compared with La
Niña winters. This is broadly seen in both early (ND) and
late (JF) winter periods spanning the eastern North Pacific
and across the North Atlantic. One prominent feature,
however, is that the EKE difference in the North Atlantic is
stronger in the early winter than the late winter, despite the
changes upstream over the North Pacific/America region
being weaker.

The zonal component of the TEF differences
(Figure 2e,f) largely resemble the patterns of
upper-tropospheric zonal wind differences between the
ENSO phases (i.e., Figure 1c,d), with the late winter dif-
ferences showing a strong zonal downstream flux of eddy
energy from the North Pacific across Mexico and into
the North Atlantic (Figure 2f). The strong downstream
TEF across this region was found to be an important
tropospheric pathway for the ENSO influence on the
North Atlantic in previous observational and idealised
studies (Jiménez-Esteve & Domeisen, 2018, 2020). The
early-winter TEF differences, in contrast, show less clear
changes in the zonal downstream flux of eddy energy from
the North Pacific, with a less clear connection around
the west coast of North America. This is particularly
noteworthy because the differences in the North Atlantic
sector show a more statistically significant response than
in the late winter period, indicating that the mechanisms
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O’REILLY et al. 2075

through which changes over the North Pacific influence
the North Atlantic are different in the early winter.

To investigate how these storm-track changes are
influencing the large-scale circulation differences seen
over the North Atlantic between ENSO phases, we now
examine the horizontal E-vector composites, shown in
Figure 3a–f. As outlined in Figure 2b, the E vectors are a
useful diagnostic of the zonal momentum fluxes by syn-
optic eddies, with divergence of the E vector indicating
where the eddies act to force the zonal flow. During El
Niño in the early winter, there are stronger equatorward
E vectors over the eastern North Atlantic, indicative of
stronger anticyclonic wave breaking, with the associated
momentum fluxes acting to drive the zonal jet in a more
zonal orientation and in a more southern position south
than during La Niña. The divergence of the E vectors
is fairly noisy, but the difference (shown in Figure 3e)

nonetheless highlights the action of the eddies in driving
the zonal wind differences over the eastern North
Atlantic.

The E-vector composites in the late winter period
exhibit a substantially more poleward orientation dur-
ing El Niño, in contrast to the early winter period
(Figure 3b,d). The region of anomalously poleward E
vectors—and associated cyclonic wave breaking—spans
from North America all the way across the North Atlantic
(Figure 3f), with the divergence demonstrating that the
eddies are acting to force the jet further south during El
Niño—and substantially further south than during the
early winter (cf. Figure 1e,f). Overall, this beahviour is con-
sistent with previous studies that have shown increased
cyclonic wave breaking during the late winter period in
El Niño years compared with La Niña years (Drouard
et al., 2015; Li & Lau, 2012).

(a) (b)

(c) (d)

(e) (f)

F I G U R E 3 (a,b) El Niño and (c,d) La Niña composites and (e,f) difference in early winter, ND, and late winter, JF, for Ey at 200 hPa.
For (a–d), the vectors show the full E vector at 200 hPa and the divergence of the E vector is shown in contours every 0.5 m2⋅s−2⋅day−1 from
0.5 m2⋅s−2⋅day−1. For (e,f), the vectors show the E-vector difference at 200 hPa and the difference of the E-vector divergence is shown in
contours every 0.3 m2⋅s−2⋅day−1 (with the zero contour omitted), with negative values in blue and positive values in red. A separate plot of the
E-vector divergence is included in the Supplementary Material, Figure S3.
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2076 O’REILLY et al.

The study by Ayarzagüena et al. (2018) found that
upper-level Rossby-wave source anomalies over eastern
North America were significantly different between ENSO
phases and discussed the possibility that this could
drive a stationary Rossby-wave response downstream. The
Rossby-wave source is roughly proportional to the merid-
ional gradient of the E-vector divergence (e.g., Hoskins
et al., 1983), so it is clear we are picking up similar signals
in the E-vector diagnostics shown in Figure 3e,f. In the fol-
lowing sections, we show that the season mean response
is perhaps better understood through systematic changes
in the subseasonal circulation rather than a stationary
Rossby-wave response.

In this section we have revisited the contrasting North
Atlantic large-scale circulation anomalies in early and late
winter associated with ENSO. There are distinct differ-
ences in the response of the North Atlantic jet between
early and late winter, which show a clear barotropic struc-
ture (i.e., Figure 1c–f). Examining the ENSO differences
in terms of some storm-track diagnostics reveals that the
average responses in early and late winter have some clear
differences. In late winter there is a broad weakening of the
eddy heat flux upstream of the North Atlantic storm track
during the El Niño phase, which is associated with a broad
southward shift of the jet stream across North America
and the North Atlantic. As highlighted in previous studies,
this late winter response is reinforced by eddies through
enhanced cyclonic wave breaking. In contrast, during early
winter there are only modest changes in the eddy heat flux
over the North Atlantic but there are strong changes in
the upper-level storm track associated with ENSO, with an
increase in anticyclonic wave breaking during El Niño and
the eddies acting to reinforce the jet across the central part
of the North Atlantic. Overall, these results indicate that
there are distinct differences in the mechanisms by which
the upstream North Pacific influences the North Atlantic
during early and late winter, and that these are important
in contributing to the mean ENSO response.

3.2 The behaviour of the North
Atlantic eddy-driven jet during different
phases of ENSO

In the previous section we analysed the mean ENSO
differences in early and late winter, highlighting the
different storm-track dynamics between the two peri-
ods. However, analysing these seasonal mean responses
only allows us to identify common relationships between
the large-scale circulation response to ENSO and
associated storm-track dynamics. To understand better
how the dynamics of the North Atlantic circulation change
during ENSO phases, and the role of the storm track in

governing this, it is useful for us to examine the subsea-
sonal variability of the North Atlantic eddy-driven jet and
the associated storm-track dynamics, as we will here and
in the following section.

Distributions of the subseasonal variability of the
North Atlantic eddy-driven jet are plotted for early and
late winter seasons in Figure 4, including distributions for
all years and ENSO phase subsets; differences between
the distributions during ENSO phases are also shown
(Figure 4c,d). The distributions for all years in both early
and late winter show the familiar trimodal jet latitude
distribution highlighted in previous studies, with the jet
preferentially located in southern, central, and northern
locations (e.g., Woollings et al., 2010, 2014). Comparing
the winter climatological distributions (i.e., grey lines in
Figure 4a,b), it is clear that the jet tends to occur in the
southern position more frequently in the late winter com-
pared with the early winter, during which the jet tends to
occur more frequently in the northern position.

Examining the distributions during the ENSO phases,
the most substantial differences are seen in early winter,
for which the modal jet position is in the central jet peak
(around 45◦N) during El Niño winters. In contrast, the
jet is found in the northern position significantly more
frequently during La Niña winters. In late winter, the
eddy-driven jet is found in the southern position more
frequently during El Niño winters at the expense of the
more poleward positions, however, the ENSO differences
are only marginally significant and smaller than the differ-
ences in the early winter. The clear difference in jet latitude
distribution in early winter is particularly notable because
it demonstrates that ENSO substantially influences the
occurrence of the jet in its favoured positions, rather than
an average shift in the distribution. The changes in occur-
rence frequency in response to ENSO are reminiscent of
the behaviour of a simple nonlinear dynamical system
in response to an external forcing (e.g., Palmer, 1999).
Overall, this analysis highlights that changes in the distri-
bution of the eddy-driven jet latitude on daily timescales
are important to understand how the seasonal mean dif-
ferences are established.

3.3 Changes in the lifecycle of the early
winter North Atlantic storm track and
eddy-driven jet in response to ENSO

To understand why the influence of ENSO on the North
Atlantic eddy-driven jet latitude distributions is so dif-
ferent between the early and late winter, we now exam-
ine the lifecycle of the North Atlantic storm track and
associated changes in the downstream eddy-driven jet.
Here we follow the approach of Novak et al. (2015), who
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O’REILLY et al. 2077

(a) (b)

(c) (d)

F I G U R E 4 Eddy-driven jet latitude distributions for (a) early winter, ND, and (b) late winter, JF. In (a,b) the different curves show the
distributions for all winters as well as El Niño and La Niña winters. (c,d) The difference between the eddy-driven jet latitude distributions for
El Niño and La Niña winters. In (c,d) the curves are coloured where the difference has p-values less than 0.1: red indicates where the jet
occurs more often during El Niño winters and blue indicates where the jet occurs more often during La Niña winters.

showed that poleward jet excursions in the North Atlantic
tend to follow periods of intense storm-track activity over
the western North Atlantic. We analyse composite high
eddy heat flux events—identified as peaks in the 10-day
low-pass filtered v′T′ at 850 hPa—over the climatological
storm track maximum region (35–50◦N, 70–40◦W; shown
in Figure 2a,b). Events are defined as peaks in the eddy
heat flux time series that exceed 25 K⋅m⋅s−1 in early winter
and 30 K⋅m⋅s−1 in late winter and are separated by at least
10 days (the results that follow are not qualitatively sen-
sitive to changes in these thresholds of +∕− 5 K⋅m⋅s−1 in
either direction). These definitions result in a total of 118
events in early winter and 93 events in late winter.

Composites of the downstream eddy-driven jet (u at
850 hPa, between 0 and 30◦W) are plotted in Figure 5a,b

and the associated eddy heat flux event composites are
shown in Figure 5c,d. In both early and late winter peri-
ods the eddy-driven jet is substantially further poleward on
average following strong upstream eddy heat flux events,
in agreement with the results shown by Novak et al. (2015).
To examine how ENSO phase affects this behaviour, we
subset the high heat flux events into El Niño and La Niña
winters. In the early winter period, the jet is substantially
further poleward following the high heat flux events dur-
ing La Niña years, whereas the jet is further south during
El Niño (i.e., Figure 5a). The jet displacement differences
seen in early winter are consistent with the mean seasonal
response to ENSO in early winter (i.e., Figures 1e and 4a,c),
indicating that differences in the subseasonal evolution
of the North Atlantic storm track and jet stream play an
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2078 O’REILLY et al.

(a) (b)

(c) (d)

F I G U R E 5 Downstream eddy-driven jet composites, defined as u at 850 hPa zonally averaged between 30W–0, averaged over high
eddy heat flux events for (a) early winter, ND and (b) late winter, JF. The lines in (a,b) show the latitude of the composite jet maximum for all
events and different subsets of these events; shading shows the composite average of all events. (c,d) The composite eddy heat flux (v′T′ at
850 hPa, averaged over the region 35–50◦N and 70–40◦W) during the high eddy heat flux events. The eddy heat flux timeseries is 10-day
low-pass filtered prior to selecting the peak events.

important role in establishing the seasonal mean ENSO
teleconnection in early winter.

Interestingly, the composites of the upstream eddy heat
flux are essentially indistinguishable between the ENSO
phases (Figure 5c), indicating that differences in the down-
stream jet displacement are not due to the magnitude
of the upstream eddy heat flux. In contrast to the early
winter period, there is no clear difference in the compos-
ite jet evolution between ENSO phases in the late winter
(Figure 5b).

We now focus our attention on the early winter period,
when there is a stronger ENSO influence on the North
Atlantic eddy-driven jet. To explore what determines the
position of the downstream eddy-driven jet, we examine
events where the downstream jet is displaced further north
or south following high eddy heat flux events. To do this,
we define subsets of events where the latitude of the down-
stream jet, averaged between 2 and 7 days after the heat
flux peak, is in the upper and lower tercile of all events.
For the early winter, there are 118 high eddy heat flux

events in total, with subsets of 40 of these events making
up the high/low jet shift composites. The composite evo-
lution of the jet position during these subsets is shown in
Figure 5a; the two subsets exhibit a clear difference in the
downstream jet position, by construction. Lag composite
maps of the lower-level zonal wind, EKE anomaly, and
TEF anomaly are shown in Figure 6 for the upper-tercile
jet shift events and lower-tercile jet shift events; maps
of the differences between the upper- and lower-tercile
composites are shown in Figure 7.

During the heat flux event peak (i.e., lag −1 to +1
days) and following the event (i.e., lag +2 to +4 days) the
composites over the North Atlantic demonstrate a clear
separation into a more northward/southward evolution of
the eddy-driven jet (i.e., u850), which is by construction.
It is notable, however, that during the onset of the event
(lag −1 to +1 days) the EKE is similar over most of the
North Atlantic storm track in both composites, consistent
with the similar eddy heat flux during the events (i.e.,
Figure 5c); substantial differences in EKE over the North
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O’REILLY et al. 2079

F I G U R E 6 Evolution of the high eddy heat flux event composites for the upper-tercile jet shifts (left column) and lower-tercile jet
shifts (right column). The EKE anomaly is shaded and the TEF anomaly is shown in vectors. The lower-level zonal wind (u at 850 hPa) is
shown in contours, with intervals 2.5 m⋅s−1 from 5 m⋅s−1. EKE anomaly contours for +40 and +60 m2⋅s−2 are plotted in magenta beyond
where the colour scale saturates. The lighter shaded regions indicate where the EKE anomaly has a p-value less than 0.1. The TEF vectors are
only plotted where the zonal component has p-values less than 0.1.

Atlantic only emerge downstream at lag +2 to +4 days,
which also reflect the jet shift itself.

Arguably the most interesting features of these com-
posites are the upstream differences, over the eastern
North Pacific and North America, prior to the onset of
the high heat flux events. In the lower-tercile jet shift
events, there are substantial positive EKE anomalies and
positive zonal TEF anomalies present close to the west
coast of North America at lag −7 to −5 days (Figure 6).
These anomalies strengthen and seem to progress across
North America at lag −4 to −2 days prior to the high
heat flux events. The precursor anomalies seen in the
lower-tercile jet shift events are absent in the upper-tercile
jet shift events, with more negative EKE and TEF anoma-
lies present over the eastern North Pacific. The difference
between the two subset composites clearly highlights that

there are precursor differences upstream, which are par-
ticularly strong over the eastern North Pacific (Figure 7).
There are also some significant precursors over the North
Atlantic itself at lag −7 to −5 days, suggesting that the
existing circulation anomalies can also influence the mag-
nitude of the downstream North Atlantic jet. Analysis of
precursor North Pacific zonal wind anomalies (Figure S4)
reveals a weaker signal that that seen for the EKE of the
TEF anomalies, indicating that the upstream storm-track
anomalies are particularly important in governing the
downstream response over the North Atlantic. Exami-
nation of the E-vector composites during the high heat
flux events (shown in Figure S5) reveals that there is
strong anticyclonic wave breaking during the onset of the
events (lag −1 to +1 days), which occurs further down-
stream in the lower-tercile jet subset (Figure 6). This is
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2080 O’REILLY et al.

F I G U R E 7 Difference between the evolution of the high
eddy heat flux event composites for the upper-tercile jet shifts and
lower-tercile jet shifts shown in Figure 6 (difference defined as
upper-tercile minus lower-tercile). The EKE difference is shaded
and the TEF difference is shown in vectors. The lower-level zonal
wind difference (u at 850 hPa) is shown in contours, with intervals
of 3 m⋅s−1 with negative values dashed and the zero contour
suppressed. The lighter shaded regions indicate where the EKE
difference has a p-value less than 0.1. The TEF vectors are only
plotted where the zonal component has p-values less than 0.1.

associated with stronger momentum flux convergence by
the eddies that act to reinforce the jet further south in these
composites (Figure S6).

Overall, the composite analysis of high heat flux
events highlights the apparent importance of the precur-
sor anomalies propagating from upstream over the North
Pacific and across North America during early winter.
When there are stronger EKE/TEF anomalies upstream,
the subsequent evolution of the growing synoptic waves
in the North Atlantic tends to favour anticyclonic wave
breaking further downstream and a more southward

Atlantic jet position. In the absence of these strong pre-
cursor anomalies, growing synoptic waves tend to favour a
shift of the jet into a more northward Atlantic jet position.

If we compare the precursor EKE and TEF anoma-
lies during the high heat flux events with the mean ENSO
teleconnection maps in Figure 2c,e, the anomalies clearly
map onto the region of mean ENSO influence over the
eastern North Pacific (highlighted by the magenta boxes).
An equivalent precursor analysis in late winter shows
weaker links to precursor anomalies, which do not clearly
map onto the ENSO anomalies (Figure S7). The corre-
spondence of the early winter precursor anomalies and
the seasonal mean ENSO anomalies suggests a consis-
tent mechanism through which the influence of ENSO
in the North Pacific is linked to anomalies in the North
Atlantic. In El Niño years, the North Pacific jet exhibits a
stronger zonal extension of the jet and storm track (i.e.,
Figures 1e, 2c,e), driving the occurrence of the precursor
conditions important for the more southward jet condi-
tions in the North Atlantic (i.e., Figure 6). In La Niña years,
the occurrence of these precursor conditions is less likely
and the synoptic wave growth seems to be more indepen-
dent and self-contained within the North Atlantic—under
these conditions the high heat flux events in the North
Atlantic storm track are more likely to lead to northward
jet displacements.

To assess this influence on the seasonal timescale more
directly, we now analyse the relationship between the east-
ern North Pacific storm track and the downstream North
Atlantic jet averaged over the early winter period (shown
in Figure 8). The North Pacific storm-track index is defined
as the seasonal mean zonal TEF anomaly in the eastern
North Pacific region (box shown in Figures 2e and 6). The
North Atlantic jet index is defined as the difference in u
at 850 hPa averaged between two boxes over the eastern
North Atlantic (shown in Figure 1e), with positive val-
ues indicative of a more poleward jet and negative values
indicative of a more equatorward jet (this is closely corre-
lated with the East Atlantic pattern and analysis with this
yields similar results, Figure S8). Here we focus on the TEF
index in the North Pacific based on the composite analy-
sis, but on the seasonal timescale this is strongly correlated
with the upper-level zonal wind, such that an equivalent
analysis reveals equivalent results (Figure S9).

Across the 72 early winter periods in the reanalysis,
there is a clear and significant relationship with a negative
correlation, r = −0.57, between the eastern North Pacific
circulation anomalies and the downstream North Atlantic
jet anomalies. When there is stronger TEF in the eastern
North Pacific, the North Atlantic jet tends to be in a more
southern position, consistent with the ENSO composite
plots in Figures 1 and 2 and the heat flux event composites
in Figure 6.
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O’REILLY et al. 2081

F I G U R E 8 Scatter plot demonstrating the relationship between the North Atlantic jet index and the North Pacific TEF index. The
North Atlantic jet index is defined as the difference in u at 850 hPa between the southern and northern boxes in Figure 1e. The North Pacific
TEF index is defined as the average of the zonal component of the TEF over the downstream North Pacific region shown in Figures 2e and 6.
The colours of the marks indicate the El Niño, La Niña, and Neutral winters. The adjacent plots indicate the average of each index over the
different ENSO phases, with the lines indicating the +/- 1 standard deviation range. (b) As in (a) but for the residual North Atlantic jet index,
where the linear influence of the North Pacific TEF index (indicated by the line of best fit in panel a) has been removed from the North
Atlantic jet index.

Also shown in Figure 8 is a measure of each index
average over El Niño, La Niña, and neutral years, along
with the standard deviation. As expected, the clear influ-
ence of ENSO phase is evident in both indices. Using this
linear relationship, we define a residual North Atlantic
jet index by linearly regressing out the influence of the
North Pacific index using a least-squares best-fit relation-
ship (i.e., the line shown in Figure 8a). The plot of the
residual North Atlantic jet index against the North Pacific
zonal TEF index is shown in Figure 8b. The averages
of the residual North Atlantic jet index over El Niño,
La Niña, and neutral years are essentially indistinguish-
able, indicating that the systematic influence of ENSO on
the North Atlantic jet in the early winter season can be
largely explained statistically—or “mediated”—through
the influence of ENSO on the storm track and jet in the
eastern North Pacific.

3.4 Links to changes in blocking
frequency during different phases of ENSO

The early winter ENSO teleconnection is characterised
by changes in the frequency of poleward jet excursions
and these are reminiscent of the persistent wintertime

ridging/blocking events highlighted in previous studies. In
this subsection we will briefly assess the role of blocking
over the North Atlantic sector in contributing to the ENSO
teleconnection patterns.

We examine the changes in blocking frequency
between the two ENSO phases by calculating a common
two-dimensional Z500 blocking index (see Section 2); the
ENSO differences in early and late winter are shown
in Figure 9. In the early winter there is significantly
more blocking near the Iberian peninsula in the La Niña
years (Figure 9a), when the North Atlantic eddy-driven
jet is located in the northern position more frequently
(i.e., Figure 4a). This is consistent with the dynamical
relationship highlighted by Woollings et al. (2011), who
found that during the DJF winter months the north-
ward jet displacements over the North Atlantic are asso-
ciated with large-scale Rossby wave breaking around the
Iberian Peninsula (or “Iberian wave-breaking events”). In
their study, the blocking events were found to increase
the persistence of the northward jet displacements com-
pared with more common ridging events. In the late win-
ter, there is significantly more blocking over Greenland
in El Niño years (Figure 9b), which is associated with
the North Atlantic eddy-driven jet being located in the
southern position more frequently (i.e., Figure 4b) and
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2082 O’REILLY et al.

(a) (b)

F I G U R E 9 Difference between El Niño and La Niña phases in early winter, ND, and late winter, JF, for the blocking frequency
(calculated using a two-dimensional Z500 wave-breaking index; see Section 2). The climatologies (1950–2022) for the different periods are
contoured, with contour intervals of 5%, starting from 10%. Hatching indicates regions where the difference (shaded) has a p-value greater
than 0.1.

negative NAO-like anomalies (i.e., Figure 1b), consis-
tent with previous studies on the association of Green-
land blocking, eddy-driven jet, and NAO (e.g., Woollings
et al., 2010).

Analysing the composite evolution of early winter
Iberian wave-breaking events reveals an increase in the
eddy heat flux upstream preceding the onset of these
events (Figure S10), consistent with the northward jet dis-
placements seen following high eddy heat flux events (i.e.,
Figure 3c). Prior to these events there are EKE anoma-
lies over North America similar to those seen in the high
heat flux event composites (i.e., Figures 6 and 7) and the
seasonal mean ENSO anomalies (i.e., Figure 2c). Anal-
ysis of these composites provides further evidence that
precursor anomalies upstream over the eastern North
Pacific and North America are important in determin-
ing the likelihood of poleward jet displacements over
the North Atlantic and why these are more likely when
the storm-track anomalies are relatively weak across the
southern part of North America, as seen in La Niña years.

4 SUMMARY AND DISCUSSION

In this study we have revisited the intraseasonal variabil-
ity of the ENSO teleconnection in the North Atlantic. As
found in previous studies, there are distinct differences
in the mean large-scale circulation response to ENSO
between early winter (ND) and late winter (JF). Here
we have identified distinct differences in the storm-track
dynamics that characterise the North Atlantic response to
ENSO in early and late winter.

The clearest and statistically strongest response to
ENSO is found in early winter and is associated with sig-
nificantly less frequent northern jet occurrences in El Niño
years and significantly more frequent northern jet occur-
rences in La Niña years (i.e., Figure 4). These poleward

jet excursions typically follow peaks in the upstream eddy
heat flux (Figure 5a), however, in El Niño years this rela-
tionship breaks down and the jet does not transition to the
northern position as frequently, despite no clear changes
in the upstream eddy heat flux (Figure 5c).

Further analysis reveals that high heat flux events that
are not followed by a poleward jet displacement tend to be
preceded by a stronger than average EKE and downstream
TEF in the eastern North Pacific and over North Amer-
ica (Figure 6). In contrast, the events with the strongest
poleward jet displacements are preceded by weakly nega-
tive EKE and downstream TEF anomalies. These precur-
sors map onto the seasonal mean ENSO influence on the
North Pacific jet and storm track. Analysis of the mean
early winter relationship between the TEF in the eastern
North Pacific and the eddy-driven jet in the eastern North
Atlantic reveals that the ENSO jet anomalies in the North
Atlantic can be entirely explained through the storm-track
activity in the eastern North Pacific (Figure 7).

The late winter response is associated with a zon-
ally consistent southward shift of the North Pacific and
North Atlantic upper-level jet and storm track during
El Niño winters and favours negative NAO conditions,
though it is weaker statistically than the early winter
response. The late winter circulation response in the North
Atlantic is linked to a strengthening of the downstream
TEF across Mexico (Figure 2f) and is reinforced by a clear
increase in cyclonic wave breaking in the North Atlantic
(Figure 3); both of these are consistent with previous
studies focusing on the late winter teleconnection (e.g.,
Drouard et al., 2015; Jiménez-Esteve & Domeisen, 2020;
Seager, Naik, et al., 2010).

As well as these tropospheric mechanisms, previ-
ous studies have also highlighted the influence of the
stratospheric polar vortex in governing the late North
Atlantic response to ENSO (e.g., Ayarzagüena et al., 2018;
Domeisen et al., 2019; Hardiman et al., 2019). Whilst it
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O’REILLY et al. 2083

is clear that winters with sudden stratospheric warming
(SSW) events tend to be strongly associated with neg-
ative NAO conditions, the relationship between ENSO
and the occurrence of SSW events is quite weak and
uncertain (Domeisen et al., 2019; Garfinkel et al., 2012;
Lockwood et al., 2022; Polvani et al., 2017). The role of
the stratosphere and the uncertainty of its response pro-
vide a possible explanation of why the late winter tele-
connection to the North Atlantic is statistically weaker
than in early winter. SSWs occur much less frequently in
the early winter (e.g., Butler et al., 2017) and there is a
delayed response of the tropospheric circulation to SSW
events. Therefore, the impact of SSW events on the North
Atlantic circulation—and likewise on the uncertainty of
the circulation—is substantially lower during the early
winter than in the late winter. In the absence of this strato-
spheric influence it is possible that the tropospheric path-
way through which ENSO influences the North Atlantic
circulation is relatively unencumbered compared with the
late winter.

Our analysis indicates that the different response of the
North Atlantic circulation to ENSO in early and late winter
is associated with very different anomalies in the direc-
tion of synoptic wave breaking over the North Atlantic
(i.e., Figure 3). Our results show that in the late win-
ter the increased cyclonic wave breaking found over the
North Atlantic (Figure 3f) is associated with an upstream
zonal jet that is substantially further south and more
zonal as it enters the North Atlantic basin compared with
the early winter (Figure 1d). Idealised studies have pre-
viously shown that shifting a baroclinic jet further south
tends to increase the occurrence of cyclonic wave break-
ing, whereas anticyclonic wave breaking tends to dominate
when jets are located further north (Drouard et al., 2013;
Rivière, 2009). The clear differences in the upstream clima-
tological jet in late winter could therefore be responsible
for producing the differences in the ENSO responses seen
here in late winter, associated with the southward sea-
sonal march of the jet stream location between early and
late winter (e.g. Figure 1c,d)—this tends to increase the
cyclonic wind shear of the climatological jet in late win-
ter, as shown by Geng et al. (2023), which in turn favours
cyclonic wave breaking (e.g., Rivière, 2009).

Some further consideration of the seasonal depen-
dence of the North Atlantic jet and SLP variability may
provide insight into the origins of the early/late winter
differences. In the early winter period the jet is located
in the southern position much less frequently and the
majority of the jet variability is between the central and
northern positions (Figure S11), whereas in late win-
ter the southern position occurs more frequently and is
more important in governing the overall jet variability.
There are associated changes in the leading patterns of

variability in SLP over the North Atlantic, specifically
the first and second empirical orthogonal function
(EOF) patterns corresponding to the North Atlantic
Oscillation (NAO) and the East Atlantic pattern (EA),
respectively (Figure S12). Similar patterns of SLP anomaly
are apparent in both early and late winter; however,
there are distinct differences in the fraction of variance
explained by each mode. In early winter, the NAO and
EA account for fairly comparable amounts of the total
variance explained (NAOND = 31.9%, EAND = 26.0%). Con-
trastingly, in late winter, the NAO accounts for more than
double the amount of total variance explained compared
with the EA (NAOJF = 41.2%, EAJF = 18.8%). The NAO
dominates the variability in late winter and most of the
ENSO teleconnection to the North Atlantic projects onto
the NAO pattern, as shown by King et al. (2023); however,
the NAO is much less dominant in early winter, which
could explain why the ENSO teleconnection pattern is able
to project so clearly on the East Atlantic pattern in early
winter, when the North Atlantic jet variability is mostly
constrained within the more northern parts of the basin.

In the early winter, the behaviour of the eddy-driven jet
is characterised by the intermittent influence of anomalies
upstream over the North Pacific (i.e., Figure 6), which may
be due to the clearer separation between the Pacific and
Atlantic jet (i.e., Figure 1c). In the absence of strong down-
stream propagation of eddy energy from the North Pacific,
strong North Atlantic heat flux events tend to result in
large poleward jet displacements, associated with Iberian
wave-breaking events, whereas in the presence of stronger
downstream propagation of eddy energy the North Pacific
jet exhibits a stronger connection to the North Atlantic
(as in El Niño years) and high eddy heat flux events tend
to force the eddy-driven jet in the central position (i.e.,
Figure 6). Developing a more detailed mechanistic under-
standing of the upstream Pacific influence on the North
Atlantic jet in this early winter period is an important
avenue for further research that is motivated by this study.

This study has demonstrated the important role of the
North Pacific jet and storm track on the North Atlantic
large-scale circulation on subseasonal-to-seasonal (S2S)
timescales. The intraseasonal variability of the ENSO
teleconnection to the North Atlantic demonstrated
here should be an important source of skill in S2S
forecasts—particularly during the early winter (ND)
period, which has received less attention in the litera-
ture. The early winter ENSO teleconnection to the North
Atlantic in operational seasonal forecast models (from
the C3S ensemble) was examined in the recent studies by
Molteni and Brookshaw (2023) and Thornton et al. (2023),
with the latter demonstrating that there is significant skill
originating from ENSO in operational seasonal forecasts of
the early winter period. However, these studies also show
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that models significantly underestimate the magnitude of
the circulation response to ENSO compared with observa-
tions and thereby miss an important source of potentially
predictable signal, though these studies did not address in
detail the mechanisms underlying the ENSO teleconnec-
tion to the North Atlantic in these models. Revisiting the
early winter teleconnection in operational seasonal fore-
cast models to understand how they represent the impor-
tant storm-track dynamics demonstrated in this study and,
crucially, which aspects of the teleconnection are deficient
in the models is a current focus of our ongoing research.
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