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Abstract The teleconnection from the Madden‐Julian Oscillation (MJO) provides a source of
subseasonal variability and predictability to the North Atlantic‐European (NAE) region. The
El Niño‐Southern Oscillation (ENSO) modulates the seasonal mean state, through which the MJO and its
teleconnection pattern propagates; however, its impact on this teleconnection to the NAE region has not
been investigated. Here we find a robust dependence of the teleconnections from the MJO to NAE weather
regimes on the phase of ENSO. We show that the MJO to NAO+ regime tropospheric teleconnection is
strongly enhanced during El Niño years, via enhanced Rossby wave activity, and suppressed during La Niña.
Conversely, the MJO to NAO− regime stratospheric teleconnection is enhanced during La Niña years and
suppressed during El Niño. This dependence on the background state has strong implications for
subseasonal predictability, including interannual variations in subseasonal predictive skill.

Plain Language Summary The Madden‐Julian Oscillation (MJO) is the dominant source of
differing weather conditions in the tropics on timescales within a season. The remote linkage
(teleconnection) from the MJO to the North Atlantic‐European (NAE) region provides a source to modify or
persist weather conditions and add predictive power to weather forecasts on 10‐ to 30‐day timescales.
The El Niño‐Southern Oscillation (ENSO) has an influence on the seasonal climate state, through which the
waves and linkages from the MJO to the NAE region travel. Here we find a robust dependence of these
teleconnections from the MJO to NAE weather regime patterns on the ENSO state, such that under certain
states of the MJO, certain regimes occur more than twice as often. The different sources and pathways also
become clearer, with the teleconnections travelling via the troposphere and the stratosphere. This
dependence on ENSO state has significant implications for predictions on 10‐ to 30‐day timescales.

1. Introduction

Anomalous tropical meridional divergence associated with MJO (Madden & Julian, 1994) convection acts as
a Rossby wave source on the subtropical jet (Seo & Lee, 2017; Seo & Son, 2012; Tseng et al., 2019).
Subsequent downstream propagation and Rossby wave breaking (Franzke et al., 2004; Michel & Rivière,
2011; Swenson et al., 2017; Woollings et al., 2008) in the NAE region perturb the storm track, blocking,
and jet position. This teleconnection pattern (Black et al., 2017; Cassou, 2008; Garfinkel et al., 2014; Guo
et al., 2017; Henderson et al., 2016; Jiang et al., 2017; L'Heureux & Higgins, 2008; Lin et al., 2009; Moon
et al., 2011; Stan et al., 2017; Vitart, 2017; Yadav & Straus, 2017) from the tropics results in a lagged and
asymmetrical relationship in the NAE region. This MJO‐NAE teleconnection therefore extends the potential
predictability for the NAE region beyond the typical extratropical week limit into subseasonal timescales
(Cassou, 2008; Tseng et al., 2018).

The lag from the MJO event to the response in the NAE region is around 10 days, but this can vary by many
days, making precise attributions uncertain. The teleconnection timescale depends on differing lengths of
the teleconnection pathway for different MJO phases, differing propagation speeds of MJO events yielding
differing teleconnection responses (Yadav & Straus, 2017), and the NAE region simultaneously responding
to multiple positions of MJO convection considering different lags (e.g. Branstator, 2014).

This influence in the NAE region may be studied by examining anomalies in weather regimes (Michelangeli
et al., 1995; Neal et al., 2016; Vautard, 1990), jet regimes (Madonna et al., 2017; Woollings et al., 2010), block-
ing (Henderson et al., 2016), empirical orthogonal functions, or large‐scale dynamical flow pattern indices,
including the North Atlantic Oscillation (NAO) index (Hurrell et al., 2003). Weather regimes are commonly
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diagnosed using a partition algorithm to generate clusters from daily maps of geopotential height, with four
regimes optimal for the NAEwinter (Cassou, 2008; Michelangeli et al., 1995). Two of these are often (Cassou,
2008; Hurrell et al., 2003; Vautard, 1990) viewed as another representation of the negative and positive
phases of the NAO (NAO− and NAO+, respectively). However, while the NAO+ regime closely resembles
the NAO+ index, the NAO− weather regime less closely resembles the NAO− index due to a stronger con-
tribution from the East Atlantic pattern (second empirical orthogonal function of the NAE circulation). The
third regime is named Atlantic Ridge (AR), with a blocking ridge in the central North Atlantic, and the
fourth is named Scandinavian Blocking (SB) with a blocked flow pattern in the North Sea region. Use of
the term “blocking” in the context of weather regimes does not have any persistence criteria added. The four
NAE weather regimes together describe the full range of large‐scale variability of weather in the region, in
contrast to the NAO index which represents 16.4% of the variance.

An MJO‐lagged anomalous weather regime contingency table framework established by Cassou (2008)
(comparable to Figure 1a) has shown that starting ~10 days after MJO phase 3 (active convection over the
eastern Indian Ocean), the occurrence of NAO+ regime is increased by ~60% relative to climatology. This
large increase extends through lags up to 12 days after MJO phase 4. This progression in the distribution
is in accordance with the nominal ~6 days between each of the numbered MJO phases. Next, there appears
a small (~30%) enhanced occurrence of SB and AR regimes at lags of around 0–6 and 10 days, respectively,
likely as a result of in situ development. That is, the response to the MJO initiated the NAO+ regime, but the
subsequent evolution emerges following internal dynamics in the NAE region independent of MJO forcing.
For lags greater than 10 days after MJO phase 6 (active convection over the western Pacific Ocean) NAO−
builds up to ~70% increased occurrence and lasts through MJO phase 8. When the occurrence of NAO+ is
increased, the other regimes decrease (in particular NAO−), and vice versa.

Finally, the phase of ENSO provides a seasonal mean teleconnection to the NAO, being strongest between
(moderate) El Niño and NAO− (Li & Lau, 2012; Toniazzo & Scaife, 2006), proving robust between
Central Pacific, and Eastern Pacific El Niño events (Zhang et al., 2018). Viewed from the subseasonal per-
spective however, ENSO modulates the global background state, through which the MJO and its subseaso-
nal teleconnection pattern propagates (Moon et al., 2011; Roundy et al., 2010; Son et al., 2017). For example,
larger MJO‐related subseasonal variability extends further east in the Pacific during El Niño years (e.g.
Hendon et al., 1999). An ENSO phase dependency is apparent in the MJO teleconnection to the North
Pacific Rim, seen in the Pacific storm track activity (Takahashi & Shirooka, 2014), and large‐scale circulation
over North America (Moon et al., 2011). The magnitude of the MJO influence on the NAO index was sug-
gested to have an ENSO phase dependency, with this modulation greatest during La Niña conditions or dur-
ing periods of rapid ENSO adjustment (Roundy et al., 2010). It is important to consider feedback between
ENSO (and its associated midlatitude background state) and intraseasonal variability including the MJO
since their existence modifies seasonal ENSO response (Swenson & Straus, 2015), implying the potential
for rectification.

Here we investigate the dependence of the extended boreal winter (November–March) subseasonal MJO‐
NAE teleconnection on the interannual variations in the background state associated with ENSO and find
the dependence robust. A better understanding of this is important for assessing the representation of this
dependence in weather and climate models and improving predictions.

We use the RMM index to describe the MJO phase (Text S1 in the supporting information) (Wheeler &
Hendon, 2004), the NAE weather regimes (Text S2), and the Cassou (2008) contingency table framework
(Text S3), updated with the ERA‐Interim reanalysis (Dee et al., 2011) over 1979–2018. We find that the over-
all MJO‐NAE weather regime teleconnections are very similar (Figure 1a) to the original study (Cassou,
2008), with two minor differences. First, the increased occurrence of NAO+ seen 10 days after MJO phase
3 now appears significant earlier, after MJO phase 1. Secondly, the increased AR and SB regime occurrences
after MJO phases 4–6. These differences are likely due to a longer data period, adding to the sample size, and
a different dataset.

2. Impact of ENSO Background State

In order to examine the ENSO modulation of these MJO‐NAE teleconnections, we build on the Cassou
framework by using an index created from the annual winter mean Niño3.4 sea surface temperature
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(SST) (Rayner, 2003) (Text S4). This index is then split into terciles to composite the data, which are
termed “years.” During El Niño years (Figure 1b), the NAO+ teleconnection is of a much larger
amplitude, significant following MJO phase 1, with increased occurrence up to ~100% (twice
climatology), restoring to climatology around 6 days (one MJO phase) later. When there is no active
MJO teleconnection (phase 0; around one third of winter days), there is an increased frequency of
NAO− and AR, and decreased frequency of NAO+. However, when including the MJO active days, the

Figure 1. ENSO modulates MJO teleconnections shown by frequency anomalies. Table of contingency (Text S3) between the MJO phases (rows) and the NAE
weather regimes (columns) composited over (a) all, (b) El Niño, (c) neutral, and (d) La Niña extended winters. For each MJO phase, we plot the anomalous
percentage occurrence of a given regime as a function of lag in days (with regimes lagging MJO phases). The orange and green bars show where the regimes occur
significantly more or less frequently, respectively, than their climatological occurrences.
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change in the overall distribution between the weather regimes during El Niño years is a 3 percentage
point increase in NAO+ days relative to all years and a 2 percentage point decrease in AR days, due to
the strong MJO‐NAO+ teleconnection, suggesting that there may be a rectification onto the seasonal
mean state. The AR and SB regimes follow, with increases up to 50% after MJO phase 6, associated with
the in situ development from NAO+. The NAO− regime has significant increases in occurrence only after
MJO phase 7 (also up to ~100%). This rapid shift from AR and SB may be suggestive of in situ develop-
ment rather than a full MJO teleconnection. We therefore conclude that the MJO‐NAE teleconnection
during El Niño years results in a much more frequent NAO+ regime state, occurring after MJO phases
1–5 and dominating the seasonal mean teleconnection.

During neutral years (Figure 1c), the NAO+ teleconnection is similar to the all‐years teleconnection, with
amplitudes half that of El Niño years; however with a reduced sample size much of it is not significant.
Without a strong NAO+ teleconnection there appears to be no evidence of in situ development to AR or
SB regimes. AR occurs ~25% more often when no MJO is active during neutral years. The most important
difference is the active NAO− teleconnection, after MJO phase 6, with amplitudes up to 100% increased
occurrence, through to phase 8. With no active MJO there are approximately 50% fewer occurrences of
NAO−, and despite the strong teleconnection, its short duration (only two MJO phases) means that it
does not restore the neutral mean NAO− (17% of all days) up to the level of all years (19% of all days).
We conclude that the MJO‐NAE teleconnection during neutral years results in a slightly more frequent
NAO+ state after MJO phases 1–4, and a much more frequent NAO− regime state, occurring after
MJO phases 6–7.

La Niña years (Figure 1d) show no NAO+ teleconnection, while the large NAO− teleconnection is later in
the MJO phase cycle (beyond MJO phase 8) and fades before reaching lag day 0 (at what would be MJO
phase 2). During the extended winter under La Niña conditions, there are fewer occurrences of long lived
MJO episodes that last through multiple phases following phase 8, compared to the other ENSO states
(Figure S1 in the supporting information). This implies that those events in the contingency table during
phase 2 are often new events and therefore lose the teleconnection anomaly triggered in phase 8 only as a
result of this analysis framework. AR and SB have increased occurrences after MJO phases 4 and 6, respec-
tively, and are most likely related to in situ development. We conclude that the only complete MJO‐NAE tel-
econnection during La Niña years is a strong NAO− teleconnection, occurring around 1.5 MJO phases later
than the neutral years equivalent.

ENSO modulation of the spatial distribution and strength of MJO teleconnections generally agree with the
frequency anomalies (Figure 1), focusing on the third pentad lag from the MJO (Figure 2). The clear NAO+
regime pattern follows phases 1–4 during El Niño years (but not in the seasonal mean teleconnection), and
in neutral years this signal is only apparent after phase 3. Similarly, the AR pattern following SB, after MJO
phases 4 and 3, respectively, during La Niña years is also apparent in the spatial distributions. The NAO−
teleconnection shows up during neutral years after MJO phases 6 but the spatial pattern shifts north, and
by phase 7 it is almost entirely dominated by the negative lobe of the pattern. During El Niño years after
phases 6–8 the negative lobe of NAO− is also much larger than the positive lobe, and phase 8 during La
Niña years also links to a northward offset of the NAO− regime pattern. The result of averaging El Niño,
neutral, and La Niña groups together to make “all years” for each MJO phase is apparent, with the strongest
anomalies contributing most.

3. Modulation of Wave Propagation

Weather regime development is dynamically linked with Rossby wave breaking (Swenson et al., 2017), and
high‐ and low‐frequency wave trains from upstream (Feldstein, 2003; Franzke et al., 2004). The NAO− is
almost entirely related to cyclonic wave breaking (CWB) (Rivière & Orlanski, 2007; Swenson et al., 2017)
on the poleward side of the climatological jet, developing from an in situ single wave breaking event
(Franzke et al., 2004). SB and AR are directly coincident with anticyclonic wave breaking (AWB)
(Swenson et al., 2017). NAO+ is strongly linked to multiple AWB events, initially upstream over the
Pacific, and then following a low‐frequency mid‐latitude anomalous wave train, a further AWB in the east-
ern Atlantic on the equatorward side of the climatological jet, likely through downstream development
(Benedict et al., 2004; Feldstein, 2003; Franzke et al., 2004; Rivière & Orlanski, 2007; Swenson et al.,
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Figure 2. ENSOmodulates MJO teleconnections shown by circulation amplitude anomalies. About 500 hPa geopotential height anomalies composited for the full
climatology and seasonal anomalies (top row), and the third pentad mean from MJO phases 0–8 (other rows). Anomalies are relative to the “all years” seasonal
cycle. Shown north of the Tropic of Cancer, gridlines at 30°N, 60°N and every 60° longitude.
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2017). Lagged geopotential height composites show the low‐frequency wave train from the eastern Pacific to
the NAE, present followingMJO phase 3 (Figure 3a) but not phase 6 (Cassou, 2008). Splitting this MJO phase
3 lagged composite by ENSO state reveals important differences in this forcing. This wave train is only
present during El Niño and neutral years; there is no clear wave train during La Niña years. With no
wave train there are not sufficient conditions for AWB, explaining why there is no NAO+ teleconnection
during La Niña years. The strongest wave train anomalies occur during El Niño years, also in agreement
with the more frequent and stronger NAO+ anomalies following MJO phase 3 (Figures 1 and 2).

Upstream there are clear differences in the positions of the upper level jets after MJO phase 3 (Figure 3b),
with the exit of the Pacific jet in close proximity to the entrance of the Atlantic jet during El Niño years.
During La Niña years the Pacific jet exit is located further northwest of the Atlantic jet entrance. Further
upstream, in the main Rossby wave source region, the location and longitudinal width of the MJO convec-
tion has been shown to be important in the triggering of Rossby waves (Seo et al., 2016; Seo & Lee, 2017;
Tseng et al., 2019). The anomalous divergent wind north of the convection induces two major Rossby wave
source regions on the subtropical jet around southern Asia and the western North Pacific, with the dividing
axis over the east Asian coast. When these two Rossby wave source regions are trigged in an asymmetric
dipole‐like pattern, the constructive interference induces a stronger Rossby wave train and teleconnection
downstream. Conversely, where the pattern is instead symmetric (a monopole) about the axis, destructive
interference reduces the Rossby wave train. Forcing with zonal wave numbers 1 and 2 propagates Rossby
waves in direct arclike canonical pattern, while it is only the shorter waves, which propagate along the
jet, acting as a waveguide (Hoskins & Ambrizzi, 1993; Seo et al., 2016; Seo & Lee, 2017). Rossby wave path-
ways can be inferred from horizontal wave activity flux (Figure 3b and Text S6) (Takaya & Nakamura, 2001),
with the group velocity of a stationary Rossby wave being approximately parallel to these vectors; their diver-
gence indicating a Rossby wave source and convergence implies a Rossby wave absorption/sink. During
MJO phase 3 in El Niño years, enhanced wave activity develops within the subtropical jet in response to
the asymmetric dipole of enhanced and suppressed convection. The anomalous Walker circulation,
enhanced by El Niño, acts to shorten the wavelength of these convective dipoles, leading to an optimal
Rossby wavenumber (>3) generation for jet to act as a waveguide. With the Pacific and Atlantic jets closely
aligned, this enhanced wave train then, at later lags (not shown), reaches the NAE region where the waves
then break (AWB) triggering the NAO+ regime. Whereas during MJO phase 3 in La Niña years the dipole of
the total convection is now much broader in its zonal extent, which does not create the forcing dipole over
east Asian jet region and only forces large wavelength Rossby waves (<3), and weaker circulation anomalies.
This reduces the strength of the wave activity along most of the Pacific and Atlantic jets, with the exception
of the northeast North Pacific (where there is a more local wave activity source and sink with fewer waves
not entering the Atlantic jet).

Besides the 10‐ to 15‐day tropospheric pathway from the MJO to the NAE region, there is also a subseasonal
stratospheric pathway. The state of the stratospheric polar vortex has a clear impact on the NAE (Scaife et al.,
2005) weather regimes (Charlton‐Perez et al., 2018). NAO− is most sensitive to this stratospheric state,
occurring on 33% of days following weak vortex conditions but on only 5% of days following strong vortex
conditions, while an opposite and slightly weaker sensitivity is found for NAO+ and AR (Charlton‐Perez
et al., 2018). The pathway from the MJO to the stratosphere is primarily driven by poleward and vertical
Rossby wave propagation (Garfinkel et al., 2012, 2014). After MJO phase 7 a low develops in the North
Pacific, leading to more heat flux, establishing warm anomalies in the polar lower stratosphere and a
weakened stratospheric polar vortex. In contrast, phase 3 leads to the opposite effects: anomalous cooling
in the stratosphere and a strengthened polar vortex. We find that the MJO–polar vortex–NAE pathway is
strongly active during La Niña years (Figure 3c), particularly for the weakened vortex following MJO phases
8 (corresponding to the third pentad after phases 6–7 in Figure 2), associated with the low in the northwest
Pacific following MJO phase 7, increasing vertical heat flux to the stratosphere. There is also a weakened
vortex closely following MJO phases 7–8 during neutral years. These contribute to the increased NAO−
occurrence around phases 7–8 during neutral and La Niña years (Figure 1). The increased vortex strength
following MJO phases 2–3 (Figure 3c) provides a link to the enhanced prevalence of the AR (Figure 1) after
MJO phase 4 during La Niña years.
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Figure 3. ENSO modulates MJO phase 3 tropospheric Rossby wave propagation, wave source and flux, and alignment between the Pacific and Atlantic jets, and
modulates the stratospheric polar vortex strength response to the MJO. (a) 500 hPa geopotential height anomalies (40–60°N), composited as a Hovmöller fromMJO
phase 3. (b) 300 hPa zonal wind isotach (grey thick contour showing 22 m s−1), streamfunction anomalies (blue contours, intervals 2 × 10−6 m2 s−1, zero
contour suppressed), phase‐independent wave‐activity flux anomalies (vectors, scale shows 5 m2 s−2, anomalies below 0.5 m2 s−2 are suppressed; Text S6), and
Outgoing Longwave Radiation anomalies (color shading), composited as the first pentad after MJO phase 3. (c) The stratospheric polar vortex strength (zonal wind
at 60°N at 100 hPa) response to each MJO phase, and without an active MJO (phase 0; left column in each panel). The dashed line indicates the approximate
progression of a constantMJO state as a function of lag. Values of vortex strength which do not have a significant impact on the NAEweather regimes are uncolored
using thresholds calculated from a first‐order Markov model (Charlton‐Perez et al., 2018). For all panels, anomalies are relative to the “all years” seasonal cycle.
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Teleconnections on longer timescales modulate the MJO‐NAE subseasonal teleconnection by dynamically
changing the background state. There is an association between the MJO and the stratospheric quasi‐
biennial oscillation (QBO), which has a strong control on MJO activity (Son et al., 2017), propagation
(Densmore et al., 2019; Hendon & Abhik, 2018; Son et al., 2017), amplitude (Densmore et al., 2019;
Klotzbach et al., 2019), and persistence (Lim et al., 2019), leading to higher MJO prediction skill during east-
erly QBO winters (Lim et al., 2019). Further research is needed to investigate the impacts of the QBO back-
ground state on the ENSO modulation of the MJO‐NAE subseasonal teleconnection.

The seasonal ENSO‐NAO teleconnection is both via the stratosphere and troposphere in tandem
(Jiménez‐Esteve & Domeisen, 2018); however, both follow very similar mechanisms to those on subsea-
sonal timescales (Garfinkel et al., 2012, 2014). Seasonal stratospheric mechanisms (Jiménez‐Esteve &
Domeisen, 2018; Toniazzo & Scaife, 2006) focus on modifying the amplitude of extratropical stationary
waves (Hamilton, 1993), and stratospheric polar vortex strength (Domeisen et al., 2019; Sassi et al.,
2004), while tropospheric mechanisms (Jiménez‐Esteve & Domeisen, 2018; Li & Lau, 2012) also modify
the intensity of transient disturbances and the latitude and speed of the North Pacific jet and its proximity
to the Atlantic jet.

4. Discussion

Our findings demonstrate that the subseasonal teleconnections from the MJO to the NAE weather
regimes are strongly dependent on the ENSO background state (summary schematic: Figure 4). The
NAO+ regime tropospheric teleconnection from MJO phases 1–5 is strongly enhanced during El Niño
years, persisting throughout more MJO phases, while it is suppressed during La Niña years. The NAO
− regime teleconnection via the stratosphere from MJO phases 7–8 is most enhanced and occurring latest
during La Niña years, while it is suppressed during El Niño years. Neutral years feature aspects of both of
these teleconnections. NAE regime progression, in situ development, and the differing dynamical telecon-
nection mechanisms also become clearer via this perspective separated by ENSO state. The ENSO circu-
lation anomaly modifies the MJO convection, impacting the Rossby waves generated, and their
teleconnection pathways to the NAE region.

The changes in the weather regime distributions present evidence of the rectification of subseasonal telecon-
nections onto the seasonal mean. This rectification implies that it is important to have a good representation
of this subseasonal teleconnection in any general circulation model used to study climate states and
their interactions.

Figure 4. Schematic of ENSOmodulation of subseasonal teleconnections from the MJO to the NAE region (narrative: Text S7). El Niño (upper panels; red) and La
Niña (lower panels; blue) states are illustrated following MJO phases 3 (left panels) and 7 (right panels). AWB and CWB refer to anticyclonic wave breaking,
and cyclonic wave breaking, respectively. The anomalous convection signals (solid: enhanced; dashed: suppressed) comprise the MJO, in the given phases, as
modified by the large‐scale ENSO circulation.
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The dependence of the teleconnections on the background state suggests a potential sensitivity of the MJO‐
NAE teleconnections to climate change, in particular any change in ENSO, tropospheric jets, and the strato-
spheric polar vortex. The dependence on the background state also has strong implications for subseasonal
predictability, including interannual variations in subseasonal predictive skill. For example, the increased
likelihood of NAO+ following MJO phases 1–5 in El Niño years suggests that the NAO+ regime is likely
to be more predictable during El Niño years since this teleconnection is stronger. This would apply to the
predictability of the climate system, and the predictive skill in subseasonal numerical models, which can
accurately represent these processes. This also stresses the importance for models to get the background state
correct to represent these teleconnections, in addition to having sufficient skill at representing the MJO.
Thus, it may be that errors in the teleconnection of MJO‐NAE region are related to errors in the background
state, which may include model representation of the ENSO‐MJO interaction, the seasonally evolving mean
state, and ENSO seasonal teleconnections. Finally, we note that if these teleconnections are then too weak,
they may then contribute to the so‐called “signal‐to‐noise paradox” (Scaife & Smith, 2018) seen in seasonal
prediction models (Dunstone et al., 2016; Scaife et al., 2014) via a lack of weather regime persistence
(Strommen & Palmer, 2019).
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