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GREEN AND FURTADO

Abstract

Subseasonal‐to‐seasonal (S2S) forecasts of Northern Hemisphere (NH) extratropical winter
weather patterns continue to be a challenging venture. Past studies have considered the individual
inﬂuence of two modes of climate variability—the Madden‐Julian oscillation (MJO) and the state of the
stratospheric polar vortex (SPV)—on the NH polar jet stream and associated weather regimes. This study
takes a different approach and quantiﬁes the joint inﬂuence of the SPV and the MJO on NH S2S winter
weather patterns. Using ERA‐Interim, we illustrate that variability associated with the MJO primarily
inﬂuences tropospheric patterns across the North Paciﬁc and western North America 10 to 14 days later,
while SPV variability has a stronger inﬂuence on tropospheric patterns over the North Atlantic and
Europe for the same lags. Over the rest of North America and into the Arctic, however, constructive and
destructive interference between the MJO and the SPV teleconnections yields unique jet stream and
temperature patterns that differ from the single‐mode composites. As such, S2S forecasts of temperature
and jet stream patterns across much of North America may improve in accuracy by considering both
modes. The study also shows that MJO Phases 2 and 3 events inﬂuence the resulting tropospheric
circulation via primarily a tropospheric pathway. By contrast, MJO Phases 7 and 8 events modify both the
tropospheric and stratospheric circulation with potential feedbacks on the tropospheric circulation at
longer lags. Hence, the study suggests another benchmark by which to test S2S dynamical prediction
systems, including the importance for modeling stratosphere‐troposphere coupling dynamics correctly.

1. Introduction
Winter weather patterns over the Northern Hemisphere (NH) are characterized and inﬂuenced by a number
of internal modes of climate variability. On the subseasonal‐to‐seasonal (S2S) timescale, two particular
modes of interest are the strength of the NH stratospheric polar vortex (SPV) and the Madden‐Julian oscillation (MJO; e.g., L'Heureux & Higgins, 2008; Madden & Julian, 1971, 1994; Moore et al., 2010, and others).
While the current state of climate science and operational S2S forecasting often consider the inﬂuences of
the MJO and the SPV on the tropospheric circulation separately, using multiple modes of variability collectively has the potential to improve S2S forecast skill (e.g., Vitart et al., 2012). Thus, we must understand the
dynamics behind each mode both separately and jointly.
Turning ﬁrst to the stratosphere as a source of extended S2S predictability skill, several studies have focused
on both the strength and position of the SPV to elucidate projected changes in the tropospheric jet stream on
S2S timescales (e.g., Baldwin & Dunkerton, 2001; Scaife et al., 2014, 2016; Thompson et al., 2002). The SPV is
an annular circulation that forms during the boreal cold season (e.g., October–April) at high latitudes in the
NH due to strong radiational cooling. The cyclonic circulation is highly variable especially during the boreal
winter (e.g., December–February; Thompson & Wallace, 2000), as the stratospheric ﬂow is occasionally
disturbed by vertically propagating Rossby waves from the troposphere (e.g., Charney & Drazin, 1961;
Matsuno, 1971). Following periods of either anomalously strong or weak westerly winds in the NH polar
stratosphere, same‐signed anomalies descend from the extratropical stratosphere into the troposphere,
changing the strength and position of the tropospheric polar jet stream (e.g., Baldwin & Dunkerton, 1999;
2001; Haynes et al., 1991; Kidston et al., 2015). The impact of these strong and weak events can last up to
60 days after they start (Baldwin & Dunkerton, 2001), yielding enhanced S2S predictability skill for NH
extratropical winter weather regimes. For example, following weak vortex events, the tropospheric polar
jet stream exhibits an equatorward shift in its mean position and more high‐amplitude, meridional ﬂow.
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This shift subsequently changes the storm tracks across the NH and increases the chance for blocking episodes and extreme cold air outbreaks into the NH midlatitudes (e.g., Baldwin & Dunkerton, 2001;
Baldwin et al., 2003; Thompson & Wallace, 2001; Waugh et al., 2017; Woollings et al., 2008).
Another internal mode of variability typically used for S2S forecasts in the NH is the MJO. The MJO is represented by areas of enhanced convection and associated strong subsidence that propagates eastward, starting
in the Indian Ocean and circumnavigating the globe in the tropics over 30–90 days (Madden & Julian, 1971;
Lau & Waliser, 2012; Zhang, 2005). Interaction with extratropical patterns occur as a result of Rossby wave
trains generated from the anomalous convection associated with the MJO that subsequently propagate poleward (e.g., Matthews et al., 2004; Moore et al., 2010; Roundy, 2012; Seo et al., 2016; Seo & Lee, 2017). The
location of the convection is characterized by phases, commonly deﬁned by the Wheeler and Hendon
Real‐Time Multivariate MJO (RMM) Index (Wheeler & Hendon, 2004). For example, MJO Phases 2–3 are
when tropical convection is anomalously strong in the Indian Ocean, while MJO Phases 7–8 are when convection is strong in the central tropical Paciﬁc Ocean.
Because of its inﬂuences on extratropical tropospheric wave patterns (Moore et al., 2010), several studies have
analyzed the interaction between the MJO and other NH extratropical modes of climate variability. Works by
L'Heureux and Higgins (2008), Lin et al. (2009), and Jiang et al. (2017), for example, found that MJO Phases 2, 3,
and 4 (7 and 8) were more frequently associated with a positive (negative) Arctic oscillation/Northern Annular
Mode (NAM; Thompson & Wallace, 1998, 2000) regime. Cassou (2008) showed skillful predictions of the
North Atlantic oscillation (NAO; e.g., Barnston & Livezey, 1987; Hurrell, 1996; Walker & Bliss, 1932) with lead
times of almost 2 weeks when using the MJO phase and its amplitude as a predictor. The positive phase of the
Paciﬁc‐North American pattern (PNA; e.g., Barnston & Livezey, 1987; Seo et al., 2016; Seo & Lee, 2017;
Trenberth et al., 1998) is frequently found after MJO Phase 4 events and before MJO Phase 6 events, along
with increased frequency of European blocking episodes (Frederiksen & Lin, 2013; Henderson et al., 2016).
Thus far, most of the climate and S2S forecasting literature have focused on examining the inﬂuence of the
SPV and MJO on the extratropical ﬂow pattern separately. However, in reality, these two modes (and others)
work jointly to shape the NH wintertime tropospheric circulation. As such, this study seeks to understand
better and diagnose the joint inﬂuence of both the MJO and the SPV on the NH extratropical patterns on
subseasonal timescales. This increased understanding subsequently can be used operationally to improve
predictability of temperature and precipitation regimes across North America and Europe. Our main
hypothesis for this work is that considering the joint inﬂuence of the MJO and SPV on tropospheric weather
patterns will produce different teleconnections compared to using either mode independently. The work is
guided by three central research questions:
1. How do NH extratropical weather patterns (e.g., midtropospheric heights and surface temperature patterns) differ when considering only the MJO, only the SPV, and both?
2. How do the joint inﬂuences of the two climate modes vary regionally across the NH?
3. Do the MJO and the SPV work independently of one another to inﬂuence weather patterns, or are they
acting on one another ﬁrst before inﬂuencing the tropospheric weather patterns?
This manuscript is organized as follows. The data and methodology are presented in section 2. Then, in
section 3, we quantify the single versus joint‐event characteristic patterns of the MJO and the SPV via composites of several geophysical variables. Section 4 investigates the impact of the MJO on the stratosphere as
an attempt to partially address potential MJO‐SPV direct interactions. A discussion and summary of our
results, including S2S forecasting implications, follow in section 5.

2. Methodology
2.1. Data
This study uses 39 years (1979–2017) of daily‐mean data from the European Centre for Medium‐Range
Weather Forecasts Re‐Analysis Interim data set (Dee et al., 2011). Atmospheric variables such as geopotential height (GPH), zonal winds (U), and surface air temperature (SAT) are analyzed, each with a horizontal
resolution of 1.5° × 1.5° on a longitude/latitude grid. GPH and U exist on 23 vertical pressure levels from
1,000 to 1 hPa, with at least 10 levels in the high‐latitude stratosphere, thus providing sufﬁcient stratospheric
resolution for us to conduct this study. We also calculate Eliassen‐Palm (EP) ﬂuxes (Edmon et al., 1980) to
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investigate wave propagation and stratosphere‐troposphere coupling (section 4). Our study focuses on the
months of October–March, as these are the months in which the MJO most actively impacts NH extratropical weather and is also the active season for NH stratosphere‐troposphere dynamical coupling (e.g., Kidston
et al., 2015; Thompson & Wallace, 2000). Anomalies are computed by subtracting the 30‐year (1981–2010)
daily climatology from each corresponding daily‐mean value. Anomalies are then linearly detrended before
computing statistics to avoid any bias from long‐term trends on temporal statistics.
For this study, the MJO is deﬁned using the Outgoing Longwave Radiation (OLR) MJO Index (OMI; Kiladis
et al., 2014), available from the National Oceanic and Atmospheric Administration Earth System Research
Laboratory. This index uses solely OLR, a measure of tropical convection, to quantify the MJO. This approach
differs from the Wheeler and Hendon (2004) index, which uses OLR and 200‐ and 850‐hPa winds to characterize the MJO. Because of the inclusion of wind in its calculation, the RMM method has the potential to identify
MJO events from the wind pattern alone, whereas the OMI method identiﬁes events from the MJO convection
directly. As Rossby wave trains originate from tropical convection, we choose to use the OMI over the RMM
index. The OMI uses a 20‐ to 96‐day ﬁltered OLR projection onto the daily spatial patterns of the empirical
orthogonal function of the 30‐ to 96‐day eastward ﬁltered OLR (i.e., isolating eastward moving waves;
Kiladis et al., 2014). The projection of the OLR onto the ﬁrst and second leading empirical orthogonal functions
provide two principal component (PC) time series, much like RMM1 and RMM2 from the Wheeler and
Hendon (2004) index. For the OMI, the negative of the OMI‐PC1 corresponds to RMM‐PC2, and OMI‐PC2 corresponds to the RMM‐PC1. The phase and amplitude of the MJO are derived from the OMI in a similar manner
set forth by Wheeler and Hendon (2004). However, when using the OMI to categorize the position and strength
of the MJO, there are a few caveats that must be considered. For example, when projecting observations onto
the OMI‐PCs, other features of tropical convection might inﬂuence the index, such as other Kelvin waves
(e.g., Roundy et al., 2009) and effects of the El Niño‐Southern Oscillation on MJO activity (e.g., Hendon
et al., 2007; Kessler, 2001; Wang et al., 2018). These caveats are understood as we analyze our results.
The NAM index is used to quantify the state of the stratospheric circulation (i.e., the SPV) and is deﬁned as
the leading PC time series of October–March GPH anomalies at each pressure level from the ERA‐Interim
reanalysis (Thompson & Wallace, 2000). For this study, the 100‐hPa level NAM index (NAM100) is used to
characterize SPV events. This pressure level allows us to capture strong and weak SPV events that are most
likely to propagate down into the troposphere. Conclusions of the study are robust (albeit with some different events) when using 50 hPa to deﬁne events for compositing (not shown).
2.2. Composite Analysis and Statistical Signiﬁcance
For our composite analyses, we deﬁne “events” using the following criteria. First, both the NAM100 index
and the OMI (amplitude) are standardized using the 1981–2010 base period. An MJO event is then
deﬁned when the amplitude of the OMI exceeds 1σ. For SPV events, a strong (weak) SPV is deﬁned when
NAM100 ≥ 1σ ðNAM100 ≤ −1σ Þ. Neutral cases for both the MJO and SPV are categorized when the magnitude of the corresponding index (OMI or NAM100) is less than 1σ. In order to increase the sample size for
MJO composites, we have chosen to group MJO events into two main groups: (1) MJO Phases 2 and 3,
associated with active (suppressed) convection over the Central‐Eastern Indian Ocean and the Maritime
Continent (the Paciﬁc and Western Indian Oceans), and (2) MJO Phases 7 and 8, associated with active
(suppressed) convection over the Dateline and Western Paciﬁc (the Indian Ocean and Maritime Continent;
e.g., Wheeler & Hendon, 2004; Zhang, 2005). Using the combined phases of the MJO (Phases 2 and 3, and 7
and 8) is also motivated by the results from L'Heureux and Higgins (2008), which show a relationship
between the MJO and the Arctic oscillation during these phases. However, other studies have shown that
the individual phases may produce different teleconnections that could be masked by combining the phases
together in the compositing analysis (e.g., Tseng et al., 2018, 2018). The trade‐off between the very small
sample sizes of individual phase composites and the potential mix of teleconnections motivated us to keep
with our phase groupings, though we consider the latter in our interpretation of the results.
Considering the above deﬁnitions, we now deﬁne speciﬁc criteria for our composite analyses. First, we will
consider single‐type events—that is, the composites oftentimes seen in the climate literature and used for
operational S2S forecasting. The deﬁnitions are as follows:
• An MJO X + neutral SPV event is deﬁned when the MJO amplitude exceeds 1σ and is in phase X, but the
SPV is in a neutral state.
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Table 1
Number of Events for Each Composite Category Used in This Study

Neutral MJO
MJO Phase 2 and 3
MJO Phase 7 and 8

Neutral SPV

Weak SPV

Strong SPV

68
69

37
23
18

43
21
18

Note. SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.

• A strong SPV + neutral MJO event is deﬁned when NAM100 ≥ 1σ but the MJO amplitude is neutral.
• A weak SPV + neutral MJO event is deﬁned when NAM100 ≤ −1σ, but the MJO amplitude is neutral.
Importantly, note that these single‐type events consider that the other mode is neutral. This additional criterion is done so as to minimize any potential impacts that the SPV or MJO will have on the resulting
composited ﬁelds.
Finally, our central hypothesis about the joint inﬂuence of the MJO and SPV will be tested with results from
four conditional composite categories. These composites are denoted by the following nomenclature:
•
•
•
•

MJO Phases 2 and 3 + weak SPV
MJO Phases 2 and 3 + strong SPV
MJO Phases 7 and 8 + weak SPV
MJO Phases 7 and 8 + strong SPV

For all composites, the start date of the event (i.e., Day 0) is when the amplitude of the MJO, while in
one of the two phase groups, exceeds 1σ and remains above this threshold for the next 3 days. These
criteria also require the MJO to remain in the same phase for three consecutive days. Similar criteria
are used for SPV events, but the amplitude of the event must exceed the threshold for ﬁve consecutive
days. These minimum thresholds for days the indices must exceed a particular amplitude are implemented so as to (a) avoid single‐day high‐amplitude events and (b) ensure that either mode has sufﬁcient
time to impact NH extratropical weather patterns. These criteria for categorizing events are used for
both single‐type and joint composites. The start date for all events deﬁned when the MJO ﬁts the prescribed criteria and occurs during one of the three (weak, strong, or neutral) SPV event types. Table 1
displays the number of events for each of the composite categories. As seen, there are a larger number
of MJO‐only events compared to the SPV‐only events. Also, there is a greater number of MJO Phases 2
and 3 than MJO Phases 7 and 8 events, including for the conditional categories. Although the number
of events per category varies, even the smallest number of samples is sufﬁcient to draw meaningful
conclusions from this work.
For this study, we examine geophysical variables primarily with lags +10 to +14 days after the start date of
the event. This 5‐day average represents the time just into the subseasonal range, while it is beyond and acts
to ﬁlter out synoptic timescale variability. Some variables (e.g., U) are also examined at longer lags (e.g., out
to Days ±30; section 4.2) to illustrate other robust features of the circulation, particularly in the stratosphere.
One caveat in our categorization scheme for these events involves the propagation speed of the MJO. That is,
during the 14‐days examined for the composites, the MJO could move into a new phase (e.g., from Phases 3
to 4). However, for the purposes of this study, we consider the phase of the MJO on Day 0 only for categorizing the single and joint composites.
Statistical signiﬁcance of the composites is assessed using a two‐tailed bootstrapping of N = 5,000 samples
with replacement. That is, random start days of events are ﬁrst selected, which are then used to ﬁnd the corresponding +10‐ to 14‐day composites. This process is then repeated 5,000 times to form a distribution from
which the desired conﬁdence interval (i.e., p<0.05) is found. For spatial correlation analysis (i.e., Figure 2),
we use a slightly different technique. In this case, we generate 5,000 pairs of synthetic height anomaly maps
for a given region (with similar latitude and longitude constraints) and correlate these pairs of maps. Our
spatial correlation is then compared to the distribution of the 5,000 synthetic correlations to ﬁnd its
signiﬁcance (i.e., p<0.05).
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Figure 1. Days +10 to +14 averaged composites of October–March 500‐hPa geopotential height anomalies (m) the eight MJO/SPV composite categories discussed
in this study: (a) weak SPV + neutral MJO, (b) strong SPV + neutral MJO, (c) MJO Phases 2 and 3 + neutral SPV, (d) MJO Phases 2 and 3 + weak SPV,
(e) MJO Phases 2 and 3 + strong SPV, (f) MJO Phases 7 and 8 + neutral SPV, (g) MJO Phases 7 and 8 + weak SPV, and (h) MJO Phases 7 and 8 + strong SPV.
Green stippling indicates composite anomalies are signiﬁcant at the p<0.05 level. SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.

3. Composite Analyses of the MJO and the SPV
3.1. The 500‐hPa GPH Anomaly Composites
We begin our analysis by examining the midtropospheric ﬂow pattern for the different composite categories.
Looking at the neutral case composites ﬁrst (Figure 1), we ﬁnd familiar patterns of 500‐hPa GPH anomalies
as described in previous studies. For example, both the weak SPV + neutral MJO (Figure 1a) and strong SPV
+ neutral MJO (Figure 1b) cases reproduce the characteristic negative and positive tropospheric NAM structure, with opposite‐signed height anomalies in the Arctic and the NH midlatitudes (e.g., Thompson &
Wallace, 1998, 2000). Both MJOs 2 and 3 + neutral SPV (Figure 1c) and MJOs 7 and 8 + neutral SPV composite means (Figure 1f) illustrate a Rossby wave train emanating out of the Paciﬁc and traveling along a
great circle into western North America and then into the North Atlantic (e.g., Ferranti et al., 1990;
Hoskins & Karoly, 1981; Mori & Watanabe, 2008; Moore et al., 2010). The negative (positive) NAM/NAO signature typically seen during MJO Phases 2 and 3 (7 and 8) events are also reproduced in these composites
(e.g., Cassou, 2008; L'Heureux & Higgins, 2008; Lin et al., 2009).
Next, we consider the statistical signiﬁcance of the anomalies in these neutral composite cases (i.e., green
stippling in Figure 1). For the Weak SPV + neutral MJO events (Figure 1a), statistical signiﬁcance in the
composite signal (p<0.05) resides primarily across the Arctic, parts of Asia, and the North Paciﬁc. Signals
for troughing in the Eastern United States and North Atlantic feature some signiﬁcance though not
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widespread, illustrating variability with different weak vortex regimes. For the strong SPV + neutral MJO
composite (Figure 1b), statistically signiﬁcant anomalies are prevalent throughout the Arctic and into the
North Atlantic sector. In both the MJOs 2 and 3, and 7 and 8 + neutral SPV composite categories (Figures
1c and 1f), the North Paciﬁc wave train signature is statistically signiﬁcant. This signiﬁcance extends into
parts of North America, parts of central Asia, and the North Atlantic, especially for the MJO Phases 2 and
3 + neutral SPV case (Figure 1c). Because the MJO may interact with tropospheric weather patterns differently as the extratropical NH background state changes during the 6‐month period examined, we split cases
in our MJO + neutral SPV categories into those that occurred early (October through December) and late
(January through March) in the extended boreal cold season and recomputed the corresponding
composite‐mean plots. The resulting composite patterns (not shown) are similar to the composite‐mean patterns shown in Figure 1, thus reinforcing our ﬁndings.
Having veriﬁed our compositing technique works for the single‐type cases, we next explore the conditional
MJO‐SPV categories. In the MJO Phases 2 and 3 + weak SPV composite mean (Figure 1d), ridging typically
over the northwest Paciﬁc (as seen in Figure 1c) shifts eastward toward western North America with troughing seen across Alaska. In the Atlantic, conditions resemble a negative NAO signature typical of weak SPV
regimes (Figure 1a) but stronger in magnitude. A similar story emerges for the MJO Phases 2 and 3 + strong
SPV composite‐mean (Figure 1e)—that is, the Paciﬁc sector resembles more of the MJO Phases 2 and 3
signature (Figure 1c), while the Atlantic sector captures the downward inﬂuence of the strong SPV via
a positive NAO signature (Figure 1b). This central theme will repeat in subsequent analyses and presents
the ﬁrst major result of this study. That is, for the conditional composite cases, the MJO inﬂuences
circulation anomalies across the North Paciﬁc and western North America primarily, while the SPV
has a closer association with tropospheric circulation anomalies in the Atlantic/Europe.
For the MJO Phases 7 and 8 + weak SPV composite mean (Figure 1g), an east‐west height dipole is found in the
North Paciﬁc, while constructive interference between the two modes occurs over the Arctic and European
regions. This constructive interference manifests via the negative NAM pattern throughout the midlatitudes,
particularly across the Atlantic and Europe. The exception is North America, where weak ridging exists in
the southeastern United States and over the Caribbean. The characteristic trough over eastern North
America during weak SPV episodes (Figure 1a) appears shifted northwestward, generating statistically signiﬁcant negative height anomalies across the western United States (Figure 1g). Indeed, the pattern resembles
more of the negative phase of the PNA pattern in the MJO Phases 7 and 8 + weak SPV composite mean. By
contrast, Figure 1h shows destructive interference between the MJO Phases 7 and 8 and SPV composite
patterns. Only the Atlantic and European height anomalies (i.e., a positive NAO‐like feature) are maintained
and remain statistically signiﬁcant when compared to the strong SPV + neutral MJO composite mean in
Figure 1b (e.g., Figure 1h, green stippling). Elsewhere in the NH midlatitudes, the annular pattern disappears
and is replaced by an overall Wave 4 or 5 structure (Figure 1h), though the North Paciﬁc meridional dipole
remains intact albeit shifted with respect to the MJOs 7 and 8 + neutral SPV composite (Figure 1f).
To objectively identify how the MJO and the SPV work to interfere with one another, spatial correlation coefﬁcients are computed for ﬁve different regions. These regions included the whole NH, the North Paciﬁc
(20°–60° N, 150° E to 140° W), North America (20°–60° N, 60° to 120° W), the North Atlantic (20°–75° N,
60° W to 20° E), and Eurasia (20°–75° N, 30°–130° E). Throughout the 500‐hPa GPH composites, we speculated that the MJOs 7 and 8 + weak SPV would have strong constructive interference with both the MJOs 7
and 8 + neutral SPV and the weak SPV + neutral MJO composites. Indeed, as indicated in Figure 2, the
MJOs 7 and 8 + weak SPV composite mean 500‐hPa GPH ﬁeld exhibits statistically signiﬁcant (p<0.05) positive correlations with the weak SPV + neutral MJO composite‐mean pattern over the NH, North America,
the North Atlantic, and Eurasia. When comparing this joint composite to the MJOs 7 and 8 + neutral SPV
composite mean, all sectors except Eurasia have signiﬁcant positive pattern correlations. Focusing on the
MJOs 7 and 8 + strong SPV composite mean, a different pattern is found in the spatial correlations.
Comparing the MJOs 7 and 8 + strong SPV to the MJOs 7 and 8 + neutral composite mean, the patterns
across the whole NH, the North Paciﬁc, and Eurasia are positively correlated and statistically signiﬁcant,
albeit small in value. Over North America and the North Atlantic, however, the pattern correlations are signiﬁcantly negative, showing strong destructive interference. When comparing the strong SPV + neutral
MJO and MJOs 7 and 8 + strong SPV composite‐mean patterns, statistically signiﬁcant positive correlations
exist only over the NH and the North Atlantic (Figure 2).
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Figure 2. Spatial correlation coefﬁcients of MJO and SPV neutral composites against the various combined MJO + SPV
events in Figure 1 over the entire Northern Hemisphere, the North Paciﬁc (20°–60° N, 150° E to 140° W), North
America (20°–60° N, 60°–120° W), the North Atlantic (20°–75° N, 60° W to 20° E), and Eurasia (20°–75° N, 30°–130° E).
Only correlation coefﬁcients signiﬁcant at the p<0.05 level are explicitly shown. SPV = stratospheric polar vortex;
MJO = Madden‐Julian oscillation.

3.2. The 250‐hPa U Anomaly Composites
Having examined the midtropospheric wave patterns via 500‐hPa GPH anomalies, we next turn to examine
composite differences in the jet structure, as represented by 250‐hPa U anomalies (Figure 3). Examining the
upper‐tropospheric winds allows us to more explicitly examine storm tracks and also potential changes in
both the subtropical and polar jet streams. The jet structure for the weak (strong) SPV + neutral MJO composite category shows anomalies that are characteristic of the negative (positive) phase of the tropospheric
NAM, that is, a weakening (strengthening) of upper‐tropospheric zonal winds at higher latitudes, particularly over North America, the Atlantic, and Europe (Figures 3a and 3b). MJO events occurring during neutral SPV times also inﬂuence the jet stream but in different regions. The MJO Phases 2 and 3 + neutral SPV
events (Figure 3c) accelerate the climatological westerlies (contours in all panels of Figure 3) over central
Asia, or north of the enhanced convection in the Indian Ocean with negative zonal wind anomalies also present over the North Paciﬁc basin, indicating a retracted Paciﬁc jet (Moore et al., 2010; Zhou & Miller, 2005).
Except for a region of statistically signiﬁcant anomalies across the North Atlantic jet, there are no
signiﬁcant 250‐hPa U wind anomalies across North America or Europe for the MJO Phases 2 and 3 + neutral
SPV composite mean. By contrast, the MJO Phases 7 and 8 + neutral SPV composite mean (Figure 3f)
exhibits an extended Asian‐Paciﬁc jet stream (e.g., Moore et al., 2010; Rui & Wang, 1990; Zhou & Miller,
2005), along with an acceleration of the polar jet off of eastern North America. Likewise, the jet stream
appears to shift equatorward, to the north of the suppressed convection in the Indian Ocean.
The conditional composites for the 250‐hPa U anomalies (Figures 3d, 3e, 3g, and 3h) are dynamically consistent with their 500‐hPa GPH anomalies counterparts (Figures 1d, 1e, 1g, and 1h). Again, features characteristic of classic MJO composites reemerge in the Paciﬁc sector, while those associated with the SPV/NAM
appear in the Atlantic sector (i.e., positive or negative NAO conditions). Yet there are other important
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Figure 3. Shading and stippling: same as Figure 1 but for 250‐hPa zonal wind (U) anomalies (m/s). Line contours: October–March climatological 250‐hPa U (m/s).
Contours from 10 to 40 meters per second every 10 m/s. SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.

ﬁndings from the U anomaly composites not seen in the 500‐hPa GPH anomaly plots. For example, the MJO
Phases 2 and 3 + weak SPV composite (Figure 1d) shows an intensiﬁed polar jet (and subsequently, storm
track) over much of North America across to Europe, reinforcing the negative NAO regime in place
Figure 1d). This enhanced jet off of eastern North America has some connections to anomalies extending
back into the subtropical Paciﬁc (although anomalies are not signiﬁcant), indicating potentially an
enhanced and more moisture‐laden storm track because of connections to the subtropical Paciﬁc. By contrast, for the MJO Phases 7 and 8 + weak SPV composite (Figure 1g), the eastern North America‐Atlantic
jet stream is displaced poleward compared to weak SPV + neutral MJO events (and poleward of the climatological jet stream in eastern North America; Figure 1g, line contours). Changes in the Atlantic jet are even
less apparent during MJO Phases 2 and 3 + strong SPV cases when compared against the strong SPV + neutral MJO composite (Figure 3b). Moreover, the regional pattern exhibits considerably less statistical signiﬁcance there (Figure 3e). MJO Phases 7 and 8 + weak SPV cases (Figure 3g) show large‐scale constructive
interference between the MJOs 7 and 8 + neutral SPV and Weak SPV + neutral MJO composites throughout
the NH, while the conditional MJO Phases 7 and 8 + strong SPV composite mean (Figure 3h) displays
destructive interference between the two modes throughout the Arctic and Europe with weak enhancement
of the Paciﬁc features seen with the MJO‐neutral SPV composite (Figure 3f). As such, the conditional composites elude to differences in the jet stream/storm tracks that would be potentially missed if relying only on
the single‐index composites, especially for North America.
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Figure 4. Same as Figure 1 but for surface air temperature anomalies (K).

3.3. SAT Anomaly Composites
While the 500‐hPa GPH and 250‐hPa U anomaly composites give insight into main circulation features associated with the different MJO/SPV cases, we next examine the SAT anomaly composites, a very common
variable used for S2S operational forecasts, to highlight sensible weather impacts of the different cases at
the surface (Figure 4). The SAT anomaly composite for the SPV + neutral MJO cases (Figures 4a and 4b)
show warm (cold) anomalies in northern North America and Greenland and cold (warm) anomalies in
northern Asia for weak (strong) SPV cases, consistent with previous studies (e.g., Thompson & Wallace,
2000, 2001; Waugh et al., 2017). The MJO + neutral SPV composites (Figures 4c and 4f) show weak (and
mostly statistically insigniﬁcant) anomalies across Europe and large parts of Asia. Given its association with
the positive (negative) tropospheric NAM, much of North America (outside of Alaska) experiences warmer
(colder) than average conditions during MJO Phases 2 and 3 (Phases 7 and 8), though signiﬁcance is poor for
much of North America (Figures 4c and 4f; green stippling).
Turning to the joint composite categories, the case for which mode is preferred in the patterns of different
regions becomes quite apparent. In all conditional cases, SAT anomalies across Europe and most of Asia
almost entirely resemble the SAT anomalies we would expect if only considering the state of the SPV
(e.g., compare the Eurasian SAT anomalies in Figures 4d and 4g with Figures 4a and Figures 4e and 4h with
Figure 4b). As such, these conditional composites further emphasize that, out of the two climate modes considered for this study, the state of the SPV and its inﬂuence on the tropospheric NAM better represents
resulting circulation patterns across most of Eurasia versus the MJO or the MJO + SPV conditional
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composites. This result differs slightly from the height composites as we only observe strong correlations of
the MJO + weak SPV with the weak SPV + neutral MJO composites in this sector (Figure 2). However, a
different story emerges for North America. Here, we see considerable variance between the conditional composites when compared to either of the single‐index composites. For example, both the weak SPV + neutral
MJO (Figure 4a) and the MJO Phases 7 and 8 + neutral SPV (Figure 4f) composites show the propensity for
negative SAT anomalies across much of the eastern half of North America. However, for the MJO Phases 7
and 8 + weak SPV cases (Figure 4g), signiﬁcant cold anomalies only appear across far northeastern North
America, with almost no signal in central North America and even warm anomalies (though mostly insignificant) across the Southeast and Mid‐Atlantic United States. Similarly, while MJO Phases 2 and 3 are typically
regarded as yielding mild spells for much of United States and central Canada (Figure 4c; Zhou et al., 2012), the
conditional composites suggest uncertainty to that warm signal (Figures 4d and 4e). These unique patterns in
the conditional composites also hint to possible nonlinear interactions between the MJO and the SPV, which
we address in a later section. Therefore, from a forecasting perspective, considering both the state of the SPV
and the phase of the MJO may alter forecast rationale for winter SAT predictions across much of
North America.

4. Stratosphere‐Troposphere Dynamical Coupling Composites
4.1. EP‐Flux Composites
So far, joint composites of several variables illustrate signiﬁcantly different patterns across much of the NH
for the different MJO/SPV categories, which lends conﬁdence that the ﬁndings could be useful for forecasting applications. However, based on previous literature, convection associated with the MJO impacts both
horizontal and vertical wave propagation into the tropical and NH extratropical stratosphere (e.g.,
Garﬁnkel et al., 2012; Weare, 2010). As such, there is the possibility that the MJO not only inﬂuences tropospheric weather patterns directly but also inﬂuences the SPV, which then exerts a downward inﬂuence
on the tropospheric circulation. That possibility is a caveat of this study and discussed later. Instead, in
this section, we will examine whether vertically propagating Rossby waves exhibit different characteristics
depending on the various composite cases and subsequently how these different characteristics can inﬂuence dynamical NH extratropical stratosphere‐troposphere variability.
→
 →
Figure 5 presents the Day +10 to +14‐averaged EP ﬂuxes F and EP ﬂux divergence ∇· F plotted for our
→

MJO and SPV cases. F has two components: (a) the latitudinal component Fφ, which is proportional to the
negative of horizontal momentum ﬂux (i.e., −u′ v′ ), and (b) the vertical component Fp, which is proportional
→

to meridional heat ﬂux (i.e., v′ T ′ ). Per the zonal‐mean momentum equation, ∇· F affects the acceleration of
the zonal‐mean zonal wind. The SPV + neutral MJO cases (Figures 5a and 5b) agree with the results by
Thompson et al. (2006), which show how a weak (strong) SPV can act to reorganize tropospheric eddies
at middle‐to‐high latitudes in the troposphere to shift the overall mean polar jet stream equatorward (poleward) via anomalous momentum ﬂuxes pumping westerly momentum equatorward (poleward) (Figures 5a
and 5b, horizontal component of the EP ﬂux vectors). By contrast, there are relatively small EP ﬂux anomalies in the stratosphere during MJO Phases 2 and 3 + neutral SPV cases (Figure 5c). The lack of substantial
ﬂux anomalies in the stratosphere during MJO Phases 2 and 3 events carries over for the conditional composites associated with these phases as well (Figures 5d and 5e). Instead, enhanced poleward (equatorward)
ﬂuxes in the middle and upper troposphere (between about 30° and 60° N) appear during MJO Phases 2 and
3 + weak (strong) SPV, consistent with the ﬁndings from the corresponding SPV + neutral MJO composites
(Figures 5a and 5b). Therefore, this analysis suggests that anomalous wave propagation associated with MJO
Phases 2 and 3 events are more conﬁned to the troposphere with minimal inﬂuence on the stratosphere.
Taken another way, the observed inﬂuence that MJO Phases 2 and 3 alone has on the NAM/NAO could
be primarily through a tropospheric pathway.
Results are different for events involving MJO Phases 7 and 8. For MJO Phases 7 and 8 + neutral SPV cases
(Figure 5f), anomalous poleward and upward propagation of Rossby waves exist north of about 50° N, leading to anomalous EP ﬂux convergence (i.e., wave breaking) in the extratropical NH stratosphere and
thus deceleration of the polar night jet there. There is also EP ﬂux convergence in the troposphere north
of 60° N. In the MJO Phases 7 and 8 + weak SPV events (Figure 5g), similar patterns to that of the weak
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Figure 5. Day +10 to +14 averaged Eliassen‐Palm (EP) ﬂux (vectors, J/m ) and ﬂux divergence (shading, m·s ·day ) anomalies for the eight MJO/SPV composite categories discussed in this study: (a) weak SPV + neutral MJO, (b) strong SPV + neutral MJO, (c) MJO Phases 2 and 3 + neutral SPV, (d) MJO Phases 2 and
3 + weak SPV, (e) MJO Phases 2 and 3 + strong SPV, (f) MJOPhases 7 and 8 + neutral
(g) MJO Phases 7 and 8 + weak SPV, and (h) MJO Phases 7 and
qﬃﬃﬃﬃﬃﬃﬃSPV,
ﬃ
F
F
8 + strong SPV. EP‐ﬂux vectors scaled for plotting by ρr E cosφ rE sφφ ; spp , where ρ ¼ 1;000
p ; p is pressure, φ is latitude, Fφ is the horizontal component of the EP
5
ﬂux vector, Fp is the vertical component of the ﬂux, rE is the radius of Earth, sφ=π, and sp=1×10 Pa. EP‐ﬂux divergence (red shading) and convergence (blue
−1
−1
−1
−1
−1
−1
−1
shading) scaled by ðρr E cosφÞ (to make units of acceleration) and contoured every 0.25 m·s ·day
from −2 m·s ·day to 2 m·s ·day . Reference
vector included. SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.

SPV + neutral MJO are visible, with a large region of anomalous downward EP ﬂux and subsequent
anomalous EP ﬂux divergence in the stratosphere. Anomalous poleward wave propagation still appears in
the troposphere from about 40°–60° N under these conditions, though the pattern of anomalous
convergence/divergence is less distinct than the weak SPV composites (Figure 5a). Note that this EP ﬂux
pattern is different than that in Figure 5f, which shows upward wave ﬂux anomalies in the troposphere
and stratosphere poleward of about 45° N. The difference here apparently is due to the inﬂuence of the
weak westerlies present in the stratosphere, which shield the vortex from vertically propagating wave
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Figure 6. Pressure‐time lag composites of the (a) standardized NAM index and (b) area‐averaged (60° N to 80° N) zonal‐mean zonal wind anomalies (m s ) for
MJO Phase 2 and 3 + neutral SPV events. Day 0 represents the start date of the MJO event (black vertical line in both plots). Negative (positive) lags indicate the
variable leads (lags) the start of the MJO event. Black stippling indicates composite values signiﬁcant at the p<0.05 level. NAM = Northern Annular Mode;
SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.

ﬂuxes and thus change the relationship of the MJO Phases 7 and 8 with the stratospheric circulation. The
patterns of the MJO Phases 7 and 8 + strong SPV (Figure 5h) are essentially opposite to those observed in
Figure 5b, with anomalous convergence in the polar stratosphere leading to a breakdown/weakening of
the SPV. This pattern is consistent with the ﬁndings of, for example, Garﬁnkel et al., 2012 (2012, 2014)
and Schwartz and Garﬁnkel (2017). The contrast between Figures 5b and 5h suggests that the changes in
amplitude of the tropospheric wave activity initiated by the MJO Phases 7 and 8 events may alter the state
of the stratosphere via enhancing upward wave ﬂuxes. Subsequently, stratospheric anomalies can then
descend with time later to inﬂuence the tropospheric circulation (e.g., Baldwin & Dunkerton, 2001). As
such, the MJO Phases 7 and 8 relationship with the tropospheric NAM/NAO may act both with a
tropospheric and a (delayed—i.e., beyond our composite window) stratospheric pathway.

4.2. Lag Composites of Stratosphere‐Troposphere Coupling Metrics for MJO Events
Analysis of the EP ﬂuxes for the different MJO‐SPV cases suggest that the MJO can interact with the
NAM/NAO via both tropospheric and stratospheric pathways. In this study, we seek to address whether
the MJO and the SPV can work independently from one another to inﬂuence NH winter weather patterns
or if the MJO acts to inﬂuence the SPV. This distinction would determine if the composites presented thus
far have been inﬂuenced by both of the modes separately or if they are an artifact of the MJO working
through the SPV. In particular, we will explore the MJO + neutral SPV composites to see if the MJO ﬁrst
interacts with the stratosphere to inﬂuence its state and then subsequently the SPV inﬂuences the tropospheric circulation pattern via downward control.
We ﬁrst analyze how lag composites of the NAM index throughout the troposphere and the stratosphere
change for MJO + neutral SPV events (Figures 6a and 7a). In all lagged composites, Day 0 represents the start
day of the event. For the MJO Phases 2 and 3 + neutral SPV composite (Figure 6a), while negative NAM conditions exist in the troposphere during negative lags (and are signiﬁcant especially around Days −12 to −8),
the trend during positive lags is toward a positive NAM state, with the largest positive NAM anomalies in the
troposphere, extending upward into the stratosphere simultaneously at later lags. This evolution is different
from the MJO Phases 7 and 8 + neutral SPV composite cases (Figure 7a), where the tropospheric NAM
becomes signiﬁcantly negative 5–10 days after the MJO event start date. The stratospheric NAM index turns
anomalously negative after the tropospheric NAM has reached its peak negative value (see green box in
Figure 7a). This evolution makes sense from the wave propagation analyzed in Figure 5f, where the MJO
Phases 7 and 8 events change the tropospheric Rossby wave sources, which then propagate vertically and
converge in the stratosphere, weakening the vortex (i.e., a negative NAM state).
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Figure 7. As in Figure 6, but for MJO Phases 7 and 8 + neutral SPV. Green box shows the evolution of the standardized NAM and zonal‐mean zonal wind values as
they change from the troposphere to the stratosphere. NAM = Northern Annular Mode; SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.

Figures 6b and 7b examine more explicitly the changes in the SPV potentially inﬂuenced by the MJO. During
MJO Phases 2 and 3 + neutral SPV events, the SPV features positive zonal‐mean U anomalies for both positive and negative lags, with the largest composite anomalies during Days −15 to 0 and Days +15 to +25.
There is some evidence of zonal‐mean U anomalies signiﬁcantly descending with time from the stratosphere

Figure 8. Residual 500‐hPa geopotential height anomalies (m) for the combined MJO‐SPV categories investigated in this study derived from the linear regression
model (see text) and compositing analysis from Figure 1 (i.e., composite‐regression). SPV = stratospheric polar vortex; MJO = Madden‐Julian oscillation.
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to the troposphere, but mostly, the anomalies occur almost simultaneously throughout the atmospheric column. It is not until late in the time series (greater than Day +20) that we see any indication of downward
propagation of positive zonal‐mean U anomalies in the stratosphere enter into the lower troposphere
(Figure 6b). In Figure 7b, we see a clear reversal of the strength of the SPV above 100 hPa during positive
lags with positive anomalies at Day 0 at 10 hPa turning negative by Day +10 and remaining negative through
Day +30. In the troposphere, however, zonal‐mean U decelerates, associated with a decrease in tropospheric
NAM values (Figure 7a), before the SPV weakens (shown in green box on Figure 7). Signs of downward propagation of negative zonal‐mean U anomalies appear after Day +15, suggesting that at longer leads, the MJO
inﬂuence on the stratosphere might then feed back onto the tropospheric circulation. In both zonal‐mean U
composites, however, the anomalies are mostly statistically insigniﬁcant, which makes drawing more deﬁnitive conclusions difﬁcult.
Taken together, the results here suggest that for our window of composite analysis (+10–14 days after event),
the MJO's inﬂuence in either case ﬁrst acts to alter the tropospheric circulation. This means that the ﬁndings
from our composites in section 3 are the result of each mode (the MJO and the SPV) acting in concert on the
tropospheric circulation and not necessarily the MJO acting through the stratosphere ﬁrst. The stratospheric
pathway may be more important at later lags, but this analysis is reserved for future work.

5. Discussion and Conclusions
The analyses in this work produced the following key ﬁndings, which directly address the guiding research
questions from section 1:
1. Between the MJO and the SPV, the MJO inﬂuences most strongly tropospheric circulation patterns
across the North Paciﬁc and parts of western North America, while variability in the SPV strongly inﬂuences patterns over the North Atlantic and Europe (Figures 1‐4).
2. For the geophysical variables studied (i.e., 500‐hPa GPH, jet stream level winds, and SAT anomalies),
constructive interference between the inﬂuences of the MJO and the SPV occurs during MJO Phases 2
and 3 + strong SPV and MJO Phases 7 and 8 + weak SPV episodes. Destructive interference between
the inﬂuences of the two modes occurs for MJO Phases 2 and 3 + weak SPV and MJO Phases 7 and 8
+ strong SPV episodes. These constructive and destructive inﬂuences are mostly seen in eastern North
America and into the North Atlantic. These conclusions were also quantiﬁed via spatial correlations
for the GPH composites (Figure 2). Our ﬁndings also agree with the documented linkages between the
MJO and the tropospheric NAM/NAO (e.g., Cassou, 2008; Lin et al., 2009; L'Heureux & Higgins,
2008). The MJO Phases 7 and 8 + strong SPV composites show the strongest destructive interference relative to the MJO Phases 7 and 8 + neutral SPV composite (Figure 2).
3. MJO Phases 2 and 3 + neutral SPV events are associated with a strengthening of the SPV, while MJO
Phases 7 and 8 + neutral SPV events are associated with a weakening of the SPV. Although the MJO
interacts with the NAM throughout the troposphere and stratosphere, the strongest signal remains in
the troposphere (Figures 6 and 7), suggesting that the MJO acts on the extratropical ﬂow pattern primarily through a tropospheric pathway but could later impact the tropospheric circulation at longer lead
times indirectly through its impacts on the SPV (e.g., Figure 7).
The overall implications of our ﬁndings are twofold. First, from an operational S2S forecasting perspective,
understanding which areas are more related to the MJO versus the SPV can make a difference in making skillful wintertime forecasts. For example, forecasters in Europe may want to pay particular attention to the state of
the SPV for their long‐range forecasts rather than the current phase of the MJO. Though dynamical seasonal
forecasting models include both of these modes in their forecasts, the ﬁdelity with which models capture the
evolution of and teleconnections of these modes differs, especially when it comes to stratosphere‐troposphere
coupling dynamics. Coupled models have a difﬁcult time capturing the downward propagation of stratospheric
anomalies into the troposphere, limiting the inﬂuence of the simulated stratosphere on tropospheric winter
weather patterns (e.g., Furtado et al., 2015; Karpechko et al., 2017; Riddle et al., 2013). There are also opportunities for improved forecasts for North America, especially for the eastern half of the continent. This region
showed divergent signals between our conditional and the single‐index composites. For example, the shift
toward a more negative PNA‐like pattern across North America during MJO Phases 7 and 8 + weak SPV
(Figure 1g) versus the more classic eastern North American trough seen during weak SPV + neutral MJO
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(Figure 1a) and MJO Phases 7and 8 + neutral SPV (Figure 1f) cases has large implications for sensible weather
conditions that would be missed if forecasters relied on only one of the two modes. Note, however, that our joint
composites are limited in total samples versus the single‐index composites. This difference in sample size is
expected and warrants caution when interpreting our composite results.
The second key implication of this work lies in characterizing the dynamical interplay between the MJO and
the SPV. We explored some of these aspects via wave propagation and stratosphere‐troposphere dynamical
coupling metrics (section 4). Here, evidence suggests that both MJO Phases 2 and 3 and Phases 7 and 8 act on
the tropospheric circulation directly ﬁrst, inducing changes in the polar jet stream/the tropospheric NAM.
Any changes in the stratosphere appear secondary but may lead to persistence in the tropospheric signal
at longer lags. This extended subseasonal predictability is important to explore further—that is, while
extended predictability of the tropospheric NAM classically has thought to originate from changes in the
SPV, this could indeed also be conditional on how other modes like the MJO precondition the troposphere.
Note, for example, that during MJO Phases 2 and 3 + neutral SPV events (Figure 6), positive NAM conditions induced in the troposphere (Figure 6a) coincide with a strengthening of stratospheric winds
(Figure 6b), which persist out to Day +30. More on this long‐range persistence needs to be examined.
Finally, while we considered the inﬂuence of the MJO onto the SPV, there is also the possibility that the state
of the SPV can, in turn, inﬂuence tropical convection patterns and the MJO itself. Some studies (e.g., Gómez‐
Escolar et al., 2014; Kodera, 2006) suggest that weak SPV episodes have connections with tropical tropopause temperatures, which could indirectly alter tropical convection patterns. More work on this avenue
of connections between the polar stratosphere and tropical climate variability needs to be pursued.
The composite technique used in this study was chosen to address potential nonlinearities in the combined
MJO/SPV cases. However, given some of the similarities in the single‐index versus joint composites, we need
to also ask, how much of the signal in the conditional composites is merely a linear combination of the two
single‐mode composites? To answer this question, we constructed a linear regression model using the composite patterns of the SPV + neutral MJO and the MJO + neutral SPV to predict 500‐hPa GPH anomalies
with a lag of +10–14 days. The full form of the linear regression model is
GPH500 ðxÞ ¼ α×COMPSPVþneutral MJO ðxÞ þ β×COMPMJOþneutral SPV ðxÞ þ γ;
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where x represents space; COMPSPV‐Neutral MJO and COMPMJO‐Neutral SPV represent the SPV + neutral MJO
and MJO + neutral SPV composites found in Figure 1, respectively; and α, β, and γ are coefﬁcients found
through least squares ﬁtting. Figure 8 shows the residual between the linear regression model and the composite results (i.e., composite‐regression) evaluated for the same events included in the joint MJO/SPV composites in Figure 1. In the limit that the signals seen in the composites were purely linear combinations of the
MJO and the SPV inﬂuences, the difference plots in Figure 8 would be blank/all zero. Since these plots show
some structure, we can infer ﬁrstly that the collective inﬂuence of the MJO and the SPV is not simply linear.
Indeed, we see large differences in the linear regression model and the composites across the entire NH.
Some regions, such as the Paciﬁc‐North American and Atlantic‐European sectors, exhibit some of the strongest differences. We conclude that the inﬂuence of the MJO and SPV on the tropospheric circulation is not a
simple linear combination of the two modes of variability. As such, composite analysis conducted in this
study is more applicable for analyzing these events versus linear regression because of its ability to capture
both linear and nonlinear processes.
Additional work on this topic will involve examining our ﬁndings in dynamical model forecasts of these particular events, along with evaluation of model‐based events themselves. Multimodel suites like the
International S2S Prediction Project Database (Vitart et al., 2017) can be used to test our hypotheses further
and even examine how, for example, models with and without realistic NH SPV variability recover the MJO‐
SPV joint composites. Moreover, using these methods within speciﬁc case studies for the different composite
categories and in different regions of the NH would show how they perform different when applied to speciﬁc events. This further work would aid in the expansion of understanding and improve the predictability of
S2S weather and climate patterns related to the MJO and SPV variability.
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