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Abstract Previous work has shown that the Madden-Julian Oscillation (MJO) can influence the North
Atlantic Oscillation (NAO) via a Rossby wave teleconnection that propagates through the troposphere (i.e.,
a tropospheric pathway). In addition, recent work suggests that the MJO can influence the stratospheric
polar vortex, which is also known to influence the tropospheric NAO—thus, there likely exists a
stratospheric pathway for MJO influence as well. Here, we apply two methods to shed more light on the
pathways linking the MJO to the NAO. First, we use a traditional approach in climate science based on
analyzing conditional probabilities. Second, we use methods from causal discovery theory based on
probabilistic graphical models. Together, these two analysis approaches reveal that the MJO can impact the
NAO via both a tropospheric and stratospheric pathway. The stratospheric pathway is shown to come
about in two ways: First, both methods show that the MJO itself influences the strength of the
stratospheric polar vortex on a timescale of ~10 days, and then 5 days later the vortex can drive changes in
the NAO. Second, the state of the stratospheric polar vortex acts to condition the NAO to be conducive (or
not) to MJO influence. When the vortex is in a state that opposes the expected NAO response to the MJO,
we find little influence of the MJO on the NAO, however, when the vortex supports the expected NAO
response, the NAO is up to 30% more likely to be in a particular state following active MJO periods.

1. Introduction and Motivation

Wintertime weather regimes across the Northern Hemisphere are generally typified by the phase and ampli-
tude of tropospheric modes of variability, like the Northern Annular Mode (NAM; e.g., Thompson & Wallace,
1998, 2000). In the positive phase of the NAM, the polar jet stream, and subsequently the storm track, is
located anomalously poleward of its mean position, and equatorward during the negative phase. Changes
in the jet stream position also govern wintertime regimes, with cold conditions prevailing in the Northern
Hemisphere midlatitudes during negative NAM regimes (e.g., Thompson & Wallace, 2000, 2001). As such,
understanding drivers and dynamics of subseasonal-to-seasonal (S2S) variability in the jet stream is an active
goal for wintertime S2S forecasting applications (e.g., Hoskins, 2013; Scaife et al., 2014; Vitart et al., 2012).

In the last two decades, two large-scale modes of climate variability have been studied extensively as precur-
sors to changes in the Northern Hemisphere midlatitude jetstreams. The first is stratosphere-troposphere
dynamical coupling in the Northern Hemisphere extratropics, particularly that associated with variabil-
ity in the stratospheric polar vortex, an area of low pressure that resides 10-50 km above Earth's surface
in the Arctic during the boreal cold season. Theory, observations, and model experiments demonstrate
that stratospheric circulation anomalies descend with time and can affect the tropospheric circulation with
same-signed anomalies (e.g., Baldwin et al., 1994; Baldwin & Dunkerton, 2001; Eliassen, 1950; Haynes
et al., 1991; Kidston et al., 2015). For example, for weak stratospheric polar vortex conditions (i.e., when
climatological westerlies weaken or potentially reverse to easterly), anomalous easterlies descend from the
stratosphere into the troposphere, weakening the zonal component of the tropospheric polar jet. Conse-
quently, tropospheric eddies reorganize and positively feed back onto these tropospheric jet anomalies (e.g.
Chen. P. & Robinson, 1992; Garfinkel et al., 2013; Kidston et al., 2015; Kushner & Polvani, 2004), shifting
the polar jet stream equatorward and inducing a negative NAM regime for the next 2-8 weeks (Baldwin &
Dunkerton, 2001). Therefore, changes in the dominant circulation pattern within the Northern Hemisphere
wintertime stratosphere (i.e., the stratospheric polar vortex) project onto changes in the dominant pattern
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of the extratropical tropospheric circulation (i.e., the NAM). As such, the stratosphere may indeed play a
role in long-lead predictability of the Northern Hemisphere midlatitude circulation (Scaife et al., 2014, 2016;
Robertson et al., 2015).

In addition to stratospheric variability, the Madden-Julian Oscillation (MJO; Madden & Julian, 1971) has
also been investigated for its links to variability in the hemispheric NAM, as well as a similar regional mode
of North Atlantic jet stream variability, the North Atlantic Oscillation (NAO; e.g., and others; Hurrell, 1996;
van Loon & Rogers, 1978; Walker & Bliss, 1932). Mechanistically, tropical convection associated with the
MIJO excites Rossby wavetrains in the upper troposphere that propagate from the tropics into the midlati-
tudes of both hemispheres (e.g., Frederiksen & Lin, 2013; Hoskins & Karoly, 1981; Sardeshmukh & Hoskins,
1988). For the Northern Hemisphere in particular, these Rossby wave trains interact with the polar jet stream,
modifying its strength and position across the hemisphere (e.g. Ferranti et al., 1990; Knutson & Weickmann,
1987; Moore et al., 2010) and impact associated teleconnection patterns. As such, the interactions between
the MJO and the NAM and NAO are currently largely considered to act via a tropospheric pathway. Indeed,
studies have illustrated changes in the phase and amplitude of the NAO associated with different phases of
the MJO. Several studies (e.g., Jiang et al., 2017; Lin et al., 2009; L'Heureux & Higgins, 2008; Yadav & Straus,
2017) show that the positive phases of the NAM and NAO typically follow strong (i.e., high-amplitude) MJO
Phases 2, 3 and 4, with negative phases of the NAM and NAO following MJO Phases 7 and 8. Using a statis-
tical model, Cassou (2008) shows significant 2-week lead predictions of both phases of the NAO when using
the phase and amplitude of the MJO as a predictor. Similar predictability was found when looking at out-
put from the Global Environmental multiscale model for connecting the MJO to the NAO (Lin et al., 2010).
Other studies suggest that the connections between the MJO and the NAO may also be a function of other
modes which affect the tropospheric waveguide, including the phase of the El Nifio-Southern Oscillation
(ENSO; e.g., Pang et al., 2016; Roundy et al., 2010) and/or the Quasi-Biennial Oscillation (QBO; e.g., Son
etal., 2017).

Moreover, the MJO is also known to have impacts on the state of the Northern Hemisphere stratospheric
polar vortex. These impacts can occur either via vertically propagating Rossby waves directly associated
with the MJO convection or indirectly from MJO-extratropical tropospheric teleconnections that produce
preferential wave patterns that excite planetary-scale waves, which subsequently propagate into the polar
stratosphere (e.g., Garfinkel et al., 2012, 2014; Kang & Tziperman, 2017; Liu et al., 2014; Weare, 2010).
Indeed, the MJO has been used as a skillful predictor for Northern Hemisphere sudden stratospheric warm-
ing events (Garfinkel & Schwartz, 2017; Schwartz & Garfinkel, 2017). These changes in the stratospheric
polar vortex can then dynamically alter the tropospheric circulation and the NAO, as discussed above.
Therefore, complexity exists in the interactions between the NAO, the MJO, and the Northern Hemisphere
stratospheric polar vortex—as each is thought to have distinct connections with the others. So, while pre-
vious work has suggested that the MJO's impact on the NAO is via a tropospheric pathway, it also seems
possible that the MJO's influence on the NAO could also arise because of its interactions with the strato-
spheric polar vortex (i.e., a stratospheric pathway). Alternatively, the stratospheric polar vortex may instead
condition the background flow of the Northern Hemisphere extratropics to be more or less conducive for
MIJO-related wave propagation, thus also impacting the MJO-NAO connections. Furthermore, in all of these
cases, there remains the question of timing. For example, how many days does it take for the signal from
the MJO to reach the NAO? These questions are difficult to answer via traditional statistical analyses (e.g.,
lagged regressions and composites) given the continuous interplay among the three phenomena, as well as
the confounding issue of memory, or autocorrelation, in the system.

Here, we apply two methods to shed more light on the relationships between the MJO, the stratospheric
polar vortex, and the NAO. First, we use a traditional approach in climate science based on analyzing condi-
tional probabilities. Second, we use methods from causal discovery theory based on probabilistic graphical
models to identify tropospheric and stratospheric pathways linking the MJO to the NAO, distinguishing dif-
ferent pathways following different phases of the MJO. This method allows us to also quantify the time lags
associated with these different causal connections. Supported by the causal discovery results, we then inter-
pret the conditional probabilities to determine whether the stratosphere acts as a mediator, or serves as the
pathway itself, in modulating MJO-NAO interactions.
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2. Data and Approach

2.1. Data

We analyze three different daily, wintertime indices in this work, one for the Madden-Julian oscillation
(MJO), one to capture variations in the strength of the stratospheric polar vortex (VORTEX), and one to
represent the state of the North Atlantic tropospheric circulation (NAO). For all three indices, the time period
spans from 1979-2016. We define the extended winter season as November-March (NDJFM) and center all
of our analysis on these months. However, since lagged relationships are at the center of this study, lagged
variables are allowed to extend into October and April for the causal discovery method (section 4). For the
conditional probability analysis (section 3), the MJO index is restricted to October-February, which allows
the VORTEX and NAO indices to extend into March and April when appropriate.

The MJO index is that of the Australian Bureau of Meteorology and is based on the real-time multivariate
index (RMM) of Wheeler and Hendon (2004). This index captures the location and strength of anomalous
tropical convection as well as the larger-scale winds. The RMM MJO index is composed of two separate
indices, RMM1 and RMM2, which represent the two leading principal components, obtained using extended
empirical orthogonal function analysis of the combined fields of tropical (15°S to 15°N) outgoing longwave
radiation and the 200- and 850-hPa zonal winds. As is the convention, the amplitude of the RMM MJO index
is defined by vV RMM1? + RMM?2? and the angle between RMM1 and RMM2 defines the phase (values 1-8).

The VORTEX index is computed from daily stratospheric geopotential heights from the European Centre
for Medium-Range Weather Forecasts ERA-Interim reanalysis (Dee et al., 2011). All analysis is performed
for the VORTEX defined at 100 hPa, and then again defined at 50 hPa. The 100 hPa is of particular inter-
est here as we are focused on the coupling component between the stratosphere and the troposphere (e.g.,
Charlton-Perez et al., 2018), and thus, this level is more likely to couple with the troposphere. The 50-hPa
definition constitutes a more classical definition of the Northern Hemisphere polar vortex/stratospheric cir-
culation variability used in several other works (e.g., Limpasuvan et al., 2004; Baldwin et al., 1994; Seviour,
2017; Thompson & Wallace, 2000) and thus allows us to bolster our results with this definition. The geopo-
tential heights are area-weighted averaged over the polar cap, defined as 65-90°N, and daily anomalies are
computed by subtracting the daily climatological value over the 1979-2016 period. The values are then stan-
dardized by dividing by the standard deviation of all daily values between November-March and finally
multiplied by —1 to stick with our convention of a positive index (i.e. VORTEX >1) denoting a stronger polar
vortex.

The daily NAO index is that of the National Oceanic and Atmospheric Administration Climate Prediction
Center (CPC, 2018) and is based on the Rotated Principal Component Analysis of Barnston and Livezey
(1987) applied to 500-hPa geopotential height anomalies. Anomalies are based on the 1950-2000 clima-
tological daily mean and standard deviation. Two missing values were found in the original NAO index
downloaded from CPC, and we replace these two missing values with the values from the day before. This
has no effect on our results or conclusions.

Both the VORTEX and NAO indices are smoothed by applying a backward 5-day running mean to the time
series in order to capture variability beyond synoptic timescales, with the last day of the 5-day average used
to denote the date. We do not smooth the MJO data. To increase our sample size within each MJO phase,
we combine adjacent phases together (e.g., 2/3 and 4/5) as is often done in the literature (e.g., L'Heureux &
Higgins, 2008; Stan et al., 2017). Sample sizes for Figures 3-6 are provided in the supporting information.

For the conditional probability results in section 3, the three indices are further simplified by turning them
into discretized values. Specifically, MJO active periods are defined as days when the MJO amplitude is
greater than 1.0, and days when the MJO amplitude is less than 1.0 are considered to have no MJO activity.
The VORTEX and NAO indices are labeled “1” if their indices are above 1.0, labeled “0” if between —1.0 and
1.0, and labeled “~1” if below —1.0, unless otherwise specified. For the causal discovery results in section
4, the MJO index is also split into active and inactive periods, but the NAO and VORTEX indices are left
continuous.

2.2. Causal Discovery Method

Causal discovery methods based on probabilistic graphical models (Pearl, 1988; Spirtes et al., 2000) have
recently been used in climate science to identify potential cause-effect relationships (Chu et al., 2005;
Ebert-Uphoff & Deng, 2012; Runge et al., 2015). They yield graphical representations, such as the one in
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Figure 1, where each variable is represented as a node (circle) and arrows
between the nodes represent identified potential cause-effect relation-
ships. There are two key facts to know about such methods. (1) The
methods seek to identify only direct causal relationships. For example,
consider the situation indicated in Figure 1, where variable X is a cause
of Y, indicated by the arrow X — Y, and Y is a cause of Z, indicated
by the arrow Y — Z. There is no arrow directly from X to Z, indicating
that the only causal connection between X and Z is through Y. The con-
nection from X to Z (through Y) is called an indirect causal connection,
and an important feature of causal discovery is to distinguish between

Figure 1. Causal graph representation of three variables, X, Y, and Z, that ~ direct connections (shown as arrows) and indirect connections (no arrow
form a causal chain from X to Y to Z. X is a direct cause of Y, Y is a direct shown). (2) Such methods can only identify potential cause-effect rela-
cause of Z, but X is only an indirect cause of Z (through ¥). tionships, that is, the relationships can be true causal relationships, due

to latent (i.e., hidden) variables, or a combination of both. Thus the pur-
pose of these methods is to generate hypotheses of causal relationships for
further testing, not to prove such relationships.

The type of method used here is called constraint-based structure learning and is an elimination process that
yields as output a graph structure of the type shown in Figure 1, where the nodes represent the variables of
interest and the arrows, or edges, indicate potential direct causal connections (see supporting information
for a link to the relevant code). The method starts with a full graph, where all nodes are assumed to be con-
nected to all other nodes. Edges in the graph are then pruned by using conditional independence tests. If
two nodes in the graph are conditionally independent provided a set of other nodes in the graph, then these
two nodes cannot have a direct interaction between them. In such a case, the initially assumed connection
between the two nodes is eliminated. The specific algorithm used to obtain the graph structure is called PC
stable (Colombo & Maathuis, 2014), a modification of the classic PC algorithm (Spirtes et al., 2000). Further-
more, we use a temporal extension, where in addition to the regular variables, we introduce lagged copies
of these variables as separate nodes to allow modeling causal relationships that take one or more days from
cause to effect (Chu et al., 2005; Chu & Glymour, 2009). Once the edges are established through condi-
tional independence tests, the edge directions are established through temporal constraints in the temporal
model (i.e., a cause can only happen before its effect). For details on the use of the temporal extension, see
Ebert-Uphoff and Deng (2012). Appendix A summarizes some of the assumptions and limitations of this
method.

A complete probabilistic graphical model consists of a graph, plus probability tables, namely, one for each
node, to form a complete statistical model—thus the name “probabilistic” graphical model. The interested
reader can find a discussion of these probability tables, and of their relationship to the probability tables
developed in section 3, in Appendix B. Note that within the scope of this paper we are only interested in the
graph part of the probabilistic graphical models, for reasons discussed in Appendix B.

In this approach we use the three variables, VORTEX, NAO, and MJO, and, employing the temporal exten-
sion discussed above, additionally include several lagged copies of each variable, which in this case are
chosen to be 5 days apart. Because we expect that the state of the MJO might change the causal relationships,
we create four different causal graphs, namely, one for each MJO phase pair, that is, Phases 2/3, 4/5, 6/7,
and 8/1. Developing separate models for each phase pair provides the freedom to identify significant differ-
ences in the causal structure that may exist between different phases. If no significant differences exist, then
these four models should be very similar. Each of the four models represent VORTEX and NAO as continu-
ous variables, and MJO as a binary variable. The MJO variable is set to 1 if the MJO index has an amplitude
greater than 1.0 and is in the relevant phase range for that model, and 0 otherwise.

To determine conditional independencies, we statistically test for zero partial correlations using Fisher's Z
test. This test assumes linearity of relationships and Gaussianity of data as discussed in Appendix A. In this
study, we use this common conditional independence test as a first approximation of the causal relationships
although some of the variables are binary. We do this because existing independence tests for mixed variables
have the limitation that their performance has not been well tested for real world applications (Malinsky
& Danks, 2018), making us less confident in their outputs. Nevertheless, we did try the Conditional Cor-
relation Independence and the Conditional Gaussian Likelihood Ratio tests for this study. However, we do
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(a) VORTEX defined at 100 hPa
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—e— VORTEX =0
0.8 —e— VORTEX =-1

probability

112 2/3 3/4 455 5l6 6/7 7i8 8/1
MJO phase
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Figure 2. The probability (or fraction of days) that the NAO = 1, 15 days following different MJO phases and given the
state of VORTEX 5 days prior. Different colors denote different VORTEX states, and dashed lines denote the same NAO
probability except for nonactive MJO periods, that is, P(INAO(t) = 1|VORTEX(t — 5), MJO(t — 15) < 1). Open circles
denote combinations that occur only 1 or 2 days in the entire record.

not present results here as the outputs were sensitive to the specific parameter choices used by the different
methods. The results using Fisher-Z are presented in section 4. Specific parameter choices are described in
Appendix C.

3. Results: Conditional Probability Tables

Before diving into the more complex method of graphical models, we begin with a standard approach in
climate science, namely, conditional probabilities. Specifically, we compute conditional probabilities of the
state of the NAO conditioned on the state of the VORTEX and the MJO indices at various prior lags (e.g.,
the probability that the NAO index is 1 conditioned on the MJO being in Phase 2/3, 15 days before). We
introduce the following notation: NAO(¢) denotes the NAO value at time ¢. Similarly, VORTEX(t — 5) denotes
the VORTEX state 5 days before the NAO at time ¢. Since conditional probabilities by themselves are not
based on causality theory—in contrast to our constraint-based learning results in section 4—one must be
careful when interpreting high or low probabilities as causal. With that said, these conditional probability
calculations provide strong evidence of the MJO driving the NAO weeks later and allow us to decipher
whether the stratosphere acts as a mediator of this MJO-NAO link and/or a pathway itself.

To demonstrate our methods before launching into the full results, Figure 2 shows the probability that the
NAO(#) = 1 given that the MJO was active 15 days prior (MJO(t —15) > 1) for varying VORTEX states 5 days
prior (VORTEX(t — 5)). This choice of lagging the VORTEX by 5 days is motivated by results from the causal
discovery method presented in section 4. The y axis denotes the probability that NAO(f) = 1, while the x
axis denotes the MJO phase 15 days prior, and the two panels denote VORTEX defined at different pressure
levels. Different colors denote the different values of VORTEX(t—5). The dashed lines denote the probability
that NAO(t) = 1 given the state of the VORTEX(t — 5) when the MJO is inactive (i.e., the RMM amplitude
is below 1.0; or P(NAO(t) = 1|VORTEX(t — 5), MJO(t — 15) < 1)). Hence, the values are constant across the
different phases of the MJO. These lines act as a baseline about which to assess the relationship between
the MJO and the NAO 15 days later. For example, regardless of the MJO, the NAO has a higher probability
of being positive when the VORTEX is positive 5 days before (dashed orange line) compared to when the
VORTEX is negative (dashed purple line) or neutral (dashed green line). This is consistent with established
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VORTEX defined at 100 hPa VORTEX defined at 50 hPa
(a) Additional P(NAO(t)=1|VORTEX(t-5)=1, MJO>1) (d) Additional P(NAO(t)=1|VORTEX(t-5)=1, MJO>1)
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Figure 3. The additional probability (beyond that when the MJO is inactive; as shown in the leftmost column)

that the NAO = 1 for various MJO lead times and phases given that (a, d) VORTEX = 1, (b, €) VORTEX = 0,

and (c, f) VORTEX = —1. All VORTEX states are for 5 days prior to NAO = 1. That is, the

P(NAO(t) = 1|VORTEX(t—5), MJO(t—T) > 1) where T is the label on the y axis. Printed numbers in each box denote the
value, and combinations that occur fewer than 3 days are grayed out. Note that unlike the other columns, the leftmost
column value denotes the total probability when the MJO is inactive, that is, PINAO(t)|VORTEX(t — 5), MJO(t — T) < 1).

literature on stratosphere-troposphere dynamical coupling in the Northern Hemisphere (e.g., Ambaum &
Hoskins, 2002; Baldwin et al., 1994; Baldwin & Dunkerton, 2001; Butler et al., 2019; Thompson et al., 2002).

Focusing next on the subdivision by MJO phase and the case of VORTEX(t — 5) = 1 (solid orange line),
we find that the NAO has a much higher probability of being positive 15 days following MJO Phases 2/3 to
5/6. Increased probability of the NAO(f) = 1 (in comparison to an inactive MJO; dashed lines) is also seen
following these general MJO phases when VORTEX(t — 5) is neutral (green line) but is weak and infrequent
when VORTEX(t — 5) is negative (purple line; open circles denote combinations that occur only 1 or 2 days
in the entire record). This will be further discussed below. Similarly, the NAO has a much lower probability
of being positive 15 days following MJO Phases 6/7 to 8/1 and 1/2.

The important comparison to make in Figure 2 is the difference between the solid and dashed curves, which
quantifies the additional information about the future NAO state provided by the MJO. That is, we know
from previous work that the stratospheric polar vortex can drive changes in the NAO (e.g., Butler et al., 2019,
and references therein), and thus, it is the additional information provided by the MJO beyond this baseline
(dashed lines), which we wish to quantify. In what follows, we show the same types of results, only we plot
the difference between the solid and dashed curves (MJO active vs. MJO inactive) as a function of time lag.

Figure 3 shows the additional (i.e., beyond that when the MJO is inactive) probability that NAO(f) = 1 as
a function of MJO lead in days (y axis), and MJO phase along the x axis, for different states of VORTEX 5
days before. As a reminder, the orange line in Figure 2 can be thought of as a slice at an MJO lead time of 15
days along Figure 3a, except what is shaded in Figure 3 is the difference between the solid and dashed lines.
A quick glance at Figure 3 reveals something remarkable, namely, the propagation of the MJO can be seen
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Figure 4. As in Figure 3 except for NAO(f) = —1.

in the probabilities as stripes in MJO phase/lead space for both VORTEX definitions. Stripes appear from
the upper-left corner of the panels and propagate down and to the right. This striping shows a very clear
modulation of the NAO probability by the MJO and supports the notion that the conclusions we make are
built on a physical relationship between the NAO and MJO.

Figure 3 shows results of the probability that the NAO(f) = 1 given that (a, d) VORTEX(t — 5) = 1, (b, e)
VORTEX(t — 5) = 0, and (c,f) VORTEX(t — 5) = —1. From these panels, we see that the MJO is only able to
cause changes to NAO(f) when the VORTEX state aligns. That is, when VORTEX(t — 5) = 1 (Figures 3a and
3d), the MJO increases the probability that NAO(f) = 1 by 20-30%, the greatest seen when for MJO Phases
4/5 and leads up to 20-25 days. This is almost a doubling from the total probability when the MJO is inactive,
which is approximately 30% as seen in the leftmost column (Figures 3a and 3d). When VORTEX(t — 5) = 0
(Figures 3b and 3e), NAO probability changes are also nonzero, demonstrating that the NAO responds to the
MIJO without the VORTEX; however, the additional probability values are not as large as for VORTEX(t—5) =
1. Therefore, the VORTEX being in a positive state may precondition the troposphere to better respond to
MIJO teleconnections. Finally, when VORTEX(t — 5) = —1 (Figures 3c and 3f), the odds of the NAO(¢) = 1
are weakly altered (especially when VORTEX is defined at 100 hPa) with only a few instances when such
conditions occur (gray shading in Figures 3c and 3f denotes combinations that occur fewer than three times
throughout the record), further demonstrating that the VORTEX has a strong influence on whether the
NAO is able to respond to the MJO. When VORTEX is defined at 50 hPa, there is increased probability of
the NAO being positive when VORTEX is negative (3f); however, only 3 days go into each of these averages
(see supporting information Figure S1).

The picture thus far is that, while the MJO can influence the NAO at up to 30+ days’ leads, it can only
do so when the stratospheric vortex is in a state that is conducive to the NAO responding. That is, it can
only do so when the future VORTEX and resulting NAO indices do not have opposing signs. To further
demonstrate this, Figure 4 shows similar plots to Figure 3, but now for the probability of the NAO(t)= —1.
In this instance, the same relationships are found but for the opposite signs. A propagating signal is found
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VORTEX defined at 100 hPa VORTEX defined at 50 hPa
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Figure 5. The average NAO index for various MJO lead times and phases given that the (a-c) 100 hPa VORTEX and the
(d-f) 50 hPa VORTEX is in a certain state 5 days prior. That is, the average NAO(t)|[VORTEX(t — 5), MJO(t - T) > 1,
where T is the label on the y axis. The leftmost column shows the average NAO index when the MJO is inactive.
Printed numbers in each box denote the value, and combinations that occur fewer than 3 days are grayed out.

when VORTEX(t — 5) = —1 (Figures 4c and 4f) and when VORTEX(¢t — 5) = 0 (Figure 4b and 4e). However,
when VORTEX(t — 5) = 1 (i.e., a strong stratospheric polar vortex), in direct opposition to an NAO(f) = —1
(Figures 4a and 4d), there is no evidence of an influence of the MJO on the NAO as these conditions rarely
occur.

The magnitudes in Figures 4c and 4f (VORTEX(t—5) = 1) are smaller than in Figures 3a and 3d (VORTEX(t—
5 = 1)). This may be due to the different response of the troposphere to different flavors of weak vortex
events (e.g., displacements vs. splits; Mitchell et al., 2013), whereas most strong vortex events are similar to
one another. This would likely cause the composite anomaly magnitudes under VORTEX(¢ — 5) = 1 to be
larger due to this larger consistency in the tropospheric response.

Note that our analysis thus far does not preclude that the NAO itself is causing the VORTEX to be of a certain
sign, rather than the response of the NAO to the MJO somehow being modulated. This can occur since
we are not considering the autocorrelation of the NAO here—for example, NAO(t — 10) could affect both
VORTEX(¢t-5) and NAO(t) (e.g., McGraw & Barnes, 2018). However, as we will show in section 4, the causal
discovery analysis when VORTEX is defined at 100 hPa suggests that there is a direct causal connection
between VORTEX — NAO but no direct connection of NAO — VORTEX, implying that our worry of NAO
— VORTEX is likely not valid there. When VORTEX is defined at 50 hPa, a direct connection between NAO
— VORTEX, however, is identified for some MJO phases.

Before moving to the causal discovery method, we present another set of results where we treat the NAO as
a continuous variable (i.e., we do not discretize it to be —1, 0 or 1). In this instance, we construct plots of the
average NAO index (rather than conditional probabilities) following certain MJO phases. This compositing
allows us to visualize changes in the continuous NAO index regardless of whether the NAO changes discrete
states. Figure 5 shows the results where now the shading denotes the average NAO index at time ¢. Once
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Figure 6. As in Figure 5 except for the average (a) 100 hPa VORTEX and (b) 50 hPa VORTEX at various lags following
different phases of the MJO.

again, we see stripes which represent the propagation of the MJO and give us confidence that the NAO
behavior is indeed physically linked to the MJO. When VORTEX(t—5) = 0 (Figures 5b and 5e), we see a stripe
of positive NAO indices following Phases 24 and negative NAO indices following Phases 68, consistent with
the findings of, for example, L'Heureux and Higgins (2008) and Cassou (2008). When VORTEX(t — 5) = 1
(Figures 5a and 5d), the shading is almost all positive, which shows once again that the NAO(¢) tends to be
positive when the VORTEX(¢ — 5) is positive. However, the NAO is even more positive in a stripe starting
soon after Phase 4/5, suggesting that certain phases of the MJO are able to make the NAO more positive,
or, using our previous results, more positive more often. We do not find a strong negative NAO stripe here
since the VORTEX(t — 5) = 1 condition makes a negative NAO regime highly improbable, fitting nicely
with our earlier results. When VORTEX(t — 5) = —1 (Figures 5c and 5f), the shading is almost all negative,
indicating that the NAO tends to be negative when the VORTEX(t — 5) is too. However, like with the positive
case, we see a very negative NAO stripe starting soon after Phases 7/8 and 8/1, and in quadrature with the
stripe seen in panel (Figures 5a and 5d). Taken together, Figures 4 and 5 present two complementary views
for looking at how the MJO may drive changes in the NAO based on the state of the stratospheric vortex.
Namely, the NAO appears insensitive to the MJO when the VORTEX anomaly is of the opposite sign to that
of the expected NAO response.

One can follow a similar method to investigate the influence of the MJO on the VORTEX index itself. Such
an analysis is shown in Figure 6, where VORTEX is now allowed to be continuous (as we did for the NAO in
Figure 5), and we plot the average VORTEX index for different MJO phases and lead times. The results agree
well with previous works (e.g., Garfinkel et al., 2012; Liu et al., 2014; Schwartz & Garfinkel, 2017), namely,
that negative VORTEX indices (weakened vortex state, which can lead to a sudden stratospheric warming)
tend to follow MJO Phases 6/7, while positive VORTEX indices tend to follow MJO phases 2/3.

As stratospheric polar vortex fluctuations are known to drive tropospheric NAO responses (see section 1), the
question arises whether the influence of the MJO on the future state of the NAO (as presented in Figures 3-5)
is due to the MJO's influence on the vortex which then influences the NAO (i.e., a stratospheric pathway), the
MJO's direct influence on the NAO (i.e., a tropospheric pathway), or a combination of the two. Furthermore,
once a causal pathway is established, what is the time delay between cause and effect? To address these
questions, we turn to causal discovery methods and present the direct connections in the form of graphical
models in the next section.

4. Results: Causal Graphs

To augment our conditional probability approach in section 3, we additionally provide results using a much
less common approach, namely, the causal discovery method described in section 2.2. Figures 7 and 8 show
the four graphs obtained for MJO Phases 2/3, 4/5, 6/7, and 8/1. These graphs summarize the potential causal
relationships identified with the temporal extension of the PC stable algorithm. The advantage of these sum-
marized graphs is that, for each MJO phase pair, they provide a big picture view of all potential direct causal
connections between the three variables, including corresponding lag times, autocorrelation, and poten-
tial feedback loops. This summary of possible causal connections cannot be achieved using the conditional
probability approach presented in section 3, primarily because these conditional probability tables cannot
distinguish between direct and indirect connections.

To illustrate the meaning of these graphs, consider Figure 7a, which indicates causal relationships when
the MJO is in Phase 2 or 3. This graph indicates that VORTEX can causally affect NAO primarily at a time
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Figure 7. Summary graphs of the causal links identified for MJO Phases (a) 2/3, (b) 4/5, (¢) 6/7, and (d) 8/1 for
VORTEX defined at 100 hPa. Black numbers (in bold) denote the lag (in days) of the identified connections, while no
significant causal connections are detected at any of the other lags (shown in gray). Arrows that loop back on
themselves denote autocorrelation. Thin lines denote connections present using a 90% confidence threshold, while
thick lines denote connections that are also present using a 95% confidence threshold. All connections here are
significant at 95% confidence.

delay of roughly 5 and 15 days (black numbers). That is, a change of the VORTEX state may cause a change
of the NAO 5 or 15 days later. Likewise, MJO Phases 2/3 may causally affect the NAO at a delay of 15-20
days, with no strong connections at any of the other lead times (Figure 7a, gray numbers). Autocorrelations
are indicated by loops that point from each variable back to itself and are generally consistent across MJO
phases.

Continuing our focus when VORTEX is defined at 100 hPa (Figure 7), the graphs for MJO Phases 2/3
(Figure 7a) and 6/7 (Figure 7c) are almost identical, the only difference being in the significant time lags of
the autocorrelation of the MJO. This result is somewhat expected from the MJO literature, in that Phases 2/3
and 6/7 produce similar, but opposite-signed, teleconnection responses (e.g., L'Heureux & Higgins, 2008;
Zhou & Miller, 2005; Zhou et al., 2012). The graph for MJO Phases 4/5 (Figure 7b) is quite similar in overall
structure to Phases 2/3 and 6/7, although the time delays for several of the connections differ. That is, in all
three graphs shown in Figures 7a-7c, causal connections between variable pairs go from MJO to VORTEX,
from VORTEX to NAO, and from MJO to NAO. In contrast, the MJO Phases 8/1 graph includes connections
from NAO to MJO and from VORTEX to MJO that are not identified for any of the other phases. Finally, the
stratospheric pathway (MJO to VORTEX) is not present in the 8/1 graph; however, the graphs for Phases
1 and 8 individually suggest that this stratospheric pathway is present for Phase 1 alone (not shown). The
smaller sample size for single phases, however, makes us less confident in the resulting graph.

Causal graphs were also produced for VORTEX defined at 50 hPa, and results are shown in Figure 8. Con-
clusions are very similar to those at 100 hPa, except that additional causal links are retained for the VORTEX
at 50 hPa case. Namely, for Phases 2/3, 4/5, and 6/7, a causal link exists between the NAO to the VORTEX
at a lag of 5 days. Phases 2/3 also exhibit a link between the NAO to MJO. Other than these four extra con-
nections and slight differences in the time delays, the causal graphs for VORTEX defined at 50 and 100 hPa
are identical. With that said, some of the connections are slightly weaker at 50 hPa compared to 100 hPa
(thin lines in Figure 8) since they no longer appear when a significance threshold of 95% (instead of 90%)
confidence is used. Causal graphs for VORTEX defined at 70 hPa were also computed (not shown), and the
connections are nearly identical to those at 100 hPa except for extra connections from the NAO to VORTEX
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Figure 8. Summary graphs of the causal links identified for MJO Phases (a) 2/3, (b) 4/5, (¢) 6/7, and (d) 8/1 for
VORTEX defined at 50 hPa. Black numbers (in bold) denote the lag (in days) of the identified connections, while no
significant causal connections are detected at any of the other lags (shown in gray). Arrows that loop back on
themselves denote autocorrelation. Thin lines denote connections present using a 90% confidence threshold, while
thick lines denote connections that are also present using a 95% confidence threshold.

for all MJO phases. All connections for 70 hPa are significant at 95%, suggesting that the slightly weaker
connections found at 50 hPa may be due to slightly weaker coupling between 50 hPa and the troposphere.

A causal connection between the NAO to the MJO (Figures 7d and 8a, d) is actually supported by the liter-
ature. Lin et al. (2009) show that the NAO can influence the tropical winds in the Atlantic-African sector at
lags of 10-25 days through anomalous wave propagation, and this time delay is consistent with what we find
here. They argue that the anomalous winds in this region could act to trigger or amplify the MJO. Our results
here suggest that the direct causal influence of the NAO on MJO Phases 8/1 occurs at a lead of 25-30 days.

Modulation of MJO Phases 8/1 by the stratospheric polar vortex is less supported by previous work
(Figures 7d and 8d). However, several studies have examined how weak vortex episodes (e.g., sudden strato-
spheric warmings) impact tropical tropospheric and lower stratospheric temperatures. Kodera (2006) and
Gomez-Escolar et al. (2014) show that, for sudden stratospheric warmings events, the mean meridional
circulation features enhanced upwelling across the tropical tropopause, effectively cooling the lower strato-
sphere in the tropics. This enhanced circulation changes the vertical temperature structure, which can alter
the static stability of the upper troposphere/lower stratosphere, which impacts tropical convection anoma-
lies. However, as MJO activity is also modulated by different phases of ENSO (e.g., Marshall et al., 2016;
Pang et al., 2016; Pohl & Matthews, 2007) and different phases of the QBO (e.g., Son et al., 2017; Yoo & Son,
2016), disentangling connections from high-latitude processes to tropical convection remains difficult.

We emphasize that the graphs in Figures 7 and 8 only include arrows for direct connections, but indirect
connections can easily be inferred. For example, in Figure 7a, we see that a change in the MJO might have a
strong effect on the NAO 15-20 days later, but due to autocorrelation of both the MJO and NAO, there may
be indirect effects that last much longer. In fact, according to Figure 7a, the MJO may be highly predictive
of the NAO state not only after 15-20 days, but even 5, 10, 20, and 35 days after those initial 15-20 days,
due to autocorrelation of the NAO (not to mention the additional autocorrelation of the MJO). Thus, the
purpose of these graph representations is not to derive predictive models since this would require one to
consider the combined effects of direct and indirect relationships. Instead, their purpose is to shed light on
the true causal pathways that are responsible for the combined effects, and for that, one has to untangle
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the direct and indirect connections as done here. In contrast, the detailed conditional probability tables in
section 3 are ideal for the purpose of prediction, as they incorporate the direct and indirect connections into
one probability.

5. Discussion

The conditional probability tables in section 3 model the combined effect of direct and indirect connections
from the MJO and the stratospheric polar vortex to the NAO and reveal how combinations of specific vor-
tex states and MJO phases at certain lead times relate to the different states, and amplitudes, of the NAO.
In contrast, the causal graphs in section 4 distinguish between direct and indirect connections, but at the
price of losing information about the signs of the relationships and the propagation of the MJO across its
different phases. Thus, the graphical models extract the direct causal connections across the considered
variables, while the conditional probability tables allow us to explore the nature of the relationships. By
combining results from these two analyses we are able to draw conclusions about the existence and nature
of a tropospheric and/or stratospheric pathway linking the MJO to the NAO.

Specifically, we find that the there are likely direct connections from the MJO to the stratospheric polar vor-
tex (strongest at a time delay of 10 or 20 days), the stratospheric polar vortex to the NAO (strongest at a time
delay of 5 days) and the MJO to the NAO (with varying time delays—depending on MJO phase—between
5 and 30 days). There is also a robust link from the vortex to the MJO in MJO Phases 8/1. Thus, there are
two clear causal pathways from the MJO to the NAO: (1) a direct one and (2) an indirect one from the MJO
through the stratosphere and then downward to the tropospheric NAO. While each individual connection
has been explored individually in the literature, our analysis shows that the full pathways are supported by
formal methods from causality theory and places them in the larger context of all possible causal connec-
tions across the three variables. In addition, this work has identified that the stratospheric polar vortex can
further influence the NAO by acting as a “gate” that does or does not let the causal effect of the MJO pass to
the NAO.

6. Conclusions

We investigate the causal pathways via which the MJO and the stratospheric polar vortex can influence
the NAO on S2S timescales using two distinct, but related, methods. The first method follows a standard
approach in climate science, whereby one creates conditional probability tables based on the different com-
binations of the MJO, stratospheric polar vortex, and the NAO. While this method helps identify the signs
and strengths of the connections, it inherently combines the effects of direct and indirect connections,
including the influence of autocorrelation of the different phenomena. The second method, based off of
causal discovery theory, identifies the direct connections via probabilistic graphical models and is able to
identify specific time lags of these direct connections but does not quantify the sign of the connection.

While each of these two methods has its limitations, together, they make a powerful pair. Both methods
show that the MJO impacts the NAO via a direct tropospheric pathway but also confirm a distinct, indirect,
stratospheric pathway. Specifically, the MJO influences the strength of the stratospheric polar vortex on a
timescale of ~10 days, and then 5 days later the vortex drives changes in the NAO. The conditional probability
tables also demonstrate that the stratospheric polar vortex conditions the tropospheric circulation to be
conducive (or not) to MJO influence. Specifically, the NAO is only able to respond to the MJO when the
state of the stratospheric vortex supports the expected NAO response (i.e. the same polarity). When this is
the case, the NAO is up to 30% more likely to be in a particular state following active MJO events. This
knowledge could be useful in subseasonal forecasting frameworks for the NAO and thus improve our skill
when predicting weather regimes across Europe and parts of North America for those timescales.

These results rest on a large volume of work examining relationships between the MJO, the NAO and the
stratospheric polar vortex, as discussed in the Introduction. Based on this previous knowledge, our work
outlines how two different techniques can be combined to offer a more complete view of the causal pathways
connecting these three climate phenomena. In fact, recent work has utilized a version of causal networks to
predict the stratospheric polar vortex state (Kretschmer et al., 2017), assess the influence of the stratosphere
on cold extremes (Kretschmer et al., 2018), and quantify specific aspects of stratosphere-troposphere cou-
pling (Kretschmer et al., 2016). While this previous work, as well as our own, has applied causal discovery
techniques to the stratospheric circulation, there is nothing particular about the stratospheric polar vortex,
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the MJO or the NAO that makes them particularly conducive to causal discovery methods. Thus, we fully
expect these approaches to be highly relevant for a large array of climate dynamics research.

Appendix A: Assumptions and Limitations of the Graphical Model Approach

In this section we discuss a few limitations of the graphical model approach used here. It is common to use
this approach in spite of these limitations, but one should be aware of these limitations for the interpretation
of the results.

1. Linearity and Gaussian distribution. The traditional conditional independence test based on vanishing
partial correlations assumes that the model variables are (1) multivariate Gaussian distributed and (2) that
the relationships between the variables are linear. The approach used here thus only captures the linear
relationships between the variables, even though the true physical relationships can have both linear and
nonlinear components. Further, using partial correlation as the conditional independence test may not
be ideal when a predictand is binary, as discussed in section 2.2.

2. Class imbalance—small number of events per phase. For each of the four causal models presented in
Figure 7, the samples of the binary MJO variables contain a relatively small number of ones compared
to the number of zeros. This is because the number of samples indicating an MJO event occurring in
the phase of interest is fairly small. The class imbalance created by this small sample size can reduce the
accuracy of the learned graphical model to faithfully represent the true relationships of the population.

3. Latent confounders. Another important assumption is that the model has no hidden common causes, that
is, latent confounders. This means that if any two variables X and Y of the model are commonly affected
by a variable Z (i.e., Z is a common cause of X and Y'), then we must also include Z in the model. However,
if Z is not included in the model (i.e., Z is hidden from the model), the causal inference method used
here can identify spurious relationships between X and Y. In practice, we cannot guarantee that there
are no hidden common causes to the variables included in the model. Therefore, we emphasize that the
relationships identified by the causal discovery approach need to be carefully interpreted only as potential
causal relationships.

For a deeper discussion of these and other assumptions, see the review paper by Runge (2018). It should be
emphasized that, in spite of the above limitations, this approach is considerably more rigorous, and provides
more reliable insights into true causal relationships, than the standard practices of regression and composite
analyses currently employed in climate science to identify causal relationships.

Appendix B: Relationships of Conditional Probability Tables to Graphical
Models

As mentioned before, a complete probabilistic graphical model consists of a graph indicating the direct
relationships, plus probability tables that indicate the probabilistic nature of these relationships. In Figure 7,
we presented summarized versions of the graph part of the model. However, such graphs alone do not tell
us anything about the nature of the connections, that is, the sign of the relationship, or whether the vortex
acts as a mediator between the MJO and the NAO. To address these types of questions, the second step
of learning a probabilistic graphical model typically consists of calculating, for each node, the probability
table given all of its potential causes (i.e., the parents in the graph; Pearl, 1988; Spirtes et al., 2000). These
specific probability tables are useful as each node in a graphical model is conditionally independent of its
nondescendants, given its parents. (For any node X; in the graph, another node X, is anondescendant if there
is no directed path from X, to X,.) This property is also known as the causal Markov condition (Spirtes et al.,
2000). Utilizing this property, the joint distribution of n nodes, X;, ...,X,, can be expressed in a minimal
fashion as (see Jensen & Nielsen, 2007; Spirtes et al., 2000)

P(X,.X,, ..., X,) = [ [P(XiIparents(X))). (B1)

i=1

Equation (B1) decomposes the high-dimensional joint probability table (on the left) into a product of much
lower dimensional conditional probability tables (on the right), by taking advantage of the underlying
dependency structure encoded in the graph part of the graphical model. The key point here is that we know
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from the graph structure, which variables can have a direct impact on which other variables, and only those
need to be considered to express a node's conditional probability, P(X;|parents(X;)). The two parts of the
graphical model, the graph and the conditional probability tables, P(X;|parents(X;)), assigned to each node
X;, thus provide a complete representation of the joint distribution.

Taking advantage of this minimal decomposition, we can study the individual probability tables of each X;
to determine whether there are any interesting patterns/properties between the variables. For example, to
study the nature of the impact of MJO and VORTEX on NAO, one would first study the probability table,

P( NAO(t) | parents(NAO(t)) ), (B2)

where the parents of NAO(¢) denote the set of all nodes with an arrow pointing directly to NAO in the graphs
(the set of potential direct causes).

Including connections from all four cases in Figure 7 the set of all potential NAO causes is S ={ VORTEX(t-5),
MIJO(t-5), MJO(t-10), MJO(t-15), MJO(t-20), MJO(t-35), NAO(t-5), NAO(t-10), NAO(t-20), NAO(t-35)}. The
probability table for NAO thus spans 12 discrete variables, that is, it is still too high dimensional. Given
limited sample size, studying the entries of such a table would not yield robust insights, as many table
entries would rely on very few samples. In such a case researchers often marginalize out individual vari-
ables to reduce dimensionality further, that is, conditioning only on subsets of S, to find interesting patterns.
This is exactly what was done in section 3 of this study. That is, we already know that some subsets
yield interesting patterns, namely, Figures 3 and 4 show conditional probability tables for NAO for subset
Sap = {VORTEX(t-5), MJO(t-T)} for different lags T. Thus, the conditional probability tables in section 3
can be seen as a simplified stand-in for the high-dimensional conditional probability tables in equation (B2)
that illustrate important patterns relating VORTEX and MJO to NAO. (Note that even with this interpre-
tation the simplified conditional probability tables in Figures 3 and 4 do not distinguish between direct
and indirect causes, because the autocorrelations—which are part of many of the indirect pathways in
Figure 7—were marginalized out here.)

Appendix C: Parameter Details for Causal Discovery Approach

Following the notation in Ebert-Uphoff and Deng (2012), the number of lagged copies is 13 for each variable,
and we discard one time slice to deal with initialization issues, so we could theoretically study relationships
that are up to 12 X 5 = 60 days apart from cause to effect. However, we only show relationships up to 35
days here. We only plot edges that have consistent connections throughout the temporal model (defined as
exhibiting significant connections for at least 60% of the possible connections; see code for details). We do not
allow instantaneous connections between variables, for example, MJO(t) cannot interact with NAO(t). We
use a significance value of « = 0.1, and also examine results using « = 0.05, for the conditional independence
tests.
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