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Abstract Recent research has suggested that the tropical and extratropical character of the
Madden-Julian oscillation (MJO) depends on the state of the stratospheric quasi-biennial oscillation
(QBO). With this in mind, we use both reanalysis and a global climate model (CESM2-WACCM) to analyze
the global character of upper tropospheric-lower stratospheric geopotential height anomalies connected
with the MJO and quantify dependencies of these teleconnections on the state of the QBO. We find that the
global teleconnection signature of the MJO depends upon the state of the QBO. Globally, within reanalysis
the fraction of 20- to 90-day 250-hPa geopotential height variance linked to the MJO is largest during
boreal winter and summer for easterly QBO phases and smallest during westerly QBO phases of boreal
winter. The difference between QBO phases is mostly driven by changes in the tropical signature of the
MJO, although during boreal winter the Northern Hemispheric teleconnections are particularly more
prominent during easterly QBO phases. Otherwise, the QBO modulation of extratropical MJO
teleconnections is mainly realized through changes in the locations of the teleconnections. A QBO-MJO
relationship is also apparent within CESM2-WACCM but is weaker than that observed. This extratropical
modulation implies that the regions that benefit from increased subseasonal predictability due to the MJO
may also change as a function of the QBO. In a broader sense, these findings emphasize that knowledge of
the tropical stratospheric state, particularly as it relates to the QBO, is important for understanding the
connections between the MJO and the extratropics.

1. Introduction
While mainly defined as a tropical disturbance, the Madden-Julian oscillation (MJO Madden & Julian, 1971,
1972, 1994; Zhang, 2005) impacts the global atmosphere through teleconnections. Its tropical form is man-
ifested in part through a convective anomaly that originates within the tropical western Indian Ocean and
propagates across the Indo-Pacific warm pool and into the Central Pacific (Hendon & Liebmann, 1994;
Kemball-Cook & Weare, 2001; Powell & Houze, 2013). The convective anomaly interacts with and excites
other atmospheric waves across a broad range of scales, including equatorially circumnavigating Kelvin
waves (Haertel et al., 2015; Powell, 2017) and mixed Rossby gravity waves (Bessafi & Wheeler, 2006). Rossby
gyres flank its convective response, extending into the subtropics (Kiladis et al., 2005). Rossby waves also
emanate poleward from the convective anomaly within the Indo-Pacific warm pool, generating a Rossby
wave train across the northern Pacific and into North America (Henderson et al., 2016; Seo & Lee, 2017;
Tseng et al., 2019). Additional midlatitude linkages have been documented in the Southern Hemisphere,
wherein the rainfall of Australia, subtropical South America, and Africa can be modulated by the MJO
(Alvarez et al., 2017; Pohl et al., 2007; Wheeler et al., 2009).

The quasi-biennial oscillation (QBO) is another periodic tropical phenomenon and takes the form of an oscil-
lation in zonal wind anomalies within the tropical stratosphere that completes a cycle approximately every
28 months (Baldwin et al., 2001). The QBO is driven by the deposition of easterly and westerly momentum
into the stratosphere by an amalgamation of tropical waves ranging from convectively generated inter-
nal gravity waves on the scale of tens to hundreds of kilometers to Kelvin waves with scales of thousands
of kilometers (Kawatani et al., 2010; Lindzen & Holton, 1968). The QBO modulates the vertical propaga-
tion of planetary scale waves (Yang et al., 2012), which can also modulate the development of the lower
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stratospheric polar vortex (Baldwin & Dunkerton, 1998), and further cascades into a range of tropospheric
extratropical responses (Boer & Hamilton, 2008; Folland et al., 2012; Thompson et al., 2002). The global
influences of the QBO have been investigated over the past decades, and recent research suggests that both
the tropical and extratropical responses to the MJO may depend upon the state of the QBO.

For example, the seasonal average amplitude of the tropical top-of-atmosphere longwave radiative response
to the MJO is approximately doubled during easterly QBO phases relative to westerly QBO phases during
boreal winter (Son et al., 2017). This increase in boreal winter MJO activity during easterly QBO phases is
possibly caused by either a greater number and increased longevity of MJO events (Zhang & Zhang, 2018)
or stronger MJO events with greater duration (Hendon & Abhik, 2018). Easterly QBO phases favor a more
active MJO over the Maritime Continent than westerly QBO phases (Densmore et al., 2019), which may
explain the propagation of the MJO further into the east Pacific. Easterly QBO phases also induce anoma-
lously cold temperature at the tropical tropopause, which could encourage more vigorous convection and
thereby a healthier MJO (Martin et al., 2019). Furthermore, connections between the MJO and the North
Pacific storm track are modulated by the QBO, with easterly QBO phases favoring a more longitudinally
expansive and intense storm track (Wang et al., 2018). Other studies have shown that the predictability of
the MJO and its teleconnections depends on the phase of the QBO (Lim et al., 2019; Mayer & Barnes, 2019;
Mundhenk et al., 2018). While these linkages between the MJO and QBO have been discovered, the mech-
anisms behind the relationships is still relatively unclear, although it has been hypothesized that they are
related to temperature and static stability anomalies within the upper troposphere associated with the QBO
(Densmore et al., 2019; Klotzbach et al., 2019; Martin et al., 2019).

However, it is still unclear to what extent the QBO modulates the global teleconnection signature of the MJO.
An understanding of how the QBO modulates such MJO teleconnections would benefit efforts to improve
prediction on subseasonal timescales within the extratropics, such as those related to extreme weather pat-
terns (e.g., Baggett et al., 2018; Matsueda & Takaya, 2015; Mundhenk et al., 2018). The goal of this research is
therefore to determine when and where the QBO modulates the global teleconnection signature of the MJO,
and if so, to what extent. In order to do so, we use cross-spectral analysis to quantify the dependence of the
relationship between the MJO and 250-hPa geopotential height variability across the globe on QBO phase.
Specifically, we use both global reanalysis and a fully coupled global climate model (GCM), to quantify this
relationship. We first detail the indices we use to define the MJO within both the observational record and
the GCM, and then we discuss the specific methods used to quantify the relationship between the global
signature of the MJO and the QBO. The dependence of the global signature of the MJO on the QBO is then
detailed, first as it appears within reanalysis and then as it appears within the GCM.

2. Data and Methods
2.1. Reanalysis and Global Circulation Model
We use ERA-Interim reanalysis (Dee et al., 2011), which is a reanalysis product from the European Center
for Medium-Range Weather Forecasts (ECMWF). ERA-Interim has been used extensively for MJO-related
analyses and has been shown to accurately reproduce both the tropical structure of the MJO and its impacts
on the extratropics (e.g., Dee et al., 2011; DeMott et al., 2013; Jiang et al., 2011). We use daily ERA-Interim
output from 1 January 1980 through 31 December 2016 with a grid spacing of 0.75◦ by 0.75◦.

For the climate model, we use output from the Whole Atmosphere Community Climate Model (WACCM Liu
et al., 2018) version of the Community Earth System Model Version 2 (CESM2, hereafter CESM2-WACCM
Lauritzen et al., 2018) available through the Coupled Model Intercomparison Project Phase 6 (CMIP6 Eyring
et al., 2016) archive. We use daily output from the three historical CESM2-WACCM CMIP6 simulations
which span from 1 January 1850 through 31 December 2014, with a grid spacing of approximately 1◦ by
1.25◦. WACCM is a high-top chemistry coupled climate model that extends to 6 × 10−6 hPa and contains
an internally generated representation of the QBO. It is important for GCMs to have a sufficiently resolved
stratosphere to produce a robust QBO (Charlton-Perez et al., 2013), which is not offered by most low-top
CMIP6 simulations that extend only into the lower stratosphere. CESM2-WACCM has been shown to accu-
rately model sudden-stratospheric warming events (Liu et al., 2019), and similar model configurations
within CESM1-WACCM have been shown to produce a QBO representative of observations (Richter et al.,
2020), which lends confidence that CESM2-WACCM is capable of simulating an accurate QBO, as well.
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Figure 1. Comparisons of the (a, b) daily observational and CESM2-WACCM RMM principal component time series
and (c, d) monthly observational and CESM2-WACCM QBO time series. Note that the x-axis scales are different
between (a, b) and (c, d). Within (c, d) the dashed black lines denote the positive and negative 0.5𝜎 values, above and
below which we define as a significant QBO anomaly.

It is uncommon for climate models to adequately simulate both an MJO and QBO, and CESM2-WACCM
therefore presents a unique opportunity to test the capability of such a model to capture the relationship
between the MJO and QBO, should a relationship exist within the observational record. Furthermore, if a
model such as CESM2-WACCM can accurately simulate any observed relationships between the MJO and
QBO, then they may be useful tools for elucidating physical mechanisms driving such a relationship. For
this particular analysis, CESM2-WACCM enables the usage of many more samples than the observational
data record contains: The CESM2-WACCM CMIP6 simulations collectively offer 495 years of information,
whereas reanalysis offers approximately 40 years.

2.2. Definition of the MJO, QBO, and Teleconnections
2.2.1. The MJO and the QBO
We use the Realtime Multivariate MJO (RMM) index (Wheeler & Hendon, 2004) to define the state of the
MJO given its simplicity and therefore reproducibility within GCM output. RMM is based on principal com-
ponent analysis of the combination of tropical outgoing longwave radiation (OLR), 850-hPa zonal wind,
and 200-hPa zonal wind fields and captures both the convective and circulation patterns associated with the
MJO. For the observational record, the RMM index was downloaded from the Australian Bureau of Mete-
orology (http://www.bom.gov.au/climate/mjo/), while for CESM2-WACCM the index is computed using
the model output. We use 250-hPa zonal winds in the calculation of the RMM index for CESM2-WACCM
since daily 200-hPa output is not available for CESM2-WACCM through the CMIP6 archive. The process
by which RMM is calculated for CESM2-WACCM is detailed in the supporting information. The oscillatory
pattern of the RMM principal components derived from CESM2-WACCM is similar to that of the observa-
tional RMM (Figures 1a and 1b). In addition, the evolution of OLR, 850-hPa zonal wind, and 250-hPa zonal
wind throughout the lifecycle of the MJO within CESM2-WACCM is similar to the observed MJO (Figure 2).
The most prominent differences occur over the Maritime Continent (longitudes of 100◦ to 150◦), where
the simulated MJO temporarily stalls while the observed MJO continuously accelerates eastward. Lagged
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Figure 2. Comparisons of the equatorial structure of the MJO within ERA-Interim and CESM2-WACCM in OLR
(a, d), 850-hPa zonal wind (b, e), and 250-hPa zonal wind (c, f). The phase of the MJO is plotted on the y-axis, and
longitude is plotted along the x-axis. The plotted values represent the anomalies associated with an MJO event with a
magnitude of one standard deviation throughout its entire phase space. To generate these anomalies, the principal
components for the observational and CESM2-WACCM RMM indices were regressed onto the equatorially averaged
anomalous fields of OLR, 850-hPa zonal wind, and 200-hPa zonal wind, separately. The calculation procedure for the
equatorially averaged anomalous fields is detailed in the supporting information.

correlations of the RMM time series clearly depict a propagating MJO within CESM2-WACCM, albeit with
a slower eastward progression than within observations (supporting information Figure S4).

Zonal wind anomalies associated with the QBO are most pronounced within the lower to middle equatorial
stratosphere, generally spanning from approximately 70 to 10 hPa (Naujokat, 1986). The state of the QBO
is commonly defined according to 30- or 50-hPa zonal wind anomalies since these pressure levels capture
the core of the QBO (Holton & Tan, 1980; Pascoe et al., 2005), and so we define the QBO based on 50-hPa
zonal wind anomalies. The observational index for the QBO was downloaded from NCEP (https://www.cpc.
ncep.noaa.gov/data/indices/qbo.u50.index) and represents the standardized equatorial 50-hPa zonal wind
anomalies from 1 January 1980 through 31 December 2016. The QBO index for CESM2-WACCM is also
defined as the standardized equatorial 50-hPa zonal wind anomaly and is calculated from the mean and
standard deviation across all three historical CESM2-WACCM CMIP6 simulations. The CESM2-WACCM
QBO exhibits similar characteristics to the observed QBO, at least at 50 hPa, although there are some dif-
ferences (Figures 1c and 1d). For example, the oscillatory period for the simulated QBO (∼24 months) is
slightly shorter than the observed QBO (∼28 months). There are also higher frequency modes of variabil-
ity within the simulated QBO, particularly during the positive phases. Overall, however, it appears that
CESM2-WACCM does generate a QBO with characteristics that are generally similar to the observed QBO,
at least at 50 hPa.

It is worth noting that the configuration of CESM2-WACCM used in the CMIP6 archive insufficiently rep-
resents the QBO within the lower stratosphere, which may have implications for interactions between the
troposphere and stratosphere and therefore the modeled relationship between the MJO and QBO. Figure 3
shows stratospheric zonal wind anomalies within ERA-Interim and CESM2-WACCM, both in raw form
and standardized on a level-by-level basis. The raw zonal wind anomalies show that the QBO within
CESM2-WACCM does not descend completely to the tropopause. However, when the zonal wind anomalies
are standardized with respect to the mean and standard deviation of each respective level in the model, it
is apparent that the influence of the QBO does extend to the tropopause. The QBO within CESM2-WACCM
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Figure 3. Comparisons of the stratospheric zonal wind within ERA-Interim and CESM2-WACCM. Raw equatorial
zonal wind anomalies are shown in (a) and (b), while (c) and (d) show the zonal wind anomalies after they are
standardized for each vertical model level separately.

is therefore mainly realized at the tropopause as a slowing of the otherwise predominant easterly flow,
with occasional reversals toward westerly flow. This deficiency suggests that the CMIP6 configuration of
CESM2-WACCM may not be able to fully capture the interactions between the MJO and QBO should it
depend on an oscillatory reversal of the stratospheric zonal wind at the tropopause.

Except for the QBO-ignorant analyses which include all years regardless of QBO amplitude, only sea-
sons during which the average magnitude of zonal wind anomalies at 50 hPa is greater than 0.5𝜎
(𝜎 = 7.27 m s−1 for observations and 5.76 m s−1 for CESM2-WACCM) are considered to ensure that the
QBO signal is strong. Additionally, the four meteorological seasons are considered separately, divided
into December/January/February (DJF), March/April/May (MAM), June/July/August (JJA), and Septem-
ber/October/November (SON) as boreal winter, spring, summer, and fall, respectively. Each season is
defined as a 90-day period starting from the first day of the first month of the season. Figure 4 presents all
such seasons that satisfy the QBO-magnitude criterion for the observational record. For CESM2-WACCM,
the minimum number of samples for the various combinations of seasons and QBO phases is 138 for
boreal spring of westerly QBO phases, with a maximum of 234 samples during boreal summer of westerly
QBO phases.
2.2.2. MJO Teleconnections
We use anomalies in 250-hPa geopotential height to identify the global teleconnection signature of the MJO,
although the conclusions are consistent across the 500- through 200-hPa pressure range (not shown). The
consistency across this pressure range is supported by previous research which has found that global telecon-
nections associated with the MJO are similarly apparent within geopotential height anomalies at pressure
levels ranging from 500 to 200 hPa (Alvarez et al., 2017; Henderson & Maloney, 2018; Henderson et al., 2016;
Riddle et al., 2013). Anomalies in 250-hPa geopotential height are calculated independently for each grid
point by subtracting the record-length mean, linear trend, and seasonal cycle for each respective grid point.
We define the seasonal cycle for each grid point as the first three harmonics of the mean daily annual cycle
throughout the record period, which is 1980 through 2016 for reanalysis and the entire duration of the simu-
lations for CESM2-WACCM (1850 through 2014). The prevalence of MJO teleconnections is then quantified
via the magnitude-squared coherence between time series of 250-hPa geopotential height anomalies at each
grid box within the reanalysis and the two RMM principal components, divided into season and QBO phase.
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Figure 4. Standardized 50-hPa zonal wind anomalies for 1 January 1980 through 31 December 2016. Seasons wherein
the average QBO magnitude is greater than 0.5 standard deviations are highlighted, with seasons of significant QBO
anomalies that coincide with significant ENSO anomalies (ONI > 1 ◦C) shaded gray. The total number of seasons
during which significant QBO anomalies occur without significant ENSO anomalies is tallied within the legend above
the figure
(W for westerly QBO and E for easterly QBO), with the number of all seasons regardless of ENSO phase tallied in
parantheses. Seasons during which the ENSO anomalies are significant are discarded from the westerly and easterly
QBO analyses, although the results in which all samples are included regardless of ENSO amplitude are included
within the supporting information.

Of note, the El Niño-Southern Oscillation (ENSO; e.g., Ashok et al., 2007; Diaz et al., 2001; Trenberth, 1997;
Yu & Kim, 2013) also occurs on interannual timescales (∼3 to 8 years) and has been shown to occasionally
be modulated by the MJO (Slingo et al., 1999; Zhang & Gottschalck, 2002) and modulate both the tropical
structure and extratropical teleconnections of the MJO (Henderson & Maloney, 2018; Kessler, 2001; Moon
et al., 2011; Roundy et al., 2010; Takahashi & Shirooka, 2014). ENSO is therefore a potential source of uncer-
tainty in the causality of the relationships between the MJO and the QBO. As is discussed in the subsequent
section, we consider only the relationship between the MJO and 250-hPa geopotential height, and so ENSO
teleconnections themselves are not included within our analysis. Rather, any impacts of ENSO would be
realized through a modulation of the MJO itself and its teleconnections. We have found, however, that the
removal of ENSO from the analysis does not change our conclusions, and we therefore do not remove periods
with strong ENSO events. Further discussion is available in the supporting information.

2.3. Application of Magnitude-Squared Coherence to Teleconnections of the MJO
We isolate the global signature of the MJO using magnitude-squared coherence (Coh2), the details of which
are presented within the appendix. Coh2 has been used for previous research on the MJO, to quantify the
relationships between MJO index principal components, tropospheric temperature and OLR in the context
of the MJO, and tropospheric zonal wind and OLR, in addition the original work of Madden and Julian
(1971) and many other examples (see, e.g., Adames et al., 2017; Madden & Julian, 1971; Sakaeda et al.,
2017; Wheeler & Hendon, 2004). Coh2 is typically calculated from an average of cross spectra from multiple
samples of two time series and can thereby be thought of as a metric for the consistency of the amplitude
and phase relationships between two time series, x and 𝑦, across numerous samples. Coh2 ranges from 0
to 1 for each Fourier mode, k, of the time series, where 0 corresponds to the case where no magnitude or
phase relationships exist at wave number k and 1 corresponds to the case where the amplitude and phase
relationships between x and 𝑦 are identical at wave number k across all samples. Coh2 can be separated into
its Fourier modes, which allows for the interpretation of relationships between two time series for specific
frequency bands. Most important for this study, Coh2 can be interpreted as the fraction of signal 𝑦 that can be
explained by variability in signal x at a particular frequency or across a frequency band. Furthermore, since
Coh2 is calculated across multiple samples and is an estimate of the similarities in the relationship between
x and 𝑦 across each sample, it is a metric for the coherence of the relationship between two signals rather
than the magnitude. Throughout the remainder of this paper, we will therefore refer to the Coh2 between
two time series as an estimate of the coherence of their magnitude and phase relationships.

The subsequent analyses consider Coh2 averaged over the 20- to 90-day band, since this is a representative
timescale of the MJO (Wheeler & Hendon, 2004). Since we define each season as a 90-day period, the anal-
yses consider atmospheric variability with periods of up to 90 days and therefore consider the intraseasonal
influences of the MJO. We quantify the periodic relationship between the MJO and 250-hPa geopotential
height anomalies according to the following procedure, which is completed for every grid cell at 250 hPa
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within both ERA-Interm and CESM2-WACCM and separately for the two principal components of the obser-
vational and CESM2-WACCM RMM indices. First, the Coh2 is calculated between the time series of the
principal component and 250-hPa geopotential height, separately for each season and QBO phase, where
the samples for the Coh2 calculation are the separate seasons within each QBO phase, as listed in Figure 4.
The Coh2 is then averaged across the 20- to 90-day band, which results in a 20- to 90-day mean Coh2 between
the principal component of RMM and 250-hPa geopotential height.

We estimate the fraction of intraseasonal variance in 250-hPa geopotential height that is linked to the MJO
at every location across the globe. To do so, the power spectra for 250-hPa geopotential height are calculated
at each grid cell separately for each QBO phase and season and then normalized by the integrated power
across all harmonic modes in the 20- to 90-day band. Then, the Coh2 between the RMM principal compo-
nent and 250-hPa geopotential height is multiplied by the normalized power spectra for each Fourier mode
individually to calculate the fraction of variance in each Fourier mode explained by the MJO. This quantity
is then summed across the 20- to 90-day band. This process is conceptually similar to estimating the fraction
of variance in 250-hPa geopotential height associated with the MJO by multiplying the variance in 250-hPa
geopotential height by the squared correlation between RMM and 250-hPa geopotential height. Although
as previously discussed, we use Coh2 since it can better capture the covariance between two periodic signals
convoluted by superimposed waves (see appendix for additional discussion).

Two separate techniques are used to estimate the Coh2 for the reanalysis and CESM2-WACCM because of
the drastically different sample sizes. For the reanalysis, 5 years are selected from the total available years
for each season and QBO phase for a total of 250 subsamples, and the mean Coh2 across all 250 subsamples
is presented. This process is completed separately for each season and QBO phase. For CESM2-WACCM,
we simply calculate the Coh2 for 138 randomly selected samples for all seasons and QBO phases. We use
138 randomly selected samples because this is the number of boreal spring seasons that occur during west-
erly QBO phases, and so we use the same number of samples for all seasons and QBO phases. A detailed
discussion of why we use these two separate methods is within the appendix.

It is worth mentioning that PC1 and PC2 of RMM do not necessarily contain the same information about
the MJO, since the MJO very rarely completes an oscillation through its phase space while maintaining a
constant amplitude. In fact, the Coh2 between PC1 and PC2 of RMM is 0.685 for the observational record
and 0.724 for the RMM index derived from CESM2-WACCM. This implies, for example, that 31.5% of the
information carried within each RMM principal component time series is unique from the other for the
observational record. However, it is difficult to determine whether this unique information is caused by
intraseasonal variability extraneous to the MJO that happens to project onto the RMM index or by variability
within the MJO itself, although it is likely to be some combination of both factors. We therefore provide
conservative estimates of the variability linked to the MJO by taking the average Coh2 between PC1 and PC2
and 250-hPa geopotential height, rather than rescaling by the factor of 1

0.685
= 1.46 which would provide

estimates of the upper bound.
2.3.1. Statistical Significance
We use a Monte Carlo approach to estimate the bounds of statistical significance for both reanalysis and
CESM2-WACCM. For the reanalysis, the lag-one autocorrelation (i.e., redness) of 250-hPa geopotential
height is calculated for each grid cell across the globe for all seasons and the QBO-ignorant and easterly
and westerly QBO phases. We then use the lag-one autocorrelation to generate a collection of randomly
generated red noise (AR1) time series, each with the same length as the seasonal RMM time series, that is,
90 days. The mean Coh2 of 250 bootstraps of five randomly selected instances of these red noise time series
and the RMM principal component time series is then calculated. We complete this process 1,000 times, and
the 95th percentile of this distribution of Coh2 values is used as the estimate for the upper bounds of the
influence of red noise on our analysis. Additional discussion regarding why we use 250 bootstraps for the
observational record is within the appendix.

We also estimate the statistical significance of the difference between the Coh2 during easterly and westerly
QBO phases using a similar Monte Carlo approach. The only additional step here is that we take the differ-
ence between the mean Coh2 of the 250 bootstrapped subsamples for the easterly and westerly QBO phases,
which are generated separately using the lag-one autocorrelation for each QBO phase. We also complete
this process 1,000 times and use the 2.5th and 97.5th bounds on the two-tailed distribution to estimate the
significance of Coh2 differences between QBO phases.
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Table 1
Sample Sizes and Bounds of Statistical Significance for Magnitude-Squared Coherence (Coh2)

Observational record
Analysis separated by QBO phase

QBO phase DJF MAM JJA SON
All Samples Mean of 250 bootstraps

𝛼 = 0.05 0.243 0.229 0.239 0.237
Westerly Samples Mean of 250 bootstraps

𝛼 = 0.05 0.245 0.235 0.231 0.237
Easterly Samples Mean of 250 bootstraps

𝛼 = 0.05 0.244 0.231 0.238 0.235
Difference between westerly and easterly QBO

QBO phase DJF MAM JJA SON
Westerly minus Easterly Samples 10,000 realizations

𝛼 = .025 3.83E-3 1.18E-3 1.41E-3 −1.77E-2
𝛼 = .975 9.03E-3 6.11E-3 6.66E-3 −1.18E-2

CESM2-WACCM
Analysis separated by QBO phase

QBO phase DJF MAM JJA SON
All Samples 138 randomly selected

𝛼 = 0.05 7.60E-3 7.64E-3 7.65E-3 7.55E-3
Westerly Samples 138 randomly selected

𝛼 = 0.05 7.70E-3 7.68E-3 7.63E-3 7.58E-3
Easterly Samples 138 randomly selected

𝛼 = 0.05 7.53E-3 7.51E-3 7.61E-3 7.46E-3
Difference between westerly and easterly QBO

QBO Phase DJF MAM JJA SON
Westerly minus Easterly Samples 10,000 realizations

𝛼 = 0.025 −6.45E-4 −5.59E-4 −8.40E-4 −6.13E-4
𝛼 = 0.975 8.87E-4 8.47E-4 6.82E-4 8.23E-4

aAll confidence bounds are calculated using a Monte Carlo approach discussed in section 2.3.1. bThe
bootstrapping method used to calculate the Coh2 for the observational analysis is detailed in the
appendices.

A slightly different approach is taken to estimate the significance bounds of the Coh2 for CESM2-WACCM,
since more samples are available, as outlined within section 2.3. Similar to the reanalysis, the lag-one
autocorrelation of 250-hPa geopotential height is calculated for each grid cell across the globe for all sea-
sons and the QBO-ignorant and easterly and westerly QBO phases. For each grid cell, the autocorrelation is
then used to generate 10,000 realizations of red noise. The Coh2 between the 10,000 red noise realizations
and the RMM principal component time series, similarly split into seasons and the QBO-ignorant, westerly
QBO, and easterly QBO time periods, is then calculated for each location. These bounds thereby represent
the 95th percentile confidence bounds that the Coh2 values for each season and QBO phase are distinguish-
able from that expected from unrelated red noise. The process for estimating the statistical significance for
the differences between easterly and westerly QBO phases is similar, except we subtract the Coh2 between
the RMM time series and the red noise time series for the two QBO phases and then use the 2.5th and 97.5th
percentile bounds as a two-tailed 95th percentile estimate of the significance of the difference.

After completing this process, we find that while the lag-one autocorrelation of 250-hPa geopotential height
does vary across the globe with both reanalysis and CESM2-WACCM, this variability does not strongly influ-
ence the Coh2 between the red noise realizations and RMM PC1/PC2 (Coh2 varies less than 0.01 from the
median for each season and QBO phase; data not shown). Rather, the season and QBO phase control the
distribution of possible Coh2 values between the red noise realizations and the RMM principal components
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because of changes in the redness of the RMM principal component time series, and we therefore approxi-
mate the confidence bounds to depend only upon season and QBO phase and not upon latitude or longitude.
The bounds selected are those from the locations of the median lag-one autocorrelation (i.e., redness) for
each season and QBO phase, which are listed in Table 1.

As a result of the method we use for calculating the Coh2 for the reanalysis data, the confidence bounds for all
seasons and QBO phases are similar, even though the redness of the RMM time series varies across seasons.
By averaging 250 estimates of the bootstrapped Coh2 together, the influences of red noise are constrained
to a rather narrow window. This convergence of the uncertainty permits a robust estimation of the impacts
of red noise on our estimates of Coh2 for both the raw Coh2 values and the differences in the magnitude of
Coh2 between westerly and easterly QBO phases. For the CESM2-WACCM analysis, the number of samples
used for each QBO season and phase, which is 138, is sufficiently large enough to mitigate most of the
impacts of noise on the estimated Coh2 (see appendices for more discussion). And so the bounds of statistical
significance between easterly and westerly QBO phases are similarly small for CESM2-WACCM.

3. Global Teleconnection Signature of the MJO in ERA-Interim
3.1. Coherence-Based Analysis
We first determine the locations of coherent signals in 250-hPa geopotential height anomalies associated
with the MJO in ERA-Interim and then calculate the mean latitudinal, hemispheric, and global distributions
of such anomalies to quantify the fraction of the variance in 250-hPa geopotential height that is associated
with the MJO. The subsequent analysis quantifies the dependence of the tropical and extratropical signature
of the MJO on the QBO and provides a lower bound on the intraseasonal variance in 250-hPa geopotential
height that is associated with the MJO.
3.1.1. QBO-Ignorant Analysis
The average Coh2 between the two principal components of OMI and 250-hPa geopotential height anomalies
across the globe is shown for all seasons for the QBO-ignorant analysis, which includes all years regard-
less of QBO phase, in Figure 5a. It is worth mentioning that regions of lower coherence may exhibit high
coherence with the MJO within other dynamical fields. This is particularly the case for wind, given that
wind anomalies are commonly in quadrature with geopotential anomalies, and so it is likely that the gaps
between geopotential teleconnections are characterized by coherent MJO teleconnections in the wind field.

The extratropical signature of the MJO identified using our methods is similar to previous studies in both
spatial expanse and magnitude (Alvarez et al., 2016; Henderson et al., 2016), particularly within the north-
ern Pacific and North American regions. A Pacific-North American (PNA) teleconnection pattern-like signal
is captured by the Coh2 fields during boreal winter, with a series of maxima extending from the Indo-Pacific
region throughout the northern Pacific and into North America (Figure 5a). Henderson et al. (2017) identi-
fied a similar pattern through compositing and found that this pattern results from the convective heating
of the MJO over the Indo-Pacific during boreal winter. Within the Southern Hemisphere, a similar series of
Coh2 maxima extend from the Indo-Pacific region during austral winter (Figure 5c). The Southern Hemi-
spheric signature of the MJO during austral winter has been shown to be similar to the PNA-like pattern
observed within the Northern Hemisphere, with a teleconnection pattern emanating poleward and eastward
from the Indo-Pacific region (Alvarez et al., 2016). Alvarez et al. (2016) showed this teleconnection pattern
to be the most prominent during austral winter and spring, which is also apparent within the Coh2-based
analysis (Figures 5c and 5d).

The extratropical linkages to the MJO are most prominent during the winter of the respective hemispheres
(Figures 5a and 5c). In particular, the PNA-like teleconnection pattern that emanates from the Indo-Pacific
region, northward during boreal winter and southward during boreal summer, is more coherent during
boreal winter than boreal summer. This increase of the winter coherence is likely associated with the more
prominent circumglobal waveguide present during the winter of each hemisphere, which encourages the
maintenance and propagation of extratropical circulation responses to tropical convective heating (Hoskins
& Karoly, 1981; Yuan et al., 2011). Extratropical linkages do exist during hemispheric summer, although
they are generally constrained to the subtropics and tend to have lower coherence than those during hemi-
spheric winter. The extratropical signature of the MJO is markedly more scattered during fall and spring for
each hemisphere, although the extratropical teleconnections during the winter and spring of each respective
hemisphere do share teleconnection features (Figures 5b and 5d).

TOMS ET AL. 9 of 23



Journal of Geophysical Research: Atmospheres 10.1029/2020JD032653

Figure 5. Magnitude-squared coherence (Coh2) between the observational RMM index and 250-hPa geopotential
height anomalies from ERA-Interim for the years 1980–2016 for the four seasons for (a–d) all periods regardless of
QBO phase, (e–h) only westerly QBO phases, and (i–l) only easterly QBO phases. Regions where the Coh2 surpasses
the 95th percentile confidence bounds estimated using a Monte Carlo approach are within the dashed contours.
Confidence bounds are tabulated in Table 1.

Beyond the extratropical signature of the MJO, certain features of the tropical signature differ from the expec-
tations set forth by prior research. It is well cited in the literature that the MJO is most equatorially active
during the boreal winter, with off-equatorial propagation and a generally weaker signal during boreal sum-
mer (Kiladis et al., 2014; Salby & Hendon, 1994; Wheeler & Hendon, 2004). However, according to RMM,
the 250-hPa geopotential height anomalies associated with the MJO within the tropics are both substantially
more coherent and zonally homogeneous during boreal summer compared to boreal winter (Figures 5a
and 5c). During boreal winter, the coherence is low over the central Pacific and Atlantic oceans, which is in
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Figure 6. Difference between the Coh2 between the observational RMM and 250-hPa geopotential height anomalies
from ERA-Interim for easterly and westerly QBO phases. Positive (negative) values denote a greater Coh2 during
westerly (easterly) QBO phases. Regions where statistically significant Coh2 values occur during either westerly or
easterly QBO phases are outlined within the dashed red contour. Regions that are not statistically significant are slightly
faded. Refer to section 2.3.1 for a discussion of how the significance values, which are listed in Table 1, are calculated.

stark contrast to the persistent band of high coherence across the entirety of the tropics during boreal sum-
mer. Furthermore, the amount of 250-hPa geopotential height variance within the tropics is greater during
boreal summer compared to during boreal winter, which means that the increased coherence between the
MJO and upper tropospheric geopotential height anomalies is also associated with an increase in the total
variance of tropical 250-hPa geopotential height (further discussed in section 3.1.3).

3.1.2. QBO-Dependent Analysis
The Coh2-based analysis is also completed for all seasons but separately for easterly and westerly QBO
phases. Only seasons during which the average magnitude of zonal wind anomalies at 50-hPa is greater than
0.5𝜎 (𝜎 = 7.27 m s−1) are considered to ensure that the QBO signal is strong (Figure 4), and all other periods,
including those with strong ENSO events, are included within the analysis. The inclusion of strong ENSO
periods does not change the conclusions of our study, however, and the results after removing strong ENSO
periods are available within the supporting information.

Summarily, both the locations and coherence of MJO teleconnections in 250-hPa geopotential height depend
on the phase of the QBO (Figure 5e through l; Figure 6). The largest differences between QBO phases
occur during boreal winter, during which the coherence between the MJO and 250-hPa geopotential height
anomalies is substantially magnified within the tropics during easterly QBO phases relative to westerly QBO
phases (Figure 6). The locations of extratropical teleconnections of the MJO are also most different between
QBO phases during boreal winter (Figure 6). The dependence of teleconnection location and coherence on
QBO phase during spring and fall are less obvious, as the teleconnections are more scattered. It is interesting
to note that the PNA-like teleconnection pattern of the MJO is more apparent during westerly QBO phases,
although it does exist during easterly phases but with an apparent eastward shift.

The enhancement of the tropical MJO signal during boreal winter of easterly QBO phases is consistent with
previous research that has shown the MJO to be more persistent and recur more frequently during easterly
QBO phases (Zhang & Zhang, 2018). During boreal winter of westerly QBO phases, tropical upper tropo-
spheric geopotential height anomalies have lesser coherence across the years (Figures 5e and 6a). Similar
to the QBO-ignorant analysis, the coupling between the tropical upper troposphere and the MJO is more
zonally homogeneous during boreal summer than boreal winter, regardless of QBO phase, although the
coherence of the coupling during boreal summer is higher during easterly QBO phases than westerly QBO
phases (Figures 5g, 5k, and 6c). A prominent gap exists in the Coh2 within the eastern Pacific during boreal
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Figure 7. Longitudinal averages of (bottom abscissa; solid) the fraction of additional transient intraseasonal (20 to
90 days) variance in 250-hPa geopotential height anomalies that can be linked to the MJO based on the Coh2 between
OMI and 250-hPa geopotential anomalies (top abscissa; dashed) variance in 250-hPa geopotential height anomalies.
The estimated contributions from red noise have been subtracted, and so these values represent the additional
information offered from RMM beyond that which would be expected from spurious relationships between RMM and
red noise within the 250-hPa geopotential height time series. The seasonal cycle is removed prior to the analysis, so
these fractions include all transient modes of variability with periods ranging from 20 to 90 days. The purple line
corresponds to all QBO phases and includes all years from 1980 through 2017, while the green and orange lines
correspond to the westerly and easterly QBO phases respectively and only include years as detailed in Figure 4.

winter, whereas no such gap exists during the boreal summer. The presence of a secondary convective max-
imum during boreal summer over the eastern Pacific may drive the increased coherence within this region
(Maloney & Esbensen, 2003). Another explanation may relate to the favorable conditions for extratropical
waves to intrude upon the tropics within the Eastern Pacific during boreal winter due to the presence of a
westerly wave duct (Webster & Holton, 1982).

The teleconnection patterns within the Pacific of each respective hemisphere during hemispheric winter
are displaced between westerly and easterly QBO phases, although particularly within the northern Pacific
during boreal winter (Figures 5e, 5d, 5i, 5k, 6a, and 6c). During boreal winter, geopotential height anomalies
over far northwestern North America are particularly coherent during westerly QBO phases, while east-
erly QBO phases favor a more southward placement of the predominant teleconnection (Figure 6a). The
PNA-like pattern is more prominent and shifted eastward during boreal winter of easterly QBO phases rel-
ative to westerly QBO phases, and an additional Northern Hemispheric teleconnection is perhaps apparent
over eastern Russia. It is difficult to discern any pattern of the extatropical teleconnections of the MJO dur-
ing spring and fall, during which the teleconnections are smaller in spatial extent and scattered across the
globe (Figures 6b and 6d). The MJO undergoes a period of transition throughout spring and fall, during
which the characteristics of the summer and winter MJO intermittently ebb and flow (Kikuchi et al., 2012;
Kiladis et al., 2014), which may cause the more scattered teleconnection patterns during these seasons.

When the Coh2 between 250-hPa geopotential height anomalies and the MJO is averaged across all longi-
tudes for each QBO phase, the modulation of MJO teleconnections by the QBO becomes more apparent
(Figure 7). During easterly QBO phases, the coherence of the MJO teleconnections is increased relative to
westerly QBO phases within the tropics and Northern Hemispheric extratropics during boreal winter, and
within the tropics during boreal summer. The tropical signature of the MJO may be suppressed during boreal
spring relative to the other seasons, although the more scattered structure of the MJO teleconnections dur-
ing boreal spring and fall make inference during these seasons more difficult. Within the polar regions,
the Coh2 is less than that which might be caused by spurious relationships between the RMM indices and
unrelated red noise within the 250-hPa geopotential time series, and so no robust conclusions can be drawn.

It is unclear whether the shifted locations of the extratropical teleconnections between QBO phases is mainly
driven by a change in the background state of the extratropical atmosphere such as a QBO-driven shift in
the location of the subtropical jet (Niwano & Takahashi, 1998), or a different convective evolution of the
MJO within the tropics. There are, however, observable changes to the global 250-hPa zonal wind structure

TOMS ET AL. 12 of 23



Journal of Geophysical Research: Atmospheres 10.1029/2020JD032653

Figure 8. Fraction of additional transient, 20- to 90-day 250-hPa
geopotential height variance linked to the MJO across various sub-domains
of the globe, separated into season and QBO phase. The estimated
contributions from red noise have been subtracted, and so these values
represent the additional information offered from RMM beyond that which
would be expected from spurious relationships between RMM and red
noise within the 250-hPa geopotential height time series. The seasonal cycle
is removed prior to the analysis, so these fractions include all transient
modes of variability with periods ranging from 20 to 90 days. The following
sub-domains are represented: global (left), tropics (left center; 20◦ S to 20◦
N), Northern Hemisphere extratropics (right center; 30◦ N to 90◦ N), and
Southern Hemisphere extratropics (right; 30◦ S to 90◦ S). Circles represent
the QBO-ignorant mean, squares the westerly QBO phases, and triangles
the easterly QBO phases. Symbols colored red denote seasons and
sub-domains wherein the difference between the easterly and westerly QBO
phases is statistically significant at or beyond the 95th percentile according
to a Monte Carlo-based test. The confidence bounds are listed in Table 1.

between QBO phases, particularly within the northern and southern
Pacific (Figure S3). It is therefore reasonable to hypothesize that the mod-
ulation of MJO teleconnections by the QBO is related to changes both in
the tropical structure of the MJO and the basic state of the extratropics.
It has been shown by other studies that the location of the Pacific sub-
tropical jet modulates the location of MJO teleconnections (Henderson &
Maloney, 2018; Henderson et al., 2017). A similar mechanism might be
responsible for the shift in the extratropical MJO teleconnections between
phases of the QBO, at least within the North Pacific.

3.1.3. Hemispheric and Global Variability
We now quantify the additional fraction of hemispheric and global vari-
ability in 250-hPa geopotential height on intraseasonal timescales that
is associated with the MJO, beyond that which can result from spurious
relationships between red noise. To do so, the Coh2 between PC1 and PC2
of the observational RMM and 250-hPa geopotential height anomalies
is multiplied by the normalized power spectra of 250-hPa geopotential
height anomalies independently for each harmonic mode, separately for
each grid point and for PC1 and PC2 of RMM. Then, these quantities are
summed across the 20- to 90-day band, from which the influences of red
noise are subtracted. This procedure can be expressed formulaically as

VarMJO =
T=90 da𝑦s∑
T=20 da𝑦s

(Coh2
T)(FZZ,T) − Coh2

RN , (1)

where T denotes the period of the individual harmonic modes and FZZ is
the normalized power spectrum of 250-hPa geopotential height anoma-
lies, and Coh2

RN is the 95th percentile bound of Coh2 that results from
spurious relationships between RMM and unrelated red noise within the
geopotential height time series. The resultant value, VarMJO, is the frac-

tion of additional 20- to 90-day variability in 250-hPa geopotential height that can be linked to the MJO
beyond what might be expected from red noise. This quantity only includes transient variability since the
seasonal cycle is removed prior to the analysis.

Similar to the reasoning discussed in the last paragraphs of section 2.3, the VarMJO values for PC1 and PC2 of
RMM are averaged together, since each time series contains partially unique information. We subtract Coh2

RN
because due to a relatively small sample size within the observational record, we can only confidently discuss
relative differences from noise. In doing so, we estimate the additional information the MJO provides beyond
that which would result from spurious relationships between the RMM index and red noise within the
250-hPa geopotential height time series. The quantities presented therefore give a relative comparison of the
coherence of teleconnections across seasons and QBO phases. Additional discussion about the influences
of noise is within section 2.3 and the appendix.

Figure 8 shows the hemispheric, tropical, and global variance in 20- to 90-day 250-hPa geopotential height
anomalies linked to the MJO calculated using equation (1), separated into QBO phase and season. Glob-
ally, during easterly QBO phases the MJO is associated with a greater fraction of intraseasonal variance in
250-hPa geopotential height than during boreal winter. This statement is also true for the tropics and North-
ern Hemispheric extratropics, wherein easterly QBO phases decidedly favor a more prominent coupling
between the MJO and 250-hPa geopotential height anomalies.

During boreal winter, the QBO-ignorant analysis estimates that the fraction of 250-hPa geopotential height
variance associated with the MJO is less than during easterly QBO phases and greater than during westerly
QBO phases (Figure 8). Intuitively, this difference is likely caused by the combination, and therefore blend-
ing, of the easterly and westerly QBO cases into a singular analysis. This result highlights the importance of
separating MJO-related analyses that are concerned with the structure of the MJO and its teleconnections into
QBO phase, since the signature of the MJO can vary substantially between easterly and westerly QBO phases.
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Figure 9. Magnitude-squared coherence (Coh2) between the CESM2-WACCM RMM index and 250-hPa geopotential
height anomalies from CESM2-WACCM for the four seasons for (a–d) all periods regardless of QBO phase, (e–h) only
westerly QBO phases, and (i–l) only easterly QBO phases. Regions where the Coh2 surpasses the 95th percentile
confidence bounds estimated using a Monte Carlo approach are within the dashed contours. Confidence bounds are
tabulated in Table 1.

It is also important to highlight that the QBO modulation of MJO teleconnections is less apparent during
the spring and fall of both hemispheres, and so it is likely that this modulation does have a seasonal depen-
dence. Furthermore, this analysis suggests that a relationship between the MJO and QBO also exists during
boreal summer, particularly within the tropics.

It is interesting to note that the fraction of variance in 250-hPa geopotential height linked to the MJO does not
exhibit as strong of a seasonal dependence within the Southern Hemisphere as it does within the Northern
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Hemisphere. The lack of a pronounced austral winter maximum in Southern Hemispheric teleconnections
may be related to either the convective maximum of the MJO being displaced north of the equator during
the boreal summer (i.e., austral winter) or differences in the nature of extratropical variability between the
northern and Southern Hemispheres. The proximity of the waveguides associated with the extratropical jet
streams to the source of convective heating is important for the maintenance and propagation of extratrop-
ical teleconnections (Stan et al., 2017; Yuan et al., 2011). While the Southern Hemispheric jet stream moves
equatorward during austral winter, the convective maximum of the MJO moves northward, away from the
equator (Jiang et al., 2018). This movement of the convective maximum of the MJO to the north of the
equator during austral winter may prevent the convectively generated waves from fully interacting with the
austral winter waveguide.

4. Global Teleconnection Signature of the MJO Within CESM2-WACCM
The general structure of the tropical 250-hPa geopotential height anomalies associated with the MJO is sim-
ilar between observations and CESM2-WACCM when QBO phase is not considered (Figures 9a–9d). For
example, the magnification of the Coh2 during boreal summer relative to boreal winter is apparent within
both the reanalysis and CESM2-WACCM. During boreal winter, the Coh2 maxima over the central Pacific
and South America are similar, along with the minimum generally located over the Maritime Continent. The
extratropical MJO teleconnection pattern depicted within CESM2-WACCM is different from that in obser-
vations. In particular, the Northern Hemispheric teleconnection pattern is much more prominent during
boreal summer in the model than in observations. There are similarities, however, such as the presence of
a Coh2 maximum within the North Pacific for both observations and the model, along with another maxi-
mum over eastern North America during boreal spring, fall, and winter, which is indicative of the canonical
Rossby wave train teleconnection pattern of the MJO.

The modulation of the 250-hPa signature of the MJO by the QBO is less apparent within CESM2-WACCM
than observations, for both the tropics and extratropics (Figure 9e through l; Figure 10). In particular, the
locations of the MJO teleconnections dependends less on QBO phase within CESM2-WACCM than in obser-
vations, at least within the cross-sectional plots of Coh2 (Figure 9). With that said, there are broad similarities
between the QBO modulation depicted by CESM2-WACCM and the observational record. For example, dur-
ing boreal winter within both ERA-Interim and CESM2-WACCM, easterly QBO phases favor higher Coh2

over the western tropical Pacific, and to a lesser extent within the western Indian Ocean and into equato-
rial Africa. CESM2-WACCM generally suggests that a modulation of MJO teleconnections by the QBO is
present, particularly through differing locations in the extratropical MJO teleconnections and differences in
Coh2 magnitude within the tropics.

A statistically significant modulation does exist for most seasons within the hemispheric and global integra-
tions of Coh2, although the modulation is smaller within CESM2-WACCM than reanalysis (Figure 11). It is
interesting to note that within the extratropics of CESM2-WACCM, the only season that does not exhibit a
statistically significant difference between westerly and easterly QBO phases is boreal winter, which is the
most pronounced season of QBO modulation within the observational record. It is difficult to state whether
the mechanisms driving these QBO modulations are similar between ERA-Interim and CESM2-WACCM
given that the teleconnection patterns are not identical between the two. However, what can be said is
that the QBO does exhibit a modulation of the signature of the MJO in 250-hPa geopotential within both
CESM2-WACCM and observations, although to a lesser extent within CESM2-WACCM than in observations.

5. Discussion and Conclusions
The influence of the Madden-Julian oscillation spans from the tropics to the poles. Although its influence
extends across all latitudes of Earth, the location and magnitude of its impacts depend upon the background
state of the atmosphere (Hendon & Abhik, 2018; Jiang et al., 2018; Slingo et al., 1999). Recent research has
suggested that the tropical and extratropical character of the MJO depends on the state of the quasi-biennial
oscillation (QBO), with easterly QBO phases favoring a more persistent and frequently recurring tropical
convective signal of the MJO (Lee & Klingaman, 2018; Zhang & Zhang, 2018). With this in mind, we analyze
the global character of upper tropospheric-lower stratospheric geopotential height anomalies connected
with the MJO to determine any dependencies of these teleconnections on the state of the QBO. We also test
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Figure 10. Difference between the Coh2 between the CESM2-WACCM RMM and 250-hPa geopotential height
anomalies from CESM2-WACCM for easterly and westerly QBO phases. Positive (negative) values denote a greater
Coh2 during westerly (easterly) QBO phases. Regions where statistically significant Coh2 values occur during either
westerly or easterly QBO phases are outlined within the dashed red contour. Regions that are not statistically
significant are slightly faded. Refer to section 2.3.1 for a discussion of how the significance values, which are listed in
Table 1, are calculated.

Figure 11. Fraction of additional transient, 20- to 90-day 250-hPa
geopotential height variance linked to the MJO across various sub-domains
of the globe within CESM2-WACCM, separated into season and QBO phase.
The estimated contributions from red noise have been subtracted, and so
these values represent the additional information offered from RMM
beyond that which would be expected from spurious relationships between
RMM and red noise within the 250-hPa geopotential height time series. The
seasonal cycle is removed prior to the analysis, so these fractions include all
transient modes of variability with periods ranging from 20 to 90 days. The
following sub-domains are represented: global (left), tropics (left center; 20◦
S to 20◦ N), Northern Hemisphere extratropics (right center; 30◦ N to 90◦
N), and Southern Hemisphere extratropics (right; 30◦ S to 90◦ S). Circles
represent the QBO-ignorant mean, squares the westerly QBO phases, and
triangles the easterly QBO phases. Symbols colored red denote seasons and
sub-domains wherein the difference between the easterly and westerly QBO
phases is statistically significant at or beyond the 95th percentile according
to a Monte Carlo-based test. The confidence bounds are listed in Table 1.

the ability of a global climate model that contains an internally generated
MJO and QBO, CESM2-WACCM, to reproduce the observed modulation
of MJO teleconnections by the QBO.

Within the observational record, the locations and coherence of MJO tele-
connections across the globe depend on QBO phase (Figures 5–8). While
easterly QBO phases favor more coherent and ubiquitous teleconnections
in 250-hPa geopotential height within the tropics, the primary influence
of the QBO on MJO teleconnections within the extratropics is the loca-
tions at which they occur. The modulation of QBO teleconnections is
strongest during boreal winter and still exists but is less apparent dur-
ing fall and spring of both hemispheres, particularly within the Southern
Hemisphere where little to no modulation is found within both global
integrations of Coh2 and point-based Coh2 anomalies. It is worth noting
that our conclusions do not change when we only consider the extended
summer (AMJJAS) and winter (ONDJFM) seasons, although separating
the year into four seasons highlights the fact that the teleconnection pat-
terns during spring and fall are less coherent and more scattered than
those during summer and winter (Figure S5). For seasons during which
the QBO modulation does exist, the coherence of MJO teleconnections
for the QBO-ignorant analysis seems to be a blend of the analysis that
considers each QBO phase separately. This blending is seen within both
the global cross sections of Coh2 and hemispheric and global integrations
of Coh2. It is therefore likely important to separate MJO-related analyses
that are concerned with the structure of the MJO and its teleconnections
into QBO phase, since the signature of the MJO can vary substantially
between easterly and westerly QBO phases.

We hypothesize that the extratropical MJO-QBO relationship is related
to changes in both the tropical structure of the MJO and the basic state
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of the extratropics. In addition to the documented impacts of the QBO on the tropical structure of the MJO
(Son et al., 2017; Zhang & Zhang, 2018), the Pacific subtropical jet and Northern Hemispheric geopotential
anomalies in general are particularly sensitive to the phase of the QBO during boreal winter (Figure S3) (Boer
& Hamilton, 2008). Since the strength and location of the Pacific subtropical jet has been shown to modulate
the location of extratropical MJO teleconnections (Henderson & Maloney, 2018; Henderson et al., 2017), an
opportunity for future research would be to separate the importance of the QBO modulation of the MJO
itself and the basic state of the extratropics in dictating the locations of extratropical MJO teleconnections.

The hypothesis that the QBO modulates MJO teleconnections through both a modulation of the MJO
itself and the extratropical background state is supported by comparing the boreal winter, fall, and spring
teleconnections. We find that the modulation is most substantially during boreal winter, which is consistent
with previous literature that has found the tropical signature of the MJO to also be maximally influenced
by the QBO during this season (Son et al., 2017; Zhang & Zhang, 2018). In addition, our observational anal-
ysis suggests that the QBO modulates extratropical MJO teleconnections during the equinoctial seasons of
both hemispheres, particularly within the Northern Hemisphere (Figures 6 and 8). The tropical character
of the MJO is similar during November, March, and April to that during boreal winter (Kikuchi et al., 2012),
and so while it could be possible that the equinoctial periods are inseparable from boreal winter for this
reason, this is not the case. If it were, the sign of the influence of the QBO on MJO teleconnections would
be the same during the equinoctial seasons and boreal winter, which is not observed: The impacts of the
QBO on MJO teleconnections are of opposite sign during the equinoctial seasons compared to boreal winter
(Figure 8).

The differences in the impacts of the QBO on MJO teleconnections across seasons therefore likely arise
from more than just a modulation of the MJO itself. The modulation of teleconnections is therefore likely
at least in part related to changes in the extratropical background state caused by the QBO (Figure S3)
(Boer & Hamilton, 2008), given that the QBO has been found to not modulate the tropical characteristics
of the MJO during the equinoctial seasons (Son et al., 2017) and yet extratropical impacts still arise. During
boreal winter, the combination of the QBO impacts on the extratropical background state, and the tropical
structure of the MJO may lead to the greater modulation of extratropical MJO teleconnections relative to
other seasons. We leave a systematic test of these hypotheses for a future study.

The fraction of variance in 250-hPa geopotential height within the tropics that is associated with the MJO
strongly depends on QBO phase during both boreal winter and boreal summer, which suggests that the
coupling between the MJO and the tropical upper troposphere is sensitive to the state of the QBO during both
seasons (Figure 8). The impacts of the QBO modulation of MJO teleconnections are less coherent within the
extratropics during boreal summer compared to during boreal winter, however, as during boreal summer
the modulation is predominantly confined to the tropics. The off-equatorial shift of the convective signal
of the MJO during boreal summer may explain this seasonality. As the MJO convection shifts northward
during boreal summer away from the Southern Hemispheric waveguide, it may become less likely for waves
excited by the MJO convection to interact with the Southern Hemispheric jet stream compared to boreal
winter, when the Northern Hemispheric jet is in closer proximity to the MJO convection.

The QBO modulation of MJO teleconnections is present within CESM2-WACCM, although it is weaker
than that in observations. The modeled QBO impact manifests as a slight change in the longitudinal loca-
tion of the teleconnections between QBO phases, along with higher Coh2 within the tropical west Pacific
during boreal winter of easterly QBO phases. This generally aligns with the analysis for the observational
record, in that easterly QBO phases encourage greater coherence within the tropics during boreal win-
ter. The MJO teleconnection signature within CESM2-WACCM does differ from the observational record,
and so the pathways through which the QBO modulates the MJO teleconnections within CESM2-WACCM
are likely different than in observations. Since the composited MJO within CESM2-WACCM is similar to
the observed MJO, the differences in observed and modeled impact of the QBO on MJO teleconnections
likely relate to either the weakness of the QBO in the lower stratosphere within the CMIP6 configura-
tion of CESM2-WACCM (Figure 3) or differences in the basic state of the extratropical circulation within
CESM2-WACCM and observations (e.g., Figure S3).

Another possible pathway by which the QBO may modulate MJO teleconnections is through a modula-
tion of the polar vortex, which may subsequently impact the extratropical tropospheric circulation (Kidston
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et al., 2015; Thompson et al., 2002) and thereby the development of MJO teleconnections. Two such mech-
anisms could involve the QBO inducing changes in the latitudinal direction of planetary wave propagation
(i.e., Holton-Tan mechanism; Holton & Tan,1980) or changes in the mean meridional circulation of the
stratosphere induced by the QBO which could subsequently disrupt the polar vortex through changes in
planetary wave convergence within the polar stratosphere (Garfinkel et al., 2012). CESM1-WACCM has been
shown to capture both of these mechanisms (Garfinkel et al., 2012); however, such a study has not yet been
done for CESM2-WACCM. We leave a more thorough investigation of CESM2-WACCM's ability to simulate
these various dynamical pathways for a future study.

Our study summarizes the statistics of the relationship between the QBO and the global 250-hPa geopoten-
tial height teleconnection signature of the MJO. Further investigation is needed to determine whether the
modulation of MJO teleconnections by the QBO is caused by the dependence of the tropical characteristics of
the MJO on the QBO or changes in the extratropical atmospheric state between QBO phases. Nevertheless,
this study suggests that knowledge of the tropical stratosphere is important for understanding the coupling
between the MJO and the extratropics.

Appendix A: Details of Cross-Spectral Analysis
Cross-spectra are a representation of the co-variability between the Fourier modes of two signals and
therefore serve as an option for quantifying the relationship between two periodic time series. Below,
we briefly introduce the mathematical formulation of cross-spectral analysis and one of its derivatives,
magnitude-squared coherence.

Two time series x and 𝑦 can be represented by their complex exponential Fourier expansions as
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where A and B are the cosine and sine Fourier coefficients, t is time, T is the length of the record, F(k) is the
complex Fourier series as a function of wave number k, and the summation is performed across the positive
and negative N

2
Fourier modes. The cross spectrum of x and 𝑦 can be calculated by combining their complex

Fourier series as
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= 1
4
{AxkA𝑦k + BxkB𝑦k + i(AxkB𝑦k − A𝑦kBxk)}, (A4)

where Fx(k)F∗
𝑦
(k), hereafter Fx𝑦, is the complex cross spectrum and A and B are as previously defined for

the Fourier expansions of x and 𝑦. Note that the complex cross spectrum can be separated into its real and
imaginary parts—the real portion is the co-spectrum and the imaginary portion is the quadrature spectrum:

Co − spectrum = CO(k) = AxkA𝑦k + BxkB𝑦k, (A5)

Quadrature spectrum = Q(k) = AxkB𝑦k − A𝑦kBxk. (A6)

The co-spectrum represents the in-phase portion of x and 𝑦 for each Fourier mode, while the quadrature
spectrum represents the out of phase portion of x and 𝑦. Conceptually, the co-spectrum is the linear covari-
ance between x and 𝑦 as a function of wave number k. Since the complex cross spectrum is a function of wave
number k, it can be segmented into bands of wave numbers and interpreted as the co-variability between
x and 𝑦 across a range of k. The decomposition of the complex cross spectrum can be taken a step further
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to calculate the magnitude-squared coherence (Coh2(k)) between the two signals. The magnitude-squared
coherence between two signals is defined as

Coh(k)2 =
|Fx𝑦(k)|2

Fxx(k)F𝑦𝑦(k)
, (A7)

where |Fx𝑦(k)| is the magnitude of the complex co-spectrum of x and 𝑦 as previously defined in equation (A4)
and Fxx(k) and F𝑦𝑦(k) are their individual power spectra.

Of note, Coh2 can be an effective metric for estimating the relationship between two periodic signals, espe-
cially if the analysis is concerned with a relationship across a specific band of wave frequencies. Previous
studies (e.g., Matthews et al., 2006; Zheng et al., 2018) have used variants of linear correlation and lag
compositing to extract information regarding variability related to the MJO, which are also valuable tools.
Coh2 captures the relationship between two periodic signals at specific frequency bands, which makes it a
particularly useful tool for extracting information related to the MJO.

Figure A1 provides various examples of periodic signals and their associated Coh2 and linear correlation
values. Consider the case wherein the two phase-shifted signals are indeed perfectly related to one another,
with one signal simply preceding the other. The relationship between the two time series perceived from
linear correlation changes depending on the phase shift, whereas the Coh2 is always unity, which more

Figure A1. Example calculations of linear correlation and Coh2 for various combinations of periodic signals. In (a) and
(b), the linear correlation and Coh2 are calculated between the base sinusoidal function (broad gray line), and the
modified signals after applying a phase shift to the base function, which has a period of 4Δt. The colored dots in
(b) correspond to the phase shifts of the similarly colored phase-shifted functions shown in (a). Only the Coh2 for the
P = 4Δt harmonic is shown since the sinusoids oscillate only at this periodicity. In (c), a higher frequency sinusoid
(P = Δt) is added to the base sinusoid (P = 4Δt). In this case, the Coh2 is calculated for specific wave periods to
highlight the ability of Coh2 to capture relationships at specific wave periods. The corresponding correlation and Coh2

values between these two functions are shown to the right of panel (c). The Coh2 for the harmonics associated with the
higher frequency (P = Δt) and lower frequency (P = 4Δt) sinusoids are listed to illustrate the capabilities of Coh2 in
separating the relationships between time series with superimposed waves of different frequencies.

TOMS ET AL. 19 of 23



Journal of Geophysical Research: Atmospheres 10.1029/2020JD032653

accurately depicts the relationship between the time series. In the most extreme case, when the phase of the
waves is shifted by 90◦ (Δt in this example), the linear correlation decreases toward zero. Another common
scenario exists through the superposition of waves, wherein the periodic signal within 𝑦 that is related to x is
convoluted by another coincident signal, z, with different wave characteristics than either x or 𝑦 (Figure A1c).
In this scenario, the linear correlation between x and 𝑦 is reduced by the coincident signal z, but the Coh2

between x and 𝑦 at the period at which x oscillates is, again, unity.

These distinctions between linear correlation and Coh2 can be important for periodic atmospheric phe-
nomena such as teleconnections that are driven by the MJO, which are typically phase-shifted from the
tropical signal of the MJO and convoluted by coincident atmospheric patterns (Henderson et al., 2017;
Stan et al., 2017). In particular, since the teleconnection response to the MJO is typically realized through a
propagating Rossby wave train (Henderson et al., 2017), the teleconnections of the MJO are phase shifted to
different extents at different locations across the globe. The necessary lag for lag-based correlation metrics
would therefore need to be calculated independently for each location, whereas for Coh2, this phase lag is
directly taken into account within the calculation.

Appendix B: Discussion of the Chosen Methods for Applying
Cross-Spectral Analysis
Coh2 can be influenced by the noisiness of a time series, in that a sufficiently large number of samples must
be used to estimate Coh2 to minimize the impacts of noise on the estimated relationship. For smaller sample
sizes, as in the case of the observational record, not enough samples are available to allow a true estimation
of the Coh2 between the MJO and 250-hPa geopotential. This limitation is caused by spurious relationships
between unrelated components of the two signals leading to inaccurate estimates of the true Coh2 between
the RMM index and 250-hPa geopotential anomalies. This issue presents itself in two forms. The first issue
relates to the impacts of spurious relationships between noise within the two time series leading to incorrect
estimations of the Coh2. The second arises when Coh2 values calculated for two separate time series with
different numbers of samples are directly compared. Since the impacts of noise are reduced with increasing
sample size, it is inappropriate to directly compare Coh2 values for two time series with a different number
of samples. It is therefore important to calculate the Coh2 using the same number of samples for each case
that is to be compared, if the Coh2 are to be directly compared.

There are two options for mediating this problem: (1) increase the number of samples, which is not possible
for the observational record, or (2) use a bootstrapping method to estimate the Coh2, as is done here. For
Method 2, a subset of the samples are selected and the Coh2 is calculated among these subsamples, and
this process is repeated many times. The idea here is that for a given number of samples, the influences of
noise on Coh2 will converge after a sufficiently large number of bootstrap instances have been completed,

Figure B1. The 95th percentile confidence bounds on the influence of noise on estimates of Coh2 for a red noise time
series with a lag-one autocorrelation of 0.5, using five samples per individual Coh2 estimation. The Coh2 calculations
are between randomly selected seasonal chunks of the observational RMM time series and randomly generated red
noise time series of the same length.
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and so the fraction of the estimated Coh2 that is attributable to noise can be indirectly estimated. Figure B1
illustrates this concept for the case where 5 subsamples are used for each individual Coh2 calculation, as is
done for the observational analysis. It is shown that after approximately 250 bootstrapped Coh2 calculations,
the influences of noise converge upon a singular value, and the impacts of noise on the Coh2 estimate can
therefore be deduced if the redness of the 250-hPa geopotential height field is known. We therefore follow
the second method for quantifying the impacts of noise on our analysis of the observational record.

In doing so, we estimate the fraction of the Coh2 between the observational RMM record and 250-hPa geopo-
tential anomalies that can be attributed to noise, and then we estimate deviations from this value as an
indication of how much information the relationship between RMM and 250-hPa geopotential anomalies
offers beyond noise. For the reanalysis, we use subsamples of five seasons for each bootstrap, with a total
of 250 subsamples, and then calculate the mean of all 250 of these Coh2 estimates. This number of subsam-
ples is sufficient to converge the influence of spurious relationships between noise within the RMM and
250-hPa time series, which then permits the subtraction of this spurious component of the Coh2 from the
total estimated Coh2. For CESM2-WACCM, we simply use the same number of samples for each season and
QBO phase, since the impacts of noise on the estimated Coh2 is very low for the number of samples available
through the CMIP6 simulations (for our case, 138).
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