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ABSTRACT: We examine the hypothesis that the observed connection between the stratospheric quasi-biennial oscillation
(QBO) and the strength of the Madden –Julian oscillation (MJO) is modulated by the sea surface temperature (SST)} for ex-
ample, by El Niño–Southern Oscillation (ENSO). A composite analysis shows that, globally, La Niña SSTs are remarkably
similar to those that occur during the easterly phase of the QBO. A maximum covariance analysis suggests that MJO power
and SST are strongly linked on both the ENSO time scale and the QBO time scale. We analyze simulations with a modi� ed
con� guration of version 2 of the Community Earth System Model, with a high top and � ne vertical resolution. The model is
able to simulate ENSO, the QBO, and the MJO. The ocean-coupled version of the model simulates the QBO, ENSO, and
MJO, but does not simulate the observed QBO–MJO connection. When driven with prescribed observed SST anomalies
based on composites for QBO east and QBO west (QBOE and QBOW), however, the same atmospheric model produces a
modest enhancement of MJO power during QBOE relative to QBOW, as observed. We explore the possibility that the SST
anomalies are forced by the QBO itself. Indeed, composite Hovmöller diagrams based on observations show the propagation
of QBO zonal wind anomalies all the way from the upper stratosphere to the surface. Also, subsurface ocean temperature
composites reveal a similarity between the western Paci� c and Indian Ocean subsurface signal between La Niña and QBOE.
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1. Introduction

The Madden–Julian oscillation (MJO) is the dominant intra-
seasonal (30–70-day period) variability in the tropical tropo-
sphere, characterized by a convective envelope that propagates
slowly eastward at about 5 m s2 1 (Madden and Julian 1971;
Zhang 2005). The MJO affects weather globally, is connected
with the Paci� c–North America pattern and with blocking events
in the midlatitudes (Yoo et al. 2012b, 2011; Cassou 2008), impacts
Arctic surface temperatures (Yoo et al. 2012a; Goss et al. 2016),
and modulates the occurrence of westerly wind bursts that may
amplify or terminate El Niño events ( Harrison and Schopf 1984;
McPhaden 1999; Yu et al. 2003; Seiki and Takayabu 2007;
Eisenman et al. 2005; Miyakawa et al. 2017). The MJO is pro-
jected to become stronger in a warmer climate (Slingo et al. 1999;
Subramanian et al. 2014; Jones and Carvalho 2006; Oliver and
Thompson 2012; Liu et al. 2013; Schubert et al. 2013; Arnold
et al. 2014, 2015; Rushley et al. 2019; Bui and Maloney
2018), and such a strengthening may lead to more frequent
Arctic polar vortex collapses (Kang and Tziperman 2017,
2018). Predicting the interannual variability of the MJO is,
therefore, key to improving subseasonal-to-seasonal fore-
cast skill (Meehl et al. 2021).

A relationship between the MJO and the stratospheric quasi-
biennial oscillation (QBO) has recently been identi � ed in obser-
vations (Yoo and Son 2016; Zhang and Zhang 2018; Nishimoto
and Yoden 2017; Marshall et al. 2017; Son et al. 2017; Martin
et al. 2021c). The QBO involves alternating zonal easterlies and
westerlies (hereinafter QBOE and QBOW) throughout the trop-
ical stratosphere and in particular at 50 hPa. The observed aver-
age period of the QBO is approximately 28 months (Baldwin
and Dunkerton 2001). When QBOE occurs during boreal winter,
the MJO-power calculated as in Wheeler and Kiladis (1999)
becomes 40% stronger, MJO events are triggered more often
and propagate farther east from the Indian Ocean into the
mid-Paci� c (Zhang and Zhang 2018; Martin et al. 2021c). In-
formation about the phase of the QBO has been shown to sig-
ni� cantly improve forecasts of MJO power (Marshall et al.
2017). For convenience, we refer to these observed relation-
ships as the QBO–MJO connection.

The mechanism of the QBO–MJO connection is not clear
(Martin et al. 2021c). Thus far, most proposed mechanisms have
focused on the QBO’s effects on upper-tropospheric strati� cation.
According to the thermal wind balance, the lowermost equatorial
stratosphere should have a cold anomaly during QBOE, leading
to weakened strati� cation near the tropopause, which in turn may
enhance the deep convection associated with the MJO. This hy-
pothesis has been examined in a cloud-resolving regional model
with a parameterized large-scale circulation (Martin et al. 2019)
and in a weather forecasting model (Martin et al. 2020).
However, a general circulation model (GCM) did not simu-
late this mechanism (Martin et al. 2021a). Since the QBO-
induced temperature anomalies alone seem insuf� cient to
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explain the observed modulation of the MJO ( Martin et al.
2021b; Huang et al. 2023), it has been proposed that the radia-
tive cooling associated with increased cirrus clouds during
QBOE can further destabilize the tropopause and enhance con-
vection and the MJO (Son et al. 2017; Sakaeda et al. 2020; Lin
and Emanuel 2023). These hypotheses have yet to be tested due
to de� ciencies of GCM-simulated clouds and gravity waves, and
because none of the currently available GCMs can reproduce
the observed link between the QBO and the MJO (Lee and
Klingaman 2018; Lim and Son 2020; Kim et al. 2020; Martin
et al. 2021c).

El Niño –Southern Oscillation (ENSO) also affects the strength,
propagation, and location of the MJO ( Tang and Yu 2008; Chen
et al. 2015; Pang et al. 2016; Wang et al. 2018; Sun et al. 2019).
During La Niña, the western Paci� c MJO and the easterly QBO
phase are both stronger (Sun et al. 2019). During El Niño years, if
the warming signal is concentrated in the central Paci� c (CP El
Niño), the MJO is strengthened (Pang et al. 2016). If the warm-
ing spreads to the east Paci� c (EP El Niño), the MJO is weak-
ened instead. This is consistent with observations showing that
the MJO weakened during the strong El Niño events of 1982/83
and 1997/98 (Hendon et al. 1999). The QBO wind anomalies
are weaker and propagate downward more rapidly during El
Niño ( Taguchi 2010). In addition, the phase of the QBO winds
does respond to strong El Niño forcing in a numerical simula-
tion ( Christiansen et al. 2016). Analysis of observations for
1957–2007 shows that the response of the QBO to strong El
Niño forcing emerges after 1979 when the relevant satellite
measurements became available (Gar� nkel and Hartmann
2007). These suggested connections between ENSO, the MJO,
and the QBO lead us to hypothesize that the observed QBO–
MJO correlation may stem from their individual connections
with ENSO or, more generally, with the SST.

In this work, we utilize both observations and simulations
to investigate mechanisms by which the SST might play a role
in the observed QBO–MJO connection (Yoo and Son 2016;
Zhang and Zhang 2018; Nishimoto and Yoden 2017; Marshall
et al. 2017; Son et al. 2017; Martin et al. 2021c). Zhang and
Zhang (2018) showed the SST composites for QBOE minus
QBOW in the Indian Ocean and west Paci� c and indicated a
possible relation to the Indian Ocean dipole. We note that a
possible role for ENSO in the QBO –MJO relation is not in
agreement with the � ndings of Nishimoto and Yoden (2017)
and Son et al. (2017)that this link exists during DJF months
that are in the neutral phase of ENSO. We examine global
SST composites for QBOE and QBOW and show that the
QBOE SST composite is remarkably similar to the La Niña
composite.

We discuss two mechanisms by which the SST may modulate
the QBO–MJO link during DJF. These are illustrated in Fig. 1.
The � rst possibility, shown in Fig. 1a, is that the phase of the
QBO is in � uenced by the phase of ENSO, and that the observed
MJO power anomalies during DJF are actually produced by the
SST anomalies associated with ENSO during DJF. The second
possibility, shown in Fig. 1b, is that the QBO � rst in� uences the
SST, possibly with an ampli� cation due to the Bjerknes feedback,
and the SST, in turn, affects the MJO. Our results are incon-
clusive, partially because our model, like others, is unable to

successfully simulate the QBO–MJO link. Yet, we feel that
the evidence we present is intriguing. Our work adds to the list
of suggested mechanisms for the QBO–MJO connection, even
if our idea, like others proposed previously, remains unproven
at this point.

2. Methods

a. Observations

We analyzed data from the ERA-Interim reanalysis of the
European Centre for Medium-Range Weather Forecasts (years
1979–2014; Dee et al. 2011) for diagnosing stratospheric and
tropospheric winds and SST. We use daily data for calculating
the MJO power and monthly data for other purposes. Subsur-
face ocean temperatures along the equator are diagnosed using
the Ocean Reanalysis Pilot 5 (ORAP5; Zuo et al. 2017). We
also used the NOAA daily-mean outgoing longwave radiation
(OLR; Schreck et al. 2018; Wang et al. 2021).

b. Simulations

We also analyzed simulations performed with a modi� ed ver-
sion of the Community Earth System Model (CESM), version 2
(Danabasoglu et al. 2020). The modi� ed model, which we refer to
as 83LCESM2, was developed by the CESM Vertical Grid Task
Team. It uses the� nite-volume dynamical core with a nominal 18
horizontal resolution and 83 layers, with its top at 0.008 hPa, and
the physics from the Whole Atmosphere Community Climate
Model, version 6 (WACCM6; Gettelman et al. 2019), with pre-
scribed chemistry. The parameters for the convective gravity wave
momentum transport parameterization were changed from those
of the default WACCM6 physics package so as to obtain a realis-
tic QBO.

Figure 2 shows model diagnostics of the MJO, QBO, and
ENSO, based on a 98-yr coupled preindustrial simulation. Model
83LCESM2 produces a reasonable simulation of the MJO as
evidenced in the Wheeler and Kiladis (1999) diagram shown in
Fig. 2a. Figure 2b shows that the amplitude of the QBO variability
calculated using Fourier decomposition following Dunkerton and
Delisi (1985) is consistent with reanalysis. The Hovm̈oller plot

FIG. 1. An overview of the two mechanisms examined in the text by
which the SST might affect the QBO–MJO connection.
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shown in Fig. 2cshows a realistic QBO signal in the zonally aver-
aged zonal velocity. The period of the QBO in this simulation is
approximately 23 months, a little shorter than the average ob-
served QBO period of 28 months. The simulated Niño-3.4 time
series, shown inFig. 2d, is somewhat realistic, but weaker than ob-
served. Additional numerical experiments with speci� ed SSTs are
discussed later.

c. QBOE and QBOW events

Composite QBOs were constructed from the observed and
simulated zonal wind data using the following procedure.
First, the long-term mean, the secular trend, and the average
seasonal cycle were removed from the data. The long-term
mean and the seasonal cycle were removed by computing the

long-term means for each of the 12 months and subtracting
them from the corresponding monthly values for the individ-
ual years. Next, a bandpass Butterworth � lter was applied,
with cutoffs at 20 and 36 months. We will call this the QBO
� lter. We computed an area-weighted average of the� ltered
data over all longitudes and from 108S to 108N. The wind data
as processed above, depend only on height and time and are
referred to below as the “ QBO- � ltered zonal winds.”

A given time is considered part of a QBOE event when the
QBO- � ltered zonal wind at 50 hPa is more negative than
2 5.0 m s2 1. For each string of one or more consecutive
QBOE months, we identify the central month, which is as-
signed lag 0. The central month does not necessarily have the
strongest signal and it does not need to be within DJF; it is

FIG . 2. The 83LCESM2 simulation of the MJO, QBO, and ENSO: (a) A Wheeler –Kiladis (zonal wavenumber–frequency normalized
OLR power spectrum) diagram showing a somewhat realistic MJO signal. (b) The amplitude [i.e., Fourier amplitude, following Dunkerton
and Delisi (1985)] of the QBO in meters per second as a function of pressure (hPa). (c) The zonal-mean zonal wind averaged between 58S
and 58N. (d) The simulated Niño-3.4 SST time series, showing the ENSO signal. The red and blue dots mark the central months of the El
Niño and La Niña events, respectively, used in the analysis described in the text.
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simply in the middle of the consecutive string. We then com-
pute the mean over all QBOE events of the QBO- � ltered
zonal winds for lags of 6 14 months relative to the central
months. This yields a 29-month composite QBOE.

Similarly, a QBOW event occurs when the QBO-� ltered zonal
wind at 50 hPa is larger than 5.0 m s2 1. We follow the procedure
described above to de� ne QBOW events and composites rela-
tive to those events. Based on these criteria, the ERA-Interim
record contains 10 QBOE events and 16 QBOW events. As
mentioned above, the period of the QBO in the 98-yr simulation
is approximately 23 months. We� nd that the simulation contains
30 QBOE events and 34 QBOW events.

We also composite the SST for performing atmosphere-
only simulations with prescribed QBO SSTs. The SST compo-
sites for QBOE (or QBOW) are obtained by averaging over
all Januaries, Februaries, and so on, that satisfy the QBOE
(QBOW) criteria, creating a composite seasonal cycle for
each event that is then prescribed in the model run.

d. El Niño and La Niña events and composites

To calculate the stratospheric (and tropospheric) zonally
averaged zonal wind composites based on ENSO, the
monthly mean SST was averaged for the Niño-3.4 region
(58S–58N, 1208–1708W). Note that the Niño-3.4 SSTs have al-
ready been deseasonalized. El Niño months were de� ned as
those for which the Niño-3.4 temperature anomaly exceeds
0.5 times the average standard deviation over the entire Niño-3.4
time series. Similarly, La Niña months were de� ned as those
for which the Niño-3.4 temperature anomaly is more negative
than 2 0.5 times the temporal standard deviation. Based on these
criteria, the ERA-Interim record contains 10 El Niño events and
10 La Niña events, and the 98-yr simulation contains 22 El Niño
events and 25 La Niña events.

A central month was chosen for each El Niño or La Niña
event. The central month does not necessarily have the stron-
gest signal. The mean zonal wind at various levels is composited
for all central months chosen and assigned a lag 0. We similarly
composite the zonal winds for each of the 14 months prior and
the 14 months after each central month. The earlier and latter
parts of 29-month composites for El Niño events may contain
some signal of La Niña if the El Niño event is short.

We also composite the SST for performing atmosphere-
only simulations with prescribed El Niño and La Niña SSTs.
The SST composites for El Niño (or La Niña) are obtained by
averaging over all Januaries, Februaries, and so on, that sat-
isfy the El Niño (or La Niña) criteria, creating a composite
seasonal cycle for each event that is then prescribed in the
model run. In this way, we create composite SST seasonal
cycles centered on El Niño and La Niña events.

e. A measure of MJO power

Following Kim et al. (2020), we calculated the DJF-averaged
MJO power for each year as a function of longitude and latitude
using the following procedure. We computed a measure of
MJO power from the observed and simulated OLR data, fol-
lowing Wheeler and Kiladis (1999). The same procedures were
used for the observations and simulations. The full time series

were detrended, rather than 96-day overlapping segments as in
Wheeler and Kiladis (1999). The monthly climatology (seasonal
cycle) was removed by computing the long-term means for each
of the 12 months and subtracting them from the corresponding
monthly values for the individual years. Five percent of the data
were tapered to zero at the ends of the time series to minimize
spectral leakage. After tapering, a complex fast Fourier trans-
form was performed, and the wavenumber–frequency data
were � ltered to retain only the eastward propagating coef� cients
for 20–100-day periods and wavenumbers 1–5. We refer to the
result as the MJO-� ltered OLR. The MJO power at a given
grid point is then de� ned as the standard deviation (not the vari-
ance) of the MJO-� ltered OLR across all December–February
(DJF) days that fall into a particular category, e.g., DJF days for
all years, DJF days for QBOE years, or DJF days for QBOW
years.

f. Maximum covariance analysis (MCA)

We use MCA to analyze the covariance of the monthly SST
and the MJO power. While principal component analysis
(also known as empirical orthogonal functions) analyzes the
modes of variability of a single � eld (say monthly SST), MCA
examines the covariance between two different� elds, in our
case, the monthly SST and the MJO power during DJF only.
The analysis proceeds by� rst placing the data from all M SST
grid points and N DJF months into an M 3 N data matrix T
whose columns are the monthly values of the SST, and the
MJO power from L grid points into a second L 3 N matrix P.
The M 3 L covariance matrix of the two � elds is calculated as
C 5 TPT/N. Then, the singular value decomposition (SVD) of
the covariance matrix, C 5 USVT is calculated. The columns
of U and V represent the spatial patterns of the covariability
between the two � elds. In particular, the � rst U vector shows
the spatial pattern of SST correlated with the spatial pattern
of MJO power shown by the � rst V vector, and these two� rst
vectors represent the most correlated patterns of the two
� elds. The singular values inS provide information about the
percentage of covarianceexplained by each pair of U, V vec-
tors, and one can also� nd out how much of the variance of
each � eld is explained by each of these vectors (Bretherton
et al. 1992).

To determine the statistical signi� cance of the difference in
MJO power between QBOE and QBOW, we used a boot-
strapping method as follows. As mentioned above, there are
10 QBOE years and 16 QBOW years in the 35-yr record. We
randomly sample 26 (5 10 1 16) years of DJF data, allowing a
given year to be sampled more than once (i.e., sampling with
replacement). The � rst 16 years were arbitrarily denoted as
“ QBOW ” and the remaining ten as“ QBOE. ” The MJO power
was computed for the “ QBOE ” and “ QBOW ” DJFs at each
longitude and latitude. This random sampling procedure was re-
peated 1000 times to obtain a set of MJO power with random
QBO phases. To measure the statistical signi� cance, we com-
puted the 10th and 90th percentile of the 1000 samples, and stip-
pled areas where the MJO power difference is positive and
above the 90th percentile of the 1000 samples, or negative and
smaller than the 10th percentile. This bootstrapping test was
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applied to both the simulations and observations. A very similar
bootstrapping method is used to determine the statistical signi� -
cance of the difference in MJO power between El Niño and La
Niña events.

3. Results

a. Observations

To explore the possible role of the SST in coupling the QBO
and the MJO, we constructed global composite SST anomalies for
QBOE and QBOW events. The anomalies are computed relative
to the mean over the entire dataset.Figures 3aand 3b show the
anomalies for QBOE and QBOW events using only DJF data.
The corresponding anomalies for El Niño and La Niña are shown
in Figs. 3cand 3d. There is a remarkable similarity between the
SST composites for QBOE and La Niña (cf. Figs. 3a,c). The pat-
terns resemble each other even in areas far outside the Equatorial
Paci� c, including the mid- and high-latitude Paci� c, as well as the
Atlantic and Indian Oceans; the global spatial correlation is 0.66.
In contrast, there is much less similarity between the SST compo-
sites for QBOW and El Niño (cf. Figs. 3b,d), which have a global
pattern correlation of only 0.22. The El Niño anomaly is nearly
1808 out of phase with the La Niña anomaly, but the QBOW
anomaly does not resemble minus the QBOE anomaly. The

QBOW anomaly only slightly resembles the El Niño anomaly.
Among the 10 QBOE DJF events, seven occur when Niño-3.4 in-
dex is negative, while only three occur during the positive ENSO
phase. Although not all strong La Niña events coincide with
QBOE events, it does seem that, when La Niña and QBOE hap-
pen together, the La Niña is particularly strong (not shown), sug-
gesting a QBOE–La Niña link. See Zhang and Zhang (2018)for a
closely related analysis.

Figures 4aand 4b show the DJF MJO power averaged over
the QBOE and QBOW events from reanalysis, and Fig. 4cshows
the difference between the two. The results are consistent with
Yoo and Son (2016), showing more MJO power during QBOE,
and less power during QBOW. The existence of a clear QBOE
SST signal and its similarity to the La Niña SST signal suggests
that the MJO power difference between QBOE and QBOW
may, in fact, be driven by SST differences. Possible mechanisms
for the QBOE and QBOW SST differences are discussed below.

We next used a maximum covariance analysis (Bretherton
et al. 1992) to quantify the connection between the SST and
the MJO power, as explained in section 2f. We � rst apply a
Butterworth � lter to both the MJO power and the SST, to
focus on the ENSO signal, with periods in the range of
36–60 months. We call this the ENSO� lter. Figures 5aand 5b
show the MCA results. Figure 5a shows the � rst SVD vector

FIG . 3. (a) Observed global QBOE SST anomalies relative to climatology, (b) observed QBOW SST anomalies relative to climatology,
(c) observed global La Niña SST anomalies relative to climatology, and (d) observed global El Niño SST anomalies relative to climatology.
All panels are based on DJF data only.
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corresponding to the SST, which is characterized by an east–
west dipole structure in the west Paci� c and Indian Ocean, and
strong La Niña–like SST cold tongue along the equator to the
east. The SST signal in the Indian Ocean is reminiscent of
the Indian Ocean dipole (Saji et al. 1999) that is likely at least
partially correlated with ENSO ( Zhao and Nigam 2015).
Figure 5b shows that the corresponding ENSO-� ltered MJO
power � rst SVD mode shows reduced MJO power over the
so-called Maritime Continent. Both the SST and MJO power
structures in Figs. 5aand 5b are consistent with those of La
Niña minus El Niño shown in Figs. 3c and 4f, respectively.
These leading MCA modes explain 74% of the covariance be-
tween the MJO power and SST � ltered � elds, as well as 54%
of the variance of the SST and 18% of the variance of the
MJO power. The signi� cant percentages of both covariance
and variance explained by the� rst SVD mode suggest a nonne-
gligible connection between the MJO power and the SST when
both are ENSO-� ltered. The MCA analysis thus con� rms that
there is a connection between SST and MJO power on ENSO
time scales, as previously discussed byTang and Yu (2008), Chen
et al. (2015), Schirber (2015), Pang et al. (2016), Wang et al.
(2018), Sun et al. (2019), andHendon et al. (1999).

Figures 5c and 5d show the corresponding results when
the QBO � lter is used. The east–west SST dipole pattern is

similar to that on ENSO time scales except in the east Indian
Ocean and around the Maritime Continent (cf. Figs. 5a,c).
The corresponding MJO power patterns on ENSO and QBO
time scales are different (Figs. 5b,d). The MCA pattern of the
MJO power on QBO time scales (Fig. 5d) shows an overall
positive anomaly over much of the Indian Ocean, although it
is close to zero over the Maritime Continent. This pattern is
reminiscent of the MJO power composite for QBOE minus
QBOW that one would want to explain (again, precluding the
Maritime Continent, Fig. 4c), supporting a possible role for
the SST. In this case, the leading MCA mode explains 60% of
the covariance between the two � elds, indicating that it ac-
counts for much of the QBO –SST connection on QBO time
scales as well. The SST pattern also explains 46% of the vari-
ance of the SST itself. The large fraction of SST variability ex-
plained by the SST SVD models on both ENSO and QBO
time scales is likely due to the fact that these SST patterns are
similar to those of ENSO, which is known to account for a
large part of the SST variance. Last, 24% of the variance of
the QBO- � ltered MJO power is explained by the pattern that
is involved in the covariance with the SST, again a nonnegli-
gible part of the MJO power variability. For completeness,
Figs. 5eand 5f show the same analysis without� ltering, i.e.,
including all time scales.

FIG . 4. Observed MJO power for QBO and ENSO years: Observed (a) QBOE and (b) QBOW DJF MJO power ( section 2). (c) The dif-
ference of (a) 2 (b). (d) La Niña and (e) El Niño MJO power (composite restricted to DJF and based on Niño-3.4). (f) The difference of
(d) 2 (e). Hatching shows statistical signi� cance (above 90%) based on bootstrapping, as described in the text.
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Note the differences in the patterns between Figs. 4b and
3f, where the longitude of the maximum negative signal is dif-
ferent. One expects these analyses to be similar, as both look
at the relation between SST and MJO power, and indeed the
patterns are related. However, Fig. 3f shows the effects of
ENSO SST speci� cally, while Fig. 4b shows the general rela-
tion between SST and MJO power: hence, the difference.

Overall, the MCA analysis suggests that MJO power and SST
are strongly linked on the ENSO time scale, as also pointed out
by the earlier works cited above. More relevant to our purpose
here, we also note that MJO power and SST are strongly linked
on the QBO time scale, a connection that, as far as we know,
has not been discussed previously. This MJO–SST link on the
QBO time scale, which is the focus of this paper, may be part of
the mechanism that gives rise to the QBO–MJO connection.
The above composite and MCA analyses are not conclusive due
to the short and noisy observed record, but they do strongly sug-
gest a role for the SST. The correlations that we have identi� ed
do not imply causality and do not address the mechanism
through which the SST affects the MJO power. We attempt to
address these issues further through the simulations discussed
below.

b. Simulations

We used 83LCESM2 (seesection 2) to further study the
role of the SST in mediating the QBO –MJO power connec-
tion. The results are shown in Fig. 6, which should be com-
pared with Fig. 4. The simulated MJO power is strongest over
the central Indian Ocean, while in observations the maximum
power region extends all the way from the central Indian

Ocean to east of the Maritime Continent. We return to this
difference below. Figure 6c shows that the coupled model
simulates a very weak MJO power signal for the difference of
QBOE minus QBOW over the Maritime Continent and the
Indian Ocean. These simulated signals do not agree with the
observed signals shown inFig. 4c). We thus � nd ourselves in a
position similar to that of previous authors who struggled to
study the observed QBO–MJO connection with similar global
models (Lee and Klingaman 2018; Lim and Son 2020; Kim
et al. 2020; Martin et al. 2021c).

Figure 7 shows the QBO and ENSO SST anomalies for
DJF, as simulated by the coupled model, for comparison with
the observations shown inFig. 4. The simulated La Niña and
El Niño signals are strong. They also show an Indian Ocean
signal that projects on the Indian Ocean dipole pattern (Saji
et al. 1999), and we discuss below a possible role for the Indian
Ocean thermocline depth and its feedback on the SST. The
simulated SST anomalies for QBOE and QBOW are signi� -
cantly weaker than observed. There is a weak negative SST
signal in the central equatorial Paci� c for QBOE ( Fig. 7a) that
is of the same sign as the simulated La Niña SST anomaly. The
global pattern correlation between Figs. 7a and 7c is 0.24.
While it is disappointing that the model does not simulate the
observed QBO–MJO connection, the fact that it also does not
show the strong observed SST signal of QBOE is at least con-
sistent with our hypothesized role for the SST in bringing
about the observed QBO–MJO connection. In other words, it
is possible that the model fails to simulate the observed QBO–
MJO connection becauseit fails to simulate the observed SST
signal of QBOE.

FIG . 5. Maximum covariance analysis of SST and MJO power: (a) The� rst SST SVD mode pattern (nondimensional), calculated based
on ENSO-� ltered SST (Butterworth- � ltered with cutoffs of 36 and 60 months). (b) The � rst MJO power SVD mode pattern, with variance
based on an ENSO time scale in the range of 36–60 months. (c) The � rst SST SVD mode based on the QBO-� ltered SST (Butterworth of
20–36 months). (d) The � rst MJO power SVD mode pattern, based on a QBO time scale in the range of 20–36 months. (e),(f) The same re-
sults with no � ltering.
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To further investigate this possibility, we performed experi-
ments using 83LCESM2 with prescribed SSTs, using several
prescribed seasonally varying monthly SST datasets, which
were created by compositing the ERA-Interim SSTs. We per-
formed two 10-yr simulations driven with the prescribed SSTs
for QBOE and QBOW (see section 2c). We also performed
two longer, 20-yr simulations, required due to the longer
ENSO time scale, driven with the SSTs composited over the
observed La Niña and El Niño events (see section 2d). The
overall MJO power in these uncoupled simulations (not
shown) is much weaker than in the coupled simulation dis-
cussed earlier, as has been found in previous studies of un-
coupled atmospheric models with prescribed SSTs (e.g.,
Woolnough et al. 2007).

For ease of comparison with the observations and the results
from the coupled model, Figs. 8a and 8d are repeated from
Fig. 4, and Figs. 8band 8e are repeated from Fig. 6. Figure 8c
shows the difference in MJO power between the uncoupled
QBOE and QBOW simulations. The model produces a mod-
est enhancement of MJO power with prescribed QBOE SSTs,
relative to prescribed QBOW SSTs.

The simulated enhancement of the MJO power during
QBOE, as seen in Fig. 8c), is strongest near the Maritime
Continent, and does not extend as far west as the observed
enhancement (cf. Figs. 8a and 4c). The amplitude of the

simulated enhancement is also weaker than observed. Never-
theless, the results with the speci� ed SST anomalies are much
more realistic than those from the coupled model (Fig. 8b).

In Figs. 8a–c, the annual-mean background MJO power is
shown using contours. The enhanced QBOE power shown in
Fig. 8a (the observations) and Fig. 8c (the uncoupled model)
are approximately collocated with the annual-mean back-
ground MJO power, so the errors in the location of the MJO
power enhancement shown inFig. 8cmay stem from errors in
the location of the background power.

The results shown inFig. 8 suggest that the SSTs produced
in the coupled simulation contribute to and perhaps even ex-
plain the failure of the coupled simulation to reproduce the
observed QBO–MJO connection. It is consistent with our hy-
pothesis that the in� uence of the QBO on the SST leads to
the observed MJO power differences between QBOE and
QBOW. The inability of the coupled model to simulate the
QBO –MJO connection could imply that the simulated SST
does not respond to the QBO. We will discuss possible mech-
anisms later in this paper.

Figure 8f shows the MJO power difference between an un-
coupled model run with prescribed observed composited La
Niña SSTs and a corresponding run with prescribed observed
composited El Niño SSTs. The simulated MJO power differ-
ence between these uncoupled simulations is similar to both

FIG. 6. As in Fig. 4, but for the coupled 83LCESM2 simulation.
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