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During the 1960s and 1970s, expanding observational 
data sets drove the discovery of several climatic pat-
terns and oscillations1–6. One such pattern was the 
quasi-​biennial oscillation (QBO)7–10, a descending 
reversal of the zonal-​mean zonal wind in the tropi-
cal stratosphere, which alternates between an easterly 
(QBOE) and westerly (QBOW) phase over a period 
of ~20–30 months3,9 (Fig. 1a). Through thermal wind 
balance, these downward-​propagating wind signals — 
descending at a rate of ~1 km per month — are accom-
panied by equatorial temperature anomalies of ~1–2 K 
that are negative during QBOE phases and positive 
during QBOW phases9. While disruptions to the QBO 
cycle have occurred11,12, the reliability of the oscillation 
makes the QBO one of the most predictable features of 
the tropical atmosphere13. The QBO is also theoretically 
well understood; tropospheric atmospheric waves pro
pagate upward into the stratosphere, interacting with 
and depositing momentum into the stratospheric mean 
flow and driving the oscillation9,14–16.

In addition to the QBO, the expansion of observa-
tions in the 1960s and 1970s also aided the discovery 
of the Madden–Julian oscillation (MJO)17–19. The MJO 

describes a complex of wind and convection, primarily  
in the troposphere, that slowly propagates eastward 
at ~5 m s−1 from the tropical Indian Ocean into the 
western Pacific19 (Fig. 1b). An MJO event consists of 
large-​scale regions of both enhanced and suppressed 
convection over 1,000-​km spatial scales (termed  
the active phase and suppressed phase, respectively). The 
active phase is associated with convergent zonal winds 
in the lower troposphere and divergent winds aloft, and 
the suppressed phase is associated with opposing wind 
conditions (Fig. 1b) that, together, can be on the scale 
of 5,000–10,000 km in the tropics. The MJO fluctuates 
on subseasonal timescales with a variable period of 
30–90 days, and exhibits seasonal and interannual varia-
bility in its strength and structure20–22. Its well-​organized 
tropical convection and circulation patterns further 
lead to a host of climate impacts around the world via 
atmospheric teleconnections23, making the MJO one of 
the most important sources of subseasonal-​to-​seasonal 
(S2S; about 2 weeks to 2 months) predictability in the 
tropics and mid-​latitudes24,25.

While the QBO and MJO have been studied inde-
pendently for decades, in 2016, it was proposed that these 
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two modes of variability might be linked26. It appears, 
for example, that up to 40% of the year-​to-​year vari
ability in boreal winter (herein December to February) 
MJO activity is related to the QBO27, with a stronger 
and slower MJO during QBOE winters compared with 
QBOW winters (defining the QBO based on the trop-
ical wind at 50 hPa)26,27. The QBO also modulates S2S 
predictability of the MJO28, as well as related pheno
mena in both the tropics and mid-​latitudes, in ways 
that could have societal implications for water resource  
management, energy, infrastructure or agriculture24,25.

While the QBO–MJO link appears quite strong,  
the contrasting characteristics between the QBO and the 
MJO (namely, that the QBO is primarily stratospheric 
and the MJO is mainly tropospheric), the absence of 
theory linking the MJO to stratospheric processes29 and 
the small effect of the QBO on other modes of tropi-
cal convection30–36 make the mechanisms driving this 
apparent coupling unclear. Moreover, climate models 
are generally unable to simulate a robust QBO–MJO 
relationship, challenging conceptions of the observed 
link and reducing confidence that models correctly 
capture key physical processes in the tropics37–40. Thus, a 
wealth of literature has emerged to better understand the  
QBO–MJO connection, its mechanisms and its impacts.

In this Review, we synthesize understanding of the 
QBO–MJO connection. We begin by examining obser-
vational and modelling evidence for QBO–MJO cou-
pling. We then discuss the potential mechanisms driving 
such a link, before following with the implications for 
S2S forecasts and MJO teleconnections. We end with 
discussions of future research priorities.

The QBO–MJO relationship
While observational evidence for a QBO–MJO link  
was first presented in the early 1990s41, the topic 
received renewed observational and modelling interest 
in 2016 (ref.26).

Observational features. The coupling between the 
QBO and the MJO exhibits pronounced seasonality. 
Significant relationships are apparent only during boreal 
winter, spanning December to February, although con-
nections also hold through to March (Fig. 2a). The linear 
correlation between QBO phases (defined at 50 hPa) and 
MJO strength, as measured by the seasonal mean ampli-
tude of daily MJO indices, is ~−0.5 during this season, 

which is statistically significant above the 95% confi-
dence level (Fig. 2a). Although a possible connection has 
been suggested during boreal summer42, this relation-
ship is substantially weaker than that observed during 
winter, and exhibits pronounced decadal variability43. 
Thus, unless otherwise stated, all following discussion 
of the QBO, QBOE and QBOW will refer explicitly 
to boreal winter, when robust QBO–MJO coupling  
is evident.

While the wintertime QBO–MJO connection is seem-
ingly a stable feature in the present climate, the coupling 
exhibits temporal variability over the twentieth century. 
In particular, as revealed by various analysis methods 
and data sets, their strong and significant relationship 
is only evident since the mid-​to-​late 1980s36,44 (Fig. 2b). 
It is thought that anthropogenic climate change —  
in particular, sensitizing MJO activity to the QBO via 
cooling of the tropical lower stratosphere and warming 
of the upper troposphere44 — or a change in the vertical 
structure of the MJO36 might have permitted the emer-
gence of the QBO–MJO connection at this time; both 
hypotheses are yet to be confirmed. Moreover, owing 
to sparse data records, it is difficult to reliably measure 
any QBO–MJO connection prior to the 1970s, and, 
thus, determine, with confidence, whether the link does  
disappear further back in time.

Nevertheless, a robust coupling between the QBO 
and the MJO exists in the present climate, as evident 
in their significant negative correlation (Fig. 2a). This 
connection manifests as a more active26,27 and slower27 
MJO during QBOE compared with QBOW (Fig. 3). For 
example, MJO amplitude, as measured by an outgoing 
longwave radiation (OLR)-​based MJO index, is 1.96 
for QBOE, 1.35 for QBOW and 1.58 for all winters26. 
Accordingly, MJO-​related precipitation anomalies (a 
function of convective activity), tend to be ~20–40% 
larger for both active and suppressed phases during 
QBOE26 (Fig. 3). These changes are partly thought to be 
related to more organized and consistent MJO behav-
iour, and an interrelated 10-​day increase in the MJO 
period during easterly QBO phases27. However, there is 
subtle disagreement on whether it is best to characterize  
the MJO change on the basis of its amplitude, MJO 
activity level, duration of events45 or as a combination of 
these factors46. Regardless, several observational analy-
ses, which differ in their definitions of the QBO and the 
MJO, as well as their analysis methods, lend support to 
strong wintertime changes in the MJO associated with 
the QBO42,45–47.

The QBO connection to tropical convection is also 
unique to the MJO. For instance, the QBO has only a 
small impact on seasonal-​mean tropical convection: 
during QBOE, boreal winter mean convection is slightly 
stronger in the western Pacific and weaker in the eastern 
Pacific27,33,34, but changes do not appear to be statistically 
significant27. Furthermore, the QBO shows no statisti-
cally significant link to El Niño–Southern Oscillation 
(ENSO)30 nor to other modes of tropical variability35,36, 
such as convectively coupled equatorial waves48. 
Moreover, while a QBO impact on tropical cyclones was 
noted in the 1980s49 (Atlantic tropical cyclone activity 
was higher when the QBO at 30 hPa was westerly), that 
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relationship has since disappeared over approximately 
the same time the QBO–MJO link has emerged31.

Modelling the QBO–MJO connection. Climate mod-
els, were they able to capture a QBO–MJO connection, 
might prove useful in helping understand the three key 
observational features of the QBO–MJO connection: the  
seasonality, the emergence after the late 1980s and  
the uniquely strong connection to the MJO but not 
to other modes of convective variability. Moreover, 
modelling the relationship could allow more in-​depth 
quantification of the QBO–MJO link, as well as guide 
understanding of any projected future changes and 

of the physical drivers. Yet, despite contemporary 
improvements50,51, models are historically deficient in 
simulating the QBO and MJO individually9,19,52–55, pre-
senting challenges in investigating their interrelation-
ship. Indeed, no numerical model to date has been able 
to capture the statistics of the QBO–MJO link as robustly 
as observed.

The most promising simulations of the QBO–MJO 
connection have come from global forecast models, 
particularly those optimized for S2S timescales28,43,56–59. 
The majority of these models are able to qualitatively 
reproduce the QBO–MJO relationship, but the ampli-
tude of their simulated changes in the MJO are less than 
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Fig. 1 | the QBo and the mJo. a | Monthly-​mean zonal winds from radiosonde observations at the Singapore sounding 
site as an indication of stratospheric quasi-​biennial oscillation (QBO) winds. The wind direction (phase of the QBO) 
changes every 10–15 months, with signals propagating downward from the upper stratosphere to the tropopause at 
100 hPa (~17 km). White contours show 10 m s−1 intervals, with negative contours dashed. b | Outgoing longwave radiation 
(OLR; bandpass filtered at 20–100 days as contours)113 and zonal wind anomalies114 at 850 hPa (~1.5 km) and 200 hPa 
(~12 km), averaged over 5° S–5° N. Active phases of the Madden–Julian oscillation (MJO) (blue shading with dashed 
contours in the left panel), propagating eastward in time, are evident around 70–90° E in late October–early November 
and late November–early December.
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half of the observed change56,57. However, interpreting a 
QBO–MJO link in S2S models is complicated by their 
initialization from the observed state; any resulting 
QBO–MJO connection could arise from the model real-
istically representing the physical mechanism behind the  
connection58 or from the model simply maintaining 
the observed state containing the observed QBO–MJO 
connection43,56,59. Debate persists in this regard.

Global climate models (GCMs) are also limited in 
their ability to simulate the QBO–MJO connection37–40. 
For example, of the four CMIP5 and 13 CMIP6 mod-
els that possess a reasonable representation of the QBO 
and the MJO, none show a statistically significant dif-
ference in MJO activity between QBOE and QBOW 
phases38,39. Across all runs of 13 CMIP6 models, no sin-
gle ensemble member captures a relationship as strong 
as that observed over a comparable ~40-​year period to 
observations (Fig. 4), and sampling MJO activity changes 
in QBO neutral winters (where QBO winds are weak) 
confirms that any apparent QBO modulation is simply 
due to noise39. In individual ensemble member simu-
lations, increased MJO activity in GCMs is as likely 
during QBOW winters as it is during QBOE winters39,40. 
Moreover, even when a model shows a change in MJO 
activity of the same sign as that observed, its mag-
nitude is never more than half of the observed QBO 
modulation39,40.

The source of deficiencies in GCMs is still unclear, 
but might partly relate to low model resolution and para
meterized convection. Indeed, simulations performed 
with cloud-​permitting models (that can more realistically 
represent convective processes compared with GCMs) 
have shown promise in better capturing the QBO–MJO 
connection. A cloud-​permitting model without a cumu-
lus parameterization, for example, can simulate a system-
atically weakened MJO during a stronger-​than-​observed 

imposed QBOW phase compared with a QBOE phase, a 
modulation consistent with observations, albeit weaker60. 
Furthermore, idealized experiments have identified a 
QBO impact on a cloud-​permitting model’s MJO-​related 
convection, although the model QBO signals were 
larger in magnitude and lower in the atmosphere than 
observed61.

Model biases in the QBO and/or the MJO50,51 could 
further contribute to models’ inability to simulate QBO–
MJO coupling39,40. For example, models might have poor 
depiction of the MJO around the tropopause, inade-
quately capture the MJO influence on optically thin cir-
rus clouds62,63 or contain biases in the vertical structure 
of the MJO35,64. Similarly, models might exhibit biases  
in the strength or structure of the QBO in the lowest 
part of the stratosphere37,39,50 or omit other unknown 
processes around the tropopause, all of which could 
contribute to deficiencies in model simulations of the 
QBO–MJO link.

These general issues regarding model representation 
of QBO–MJO coupling, in addition to the seasonality 
and temporal variability of the QBO–MJO relationship, 
might spur scepticism that the entire relationship is a 
statistical fluke and/or lacks robustness. However, the 
QBO–MJO link has passed strict statistical tests that 
make it difficult to dismiss out of hand: the QBO–MJO 
correlation shows significance at a posteriori confidence 
levels, coinciding with a 99.85% a priori confidence26. 
The main aspects of the QBO–MJO connection have 
been confirmed in many instances and appear robust 
to the definition of the QBO or the MJO, the data set 
considered or the analysis method. Furthermore, a hint 
of a QBO–MJO relationship exists in cloud-​permitting 
models and in S2S forecast models, even if the rea-
sons why remain unclear. While GCMs have difficulty 
directly emulating the QBO–MJO relationship, they also 
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demonstrate that a link as strong as that observed seems 
unlikely to have occurred by chance39. The compilation 
of this evidence suggests that the QBO–MJO connection 

is real and that models are unable to simulate the rela-
tionship, owing to an absence of important physical 
processes.
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Possible mechanisms
The mechanism linking the QBO and the MJO must 
be able to explain its many features, including why the 
connection appears only in boreal winter, why the QBO 
effect on tropical convection seems unique to the MJO 
and why the connection emerged around the 1980s. To 
date, there is no consensus on a mechanism that can 
account for all such features. However, several hypo
theses have been proposed, including: QBO temperature 
stratification effects, cloud-​radiative feedbacks, QBO 
wind shear effects and QBO changes to vertical wave 
propagation, each of which is now discussed (Fig. 5). 
Implicit to all these hypotheses is the assumption that 
the QBO exerts a downward impact on the MJO, and 
not the MJO impacting the QBO. This direction of cau-
sality is suggested by lead-​lag relationships, which illus-
trate that QBO changes lead the MJO by ~2 months27. 
Further, there is no clear hypothesis for why MJO activity 
might vary approximately every 2 years independently  
of the QBO, which further favours the notion that 
the QBO–MJO relationship is driven by QBO signals  
subsequently affecting the MJO.

QBO temperature anomalies. The QBO tempera-
ture stratification mechanism has been the most fre-
quently studied pathway linking the QBO and the 
MJO27,35,36,40,61,64, building on the context of how the QBO  
might change seasonal-​mean convection32–34,65,66. The 
mechanism contends that, during easterly QBO phases, 
cold temperature anomalies driven by adiabatic cool-
ing destabilize the upper troposphere and lower strat-
osphere, promoting more vigorous deep convection, 
and, thus, stronger MJO events. The opposite conditions 
occur during westerly QBO periods: adiabatic heating 
leads to stabilization of the upper troposphere, reduced 
convection and, in turn, weaker MJO activity (Fig. 5).

This mechanism might explain several key aspects 
of the observed QBO–MJO relationship. The observed 
seasonality, for example, could be linked to the strongest 
MJO signals (in winter at the equator)19,67 co-​occurring 
in space and time with the strongest QBO temperature 
anomalies (in winter at the equator)9,68,69. When also 
factoring in that the tropopause tends to be highest and 
coldest during boreal winter70,71, it seems possible that 
MJO convection could reach higher altitudes, increasing 
the likelihood of interaction between QBO-​related and 
MJO-​related anomalies, and, thus, explaining wintertime 
coupling. Furthermore, the emergence of the connec-
tion in the late 1980s could be linked to anthropogenic 
forcing (namely, increasing greenhouse gases and ozone 
depletion)44,72 warming the troposphere and cooling the 
stratosphere since the mid-​twentieth century, decreas-
ing stabilization to allow for QBO–MJO coupling44. 
Finally, the uniqueness of the QBO connection to the 
MJO could be explained by the MJO’s vertical structure, 
which tends to be deeper, less tilted and has stronger 
local temperature anomalies than other modes of organ-
ized convection36,64. Deeper convection is more likely to 
feel the effects of QBO temperature signals at upper lev-
els, while the reduced tilt and stronger local temperature 
anomalies might further allow more local feedback 
between QBO temperature signals and MJO convection.

In addition to these observational characteristics, 
the inability of models to simulate the QBO–MJO 
link can also be justified by the temperature stratifi-
cation mechanism. Specifically, GCMs typically show 
weaker-​than-​observed QBO-​related temperature 
anomalies around the tropopause37–40,50, which could 
inhibit the subsequent effects on stabilization and the 
MJO. Indeed, a small-​domain cloud-​permitting model 
experiment illustrates that the magnitude of QBO-​like 
temperature anomalies can impact MJO convection61.
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However, several aspects of the temperature strati-
fication hypothesis are still tenuous or disputed. QBO 
temperature anomalies are typically small at the tropo
pause, with an average amplitude of less than 0.5 K 
at 100 hPa in winter. It is also not clear whether MJO 
convection reaches deep enough into the tropopause 
region frequently enough to be strongly affected by 
QBO temperature changes73. Furthermore, there is also 
disagreement as to whether the temperature mecha-
nism explanations for seasonality and emergence of the  
QBO–MJO connection posited previously are correct 
and supported by observed evidence36. For example, QBO 
temperature anomalies were strong during the period 
from 1958 to 1978 when the QBO–MJO link was weak, 
but weaker during 1978–1998 when the QBO–MJO  
link emerged36,68. Thus, it is difficult to attribute the 
emergence of the QBO–MJO link solely to QBO tem-
perature changes. In addition, a climate model with a 
reasonably simulated MJO and a stratosphere forced 
towards observations indicated that, even when QBO 
temperature signals are well represented, the model still 
lacks any QBO–MJO connection40. Errors in model 
simulation of QBO temperature anomalies are, there-
fore, not the only reason for models failing to capture 
the QBO–MJO relationship40.

QBO effects on high clouds. Since QBO temperature 
effects alone might not explain the QBO–MJO link, 
a related hypothesis emerged highlighting the poten-
tial importance of cloud-​radiative feedbacks, in parti
cular, owing to QBO changes in high cirrus clouds27,36,74. 
During QBOE winters, cold temperatures around the 
tropopause favour a ~20–30% increase in cirrus cloud 
fraction over the Indo-​Pacific warm pool compared with 
QBOW27. These clouds radiatively cool the lower strato-
sphere and warm the troposphere75–77, which might fur-
ther destabilize the upper troposphere to facilitate deep 
convection in QBOE. QBOW phases have the opposite 

effects: reduced upper-​level cirrus clouds anomalously 
warming the lower stratosphere and cooling the tropo-
sphere could stabilize the atmosphere and reduce MJO-​
related deep convection. Cirrus cloud changes could also 
affect the MJO through other pathways, for example, 
changing the diurnal cycle of convection74 and influ-
encing MJO organization74,78. Alternatively, they might 
cause other changes in cloud-​radiative feedbacks36, 
potentially altering large-​scale ascent and precipitation 
associated with the MJO65, increasing its amplitude.

Cloud-​radiative feedbacks are thought to be an 
important driving mechanism for the MJO itself79–86, 
and the MJO influences cirrus clouds during its life  
cycle36,62,63. Thus, any QBO-​related changes in high 
clouds and cloud-​radiative feedbacks — which 
strengthen 6% from QBOW to QBOE, although not 
statistically significant36 — might qualitatively support 
and partly explain the uniquely strong link between 
the QBO and MJO-​related convection. The sensiti
vity of cirrus clouds to the base state in the tropopause 
region87,88 could contribute to the wintertime seasonality.  
Moreover, the unique vertical structure of the MJO 
makes it more sensitive to cloud-​radiative feedbacks 
compared with other modes of organized convection36, 
and well-​documented deficiencies in simulating clouds 
with parameterized convection89 could explain the 
absence of a QBO–MJO connection in models. However, 
many of these hypotheses regarding the role of clouds 
remain relatively untested in models and observations, 
and clear, quantitative conclusions regarding the viability 
of a cloud-​related mechanism are still lacking.

QBO wind anomalies and other mechanisms. QBO 
wind anomalies have also been proposed as a poten-
tial influence on the MJO and its connection to the 
QBO. An early hypothesis, for example, contended that  
QBO-related changes in vertical wind shear near the 
tropopause might shear off cloud tops, impacting 

b QBOWa QBOE

Warmer, lower tropopause; enhanced stratification 

Decreased cirrus cloud

Decreased MJO
strength and activity

Faster eastward MJO propagation
Decreased MJO predictability

Colder, higher tropopause; reduced stratification

QBOE wind

Increased cirrus cloud

Increased MJO
strength and activity

Slower eastward MJO propagation
Increased MJO predictability

QBOW wind

Fig. 5 | Schematic illustration of the QBo–mJo connection. Mechanisms and impacts of quasi-​biennial oscillation 
(QBO)-​Madden–Julian oscillation (MJO) coupling during QBO easterly (QBOE; panel a) and QBO westerly (QBOW;  
panel b) winds.
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convective systems by limiting their ability to grow 
deep or organize coherently32,33. However, observa-
tional and modelling evidence provides little support for 
this theory as a mechanism explaining the QBO–MJO 
connection33,61: no observational evidence has shown 
that QBO winds shear off MJO convection, and a model-
ling experiment imposing various QBO-​like wind shear 
signals found no changes in the strength of MJO-​related 
convection61.

A further hypothesis discussed in the literature is 
that QBO wind anomalies affect the MJO by altering the 
behaviour of atmospheric waves excited by convection90. 
Modulation of vertically propagating waves by vertical 
shear in the equatorial stratosphere is central to the 
physical mechanism of the QBO14–16. It is possible that 
changes to wave breaking, propagation, reflection and/or  
attenuation in the tropics might affect the MJO. For 
example, QBO-​like wind shear in the lower strato-
sphere has been shown to alter small-​scale gravity wave 
reflection back into the troposphere in a high-​resolution 
model90. These gravity waves influence organized con-
vection in the model and favoured organized systems 
moving in the same direction as the stratospheric wind 
shear90. Other idealized, cloud-​permitting model experi
ments in which QBO-​like oscillations are generated 
internally have also illustrated impacts on organized con-
vection owing to wind shear, though not always shear in 
the stratosphere91,92. However, there have been few inves-
tigations of these mechanisms specifically in relation to 
the QBO–MJO link or which explain why the MJO is 
affected more than other organized convective modes.

Other mechanisms might also explain the QBO–
MJO link and additional hypotheses are still being 
formulated. These include, for example, the influence 
of ozone feedbacks38,93 or modulation of the MJO via 

QBO-​related changes in the extratropics94–96. To date, 
however, no proposed mechanism explains all aspects 
of the observed QBO–MJO coupling or accounts for 
why numerical models struggle to show a relationship.

Global impacts
The QBO–MJO connection has far-​reaching global 
impacts and is highly relevant to society through the 
ways in which it modulates prediction skill on S2S 
timescales.

Impacts on S2S prediction. A QBO modulation of MJO 
prediction skill was recognized shortly after the redis-
covery of the QBO–MJO link28. Specifically, S2S global 
forecast models exhibit improved MJO prediction skill 
during QBOE relative to QBOW43,57. Across models, the 
change in skill ranges from 5 to 10 days, with an aver-
age of 1 week (Fig. 6). Considering the maximum lead 
time of skilful MJO prediction is, at most, on the order 
of 4–5 weeks97, this 1-​week modulation by the QBO 
represents an ~25% improvement in MJO prediction 
skill. However, it is unclear how statistically significant 
these changes are. In at least one database of subseasonal 
forecast model experiments98, the QBO-​dependent MJO 
prediction skill change is not significant, especially in 
forecasts of more than 2 weeks59.

The ability of a forecast model to correctly simulate 
the QBO does not have a strong impact on the change 
in MJO prediction skill43,59, indicating that the model 
stratosphere might not be the main driver of changes 
in skill. Instead, part of the improved MJO prediction 
skill in QBOE versus QBOW arises from an increase in 
the number of strong MJO events during QBOE28,43,57, as 
strong MJO events are generally more predictable than 
weak ones97. Still, changes in MJO strength alone do 
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not entirely explain the QBO effect on MJO prediction 
skill28,43,57: subtle differences in the models’ tropospheric 
initial conditions between QBOE and QBOW (which 
are not well understood), as well as the increased con-
sistency of observed MJO propagation during QBOE 
winters, also contribute to prediction skill changes43.

The ramifications of the QBO–MJO connection 
have further importance for S2S predictions outside the 
tropics, specifically in the mid-​latitudes through atmos-
pheric teleconnections99–102. These include predictions 
of mid-​latitude geopotential height anomalies101, local 
precipitation102 and high-​impact weather features such 
as atmospheric rivers100. In the latter case, depending on 
the MJO phase and lead time, the inclusion of the QBO 
as a predictor in a statistical model sometimes doubled 
the skill in predicting atmospheric river activity in British 
Columbia and California compared with forecasts only 
using the MJO100. Similarly, including the QBO as a pre-
dictor of anomalous S2S rainfall in the USA increased the 
frequency with which skilful wintertime forecasts could 
be made over more than 80% of the USA and, in certain 
seasons and regions, increased the average success rate 
per forecast by more than 2% per opportunity102.

However, including the QBO as a predictor does 
not always improve mid-​latitude prediction skill, nor 
does it always change skill in the manner expected. In 
the above-​mentioned empirical S2S prediction model 
of US rainfall, for example, while including the QBO as 
a predictor improved model skill where it was high, it 
decreased performance in some cases where the model 
skill was modest or poor102. Furthermore, dynamical 
forecast models have shown that, depending on the 
region of interest, both QBOE and QBOW winters can 
lead to stronger MJO impacts on prediction skill of geo-
potential height in the mid-​latitudes than when QBO 
winds are weak101. The sensitivity of these results to 
particular regions, QBO phase, MJO phase and forecast 
lead times makes straightforward interpretation of how 
the QBO modulates S2S prediction skill difficult. Care 
should also be taken when interpreting dynamical mod-
els’ behaviour in different QBO phases: the uncertainty 
regarding why these models often fail to capture a strong 
QBO–MJO link suggests that the models might miss 
relevant processes. Still, in certain cases and applications, 
there is strong evidence suggesting that S2S prediction 
can be improved by considering the QBO state.

Impacts on teleconnections. In addition to changing 
MJO and S2S predictability, the QBO–MJO link also 
exerts a global influence through QBO-​related media-
tion of MJO teleconnections. For example, during QBOE 
winters, the MJO-​induced atmospheric Rossby wave 
train — a large-​scale pattern of alternating positive and  
negative pressure anomalies that impacts weather and cli
mate globally — becomes more pronounced and better 
organized than during QBOW winters27,103. Perhaps, in 
part through changes to this wave train, MJO-​related 
changes to the North Pacific storm track also show 
sensitivity to the QBO, becoming more longitudinally 
elongated and intense in QBOE than in QBOW104. 
Throughout the Northern Hemisphere extratropics 
more generally, upper-​tropospheric geopotential height 

variability is twice as strongly linked to the MJO during 
QBOE compared with QBOW105. QBO modulation of 
MJO teleconnections also has strong impacts around 
East Asia: circulation anomalies associated with the MJO 
in this region are stronger in QBOE27, and, depending on 
MJO phase, MJO-​related precipitation anomalies show a 
35–70% difference between QBOE and QBOW106.

Yet, like the QBO’s impact on S2S prediction skill, it is 
not always the case that MJO teleconnections are stronger 
in QBOE than in QBOW. For example, the MJO connec-
tion to upper-​tropospheric geopotential height variabi
lity in certain regions, like north-​western North America, 
is stronger during QBOW winters105. Furthermore, the 
amplitude of the North Atlantic Oscillation’s response 
to strong MJO activity in the Indian Ocean is ~50% 
stronger in QBOW than in QBOE107. While there is 
also some indication that the QBO might modulate the 
MJO’s connection to the Arctic Oscillation, the nature of 
that link varies depending on the phase of the MJO and  
the QBO108.

Overall, the varied nature of QBO impacts on dif-
ferent MJO teleconnections, and how that link depends 
on the MJO phase, makes it difficult to disentangle the 
mechanism explaining how the QBO modulates MJO 
teleconnections. It is likely that a combination of mul-
tiple factors is at play, depending on the particular tel-
econnection being considered: the QBO impact could 
stem from QBO-​induced changes to the MJO itself (such 
as changes in the strength of the MJO27 or how regu-
larly it propagates105), QBO changes to background state 
(such as the subtropical jet)105 or a combination of both.

Summary and future perspectives
The QBO–MJO link is a feature of the present climate 
system that is observationally nuanced and theoretically 
stimulating, pushing the limits of current modelling 
capabilities and possessing relevance to society. The key 
aspect of the QBO–MJO link, observed in many data 
sets and via many analysis methods, is that, when QBO 
winds in the lower stratosphere are easterly, the boreal 
winter MJO is much stronger and more active26,27,36,42,45–47 
(Figs 2,3). Accordingly, the MJO is more predictable by 
~1 week during QBOE phases28,43,57 (Fig. 6). In seasons 
aside from boreal winter, no strong QBO–MJO con-
nection is apparent, nor does it appear that these two 
phenomena were linked prior to approximately the 
1980s36,44 (Fig. 2b). Despite the strength of the observed 
QBO–MJO relationship, numerical models show a 
weak or absent connection37–40 (Fig. 4). Mechanistic 
explanations for the coupling have largely centred on 
QBO temperature-​mediated stability changes in the 
upper troposphere, but other mechanisms involving 
cloud-​radiative feedbacks, QBO wind anomalies and 
changes to wave propagation have also been proposed, 
and, at present, it is not clear what is driving the rela-
tionship. Further research is unquestionably vital in  
continuing to advance understanding on this topic.

Future observational work. A central focus of future 
observational research should be more detailed exami-
nation of the physical processes driving the QBO–MJO 
connection. Such work would have clear utility in ruling 
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certain hypotheses out, supporting others and setting 
clear benchmarks against which numerical models could 
be assessed. In particular, a coherent physical mecha-
nism for the QBO–MJO link should explain its myste-
rious aspects, especially its seasonality and why only the 
MJO is strongly affected.

Of the various physical mechanisms, more research 
on clouds and cloud-​radiative effects, especially associ-
ated with high cirrus clouds, would be particularly use-
ful. Examining the radiative properties of high clouds in 
relation to the MJO, and how they vary as the MJO and 
the QBO evolve, would provide more evidence of how 
much these clouds can impact the MJO. The causality of 
changes in clouds should be kept in mind, as it is possible 
that the increase in high clouds during QBOE winters 
could arise from stronger MJO events rather than cause 
changes to the MJO, though determining causality from 
observations is challenging and might require modelling 
experiments.

Regarding more dynamically driven mechanisms, 
more work should also be done to identify if and how 
the QBO controls wave propagation across the trop-
ical tropopause, and how this affects the tropospheric 
circulation, tropical convection and the MJO in parti
cular. For example, spectral analyses of wave momen-
tum fluxes109,110 in QBOE versus QBOW winters could 
illuminate wave-​mean flow interactions or wave modu-
lations associated with the QBO–MJO link. QBO wind 
anomalies might affect the vertical propagation of waves 
into the stratosphere, which might subsequently reflect, 
refract or feed back on the MJO. Work that convincingly 
connects idealized modelling results on these types of 
dynamical impacts on organized convection90–92 to the 
observed MJO would be highly insightful. Yet, a poten-
tial challenge in this regard is the lack of long-​term, 
high-​vertical-​resolution observations needed to study 
vertically propagating small-​scale waves, which might 
not be captured in reanalyses.

Observational analyses could further address why the 
QBO affects the MJO but not other modes of organized 
convection and continue to explore whether the QBO–
MJO link truly did not exist prior to the 1980s. Given the 
sparsity of observations over the pre-1980 period, exam-
ining QBO and MJO signals in other data sets aside from 
twentieth century reanalyses might impact the results; 
for example, research could use sounding data to track 
the behaviour of the QBO and the MJO and investigate 
whether any QBO–MJO link is observed.

The role of other tropical phenomena in driving or 
modulating the QBO–MJO link, in particular, ENSO, 
should also be explored more. While the QBO–MJO 
link is apparent even when strong ENSO seasons are  
excluded26,27,36,45,46, the role of ENSO in influencing or 
modulating the QBO–MJO connection should be stud-
ied further. A limited observational data span could 
make such analysis difficult, necessitating either novel 
analysis techniques or the use of numerical model 
experiments.

Future modelling work. As models struggle to capture 
the QBO–MJO link, an emphasis should be placed on 
modelling efforts. First and foremost, finding any model 

configuration that convincingly reproduces a strong 
QBO–MJO connection would represent a major step 
forward on this problem.

Analysis of why models fail to show a QBO–MJO 
link has largely highlighted deficiencies in simulating  
the QBO, especially QBO temperature anomalies  
in the lower stratosphere. This focus is logical, given the 
attention on the temperature mechanism, but it appears 
that even correcting QBO wind and temperature biases 
by nudging a model’s stratosphere towards observations 
does not improve the QBO–MJO link in the model40. 
Attention might be focused, therefore, on biases in sim-
ulating the MJO, in particular, deficiencies in models’ 
representations of the MJO’s vertical structure and its 
strength and propagation51. The absence of a QBO–MJO 
connection in models should provide further motivation 
to improve MJO simulation, perhaps with more focus on 
convective and dynamical processes in the upper tropo-
sphere. Other upper-​tropospheric or lower-​stratospheric 
biases in models could further be examined, including 
chemical, cloud and small-​scale wave processes that 
could be relevant directly to the QBO–MJO link, or 
contribute to model biases in other fields around the 
tropopause, such as temperature.

Another technical modelling issue that might be 
important in capturing the QBO–MJO link is the reso-
lution of climate models and their need to resort to para
meterizations. Cloud-​permitting models have shown 
somewhat promising results compared with models 
with parameterized convection60,61. A cloud-​permitting 
model with a weaker-​than-​observed QBO–MJO con-
nection had no QBO–MJO link when experiments 
were repeated at a coarser resolution with a cumulus 
parameterization60. Such work suggests that high reso-
lution might be necessary to faithfully represent convec-
tive processes and their interaction with the QBO. It is 
also possible that low model resolution might impact  
the ability of models to properly capture small-​scale 
gravity waves and any subsequent influence they have 
on organized convection90–92 or the MJO.

A challenge in such high-​resolution modelling is 
the need for multi-​year simulations required to cap-
ture several QBO cycles. However, this computational 
issue might be avoided either through modelling case 
studies of particular MJO events60 or through utiliz-
ing cloud-​permitting models in more idealized con-
figurations, like with imposed QBO states60,61,65, or 
with self-​sustaining QBO-​like oscillations91,92. A third 
approach could utilize super-​parameterized climate 
models, which embed cloud-​permitting models within 
traditional climate model grid cells89. If, ultimately, 
model resolution is central to the QBO–MJO con-
nection, it is likely that the lessons learned from this 
research will guide improvements to existing convective, 
gravity-​wave or other parameterization schemes. It also 
might illuminate processes important to simulating the 
MJO more generally.

If a model can be found that convincingly demon-
strates a QBO–MJO connection like that observed, 
modelling work should next focus on understanding  
the mechanisms of the QBO–MJO link. Depending 
on the modelling framework, mechanism denial 
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experiments could isolate certain aspects of the QBO 
while disabling others or holding them fixed61. Work 
could also look at how changes to the background cli-
mate affect the QBO–MJO link, for example, examining 
how the QBO–MJO link changes under global warming. 
Another advantage of models is the ability to run many 
experiments over long time periods, so that the statis-
tics of the QBO–MJO link, like any ENSO influence or  
decadal variability, could be examined more.

Future S2S prediction work. Given the apparent util-
ity in using both the QBO and the MJO to make skil-
ful S2S predictions, leveraging the QBO–MJO link to 
improve S2S forecasts should continue to be explored. 
To the extent possible, untangling whether QBO-​related 
changes in S2S predictability are due to modulations of 
the MJO or to the background state should be a priority. 
Such research could also aid in understanding the phys-
ics behind if and how the QBO alters the wide array of 
MJO teleconnections.

Understanding the sources of improved MJO pre-
diction in QBOE versus QBOW winters could also 
improve operational centres’ ability to make reliable 
forecasts. For those forecast models that do show pre-
diction skill differences in QBOE and QBOW winters, 
work should be carried out to better understand how 
forecast uncertainty differs depending on the QBO 
phase, and to determine how best to leverage changes 
in prediction skill or predictability. Building on existing 
experiments56, a coordinated multi-​model experiment 

could be carried out to better understand the respective 
impact of the model initial conditions versus the direct 
downward impact of the QBO on the model MJO dur-
ing a forecast. For example, coordinated experiments 
could set tropospheric initial conditions fixed and 
alter the stratosphere in various ways, perhaps includ-
ing nudging to observations, climatology or idealized 
profiles to ensure that stratospheric signals are robustly 
represented.

If representation of stratospheric processes is key for 
improved MJO prediction, modelling centres should put 
more effort into improving the stratosphere in forecast 
models. For example, while many forecast models are 
initialized with observed QBO winds, the amplitude of 
the QBO winds currently cannot be intrinsically main-
tained beyond 2 weeks, and tends to degrade towards 
weak tropical stratospheric easterlies111,112. However, 
if, instead, the initial conditions matter more than the 
QBO’s direct impact, effort could be put into improv-
ing MJO simulation itself: state-​of-​the-​art S2S forecast 
models still struggle to keep the MJO signal strong for 
longer than 10 days, especially when the MJO propa-
gates through the Maritime Continent97. These coordi-
nated efforts might also help resolve the inconsistency 
in the literature regarding whether MJO prediction skill 
changes due to the QBO are significant or not, via more 
unified diagnostics and focused experiments with a large 
sample size.
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