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ABSTRACT

Interannual variation of seasonal-mean tropical convection over the Indo-Pacific region is primarily con-

trolled by El Niño–Southern Oscillation (ENSO). For example, during El Niño winters, seasonal-mean

convection around the Maritime Continent becomes weaker than normal, while that over the central to

eastern Pacific is strengthened. Similarly, subseasonal convective activity, which is associated with the

Madden–Julian oscillation (MJO), is influenced by ENSO. TheMJO activity tends to extend farther eastward

to the date line during El Niño winters and contract toward the western Pacific during La Niña winters.

However, the overall level of MJO activity across the Maritime Continent does not change much in response

to the ENSO. It is shown that the boreal winter MJO amplitude is closely linked with the stratospheric quasi-

biennial oscillation (QBO) rather than with ENSO. The MJO activity around the Maritime Continent be-

comes stronger and more organized during the easterly QBOwinters. The QBO-relatedMJO change explains up

to 40%of interannual variationof theborealwinterMJOamplitude.This result suggests that variability of theMJO

and the related tropical–extratropical teleconnections can be better understood and predicted by taking not only

the tropospheric circulation but also the stratospheric mean state into account. The seasonality of the QBO–MJO

link and the possible mechanism are also discussed.

1. Introduction

Large-scale tropical convection plays a crucial role in

modulating not only the tropical hydrology and climate

but also extratropical weather and climate through its

teleconnections. For instance, subseasonal and sea-

sonal variations of organized convection over the

equatorial western Pacific often excite Rossby waves

that propagate from the subtropical North Pacific

to Alaska and then to Florida, affecting precipitation

and surface air temperature across the North Pacific

and North America (Wallace and Gutzler 1981; Jin and

Hoskins 1995; Seo and Son 2012). Such a teleconnection is

especially well defined during boreal winter [December–

February (DJF)], allowing extended weather and climate

predictions in the extratropics (Robertson et al. 2015).

Tropical convection, especially around the Maritime

Continent, is not static but varies significantly in time

and space. On interannual time scale, seasonal-mean

convection is largely modulated by El Niño–Southern
Oscillation (ENSO), which is the leading mode of in-

terannual variability in the tropical troposphere and

ocean. For example, during La Niña winters, seasonal-

mean tropical convection over the Maritime Continent

is strengthened, while that over the central and eastern
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Pacific is weakened. This is due to the enhanced Walker

circulation in response to a strengthened east–west sea

surface temperature (SST) gradient across the tropical

Pacific. The opposite is true during El Niño winters.

Although relatively minor and less robust, it has been

documented that seasonal-mean tropical convection is

also influenced by the stratospheric quasi-biennial os-

cillation (QBO), which is the leading mode of in-

terannual variability in the tropical stratosphere. Both

observational and modeling studies have shown the

evidence of QBO-related seasonal-mean convection

and precipitation changes (Giorgetta et al. 1999;

Collimore et al. 2003; Garfinkel and Hartmann 2011;

Liess and Geller 2012), with an enhanced deep convec-

tion over the western Pacific during boreal winter in the

easterly phase of the QBO (Collimore et al. 2003; Liess

and Geller 2012).

ENSO and the QBO regulate not only seasonal-mean

tropical convection but also subseasonal convective

activity, such as the Madden–Julian oscillation (MJO;

Madden and Julian 1994), during boreal winter (e.g., Pang

et al. 2016; Yoo and Son 2016). Both the spatial structure

and amplitude of the MJO vary from year to year in re-

sponse to ENSO and the QBO. These changes can then

modify the tropical–extratropical teleconnections. How-

ever, unlike the ENSO, the impacts of the QBO onMJO

activity and the related teleconnections have not been

well documented until very recently (Liu et al. 2014; Yoo

and Son 2016; Marshall et al. 2016; Nishimoto and Yoden

2017).

The present study demonstrates that while the spatial

pattern of the seasonal-mean convection and the MJO-

related subseasonal convective activity is primarily

controlled by the ENSO, the year-to-year variation of

overall level of subseasonal convective activity over the

central Indian Ocean to the western Pacific, including

the MJO, is significantly modulated by the QBO. These

different roles of the ENSO and QBO are quantified by

performing composite and correlation analyses. After

briefly evaluating their relative importance on the

seasonal-mean convection in section 3, their impacts on

the MJO-related subseasonal convective activity are

analyzed in detail in section 4. Extending Yoo and Son

(2016), particular attention is paid to the impact of the

QBO on the MJO and the related teleconnections dur-

ing boreal winter. The seasonality and possible

mechanism(s) of the QBO–MJO link are also discussed.

2. Data and methods

This study is mostly based on observational data ana-

lyses. The only exception is the reanalysis data from the

European Center for Medium-Range Weather Forecasts

(ECMWF), that is, ERA-Interim (Dee et al. 2011), from

1979 to 2015. These data are used to define theQBOand to

examine theQBO-related atmospheric circulation changes.

The QBO-related wind and temperature profile

changes are examined using radiosonde observations

from the Integrated Global Radiosonde Archive

(IGRA; Durre et al. 2006). Only six stations around

the Maritime Continent are considered. In terms

of station number and geographical location, they

are stations 96163 (0.888S, 100.358E), 96237

(2.178S, 106.138E), 97072 (0.688S, 119.738E), 97180

(5.078S, 119.558E), 97560 (1.188S, 136.128E), and 97724

(3.708S, 128.088E). For the easterly QBO (EQBO) and

westerly QBO (WQBO) winters, a total of 2176 and

3241 soundings, respectively, are used from 1979 to 2013

(see below for the definition of EQBO and WQBO

winters). The high-resolution temperature profiles and

the tropopause temperature distributions are also ex-

amined by using the global positioning system (GPS)

radio occultation (RO) measurements from the Con-

stellation Observing System for Meteorology, Iono-

sphere and Climate (COSMIC) mission (Anthes et al.

2008) from 2006 to 2015.

Various satellite observations are also used. They in-

clude the National Oceanic and Atmospheric Adminis-

tration (NOAA) Extended Reconstructed Sea Surface

Temperature data (ERSST.v4; Huang et al. 2016) from

1979 to 2013, the NOAA interpolated outgoing longwave

radiation (OLR) data from 1979 to 2013 (Liebmann and

Smith 1996), and the Tropical Rainfall Measuring Mis-

sion (TRMM) precipitation data from 1998 to 2013 (Liu

et al. 2012). The latter two datasets are used to infer

variations in organized tropical convection. To examine

cloud distribution near the tropopause, Cloud–Aerosol

Lidar with Orthogonal Polarization (CALIOP) level-2

products (Winker et al. 2007) are also used from 2006 to

2015. Note that each dataset covers different time pe-

riods. Most analyses are performed until 2013 because

NOAA OLR data are unavailable after 2014. However,

for the COSMIC and CALIOP datasets, all available

data are used to increase the sample size.

The COSMIC GPS RO and CALIOP measurements

are not gridded datasets. To make a direct comparison

with other datasets, they are gridded as follows. The

vertical resolution of COSMIC data is set to 200m (Son

et al. 2011; Kim and Son 2012), and the tropopause is

defined with the coldest level in each temperature pro-

file. The resulting temperature profiles and tropopause

properties are then simply averaged over 58 longitude3 58
latitude nonoverlapping grid boxes for each month.

Roughly 10–30 observations per month are used for each

grid box, depending on the time and latitude band (Son

et al. 2011). TheCALIOPproducts are originally provided
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with a 5-km horizontal resolution. They are gridded over

108 longitude 3 108 latitude grid boxes (Sassen et al.

2008). For a given grid box, the fraction of cirrus clouds,

which includes both isolated thin clouds and anvil clouds,

is defined by the ratio of the returns that are detected as

clouds with a cloud base above 15km.

a. ENSO index

ENSO is simply defined by the Niño-3.4 (58S–58N,

1708–1208W) SST anomaly. When the DJF-mean Niño-
3.4 SST anomaly is greater than 0.5 standard deviation, it

is set to the El Niño winter. The opposite (i.e., SST

anomaly smaller than 20.5 standard deviation) is set to

the La Niña winter. For the analysis period of 1979–

2013, a total of 10 and 12 years are identified as El Niño
and La Niña winters, respectively. Strong ENSO years,

addressed in the next subsection, are also defined with

plus or minus one standard deviation.

b. QBO index

The QBO is typically characterized by the downward

propagation of zonal-mean zonal wind in the equatorial

stratosphere (Baldwin et al. 2001). As such, several in-

dices with varying vertical levels have been used in the

literature. In this study, the QBO is defined by zonal-

mean zonalwind at 50 hPaaveragedover 108S–108N(U50)

from ERA-Interim data, unless otherwise specified.

When the seasonal-mean U50 is easterly and smaller

than 20.5 standard deviation, it is set to the EQBO.

Likewise, the opposite (i.e., westerly and greater than

0.5 standard deviation) is set to the WQBO. Note that

the QBO has been often defined by using long-term

rawinsonde observations in the tropics (e.g., Naujokat

1986). Although station datasets are always preferable,

one or two stations may not effectively represent the

QBO-related zonal-mean circulation change as they

could be influenced by local circulation.

The fact that the QBO oscillates approximately ev-

ery 28 months (Baldwin et al. 2001) implies that the

number of EQBO and WQBO years can be different.

For the analysis period of 1979–2013, a total of 10 and

15 years are identified as EQBO and WQBO winters,

respectively. When strong ENSO years are excluded,

they becomemore evenly distributed with eight EQBO

and nineWQBOwinters. Here it should be emphasized

that although the QBO is driven by equatorial waves,

which systematically break in the stratosphere, those

waves are only partly (not all) excited by large-scale

tropical convection. As such, the QBO is only weakly

correlated with ENSO. The maximum correlation be-

tween the Niño-3.4 index and various QBO indices at

different levels is only 0.21, and this value is not sta-

tistically significant.

c. MJO index

The MJO phase and amplitude are defined by the

OLR-based MJO index (OMI; Kiladis et al. 2014). Un-

like the real-time MJO index (Wheeler and Hendon

2004), this index is solely based on the satellite-derived

OLR and more directly discriminates convective signa-

ture of the MJO. The OMI consists of the leading pair of

empirical orthogonal functions of bandpass-filteredOLR

over 208S–208N. The two leading principal components

(i.e., PC1 and PC2, which are directly obtained online

from the NOAA/Earth System Research Laboratory

website http://www.esrl.noaa.gov/psd/mjo/mjoindex) are

then used to define the MJO phase and amplitude. Fol-

lowing the convention of Wheeler and Hendon (2004),

the MJO phase is determined in the PC1–PC2 space.

Likewise, the MJO amplitude (more precisely, the OMI

amplitude) is defined by the square root of the sum of the

squared daily values of the two leading PCs [i.e., (PC121
PC22)1/2]. Although not shown, other MJO indices are

also tested (Yoo and Son 2016). It turns out that overall

results are not sensitive to the choice of the MJO index.

3. Interannual modulation of seasonal-mean
tropical convection by the ENSO

Wefirst examine the relative importance of the ENSO

and the QBO on the seasonal-mean tropical convection

(Figs. 1a–c). Figure 1a presents the climatological dis-

tribution of the DJF-mean convection in terms of OLR.

Three hot spots are evident across the intertropical

convergence zone. On interannual time scale, these

convective centers, especially those over the western to

central Pacific, undergo a significant variation in re-

sponse to the ENSO (e.g., Martin et al. 2004). Between

El Niño and La Niña winters, seasonal-mean OLR ex-

hibits statistically significant differences across the Pa-

cific. Here, statistical significance is tested with Welch’s

t test (Inoue et al. 2011). Quantitatively, ENSO-related

seasonal-mean OLR change is up to 10% of the clima-

tological OLR, with mean convection shifted eastward

to the date line and weakened around the Maritime

Continent during El Niño winters (cf. Figs. 1a,b). The

opposite is true during La Niña winters. These changes

reflect a weakened (strengthened) Walker circulation

during El Niño (La Niña) winters. Not surprisingly,

correlations between DJF-mean OLR, averaged across

the Maritime Continent (1108–1408E), and various

ENSO indices are very high and statistically significant

(see the first OLR column in Table 1).

On the other hand, the QBO-related change in

seasonal-mean OLR is rather minor (Fig. 1c). As re-

ported in the previous studies, an enhanced convection
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over the western Pacific and a weakened convection over

the eastern Pacific are observed during EQBO winters

(e.g., Collimore et al. 2003; Liess and Geller 2012).

However, these changes are much smaller than ENSO-

related changes and not statistically significant. As such,

no meaningful correlations are observed between the

DJF-mean OLR, averaged across the Maritime Conti-

nent, and various QBO indices (Table 1).

The above result (i.e., regulation of the DJF-mean

convection by the ENSO with a minor contribution of

the QBO) is largely insensitive to the season (Table 1).

In all seasons, seasonal-mean OLR anomalies around

FIG. 1. DJF-mean OLR and bandpass-filtered (20–100 days) OLR variance: (a),(d) long-term climatology, (b),(e) interannual differ-

ence between El Niño and La Niña winters, and (c),(f) difference between EQBO and WQBO winters. In (b),(c),(e),(f), statistically

significant values at the 95% confidence level are contoured.

TABLE 1. Correlations of seasonal-mean OLR, averaged across the Maritime Continent (158S–58N, 1108–1408E), and MJO amplitude

against various ENSO andQBO indices from 1979 to 2013. Niño-3, Niño-3.4, and Niño-4 indices are used as the ENSO indices. Likewise,

for the QBO indices, zonal-mean zonal wind, averaged over 108N–108S, at 10 hPa (U10), 20 hPa (U20), 30 hPa (U30), and 50 hPa (U50)

are used. Statistically significant values at the 95% confidence levels are denoted with an asterisk.

OLR (Maritime Continent) MJO amplitude

DJF MAM JJA SON DJF MAM JJA SON

ENSO Niño-3 0.84* 0.47* 0.70* 0.83* 20.08 20.19 0.04 20.14

Niño-3.4 0.85* 0.64* 0.83* 0.86* 20.01 0.00 0.20 20.15

Niño-4 0.74* 0.69* 0.79* 0.81* 0.11 0.26 0.24 20.08

QBO U10 0.02 0.15 0.11 20.03 0.63* 0.20 20.01 20.18

U20 20.04 0.09 0.20 0.23 0.33 0.22 20.17 20.18

U30 0.04 0.02 0.10 0.32 20.16 0.19 20.23 20.03

U50 0.18 20.04 20.05 0.18 20.57* 20.09 20.09 0.10
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the Maritime Continent–western Pacific are highly cor-

related with ENSO. Although correlations are relatively

weak during boreal summer, they are still statistically

significant. In contrast, in all seasons, no significant cor-

relations are found for the QBO. These results confirm

that the interannual variation of the seasonal-mean trop-

ical convection is predominantly controlled by the ENSO.

4. Interannual modulation of subseasonal tropical
convective activity by the QBO

On subseasonal time scale, tropical convection ex-

hibits substantial variability. Figure 1d presents the

spatial distribution of bandpass-filtered (20–100 days)

OLR variance during boreal winter. Strong variability is

observed mostly in the Indo-Pacific warm pool region,

largely representing the MJO (Madden and Julian 1994).

This localized OLR variance resembles the regional pat-

tern of seasonal-mean convection (cf. Fig. 1a). However,

there is a subtle difference over the Maritime Continent

(e.g., Sobel et al. 2010). While the maximum seasonal-

mean convection is found at the island (Fig. 1a), the

maximum variance is observed over the ocean around 58S
(Fig. 1d). This may suggest that the detailed processes that

determine seasonal-mean convection and subseasonal

convective variability are somewhat different.

As in seasonal-mean convection, the subseasonal

convective activity varies significantly from year to year

(e.g., Hendon et al. 1999). Figure 1e presents the ENSO-

related OLR variance change in DJF. A significant

change appears around the date line, with an enhanced

variance during El Niño winters. This change is consis-

tent with an eastward extension of mean convection

during El Niño winters as depicted in Fig. 1b. However,

across the Maritime Continent, the ENSO-related OLR

variance change is almost negligible. This result in-

dicates that although subseasonal convective activity,

including the MJO, tends to extend farther eastward

during El Niño winters (Gualdi et al. 1999; Hendon et al.

1999, 2007; Gushchina and Bewitte 2012), its intensity

around theMaritime Continent is not strongly regulated

by the ENSO. The same result is also found in other

seasons (Table 1).

It should be noted that the above result, which is based

on linear correlation and composite analyses, does not

necessarily indicate that ENSO has no impacts on MJO

amplitude. In fact, recent studies reported a significant

ENSO–MJO link during boreal winter (Feng et al. 2015;

Pang et al. 2016). Such a relationship, however, is non-

linear and highly dependent on the characteristics of

ENSO itself. For example, it is shown that the MJO be-

comes stronger than normal during the central Pacific El

Niño winters whereas it becomes weaker during the

eastern Pacific El Niño winters (Feng et al. 2015; Pang

et al. 2016). The sum of these contrasting responses likely

results in no systematic changes inMJOamplitude during

all El Niño winters. As such, the above result, summa-

rized in Fig. 1 andTable 1, should be taken as a first-order

linear relationship.

Apart from nonlinear impacts of the ENSO, what

determines the interannual variation of MJO-related

subseasonal convective activity? Figure 1f suggests that

it is likely the QBO. Near-equatorial OLR variances,

across the central Indian Ocean and western Pacific, are

typically stronger during EQBOwinters (i.e., when DJF

U50 is easterly) than WQBO winters. Their differences

reach up to 40%–50% of the climatological OLR vari-

ance around the Maritime Continent (cf. Figs. 1d,f).

More importantly, unlike the ENSO-related OLR

variance change (Fig. 1e), the QBO-related change is

centered at 58S and almost exclusively present in the

Indo-Pacific region, from 608E to 1808, where MJO is

active during boreal winter [see alsoYoo andSon (2016)].

The ENSO–MJO and QBO–MJO relationships are

further evaluated by correlation analyses. Linear corre-

lations are computed for the DJF-mean MJO amplitude

against various ENSO and QBO indices (see the MJO

column in Table 1). No significant link is found between

ENSO and MJO amplitude in all seasons, supporting

previous studies (e.g., Hendon et al. 1999, 2007). In con-

trast, during boreal winter, statistically significant corre-

lations with the QBO, which are greater than 60.5, are

observed from the upper stratosphere (i.e., 10hPa) to the

lower stratosphere (i.e., 50 hPa) with a switching sign.

This height-dependent correlation represents a quasi-

periodic downward propagation of zonal-mean zonal

wind in association with the QBO (see also Fig. 6b, which

is discussed later). Note that the correlation coefficient

for the zonal-mean zonal wind at 10hPa (U10) is larger

than the one at 50hPa (U50). This is partly due to the

internal variability of zonal-mean zonal wind in the lower

stratosphere, which is introduced by the wave activities in

the upper troposphere and lower stratosphere. When

high-frequency variability is filtered out, the 50-hPa cor-

relation becomes comparable to the 10-hPa correlation

(not shown). Note also that the QBO–MJO link appears

only in the boreal winter (Table 1). This seasonality is

discussed later.

a. QBO–MJO link

To establish the QBO–MJO link more directly,

composite OLR anomalies are presented for each MJO

phase (Fig. 2). In Fig. 2, the number of samples used in

composite map is denoted at the top-left corner of each

panel, and the values that are statistically significant

at the 95% confidence level are contoured. Here, a
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statistical significance test is performed using a Stu-

dent’s t test by counting the number of degrees of

freedom only when each day in a given phase is sepa-

rated by at least seven days (Garfinkel et al. 2012). It

is evident from Fig. 2 that, for most MJO phases,

the OLR anomalies, subject to bandpass filtering

(20–100 days), are stronger during EQBO winters than

WQBO winters. If only active MJOs are considered

(i.e., when the MJO amplitude exceeds 1 and consis-

tently propagates eastward in time), their differences

become even larger and statistically significant for all

MJO phases (Yoo and Son 2016). Although not shown,

this result is not sensitive to the inclusion or exclusion of

strong ENSO years.

Although OLR is widely used to quantify tropical

deep convection, it does not necessarily represent

precipitating clouds. In other words, the QBO–MJO

relationship, illustrated in Fig. 2, may simply represent

nonprecipitating cloud changes in the upper tropo-

sphere. To test such a possibility, the same analysis is

repeated with high-resolution precipitation data

(Fig. 3). The same result, with a much larger difference

between EQBO and WQBO winters, is obtained. This

result clearly indicates that, on interannual time scales,

the MJO-related subseasonal convective activity is

more sensitive to the stratospheric mean state change

than the SST change associated with ENSO.

The QBO–MJO link is evident not only in the MJO

amplitude but also in the propagation speed and fre-

quency of MJO. Although not shown, the power

spectrum of planetary-scale OLR anomalies, aver-

aged over 158S–58N, becomes broader during EQBO

FIG. 2. Composite of bandpass-filtered (20–100 days) OLR anomaly for each MJO phase during (a)–(h) EQBO and (i)–(p) WQBO

winters. Only days when theMJO amplitude is greater than 1.0 are used, and seasonal-mean values in each year are subtracted to remove

interannual variation of background flow. Sample size is denoted at the top-left corner of each panel in parentheses, and statistically

significant values at the 95% confidence level are contoured.
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winters, with a reduced quasi-stationary variability.

Consistent with this spectrum change, eastward

propagation of OLR anomalies and the associated

lower-tropospheric circulations become more pro-

nounced during EQBO winters (Fig. 4). Their prop-

agation speed is also somewhat slower (see also

Nishimoto and Yoden 2017). Most importantly, the

period of MJO, estimated by the distance from the

center of blue shading at negative lags to that at pos-

itive lags in Fig. 4, becomes longer during EQBO

winters. Based on auto-lag correlation of PC1, it is

found that the MJO period during EQBO winters is

about 50 days. This is about 10 days longer than the

estimated MJO period during WQBO winters.

A slower propagation and longer period of MJO

during EQBO winters may be simply explained by the

MJO amplitude change itself. A simple composite

analysis has shown that strong MJO events, regardless

of the QBO, tend to propagate more slowly across

the Maritime Continent than weak MJO events (Seo

and Kumar 2008). They also exhibit a longer period

than the latter (Seo and Kumar 2008). Although the

MJO propagation is not simply controlled by the

equatorial waves, it is at least in part influenced by

the phase speed of planetary-scale Kelvin waves. In a

simple model, the Kelvin waves become slower when

diabatic heating (or precipitation rate) increases

[e.g., Chang (1977) or, more recently, Kang et al.

(2013)]. This may imply a slower MJO propagation

when the MJO-related convection becomes stronger.

If a new MJO over the Indian Ocean is initiated by

the decaying MJO over the western Pacific (e.g.,

Zhao et al. 2013), a slower MJO propagation to the

Pacific would then result in a delayed MJO initiation.

This may lead to a longer period of MJO events.

Based on these speculations, we argue that a key

FIG. 3. As in Fig. 2, but for TRMM precipitation.
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factor of the QBO–MJO link is the QBO-related

MJO amplitude change.

A stronger and more organized MJO during EQBO

winters also implies an enhanced MJO-related tropical–

extratropical teleconnection. This is indeed the case.

Figure 5 presents the time-lagged composite of 300-

hPa streamfunction anomalies for the MJO phases 2

and 3 when the MJO convection is located over the

Indian Ocean. The MJO teleconnections [i.e., strong

positive anomaly over South Asia and a wave train

across the North Pacific (e.g., Lin et al. 2009)] is more

pronounced during EQBO winters (Figs. 5a,b). In

contrast, the overall pattern is less organized during

WQBO winters especially at lag 10 days (Figs. 5c,d).

Here it should be emphasized that the enhanced MJO

teleconnections appear to be primarily driven by the

strengthened convection itself. This contrasts with the

ENSO modulation of the MJO teleconnections that is

associated with background flow change (Moon et al.

2011). Although the QBO also accompanies a sub-

tropical jet change (Baldwin et al. 2001; Garfinkel and

Hartmann 2010), such a change is much weaker than

the one for the ENSO and does not likely affect the

MJO teleconnections. More details of QBO-induced

MJO teleconnection changes will be documented in a

future study.

b. Lead–lag relationship of the QBO–MJO link

The above results do not necessarily reveal a causal

relationship as time lags are not taken into account. That

is, theQBO–MJO linkmay not result from the downward

influence of the QBO. It could be instead caused by the

upward influence of theMJO. In fact, it is well established

that the QBO is influenced by the convectively coupled

gravity waves (Baldwin et al. 2001) and is better sim-

ulated when a parameterization of convectively driven

gravity waves is implemented in the model (Kim

et al. 2013).

Figure 6a shows the lead–lag correlation of 3-month

running-mean U50 against the DJF MJO amplitude.

Negative lags indicate that the former leads the latter.

Statistically significant correlations are observed from

lag 26 (June–August) to lag 2 months (February–April).

Although it is not distinguishable by eyes, the maximum

negative correlation is found at lag 22, that is, U50

leading DJF MJO amplitude about two months [see also

Marshall et al. (2016)]. To better understand this lead–lag

relationship, the analysis is extended to the whole strato-

sphere (Fig. 6b). Unlike at 50hPa, maximum correlation

at 10hPa appears at positive lags, possibly indicating a

modulation of QBO by the MJO. However, even at

10hPa, significant correlations start to appear at negative

time lags. More importantly, they propagate downward in

time, reflecting a quasi-periodic oscillation of the QBO,

with a much longer time scale than the time scale of MJO

itself. This result suggests that the QBO–MJO link is

mostly downward from the stratosphere to the tropo-

sphere although the upward influence is not negligible. A

possible two-way interaction between the QBO andMJO

deserves further analysis.

c. Seasonality of the QBO–MJO link

As highlighted inYoo and Son (2016), theQBO–MJO

link appears only in the boreal winter (see Table 1). No

significant relationships are found in other seasons.

Even in spring when MJO is still active, the QBO–MJO

link is almost absent. This seasonal dependency may

partly result from the seasonality of the QBO phase

FIG. 4. Correlation coefficient of OLR (shading) and 850-hPa zonal wind anomalies (contour), averaged over

158S–58N, against OLR anomaly around theMaritimeContinent (158S–58N, 1008–1308E) during boreal winter. The
shading and contour intervals are 0.3 and 0.1, respectively. Zero contours are omitted.
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transition. The QBO tends to change its phase ap-

proximately every 14 months. During the analysis pe-

riod (1979–2013), it primarily occurred in spring with a

minimum variance of U50 (not shown). In other words,

theQBO-relatedmean state is relatively weak in spring

compared to other seasons, possibly explaining a rather

weak influence of the QBO on springtime MJO. Other

possible factor is a seasonal cycle of tropopause. The

tropical tropopause is highest during boreal winter

(Kim and Son 2012). This observation suggests that the

QBO changes tropopause properties most effectively

during boreal winter. If the MJO is influenced by the

dynamical and physical processes near the tropopause

as discussed below, this suggests more effective mod-

ulation of the MJO by the QBO during boreal winter

than during boreal spring.

During summer and fall, the MJO itself is weak and

not well organized (Zhang 2013). In particular, the

summertime MJO tends to propagate northward, away

from the equator where the QBO is active. These con-

ditions may explain a negligible QBO–MJO connection

in these seasons (Yoo and Son 2016). To confirm these

speculations, further studies are needed.

d. Possible mechanism(s) of the QBO–MJO link

It is unclear how the QBO affects the MJO. One of

the possible mechanisms is the static stability change

in the upper troposphere (Reid and Gage 1985; Gray

et al. 1992; Giorgetta et al. 1999; Garfinkel and

Hartmann 2011; Yoo and Son 2016). The downward

propagation of zonal-mean zonal wind accompanies

the secondary circulation in the subtropical strato-

sphere as a result of the thermal wind balance

(Baldwin et al. 2001). The net result is a vertical pair

of adiabatic cooling and warming at the equatorial

stratosphere (Figs. 7a,b). Although less organized, a

hint of adiabatic warming and cooling also appears in

the Northern Hemisphere subtropics, reflecting re-

turning flow of the secondary circulation. The zonal

wind and temperature anomalies also appear in the polar

stratosphere (Figs. 7a,b). This is caused by planetary-scale

wave and zonal mean flow interaction in the extratropical

stratosphere (Holton and Tan 1980) and not directly

relevant to the QBO–MJO link.

The observed zonal wind and temperature profiles

are further illustrated in Figs. 7c and 7d from long-term

radiosonde observations. In spite of large interannual

variability, QBO-related temperature anomalies that

are greater than 61K are evident in the lower strato-

sphere. More importantly, these temperature anoma-

lies, centered at 70 hPa, are not confined within the

stratosphere but extend to the upper troposphere be-

low 100 hPa (Note that the DJF-mean tropopause in

this region is located at ;100hPa). The static stability

FIG. 5. Lagged composite of 300-hPa streamfunction anomaly for MJO phases 2 and 3 when organized convective activity is located at

the eastern Indian Ocean. (a),(c) Lag 5 and (b),(d) lag 10 days are shown for (a),(b) EQBO and (c),(d) WQBO winter, separately. Only

days when the MJO amplitude is greater than 1.0 are used, and the seasonal-mean values in each year are subtracted to remove the

interannual variation of background flow. To reduce noise, a 5-day running mean average is also applied. Statistically significant values at

the 95% confidence level are contoured.
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changes, which are proportional to the vertical gradient

of temperature profiles, are observed even at 150hPa

(Fig. 7e). A qualitatively similar result is also found in the

high-resolution temperature profiles derived from the

COSMIC GPS RO measurements (not shown).

Figure 7e indicates that the near-tropopause static

stability is relatively weaker during EQBO winters. If

the MJO, which is well organized in the vertical, is

influenced by the static stability near the tropical tro-

popause, such a destabilization could enhance the

MJO. This possibility is supported by the recent mod-

eling study (Nie and Sobel 2015). On the other hand,

since the QBO may regulate only organized high-top

clouds (Collimore et al. 2003), its influence on seasonal-

mean convection, which consists of various clouds such

as low-, mid-, and high-top clouds, would be rather

minor (Fig. 1c).

The near-tropopause static stability change,

caused by adiabatic heating associated with the

QBO-induced secondary circulation, may be further

enhanced by the diabatic process resulting from

cirrus clouds. As shown in Fig. 7d, tropopause tem-

perature is much colder during EQBO winters than

WQBO winters. This may allow more frequent

formation of cirrus clouds near the tropopause.

Figures 8a and 8b illustrate the spatial distribution

of the DJF-mean temperature at the cold-point tro-

popause as derived from COSMIC GPS RO mea-

surements. Because the longitudinal distribution of

the tropical tropopause temperature is largely de-

termined by the underlying convection (Kim and

Son 2012), its spatial pattern follows the DJF-mean

OLR distribution very well (cf. Fig. 1a and Figs. 8a,b).

However, the QBO-related tropopause temperature

change, up to 22K, is largely homogeneous in the

deep tropics.

Figures 8d–f show that the fraction of cirrus clouds,

estimated from CALIOP measurements, is sensitive

to the tropopause temperature. For colder tropopause

temperature during EQBO winter, cirrus clouds form

more frequently especially across the Maritime Con-

tinent and central Pacific (Fig. 8f). Because near-

tropopause cirrus clouds result in a net radiative

cooling in the lower stratosphere and warming in the

troposphere (Hartmann et al. 2001; Yang et al. 2010;

Hong et al. 2016), this may destabilize the tropical

upper troposphere, especially near the tropopause,

helping a development of the organized deep con-

vection. Note that even without cirrus clouds, the cold

tropopause itself could provide a favorable environ-

ment for organized deep convection (e.g., Emanuel

et al. 2013).

The adiabatic and diabatic processes described

above may not be the sole potential mechanism that

affects the MJO. Other mechanisms, which may in-

clude vertical wind shear (Gray et al. 1992; Collimore

et al. 2003; Ho et al. 2009), absolute vorticity

(Collimore et al. 2003), and tropopause changes (Reid

and Gage 1985; Gray et al. 1992), are not exclusive.

Presumably, the QBO–MJO link is associated with

multiple factors. To identify the exact mechanism(s),

FIG. 6. (a) Lead–lag correlation of U50 against the DJF MJO

amplitude and (b) its extension to the whole stratosphere. Statis-

tically significant values at the 95% confidence level are denoted

with filled circles in (a) and are contoured in (b). Positive lag in-

dicates that the DJF MJO amplitude leads QBO.
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further studies, using both observations and numerical

models, are needed. In this regard, a cloud-resolving

model experiment (e.g., Nie and Sobel 2015) would be

very useful.

5. Summary

This study examines the relative importance of ENSO

and QBO on the interannual variation of large-scale

tropical convection. Both seasonal-mean and sub-

seasonal variability are analyzed. It is found that the

interannual variation of seasonal-mean convection, es-

pecially that over the equatorial Pacific, is primarily

controlled by the ENSO with a minor contribution of

the QBO. In terms of linear correlation, the ENSO ex-

plains about 50%–70% of interannual variation of the

DJF-mean OLR across the Maritime Continent and

western tropical Pacific (Table 1).

The ENSO also affects the spatial distribution of

subseasonal convective activity such asMJO. TheMJO

activity tends to extend farther into the central Pacific

during El Niño winters and the opposite during LaNiña
winters. However, ENSO does not systematically

change overall amplitude of the MJO. The MJO am-

plitude is instead highly modulated by the QBO. In

terms of linear correlation, the QBO explains about

30%–40% of interannual variation of the DJF MJO

amplitude. Such a link between QBO and MJO is

also found in other MJO properties (i.e., a stronger

amplitude, slower propagation, and longer period

of MJO during EQBO winters). The MJO-induced

teleconnections are also more pronounced during

EQBO winters. Although the dynamic and physical

mechanism(s) are unclear, this QBO–MJO link is

consistent with the thermal stratification change in the

upper troposphere. However, other processes such as

FIG. 7. Difference in zonal-mean (a) zonal wind (m s21) and (b) temperature (K) between EQBO and WQBO winters from

the ERA-Interim. (c) Observed zonal wind, (d) temperature, and (e) vertical temperature gradient anomalies averaged over six

IGRA stations around the Maritime Continent, during EQBO (blue) and WQBO (red) winters. The 0.5 standard deviation range is

shown in gray.
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inertial instability, moist processes, and radiative

feedback changes may also be important. To identify

the exact mechanism(s), further studies using both

observations and numerical model simulations are

necessary.

Our findings suggest that to better understand and

predict the MJO, not only the tropospheric circulation

but also the stratospheric circulation should be taken

into account. It is further suggested that subseasonal-

to-seasonal prediction of the MJO and the related

teleconnections may be sensitive to the stratospheric

mean state. A preliminary result indeed showed that

the MJO is better predicted during EQBO winters

than WQBO winters (Marshall et al. 2016). Given the

fact that the QBO is highly predictable (e.g., Scaife

et al. 2014), this result also opens a new avenue of

seasonal-to-interannual prediction of the MJO.
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