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Abstract Madden-Julian oscillation (MJO), the dominant mode of intraseasonal variability in the tropical

troposphere, has a significant impact on global weather and climate. Here we present that the year-to-year

variation of the MJO activity shows significant changes with the quasi-biennial oscillation (QBO) in the

tropical stratosphere. Specifically, the boreal winter MJO amplitude, evaluated by various metrics, is typically

stronger than normal during the QBO easterly phase at 50 hPa and weaker than normal during the QBO

westerly phase at 50 hPa. This relationship, which is possibly mediated by the QBO-related static stability

and/or vertical wind shear changes in the tropical upper troposphere and lower stratosphere, is robust

whether or not the activeness of the MJO or QBO is taken into account. This result suggests a new potential

route from the stratosphere that regulates the organized tropical convection, helping to improve the

prediction skill of the boreal winter MJO.

1. Introduction

The zonal mean zonal wind in the tropical stratosphere changes its sign approximately every other year

(Figure 1a). This phenomenon, the so-called quasi-biennial oscillation (QBO), is the most prominent interann-

ual variability in the stratosphere [Baldwin et al., 2001]. Previous studies have demonstrated that the impact of

the QBO is not limited to the stratosphere but reaches the troposphere [Gray et al., 1992; Giorgetta et al., 1999;

Garfinkel and Hartmann, 2011]. In particular, it is reported that the QBO can affect the seasonal mean tropical

convection [Collimore et al., 2003] and the associated tropical-extratropical teleconnection [Garfinkel and

Hartmann, 2011]. For instance, monsoonal precipitation over India weakens during the easterly phase of

the QBO (EQBO) at 50 hPa, while the opposite is true during the westerly phase (WQBO) [Kane, 1995;

Giorgetta et al., 1999; Claud and Terray, 2007]. Deep convection over the western and central tropical

Pacific has also been shown to be related to QBO phase in both observations [Gray et al., 1992; Collimore

et al., 2003; Huang et al., 2012] and numerical model experiments [Giorgetta et al., 1999].

Motivated by these studies, we ask whether the QBO can make a significant impact on the interannual variation

of the organized tropical convections that are associated with the Madden-Julian oscillation (MJO). It is well

known that theMJO is the largest contributor to tropical convective variability at time scales of 30–90days, which

includes planetary-scale atmospheric circulations, moisture, and deep convections, propagating eastward from

the Indian to Pacific Oceans [e.g., Madden and Julian, 1994]. Due to its extensive influence on global weather

and climate [e.g., Zhang, 2014], as well as its importance for subseasonal to seasonal predictions [e.g., Waliser

et al., 2003], many efforts have been made to better understand the dynamics of the MJO and to improve the

MJO prediction skill in the numerical models [Miura et al., 2007; Gottschalck et al., 2010; Miyakawa et al., 2014].

Although the MJO itself is organized at the intraseasonal time scale, it undergoes significant seasonal and

interannual variations caused by the mean flow changes [e.g., Lau and Waliser, 2005] (see also Figure 1b).

Concerning interannual variation, internal variability of the MJO has been observed to play an important role

[Slingo et al., 1999]. In addition, a possible connection to the El Niño/Southern Oscillation (ENSO; Figure 1c), a

dominant source of interannual variability in the tropical troposphere and the ocean, has previously been

explored [Hendon et al., 1999; Slingo et al., 1999; Hendon et al., 2007]. Despite some reports of MJO activity

changes during different ENSO phases [Gushchina and Dewitte, 2012; Feng et al., 2015], an ENSO-MJO link

is still not well established [Lin et al., 2015]. Apart from an association with sudden stratospheric warming

[Garfinkel et al., 2012; Liu et al., 2014; Albers et al., 2016], there has been little work linking the MJO to strato-

spheric variability, especially to the QBO [Liu et al., 2014].
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2. Data and Methods

2.1. QBO Index

The monthly mean Interim European Center for Medium-Range Weather Forecasts Reanalysis (ERA-Interim) data

set [Dee et al., 2011] is used for the period from 1979 to 2012. The season of our primary interest is the boreal

winter (i.e., December–February (DJF)), but we have also examined all other seasons. An index of the QBO is

obtained using the 3month running averaged monthly zonal mean zonal wind anomaly at 50hPa (U50),

integrated over 10°S–10°N, where

the anomaly is obtained as a deviation

from monthly climatology. The WQBO

is defined when U50 is greater than

half of its standard deviation (red

shading in Figure 1a). Likewise, EQBO

is defined when U50 is less than half

of its standard deviation (blue shading

in Figure 1a). Because QBO-related

zonal wind anomalies propagate from

the upper to the lower stratosphere

[Baldwin et al., 2001], the zonal mean

zonal wind anomalies at different

pressure levels (i.e., 10, 20, 30, and

70hPa) are similarly indexed to exam-

ine the correlations between the QBO

and the MJO (Table 1).

Figure 1. Time series of QBO index (U50), MJO amplitude, and ENSO index from 1979 to 2012 are shown. (a) The U50 is

defined by 3month moving averaged zonal mean zonal wind anomaly at 50 hPa, integrated over 10°S–10°N. WQBO

(EQBO) phases, when U50 is greater (less) than the half of its standard deviation, are shaded in red (blue). (b) The MJO

amplitude is measured by the amplitude of the OLR-based MJO index (OMI), which is first averaged for each month and

then is smoothed by 3month running mean. (c) For the ENSO index, monthly sea surface temperature (SST) anomalies,

where the anomalies are deviations from the monthly climatology, are averaged for Niño 3.4 area (170°W–120°W, 5°S–5°N)

and then are 3month moving averaged. Values greater (less) than 0.5°C are shaded in red (blue).

Table 1. Correlations Between Seasonally Averaged OMI Amplitude and

Various QBO Indices
a

DJF DJF- NDJFM MAM JJA SON

U70 �0.56* �0.64 �0.49 �0.27 0.10 0.13

U50 �0.59* �0.61* �0.49 �0.09 �0.09 0.10

U30 �0.17 �0.08 �0.12 0.19 �0.23 �0.03

U20 0.33 0.53 0.27 0.22 �0.17 �0.18

U10 0.64* 0.72* 0.53 0.20 �0.01 �0.18

a
The zonal mean zonal wind anomalies at 70 (U70), 50 (U50), 30 (U30), 20

(U20), and 10 hPa (U10) are used for the QBO indices. The correlations are
computed for each season: December to February (DJF), March to May
(MAM), June to August (JJA), and September to November (SON), along with
an extended winter months from November to March (NDJFM). To remove
the impact of the ENSO, correlations are also calculated for DJF excluding
the ENSO years (denoted as DJF-). The values that exceed the 95% a priori
(a posteriori) confidence level are marked in bold (by an asterisk).
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2.2. MJO Index

To investigate the MJO, the outgoing longwave radiation (OLR)-based MJO index (OMI), obtained from the

NOAA Earth System Research Laboratory website (http://www.esrl.noaa.gov/psd/mjo/mjoindex/), is used in

this study (Figure 1b). Briefly, the principal component time series (PC1 and PC2) of the OMI are constructed

by projecting the 20–96 day band-pass-filtered OLR onto the two leading empirical orthogonal functions

(EOFs) of the 30–96 day eastward filtered OLR [Kiladis et al., 2014]. The monthly mean OMI amplitude is

computed by averaging daily amplitude,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PC2
1 þ PC2

2

q

, for each month.

Two additional MJO indices which are commonly used in the literature are also considered. One is the Real-time

Multivariate MJO index (RMM) [Wheeler and Hendon, 2004], which is obtained from the Australian Bureau of

Meteorology website (http://www.bom.gov.au/climate/mjo/). The RMM utilizes 200 and 850hPa zonal winds,

as well as the OLR, averaged over a tropical band (15°S–15°N), to form the two leading EOFs (Table S1 in the

supporting information). It has been documented that theOMI is well correlatedwith the RMMbut better traces

the convective signal of the MJO, which is our primary interest, than does the RMM [Kiladis et al., 2014]. We also

adopt the diagnostics suggested by the U.S. CLIVARMJOWorking Group [Waliser et al., 2009] and derive anMJO

index from two leading combined EOFs of the same three, but 20–100day, band-pass-filtered variables

averaged over the tropical band (15°S–15°N). This index, which is similarly defined as the RMM index except

for time filtering, is denoted as the working group MJO index (Table S2).

2.3. ENSO Index

The UK Met Office (http://www.metoffice.gov.uk/hadobs/hadisst/) Hadley Centre’s sea surface temperature

(SST) data set [Rayner et al., 2003] is used to calculate the ENSO indices (Figure 1c). The SST anomalies,

obtained as deviations from the monthly climatology, are taken as 3month running averages. Area averages

are then taken for the Niño 3.4 region (170°W–120°W, 5°N–5°S).

3. Negative Relationship Between the QBO and the MJO

To identify the possible impacts of the QBO on MJO activities, we first examine the seasonal Pearson’s corre-

lations (R) between the QBO (U50) index and the MJO (OMI) amplitude for various seasons. Estimates of the

statistical significance are obtained by applying a two-tailed t test at the 95% confidence level under the null

hypothesis that the two time series are uncorrelated. To calculate the t statistic (¼ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N � 2ð Þ= 1� R2
� �

q

), the

number of seasons (i.e., 33) is used as the degrees of freedom (N) of the time series. Because there is no a

priori reason to expect correlations between the time series, we examine the stricter a posteriori confi-

dence levels [Madden and Julian, 1971], which in our study roughly corresponds to the 99.85% a priori

confidence level.

Significant correlations of �0.59 and �0.49 are observed during the DJF and the extended winter

(November–March (NDJFM)), respectively (Table 1 and see also Figure S1). The same relation can be deduced

using the zonal wind anomaly at 70 hPa (U70). This negative correlation indicates that MJO activity tends to

weaken when the zonal wind in the lower stratosphere is anomalously positive and vice versa. In other words,

during the WQBO, MJO amplitude is generally weaker than normal, while it is stronger than normal during

the EQBO in the lower stratosphere. Positive correlations of MJO amplitude with zonal winds at 20 and

10 hPa (U20 and U10, respectively) and weaker negative correlations with the zonal wind at 30 hPa (U30) also

suggest essentially the same result, considering a time lag of a few months for wind anomalies of the upper

stratosphere to propagate down to the lower stratosphere [Baldwin et al., 2001].

It is important to note that the QBO-MJO relationship is evident with other MJO indices (Tables S1 and S2). In

addition, the same result holds when ENSO years are excluded (denoted by DJF- in Tables 1, S1, and S2).

These results indicate that the stratosphere-troposphere coupling associated with the QBO and MJO is

quite robust.

However, it is interesting to find that the QBO-MJO link appears mainly in the boreal winter (Tables 1, S1, and S2).

This seasonal dependency is likely associated with the seasonality of the MJO itself because the QBO stays cen-

tered at the equator in all seasons and its variance does not change much with seasons. One can speculate that

the latitudinal location of MJO activity may play a role for the seasonality of QBO-MJO link. However, it is
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September–November (SON) and

March–May (MAM) when MJO convec-

tion is aligned well along the equator

as in QBO. During DJF, the largest

variance of the MJO is located in

the Southern Hemisphere subtropics

[see Roundy and Frank, 2004,

Figure 13]. Likewise, during JJA, the

MJO activity is centered in the

Northern Hemisphere subtropics. Here

it is notable that the MJO tends to pro-

pagate northward, instead of eastward,

during the boreal summer, which may

reduce interactions between the MJO

and the QBO. The robust QBO-MJO link

in the boreal winter is instead likely

associated with the MJO amplitude.

The amplitude of the MJO peaks

during the boreal winter, which may

strengthen the MJO response to the

QBO. Further studies are required to

better understand the seasonality of

the QBO-MJO connection.

For the lead-lag relationship between

the QBO and the MJO, because the

QBO operates at relatively longer

time scales compared to the MJO, it is tempting to think that the stratospheric quasi-biennial signal leads

to the changes in intraseasonal convections. This lead-lag relationship can be shown by regressing equato-

rially averaged (10°S–10°N) zonal wind against the DJF-mean OMI amplitude (Figure 2). Here as for the

QBO index, we smooth the monthly zonal mean zonal wind by applying a 3month running average. On

lag month 0 (e.g., DJF U50 versus DJF OMI amplitude), large and negative (positive) regression coefficients

can be seen at 50 hPa (10 hPa). This is consistent with the correlation result shown in Table 1. Although the

correlation coefficient at lag month �1 (e.g., NDJ U50 versus DJF OMI amplitude) is comparable to the one

at lag month 0 (Tables S3), significant negative values at 50 hPa prior to lag month 0 in Figure 2 suggest that

an EQBO anomaly tends to precede the strengthening of the MJO.

To examine the spatial changes of the MJO in response to the QBO, we apply MJO filtering [Wheeler and

Kiladis, 1999] to OLR and then calculate its standard deviation for DJF (Figure 3 and see also Figure S2

for non-ENSO years). Specifically, we first calculate daily OLR anomaly, where the anomaly is a deviation

from the climatological mean for each calendar day. The OLR anomaly is then Fourier transformed at each

latitudes. When the inverse Fourier transform is reapplied to time and grid space, we retain variability cor-

responding only to eastward propagating wave numbers 1–5 and 20–100 day periods [Wheeler and Kiladis,

1999]. Please note that while the correlation results are obtained regardless of the strength of the QBO,

here we make composites for QBO phases, which are defined when the U50 exceeds the half of its

standard deviation.

The MJO-filtered OLR variability indicates that MJO activity is centered near 120°E and extends over the

region with warm sea surface temperatures (SSTs) (Figure 3a). Supporting the correlation result (Table 1),

the standard deviation subsides during the WQBO (Figure 3b) and intensifies during the EQBO (Figure 3c).

The QBO-related MJO anomalies range roughly ±10% of the climatology. However, no obvious changes in

spatial patterns are observed. The resulting anomalies along 5°S simply represent a strengthening or weak-

ening of MJO convections in the regions where the MJO is climatologically active. But it is notable that they

are zonally symmetric (Figures 3b and 3c) as for the QBO-induced mean flow changes in the tropical upper

troposphere and lower stratosphere (UTLS) [Baldwin et al., 2001], which probably is an important clue for the

QBO-MJO connection. This zonal symmetry contrasts with the ENSO-related MJO activity change. For

Figure 2. Lead-lagged regression coefficient of equatorial zonal wind

(10°S–10°N) against the DJF-mean OMI amplitude is shown. The zonal

mean zonal wind is smoothed by applying 3month running average.

Positive lag indicates that OMI is leading zonal wind.
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example, a few studies have reported an eastward displacement of the MJO activity when El Niño is strong

[Gualdi et al., 1999; Hendon et al., 1999, 2007].

Figures 3a–3c are based on all winter days, irrespective of the presence of an active MJO event. In Figure 3d,

we perform a composite of the OMI amplitude by detecting only active MJO days for each MJO phase during

DJF. The periods of active MJO are identified by using the following conditions: (1) the OMI amplitude must

be greater than 1; (2) phase must increase in numerical order, with the exception from phases 8 to 1; and (3)

such periods must last longer than 30 days, while MJO does not remain in one particular phase for more than

20 days [L’Heureux and Higgins, 2008; Yoo et al., 2014].

A clear separation between the two phases of the QBO is shown in Figure 3d, further validating the negative

correlation between the lower stratospheric zonal wind and MJO amplitude. MJO amplitude averaged for all

MJO phases during the EQBO is 1.96, which is significantly stronger than that for all years (1.58) and than that

for the WQBO (1.35) at the 95% confidence level under the null hypothesis that the difference between the

populations is zero.

How does the QBO modulate the organized deep convection in the tropics? It has been proposed that the

QBO can affect monthly or seasonal mean tropical convection by modifying the vertical wind shear and/or

thermal stratification in the tropical UTLS [Gray et al., 1992; Giorgetta et al., 1999]. A downward propagation

of the zonal wind anomaly associated with the WQBO increases the vertical wind shear in the UTLS over the

warm pool sector (Figure S3a). Secondary circulation then causes adiabatic warming in the tropical UTLS

[Baldwin et al., 2001] and lowers the height of the tropopause [Reid and Gage, 1985; Gray et al., 1992], increas-

ing thermal stratification across the tropical tropopause (Figure S3b). If tropical deep convection is influenced

by vertical wind shear and thermal stratification in the UTLS [Nie and Sobel, 2015], these mean flow changes

during theWQBOmay provide a less favorable condition for deep convection. The opposite would be true for

the EQBO.

The above mechanism appears to operate for the QBO-MJO connection, as the MJO amplitude is negatively

correlated with the background absolute vertical wind shear and static stability in the UTLS (Figure 4). Here

absolute wind shear is computed by U50 minus U150 averaged over the warm pool section. Likewise, static

stability,�T dlnθ
dp
, is calculated over the same area at 100 hPa. A recent study used a cloud-resolving model to

Figure 3. (a) The standard deviation of wintertime MJO-filtered OLR for all winters is shown, where the MJO filtering

retrieves eastward propagating wave numbers 1–5 and periods 20–100 days. (b, c) As in Figure 3a but for the anomalies

for the WQBO (EQBO) winters, respectively. (d) OMI amplitude composites are taken for eight MJO phases of all (black),

WQBO (red), and EQBO (blue) winters for active MJO.
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show that the influence of the QBO is carried out through the interactions between large-scale motion, cloud

radiative forcing, and convective mass flux [Nie and Sobel, 2015]. This is likely the pathway for the MJO convec-

tions as well because the cloud-radiation feedback plays a crucial role in MJO dynamics [Andersen and Kuang,

2011; Chikira and Sugiyama, 2013; Sobel et al., 2014; Kim et al., 2015]. However, it is questionable how effectively

the UTLS processes modify the organized deep convection. Further studies, using both observations and

numerical models, are required to investigate the detailed processes.

4. Discussion

The present study shows that the boreal winter MJO amplitude greatly varies from year to year over the entire

warm pool region depending on QBO phase. Despite the improvement in MJO theory and dynamical predic-

tion, the current generation of climate models does not produce skillful MJO predictions yet, while the MJO is

potentially much more predictable [Neena et al., 2014]. Our result suggests that MJO prediction skill could be

improved by considering the stratospheric mean state. In fact, by analyzing long-term hindcast simulations of

the operational seasonal prediction model, A. G. Marshall et al. (Impact of the Quasi-Biennial Oscillation on

prediction of the Madden-Julian Oscillation, submitted to Geophysical Research Letters, 2016) showed an

enhanced MJO prediction skill during the EQBO winters. Although it needs to be further confirmed by other

models that resolve stratospheric processes, this result suggests that the stratospheric data assimilation is

crucial for seasonal prediction of the MJO. In this regard, it is also anticipated that statistical prediction of

MJO could be improved by taking QBO into account as a potential predictor.
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