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ABSTRACT

The seasonal-mean variance of the Madden–Julian oscillation (MJO) in austral summer has recently been

shown to be significantly (p, 5%) enhanced during easterly phases of the quasi-biennial oscillation (QBO).

The impact is large, with the meanMJO variance increasing by;50% compared to the QBOwesterly phase.

In contrast, we show using observed outgoing longwave radiation that seasonal variations for convectively

coupled equatorial Kelvin, Rossby, and mixed Rossby–gravity waves are insensitive to the QBO. This in-

sensitivity extends to all high-frequency (2–30-day period) and the non-MJO component of the intraseasonal

(30–120-day period) convective variance. However, convectively coupled Kelvin wave variability shows a

modest increase (;13%) that is marginally significant (p5 10%) during easterly phases of theQBO in austral

autumn, whenKelvin wave activity is seasonally strongest along the equator. Themechanism of impact on the

Kelvin wave appears to be similar to what has previously been argued for the MJO during austral summer.

However, the more tilted and shallower vertical structure of the Kelvin waves suggests that they cannot tap

into the extra destabilization at the tropopause provided by the easterly phase of theQBOas effectively as the

MJO. Lack of impact on the convectively coupled Rossby and mixed Rossby–gravity waves is argued to stem

from their horizontal structure that results in weaker divergent anomalies along the equator, where the QBO

impact is greatest. Our results further emphasize that the MJO in austral summer is uniquely affected by

the QBO.

1. Introduction

The quasi-biennial oscillation (QBO) refers to the

alternating westerly and easterly winds in the equa-

torial stratosphere that descend from the upper to

lower stratosphere with period of ;28 months (e.g.,

Baldwin et al. 2001). TheQBO is well understood to be

driven by the momentum fluxes associated with

upward-propagating waves that originate in the

equatorial troposphere, primarily forced by tropical

convection (Lindzen and Holton 1968). Although

the QBO is a stratospheric phenomenon, its impact

extends down to the tropopause where, for instance,

temperatures are lower than normal when the QBO

winds are easterly in the lower stratosphere. This

downward extension to the tropopause and below

raises the possibility that the QBO may also influence

tropical convection. Previous studies (e.g., Collimore

et al. 2003; Liess and Geller 2012) found that deep

tropical convection is modestly enhanced over the

Indo-Pacific warm pool when the QBO winds in

the lower stratosphere are easterly. Thin cirrus at the

tropopause is also observed to be increased during

the easterly phase of the QBO when temperatures at

the tropopause are decreased (Davis et al. 2013; Son

et al. 2017). The promotion of deeper convection and

more cirrus cloud in response to the destabilization of

the tropopause during the easterly phase of the QBO

has been reproduced in a cloud-resolving model (Nie

and Sobel 2015).

A more substantial impact of the QBO on the vari-

ability of the Madden–Julian oscillation (MJO) has re-

cently been uncovered (e.g., Yoo and Son 2016; Marshall

et al. 2017; Nishimoto and Yoden 2017; Son et al. 2017).
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The seasonal-mean variance of the MJO during austral

summer, as measured by MJO bandpass-filtered OLR

variance or the variance of other commonMJO indices, is

observed to be ;50% greater when the QBO is in its

easterly phase in the lower stratosphere compared to the

westerly phase of QBO. Equivalently, the QBO in the

lower stratosphere accounts for up to 50% of the year-to-

year variability of the seasonal-mean variance of theMJO

during austral summer (Marshall et al. 2017).

The ramifications of this QBO–MJO relationship are

great: it challenges the fundamental notion of what

controls the activity of the MJO, suggesting that varia-

tions around the tropopause (e.g., Nishimoto andYoden

2017; Son et al. 2017; Hendon and Abhik 2018) might be

as important as lower-tropospheric variations in mois-

ture that are fundamental to many theories of the MJO

(e.g., Sobel and Maloney 2013; Wang and Chen 2017).

Furthermore, individual MJO events are also found to

be more predictable during the easterly phase of the

QBO (e.g., Marshall et al. 2017), raising the possibility

of more confident and potentially more useful multi-

week climate predictions during the easterly phase of

the QBO. Although an impact of the QBO on MJO has

been demonstrated in a limited area model with im-

posedMJO boundary conditions (Martin et al. 2019), an

impact of the QBO on the MJO has yet to be simulated

using a long free run of a climate model with self-

generated MJOs (e.g., Lee and Klingaman 2018). Fur-

thermore, the seasonality of the association of the MJO

with the QBO, whereby the association is confined to

the austral summer season, is yet to be fully explained. It

thus remains an important question as to whether and

how the QBO may influence tropical convection at dif-

ferent time scales.

The present study investigates the impact of the

QBO on the seasonal-mean amplitude of convectively

coupled equatorial waves (CCEWs). CCEWs refer to

tropical convection and associated circulation anoma-

lies that have the structure and propagation charac-

teristics of the linear equatorially trapped wave modes

permitted by shallow water theory (Matsuno 1966)

but defined using a smaller equivalent depth than is

inferred from the dry dynamics (e.g., Wheeler and

Kiladis 1999). The CCEWs include equatorial Kelvin,

Rossby, mixed Rossby–gravity, and inertio-gravity

wave modes. In addition to the MJOs, these CCEWs

account for a substantial fraction of tropical convective

variability (Wheeler and Kiladis 1999). They modulate

tropical weather–climate variability and provide a

source of tropical predictability (e.g., Wheeler and

Weickmann 2001).

Diagnosing an impact of the QBO on the seasonal-

mean amplitude of CCEWs will test our understanding

of how the QBO modulates tropical convection and

especially the MJO. We will assess the hypothesis of

Hendon and Abhik (2018) that the horizontal and

vertical structure of the MJO, especially its deep ver-

tical structure that extends to and above the tropo-

pause (e.g., Kiladis et al. 2005), allows for it to be

promoted by the destabilization about the tropopause

during easterly phases of the QBO. The temperature

and wind structure of CCEWs also extend through the

depth of the troposphere up to the tropopause (e.g.,

Kiladis et al. 2009), so they too may feel an impact of

the QBO at the tropopause. However, their vertical

structures are typically more tilted in the upper tro-

posphere (Wheeler et al. 2000) and so may not interact

with the QBO in the same fashion as does the MJO.

Moreover, the CCEWs, other than the Kelvin wave and

some of the high-frequency inertio-gravity waves, do

not have an equatorially centered convective anomaly,

and so may not ‘‘feel’’ the QBO as does the MJO.

Exploring impacts of the QBO on CCEW activity may

also provide improved understanding of the large-scale

controls on organized tropical convection and possibly

underpin improved predictions of tropical weather and

climate.

2. Data and methods

The phase of the QBO is monitored using the Freie

Universitat Berlin (FUB) zonal wind index at 50 hPa

(Naujokat 1986). The FUB index is based on radiosonde

observations from Singapore, but it well represents

the zonal-mean zonal wind variation associated with the

QBO. We define westerly and easterly phases of the

QBO (hereafter QBOW and QBOE, respectively)

when the 3-month running-mean anomaly exceeds10.5

and 20.5 standard deviations, respectively. The list of

QBOW and QBOE years during 1979–2015 is provided

in Table 1. When the QBO zonal winds at 50 hPa are

westerly, temperatures are anomalously warm below

this level down to the tropopause, and vice versa for the

easterly phase, reflecting the fact that QBO variations of

equatorial zonal wind and temperature are in thermal

wind balance (e.g., Son et al. 2017).

We diagnose CCEWs using 37 years (1979–2015) of

daily averaged NOAA polar-orbiting satellite estimates

of outgoing longwave radiation (OLR), which have

been interpolated in space and time to remove missing

data (Liebmann and Smith 1996). The OLR data, which

are available globally on a 2.58 grid, are used as a proxy

for deep convection.

The CCEWs are identified using space–time spec-

tral analysis and filtering of OLR anomalies, follow-

ing the approach in Wheeler and Kiladis (1999).
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Space–time spectra are computed for each of the

four standard seasons—December–February (DJF),

March–May (MAM), June–August (JJA), and

September–November (SON)—by Fourier trans-

forming 96-day segments centered on these seasons.

The power spectrum is computed for each year and

then averaged separately over the years that are

either easterly or westerly phases of the QBO. Spectral

peaks are identified by normalizing the raw spectra by

an estimate of the red background spectrum, con-

structed following Wheeler and Kiladis (1999). Here,

we form the seasonal background spectrum sepa-

rately for QBOE and QBOW for identifying evidence

of spectral peaks in each period. This approach does

not reveal differences in total power for particular

wave modes between QBOE and QBOW. However,

the difference in actual power is estimated by forming

indices for each wave mode based on bandpass-

filtered power (described below).

We concentrate on the equatorially symmetric

(Kelvin and Rossby waves) and antisymmetric (mixed

Rossby–gravity wave) spectra around the equator be-

tween 158S and 158N. The high-frequency gravity

waves are not considered in this study, but no evidence

of any significant differences is found in their seasonal-

mean power between QBOE and QBOW (not shown).

To highlight the differences in actual power between

QBOE and QBOW for the CCEWs, we also make use

of OLR that has been bandpass filtered in wavenumber

and frequency space to discriminate the MJO and the

other CCEWs. The filtering for each wave type follows

the specifications in Wheeler and Kiladis (1999). This

filtering technique retains power for the range of fre-

quencies that are bounded by the dispersion curves for

each wave type with equivalent depths between 8 and

90m and for a particular range of zonal wavenumbers.

A two-dimensional space–time Fourier transform is

applied to the entire OLR record (1979–2015), after

TABLE 1. QBOE and QBOW years and corresponding values of the standardized FUB index. The excluded coinciding ENSO years are

shown in italics with ONI values in parentheses.

DJF MAM JJA SON

QBOE years 1979/80: 21.86 1980: 21.34 1979: 20.83 1979: 21.61

1984/85: 21.59 (21.0) 1982: 21.11 1982: 21.76 (0.8) 1984: 22.04

1989/90: 21.63 1987: 20.65 (0.9) 1984: 21.85 1989: 21.17

1996/97: 21.52 1990: 20.91 1987: 21.95 (1.5) 1992: 21.56

1998/99: 21.73 (21.5) 1992: 20.57 (1.3) 1992: 21.93 1994: 22.16

2001/02: 21.31 1997: 20.50 1994: 21.96 1996: 21.70

2003/04: 21.55 2006: 21.14 1996: 21.42 1998: 21.90 (21.4)

2005/06: 21.31 (20.8) 2008: 21.11 (20.9) 1998: 21.66 (20.8) 2001: 21.63

2007/08: 21.55 (21.6) 2010: 21.07 2001: 21.13 2003: 21.06

2012/13: 21.20 2013: 21.35 2005: 20.53 2005: 21.31

2014/15: 20.86 2015: 21.45 (0.8) 2007: 20.77 2007: 21.45 (21.4)

2010: 21.86 (21.0) 2012: 20.95

2015: 20.79 (0.8)

QBOW years 1980/81: 0.95 1979: 0.79 1980: 0.88 1980: 0.94

1982/83: 1.11 (2.2) 1981: 1.01 1981: 0.75 1983: 0.75 (20.8)

1985/86: 0.96 1983: 1.14 (1.3) 1983: 0.97 1985: 0.95

1987/88: 0.66 (0.8) 1985: 0.50 (20.8) 1985: 0.73 1986: 0.70 (0.9)

1988/89: 0.95 (21.7) 1986: 1.05 1986: 0.78 1988: 0.87 (21.5)

1990/91: 0.69 1988: 0.66 1988: 0.86 (21.3) 1990: 0.76

1992/93: 0.58 1989: 0.87 (20.8) 1990: 0.79 1993: 0.83

1993/94: 0.66 1991: 0.60 1993: 0.76 1995: 0.84 (21.0)

1995/96: 0.76(20.9) 1993: 0.81 1995: 0.91 1997: 0.96 (2.3)

1997/98: 0.71 (2.2) 1995: 0.62 1997: 1.09 (1.6) 1999: 0.94 (21.3)

1999/00: 1.03(21.7) 2000: 1.12 (20.8) 1999: 0.80 (21.1) 2000: 0.66

2002/03: 0.54 (0.9) 2002: 0.72 2000: 1.10 2002: 0.68 (1.2)

2004/05: 0.62 2005: 0.88 2002: 0.74 (0.8) 2004: 0.62

2006/07: 0.93 2007: 0.90 2004: 0.82 2006: 0.85

2008/09: 1.00(20.8) 2009: 1.05 2006: 0.76 2008: 0.62

2009/10: 0.60 (1.5) 2011: 0.59 2008: 0.70 2009: 0.84 (1.0)

2013/14: 0.90 2012: 0.52 2009: 0.79 2010: 0.53 (21.7)

2014: 1.06 2011: 0.98 2011: 0.91 (21.1)

2013: 0.64 2013: 0.81

2014: 0.63 2015: 0.87 (2.4)
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removing the annual cycle and tapering to zero the first

and last 5% of the time series. The CCEWs are

extracted by applying inverse Fourier transform to the

coefficients contained in the wavenumber–frequency

domain bounded by the dispersion curves at specific

equivalent depth [for details see section 4 of Wheeler

and Kiladis (1999), and their Fig. 6]. The CCEWs are

decomposed into either symmetric or antisymmetric

components, while both the components are retained

for the MJO. But our key results are not affected if we

do not account for equatorial symmetry of the CCEWs.

We also explore the impact of the QBO on all high-

frequency (2–30-day period) convective variance and

the non-MJO intraseaonal variance, which is defined as

the difference between 30–120-day bandpass-filtered

variance and the MJO filtered variance. Based on

analysis of the space–time power spectrum, we did not

detect any impacts of theQBOon the higher-frequency

(,2-day period) inertio-gravity waves. Therefore, the

inertio-gravity waves are not considered in the present

study.

The vertical structure of the CCEWs are explored

using daily mean horizontal and vertical winds and

temperatures from ERA-Interim (Dee et al. 2011).

These are available on a 0.758 horizontal grid. We use

the available 31 pressure-level data between 20 and

1000hPa (20, 30, 50, 70, 100, 125, 150, 175, 200, 225, 250,

300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 775, 800,

825, 850, 875, 900, 925, 950, 975, 1000hPa).

El Niño–Southern Oscillation (ENSO) has a strong

impact on the seasonal anomalies of CCEW variance,

which might interfere with the evaluation of any impact

stemming from the QBO. Although previous analysis

revealed limited impact of ENSO on the QBO–MJO

interaction (e.g., Nishimoto and Yoden 2017), primarily

because ENSO does not strongly impact the MJO ac-

tivity on seasonal time scales during austral summer

(e.g., Hendon et al. 1999, 2007), we cannot exclude a

potentially strong impact of ENSOon seasonal variation

of CCEW activity. We thus examine QBO impacts on

CCEWs by excluding strong El Niño or La Niña events.
The key results presented here are, however, not sensi-

tive to inclusion of the ENSO years.We identify El Niño
and La Niña years using the Oceanic Niño index (ONI),

which is based on the 3-month running-mean anomaly of

the Niño-3.4 sea surface temperature index. A season

during strong El Niño or La Niña is opted out when the

seasonal value of the ONI is greater than 0.75 or less

than 20.75, respectively. The ONI index is obtained

from http://origin.cpc.ncep.noaa.gov/products/analysis_

monitoring/ensostuff/ONI_v5.php. The concurrent

ENSO years that are excluded from our analysis are

indicated in Table 1.

3. Space–time spectral analysis

Webegin our assessment of CCEWs by examining the

normalized space–time power spectrum of equatorially

symmetric and antisymmetric OLR during QBOE and

QBOW phases, excluding the strong El Niño and La

Niña years. The normalized symmetric spectra for DJF

and MAM seasons are displayed in Fig. 1, while the

same for JJA and SON are displayed in Fig. 2. As there

is little indication of any difference between QBOE and

QBOW for the antisymmetric spectra, the respective

normalized antisymmetric spectra are displayed in

Fig. S1 in the online supplemental material.

The normalized symmetric spectra in Figs. 1 and 2

reveal spectral peak for the MJO that is shifted to lower

frequency during easterly phases of the QBO in the DJF

season (see also Fathullah et al. 2017). The differences in

the MJO peak during the other seasons are minor,

confirming previous studies that have shown the impact

of the QBO on the MJO is primarily limited to the

austral summer season (e.g., Yoo and Son 2016;

Marshall et al. 2017).

The only other obvious difference in the normalized

symmetric spectra between QBOE and QBOW years is

the apparently stronger spectral peak for the con-

vectively coupled Kelvin waves during QBOE in the

MAM season (Fig. 1). Otherwise, the symmetric

CCEWs appear to be largely insensitive to the phase of

theQBO in all seasons. This null result also holds for the

higher frequency inertio-gravity waves (not shown in

Figs. 1 and 2). The normalized antisymmetric spectra

(Fig. S1) also do not show any obvious differences in the

spectral peaks associated with mixed Rossby–gravity

waves between QBOE and QBOW. However, as we

normalize the seasonal raw spectra by a background

spectrum, formed separately during QBOE and

QBOW, this approach cannot reveal the differences in

total power.

To quantify the variation of the total power, or

equivalently seasonal-mean amplitude of the wave

modes between QBOE and QBOW, we compute the

ratio of seasonal-mean raw (unnormalized) power dur-

ing QBOE compared to the power during QBOW for

each wave type (Table 2). We compute the seasonal-

mean power for each wave by using bandpass-filtered

data of the entire period (1979–2015) and then forming

averaged variance across all the longitudes between 08
and 3608 in the domain 158S–158N. This computation is

performed separately for each season of QBOE and

QBOW years by excluding the same ENSO years as

before. Note that the mean power of each wave is

computed over the same spatial domain as we use for the

space–time spectra displayed in Figs. 1 and 2. We also
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extend this calculation to include all high-frequency

(2–30-day period) convective variance and the non-

MJO component of intraseasonal variance.

To assess statistically significant differences in the

total filtered power, we adopt a permutation resam-

pling approach to estimate the significance of the ratio

of bandpass-filtered variances during QBOE and

QBOW. Our null hypothesis is that the variances

averaged during QBOE and QBOW are identical (i.e.,

the expected ratio of variance 5 1). To resample, we

first pool all of the non-ENSO years for each season

and then randomly choose N1 and N2 years from this

pool without replacement, where N1 and N2 are the

number of non-ENSO QBOE and QBOW years, re-

spectively (the numbers of years for each season can be

determined from Table 1). We form the mean variance

over the N1 and N2 samples and then form their ratio.

By resampling, we form this ratio 1000 times. The 95%

confidence interval about the null hypothesis is given

by the 2.5th and 97.5th percentiles of the resampled

ratios. The observed ratio is estimated to be significant

at the 5% level if its value falls outside of this 2.5th–

97.5th-percentile range.

The observed ratios of filtered variance in easterly and

westerly phases of the QBO and the 95% confidence

interval about the null hypothesis are given in Table 2

FIG. 1. Space–time power spectra of symmetric OLR anomalies averaged over 158S–158N and normalized by an

estimate of the red background spectrum. Power was computed for non-ENSO (top) QBO easterly phases and

(bottom)QBOwesterly phases for (left) DJF and (right) MAMduring 1979–2015. The contour interval is 0.2, with

values greater than 1.2 estimated to be significant at the 5% level. Dispersion curves for the n5 1 Kelvin and n5 1

equatorial Rossby (ER) waves are plotted for equivalent depths of 12, 25, and 50m. Spectra were computed using

96-day segments for each easterly and westerly year and then averaged over all non-ENSOQBO years, yielding an

effective bandwidth of (96 days)21.
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for the MJO, symmetric Kelvin, n 5 1 Rossby, and

antisymmetric mixed Rossby–gravity waves, and the

total high-frequency and non-MJO intraseasonal vari-

ability. Confirming previous results, the seasonal-mean

convective variance associated with the MJO during

QBO easterly phases is found to be significantly

stronger than during QBO westerly phases but only in

DJF. The seasonal-mean variance of theMJO in DJF is

57% stronger during QBOE compared to its QBOW

counterpart. There are no other significant differences

at p 5 5% between easterly and westerly phases of the

QBO for the MJO in any other season or for any of the

CCEWs. This null result carries over to all high-

frequency variance and the non-MJO component of

intraseasonal variance, suggesting that only the MJO

during austral summer is modulated by the QBO. This

result implies that previous studies (e.g., Collimore

et al. 2003; Liess and Geller 2012) that have detected

increased convective activity during QBOE were ap-

parently seeing the impact due to the MJO during DJF.

Although not significant at p , 5%, the convectively

coupled Kelvin waves during MAM show the next

largest ratio, whereby Kelvin wave variance is ;13%

stronger during easterly phases of the QBO as com-

pared to that during westerly phases. This increase is

almost significant at p 5 10% level, but it is a much

weaker percentage increase in variance than for the

MJO during DJF.

The strong modulation of MJO convective variance

by the QBO during the austral summer season and the

lack of modulation of the CCEWs are further quantified

by computing the correlation between the 3-month-

mean FUB QBO index and the 3-month-mean, tropi-

cally averaged filtered variance for the MJO, Kelvin,

mixed Rossby–gravity and n 5 1 Rossby waves (Fig. 3).

We consider all the years between 1979 and 2015 in this

FIG. 2. As in Fig. 1, but for (left) JJA and (right) SON seasons.
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calculation regardless of the strength of the QBO and

ENSO. We also assess significance of the correlation

using an F test and estimate the effective sample size

following Bretherton et al. (1999) by considering the

lag-1 autocorrelations of the QBO and the filtered

CCEW variance time series. The only significant cor-

relation between the seasonal-mean variance and the

QBO is for the MJO during austral summer, when the

correlation peaks at about 20.6. This negative correla-

tion is comparable (but slightly weaker) to that reported

by Yoo and Son (2016) and Marshall et al. (2017), who

measured MJO activity using the seasonal-mean am-

plitude of the OMI (Kiladis et al. 2014) and the RMM

indices (Wheeler and Hendon 2004), respectively. No

significant correlation is found for any of the CCEWs in

any season. However, the correlation of the QBO index

with the convectively coupled Kelvin wave variance

during MAM (and FMA) nearly passes the 5% signifi-

cance threshold, which is consistent with the ratio of

filtered convective variances between the easterly and

westerly phases of the QBO then being significant at

p ; 10% (Table 2).

TABLE 2. Ratio of tropical-mean OLR variance (averaged over 158S–158N, 08–3608) for MJO, Kelvin, n 5 1 Rossby, mixed Rossby–

gravity waves, high-frequency (,30 day), and non-MJO low-frequency (30–120 day) intraseasonal variability during easterly and westerly

phases of the QBO, excluding the ENSO years of Table 1. The 95% confidence interval about the null hypothesis of equal variances (i.e.,

ratio5 1) is in parentheses. Observed ratios significant at 5% level are in boldface (only the MJO during DJF). The ratio for Kelvin wave

variances during MAM (1.13) is judged to be significant at p 5 10%.

DJF MAM JJA SON

MJO 1.57 (0.64–1.55) 1.04 (0.67–1.45) 1.04 (0.8–1.24) 0.93 (0.83–1.20)

Kelvin 1.03 (0.85–1.16) 1.13 (0.81–1.16) 0.87 (0.85–1.13) 1.03 (0.92–1.09)

n 5 1 Rossby 1.01 (0.83–1.20) 1.03 (0.77–1.24) 1.03 (0.79–1.22) 1.02 (0.83–1.20)

mixed Rossby–gravity 1.02 (0.88–1.13) 1.05 (0.81–1.14) 0.9 (0.85–1.14) 1.0 (0.89–1.12)

,30 days 1.02 (0.93–1.07) 0.99 (0.96–1.04) 0.97 (0.95–1.04) 1.0 (0.96–1.04)

non-MJO 30–120 days 0.98 (0.88–1.13) 0.95 (0.87–1.15) 1.12 (0.85–1.22) 1.09 (0.80–1.25)

FIG. 3. Correlation between theQBO index and 3-month-mean (a)MJO, (b)Kelvinwave, (c) n5 1Rossbywave,

and (d) mixed Rossby–gravity wave filtered OLR variance averaged over 158S–158N, 08–3608 during 1979–2015.

Dotted curves indicate the 95% confidence interval for the correlation.
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4. Mechanism of impact from the QBO

Given the strong covariation of MJO activity during

DJF with the QBO, why are the other CCEWs not

similarly affected? A plausible explanation for the in-

sensitivity of the equatorial Rossby and mixed Rossby–

gravity waves to the QBO is that their convective signals

are less equatorially confined compared to the MJO,

which might make them less sensitive to the equatorially

concentrated variations of the QBO. However, the

convectively coupled Kelvin waves are even more

equatorially confined than the MJO, so lack of equato-

rial confinement cannot explain the lack of impact from

the QBO on the Kelvin waves. And, although the re-

lationship does not pass the 5% significance level, the

strongest relationship between seasonal-mean con-

vectively coupled Kelvin wave activity and the QBO

occurs during MAM rather than in DJF as for the MJO.

So, an additional question is raised as to why the Kelvin

wave activity is most related to the QBO during MAM,

but at a level much weaker than for the MJO during

DJF. The remaining part of the paper focuses on why

there is a strong impact of the QBO on MJO activity

during DJF but only a modest impact on Kelvin wave

activity during MAM.

Further insight comes from maps of DJF-mean con-

vective variance for theMJOduringQBOE andQBOW

years (Fig. 4), which show that the biggest impact of the

QBO is just south of the equator in the Indian Ocean–

western Pacific region where MJO convective variance

is larger during QBOE. This region is where MJO con-

vective activity is climatologically strongest and is con-

sistent with results presented in Yoo and Son (2016),

Son et al. (2017) andMarshall et al. (2017). Examination

of the maps of non-MJO intraseasonal variance during

QBOE and QBOW (Fig. S2) reveals that only the MJO

component of the intraseasonal convective variance is

significantly increased during DJF, consistent with the

results in Table 2. In MAM, Kelvin wave convective

variance is also enhanced in the equatorial Maritime

Continent region during QBOE (Fig. 5). However, sta-

tistically significant enhancement is confined to a few

grid points in the Maritime Continent region.

This leads to the question: can the destabilization

argument of Hendon and Abhik (2018) be used to ex-

plain all of these observations? Hendon and Abhik

(2018) hypothesized that the mechanism of interaction

of the MJO with the QBO is via destabilization around

the tropopause through a combination of direct cooling

at 100 hPa driven by the QBO during its easterly phase

and by MJO-induced cooling around 100 hPa above

enhanced MJO convection. Together with the mid- to

upper-tropospheric warm anomaly produced by the

enhanced MJO convection (e.g., Holloway and Neelin

2007), these MJO-induced temperature anomalies act

to destabilize the upper troposphere. This upper-

tropospheric destabilization is in phase with the MJO

convection and leads to a more in-phase relationship of

FIG. 4. MJO-filtered OLR variance (W2m24) for DJF during (a) easterly and (b) westerly

phases of the QBO, excluding ENSO years during 1979–2015. (c) Difference between (a) and

(b), with stippling indicating significant differences at the 5% level.
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enhanced convection with the tropospheric temperature

anomaly, thus indicating enhanced eddy energy pro-

duction (e.g., Lin et al. 2005). This mechanism relies on

the temperature perturbations driven by the MJO in the

upper troposphere to be vertically aligned and to extend

high enough to interact with the downward-extending

temperature anomaly driven by the QBO.

The vertical structures of the equatorially averaged

temperature, zonal and vertical winds, and OLR anom-

alies are displayed in Fig. 6 for the MJO in DJF and the

Kelvin waves in MAM during QBOE and QBOW. Note

that a narrower range of latitudes (108S–108N) is used

here for better focusing on the near-equatorial structure

of the waves and their possible interaction with theQBO-

induced tropopause temperature anomalies. The anom-

alies in Fig. 6 were formed by regression onto the MJO

and Kelvin wave bandpass-filtered OLR time series, re-

spectively, averaged over 108S–108N at 1208E. The re-

gressions are computed during DJF for the MJO and

during MAM for the Kelvin waves and only during the

non-ENSO years listed in Table 1. For display, the re-

gression coefficients are scaled by a one standard de-

viation anomaly of the bandpass-filteredOLR time series

in each case. Significance of the regression coefficients is

assessed using a t test on the equivalent correlation co-

efficients, with the effective sample size estimated fol-

lowing the same approach used in Fig. 3. The seasonal-

mean temperature anomaly associated with the QBO

is displayed for illustrative purposes with contours and

was computed as the mean difference of equatorially

averaged zonal-mean temperature between both the

QBO phases. The seasonal-mean temperature anomalies

associated with the QBOE and QBOW are indicated in

the top and bottompanels, respectively. Additionally, the

evolution of the associated equatorially averaged OLR

anomaly is displayed at the lower part of each panel.

For the MJO (Figs. 6a,b), a mid- to upper-tropospheric

positive temperature anomaly occurs;5 days ahead of the

peak convection anomaly (negative OLR) and is overlain

by a cold anomaly centered around 100hPa. Enhanced

MJO convection is associated with deep tropospheric up-

ward motion, indicative that the tropospheric warm anom-

aly is diabatically driven (e.g., Virts andWallace 2014). The

upward motion ‘‘overshoots’’ into the lower stratosphere,

where the cold cap appears to be adiabatically driven (e.g.,

Holloway and Neelin 2007). In comparison to QBOW, the

cold cap–warm anomaly is stronger andmore in phase with

enhanced convection during QBOE, thus indicating more

efficient eddy kinetic energy production (e.g., Lin et al.

2005). The seasonal-mean cold anomaly associated with

QBOE in the lower stratosphere (contours in Fig. 6a) is

found to extenddownward to;100hPa,where it appears to

constructively add to the cold-cap anomaly above the en-

hancedMJOconvection.Hendon andAbhik (2018) argued

that this additional destabilization at the tropopause pro-

vided by the easterly phase of the QBO is what promotes

stronger MJO activity during QBOE. Also apparent in

Figs. 6a and 6b is that the temperature anomalies exhibit an

eastward tilt with height into the lower stratosphere and

these anomalies extend higher into the stratosphere during

FIG. 5. As in Fig. 4, but for symmetric OLR power filtered for Kelvin waves during

MAM season.
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QBOE. This difference of structure in the stratosphere is

consistent with the notion that the MJO excites a short

vertical wavelength Kelvin wave in the stratosphere (due to

the low frequency of theMJO) and this excitedKelvinwave

can propagate into the upper stratosphere during QBOE

only (see also Fathullah et al. 2017).

In contrast, theKelvinwave vertical structure (Figs. 6c,d)

is shallower than theMJO in the troposphere and exhibits a

distinctive ‘‘boomerang’’ structure about 250hPa. Hence,

there is much less in-phase relationship between the upper-

tropospheric warm anomaly, the overlying cold cap at

100hPa and the region of enhanced convection. Further-

more, because theKelvinwave anomalies are less vertically

stacked and shallow, the cooperative interaction of Kelvin

wave–induced destabilization with the QBO-induced de-

stabilization around the tropopause appears not to be

effective.

The degree of covariation of MJO and Kelvin wave

convection with the wave-induced reduction in upper-

troposphere stability is quantified by forming the

lagged regression along the equator of OLR and tro-

popause stability anomalies onto the same bandpass-

filtered OLR base point (top panels in Fig. 7). We

define the tropospause stability anomaly as the

anomalous temperature difference between 100 and

200 hPa (T100 2 T200). For the MJO (Figs. 7a–c), the

convection and tropopause stability anomalies exhibit

typical eastward propagation at about 5m s21 (e.g.,

FIG. 6. Equatorially averaged (108S–108N) temperature, zonal–vertical winds (vectors), and OLR (bottom curve

in each panel;Wm22) anomalies at 1208E regressed onto bandpass-filtered OLR (108S–108N, 1208E) for (a),(b) the
MJO during DJF and (c),(d) Kelvin waves during MAM. Regressions were formed for non-ENSO (top) QBOE

and (bottom) QBOW during 1979–2015. Significant temperature anomalies at the 5% level are stippled. Vectors

are drawn if either the zonal or vertical wind component is significant at the 5% level. Pressure vertical velocity is

multiplied by21 so that an upward pointing vector indicates anomalous ascending motion. The vector scale in the

lower right is indicative of a zonal wind anomaly with a magnitude of 10m s21 for the MJO and 1m s21 for the

Kelvin wave. For vertical velocity, the vector scale is indicative of an anomaly with a magnitude of 23 1022 Pa s21

for theMJO and 13 1022 Pa s21 for theKelvin wave. For display, the regression coefficients aremultiplied by a one

standard deviation anomaly of the bandpass-filtered OLR base-point time series. The seasonal-mean QBO tem-

perature anomaly is contoured as positive anomalies in red solid and negative anomalies in blue dashed curves

(interval of 0.1 K with the zero contour omitted).
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Hendon and Salby 1994). During QBOE, enhanced

convection clearly shifts to be more in-phase with de-

creased stratification as the MJO convection moves

from the eastern Indian Ocean into the western Pacific

(908E–1808), indicative of the cooperative interaction

of the QBO-induced destabilization with the MJO-

induced temperature anomalies (e.g., Hendon and

Abhik 2018). This in-phase behavior of convection

with the tropopause stability is quantified, as in

Hendon and Abhik (2018), by correlating the OLR

and the stability anomalies (T100 2 T200) at each lon-

gitude using the data displayed in the top panels of

Fig. 7. For the MJO, the correlation is more positive

during QBOE compared to during QBOW from about

1008E to the date line, indicative that upper-

tropospheric destabilization of convection is more

pronounced during easterly phases of the QBO (see also

Hendon and Abhik 2018).

For the Kelvin wave (Figs. 7d–f), shorter period and

faster eastward propagation are evident compared to

the MJO. And, in contrast to the MJO, the OLR and

upper-troposphere stability anomalies show much more

tendency to be in quadrature, as would be expected for a

freely propagatingKelvin wave (e.g., Kiladis et al. 2009).

FIG. 7. Equatorially averaged (108S–108N) anomalies of OLR (shading) and tropopause stability (T100 2 T200;

contours, solid curves for positive values and dashed curves for negative values) regressed onto (left) MJO and

(right) Kelvin wave filtered OLR at (108S–108N, 1208E) during DJF and MAM, respectively. (a),(d) Non-ENSO

QBOE and (b),(e) non-ENSO QBOW. Contour interval for the OLR anomaly is 3Wm22 for the MJO and

1Wm22 for the Kelvin waves, while the contour interval for tropopause stability anomalies is 0.3 K for the MJO

and 0.1 K for the Kelvin wave. The time axis runs from lag225 days to lag125 days for the MJO and lag210 days

to lag110 days for the Kelvin waves. (c),(f) Correlation between OLR and tropopause stability anomalies at each

longitude shown in (a), (b), (d), and (e), with a blue solid curve for non-ENSO QBOE and a red dotted curve for

non-ENSO QBOW. For display, the regression coefficients are multiplied by a one standard deviation anomaly of

the bandpass-filtered OLR at the base point.
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Some shift of the OLR to being more in phase with the

temperature anomaly does occur across the Maritime

Continent region during QBOE, but the positive cor-

relation of OLR with upper-troposphere stability is

weaker and more longitudinally confined than for the

MJO. This positive but weak correlation during QBOE

is supportive of the notion that the Kelvin waves are

being modestly promoted by QBOE, but to a much

lesser degree than for theMJO during DJF. The weaker

promotion of Kelvin wave convection by destabilization

in the upper troposphere during QBOE presumably

reflects the more tilted vertical structure of the Kelvin

wave in the upper troposphere, which does not allow it

to tap into the additional destabilization at the tropo-

pause provided by the QBO in the same fashion as

the MJO.

5. Seasonality of the QBO impact

Insight into the seasonality of the impact of the QBO

is gained by first examining the seasonality of the am-

plitude of the MJO and CCEWs near the equator using

bandpass-filteredOLR variance (Fig. 8). Seasonal-mean

MJO activity exhibits a well-known variation that peaks

in austral summer (e.g., Salby and Hendon 1994), when

the relationship between the MJO and the QBO is also

found to be strongest. Similarly, the Kelvin wave activity

seasonally peaks during austral autumn, which is also

the season when its relationship with the QBO is

strongest (based on Fig. 3), so it is feasible that the

seasonal cycle of the strength of the wave convective

activity is involved in the mechanism for both the MJO

and Kelvin waves.

The strongest MJO activity also occurs when the

tropopause temperatures are seasonally coldest during

QBOE in the austral summer season (Fig. 8b). Aweaker

impact of the QBO on Kelvin wave activity might be

expected to occur because convectively coupled Kelvin

wave activity maximizes during MAM (Fig. 8a), after

the tropopause has seasonally reached its coldest tem-

perature (both seasonally and in response to the QBO;

Fig. 8b). If the MJO-induced cooling at the tropopause

aboveMJO convection is proportional to the strength of

the MJO (which peaks during DJF), then we might ex-

pect the strongest interaction of the MJO with the QBO

to be during austral summer, when both the MJO ac-

tivity is strongest and the tropopause temperature is

seasonally coldest during easterly phases of the QBO.

Similarly, we might expect a weaker impact of the QBO

on the Kelvin waves because the strongest Kelvin wave

activity and associated strongest tropopause tempera-

ture perturbations to occur during austral autumn, after

the seasonal occurrence of the coldest tropopause tem-

peratures during summer.

These ideas are further explored by computing the

seasonal cycle of the magnitude of the MJO and Kelvin

wave-induced temperature anomalies at the tropopause.

We compute this by regressing equatorially averaged

(108S–108N) anomalies of T100 2 T200 onto respective

bandpass-filtered OLR time series for the MJO and the

Kelvin waves.We form the regression for each base point

along the equator over 908E–1808 and form the mean

variance of the regressed T1002 T200 anomalies for lags 0

to 25 days for the MJO and lags 0 to 22 days for the

Kelvin waves. We use these negative lags based on Fig. 6

for better capturing the temperature anomalies that lead

the convection anomalies. We compute the mean vari-

ance in 3-month overlapping windows for all years re-

gardless of the phase of the QBO and ENSO strength

(Fig. 9). The strongest tropopause temperature anomalies

driven by theMJOare seen to peak sharply during austral

summer, consistent with when the association of the

FIG. 8. (a) Seasonal cycle of 3-month-mean filtered OLR variance for the MJO (red), Kelvin wave (green), and

n 5 1 Rossby wave (blue). Variance was averaged zonally and between 158S and 158N during 1979–2015.

(b) Seasonal cycle of zonal-mean tropopause stability (T100 2 T200) averaged between 108S and 108N for QBOE

(blue) and QBOW (red) during 1979–2015.
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QBOwith theMJO is strongest. The seasonal variation of

the Kelvin wave–induced tropopause temperature

anomalies is much weaker than for the MJO but is also

seen to peak in the same season aswhen the association of

the Kelvin waves with the QBO is greatest (i.e., austral

autumn). The weaker relationship of the QBO with the

Kelvin wave as compared to MJO is thus consistent with

the difference in seasonal occurrence of the strongest

tropopause temperature anomalies driven by these

waves: the strongest MJO-induced anomalies occur dur-

ing austral summer when the tropopause is seasonally

coolest, but the strongest Kelvin wave–induced anoma-

lies do not occur until ;3 months later, after the tropo-

pause has begun to seasonally warm.

6. Conclusions

Seasonal variations of convectively coupled equatorial

wave activity are found to be largely insensitive to theQBO,

in contrast to seasonal-mean MJO activity that is markedly

stronger during easterly phases of the QBO in austral sum-

mer. This conclusion is consistent with the earlier study of

Fathullah et al. (2017).We further showed that only theMJO

component of the intraseasonal (30–120-day period) con-

vective variance significantly increases duringDJF inQBOE.

Although we focused on the CCEWs, the high-frequency

(2–30-day period) convective variance is found to be not

affected by the QBO in any season. This suggests that ear-

lier studies (e.g., Collimore et al. 2003; Liess and Geller

2012) that reported an increase of convective activity during

QBOE were probably detecting an impact from the MJO

during DJF. Although not significant at p 5 5%, we pre-

sented some evidence that convectively coupled Kelvin

wave activity is modestly enhanced during the easterly

phase of the QBO in austral autumn, when convectively

coupled Kelvin wave activity is seasonally strongest along

the equator. However, this promotion of Kelvin wave ac-

tivity by the easterly phase of the QBO is much weaker

compared to impact on theMJO inDJF. The lack of impact

on theother convectively coupledwaves (e.g.,Rossbywaves

and mixed Rossby–gravity waves) was argued to stem from

their horizontal structure that does not yield an equatorially

focused convective component that could be sensitive to the

QBO. However, additional analysis is needed to support

this claim. The peak relationship of theMJOwith theQBO

during DJF and of the Kelvin waves with the QBO during

MAM is argued to reflect the strong seasonality of ampli-

tude of these waves, which result in peak tropopause tem-

perature anomalies during DJF and MAM, respectively.

The weaker impact on the Kelvin waves compared to

the MJO was argued to stem largely from the more tilted

and shallower vertical structure of the Kelvin waves,

especially in the upper troposphere. This tilted vertical

structure means that the destabilization mechanism pro-

posed by Hendon and Abhik (2018) is not as effective for

the Kelvin wave as for the MJO. The convectively driven

upper-tropospheric warm anomaly and overlying cold cap

at the tropopause are less in phase with the convective

anomaly and cannot tap into the additional mean de-

stabilization at the tropopause provided by the QBO.

These results support the premise that the promotion of

the MJO by the easterly phase of the QBO results from

the unique structure of the MJO. The vertically stacked

upper-tropospheric warm anomaly and overlying cold cap

anomaly at;100hPa that are driven by MJO convection

can tap into the destabilization about the tropopause

driven by the easterly phase of the QBO, so to promote

enhanced destabilization in phase with the convection.

The more tilted vertical structure of the Kelvin waves

renders this destabilization mechanism less effective.

This study reveals a consistent relationship be-

tween stronger convectively coupled wave activity

and the spatial phasing of the convection and upper-

tropospheric temperature anomalies: stronger MJO ac-

tivity and to a lesser degree Kelvin wave activity occurs

during easterly phases of the QBO when there is a more

in-phase relationship of convection, upper-tropospheric

warm anomaly, and overlying tropopause cold anomaly.

The more in-phase relationship of convection with an

upper-tropospheric warm anomaly is indicative of en-

hanced eddy energy production (e.g., Lin et al. 2005);

however, it does not indicate the causal mechanism. We

presume it stems from the QBO easterly phase that di-

rectly promotes deeper and stronger MJO convection by

FIG. 9. Seasonal cycle of tropopause stability (T100 2 T200)

variance associated with the MJO (red) and the Kelvin waves

(green). The stability variance was computed by first regressing the

tropopause stability anomalies onto the MJO and Kelvin wave

filtered OLR anomalies, respectively, at each longitude point.

Variance of these regressed anomalies was computed using all lags

between 0 and25 days for theMJO and between 0 and22 days for

the Kelvin waves and averaged across all longitude base points

between 908E and 1808 with overlapping 3-month mean.
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additional mean destabilization at the tropopause. But it

is also possible that cloud radiative effects may have an

impact (e.g., Kim et al. 2015). The MJO is known to

modulate cirrus clouds at the tropopause (e.g., Virts and

Wallace 2014) and the easterly phase of the QBO acts to

enhance the cirrus cloud (Son et al. 2017). Thus, it is

possible that induced variation of the cirrus cloud could

act to further destabilize the column as that has pre-

viously been shown for the MJO (Kim et al. 2015),

thereby promoting strongerMJOs duringQBOE. Cloud-

radiative forcing has been shown to weaken the other

CCEWs in somemodels (e.g., Lin et al. 2007; Crueger and

Stevens 2015), thus the enhanced cloud-radiative feed-

back during QBOE is preferably promoting the MJO

compared to the other CCEWs. The lack of impact of the

QBO on the other CCEWs thus motivates further study

on the precise mechanism for exclusive promotion of the

MJO by the QBO.
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