
1.  Introduction
The tropical Madden-Julian oscillation (MJO) is an eastward propagating, convectively coupled, tropical wave 
that produces the strongest of the intraseasonal climate oscillations (e.g., Adames & Kim,  2016; Sobel & 
Maloney,  2012). It generates a Rossby wave train that can be associated with high-impact weather events at 
northern midlatitudes (e.g., Matthews et al., 2004; Zhang, 2013).

Recent research has found that the stratospheric quasi-biennial oscillation (QBO) (e.g., Baldwin et al., 2001) 
modulates the occurrence rate and eastward extension of MJO episodes in boreal winter (the “QBO-MJO connec-
tion”) (e.g., Hood, 2017; Nishimoto & Yoden, 2017; Yoo & Son, 2016; Zhang & Zhang, 2018; see the reviews 
by Martin, Son, et al., 2021; Haynes et al., 2021). Briefly, the modulation is such that the MJO is stronger for 
longer time periods, propagates more often across the Maritime Continent into the western Pacific, and is more 
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Plain Language Summary  Statistical studies have shown that upper atmospheric conditions 
significantly modulate the occurrence rate and amplitude of the wintertime Madden-Julian oscillation (MJO), 
which is a tropical convective disturbance with important consequences for weather events at northern latitudes. 
Specifically, easterly and westerly winds in the tropical and subtropical stratosphere driven by the quasi-biennial 
oscillation (QBO) and the 11-year solar cycle influence the amplitude of the MJO in northern winter. Here, it is 
first found using reanalyzed meteorological data that a statistically significant, lagged strengthening of the MJO 
is produced, on average, by large-scale waves propagating up from the troposphere in late fall and early winter, 
leading to a cooling and destabilization of the tropical lowermost stratosphere. Second, more such wave forcing 
events occur during the easterly phase of the lower stratospheric QBO and at solar minimum. A survey of 
archived climate model data from a recent model intercomparison project shows that at least one model version 
with realistic QBO and solar forcing (and high greenhouse gas concentrations) is able to partly simulate both 
of these characteristics. However, the model fails to simulate the observed stratospheric QBO modulation of 
the MJO, apparently because the modeled MJO is insufficiently sensitive to stability reductions in the tropical 
lower stratosphere.
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predictable when the QBO is in its easterly phase near 50 hPa in the tropical lower stratosphere (QBOE) than 
when it is in its westerly phase (QBOW). Moreover, several published studies provide evidence for a significant 
QBO modulation of the strength of the MJO-induced Rossby wave train and associated teleconnection patterns in 
the extratropics (Hood et al., 2020; Toms et al., 2020). As suggested by Toms et al., the latter modulation may be 
due in part to a QBO modulation of the tropical MJO itself and in part to the QBO modulation of the extratropical 
background state that affects the communication of the MJO signal to the extratropics.

As reviewed recently by Haynes et al. (2021; their section 3.1b), Sakaeda et al. (2020) have confirmed that the 
QBO influence on tropical convection is limited only to the MJO and further demonstrate an increase of MJO high 
cloud fraction during QBOE, which provides a positive feedback on MJO activity due to cloud-radiative effects on 
lower stratospheric temperature (see also Giorgetta et al., 1999, for an original model study of cloud-radiative posi-
tive feedbacks on QBO-induced convective activity). Abhik and Hendon (2019) suggest that the specific influence 
of the QBO on the MJO may be due to the higher vertical extent of MJO convection as compared to typical convec-
tion combined with unusually cold tropopause temperatures over the Maritime Continent in northern winter.

Evidence that the stratospheric response to 11-year and 27-day solar UV forcing produces a secondary modula-
tion has also been reported (Hoffmann & von Savigny, 2019; Hood, 2017, 2018). The modulation is such that the 
boreal winter MJO is stronger during solar minima (SMIN) than during solar maxima (SMAX). On the ∼27-day 
solar rotation time scale, tropical static stabilities are reduced, and strong MJO days are more numerous on aver-
age following minima in the solar UV flux. The reverse is found following peaks in the UV flux (see figure 8 of 
Hood, 2018). The latter effects are mainly limited to strong MJO events (OMI > 2 standard deviations) and are 
detectable mainly under solar maximum conditions when rotational UV variations are especially large. The solar 
rotation-induced UV variations occur when active regions are concentrated on one side of the sun; they can be 
more than half as large as those occurring on the 11-year time scale.

One candidate mechanism for the QBO modulation has been destabilization of the uppermost tropical tropo-
sphere and lower stratosphere by the QBO-induced meridional circulation in the tropics and subtropics, which 
produces relative upwelling and cooling during QBOE, thereby reducing static stability and favoring tropospheric 
convection. Some idealized model studies and experiments with forecast models have given some support for this 
mechanism (e.g., Abhik & Hendon, 2019; Martin et al., 2019, 2020).

In boreal winter, another hypothesis involving large-scale stratospheric dynamics for producing the QBO-MJO 
connection may be considered. It is based on the observed QBO modulation of the occurrence rate of extratrop-
ical wave forcing events in early northern winter (e.g., Holton & Tan, 1980, 1982; hereafter referred to as the 
“Holton-Tan effect” or “H-T”). Previous observational analyses and idealized model experiments have supported 
both QBO and solar influences on the timing (early winter vs. late winter) of sudden stratospheric warmings 
(SSWs) via the zonal flow in the equatorial and subtropical stratosphere (e.g., Gray et al., 2004, 2020, 2022). This 
mechanism would therefore also be potentially applicable to the observed solar modulation of the MJO. Simply 
stated, extratropical wave forcing events decelerate the polar vortex through a process known as “wave drag”, 
accelerating the effective stratospheric mean meridional circulation. They therefore produce adiabatic descent 
and higher temperatures in the polar lower stratosphere (e.g., Andrews et al., 1987). At the same time, the tropical 
upwelling rate is increased and temperatures are decreased in the lower stratosphere, affecting static stabilities 
and potentially the tropospheric MJO.

Figure 1 shows some evidence that extratropical wave forcing contributes significantly to differences in tropical 
lower stratospheric temperature (and static stability) between the QBOE and QBOW phases during northern 
winter when the QBO-MJO connection is mainly observed. Plotted are averages of daily zonal mean temperature 
anomalies at 70 hPa (deviations from climatology) as a function of latitude for (a) all months of the year; and 
(b) December through February (DJF). The calculations were done using 40 years of ERA5 reanalysis data (see 
Section 2 below). The data are separated by QBO phase, where QBOE is defined as periods when the 50 hPa 
equatorial zonal wind as compiled from radiosonde data at the Free University of Berlin was easterly (u50 < 0) 
and QBOW as periods when u50 > 0. The 70 hPa level is chosen because the maximum difference between zonal 
mean equatorial temperature during QBOE and QBOW occurs at this level. It therefore exerts a major QBO influ-
ence on static stabilities in the tropical tropopause region. When all months of the year are considered, the tropical 
equatorial temperature difference is smaller and there is only a very small difference between anomalies at high 
latitudes. However, when only DJF is considered, the equatorial temperature difference increases substantially 
and there are corresponding large north polar temperature differences of opposite sign. In both cases, these 
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differences are much larger than the two-sigma (∼95% confidence) limits (not shown). The opposite-signed 
anomalies in the tropics and at high northern latitudes are consistent with increased wave drag during QBOE 
relative to QBOW.

A recent study using an advanced global climate model raises questions about whether any mechanism based 
on stratospheric dynamics alone could be the source of the QBO-MJO relationship (Martin, Orbe, et al., 2021). 
The model experiments used “stratospheric nudging,” that is, all modeled zonal mean stratospheric zonal and 
meridional winds were relaxed to reanalysis fields over the 1980 to 2017 period. These experiments therefore 
should have simulated both the observed QBO-induced meridional circulation at low latitudes and the effect of 
QBO-induced changes in extratropical wave forcing on the large-scale meridional circulation, tropical upwelling 
rates, and tropopause static stability during that time period. The model produced a realistic, seasonally averaged, 
QBO modulation of tropical lower stratospheric temperature (QBOE – QBOW; see their figure 2) but did not 
simulate a QBO-MJO relationship. Several characteristics of the simulations may have prevented the model from 
producing a stratospheric effect on the MJO, however. First, as noted by the authors, the modeled MJO was gener-
ally weaker and less active around the Maritime Continent as compared to observations. Second, the modeled 
tropical lower stratospheric temperature in northern winter, which was not nudged to observations, was about 
1.9 K too warm at 100 hPa (see their figure 3b and associated discussion).

Another possible criticism of stratospheric dynamics as a source mechanism is that static stabilities are mainly 
affected by top-down forcing in the 70 to 100 hPa layer, while typical MJO convection does not usually reach 

Figure 1.  70 hPa zonal mean temperature anomaly for QBOE years (solid lines) and QBOW years (dashed lines) during (a) 
all months; and (b) December to February (DJF).
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that high. The largest difference in tropical lower stratospheric temperature between QBOE and QBOW occurs 
at 70 hPa (see, e.g., figure 4b of Kim et al., 2020). In contrast, typical MJO-induced vertical velocity anomalies 
in northern winter reach the 70 hPa level only over the Maritime Continent region during MJO phases 3–6 (e.g., 
figure 1 of Hendon & Abhik, 2018, and figure 6 of Martin, Orbe, et al., 2021). However, the latter calculations 
were done for MJO amplitudes >1 standard deviation, while it is mainly the strongest MJO episodes (amplitudes 
>2 standard deviations) that are modulated by QBO and solar forcing (see, e.g., figure 6a of Hood, 2018). These 
episodes may extend to higher altitudes and be more affected by static stability reductions in the lowermost 
stratosphere.

In this study, we report a more detailed investigation of the hypothesis outlined above that extratropical wave 
forcing events, including stratospheric warmings, and their timing (early winter vs. late winter) as influenced by 
QBO and solar forcing, are playing an important role in producing the observed QBO and solar modulations of 
the MJO. Using 40 years of reanalysis data, we focus especially on the temporal evolution of relevant quantities 
during the fall and winter seasons as the seasonal minimum in tropical lower stratospheric temperature and static 
stability is approached. A recent coupled climate model simulation with realistic QBO and solar forcing is then 
analyzed to evaluate whether it is able to simulate any of the observed effects.

2.  Data and Methods
All observational data for atmospheric variables are taken from the ERA5 reanalysis record (Hersbach et al., 2020; 
see Data Availability Statement). Static stabilities are for the 70 to 100 hPa layer, averaged over near-equatorial 
latitudes (10°S to 10°N), and are calculated using methods described in Hood (2017). Temperature composites in 
all figures are done at the 70 hPa level because temperatures at this level exert the main influence on static stabil-
ities in the 70 to 100 hPa portion of the tropical tropopause region. To characterize extratropical wave forcing, 
zonal mean meridional eddy heat flux (v′T′) is calculated at 100 hPa and averaged over northern middle latitudes 
(45°–75°N). Here, v′ is the deviation from the zonal mean of the meridional velocity and T′ is the deviation from 
the zonal mean of the temperature. This quantity is approximately proportional to the vertical component of the 
planetary-scale wave flux into the stratosphere (e.g., Andrews et al., 1987). “Cumulative” wave forcing in late fall 
and early winter is calculated as the sum of daily midlatitude-averaged 100 hPa eddy heat fluxes over the October 
1 to January 15 period for each year (Table 1, column 8). Cumulative wave forcing in late winter and early spring 
is calculated as the sum of the same quantity over the January 16 to March 31 period (Table 1, column 9).

To characterize the observed amplitude of the MJO on a given day in the analysis period (1979–2019), we use 
the outgoing longwave radiation (OLR)-based MJO index (OMI) developed and described in detail by Kiladis 
et al. (2014). This index requires only satellite OLR data and is provided since 1979 on the online NOAA website, 
https://psl.noaa.gov/mjo/mjoindex/. OMI amplitudes are normalized such that OMI = 1 represents 1 standard 
deviation. A listing of the DJF means of OMI for the 40 winters considered here is given in Table 1, column 6.

To select winters that are in the QBOE or QBOW categories, directly measured (radiosonde) equatorial 50 hPa 
zonal wind monthly means (u50) compiled at the Free University of Berlin are employed (see Data Availability 
Statement). A plot of the u50 time series for the 1979–2017 period is shown in figure 2 of Hood (2018). To test 
the sensitivity of the results to the method of assigning a given winter period to the QBOE or QBOW phase, two 
methods are used.

In Method 1, a “strict” approach was adopted in which only those years when the QBO was in a strongly east-
erly or westerly state throughout the entire fall-winter period when tropical lower stratospheric temperatures are 
decreasing to a minimum were accepted. This method also attempts to account for the asymmetry of the wind 
field (positive winds during QBOW have weaker peak amplitudes than negative winds during QBOE). Specif-
ically, QBOE years are defined as those with monthly mean 50 hPa equatorial zonal winds (u50) during Octo-
ber to January of less than −1 standard deviation (s.d.) and without any monthly value falling below −0.5 s.d. 
(1 s.d. = 12.8 m/s). Also, to ensure that the QBO phase is continuous throughout the fall, the transition from 
westerly to easterly is required to occur no later than August of a given year. As shown in Table 1 (column 3), 11 
winters qualified as QBOE according to these criteria. For example, the 1994–1995 winter is excluded because 
u50 increases rapidly in December and January to nearly 0 even though the October–January mean is less than 
−1 s.d. QBOW years are defined as those with October–January means exceeding 0.6 s.d. but not falling to less 
than 0.4 s.d. in any of these months. Again, the transition from easterly to westerly must occur no later than 

https://psl.noaa.gov/mjo/mjoindex/
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Table 1 
QBO/Solar Phases and Related Data of the 40 Winters Considered Here

Winter 
no. Winter years

QBO phase 
Method 1

QBO phase 
Method 2

Early/Late 
SSW?

DJF 
OMI

Solar 
phase

Heat flux 
10/1–1/15

Heat flux 
1/16–3/31

1 1979–1980 East East Late 0.98 Smax𝐴𝐴 − 139.9 266.9

2 1980–1981 West West Late 0.76 Smax𝐴𝐴 − 361.3 223.7

3 1981–1982 – East Early 1.52 Smax 143.9𝐴𝐴 − 31.2

4 1982–1983 – West – 1.16 Smax𝐴𝐴 − 187.9 169.5

5 1983–1984 – West Late 0.68 – 64.7 290.2

6 1984–1985 East East Early 2.01 Smin 297.2 4.4

7 1985–1986 West West – 1.52 Smin 97.0 80.3

8 1986–1987 – West Late 1.20 Smin 11.7 107.0

9 1987–1988 – West Early, Late 2.01 – 5.3 57.8

10 1988–1989 West West Late 1.39 Smax𝐴𝐴 − 201.0 271.1

11 1989–1990 East East – 2.06 Smax𝐴𝐴 − 70.8𝐴𝐴 − 290.7

12 1990–1991 West West – 0.95 Smax𝐴𝐴 − 75.1 199.9

13 1991–1992 – East – 1.59 Smax 236.4 149.8

14 1992–1993 – West – 1.77 –𝐴𝐴 − 111.1 50.0

15 1993–1994 West West – 1.10 – 264.8𝐴𝐴 − 181.2

16 1994–1995 – East – 1.60 Smin𝐴𝐴 − 106.5𝐴𝐴 − 56.0

17 1995–1996 West West – 1.13 Smin𝐴𝐴 − 192.4 153.0

18 1996–1997 East East – 2.05 Smin 147.0𝐴𝐴 − 506.4

19 1997–1998 West West – 0.90 – 230.9 18.1

20 1998–1999 East East Early, Late 1.24 – 99.5 68.4

21 1999–2000 West West Late 0.71 Smax𝐴𝐴 − 177.0𝐴𝐴 − 37.5

22 2000–2001 – West Late 1.61 Smax 68.3 69.4

23 2001–2002 East East Early, Late 1.66 Smax 242.9𝐴𝐴 − 251.0

24 2002–2003 – West Late 1.60 – 170.7 3.5

25 2003–2004 East East Early 1.98 – 358.4𝐴𝐴 − 233.0

26 2004–2005 – West – 1.00 –𝐴𝐴 − 113.2 315.1

27 2005–2006 East East Late 1.41 Smin 190.5𝐴𝐴 − 109.7

28 2006–2007 West West Late 1.37 Smin𝐴𝐴 − 53.1 104.7

29 2007–2008 East East Late 2.32 Smin 34.0 57.1

30 2008–2009 West West Late 1.01 Smin 𝐴𝐴 − 6.7 154.0

31 2009–2010 West West Late 1.38 Smin 121.1 304.6

32 2010–2011 – West – 0.69 – 3.8𝐴𝐴 − 312.7

33 2011–2012 – West – 1.44 – 76.4 15.8

34 2012–2013 East East Early 1.50 – 249.2𝐴𝐴 − 379.9

35 2013–2014 West West – 0.98 Smax𝐴𝐴 − 68.9 121.9

36 2014–2015 – East – 1.20 – 153.4𝐴𝐴 − 243.7

37 2015–2016 – West – 1.76 –𝐴𝐴 − 268.3 416.7

38 2016–2017 – West – 1.02 Smin 86.6𝐴𝐴 − 26.7

39 2017–2018 – West Late 1.68 Smin𝐴𝐴 − 41.2 180.5

40 2018–2019 East East Early 1.89 Smin 447.5𝐴𝐴 − 81.4
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August. The 12 qualifying QBOW winters are also identified in Table 1, column 3. According to this method, 17 
of 40 winters did not qualify as either QBOE or QBOW.

In Method 2, a “relaxed” approach is used in which any winter (December–February or “DJF”) season with a 
mean value of u50 that is greater than zero is assigned as QBOW while a winter with mean u50 less than 0 is 
assigned as QBOE. As shown in Table 1, column 4, 15 winters qualified as QBOE and 25 winters qualified as 
QBOW according to these criteria.

To select winters that are in the SMIN or SMAX categories, we use the observed (i.e., unadjusted for varying 
sun-Earth distance) solar radio flux at 10.7  cm wavelength (F10.7). This emission originates in the vicinity of 
sunspots and is an objective ground-based proxy for solar ultraviolet emissions at wavelengths that are important for 
ozone production and radiative heating in the tropical upper stratosphere. A daily and monthly record of F10.7 begin-
ning in 2004 was obtained from the solar radio monitoring program at Dominion Radio Astrophysical Observatory in 
Penticton, British Columbia, a program operated by the National Research Council of Canada (https://spaceweather.
gc.ca/forecast-prevision/solar-solaire/solarflux/sx-5-en.php). We use this proxy record instead of direct measure-
ments and models of solar ultraviolet emissions because of its objectivity and length (1947–present), which allows 
application to both the observational time period (1979–2019) and the MRI model simulation period (1961–2000). It 
correlates closely with the solar UV flux at wavelengths near 200 nm (e.g., figure S5 of Hood, 2016). F10.7 is given 
in solar flux units (1 flux unit = 10 −22 W m −2 Hz −1). SMIN winters are defined here as those with F10.7 < 85 flux 
units, while SMAX winters are defined as those with F10.7 > 150 flux units. As listed in Table 1 for the 1979–2019 
period, 14 winters qualified as SMIN and 12 winters qualified as SMAX. Fourteen winters did not qualify as either 
SMIN or SMAX.

A compositing method is used to investigate whether the temporal evolution of a given quantity (e.g., MJO 
amplitude) in a given atmospheric state (e.g., QBOE) differs significantly from that in an alternate state 
(e.g., QBOW). To evaluate this, 95% confidence limits of the daily means must first be calculated. If the 
corresponding daily mean of the alternate atmospheric state falls outside of these limits, then the means 
are considered to be significantly different from one another on that day (see, e.g., Figure  2). Because 
the number of available years for compositing in the 41-year record is small (typically <30 in a given 
atmospheric state), confidence intervals are calculated using a method designed for small sample sizes 

(LaMorte, 2021). Specifically, if 𝐴𝐴 𝑥𝑥 is the mean value on a given day, the 95% confidence interval is defined 

as 𝐴𝐴 𝑥𝑥  ± t (𝐴𝐴 𝐴𝐴 /𝐴𝐴

√

𝑛𝑛 ), where 𝐴𝐴 𝐴𝐴 is the standard deviation and 𝐴𝐴 𝐴𝐴 is the number of samples. t is a value calculated 
from a t-distribution, which is similar to the standard normal distribution but adjusted to account for smaller 
sample sizes. The calculated t value depends on the degrees of freedom, defined as 𝐴𝐴 𝐴𝐴 – 1, and is tabulated 
in the above reference.

As noted above, the OLR MJO Index (OMI) is a measure of the MJO's activity level on a given day (Kiladis 
et al., 2014). In order to calculate daily OMI amplitudes from a given set of climate model data, we use a Python 
package produced by Hoffmann et al. (2021) and available from http://dx.doi.org/10.5281/zenodo.3613752. The 
initial inputs to the calculation are daily outgoing long-wavelength radiation (OLR) values between 20°S and 
20°N. These values are first filtered to accept only eastward propagation at periods between 30 and 96 days. 
Then, using many years of data (e.g., 40), the two leading-order empirical orthogonal functions (EOFs) are 
calculated for each day of the calendar year. Finally, the 20–96 days filtered OLR values are projected onto the 
daily EOFs. The resulting principal component (PC) pairs are given the labels OMI1 and OMI2 and the total 
OMI amplitude is calculated as OMI = [OMI1 2 + OMI2 2] 1/2. When calculating OMI amplitudes from climate 
model data, one could in principle use either EOFs derived from the climate model data or the observed EOFs 
(basically the same as those computed by Kiladis et al., 2014). The former approach could lead to problems if the 
model-derived EOFs change significantly during a long simulation. Therefore, in our work, we have projected the 
model bandpass-filtered data onto the observed OMI EOFs.

Finally, as listed in Table 2, the central dates of SSWs occurring during the study period (1979–2019) are selected 
based on compilations given by Charlton and Polvani (2007), Butler et al. (2017), and Karpechko (2018) with 
the addition of two more recent sudden warmings occurring in 2018 and 2019 (Rao et al., 2019, and references 
therein). Twenty-six sudden warmings occurred during the considered 40 winters although many other minor 
warmings could also have been identified.

https://spaceweather.gc.ca/forecast-prevision/solar-solaire/solarflux/sx-5-en.php
https://spaceweather.gc.ca/forecast-prevision/solar-solaire/solarflux/sx-5-en.php
http://dx.doi.org/10.5281/zenodo.3613752
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3.  Increased Early Winter Wave Forcing and MJO Amplitudes in QBOE and SMIN
The absorption and dissipation of extratropical Rossby and gravity waves originating in the troposphere, acting to 
decelerate the stratospheric zonal flow during northern winter, is referred to here as extratropical wave forcing (e.g., 
Holton et al., 1995). The resulting drag of these westward propagating waves on the zonal flow produces via the 
Coriolis torque an acceleration of the mean meridional residual circulation in the stratosphere (the Brewer-Dobson 
circulation). The most extreme examples of extratropical wave forcing events are SSWs, which produce both 

Figure 2.  The blue solid lines are daily composites of the indicated quantities during 11 QBOE years selected according to the 
strict Method 1 (Table 1). The red dashed lines are similar daily composites but for 12 QBOW years selected according to the 
same method. Heavy lines indicate significance according to criteria given in Section 2. Representative error bars are shown.
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strong warming at polar latitudes (e.g., Charlton & Polvani,  2007) and 
pronounced cooling in the tropical lower stratosphere (e.g., Chandra, 1986; 
Fritz & Soules,  1970; Hood & Soukharev,  2003; Randel,  1993; Randel 
et al., 2002; Yoshida & Yamazaki, 2011). Planetary-scale waves are strongest 
in the Northern Hemisphere and are able to propagate into the stratosphere 
mainly during the boreal winter season, when stratospheric winds are west-
erly in an acceptable range (Charney & Drazin, 1961). This, combined with 
a relatively long (∼100 days) radiative timescale, produces in the tropical 
lower stratosphere a large annual temperature cycle with a seasonal mini-
mum in temperature in boreal winter (e.g., Randel et al., 2002).

As mentioned in the Introduction, it has been known since the work of 
Holton and Tan (1980, 1982) that lower stratospheric planetary-scale waves 
in the extratropics have higher amplitudes in early northern winter during 
the easterly phase of the QBO than in the westerly phase (the “Holton-Tan 
effect”). The explanation suggested by them involved a northward shift of 
the zero wind line and therefore of the effective waveguide for extratropical 
planetary-scale waves. This would concentrate wave activity in the northern 
polar region (Figure S1a in Supporting Information S1), thereby weakening 
the vortex and strengthening the residual meridional circulation. There has 
been some support for this mechanism but much debate and the exact origin 
of the Holton-Tan effect continues to be the subject of ongoing research 
(Elsbury et al., 2021; Lu et al., 2020; Rao et al., 2020; Silverman et al., 2021; 
Watson & Gray, 2014; White et al., 2016). It has further been recognized 
since the work of Labitzke (1982, 1987) and Labitzke and van Loon (1988) 
that major SSWs do not usually occur in early winter under SMAX condi-
tions, but tend to be delayed until late winter, implying a secondary solar 
influence on the strength of extratropical wave forcing. A possible mech-
anism for the suppression of early winter SSWs at SMAX is increased UV 
heating of the tropical upper stratosphere near winter solstice, leading to a 
strengthening of the stratopause westerly jet (Kodera & Kuroda, 2002; see 
their figure 15). If so, then increased wave forcing and SSWs in early winter 
during QBOE and SMIN would lead to relative tropical upwelling, poten-
tially contributing to wintertime lower stratospheric static stability reduc-
tions and tropospheric MJO amplitude increases (Figures S1a and S1b in 
Supporting Information S1).

Figure 2 shows the results of composite analyses conducted to investigate 
the mean annual temporal evolution during the two phases of the QBO of: 

(a) the upward flux of planetary-scale waves into the high-latitude stratosphere as measured by meridional 
eddy heat flux at 100 hPa; 70 hPa temperatures averaged over (b) polar latitudes and (c) near-equatorial lati-
tudes; (d) static stability in the 70 to 100 hPa layer averaged over near-equatorial latitudes; and (e) MJO ampli-
tude. See Section 2 for data sources. As shown in the top panel of the figure, wave forcing tends to be larger 
during QBOE (blue lines) than during QBOW (red dashed lines) in several periods before mid-January, but 
becomes significantly less after this time (see Lu et al., 2020, for detailed investigation of the “sign-reversal” 
of the Holton-Tan effect in midwin ter). As shown in panel (b), 70 hPa zonal mean temperature at high latitudes 
is larger during QBOE than during QBOW for most of December, January, and February (DJF). As shown in 
panels (c) and (d), equatorial 70 hPa temperatures and 70 to 100 hPa static stabilities are lower during QBOE 
than during QBOW throughout the late summer and fall seasons, but are especially low during DJF. Finally, 
as shown in panel (e), MJO amplitudes are significantly larger during QBOE than during QBOW during DJF. 
Results using the relaxed Method 2 of QBO phase selection (Figure S2 in Supporting Information S1) are 
qualitatively consistent with those of Figure 2.

The continuously lower 70 hPa tropical temperatures and static stabilities during QBOE in the July to Novem-
ber period in Figures 2c and 2d are partly attributable to increased upwelling associated with the QBO-induced 
meridional circulation, which operates more or less independently of season. However, September to Novem-

Table 2 
Recognized Sudden Stratospheric Warmings During 1979–2019

SSW 
no. Central date

Early/Late 
winter

QBO phase 
Method 1

QBO phase 
Method 2

Solar 
phase

1 February 22, 1979 Late West West –

2 February 29, 1980 Late East East Max

3 March 4, 1981 Late West West Max

4 December 4, 1981 Early – East Max

5 February 24, 1984 Late – West –

6 January 1, 1985 Early East East Min

7 January 23, 1987 Late – West Min

8 December 7, 1987 Early – West –

9 March 14, 1988 Late – West –

10 February 21, 1989 Late West West Max

11 December 15, 1998 Early East East –

12 February 26, 1999 Late East East –

13 March 20, 2000 Late West West Max

14 February 11, 2001 Late – West Max

15 December 30, 2001 Early East East Max

16 February 17, 2002 Late East East Max

17 January 18, 2003 Late – West –

18 January 5, 2004 Early East East –

19 January 21, 2006 Late East East Min

20 February 24, 2007 Late West West Min

21 February 22, 2008 Late East East Min

22 January 24, 2009 Late West West Min

23 February 9, 2010 Late West West Min

24 January 7, 2013 Early East East –

25 February 12, 2018 Late – West Min

26 January 2, 2019 Early East East Min
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ber is also the time when the Southern Hemisphere undergoes extratropi-
cal wave forcing and exhibits significantly larger wave amplitudes in QBOE 
than in QBOW (Holton & Tan, 1980). So, some combination of these factors 
may be responsible for the lower static stabilities in QBOE before Decem-
ber. Southern Hemisphere wave forcing in November may even contribute 
to the tropical temperature decrease in DJF shown in Figure 2c (see, e.g., 
Fueglistaler et al., 2014). Future work should therefore probably calculate the 
sum of Southern and Northern Hemispheric wave fluxes rather than North-
ern Hemispheric fluxes only, as is done in Figure 2a. However, the increased 
high-latitude QBOE 70 hPa temperatures during DJF in Figure 2b, and the 
especially low QBOE 70  hPa tropical temperatures and static stabilities 
during that season seen in Figures 2c and 2d, strongly suggest that increased 
Northern Hemispheric wave forcing events in late November, December, and 
early January are mainly responsible for the 70 hPa temperature decrease in 
DJF, acting to further destabilize the tropical lowermost stratosphere.

To investigate this possibility further, Figure 3a plots the cumulative anom-
alous wave forcing in late fall and early winter against the mean DJF MJO 
amplitude for the QBOE and QBOW years selected according to the strict 
Method 1 (an alternate analysis using Method 2 is shown in Figure S3 in 
Supporting Information  S1). As explained in Section  2, the early winter 
anomalous wave forcing is estimated by summing over the October 1 to Janu-
ary 15 period for each year the daily meridional eddy heat flux anomalies 
(i.e., deviations from the climatological mean), averaged over latitudes from 
45°N to 75°N. A positive correlation and a positive slope are obtained. One 
standard deviation error estimates for the regression slopes are given in the 
figure. All slopes are positive at the two standard deviation levels (∼95% 
confidence). Alternatively, if cumulative anomalous wave forcing in late 
winter (summed over the January 16 to March 31 period) is plotted against 
mean DJF MJO amplitude for the same years, a negative correlation and a 
negative slope are obtained (Figure S4 in Supporting Information S1). This 
reflects the tendency seen in Figure 2a for anomalously large wave forcing 
in early winter to be compensated by anomalously weak wave forcing in late 
winter, and vice versa (see Lu et al., 2020, for further discussion).

Figure 4 is a composite analysis as in Figure 2, but comparing composites for 
SMIN and SMAX years (column 7 of Table 1). Although not as clear as for the 
QBO composites in Figure 2, a tendency for wave forcing during SMIN years 
to be stronger in early winter (before the end of January) than in late winter 
can be seen in Figure 4a. Static stabilities are somewhat lower in midwinter 
during SMIN (Figure 4d) and MJO amplitudes are somewhat larger in several 
midwinter periods during SMIN than during SMAX (Figure 4e).

Figure 3b is as in Figure 3a but for years selected as SMIN and SMAX. A 
positive correlation and a positive slope are again obtained. Figure 3c is as 
in Figures 3a and 3b but for years selected using Method 1 as both QBOE 
and SMIN or QBOW and SMAX (Table 1). Although only 5 years in each 

category are available, a somewhat higher correlation is obtained. As shown in Figure S5 in Supporting Informa-
tion S1, markedly larger composited differences are also obtained, although in the case of MJO amplitude (Figure 
S5e in Supporting Information S1), these are only significant in some time periods due to the wider confidence 
intervals.

Blue (red) square outlines are added in Figure 3 to years when an early (late) winter SSW occurred (defined as 
occurring prior to or after 15 January, respectively). A listing of all SSWs during the study period was given 
in Table 2 of Section 2. As shown in column 5 of Table 1, 6 of the 12 Method 1 QBOW years had late winter 
warmings while none had early winter warmings. Four of the 11 Method 1 QBOE years had early winter SSWs, 

Figure 3.  A measure of extratropical wave forcing in late fall and early 
winter (see the text) is plotted versus December to February (DJF) mean OMI 
Madden-Julian oscillation (MJO) amplitude for (a) QBOE and QBOW winters 
(Method 1); (b) SMIN and SMAX winters; and (c) combined QBOE/SMIN 
and QBOW/SMAX winters.
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2 had both early and late winter SSWs, and 3 had late winter SSWs. Therefore, if only the Method 1 QBO years 
are considered, early winter SSWs only occurred during QBOE while late winter SSWs occurred mainly during 
QBOW.

Figure 5 presents further evidence from the ERA5 data set that early winter wave forcing is influenced by both 
the QBO (Holton-Tan) and the 11-year solar cycle. It plots the cumulative anomalous wave forcing in early winter 
against (a) the DJF mean equatorial 50 hPa zonal wind, u50, and (b) the DJF mean solar radio flux at 10.7 cm 
(F10.7; see Section 2). Those winters qualifying as QBOE and QBOW according to Method 1 and as SMIN and 

Figure 4.  As in Figure 2 but comparing composites for 14 SMIN years versus 12 SMAX years as listed in Table 1.
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SMAX are highlighted. Only those winters are considered in the regression and cross-correlation results shown 
in the figure. Significant trends toward reduced wave forcing with increasing u50 and F10.7 are obtained.

4.  Is There a Response of the MJO to SSWs in Early Winter?
Although a correlation between early winter extratropical wave forcing and DJF MJO amplitude was shown in 
Figure 3a, it could be argued that the correlation is only a result of those two processes being separately influ-
enced by the QBO. To investigate further whether extratropical wave forcing can be a cause of the increased MJO 
amplitudes in QBOE, individual case studies are needed. Since SSWs are the strongest and most well-defined 
individual wave forcing events, and since early winter SSWs are found only during QBOE when Method 1 is 
used, we evaluate here the static stability and MJO response to SSWs in early winter.

The blue lines in Figure 6 show the results of composite analyses similar to those of Figure 2 but for days before 
and after the central dates of all SSWs that occurred on or before January 15 in the 1979–2019 period (eight 
SSWs; Table 2). The early winter SSW daily composites are compared to daily annual composites for 18 years 

Figure 5.  Evidence for quasi-biennial oscillation (QBO) and solar influences on extratropical wave forcing in early winter. 
The early winter anomalous wave forcing (Section 2) is plotted against (a) December to February (DJF) mean u50 and (b) 
DJF mean F10.7.
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with no SSWs (red dashed lines). We used January 1 as an arbitrary “central date” for years with no SSWs. Repe-
titions of the analysis using the average central dates of the early winter SSWs as the effective central date for 
years with no SSWs produce a negligible change in the results.

As shown in Figure 6a, the mean peak wave forcing occurs at or just before the central dates of the early winter 
SSW group. As shown in the (b) and (c) parts, the early winter group produces an immediate warming at higher 
latitudes and a smaller cooling at equatorial latitudes. As shown in part (d), there is a corresponding sharp 

Figure 6.  As in Figure 2 but the blue solid lines are daily composites of the indicated quantities relative to the central dates 
of eight sudden stratospheric warmings (SSWs) occurring in early winter (by January 15, Table 2). The red dashed lines are 
daily composites of the same quantities relative to January 1 (the assumed “central date”) of 18 years with no SSWs (see the 
text).
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reduction in static stability immediately following the central date of the early group. Finally, part (e) shows 
that there is a statistically significant difference in MJO amplitudes peaking about 25 days (on average) after the 
central date for the early winter SSW group that does not occur in years with no SSWs. As also seen in part (e), 
several other short periods of apparent significance occur at random times during the composite. This is to be 
expected because significant results can be obtained 5% of the time at random locations during a composite by 
chance alone. The main evidence in Figure 6 for a real lagged response of the MJO to SSWs is the occurrence 
of a prolonged period of higher MJO amplitude, part of which is formally significant, following the SSW central 
date that does not occur in years with no SSWs. These results are not very sensitive to the exact choice of January 
15 as the midwinter dividing date. For example, choosing January 21 instead yields two additional SSWs, but the 
composited results change only slightly.

We note that a previous study by Kodera (2006) also found evidence for anomalous convective activity in the 
tropical troposphere following major and minor stratospheric warmings in 1979–2001, that is, enhanced convec-
tion south of the equator and suppressed convection north of the equator. However, his study did not separate the 
warmings into early and late winter groups and did not investigate effects on the MJO.

Figures S6–S13 in Supporting Information S1 plot the annual time series for each of the 8 years with early winter 
SSWs. Considerable interannual variability is evident but, in most cases, an increase in MJO amplitude occurs 
following the SSW. Repetitions of the analysis, in which the early winter SSW composites are compared to 
composites of 15 years with SSWs only in late winter, yield larger differences in MJO amplitude after the central 
dates (Figure S14 in Supporting Information S1). In contrast, repetitions in which all 26 SSWs are considered, 
regardless of their timing in a given winter, yield no statistically significant lagged difference in MJO amplitude 
(Figure S15 in Supporting Information S1). It is noteworthy that a statistically significant composited increase 
in MJO amplitude is obtained in the latter case at several times prior to the SSW central date, including at 
about 𝐴𝐴 − 30 days (Figure S15e in Supporting Information S1). This may be consistent with previous findings 
that a strong MJO event can sometimes be a precursor to a boreal winter SSW through its effect on tropospheric 
planetary-scale waves (Garfinkel et al., 2012, 2014; Wang & Tziperman, 2018).

5.  Initial Model Comparisons
A recent assessment by Kim et al. (2020) of the representation of the QBO-MJO connection in models participating 
in the Coupled Model Intercomparison Project 6 (CMIP6) (Eyring et al., 2016) has found that none of them simu-
lates a statistically significant difference in MJO activity between QBOE and QBOW during DJF (see also Lee & 
Klingaman, 2018; Martin, Son, et al., 2021). As concluded by the authors, this may be due to a lack of complete 
realism of many of the model QBOs, that is, a weaker amplitude of the QBO than observed, especially between 100 
and 50 hPa. It should be emphasized that a successful simulation of the connection also depends on the realism of the 
MJO in the model, which can be sensitive to the details of the convective parameterization (e.g., Chen et al., 2021). 
Two of the models considered by Kim et al. (E3SM-1-0 and MRI-ESM2.0) did simulate a realistic QBO tempera-
ture difference at 70 hPa in the equatorial lowermost stratosphere, which should have helped to destabilize tropical 
convection, but still did not produce a significant effect on the MJO in DJF. Here, we examine in more detail archived 
CMIP6 simulations using one of these models (MRI-ESM2.0; Yukimoto et al., 2019), which is available with daily 
output at the required vertical resolution. In addition to the simulation using historical forcings, we also consider a 4 𝐴𝐴 × 
CO2 simulation, which results in increased radiative cooling and reduced climatological static stabilities in the tropical 
lower stratosphere. A more detailed examination of CMIP6 model simulations will be given in a future publication.

Table S1 in Supporting Information S1 lists the QBO phases of 39 model winters during the first ensemble 
member of the historical simulation, determined according to Methods 1 and 2, while Table S2 in Supporting 
Information S1 lists the central dates of SSWs that occurred during the same model winters using the selection 
criteria of Charlton and Polvani (2007). Tables S3 and S4 in Supporting Information S1 list the same information 
for 40 winters of the first ensemble member of the 4 𝐴𝐴 × CO2 simulation.

Fewer early winter warmings (5 over a 40-year period) occurred in the historical MRI model simulation than 
occurred in the ERA5 record (8 over a 41-year period). Nevertheless, a composite analysis (analogous to that 
done for Figure 6) was done comparing the 5 years with early winter SSWs versus the 17 years with no SSWs. 
Results are shown in Figure S16 in Supporting Information S1. The (a) and (b) parts agree qualitatively with the 
corresponding ERA5 results of Figure 6. There is also a statistically significant reduction of 70 hPa temperature 
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to a minimum of ∼197K following the central date as shown in part (c), somewhat weaker than is obtained 
in Figure 6c (minimum ∼194K). A statistically significant static stability reduction also occurs following the 
central date as seen in Figure S16d in Supporting Information S1. However, the static stability remains rather 
high (∼12.4K/km) compared to what is obtained from the observed early winter warmings in Figure 6d (∼10.9K/
km). No significant model MJO response following the early winter MRI SSWs listed in Table S4 in Supporting 
Information S1 is obtained (Figure S16e in Supporting Information S1).

We have therefore conducted a similar composite analysis for the 4 𝐴𝐴 × CO2 simulation, which has lower climatologi-
cal static stabilities, owing to CO2 cooling. We first considered only the 40 model winters listed in Tables S3 and S4 
in Supporting Information S1. However, only five early winter SSWs again occurred versus 21 years with no SSWs. 
As shown in Figure S17 in Supporting Information S1, a mean increase in MJO amplitude is obtained near and 
following the time of the early winter SSW central date. However, the most significant response occurred just before 
the central date and there is a concern that five early winter SSWs may not be a sufficiently large sample. Therefore, 
the analysis was expanded to consider three full ensemble members, each covering 151 years from 1850 to 2000. 
These three members are designated as r1, r4, and r7 in the CMIP6 archive. A statistically significant strengthening 
of the modeled MJO following the SSW central date is obtained in two of the three members. In the case of the 
first ensemble member, designated r1, 24 early winter SSWs occurred versus 70 years with no SSWs. Composited 
results are shown in Figure 7, yielding a significant strengthening of the MJO 10–15 days after the central date. 
A similar strengthening at a lag of about 15 days is also obtained when analyzing the third (r7) ensemble member 
(Figure S18 in Supporting Information S1). Overall, the lagged MJO strengthening following early winter SSWs in 
the MRI model, while statistically more robust, appears to be somewhat weaker and occurs at a shorter time lag than 
that obtained from the (admittedly small) sample of eight observed SSWs in the previous section.

To investigate the dependence of the modeled MJO strengthening on the depth of the static stability reduction follow-
ing an SSW, all three ensemble members were considered together (450 model winters), yielding a total of 72 early 
winter SSWs. The 72 SSWs were then divided into two groups, one that produced relatively large static stability reduc-
tions and one that produced relatively weak reductions. Specifically, static stabilities during the 10 days following the 
central dates were compared to those during a reference period from 15 to 6 days before the central dates. Differences 
between the two time periods defined the depth of the static stability reduction. SSWs that produced relatively large 
static stability reductions (more than 𝐴𝐴 − 0.7 K/km) were composited separately from those that produced relatively 
weak (less than 𝐴𝐴 − 0.7 K/km) reductions. As shown in the (a) and (b) parts of Figure 8, the large reduction composite 
yielded a pronounced strengthening of the MJO peaking about 12 days after the central date. In contrast, as shown 
in the (c) and (d) parts, the weak reduction composite yielded no statistically significant increase in MJO amplitude 
following the central date. This indicates that the lagged strengthening of the MJO in the MRI model following early 
winter SSWs occurs primarily when the SSW produces a relatively large tropical static stability reduction.

Finally, it is of interest to investigate whether the archived MRI model data show any evidence for a QBO modu-
lation of the MJO. Figure S19 in Supporting Information S1 shows a composite analysis of the 9 Method 1 QBOE 
model years of the historical MRI simulation versus the 19 Method 1 QBOW model years, done in the same way 
as for Figure 2. As shown in part (a), wave forcing in early winter is larger on average for the QBOE years. As 
shown in column 5 of Table S3 in Supporting Information S1, 11 of the 19 QBOW years had late winter SSWs, 
while none had early winter SSWs. So, there is some agreement of this MRI model simulation with the observed 
Holton-Tan relationship. Further evidence that this is the case is shown in Figure S20a in Supporting Informa-
tion S1, which plots modeled anomalous early winter wave forcing against DJF mean u50. As shown in Figure 
S20b in Supporting Information S1, which plots modeled anomalous early winter wave forcing against DJF mean 
F10.7, the MRI model simulation also simulates a solar influence on early winter wave forcing (compare with 
Figure 5b). Nevertheless, as shown in the remainder of Figure S19 in Supporting Information S1, there is a much 
less pronounced decrease in tropical lower stratospheric temperature and static stability during QBOE than is 
found in observations, and no detectable increase of MJO amplitude in winter or spring during QBOE relative to 
QBOW (Figure S19e in Supporting Information S1).

Considering the three full ensemble members of the MRI 4 𝐴𝐴 × CO2 simulation, no convincing evidence of a 
QBO modulation of the modeled MJO is again obtained. Figure S21 in Supporting Information S1 shows a 
composite analysis of 34 Method 1 QBOE winters versus 26 Method 1 QBOW winters from the r1 ensemble 
member. Of the 34 QBOE winters, 5 had early winter SSWs and 11 had late winter SSWs. Of the 26 QBOW 
winters, one had an early winter SSW while 13 had late winter SSWs. This is consistent with a partial H-T 
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effect in the model, as already indicated in Figure S20 in Supporting Information S1. As shown in Figure S21d 
in Supporting Information S1, this model version produces a larger static stability reduction in midwinter than 
does the historical forcings version (compared with Figure S19d in Supporting Information S1). As shown in 
Figure S21e in Supporting Information S1, while there is some evidence for an increase in MJO amplitude 
during QBOE relative to QBOW at limited times in boreal winter and spring, there is no persistent increase 
in boreal winter as found in observations. As shown in Figures S22 and S23 in Supporting Information S1, 
similar results are obtained when analyzing the other two ensemble members (r4 and r7), neither of which yield 

Figure 7.  As in Figure 6 but comparing a composite of 24 early winter sudden stratospheric warmings (SSWs) occurring in 
the r1 ensemble member of the MRI 4 𝐴𝐴 × CO2 model simulation (blue lines) versus a composite of 70 model winters with no 
SSWs (red dashed lines).
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a significant QBO modulation of the MJO that persists for more than a short time period. Therefore, for both 
the historical simulation and the 4 𝐴𝐴 × CO2 simulation, no positive evidence is obtained in agreement with the 
conclusions of Kim et al. (2020).

To investigate possible reasons why the hypothesized mechanism is unable to simulate a QBO-MJO connection in 
the MRI model, it is useful to consider separately the individual components of the mechanism. This is done for the 
r1 ensemble member of the 4 𝐴𝐴 × CO2 model version in Figure 9. Figure 9a plots the cumulative October 1 to January 
15 extratropical meridional eddy heat flux anomalies versus DJF mean tropical 70 to 100 hPa static stability for 
those model years that qualified as Method 1 QBOE (blue filled circles) or Method 1 QBOW (red filled squares). 
As was done for the observational results in Figure 3, winters with an early winter SSW are enclosed in a blue box, 
while those with late winter SSWs are enclosed in a red box. It is evident from the figure that QBOE winters tend 
to lie more toward the upper left of the diagram (higher early winter wave fluxes and lower tropical static stability), 
while QBOW winters are more often found in the lower right part of the diagram. Five of the QBOE winters have 
early winter SSWs, while only one of the QBOW winters had an early winter SSW. Late winter SSWs occur more 
often during QBOW. This is again consistent with the existence of a partial Holton-Tan effect in the model and also 
indicates that static stabilities tend to be reduced in QBOE years relative to QBOW years.

Figure 8.  Comparison of effects on Madden-Julian oscillation (MJO) amplitude of sudden stratospheric warmings (SSWs) 
in the MRI model that produce strong and weak reductions of tropical lower stratospheric static stability. The (a) and (b) parts 
are for the strong reduction case, while the (c) and (d) parts are for the weak reduction case (see the text for details).
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However, as shown in Figure 9b, the static stability reductions in QBOE do 
not produce significantly higher DJF mean MJO amplitudes. There is no 
overall correlation between DJF mean 70 to 100 hPa static stability and MJO 
amplitude, unlike what is seen in the available observational record (e.g., Yoo 
& Son,  2016, their figure 4b). Consequently, Figure 9c shows no correla-
tion between the cumulative early winter eddy heat flux and DJF mean MJO 
amplitude, unlike what was obtained observationally in Figure 3a.

6.  Summary and Conclusions
While the observational sample size for this study (40 winters) is limited, several 
conclusions based on the available data may be stated. The composite analyses 
of Section 3 (Figures 2 and 3) show that negative cumulative late fall/early winter 
eddy heat flux anomalies more often than not portend a less-than-average MJO 
amplitude winter, while positive anomalies portend a greater-than-average MJO 
amplitude winter. A major SSW occurring in early winter (before ∼January 15) 
is typically associated with a strong MJO winter. Positive early winter merid-
ional eddy heat flux anomalies tend to be associated with QBOE and SMIN 
years, while negative anomalies are more often associated with QBOW and 
SMAX years (Figures 3–5). These stratospheric influences are superposed on a 
myriad of influences originating in the troposphere-ocean system. It is therefore 
not surprising that some years do not fit well into this simplified picture.

The evidence from Figure 6 and Figure S14 in Supporting Information S1 
(Section 4) is that early winter SSWs produce, on average, a lagged ampli-
fication of MJO activity through their effect on tropical lower stratospheric 
static stability, while late winter SSWs produce no detectable amplification. 
The estimated lag time based on 8–10 events in the study period is about 
25 days after the SSW central date. If this is verified with future data, a causal 
relationship is implied between an extratropical wave forcing event (here an 
SSW) in late fall/early winter, a subsequent reduction in tropical lower strato-
spheric static stability, and a lagged increase in MJO amplitude following the 
wave forcing event. Six of the eight early winter SSWs analyzed here occurred 
when the QBO was in a strictly easterly phase (Method 1). So, it is possible 
that the occurrence of the SSW during a strictly QBOE early winter is a factor 
in producing a stronger lagged MJO response. It is possible that the timing of 
the event in early winter, when 70 hPa temperatures are already decreasing 
toward a minimum, produces lower static stabilities than can occur follow-
ing a late winter SSW, when 70 hPa temperatures and static stabilities are 
already higher and rising. Positive feedbacks from MJO convection-induced 
temperature anomalies (Hendon & Abhik, 2018), cloud-radiative effects (e.g., 
Giorgetta et al., 1999; Sakaeda et al., 2020), and increased tropospheric Rossby 
wave amplitudes acting to further accelerate the Brewer-Dobson circulation 
and tropical upwelling rates, may further enhance MJO amplitudes.

As discussed in Section 5, an initial analysis of model simulations from the 
CMIP6 archive for a model (MRI-ESM2.0) with realistic QBO and solar 
forcing yields some positive results. An analysis of 40 years of the model 
simulation with historical forcings shows that it partly simulates the observed 
(Holton-Tan) increased early winter wave forcing during QBOE (Figure S20a 
in Supporting Information S1), the lack of early winter SSWs during QBOW 
(Table S1 in Supporting Information S1), the observed increased early winter 

wave forcing during SMIN (Figure S20b in Supporting Information  S1), and the reduction of tropical lower 
stratospheric temperature and static stability following early winter SSWs (Figure S16c and S16d in Supporting 
Information S1). However, it does not simulate the observed depth of the seasonal climatological minimum in 

Figure 9.  Cumulative October 1 to January 15 eddy heat flux anomalies are 
plotted against December to February (DJF) mean 70 to 100 hPa 10°S to 10°N 
static stabilities for all winters in the MRI 4 𝐴𝐴 × CO2 r1 ensemble member that 
qualified as Method 1 QBOE or QBOW; (b) as in (a) but plotting DJF mean 
static stabilities against DJF mean Madden-Julian oscillation (MJO) OMI 
amplitude; (c) as in (a) but plotting the heat flux anomalies against DJF mean 
MJO amplitude. Regression line slopes, one sigma errors, and correlation 
coefficients (R) are given.
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tropical static stability, produces no lagged MJO response to early winter SSWs (Figure S16e in Supporting Infor-
mation S1), and produces no QBO modulation of the MJO (Figure S19 in Supporting Information S1).

A more detailed analysis was therefore conducted of three full ensemble members (453 model years) of the MRI 
simulation with 4 𝐴𝐴 × CO2 forcings. This model version has lower climatological tropical static stabilities and is 
able to simulate a significant lagged strengthening of the modeled MJO following the central dates of relatively 
strong early winter SSWs. This was found to be true in composite analyses of two of the three analyzed ensemble 
members (Figure 7 and Figure S18 in Supporting Information S1). However, the modeled MJO strengthening 
appears to be somewhat weaker and the estimated lag time (12–15 days) is shorter than that estimated from the 
(admittedly limited) sample of 8–10 SSWs in the available record. This difference in time lag could reflect a real 
delay in the observed MJO response, due to positive feedbacks mentioned above that may not be accounted for 
fully in the model. Or it could simply be an inaccurate measure of the true time lag due to the limited available 
sample of early winter SSWs.

As shown in Figure 8, only those SSWs that produced relatively strong tropical static stability reductions were 
able to produce a significant lagged MJO strengthening. In our view, this supports the static stability mechanism 
for producing a top-down influence on the MJO in the model.

None of the three analyzed ensemble members of the 4 𝐴𝐴 × CO2 MRI model simulations shows a significant 
increased MJO amplitude during QBOE relative to QBOW except for short time periods at random times, which 
could occur by chance alone (Figures S21, S22, and S23 in Supporting Information S1).

Possible reasons for the lack of a QBO-MJO connection via the hypothesized mechanism considered here in the 
MRI model were therefore investigated. As shown in Figure 9a, the modeled partial Holton-Tan effect produces, 
on average, larger early winter extratropical wave fluxes in QBOE relative to QBOW. These larger fluxes produce 
tropical upwelling rate changes which, combined with those resulting from the QBO-induced meridional circula-
tion, lead to reduced tropical lower stratospheric static stabilities in QBOE than in QBOW. However, as shown in 
Figure 9b, the static stability reductions in QBOE produce a negligible increase in the modeled MJO amplitude. 
This lack of sensitivity of the modeled MJO to tropical static stability reductions precludes any overall effect 
of the QBO on MJO amplitude, as shown in Figure 9c. It also likely weakens the lagged strengthening of the 
modeled MJO following early winter SSWS such that only events producing relatively large static stability reduc-
tions are able to produce a significant strengthening (Figure 8). More detailed analyses of the MRI model data 
are needed to determine the exact reasons for this lack of sensitivity. It is possible, for example, that the modeled 
MJO is insufficiently strong or has too few strong episodes (OMI > 2) to be affected by lower stratospheric static 
stability reductions.

Data Availability Statement
ERA5 reanalysis data were downloaded from https://doi.org/10.24381/cds.bd0915c6. The OLR-based MJO 
index (OMI) data were obtained from www.esrl.noaa.gov/psd/mjo/mjoindex. The directly measured u50 QBO 
wind field data are available for download from www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html. 
The 10.7 cm solar radio flux ground-based proxy for solar UV variability is available from https://spaceweather.
gc.ca/forecast-prevision/solar-solaire/solarflux/sx-5-en.php. MRI-ESM2.0 model data are available from the 
U.S. Dept of Energy CMIP6 archive site (https://esgf-node.llnl.gov/search/cmip6/).
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