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Abstract: Previous studies have revealed the relationship between the Madden–Julian oscillation
(MJO) and the Arctic Oscillation (AO). The MJO phase 2/3 is followed by the positive AO phase, and
the MJO phase 6/7 is followed by the negative AO phase. This study reveals that the MJO phase
6/7–AO connection is modulated by the Quasi-Biennial Oscillation (QBO) through both tropospheric
and stratospheric pathways during boreal winter. The MJO 2/3 phase and AO relationship is favored
in both QBO easterly (QBOE) and westerly (QBOW) years because of the MJO-triggered tropospheric
Rossby wave train from the tropics toward the polar region. The AO following the MJO 6/7 phase
shifts to negative in QBOW years, but the MJO–AO connection diminishes in QBOE years. In QBOW
years, the Asian-Pacific jet is enhanced, leading to more evident poleward propagation of tropospheric
Rossby wave train, which contributes to the tropospheric pathway of the AO–MJO 6/7 connection.
Besides, the enhanced Asian-Pacific jet in QBOW years is favorable for vertical propagation of
planetary waves into the stratosphere in MJO phase 6/7, leading to negative AO, which indicates the
stratospheric pathway of the AO–MJO 6/7 connection.
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1. Introduction

The Madden–Julian Oscillation (MJO) [1,2], which manifests as eastward propagation of tropical
convection and precipitation perturbations from the Indian Ocean to the central Pacific on the time
scale of 20–60 days, is the dominant intraseasonal variability over the tropics [3]. Previous studies
have revealed that the MJO is linked to the Arctic Oscillation (AO), a leading mode in the Northern
Hemisphere [4,5]. The Arctic Oscillation (AO) is manifested as a symmetric structure with cyclonic
anomalies over the polar region and two anticyclonic anomalies over the North Atlantic and the
North Pacific in its positive phase. The AO can exert an impact over the Eurasian climate through
the mid-latitude Rossby wave train on both interannual and intraseasonal time scales [6–10]. Lin
and Brunet [11] indicated that the extratropical response to the MJO is more evident when the MJO
convection anomaly manifests as a dipole structure. The enhanced MJO convection over the tropical
Indian Ocean accompanied by reduced MJO convection over the western Pacific is followed by the
positive AO phase, whereas the enhanced MJO convection over the western Pacific and suppressed
MJO convection over the tropical Indian Ocean is followed by the negative AO phase [12–16].

The MJO and AO are connected through both tropospheric and stratospheric pathways. The
tropospheric Rossby wave train can be associated with the MJO convection through the Kelvin wave
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response [17,18] that propagates poleward and eastward and modulates the atmospheric Pacific-North
America (PNA)-like teleconnection pattern [19] over the North Pacific and North Atlantic. The
MJO can also influence the AO [12]. The MJO can also modify the meridional heat flux that is in
phase with climatological stationary waves over the North Pacific, which interferes constructively
with climatological stationary waves and induces vertical propagation of planetary waves into
the stratosphere, contributing to the polar vortex variation [20–23]. The anomalous signal of the
stratospheric polar vortex propagates downward and influences the tropospheric AO [24].

Both the MJO and the AO are associated with the Quasi-Biennial Oscillation (QBO), which
manifests as alternating easterly and westerly zonal winds over the stratospheric tropics on the time
scale of 2.5 years [25–27]. During boreal winter, about 40% of the interannual variation of the MJO is
contributed by the QBO [28–30]. The strength of the MJO can be influenced by the QBO, and thus
the MJO-related teleconnection changes in QBO easterly and westerly years [29]. The MJO tends to
be stronger in the easterly wind phase of the QBO (QBOE) than the westerly wind phase of the QBO
(QBOW), which may be attributed to the change in the static stability at the tropopause caused by
the QBO [26–29,31–33]. The QBO can be linked to the stratospheric polar vortex through upward
propagation of planetary waves and the interaction between the stratospheric zonal mean zonal wind
and the planetary waves [27]. The variation of the stratospheric polar vortex can influence the AO by
downward propagation of stratospheric anomalous signals [24]. The zero-wind line at 50 hPa differs
in the easterly and westerly QBO phases, which leads to a difference in the upward propagation of
the tropospheric planetary wave. In easterly QBO, the planetary wave is confined to the extratropics
and poleward planetary wave propagation is more evident, which contributes to the weakening of a
polar vortex. In westerly QBO, more planetary waves propagate into the tropics, and the poleward
propagation is weaker, leading to a stronger polar vortex [27,34,35]. Both the MJO and the QBO can
influence the atmospheric rivers, mid-latitude storm track, and extratropical climate [36–39].

A recent study by Feng and Lin [40] indicated that the North Atlantic Oscillation (NAO) and
the MJO connection can be modulated by the QBO. The positive NAO follows the MJO convection
over the tropical Indian Ocean, and negative NAO is led by the MJO convection over the western
Pacific [41,42]. The Rossby wave trains triggered by the MJO convection over the tropical Indian
Ocean and the western Pacific manifest as different wave phases, which leads to opposite height
anomalies over the North Pacific, contributing to the building of the relationship between the MJO
and the NAO [42]. The MJO–NAO connection is closer during QBOW years than during QBOE years,
which indicates that the correlation between the MJO and NAO phases is stronger and lasts longer [40].
The jet stream over the North Pacific is stronger and shifts southward during QBOW years, which is
favorable for the meridional propagation of the MJO triggered tropospheric Rossby wave train [11],
and thus contributes to the building of a stronger relationship between the MJO and the NAO.

The AO and the NAO have different spatial structures, which makes this study different from Feng
and Lin [40]. The AO is manifested as zonally symmetric structure over the Northern Hemisphere. The
NAO is a surface dipole pattern over the North Atlantic, with one center over \ Iceland and the other
center over the Azores. Despite the difference between the AO and the NAO [43], the similarity in the
correlations between the MJO and NAO phases and the MJO and the AO inspires us to wonder if the
QBO can modulate the MJO–AO connection like the QBO modulation on the MJO–NAO connection
revealed by Feng and Lin [40]. In this study, we will address how the QBOE and QBOW modulates the
MJO–AO connection. It should be noted that the extratropical response to the MJO is nonlinear, and
the background states’ variation associated with the QBO should be considered together with the MJO
phases in this study.

The data set and diagnostic method are presented in Section 2. In Section 3, we inspect if the
MJO–AO connection differs in QBOW and QBOE years. Then, we investigate the possible tropospheric
and stratospheric pathways that lead to the variation in the MJO–AO connection. A brief summary
and discussion are given in Section 4.
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2. Data and Methodology

The daily outputs from the National Centers for Environmental Prediction (NCEP) Department
of Energy (DOE) Reanalysis 2 provided by the National Oceanic and Atmospheric Administration
(NOAA) [44] were used in this study. We investigated 37 boreal winters (December, January, and
February) from 1979 to 2016. The variables used included the sea level pressure, geopotential height,
air temperature, and meridional and zonal winds at different levels. The horizontal resolution of these
variables is 2.5◦ × 2.5◦, with 17 vertical layers extending from 1000 to 10 hPa.

The definition of the MJO phases in this study is based on the daily real-time multivariate MJO
(RMM) index [45], which was obtained from the website of the Bureau of Meteorology of Australia
(http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.txt). The RMM index is based on
the leading two EOFs of the combined fields of the zonal wind at 200 and 850 hPa, and the outgoing
longwave radiation (OLR) meridionally averaged over the tropics. The projections of the daily anomaly
data on EOF1 and EOF2 are denoted as RMM1 and RMM2, respectively [45]. The location and strength
of the MJO convection can be captured by this index very well [46]. The amplitude of the MJO is
defined by

√
RMM12 + RMM22.

We obtained the daily AO index from the NOAA Climate Prediction Center (CPC) website
(http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml). This AO index
is defined by projecting the daily 1000 hPa height anomalies poleward of 20◦ N onto the leading
spatial pattern of the AO [4]. In the present study, we defined the QBO index following Nishimoto
and Yoden [26]. The monthly mean zonal-mean zonal wind at 50 hPa from 10◦ S to 10◦ N was used.
The QBOE (QBOW) was defined as when the QBO index is below negative (above positive) 1.5 of
the standard deviation of the QBO index. In this study, only neutral El Niño-Southern Oscillation
(ENSO) winters were considered in selecting the QBOE and QBOW years to exclude the influence of
ENSO. Neutral ENSO winters were defined as when the oceanic Nino Index (ONI, 3-month running
mean of ERSST.v5 SST anomalies in the Niño 3.4 region (5◦ N–5◦ S, 120◦–170◦ W)) falls between ±1 ◦C.
The ONI index was obtained from the National Weather Service, Climate Prediction Center website
(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). In a total 37
winters, we identified 8 QBOE winters and 10 QBOW winters (Table 1).

Table 1. The QBO easterly (QBOE) and QBO westerly (QBOW) years in neutral El Niño-Southern
Oscillation (ENSO) years.

QBO Phase Years

QBOE 1979/1980; 1989/1990; 1996/1997; 2001/2002; 2003/2004; 2005/2006; 2012/2013; 2014/2015

QBOW 1980/1981; 1985/1986; 1987/1988; 1990/1991; 1995/1996; 2002/2003; 2004/2005; 2006/2007;
2008/2009; 2013/2014

Composite analysis based on the RMM index was performed in this study. Before conducting
the composite analysis, the climatological mean (winter mean from 1981 to 2010) was removed from
all variables. Previous studies have indicated that the MJO–AO connection is evident when the MJO
convection situates over the tropical Indian Ocean and western Pacific Ocean (i.e., MJO phases 2/3 and
6/7 based on the RMM index) [12,15,16,40]. So, the adjacent phases (2 and 3, 6, and 7) were combined
during the composite analysis [16,46]. Only the days when the MJO amplitude exceeds one standard
deviation were considered in constructing the composite. The Student’s t test was used to estimate
the statistical significance of the composite anomalies. We found 116 and 115 MJO phase 2/3 days in
easterly and westerly QBO years, and 165 and 209 MJO phase 6/7 days in easterly and westerly QBO
years. These sample sizes were divided by 5 because one MJO phase can last for several days (about
5 days), leading to autocorrelation in these samples. After the adjustment, we identified 24 and 23 MJO
phases 2/3 samples for easterly and westerly QBO years, and 33 and 42 MJO phases 6/7 samples for
easterly and westerly QBO years. In order to depict the propagation of tropospheric Rossby wave, the
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http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php


Atmosphere 2020, 11, 175 4 of 13

Rossby wave activity flux [47] was employed. The vertical propagation of stationary planetary waves
is illustrated by the quasi-geostrophic Eliassen-Palm flux (EP flux) [48,49].

3. Results

Previous study has indicated that the MJO–AO connection can be modulated by the mean state
change [16]. To examine if the MJO–AO connection varies with the phase of the QBO, the probability
density functions (PDF) of the daily AO index in MJO phases 2/3 and 6/7 during QBOW and QBOE
years are depicted in Figure 1a,b. The calculation of the PDF was based on the 5-day mean AO index
from 10 to 14 days after the MJO amplitudes at phases 2/3 and 6/7 exceed one standard deviation.
The 10–14-day time lag was considered because it takes about 1 to 2 weeks for the MJO-triggered
teleconnection pattern, which contributes to the MJO–AO connection [12,16], to form over the North
Pacific and the North Atlantic [19].
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relationship, however, vanishes in QBOE years. 

Figure 1. The probability density function (PDF) of the Arctic Oscillation (AO) index when the
Madden–Julian oscillation (MJO) phases 2/3 (a) and 6/7 (b) lead the AO for 10 to 14 days. The red and
blue vertical lines represent the median values of the PDFs in QBOE and QBOW years, respectively.
Two-sample Kolmogorov–Smirnov statistics for PDFs in (a) and (b) are presented in (c) and (d),
respectively. Red and blue lines indicate the empirical distribution function in QBOE and QBOW years,
respectively. The black arrows are the two-sample Kolmogorov–Smirnov statistic.

The PDF of the AO index shifts to positive in the MJO phase 2/3 during both QBOW and QBOE
years (Figure 1a). The shift of the AO index is slightly larger in QBOE years than in QBOW years. The
two-sample Kolmogorov–Smirnov statistic could not exceed 0.35, the 90% confidence level for the
samples in Figure 1a (Figure 1c). This suggests that the QBO modulation of the MJO phase 2/3–AO
connection is not evident.

The PDF of the AO index in MJO phase 6/7 shifts to negative in QBOW years (Figure 1b). The
distribution of the PDF of the AO index in QBOE years is nearly evenly separated by the zero line,
with two peaks emerging around −1 and 1. The two-sample Kolmogorov–Smirnov statistic exceeds
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0.28, passing the 90% confidence level for the samples in Figure 1b. This indicates that the MJO phase
6/7–AO connection is different between QBOW and QBOE years. The MJO phase 6/7 leads negative
AO phases in QBOW years, consistent with previous studies [12,13,15,16]. The MJO phase 6/7–AO
relationship, however, vanishes in QBOE years.

Atmosphere 2020, 11, x FOR PEER REVIEW 5 of 12 

 

The AO pattern can be well captured by sea level pressure (SLP) anomalies. As shown in Figure 
2a,b, positive SLP anomalies are observed over the North Atlantic following the MJO phase 2/3 in all 
years and the QBOW years, which corresponds to the result in Feng and Lin [40]. Positive SLP 
anomalies appear over the North Pacific as well. Negative SLP anomalies extend from the high-
latitude North Atlantic toward the polar region. This pattern indicates the positive AO phase [4]. In 
QBOE years, positive SLP anomalies appear over the North Pacific (Figure 2c) following the MJO 2/3 
phase. The SLP anomalies are weak over the North Atlantic. Negative SLP anomalies are observed 
around the polar region, and weak positive SLP anomalies appear near the pole. We can infer from 
Figure 1a that the AO tends to be in the positive phase following the MJO 2/3 phase in both QBOE 
and QBOW years, and the SLP anomalies following the MJO 2/3 phase agree with this result. 

 
Figure 2. Composite sea level pressure (SLP) anomalies (shading, hPa) averaged from 10 to 14 days 
after the MJO phase 2/3 in all years (a), QBOW (b), and QBOE (c) years. Subplots (d)–(f) are the same 
as (a)–(c) but for the MJO phase 6/7. The black dots indicate anomalies significant at the 95% 
confidence level by Student’s t test. The red and blue contours denote positive and negative SLP 
anomalies of the AO pattern. 

Figure 2. Composite sea level pressure (SLP) anomalies (shading, hPa) averaged from 10 to 14 days
after the MJO phase 2/3 in all years (a), QBOW (b), and QBOE (c) years. Subplots (d)–(f) are the same as
(a)–(c) but for the MJO phase 6/7. The black dots indicate anomalies significant at the 95% confidence
level by Student’s t test. The red and blue contours denote positive and negative SLP anomalies of the
AO pattern.

The AO pattern can be well captured by sea level pressure (SLP) anomalies. As shown in
Figure 2a,b, positive SLP anomalies are observed over the North Atlantic following the MJO phase 2/3
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in all years and the QBOW years, which corresponds to the result in Feng and Lin [40]. Positive SLP
anomalies appear over the North Pacific as well. Negative SLP anomalies extend from the high-latitude
North Atlantic toward the polar region. This pattern indicates the positive AO phase [4]. In QBOE
years, positive SLP anomalies appear over the North Pacific (Figure 2c) following the MJO 2/3 phase.
The SLP anomalies are weak over the North Atlantic. Negative SLP anomalies are observed around
the polar region, and weak positive SLP anomalies appear near the pole. We can infer from Figure 1a
that the AO tends to be in the positive phase following the MJO 2/3 phase in both QBOE and QBOW
years, and the SLP anomalies following the MJO 2/3 phase agree with this result.

As shown in Figure 2d,e for the MJO 6/7 phase, negative SLP anomalies are situated over the
North Pacific and the North Atlantic, and positive SLP anomalies extend from the high-latitude North
Atlantic toward the polar region. The SLP anomalies over the North Pacific and the North Atlantic
are stronger in QBOW years compared with the all year mean. This suggests an evident negative AO
pattern following the MJO 6/7 phase in QBOW years, which corresponds to the PDF in Figure 1b. It
should be noted that the extratropical response to the MJO is not mirrored between phases 2–3 and 6–7,
which leads to distinct AO patterns [11]. The SLP anomaly pattern differs from the AO in QBOE years
(Figure 2f), suggesting a weak MJO–AO relationship in this case. The SLP anomalies following the
MJO 6/7 phase in westerly and easterly QBO years confirm the difference of the PDFs in Figure 1b,d
and the modulation of the QBO on the MJO–AO connection in the MJO 6/7 phase.

Previous studies revealed that a key mechanism for the tropical and polar connection is the
poleward tropospheric Rossby wave train emanating from the tropics [36,40]. The tropospheric Rossby
wave activity fluxes following the MJO phases 2/3 and 6/7 in QBOW and QBOE years are illustrated
in Figure 3. As shown in Figure 3a,b, poleward propagation of wave packets at 300 hPa from the
tropics is observed over the North Pacific north of 40◦ N following the MJO 2/3 phase, and anomalous
anticyclonic anomalies appear over the North Pacific in both QBOW and QBOE years. This suggests
the connection between the MJO phase 2/3 and AO is contributed by the poleward tropospheric Rossby
wave train in both QBOW and QBOE years. The poleward wave fluxes following the MJO 6/7 phase
are much stronger in QBOW years than in QBOE years (Figure 3c,d). This confirms that the connection
between the MJO 6/7 phase and the AO is more evident in QBOW years (Figures 1b and 2e).
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Figure 3. Composite stream function anomalies (shading, ×106 m2/s2), and wave activity flux (vector,
scale at the right bottom) at 300 hPa averaged from 10 to 14 days after the MJO phase 2/3 in QBOW (a)
and QBOE (b) years. Subplots (d)–(f) are the same as (a)–(c) but for the MJO phase 6/7.
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The poleward propagation of the MJO-triggered Rossby wave train is influenced by the
Asian-Pacific jet [19]. Comparing the QBOW and QBOE years, the anomalous jet at 200 hPa shifts
southward in QBOW years (Figure 4a,b), which indicates the modulation of the QBO on the zonal
winds. The anomalous jet at 200 hPa following the MJO 2/3 phase shifts southward in QBOW years
(Figure 5a–c), which is consistent with the background states associated with the QBO phases indicated
by the anomalous jet at 200 hPa (Figure 4a,b). The anomalous jet following MJO 6/7 is accelerated
in QBOW years (Figure 5d–f). This result suggests the modulation of the QBO on the MJO-related
circulation. The enhancement and the southward shift of the jet lead to the intensification of the
extratropical response of the MJO (i.e., the PNA-like teleconnection pattern), which favors the Rossby
wave propagation [11,40]. It should be noted that the polar vortex located north of 60◦ N is decelerated
evidently following the MJO 6/7 phase in QBOW years (Figure 5d,f). This corresponds to the negative
AO pattern shown in Figure 2e.
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The MJO–AO connection has also been explained by vertical wave propagation into the
stratosphere [16,20–23,50]. The EP flux anomalies following the MJO 2/3 phase are confined to
the upper troposphere and stratosphere in both QBOW and QBOE years (Figure 6a,b). In comparison,
the EP flux anomalies are opposite during the two types of years, leading to large differences (Figure 6c).
There are no significant anomalous poleward wave fluxes in both types of years in the troposphere.
The poleward heat fluxes in QBOE and QBOW years following the MJO phase 2/3 are confined in
the stratosphere. We can hardly observe vertical EP fluxes transporting from the stratosphere to the
troposphere in this case. This suggests that the connection between the MJO 2/3 phase and the AO is
through the tropospheric pathway.
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QBOE years (c). Subplots (d)–(f) are the same as (a)–(c) but for the MJO phase 6/7. The black contours
denote the climatological zonal wind in winter. The black dots indicate anomalies significant at the
95% confidence level by Student’s t test.
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Figure 6. Latitude–height vertical cross-section of zonal-mean zonal wind (contour, interval: 5 m/s)
and Eliassen–Plam flux anomalies (vector, scale on the right bottom) averaged from 10 to 14 days after
the MJO phase 2/3 in QBOW (a), QBOE (b) years, and the difference between the QBOW and QBOE
years (c). Subplots (d)–(f) are the same as (a)–(c) but for the MJO phase 6/7. The vertical component of
the E-P flux has been multiplied by 100.

Anomalous upward and poleward EP fluxes are observed over the mid-latitudes following the
MJO 6/7 phase in QBOW years (Figure 6d). The upward propagation of planetary waves is attributed to
the combined effect of upward EP fluxes in the MJO phase 7 [51] and the enhanced westerlies in QBOW
years [40]. The anomalous divergence of the EP flux over the latitude from 40◦ N to 60◦ N leads to an
acceleration of westerlies in situ, and the convergence of the EP flux north of 70◦ N contributes to the
deceleration of the polar vortex (Figure 5d) and negative AO (Figure 2e). In QBOE years, anomalous EP
fluxes are much weaker and downward fluxes are seen in the troposphere (Figure 6e). The discrepancy
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is confirmed by the difference of the EP fluxes between QBOW and QBOE years (Figure 6f). Therefore,
the MJO 6/7 phase and the AO are connected in QBOW years through vertical wave propagation into
the stratosphere.

4. Summary and Discussions

Previous studies have found a relationship between the MJO and AO, with the positive and
negative AO phases following the MJO convection over the tropical Indian Ocean (phase 2/3) and the
western Pacific (phase 6/7), respectively. In this study, we found that the MJO–AO connection can be
modulated by the QBO through both tropospheric and stratospheric pathways.

The AO following the MJO 2/3 phase shifts to positive in both QBOW and QBOE years. The
relationship between the MJO 2/3 phase and positive AO is contributed by the poleward propagation
of the tropospheric Rossby wave triggered by the MJO convection. The strength of the MJO is weaker
in westerly QBO years compared to that in easterly QBO years, but the MJO convection can still excite
the Rossby wave train in westerly QBO years. The stratospheric pathway is not evident in this case.

The AO following the MJO 6/7 phase shifts to negative in QBOW years, but this connection
diminishes in QBOE years. The AO and MJO 6/7 phase connection in QBOW years is established through
both tropospheric and stratospheric pathways. The westerlies in the high-latitude upper troposphere
over the North Pacific are enhanced in QBOW years. The enhanced Asian-Pacific jet contributes to
more evident poleward propagation of tropospheric Rossby waves that are emitted from the tropical
MJO convection. The stronger westerlies over the North Pacific provide a favorable condition for
evident vertical propagation of planetary waves into the stratosphere, which leads to negative AO. The
subtropical jet over the North Pacific (i.e., the Asian-Pacific jet) helps the poleward propagation of the
tropospheric Rossby wave and the vertical propagation of planetary waves, which are the tropospheric
and stratospheric pathways of the MJO–AO connection, respectively, and the weakened Asian-Pacific
jet during easterly QBO years results in the destruction of the MJO–AO relationship.

This study investigated the modulation of the QBO phase on the MJO–AO connection, which
is mainly attributed to the changes in atmospheric circulation with the QBO phase. Further studies
would be needed to understand the modulation by other interannual modes on the connection of
tropical–extratropical intraseasonal variabilities by using longer datasets. In this study, we have
shown some evidence on the modulation of the QBO phases on the MJO–AO connection, but the
cause-and-effect relationship are not clear. A model study may be conducted to better reveal the
physical process.
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