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Abstract
As one of the most mysterious and fascinating natural phenomena, the quasi-biennial oscillation (QBO)
has an extraordinary period of ~28 months and features alternative westerly and easterly propagating
downward from the upper to the lower stratosphere. The QBO is also one of the most important
interannual variabilities in the atmosphere, and has dynamical in�uences on global circulation from the
troposphere to the mesosphere, from the tropics to the poles. It also modulates the distribution of
chemical constituents such as ozone and methane, and in�uences tropical cyclone genesis over tropical
oceans. The global effect of the QBO is believed to depend on its phase and structure. However, existing
de�nitions of the phase and strength of the QBO remain ambiguous. Previous studies considered tropical
zonal winds at 70, 50, 45, 40, 30, 20, and/or 10 hPa, disregarding the propagating characteristic of the
QBO in the equatorial stratosphere. In this study, we point out that the de�nition of the QBO can in�uence
the interpretation of the dynamical effect and decadal variation of the QBO. Therefore, the de�nition of
QBO phases considering the propagating characteristics of the QBO needs to be urgently standardized.
By dividing the QBO evolution into multiple phases instead of only two (westerly and easterly), a deeper
insight into the dynamics of the QBO, particularly its global effects, may be obtained.

1. Introduction
Featuring the largest interannual variation in the atmosphere, the quasi-biennial oscillation (QBO) has
been the most important and interesting phenomena since its discovery in the early 1960s (Reed et al.,
1961; Veryard and Ebdon, 1961). It is characterized by alternative westerly and easterly propagating
downward from the upper stratosphere to the lower stratosphere, straddling the equator. Varying between
24 to 36 months, averaging ~ 28 months, the period of the QBO is unlike that of any other known climate
phenomenon on the Earth and puzzled the scienti�c community in the early era after its discovery. The
characteristics, dynamical mechanism, in�uence, and model simulation of the QBO and its application in
short-term climate prediction have been extensively studied (Baldwin et al., 2001).

Understanding the phases of the QBO (westerly or easterly) is important for investigating its in�uences
and operational application. However, existing means of determining the state and strength of the QBO
remain ambiguous. Previous studies have considered equatorial zonal winds at 70, 50, 45, 40, 30, 20, and
10 hPa (Table 1). Holton and Tan (1980) de�ned the QBO phase using the equatorial zonal wind at 50
hPa over Balboa (9°N). Thereafter, numerous studies used the level of 50 hPa to determine the QBO
phases, such as the 50-hPa Singapore (1.22°N) zonal wind (Hamilton, 1993; Huangfu et al., 2019;
Kretschmer et al., 2018), the zonal-mean 10°S–10°N area-averaged zonal wind at 50 hPa (Gar�nkel and
Hartmann, 2008; Yoo and Son, 2016), and the 5°S–5°N area-averaged zonal wind at 50 hPa (e.g., Inoue
and Takahashi, 2013; Inoue et al., 2011; Klotzbach et al., 2019; Lu et al., 2008; Lu et al., 2014; Mitchell et
al., 2011). Maintaining consistency with Holton and Tan (1980), more studies used the equatorial zonal-
mean zonal wind at 50 hPa (e.g., Chen and Li, 2007; Chen et al., 2004; Thompson et al., 2002; Wei et al.,
2007).
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Table 1
Description of typical QBO indices.

Levels De�ning variable(s),
methods

Reference

70 hPa 70 hPa Singapore
(1.4°N) zonal wind

Liess and Geller (2012)

50 hPa 50 hPa Balboa (9°N)
zonal wind

Holton and Tan (1980)

50 hPa 50-hPa Canton Island
(2.8°S), Gan Island
(0.7°S) or Singapore
(1.4°N) zonal wind

Hamilton (1993); Klotzbach et al. (2019); Kretschmer et al.
(2018)

50 hPa Zonal mean, 10°S–10°N
zonal wind at 50 hPa

Gar�nkel and Hartmann (2008); Yoo and Son (2016)

50 hPa 5°S–5°N area-averaged
zonal wind at 50hPa

Inoue and Takahashi (2013); Inoue et al. (2011); Lu et al.
(2014); Mitchell et al. (2011) ; Klotzbach et al. (2019)

50 hPa Equatorial zonal-mean
zonal wind at 50 hPa

Chen and Li (2007); Chen et al. (2004); (Lu et al., 2008);
Thompson et al. (2002); Wei et al. (2007)

45 hPa Average of 40 and 50
hPa equatorial zonal
wind

(Claud et al., 2008; Labitzke, 2005; Labitzke and Van Loon,
1988)

44 hPa 44 hPa equatorial zonal
wind

Pascoe et al. (2005); (Ebdon, 1975)

40 hPa 40 hPa Singapore
(1.4°N) zonal wind

Dunkerton and Baldwin (1991)

40 hPa 40 hPa (average of 30
and 50 hPa) Singapore
zonal wind

Baldwin and O'sullivan (1995)

40 hPa Equatorial zonal-mean
zonal wind at 40 hPa

Ruzmaikin et al. (2005)

30 hPa Equatorial zonal wind at
30 hPa

Anstey and Shepherd (2008); Attard and Lang (2019); Camp
and Tung (2007); Graf et al. (2014); Hu et al. (2018);
Huesmann and Hitchman (2003); Labe et al. (2019); Ribera
et al. (2003)

20 hPa Equatorial zonal wind at
20 hPa

(Pisoft et al., 2013; Pogoreltsev et al., 2014); Naoe et al.
(2017)

10 hPa Zonal wind at 10 hPa Bushell et al. (2020); Pena-Ortiz et al. (2010)

10, 20,
30, 50,
and 70 
hPa

Multiple-wind QBO index
using zonal winds at
multiple levels

Elsbury et al. (2021); Huesmann and Hitchman (2001)
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Levels De�ning variable(s),
methods

Reference

10, 20,
40 and
70 hPa

Multiple-wind QBO index
using zonal winds at
multiple levels

Gar�nkel et al. (2012)

10 and
70 hPa

Vertical shear of zonal
wind between 10 and 70
hPa

Pang and Wu (2002)

30 and
50 hPa

Vertical shear of zonal
wind between 30 and 50
hPa

Attard and Lang (2019)

30 and
70 hPa

Vertical shear of tropical-
mean (10° S–10° N)
zonal wind between 30
and 70 hPa

Wang et al. (2021)

50 and
70 hPa

Vertical shear of zonal
wind between 50 and 70
hPa

Huesmann and Hitchman (2001)

50 and
25 hPa

Vertical shear of zonal
wind between 25 and 50
hPa

Neu et al. (2014)

25 hPa Wind shear at 25 hPa (~ 
25 km)

Pahlavan et al. (2021)

Multiple
levels

Two principal
components (PCs) of the
zonal mean zonal wind

Baldwin and Dunkerton (1998); Crooks and Gray (2005); Rao
and Ren (2018); Blume and Matthes (2012)

Multiple
variables

MTM-SVD methods Pena-Ortiz et al. (2008b); Ribera et al. (2004); Ribera et al.
(2003)

Multiple
levels

EOF analysis for
determining multiple
phases

Baldwin and Dunkerton (1998); Gray et al. (2018); Wallace et
al. (1993)

To represent the QBO amplitude and phase, Dunkerton and Baldwin (1991) used equatorial zonal wind at
40 mb in Singapore and examined QBO-associated planetary-wave Eliassen-Palm �uxes in boreal winter.
Subsequently, Baldwin and O'sullivan (1995) used the DJF average of 40-hPa (average of 30 and 50 hPa)
Singapore zonal wind. Other studies have also used the equatorial zonal-mean zonal wind at 40 hPa
(Ruzmaikin et al., 2005). Some studies compromised it at 45 hPa (average of 40 and 50 hPa) (Claud et
al., 2008; Labitzke, 2005; Labitzke and Van Loon, 1988) or 44 hPa (Ebdon, 1975; Pascoe et al., 2005).

The most intense QBO signal has been observed at around 30 hPa (Mann and Park, 1999; Ribera et al.,
2003); therefore, equatorial 30-hPa zonal-mean zonal winds are also frequently used (Anstey and
Shepherd, 2008; Attard and Lang, 2019; Camp and Tung, 2007; Graf et al., 2014; Hu et al., 2018; Labe et
al., 2019; Ribera et al., 2003). Some studies have also considered the maximum QBO amplitude at around
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20 hPa or 30 km (Ebdon, 1975; Huesmann and Hitchman, 2003; Pascoe et al., 2005) and used equatorial
zonal winds at these levels (Naoe et al., 2017; Pisoft et al., 2013; Pogoreltsev et al., 2014). The phase of
the QBO is also determined by zonal winds at 10 hPa (Bushell et al., 2020; Pena-Ortiz et al., 2010).

Some studies considered the QBO feature of the vertical shear of zonal wind in the equatorial lower
stratosphere, and adopted the equatorial vertical zonal wind shear as the QBO index, such as the
equatorial wind shear between 10 hPa and 70 hPa (Pang and Wu, 2002), the equatorial zonal wind shear
between 30 and 50 hPa (Attard and Lang, 2019), the tropical-mean (10° S–10° N) zonal wind difference
between 30 hPa and 70 hPa (Wang et al., 2021), the shear between 50 hPa and 25 hPa (Neu et al., 2014),
wind shear at 25 hPa (~ 25 km) (Pahlavan et al., 2021), and 50–70 hPa zonal mean wind shear
(Collimore et al., 2003; Fadnavis et al., 2014; Huesmann and Hitchman, 2001).

There are no unique de�nitions for the QBO phase with the equatorial westerly and easterly propagating
periodically from the upper stratosphere all the way down to the lower stratosphere. Therefore, the study
of the extratropical QBO signal can be optimized according to the research objective by selecting a
speci�c optimal level to de�ne the QBO phase. Baldwin and Dunkerton (1998) found that the strongest
extratropical Northern Hemisphere (NH) QBO signal can be obtained by considering the equatorial QBO at
~ 40 hPa, while that of the Southern Hemisphere (SH) can be obtained using a level near 25 hPa. Using
wind anomalies at 10, 20, 40, and 70 hPa, Gar�nkel et al. (2012) demonstrated that extratropical
circulation anomalies show different patterns with QBO classi�cation at different levels. This implies that
the sensitivity of the selected de�nition of the QBO phase should be considered when investigating the
in�uence of the QBO on extratropical circulation.

The empirical orthogonal function (EOF) has also been applied to obtain QBO time series. In general, the
two principal components (PCs) of zonal-mean zonal winds are adopted (Baldwin and Dunkerton, 1998;
Crooks and Gray, 2005; Rao and Ren, 2018). Meanwhile, in order to extract the evolution of the QBO
through a complete cycle, the multitaper frequency-domain singular value decomposition (MTM-SVD)
(Pena-Ortiz et al., 2008a; Pena-Ortiz et al., 2008b; Ribera et al., 2004; Ribera et al., 2003) and EOF analysis
(Baldwin and Dunkerton, 1998; Gray et al., 2018; Wallace et al., 1993) have been used to obtain different
phases of the QBO.

With the extension of various types of observations since the discovery of the QBO and the efforts of
Holton and Tan (1980) to investigate the extratropical in�uence of the QBO, the causal relationship
between the QBO and the extratropical winter stratosphere circulation is becoming increasingly more
apparent. However, the actual dynamics involved may be di�cult to determine or highly unclear because
of the ambiguous de�nitions of the phase and strength of the QBO. Therefore, although challenging, it
would be productive for the community to standardize the de�nitions of the phase and strength of the
QBO.

Considering this issue, in this study, the following key objectives were set: (1) demonstrate the
discrepancy of QBO signals at different levels; (2) examine the sensitivity of the de�nitions of the QBO to
its extratropical in�uence, implying a need for a standard de�nition regarding extratropical QBO signals;
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(3) argue that a standard de�nition is necessary for investigating the mechanism the in�uence of the
QBO; (4) suggest possible approaches toward standardizing the de�nitions of the QBO.

2. Discrepancy Of Qbo Signals At Different Levels
Figure 1 shows cross correlations between monthly equatorial zonal-mean zonal wind anomalies at
various altitudes, using the Japanese 55-year Reanalysis (JRA-55) datasets (Ebita et al., 2011). The wind
anomalies were obtained by subtracting the monthly climatology from the original wind �eld. The
dominant features are signi�cant negative correlations between the lower (around 50–70 hPa, ~ 20 km)
and higher (around 10–7 hPa, ~ 32 km) stratosphere, indicating a zonally symmetric zonal wind seesaw
between the higher and lower stratosphere. As the QBO propagates downward at a speed of
approximately 1 km per month (Baldwin et al., 2001; Reed et al., 1961), the distance between the two
centers (around 12 km) would be covered in approximately 12 months, leading to the quasi-biennial
feature of the QBO. If the equatorial wind anomalies propagate downward at a higher speed, for example
2 km per month, the negative correlations between the lower and upper stratosphere, as in Fig. 1, would
lead to an oscillation of the quasi-annual period. Therefore, the de�nition of the QBO index (Pang and Wu,
2002) using the equatorial vertical zonal wind shear (10 hPa minus 70 hPa) takes into account the
negative correlation between the higher and lower stratosphere. Based on seasonal mean data, for
example spring (March–May mean), summer (June–August mean), autumn (September–November
mean), or winter (December–February mean), a similar seesaw relationship can be observed between the
higher and lower stratosphere (Figures not shown). We also tested other reanalysis datasets such as
ERA5 of the European Center for Medium-Range Weather Forecasts (Hersbach et al., 2020) and MERRA-2
of the National Aeronautics and Space Administration (Gelaro et al., 2017). The results were found to be
similar (Figures not shown).

3. Qbo Effects In The Extratropical Stratosphere
Using available gridded data from 1962 to 1972, Holton and Tan (1980) �rst presented strong evidence
that the QBO can affect the extratropical boreal winter stratosphere, with the westerly QBO phase being
associated with stronger polar vortex. They then pointed out that springtime zonal wind in the SH
stratosphere could also be modulated by the QBO phase. Since then, the term Holton-Tan Oscillation
(HTO, or HT relationship) has been coded, and numerous studies adopted their approach using extended
data, and the dynamical mechanism was further discussed (e.g., Baldwin and O'sullivan, 1995; Chen et
al., 2004; Dunkerton and Baldwin, 1991; Gar�nkel et al., 2012; Naito and Hirota, 1997). However, the
degree of statistical signi�cance appears to be highly sensitive to the de�nition of the QBO and the
selected level of data.

Figure 2 shows the spatial distribution of the two dominant EOF modes of the boreal stratospheric
circulation at 50 hPa and the correlation coe�cient (CC) of the equatorial zonal-mean zonal wind with the
�rst two EOF principal components (PCs), indicating the statistical relationship between boreal winter
stratospheric circulation and the equatorial zonal-mean zonal wind. The analysis was based on the
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JRA55 dataset for the period 1958–2019. To ensure equal weights for equal areas in the EOF analysis,
the winter (December to February) gridded data were weighted by the square root of the cosine of the
latitude. Then, the winter-mean unweighted anomaly �elds were regressed upon the standardized leading
PC time series and the regression coe�cient as the EOF modes were presented. As the PC time series
were standardized to be dimensionless, the values shown in the regression maps represent the anomalies
in association with one standard deviation anomaly in the index time series and can be considered
typical amplitudes.

The leading EOF (Fig. 2a), which explains 60% of the total variance in the 50-hPa geopotential �eld,
shows a circumpolar pressure seesaw between the polar region and the mid-latitudes. As the geostrophic
zonal wind is proportional to the meridional gradient of geopotential height, this EOF describes the
variation in the strength of the polar night jet and stratospheric polar vortex (SPV). The seesaw pattern of
the extratropical circulation between the polar region and the mid-latitudes actually re�ects a basic mode
of the atmosphere, i.e., the Northern Annual Mode in the stratosphere (Baldwin and Dunkerton, 1999;
Chen and Wei, 2009). The second mode presents a wavy structure of zonal wavenumber 1 (Fig. 2b),
which explains approximately 12.3% of the total variance, implying the in�uence of stationary planetary
waves mainly from wavenumber 1.

As HTO reveals that the strength of the polar vortex is positively correlated with the QBO, Fig. 1c indicates
that the signi�cant positive CC between PC1 and the equatorial zonal wind is only evident at around 30–
70 hPa. If the QBO is de�ned using equatorial zonal wind around 20 hPa, as in previous studies (e.g.,
Naoe et al., 2017; Pisoft et al., 2013; Pogoreltsev et al., 2014; Ribera et al., 2003), an insigni�cant SPV-
QBO relationship can be expected. If the QBO is de�ned using upper stratospheric zonal wind, such as 10
hPa, it is natural to get an opposite HTO relationship. It is worth noting that PC2 is signi�cantly correlated
with the equatorial zonal wind at 70 hPa and 10–5 hPa. At 10, 7, and 5 hPa, the CCs between PC2 and
the equatorial zonal wind are 0.27, 0.28, and 0.26, respectively, while those between PC1 and the
equatorial zonal wind are − 0.37, -0.35, and − 0.21, respectively. At 70 hPa, the CC between PC2 and the
equatorial zonal wind is -0.24, while that between PC1 and equatorial zonal wind is 0.36. Therefore, the
selection of the QBO level will determine the correlation between the extratropical circulation EOF mode
and the zonal wind as well as the signi�cance of the correlation. If the equatorial vertical zonal wind
shear (10 hPa minus 70 hPa) is adopted as the QBO index, it will be signi�cantly correlated with both the
extratropical circulation EOF modes. Following Pang and Wu (2002), we �rstly standardized the
equatorial zonal wind at 10 hPa and 70 hPa, and then used the difference (10 hPa minus 70 hPa) as the
QBO index. This index has a CC of 0.34 with SPV-PC1 and a CC of 0.27 with SPV-PC2, which are both
signi�cant above the 95% con�dence level. Therefore, this QBO index shows a mixed in�uence on both
the strength of the polar vortex and the wavy pattern attributable to wavenumber-1.

The amplitudes of planetary waves in the SH are much smaller than those in the NH. Therefore, the QBO
is believed to have the strongest in�uence during late spring (November), during which the
climatologically stronger and longer-lived SH polar vortex weakens and allows the planetary waves to
play a relatively important role in the modulation of the strength of winds (Baldwin and Dunkerton, 1998).
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Similar to that in the NH, the dominant EOF of the extratropical stratosphere circulation in late spring
corresponds to the strength variation of the polar vortex, which accounts for 66.2% of the variance. This
pattern is much more symmetrical than its NH counterpart. The second EOF is a wavenumber 1 pattern,
which accounts for 14.6% of the total variance. The largest positive CC between PC1 and equatorial zonal
wind occurs at 20–30 hPa, con�rming the reports of previous studies that the largest extratropical SH
in�uence was observed with the selection of equatorial 25-hPa zonal wind (Baldwin and Dunkerton, 1998;
Baldwin et al., 2001). The largest negative CC was observed at around 3–5 hPa. For PC2, the largest
positive CC was observed at 50 hPa and the largest negative CC at 10 hPa and 150 hPa. Although PC2 is
not signi�cantly related to the equatorial wind in the stratosphere, the vertical distribution of the CC
between PC2 and the zonal wind lagged behind that of PC1 by several years. Therefore, for investigating
the SH extratropical in�uence of the QBO, the selection of the QBO de�nition is an important aspect.
Arbitrary selection of a QBO level may lead to a different extratropical stratospheric circulation mode.

The mechanism of the extratropical in�uence of the QBO has been explored with a focus on the role of
planetary waves. Typically, extratropical planetary waves (mainly wavenumber 1 and wavenumber 2 with
the largest spatial scales) propagate along the waveguide, i.e., upward from the troposphere mid-latitudes
and upward and equatorward in the stratosphere until meeting the critical line (the boundary line between
the westerly and easterly), where the wave phase speed is zero. Planetary waves have been suggested to
be capable of penetrating into lower latitudes when the tropical stratosphere is in the QBO westerly phase,
while the penetration is prevented by a critical line when the tropical stratosphere is in the QBO easterly
phase, causing a narrower-than-normal waveguide (Baldwin et al., 2001; Chen et al., 2004; Dunkerton and
Baldwin, 1991; Holton and Tan, 1980). A narrower waveguide leads to stronger planetary waves and
stronger wave breaking in the extratropical stratosphere, which erodes the stratospheric polar vortex and
drags the westerly winds. However, Gar�nkel et al. (2012) pointed out that the effect of the mean
meridional circulation associated with QBO winds is much more important than the effect of the critical
line emphasized in the Holton–Tan mechanism for the polar response to the QBO. However, irrespective
of the exact mechanism, the equatorial level modulating the width of the extratropical waveguide or the
level of the QBO associated meridional circulation in�uencing wave propagation at the subpolar latitudes
in the upper stratosphere remain unknown.

4. Recommendations
Considering that the QBO winds propagate downward periodically from the upper stratosphere to the
lower stratosphere, it may not be su�cient to de�ne the QBO phase using only one speci�c level.
Furthermore, the QBO has a period of ~ 28 months, and after the westerly or easterly is established at one
level, it will last for about 14 months. During this process, the QBO index based on one speci�c level
shows the same phase, but the vertical equatorial wind pro�le exhibits wide changes. Therefore, a more
detailed separation of the QBO phase based on the vertical pro�le of the QBO state is required.

In order to determine the evolution of the QBO through a complete cycle, Wallace et al. (1993) represented
the equatorial stratosphere in terms of a vector with radius and phase angle in a two-dimensional phase
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space, which is de�ned by the �rst two principal components of equatorial stratospheric zonal wind
anomalies. During each QBO cycle, the vector completes one nearly circular loop. Similar methods have
been adopted in several studies (Baldwin and Dunkerton, 1998; Gray et al., 2018; Wallace et al., 1993).
However, the QBO indices were still primarily based on the equatorial zonal wind at one speci�c level.
This emphasizes the necessity of standardizing the de�nition of the QBO phase.

Following Wallace et al. (1993), the dominant patterns of the tropical stratosphere zonal wind were
derived. Due to limitations of their dataset, Wallace et al. (1993) used zonal wind of 7 equatorial levels
from three stations. We adopted the tropical zonal-mean zonal wind from the reanalysis (JRA55) data
and limited the EOF analysis to the QBO domain (meridional half-width of 15° about the equator and
from 70 hPa to 3 hPa). The seasonal cycle was removed from the wind �eld at each grid point, and a
band-pass �lter was applied to retain periods between 9 and 48 months. Subsequently, the annual,
semiannual, and long-term signals were removed. Moreover, possible in�uences of the solar cycle were
also removed.

Together, EOF1 and EOF2 explain 94.4% of the variance of the 9–48 month band-passed data and are
well separated from the remaining EOFs, based on the criteria of North et al. (1982)—EOF3 explains only
4.3% of the variance. The leading EOF structure accounts for 52.7% of the total variance, re�ecting the
negative correlation between the lower and upper stratosphere. It has a region of westerly anomalies from
about 20 hPa to 2 hPa (maximum center ~ 7 hPa), and easterly anomalies from about 100 hPa to 20 hPa
(center ~ 50 hPa) with a breaking node around 20 hPa. The second EOF structure accounts for 41.7% of
the total variance, representing the variability at the middle stratosphere altitudes. It has a region of
easterly anomalies above 5 hPa (center ~ 3 hPa), and westerly anomalies from 50 hPa to 5 hPa (center ~ 
20 hPa). This pattern is approximately in quadrature with EOF1. Together, the two EOFs form a
degenerate pair, and they can represent the spatially propagating signal of the QBO. Power spectra of the
PCs of the leading two EOFs (Figure not shown) indicate that the variance of PC1 and PC2 is
concentrated at around 28 months, typically associated with the QBO periodicity. The fractions of the
total variance are much preeminent than if the two PC time series behaved as red noise.

The monthly PC1 and PC2 values were obtained by projecting the zonal-mean zonal wind date onto the
EOF patterns. The climatology was removed from the zonal wind data before the projection. Following
Wallace et al. (1993), the two-dimensional phase space was constructed using monthly PC1 and PC2
indices. Each month is represented by a point determined by the PC1 and PC2 values in this month. The
points trace anticlockwise circles around the origin, signifying systematic downward propagation of the
QBO. We de�ned 8 phases (P1 to P8) according to the phase space at 45° intervals, with phases 1 and 5
indicating the positive and negative EOF1, respectively, and phases 3 and 7 indicating the positive and
negative EOF2, respectively. By dividing the QBO cycle into 8 phases, detailed information on the
modulation of global circulation by the QBO can be obtained.

The entire spatial patterns of atmospheric variability associated with QBO can be explored through the
use of composites. Here we applied a composite by taking the average of the observed anomaly �eld
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occurring for the months that fall within each of the 8 phases. The composites for the extended winter
season (November to March) and summer season (May to September) are shown in Figs. 5 and 6,
respectively. Figure 5a-h shows a complete QBO cycle. In phase 1 (Fig. 5a), equatorial zonal wind shows
a negative–positive–negative (“– + –”) pattern from the upper stratosphere to the lower stratosphere. In
the upper stratosphere above 3 hPa, the easterly starts to develop, while in the mid stratosphere from 30
to 2 hPa, the westerly reaches its maximum, and in the lower stratosphere below 30 hPa, the easterly
dominates. The pattern propagates downward in the tropical region, and the lowest easterly weakens and
dissipates in phase 3 (Fig. 5c) and phase 4 (Fig. 5d). By phase 5 (Fig. 5e), the zonal wind pattern has
changed into a positive–negative–positive (“+ – +”) pattern from the upper stratosphere to the lower
stratosphere. The lowest westerly weakens and dissipates in the following phases (phases 6 and 7). By
phase 8 (Fig. 5h), the lower and middle stratosphere is dominated by the easterly, while the westerly
prevails in the upper stratosphere.

The QBO has been found to be associated with meridional circulation anomalies (Baldwin et al., 2001;
Plumb and Bell, 1982; Takahashi, 1987). The QBO temperature in�uence shows two nodes around 15°
and 50°–60° in the meridional direction that divide the global circulation into three regions: 1) Tropical
region—the node around 15° separates the tropical and subtropical regions. Although zonal wind
anomalies can further extend poleward to around 20°–30°, the temperature node around 15° is
maintained in all QBO phases. In the equatorial region, a temperature maximum occurs in westerly shear
zones due to adiabatic warming, which is caused by sinking motion. In easterly shear zones, the opposite
holds with minimum temperature associated with rising motion. 2) The subtropical and mid-latitude
regions—the node around 50°–60° separates the mid-latitude and polar regions. It is believed that
equatorial rising and sinking motions are compensated by the opposing circulation outside the
equatorial/tropical region. Therefore, subtropical compensated cooling occurs at the altitudes of tropical
warming, and subtropical warming occurs at the altitude of tropical cooling. However, the compensated
circulation extends much further even to the subpolar region, which is a much broader meridional
circulation than the original estimation. 3) The polar region—circulation anomalies in this region are
believed to be related to planetary waves and meridional circulation; however, the exact mechanism is still
not very clear.

The equatorial rising and sinking motions and the opposing circulation outside the equatorial/tropical
region generate a typical butter�y-like temperature �eld distribution pattern—resembling a swallowtail
butter�y with a forked appearance on the hind wings—in both winter and summer seasons. For example,
the temperature composite in Fig. 5e depicts the following feature: 1) in the tropical region, positive
anomalies occur in the upper and lower stratosphere, and negative anomalies in the middle stratosphere;
2) in the northern subtropical region, negative anomalies occur in the upper stratosphere, positive
anomalies in the middle stratosphere and negative anomalies in the tropopause region; 3) in the southern
subtropical region, the pattern is almost symmetrical to that in the northern subtropical region, except that
the anomaly amplitude is smaller. This butter�y moves downward as the QBO propagates.
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5. Extratropical In�uences Of The Qbo

5.1. NH stratosphere
It is worth noting that temperature anomalies can be observed in the higher latitudes. Temperature
anomalies around the 50°–60° node present a quadrupole temperature anomaly pattern between the
polar and mid-latitude regions in the stratosphere in most of the QBO phases. For example, in P1
(Fig. 5a), the two temperature anomaly centers (negative and positive values in the middle and upper
stratosphere, respectively) in the middle latitudes are both signi�cantly above the 95% con�dence level. A
signi�cantly weaker NH polar vortex is observed with easterly anomalies around the polar cap throughout
the stratosphere, with a warmer polar region from the tropopause to the middle stratosphere (~ 50 hPa).
In the upper stratosphere above 50 hPa, a stronger polar vortex is observed. With the evolution of the
QBO, the temperature anomaly centers move poleward and downward in the NH stratosphere. The
warmer polar region was con�ned in the polar region from the tropopause to around 5 hPa, and colder
anomalies dominated the polar region above 5 hPa in P2 (Fig. 5b). By P4 (Fig. 5d), the cold anomalies
moved to the region below 10 hPa, and the upper stratosphere was in�uenced by warm anomalies. The
comparisons of P1 with P5, P2 with P6, P3 with P7, and P4 with P8 show that linearity is maintained in
most regions and in most opposite phases, indicating a dominant linear in�uence of the QBO on
extratropical circulation.

5.2. Comparison between the two hemispheres
The QBO-associated meridional circulation in the winter hemisphere is substantially larger than those in
the summer hemisphere. For example, in P1 of the winter season, a signi�cantly colder NH polar vortex
can be observed with temperature anomalies of ~ 2.5 K lower than the climatology in the upper
stratosphere, while that in the SH polar region is less than 0.8K. In P2 of the winter season, the QBO-
associated SH polar temperature anomalies reach ~ 1.0 K, while that of the NH polar temperature
anomalies reaches ~ 2.0 K in the mid stratosphere. In P7, the QBO-associated SH polar temperature
anomalies reach ~ 1.0 K in the lower stratosphere, while those of the NH polar temperature anomalies
reach ~ 3.0 K in the lower stratosphere. The difference is more evident in the zonal-mean zonal wind �eld.
In P1, the zonal wind anomaly center in the NH stratosphere reaches ~ 5 m/s, while that in the SH high
latitudes is less than 1 m/s. The QBO-associated zonal wind anomalies in the SH reach their maximum
speeds in P3 and P7 at approximately 3 m/s, which is much smaller than their NH counterparts, which
approximate 10 m/s. In P1, P2, P4, P5, and P6, the zonal wind anomalies are almost indiscernible in the
SH stratosphere.

Similar phenomena occur in the boreal summer season. The QBO-associated zonal wind anomalies are
almost imperceptible in all QBO phases throughout the troposphere and stratosphere in the NH polar
region, and the high and mid-latitude regions. In contrast, the zonal wind signal is strong in the SH polar
region, especially in P1, P4, P5, P6, and P8. Although Baldwin and Dunkerton (1998) indicated that the
QBO has the largest in�uence on the SH polar stratosphere in the SH spring, especially November, the
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results of the boreal summer season (May to September) show that the QBO can have signi�cant
in�uences even in other months.

5.3. Summer season anomalies
Since Holton and Tan (1980), the key component linking the equatorial QBO and extratropical circulation
has been believed to be planetary waves propagating upward and equatorward from the mid-latitude
troposphere. As wave propagation is blocked by stratospheric easterly in the summer season, the
extratropical in�uences of QBO in the summer season, especially on stratospheric circulation, are
traditionally ignored. Previous studies on the extratropical circulation of the QBO have mainly focused on
the winter season. However, the QBO phase composite in Fig. 6 shows the occurrence of signi�cant
temperature anomalies in the NH summer stratosphere. In phase 4, signi�cant negative temperature
anomalies could be observed in the mid and high latitudes in the stratosphere. In P8, signi�cant negative
temperature anomalies were evident in the mid-latitude upper stratosphere. In comparison, positive
temperature anomalies were evident in the polar region in P7. Although the QBO has a very weak
in�uence on the zonal-mean zonal wind in the summer stratosphere, wind anomalies can be observed in
the subtropical region in all QBO phases. Moreover, some �ndings suggest the possible effect of the QBO
on the extratropical upper stratosphere in the summer season. In P4, P5, P7, and P8, the upper subpolar
stratosphere exhibited a noticeable temperature change.

Regarding the SH summer (Fig. 5), strong negative temperature anomalies could be observed in the polar
lower and middle stratosphere in P3, P4, and in the upper stratosphere in P7. Moreover, signi�cant
positive temperature anomalies could be discerned in P2 in the middle stratosphere, and in P7 and P8 in
the lower stratosphere. The zonal wind anomaly extended to the subtropical region in most phases, with
the largest values in the middle and higher latitudes in the stratosphere in P3 and P7. During this period,
the QBO exhibited the largest wind anomaly at around 20–30 hPa, con�rming the results of Baldwin and
Dunkerton (1998) that the SH is best correlated with the QBO index at 20–30 hPa.

5.4. The anomalies at the tropopause
The tropopause and lower stratosphere are other regions worth noting. In both hemispheres and seasons,
signi�cant temperature anomalies could be observed around the subtropical tropopause region. When the
equatorial lower stratosphere was in the easterly phase (generally QBO P1, P2, P3, and P8), positive T
anomalies were observed in both seasons around the subtropical tropopause. Particularly in P1 and P2,
positive T anomalies extended poleward to mid-latitudes along the tropopause in both seasons (Fig. 5b
and 6b). In contrast, when the equatorial lower stratosphere was in the westerly phases (mainly P4, P5,
P6, and P7), negative temperature anomalies dominated the subtropical tropopause in both hemispheres
and both seasons. In the boreal summer in the NH, the negative temperature anomalies extended
poleward to the polar region in P4, P5, P6, and P7 (Fig. 6d-g), and positive temperature anomalies
dominated the tropopause region in P1, P2, and P3 (Fig. 6a-c). The changes in tropopause height and
zonal wind shear are considered the key factors modulating convection and tropical cyclone (TC) activity
over different tropical oceans (Camargo and Sobel, 2010; Caron et al., 2015; Chan, 1995; Collimore et al.,
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2003; Fadnavis et al., 2014; Huangfu et al., 2019; Tao et al., 2018). Therefore, setting a standard de�nition
of the QBO phases may provide a new dynamical perspective on the QBO-TC linkage.

6. Decadal Changes In The Qbo’s Effect On The Polar Vortex
The effect of the QBO on the polar vortex is known as HT oscillation. Holton and Tan (1980, 1982)
suggested that the wind anomaly con�guration of the QBO can modulate planetary wave propagation,
leading to variations in the polar vortex. Accordingly, the polar vortex is weak during the easterly QBO
phase, usually resulting in major stratospheric sudden warmings (SSWs) (Mcintyre, 1982). Conversely,
the polar vortex is less disturbed during the westerly QBO phase. These studies were based on
observation and reanalysis data of early times, especially from periods before 1980. Nevertheless, studies
involving longer observation times have shown that the HT relationship is unstable (Gray et al.,
2001; Lu et al., 2008; Lu et al., 2014; Naito and Hirota, 1997). For example, Lu et al. (2008) revealed that
the HT relationship was robust during 1958–1976. However, it weakened and reversed during 1977–
1997, and the relationship was restored during 1998–2006. Lu et al. (2014) suggested that the disruption
of the HT effect in 1977–1997 was associated with a change in stratospheric circulation, i.e., a broader
and strengthened polar vortex, which may interfere with the modulation of planetary wave propagation by
the QBO.

The unstable HT relationship may also re�ect the pseudo-periodicity of the QBO. The QBO has alternating
wind regimes at intervals of 22–34 months, averaging at periods slightly more than 28
months (Baldwin et al., 2001; Pascoe et al., 2005). Therefore, while winter-mean data, such as those used
by Lu et al. (2008), are used to study the QBO–polar vortex relationship, the phase of the QBO may vary.
As the extratropical circulation effect of the QBO is almost linear, it will be nulli�ed if the QBO phases are
evenly distributed. For the winter period (November–March) during 1958–2018, the dominant QBO
phases were P1, P4, and P5, corresponding to 13, 9, and 9 winters, respectively. In P1, easterly wind
dominates the tropical lower stratosphere, centered at around 50 hPa. In P4, the lower stratosphere is
dominated by westerly wind, centered at around 40 hPa. As P5 is the opposite phase of P1, linear
correlation/regression will indicate a dominant QBO in�uence similar to that shown in Figure 5a, i.e., the
easterly QBO at 50 hPa associated with a weaker polar jet in the middle stratosphere. 

During 1958–1976, the dominant QBO phases were P1, P3, P4, and P5. In P3, the easterly in the tropical
lowest stratosphere diminished to zero, and the maximum westerly wind center was at around 20–30
hPa. The westerly was maintained in P3, P4, and P5 at 50 hPa. Accordingly, the linear
correlation/regression based on the QBO index at 50 hPa will be similar to that shown in Figure 5a, with
the QBO easterly at 50 hPa being associated with a weaker polar jet in the middle stratosphere.

During 1977–1997, the dominant QBO phases were P1 and P6. In P6, the westerly mainly occurred at
around 70–100 hPa, but the wind phase was almost neutral at 50 hPa. Therefore, the correlation using
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50 hPa QBO could capture the easterly maximum in P1 but interfered by the near-zero winds in P6,
leading to a weaker QBO-polar vortex relationship.

During 1998–2018, the dominant QBO phases were P1 and P5, which are two opposite QBO phases.
Therefore, the QBO index using equatorial zonal wind at 50 hPa can capture the easterly maximum in P1
and the westerly maximum in P5, leading to a robust correlation between the QBO and stratospheric polar
vortex.

As the HT relationship is most unstable in late winter (Lu et al., 2008), Figure 7 shows the same results as
Figure 6, except that the averages are taken for February and March only. For late winter, the main QBO
phases during 1958–2018 were P1, P4, and P6, with P2 and P5 having moderately higher frequencies. In
P1 at 50 hPa, the equatorial zonal wind was in the easterly phase, and it transformed to the westerly
phase in P4 and P5. Therefore, the main QBO phases exhibited a tendency to shift towards the opposite
distribution, leading to a robust relationship between the 50 hPa QBO index and the polar vortex. During
1958–1976, the maximum frequency was observed in P1 (easterly at 50 hPa), followed by P3 and P5
(easterly at 50 hPa), corresponding to almost opposite QBO phases. However, during 1977–1997, the
main phases were P2 and P6, which are transition phases at 50 hPa. The wind speeds were near zero and
no clear phase could be identi�ed. Consequently, the correlation between the 50 hPa QBO index and the
polar vortex leads to an insigni�cant relationship. During 1998–2018, the prime QBO phases were P1, P4,
and P5, responding to equatorial easterly in P1, and westerly in P4 and P5 at 50 hPa. Therefore, the HT
relationship was restored.
 

7. Discussions
As one of the most important and interesting phenomena in the middle atmosphere, the QBO has
attracted the attention of various research communities. However, the means of de�ning the QBO index
remain ambiguous. The equatorial zonal wind at 70, 50, 45, 40, 30, 20, and 10 hPa, as well as the zonal
wind shear at various levels, have all been used to de�ne the QBO phases. However, existing de�nitions
have neglected the propagating and pseudo-periodicity characteristics of the QBO. In general, when one
QBO phase is established at a speci�c level, it will last for approximately 12 months. Consequently, the
propagation and evolution of the QBO are neglected when the QBO phase at any level is considered.
Moreover, a small value of the QBO index at a speci�c level does not necessarily mean a small QBO
amplitude at that time. The index would most likely ignore the QBO wind peak, which may occur at
another level at that time.

Considering that the QBO is a propagating and periodic phenomenon, dividing it into only two phases is
an extremely simplistic approach. A good example in atmospheric science is the Madden-Julian
Oscillation (MJO) (Madden and Julian, 1971, 1972), which is the dominant intraseasonal variability over
the tropics and propagates eastward from the Indian Ocean to the central Paci�c on the time scale of
30–60 days. The MJO is usually divided into 8 phases (Demott et al., 2015; Donald et al., 2006; Kiladis et
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al., 2014; Waliser et al., 2009; Wheeler and Hendon, 2004) or more (Maloney and Hartmann, 1998;
Maloney and Hartmann, 2000), rather than only 2. When the MJO convective center propagates along the
equator, its global in�uences also change in both location and amplitudes (e.g., Jeong et al., 2005; Ma et
al., 2020; Zhang, 2005; Zhang et al., 2009). Similarly, deeper insight into the dynamical mechanism of the
global in�uences of QBO can be obtained by dividing it into more phases.

The in�uence of the QBO on zonal-mean zonal temperature exhibits a butter�y-shaped distribution
pattern in both winter and summer seasons, extending to the subtropical and even polar regions. As the
QBO propagates downward, the butter�y moves downward. Dividing the QBO into more phases also
reveals the effect of the QBO on the subtropical tropopause temperature, which may in�uence the tropical
convection and tropical cyclone activities at some speci�c phases. These in�uences warrant further
investigation.

The effect of the QBO on extratropical circulation exhibits decadal variations, which is a known
characteristic of the unstable relationship between the QBO and polar vortex. These variations are
possibly modulated by the solar cycle (Lu et al., 2008) and changes in stratospheric circulation and/or
stratosphere–troposphere interaction. Nevertheless, the mechanism can be further understood by
considering the uneven distribution of the QBO phases in different periods. As the QBO has a quasi-
biennial period, ranging from 22 to 34 months (Baldwin et al., 2001; Bushell et al., 2020; Coy et al., 2016;
Huesmann and Hitchman, 2001; Pascoe et al., 2005; Schenzinger et al., 2017), several QBO phases have
higher possibility of occurring in some periods, while other phases may dominate the other periods. For
the extended winter (November to March) during 1958–1976, P1, P3, P4, and P5 had the largest
frequency. During 1977–1997, P1 and P6 were dominant. Moreover, during 1998–2018, the opposite P1
and P5 had the largest frequency. These differences drive the decadal variability of the relationship
between the QBO and stratospheric polar vortex.

As the largest interannual signal in the stratosphere, the QBO has dynamical in�uences on global
circulation from the troposphere to the mesosphere, from the tropics to the poles. It also modulates the
distribution of chemical constituents, such as ozone and methane, and tropical cyclone genesis over the
tropical oceans. A standard de�nition of QBO phases, with more details on QBO propagation, would shed
light on the dynamical mechanism of the global in�uence of this fascinating phenomenon.
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Figure 1

Cross correlation between monthly equatorial zonal-mean zonal wind anomalies (1958–2018, the annual
cycle is removed by subtracting the climatology) at different levels using the JRA55 datasets. The
contour interval is 0.1 for negative values and 0.3 for positive values. Note that the �gure is symmetric
about the diagonal.
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Figure 2

Spatial distribution of (a) EOF1 and (b) EOF2 of the 50-hPa geopotential height �eld north of 20°N in the
Northern Hemisphere winter (December–February) during 1979–2014 (from the JRA55 datasets). The
contour interval is 40 gpm. (c) Vertical distribution of the correlation coe�cient of the equatorial zonal-
mean zonal wind with the �rst two EOF principal components. The solid blue line is for PC1, and the red
dashed line is for PC2.

Figure 3

Same as Fig. 2, except for the 30-hPa geopotential height �eld south of -20°S in the Southern Hemisphere
in late spring (November).
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Figure 4

The leading �rst (a) and second (b) EOF of the tropical zonal-mean zonal wind �eld in the stratosphere
(15°S to 15°N, 70hPa to 1hPa). (c) Zonal wind pro�le corresponding to EOF1 and EOF2 at the equator.



Page 27/30

Figure 5

Composites of zonal-mean zonal wind (contours) and temperature (shadings) anomalies with respect to
the quasi-biennial oscillation (QBO) phases for the extended winter season (November to March).
Contours are drawn at ±1, ±2, ±4, ±8, ±16, ±24, and ±32 m/s. The zero lines are omitted. Stippling shows
the signi�cant region above the 95% con�dence level for the zonal-mean zonal temperature regression.
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Figure 6

Same as Fig. 5 but for the summer season (June to September)
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Figure 7

Histogram showing the frequency distribution of the phases of the QBO for the period of (a) 1958–2018,
and sub-periods of (b) 1958–1976, (c) 1977–1997, and (d) 1998–2018, at 45° intervals (P1, P2, …, P8)
expressed as a fraction of a cycle. The QBO phase is constructed using zonal-mean zonal wind averaged
over the extended winter periods (November to March).
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Figure 8

Same as Fig. 7 but for late winter (February–March) averages.


