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Key Points:
« Temperature QBO (quasi-biennial oscillation) has the shortest cold phase in winter 2015-2016 but is not interrupted.
+ Meridional scale reduction of temperature QBO causes a small temperature anomaly in anomalous QBO event.
+ A double-peak structure in ozone QBO occurs with inverse phase around 30 km because of different control mechanisms of ozone.
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Abstract: Anomalous changes of zonal wind quasi-biennial oscillation (QBO) in winter 2015-2016 have received close attention.
Combining radiosonde and satellite observations and reanalysis data, we investigate anomalous changes in temperature and ozone
QBOs from the lower to middle stratosphere. As wind shear direction is reversed due to unexpected changes of zonal wind QBO at about
24-30 km, the shortest cold phase at 21-27 km appears in temperature QBO. This is different from the completely interrupted westward
phase in zonal wind QBO, while the longest cold phase above almost 27 km lasts for 2—3 years from 2015 to 2017, owing to the absence
of corresponding warm phase. Meridional scale reduction of temperature QBO causes a small temperature anomaly, thus the thermal
wind relationship looks seemingly different from that in the other regular QBO cycles. QBO in the ozone mixing ratio anomaly shows a
double-peak with inverse phase, and its phase below (above) 30 km is in agreement with (opposite to) the phase of temperature QBO

because of different control mechanisms of ozone. Following temperature QBO variation, QBO in the ozone mixing ratio anomaly
exhibits a less positive phase at 20—-30 km in 2016—2017, and a very long positive phase above 30 km from 2015 to 2017. QBO in total
column ozone shows a small peak in winter 2016—-2017 since ozone is mainly concentrated at 20 to 30 km. Anomalous changes of
temperature and ozone QBOs due to unexpected QBO zonal wind variation can be well-explained according to thermal wind balance

and thermodynamic balance.
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1. Introduction

Quasi-biennial oscillation (QBO) is the dominant oscillation in the
tropical stratosphere, featuring alternately eastward and west-
ward wind regimes that repeat at intervals varying from 22 to 36
months, with an average period of approximately 28 months
(Baldwin et al., 2001). Over the equator, the QBO amplitude is
more than 30 m-s, and the westward wind is generally stronger
than the eastward wind. The alternating wind bands propagate
downward at a speed of roughly 1 km per month, and the east-
ward wind phase moves downward faster than the westward
wind phase (Naujokat, 1986; Pascoe et al., 2005). Interactions
between the mean zonal wind and vertically propagating internal
waves generated in the tropical troposphere are believed to
largely cause the mean wind accelerations driving the QBO
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(Holton and Lindzen, 1972; Dunkerton, 1997; Huang KM et al.,
2009; Xue XH et al., 2012). Although it is a tropical phenomenon,
the QBO can affect the stratospheric polar vortex mainly through
the shift of the subtropical critical line in the lower stratosphere,
and through the change in mean meridional circulation in the up-
per stratosphere (Rao J and Ren RC, 2017; Rao J et al, 2019,
2020a). It also can affect the severity of high-latitude ozone deple-
tion and the global stratospheric circulation through modulating
extratropical wave propagation (McCormack and Siskind, 2002).
The circulation changes induced by the QBO can further affect the
distribution of chemical constituents, such as water vapor, ozone,
and methane (Wallace et al., 1993; Lee et al., 2010; Liu JH et al.,
2020). Rao J et al. (2020b) explores and evaluates the three dy-
namical pathways for impacts of the QBO on tropospheric circula-
tion by using 17 CMIP5 and CMIP6 models. Hence, the QBO and its
global influence have attracted close attention since the QBO was
discovered by Ebdon (1960) and Reed et al. (1961) from radio-
sonde observations at equatorial stations.

There are also substantial QBO signals in temperature, ozone and
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many shorter-lived chemical constituents. The QBO is the major
interannual variation of tropical stratospheric temperature
(Dunkerton and Delisi, 1985; Randel and Cobb, 1994). The equat-
orial temperature anomalies associated with the QBO in the lower
stratosphere are on the order of +4 K, with a maximum value
around 30-50 hPa, and decreases to about +0.5 K near the tropo-
pause (Randel et al., 1999; Baldwin et al., 2001). The temperature
QBO in the tropics is in thermal wind balance with the vertical
shear of zonal winds (Andrews et al., 1987), which means that a
warm (cold) temperature anomaly is associated with the east-
ward (westward) shear of the QBO zonal wind. Moreover, the
warm (cold) temperature anomaly induces a relative adiabatic
descent (ascent) through radiative cooling (heating) (Plumb and
Bell, 1982), thus the zonal wind QBO is accompanied by variations
in temperature and vertical motion.

Ozone is an important greenhouse gas and affects radiative bal-
ance of the atmosphere. The zonal wind and temperature QBOs
dominate the interannual variability of ozone in the tropical stra-
tosphere (Tegtmeier et al., 2010), causing ozone to exhibit an
evident QBO signal. Many observations indicate that the ozone
QBO in the tropics displays a double-peak structure (Zawodny and
McCormick, 1991; Hasebe, 1994; Fadnavis and Beig, 2009; Tegt-
meier et al., 2010). The phase of the ozone QBO in the middle stra-
tosphere is almost opposite to that in the lower stratosphere due
to a phase reversal at about 28—-30 km. The ozone and zonal wind
QBOs in the lower stratosphere are approximately a quarter cycle
out of phase. The temperature QBO phase descends faster than
the ozone QBO phase (Fadnavis and Beig, 2009), and they have an
in-phase relationship in the lower stratosphere but an anti-phase
relationship in the middle stratosphere. Photochemical lifetime of
ozone decreases with altitude (Garcia and Solomon, 1985; Jones
et al,, 1998). In the lower stratosphere, the photochemical lifetime
is longer than advective time scales, thus ozone is mainly under
dynamical control via vertical transport. Since the ozone mixing
ratio in the lower stratosphere increases with height, the down-
ward moving flow over the equator brings ozone-rich air from
higher levels to increase the ozone amount, and vice versa. As the
height increases, dynamical control of ozone is gradually re-
placed with photochemical control. In this case, the ozone abund-
ance is sensitive to the temperature that impacts the reaction rate
of ozone destruction (Ling XD and London, 1986; Fleming et al.,
2002). Hence, the different control mechanisms determine the
double-peak structure of the zone QBO.

The radiosonde observation at the equatorial station shows an an-
omalous change in the zonal wind QBO in 2015-2016 (Newman
etal., 2016; Osprey et al.,, 2016; Rao J and Ren RC, 2017; Li HY et al.,
2020), which is the only disruption to the regular QBO propaga-
tion in the data record between 1953 and 2016. In January 2016,
the expected downward propagating westward phase stalled and
was temporarily displaced by an upward propagating eastward
phase from about 40 hPa up to 10 hPa, and then the stalling was
followed by the unexpected formation of a second westward
wind near 40 hPa, interrupting the lower stratospheric eastward
phase. This abnormal QBO began developing from December
2015, resulting in the shortest westward (eastward) wind phase at
10 hPa (40 hPa) observed in the 1953-2016 record. The westward
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wind near 40 hPa formed within the eastward phase was driven
through momentum transported by planetary Rossby waves from
the extratropical zone in the Northern Hemisphere (NH), instead
of the standard QBO paradigm based on vertical momentum
transport (Dunkerton, 2016; Newman et al., 2016; Osprey et al,,
2016); in the canonical QBO model, vertically propagating Rossby
waves deposit their momentum in a strong westward wind shear.
The examination of tropical zonal momentum budget showed
that there were record maxima in the horizontal momentum
fluxes and wave forcing from Rossby waves and mixed Rossby-
gravity waves over the winter of 2015-2016, especially at the
40 hPa level (Coy et al,, 2017; Barton and McCormack, 2017; Lin P
et al.,, 2019). As the westward wind developed near 40 hPa, east-
ward acceleration appeared above 40 hPa due to the forcing by
upward propagating Kelvin waves (Newman et al.,, 2016; Osprey
etal., 2016). Li HY et al. (2020) demonstrated that not only Rossby
waves propagating from the northern extratropics were import-
ant contributors to the eastward acceleration around 40 hPa, but
also from local wave generation by analyzing the horizontal mo-
mentum flux anomaly from Rossby waves in the extratropics and
tropics. Hence, the wave activities seem to be a good explanation
of the anomalous change in the zonal wind QBO.

The possible causes for the anomalous QBO are revealed through
observational and modeling studies. However, most of the relev-
ant studies focused on the variation in zonal wind QBO, in particu-
lar, its onset in the lower stratosphere, while the corresponding
QBOs in temperature and ozone drew less attention. In this paper,
we investigate the QBO structures of temperature and ozone in
the lower and middle stratosphere based on radiosonde and
satellite measurements and reanalysis data. We present anomal-
ous QBOs in temperature and ozone during 2015-2017, and dis-
cuss the connections among the anomalous changes in zonal
wind, temperature and ozone. In the following section, we briefly
describe the datasets used in the paper, and then analyze the an-
omalous QBOs in zonal wind, temperature and ozone, and their
relationship in section 3. In section 4, a summary is given.

2. Data Description

In this paper, by using United States radiosonde observations,
Aura satellite ozone measurements, and Modern-ERA Retrospect-
ive Analysis for Research and Applications version 2 (MERRA-2)
reanalysis data for 21 years from January 1998 to December 2018,
we study the QBOs in zonal wind, temperature and ozone, in par-
ticular, the anomalous changes between 2015 and 2017.

The radiosonde data is provided by the National Oceanic and At-
mospheric Administration (NOAA) National Climatic Data Center
(NCDCQ) through the stratospheric processes and their role in cli-
mate (SPARC) data center at the website of http://www.
sparc.sunysb.edu/. From the dataset, we analyze the zonal wind
and temperature data at Ponape Island (6.97°N, 158.22°E), as a
tropical station closest to the equator. Radiosonde is routinely
launched twice daily at 00:00 and 12:00 UT, and with the ascent of
the balloon, meteorological parameters, such as atmospheric
temperature, horizontal wind, pressure, and relative humidity are
sampled with an interval of 6 s, resulting in an irregular height res-
olution due to the change in the rising speed of radiosonde. For
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convenience, the data are linearly interpolated every 50 m. In the
period that we focus on, about 60% of balloons reached the
height of 30 km, thus we select this altitude as the upper limit of
radiosonde measurement.

Total column ozone (TCO) from the ozone monitoring instrument
(OMI) aboard the National Aeronautics and Space Administration
(NASA) Earth Observing System (EOS) Aura satellite is used to in-
vestigate the ozone variation. The TCO algorithm is based on the
differential optical absorption spectroscopy technique; the al-
gorithm features and error analysis are described in detail by Veef-
kind et al. (2006). The available TCO data from OMI are from Octo-
ber 2004, which is accessed from the Tropospheric Emission Mon-
itoring Internet Service (TEMIS) project of the European Space
Agency (ESA) Data User Programme (DUP) through the website at
http://www.temis.nl/protocols/o3field/data/omi/. The data are
provided at different stations, and we chose to analyze the TCO at
three low latitude stations of Tarawa (1.36°N, 172.92°E), Petaling
(3.1°N, 101.6°E) and Songkhia (7.2°N, 100.6°E), relatively close to
Ponape Island.

The MERRA-2 dataset is produced by the NASA Global Modeling
and Assimilation Office (GMAO), which is retrieved at the website
of https://disc.gsfc.nasa.gov/datasets/. The reanalysis data are 6-
hourly instantaneous analysis fields, including atmospheric tem-
perature, wind, pressure, and ozone and vapor mixing ratio, etc.,
on a 0.5° x 0.625° latitude-by-longitude grid at 72 model levels
from the ground up to 0.01 hPa (Gelaro et al., 2017).

30 (a) Zonal wind anomaly in radiosonde observation

3. Results

3.1 QBOin Zonal Wind and Temperature

By using the monthly mean zonal wind (positive eastward) and
temperature derived from the radiosonde observation at Ponape
Island for 21 years from January 1998 to December 2018, we re-
move their climatological mean values from the monthly mean
series in order to clearly show the QBO in zonal wind and temper-
ature. The climatological mean is calculated by averaging the
monthly mean in the same months over 21 years, and then the
monthly mean anomaly can be obtained by subtracting the clima-
tological mean from the monthly mean series during the 21 years.
Figure 1 depicts the zonal wind and temperature anomalies from
the radiosonde observations. An unexpected change of the zonal
wind QBO occurs in the winter of 2015-2016, and the downward
moving westward wind is disrupted by the ascending eastward
wind in the height range of ~24-30 km, which is in good agree-
ment with equatorial observations in previous studies (Newman
et al, 2016; Osprey et al., 2016). Meanwhile, it can be noted from
Figure 2b that the descending cold temperature phase is not
completely cutoff in this winter, though the cold phase at 21-27 km
is the shortest cold phase in the entire observation, and the next
warm phase, with only a month duration at 27—-30 km, is also the
shortest warm phase. In addition, the tropospheric warming from
2013 is seen with an increased temperature peak of about 2 K in
the winter of 2015-2016. In Figure 1b, we use the black curves to
plot the zero anomalies of temperature QBO, and then superim-

Time (year)

(b) Temperature anomaly in radiosonde observation
0 = S

Height (km)

=

o = N W b~ WU

Time (year)

Figure 1. Time-height section of monthly mean (a) zonal wind and (b) temperature anomalies over Ponape Island derived from radiosonde
observation. The black curves are the zero anomaly of the temperature QBO in the radiosonde observation.
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pose these zero curves on the zonal wind QBO in Figure 1a. By
comparing the zero curves with the eastward wind phase, the al-
ternating phase QBO pattern in temperature is similar to that in
the zonal wind but with a phase lead of about 90°. This is consist-
ent with the thermal wind balance that the temperature anomaly
is associated with the vertical shear of the zonal wind QBO rather
than the zonal wind QBO itself.

Based on the MERRA-2 reanalysis data, we can examine the anom-
alous QBO at higher levels. Figure 2 shows the zonal wind and
temperature anomalies over Ponape Island derived from the
reanalysis data in the same period of 1998—2018, respectively. For
comparison, we derive the zonal mean zonal wind between 5°S
and 5°N from the reanalysis data, and then calculate its monthly
mean anomaly, which is presented in Figure 3. Because the QBO is
a global scale motion, it can be seen that there is nearly the same
scenario of zonal wind QBOs in Figures 2 and 3, except the oscilla-
tion magnitudes. This indicates that the investigation of the an-
omalous QBO over Ponape Island is generalizable. In Figure 2, the
QBOs in the zonal wind and temperature below 30 km are consist-
ent with those in the radiosonde observation in Figure 2.
Figure 3a illustrates that the abnormal ascending eastward wind
stops at about 35 km (~6 hPa) in July 2016. In Figure 3b, it is inter-
esting that an extremely long cold phase above 30 km (almost
27 km) lasts for 2—3 years from 2015 to 2017, due to the absence
of the corresponding warm phase. This is related to the anomal-
ous QBO of the zonal wind, because a negative vertical wind shear
corresponds to a cold temperature phase according to the

(a) Zonal wind anomaly in reanalysis
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thermal wind relationship. In the reanalysis data, the tropospheric
warming in 2013—-2018 is weaker than in the radiosonde observa-
tion.

3.2 QBO Temperature and Wind Shear

Because of the long timescale and equatorial symmetry of the
QBO, the thermal wind balance still holds throughout the equat-
orial region, which requires a temperature oscillation along with
the wind oscillation. The thermal wind balance is expressed for
the equatorial B-plane as (Andrews et al., 1987):

u, = —R(HB)"'T,,, (1)

where u and u, are the zonal wind and its derivative in the vertical
direction; R is the gas constant; H = 7 km is the scale height; g is
the Rossby parameter; and T and T, are the temperature and its
second derivative in the meridional direction. For the QBO vari-
ations centered on the equator with a meridional scale L, the
thermal wind relationship can approximately be written as (An-
drews et al., 1987; Ribera et al., 2004):

[ R\ 8Taso
””(H_ﬁ) R @

where 8Tqgo is the temperature anomaly associated with the
QBO. Here, we calculate the QBO temperature anomaly at 20 km
(56.4 hPa) and the wind shear between 20 km and 25 km (28.4 hPa
and 56.4 hPa) in the radiosonde observation (the reanalysis data).
Figure 4 shows the temperature anomaly and vertical wind shear
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Pressure (hPa)
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Figure 2. Time-height section of monthly mean (a) zonal wind and (b) temperature anomalies over Ponape Island derived from MERRA-2
reanalysis data. The black curves are the zero anomaly of the temperature QBO in the reanalysis data.
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Figure 3. Time-height section of monthly mean zonal mean zonal wind anomaly between 5°S and 5°N derived from reanalysis data.

over Ponape Island derived from the radiosonde observation and
reanalysis data, respectively. The QBO temperature anomalies
over Ponape Island are very close to the order of +4 K in the
equatorial region (Baldwin et al., 2001; Pascoe et al., 2005). As we
expected, since the QBO temperature is in thermal wind balance
with the vertical wind shear in the tropics, Figure 4 demonstrates
that these two parameters are generally in phase such that the
time of the maximum eastward (westward) shear corresponds to
the warmest (coldest) period of temperature, which is consistent
with the results at the equator derived from the EAR-40 reanalysis
data (Pascoe et al., 2005).

Even so, there are two notable events in both the observation and
reanalysis. One is a sudden temperature rise from June 2011, but a
corresponding variation does not occur in the wind shear. The
sudden temperature rise is coincident with the Icelandic Grims-

votn volcano eruption on 21-22 May 2011 (Kerminen et al., 2011;
Tesche et al., 2012), from which large amounts of volcanic ash
grounded many flights around the world. The volcano eruption
also caused a massive increase in stratospheric aerosols and wa-
ter vapor with an e-folding residence time of about 1 year, which
heats the stratosphere by absorbing terrestrial longwave radi-
ation and solar infrared radiation. The other notable event is the
large vertical wind shear versus the small temperature anomaly
from the winter of 2015—2016 to the spring of 2017. The eastward
wind takes the place of the normal westward wind at 40—10 hPa
levels (Osprey et al., 2016; Newman et al., 2016; Dunkerton, 2016),
thus the abnormal eastward wind significantly enhances the wind
shear between 28.4 hPa and 56.4 hPa levels (~25 km and 20 km).

There are different causes for the two events. In 2011-2012, the
stratospheric temperature rise is mainly due to the volcano erup-

(a) Radiosonde observation
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Figure 4. Thermal wind relationship between temperature anomaly and zonal wind shear derived from (a) radiosonde observation and (b)
reanalysis data at Ponape Island during 1998-2018. The temperature anomaly is at 20 km in the radiosonde observation and at 56.4 hPa level in
the reanalysis data, and the wind shear is calculated between 20 km and 25 km in the radiosonde observation and between 28.4 hPa and 56.4 hPa

levels in the reanalysis data.
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tion superimposed on the QBO temperature anomaly. In the
second event, we investigate the QBO latitudinal scale further.
Figure 5 shows the latitude-time section of monthly mean zonal
wind and temperature anomalies at 28.4 hPa between 20°S and
20°N, along the 158.13°E meridian line derived from reanalysis
data. At the 28.4 hPa level, the anomalous QBO in the zonal wind
is very clear with a westward phase of only 1-2 months. It is inter-
esting that the meridional extension of the temperature QBO in
2016 is obviously smaller than that in the other years. This means
that the anomalous QBO event causes a smaller meridional scale
in the temperature QBO. According to expression (2), a smaller
meridional scale corresponds to a smaller QBO temperature an-
omaly under a constant wind shear. Hence, the change of the zon-
al wind QBO leads to the corresponding variation of the temperat-
ure QBO, not only in the vertical direction but also in the meridi-
onal direction due to the thermal wind relationship.

3.3 QBOin Ozone

Next, we investigate ozone changes in the anomalous QBO event.
Figure 6 presents the monthly mean TCO (in Dobson Units) at
three tropical stations, derived from the OMI observational data
between January 2005 and December 2018. The predominant
periodicity of the TCO is the annual oscillation (AO) with maxima
in summer and minima in winter, and the AO is apparently modu-
lated by QBO, especially near the equator. In order to uncover the
interannual variability, we derive the TCO anomaly, which is de-
picted in Figure 7. The QBO signal in the TCO anomaly is evident,

(a) Zonal wind anomaly in reanalysis
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and its magnitude tends to decrease with increasing latitude,
though the TCO magnitude does not display an obvious variation
from Tarawa to Songkhia. At all three stations, the normal reduc-
tion phase of the TCO anomaly stops suddenly and turns into a
slow growth phase in the winter of 2015-2016; moreover, in this
increasing phase, the peak of the ozone QBO in the winter of
20162017 is clearly smaller than that of the other QBO cycles.
This indicates that the anomalous change also occurs in the ozone
QBO.

Based on the reanalysis data of the ozone mixing ratio over
Ponape Island, we calculate the monthly mean ozone mixing ra-
tio anomaly from the troposphere to the stratosphere, which is
presented in Figure 8. Figure 8 shows the evolution of the ozone
QBO from the middle to lower stratosphere with alternate des-
cending positive and negative phases. The ozone QBO in the
lower stratosphere ~20-30 km has a maximum amplitude around
27 km, and is anti-phase with that in the middle stratosphere of
about 30-35 km; thus the ozone QBO pattern is different from the
QBOs in the zonal wind and temperature with coherent down-
ward propagation phases. In order to investigate the relationship
between the ozone and temperature QBOs, we superimpose the
zero lines of the temperature QBO on the ozone anomaly. In the
thermodynamic equation, the vertical eddy heat flux conver-
gence and mean horizontal heat advection, with little variability,
may be neglected (Weaver et al, 1993), especially for their
monthly mean variations (Eluszkiewicz et al., 1996). In this case,

Time (year)

(b) Temperature anomaly in reanalysis

Latitude (°)

98 00 02 04 06 08

Time (year)

Figure 5. Latitude-time section of monthly mean (a) zonal wind and (b) temperature anomalies at 28.4 hPa between 20°S and 20°N along the

158.13°E meridian line.
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Figure 6. Monthly mean total column ozone at (a) Tarawa, (b) Petaling and (c) Songkhia derived from the Aura satellite ozone monitoring

instrument.

the residual mean vertical velocity (w*) anomaly is in approximate
thermodynamic balance with the heating rate anomaly Q, which
is written as follows (Randel et al., 1999):
«HN?
w T = Q, (3)
where N is the buoyant frequency. Then, assuming that the radiat-
ive heating anomaly Q associated with the QBO approximately
meets a Newtonian cooling relationship with the QBO temperat-
ure anomaly (i.e., Q = —a8dTqgp), We obtain the expression:
* aR

wo= 8Tqgo, 4
N2 olaso (4)

where a is the inverse radiative damping coefficient. This indic-
ates that a warm (cold) QBO temperature anomaly induces a relat-
ively downward (upward) moving flow due to radiative cooling
(heating). Hence, as shown in Figure 8, the positive ozone QBO
phase below ~30 km is in good agreement with the warm phase
of the temperature QBO because the sinking flow carries ozone-
rich air from the higher levels, and the converse is also true.
However, in the middle stratosphere > 30 km, ozone has a short
lifetime and is controlled by photochemical reactions (Hasebe,
1994; Randel and Wu F, 1996; Jones et al.,, 1998). In this way, the

ozone QBO exhibits an anti-phase relation with the temperature
QBO. One can see from Figure 8 that the less positive phase of the
ozone QBO at 20-30 km corresponds to the weakly warm phase
of the temperature QBO in 2016—-2017. Owing to the absence of
the warm temperature phase above 30 km in this anomalous QBO
event, there exists a very long positive phase of the ozone QBO
from 2015 to 2017; thus the double-peak structure of the ozone
QBO with approximate in-phase instead of anti-phases appears in
the lower and middle stratosphere in 2016—2017. Therefore, the
anomalous QBO presents not only in the zonal wind studied ex-
tensively, but also in the temperature and ozone from the lower
to middle stratosphere.

4. Summary

The anomalous QBO in the zonal wind during the winter of
2015-2016 has been well-studied. In this paper, we investigate
the anomalous change in the temperature and ozone QBOs fur-
ther by combining radiosonde and satellite observations at tropic-
al stations and MERRA-2 reanalysis data.

The radiosonde observations indicate that the alternating phase
QBO pattern in temperature is similar to that in the zonal wind but
with an approximate quarter cycle out of phase. The zonal wind
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Figure 7. Monthly mean total column ozone anomalies at (a) Tarawa, (b) Petaling and (c) Songkhia derived from the Aura ozone monitoring

instrument between January 2005 and December 2018.
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Figure 8. Time-height section of monthly mean ozone mixing ratio anomaly over Ponape Island from MERRA-2 reanalysis data between January
2005 and December 2018. The black lines are the zero lines of temperature anomaly derived from the reanalysis data in Panel 3b.

QBO is accompanied together with the temperature oscillation,
and the positive (negative) wind shear is associated with the
warm (cold) temperature anomaly. As the upward propagating
eastward phase of the zonal wind QBO takes the place of the reg-
ular descending westward phase at ~24-30 km in the winter of
2015-2016, the vertical wind shear is changed from the normal
negative to positive values in the height range of ~20-27 km.
Thus a corresponding change occurs in the temperature QBO that

has the shortest cold phase at 21-27 km in the data record. Even
so, the downward moving cold phase is not completely replaced
by a warm phase. The unexpected ascending eastward wind de-
creases with height and stalls at about 35 km, which leads to a
westward wind shear above 27 km. Accordingly, an extremely
long cold phase above almost 27 km lasts for 2—3 years from 2015
to 2017, owing to the absence of the corresponding warm phase.
The reanalysis data exhibits that the meridional extension of the
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temperature QBO in 2016 is obviously smaller than in the other
years, implying a smaller QBO temperature anomaly according to
the thermal wind balance. This causes the relationship between
the temperature anomaly and wind shear, from the winter of
2015-2016 to the spring of 2017, to look different from other reg-
ular QBO cycles. Hence, the anomalous zonal wind QBO causes
the anomalous change of temperature QBO in both the vertical
and meridional directions.

The OMI measurement reveals that the QBO is the dominant inter-
annual variability of the TCO in the tropics. With the anomalous
changes of the zonal wind and temperature QBOs, the QBO in the
TCO turns from the normal fall to slow-rise phase in the winter of
2015-2016, and its next amplitude peak in the winter of
2016-2017 is evidently smaller than in the other regular QBO
cycles. This is related to the weakly warm phase of the temperat-
ure QBO below 30 km since ozone is mainly concentrated at 20 to
30 km. The reanalysis data shows a double-peak structure of the
QBO in the ozone mixing ratio with an inverse phase relationship,
and the ozone QBO phase below (above) 30 km is in agreement
with (opposite to) the phase of the temperature QBO due to the
different control mechanisms. The anomalous QBO event leads to
the weakly warm phase of the temperature QBO below 30 km in
2016—-2017, thus there is a less positive phase of the ozone QBO at
20-30 km. Because of the absence of the warm temperature
phase above 30 km, a very long positive phase of the ozone QBO
appears above 30 km from 2015 to 2017. Therefore, the anomal-
ous changes occur not only in the zonal wind QBO but also in the
temperature and ozone QBOs from the lower to middle strato-
sphere.
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