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Abstract

Three-dimensional numerical nonlinear model of general circulation of the middle and upper atmosphere (MUAM) is used to sim-
ulate changes in the atmospheric dynamical and thermal regimes related to changes in phases of equatorial stratospheric quasi-biennial
oscillation (QBO). In addition to conventional (easterly and westerly) QBO phases, two transitional: westerly-shear (wsQBO, from east-
erly to westerly) and easterly-shear (esQBO, from westerly to easterly) QBO phases are added into consideration in order to research in
details QBO-induced changes in global circulation and interactions of planetary waves (PWs) with the mean flow. To interpret the
obtained results, the residual meridional circulation, Eliassen-Palm fluxes and meridional temperature gradients are calculated based
on MUAM ensemble simulations for the four QBO phases. The simulation results showed different temperature and zonal wind struc-
tures in the extratropical winter stratosphere at different QBO phases. The esQBO transition phase is characterized by the strongest tem-
perature and zonal wind changes. This is obtained both from the simulation and from the reanalysis data, and can be explained by PW
influence directly through changes in Eliassen-Palm flux and indirectly through modifications in the meridional circulation. Abrupt
changes in the subpolar stratosphere during esQBO are gradually compensated for the next 3 phases. Changes in the zonal wind in
the thermosphere due to the QBO phases changes can reach 10 %. An increase in wave activity in the Northern Hemisphere is accom-
panied by a weakening of the zonal wind during the esQBO and eQBO phases above approximately 150 km.
� 2024 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar
technologies.
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1. Introduction

The quasi-biennial oscillation (QBO) of the equatorial
zonal wind is one of the important processes influencing
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the atmospheric dynamics (e.g., Baldwin et al., 2001).
The QBO arises at low latitudes: the direction of the zonal
wind in the equatorial stratosphere changes to the opposite
within time interval between 22 and 34 months. Back in the
80s, Holton and Tan began to analyze the response of the
extratropical circulation to the QBO (Holton and Tan,
1980). They proposed a mechanism of modulation of the
Northern Hemisphere wintertime stratospheric polar vor-
tex by QBO through the changing width of the planetary
wave (PW) waveguides and concluded that during northern
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winter the eastward zonal mean jet is weaker and more dis-
turbed during the easterly QBO phase (eQBO) than that
during the westerly QBO phase (wQBO).

This mechanism has been repeatedly studied and refined
(e.g., Anstey and Shepherd, 2014 and references therein).
By now, it is clear that the Holton-Tan mechanism is only
one of many others that explains QBO influence on extra-
tropical atmospheric dynamics. For example, Garfinel
et al. (2012) used numerical simulations and showed that
the changes in meridional circulation associated with
QBO are important for the formation of the polar vortex.
However, this conclusion does not lessen the importance of
studying the of PW – mean flow interaction, since merid-
ional circulation, in turn, is generated by atmospheric
waves in accordance with the ‘‘Downward control princi-
ple” (Haynes et al., 1991).

Gavrilov et al. (2015) performed numerical modeling to
study planetary waves (PWs) and orographic gravity waves
(OGWs) interactions in the middle and upper atmosphere
during easterly and westerly QBO phases for January and
February. They showed that changes in atmospheric circu-
lation caused by QBO are associated with significant
changes in PW amplitudes in the extratropical stratosphere
and mesosphere. A broad review of a history and recent
achievements in studying the influence of the QBO on the
low-latitude upper troposphere and lower stratosphere is
presented by Hitchman et al. (2021). Influence of equato-
rial stratospheric QBO in the form of a quasi-biennial
cyclicity was found in all hydrodynamic fields (tempera-
ture, pressure, wind components, etc.) at middle and high
latitudes and altitudes up to the thermosphere (e.g.,
Wang et al., 2018; Koval et al., 2022a). In particular,
Wang et al. (2018) showed that the impact of stratospheric
QBO at thermospheric altitudes is weaker compared to the
quasi-biennial oscillation of solar activity, especially during
the solar maximum. Nevertheless, as calculated by Koval
et al. (2022a), this contribution is statistically significant
and can induce noticeable changes in the circulation at
the solar minimum. The propagation of the stratospheric
QBO signal into the ionosphere and the associated varia-
tions in the critical frequency foF2 have been considered
also by Echer (2007).

A large number of publications in recent years confirms
the continuing interest in studying various aspects of atmo-
spheric dynamics associated with QBO. A detailed review
of the state of the art in QBO modeling was recently pre-
sented by Richter et al. (2020). Among the recent studies
dedicated to the research of QBO effects based on meteoro-
logical reanalysis, the following should be highlighted:
Alsepan et al. (2016) performed analysis of the lower
stratosphere QBO according to ECMWF data and showed
that QBO has a significant effect on the total column
ozone, with its increase during wQBO and decrease during
eWBO; Ribera et al. (2004) distinguished secondary merid-
ional circulation caused by QBO using singular vector
decomposition applied to NCEP–NCAR reanalysis. This
secondary circulation is characterized by temperature
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anomalies associated with adiabatic vertical motions over
zones of zonal wind shear. The study of QBO and its repro-
duction in climate models within the framework of the
SPARC QBO-initiative is described by Bushell et al.
(2020). The long-term changes in the northern midwinter
temperature, zonal wind and residual circulation, associ-
ated with QBO, were studied by Gabriel (2019). In partic-
ular, their study is dedicated to finding the relationship
between the QBO and the growth of greenhouse gases
observed in recent decades, as far as both of these processes
affect extratropical circulation. Their results based on
numerical simulations with the Earth-System Models
involved into the ‘‘Coupled Model Intercomparison Pro-
ject Phase 5” (CMIP5, Giorgetta et al., 2013) showed a
gradual shift of the extratropical wQBO signature towards
the eQBO signature projected over the 21st century if
greenhouse gases continue to increase.

Recently, based on the numerical simulations with the
GCM MUAM, Koval et al. (2022a) demonstrated how
changes in the PW structures promote spread of QBO
effects to polar latitudes and to the thermosphere, through
changes in the Eliassen-Palm (EP) flux and its divergence
(e.g., Trenberth, 1986) and through the formation of
wave-induced eddy meridional circulation. They showed,
in particular, that the main contribution to the cooling of
the polar winter stratosphere during the wQBO was associ-
ated with the weakening of PW activity. In addition, during
the westerly QBO phase, weakening of meridional circula-
tion, accompanying by a temperature increase occurs in the
thermosphere.

A number of papers (Wallace et al., 1993; Fraedrich
et al., 1993; Solomon, 2014; Hitchman et al., 2021) consider
more QBO stages in addition to conventional westerly and
easterly QBO phases. Koval et al. (2022a) determined the
QBO phases using decomposition of observed equatorial
zonal wind variations with empirical orthogonal functions
(EOF). This approach allowed to determine that different
QBO phases existed in January-February of different years
taking into account vertical evolution of the zonal flow at
altitude range between 1 and 70 hPa. Four QBO phases
were defined as follows: easterly (eQBO), westerly (wQBO)
and transitional (so-called easterly-shear and westerly-
shear, esWBO and wsQBO, respectively). Despite extensive
experience in determining transitional QBO phases (see
Hitchman et al., 2021 and references therein), no detailed
analysis of changes in the general atmospheric circulation
and PW interaction with mean flow during QBO transi-
tional phases has been carried out to date.

The current study is dedicated to studying the interac-
tion of PWs with the mean flow, the ability of PW to trans-
mit the signal from the QBO into the layers of the
thermosphere and into high-latitude regions. Koval et al.
(2022a) made similar analysis for the classical eQBO and
wQBO phases. In this paper, this analysis was extended
by taking into account all four QBO phases mentioned
above. To analyze of the interaction of PWs with the mean
flow, Eliassen-Palm flux, its divergence, as well as the com-
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ponents of the residual mean meridional circulation are
considered. Also, we analyzed in which phases the direct
effect of the PW plays the main role in the change in circu-
lation (through the Holton-Tan mechanism), and in which
ones � the indirect effect (through the change in the merid-
ional circulation) dominates. The use of numerical simula-
tion for different QBO phases observed in January-
February allowed us to study pure QBO effects rectified
from possible contributions of seasonal variations, which
could affect the results of simulations.

2. Methodology

To simulate global atmospheric circulation and estimate
changes in dynamical and thermal regimes, the middle and
upper atmosphere model (MUAM) was used. This is a 3-
dimensional nonlinear mechanistic numerical model based
on the circulation model COMMA created at the Univer-
sity of Cologne, Germany (Ebel et al., 1995) and its further
development of COMMA-LIM (Fröhlich et al., 2003),
with numerous modifications described in later studies
(Pogoreltsev et al., 2007; Jacobi et al., 2017; Ermakova
et al., 2019; Koval et al., 2022a). The horizontal grid of
the model is 5.625�x 5� in longitude and latitude, respec-
tively. The MUAM uses a log-isobaric vertical coordinate
z = -H*ln(p/po), where po is the surface pressure and H

is pressure scale height. The current MUAM version has
56 vertical levels covering altitude range from the surface
up to about 300 km. The detailed scheme of numerical
experiments with actual MUAM version is described by
Koval et al. (2021; 2022a). The ability of MUAM to cor-
rectly reproduce atmospheric circulation, tides, and plane-
tary waves has been repeatedly discussed in previous
publications by comparison with reanalysis data and
empirical models (e.g., Suvorova and Pogoreltsev, 2011;
Koval et al., 2019; 2021; 2022a).

To prepare background and initial conditions for the
present simulations, we determine QBO phase using the
decomposition of zonal wind variations from MERRA-2
reanalysis data (Gelaro et al., 2017) with EOFs. The
QBO signal in the field of the monthly-mean equatorial
zonal wind after subtracting seasonal cycle is decomposed
into two main orthogonal functions in the altitude range
of 1–70 hPa. Further, these two principal components are
considered and their scattering diagram is subdivided into
4 patterns corresponding to different QBO phases (Koval
et al., 2022a). This approach allows taking into account
vertical evolution of QBO phases and minimize uncertain-
ties in determination of the QBO phases. Similar methodol-
ogy of defining QBO phases was used also by Hitchman
et al. (2021), who studied the influence of the QBO to the
heights of the lower stratosphere. In addition to eQBO
and wQBO phases (when zonal wind vertical shear du/dz

is close to 0, in this study we consider the ‘‘easterly-
shear” (esQBO) phase, which is a transition between the
westerly and easterly QBO, when an easterly wind shear
is negative (du/dz < 0) at the level of 20 hPa (see Fig. 2
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below). Accordingly, the ‘‘westerly-shear” (wsQBO) phase
with du/dz > 0 is a transition between easterly and westerly
QBO. We have chosen the 20 hPa level designate, because
this level corresponds to the observed maximum of root-
mean-square deviation of the zonal wind velocity. Maxi-
mum amplitude of the zonal wind QBO at 20 hPa calcu-
lated based on reanalysis data one can see in Fig. 4a of
the paper by Alsepan et al. (2016). In the study by Koval
et al. (2022b), the years were selected, when each of men-
tioned above four QBO phases were observed in January
based of zonal wind fields from MERRA-2. These years
are presented in Table 1. Koval et al. (2022b) performed
test numerical simulations in order to estimate changes in
the meridional circulation caused by the QBO. In the cur-
rent study, the ensembles of model runs are extended to
improve statistical significance and provide a more detailed
analysis of QBO-modulated PW-mean flow interactions.
To provide feedback on previous studies, we checked the
correspondence of the QBO phases obtained by us with
the QBO index developed in Singapore (Singapore QBO
index), which is widely used nowadays and represents the
sum of the monthly mean zonal wind at vertical levels
between 10 and 70 hPa (e.g. Wang et al, 2017). In this con-
ventional QBO classification, the easterly QBO phase cor-
responds to our esQBO and eQBO phases, while the
conventional westerly QBO phase corresponds to our
wsQBO and wQBO phases.

To date, several different methods have been developed
for determining QBO phases, which differ in the height of
determining the wind direction and/or number of levels
used for determining QBO (e.g., Hamilton, 1998; Baldwin
et al., 2001; Huesmann and Hitchman, 2001; White et al.,
2015; Gavrilov et al., 2015 and references therein). In gen-
eral, the westerly and easterly QBO zones determined at
pressure levels 10–20 hPa may have substantial phase shifts
compared to the same zones obtained, for instance, at 50–
70 hPa. One should keep in mind such vertical phase shifts,
when comparing QBO phases determined at different pres-
sure levels.

For years listed in Table 1, distributions of average
zonal-mean zonal wind and temperature for all four QBO
phases were calculated and implemented into MUAM
using nudging in the equatorial stratosphere (see
Pogoreltsev et al., 2014; Koval et al., 2022a for details).
Such approach of analyzing different QBO phases in the
same month allows us to eliminate influence of seasonal
variations and rectify impacts of QBO phases only.
Pogoreltsev et al. (2014) proposed to use additional terms
in MUAM equations for zonal wind velocity and tempera-
ture, which are proportional to differences between calcu-
lated and observed zonal mean winds at latitudes from
17.5�S to 17.5�N and altitudes from 0 to 50 km. Such
approach implying relaxation of the modeled low-latitude
zonal wind and temperature fields to the observations is
needed, as far as MUAM cannot reproduce QBO phases
internally due the relatively low vertical resolution. Vertical
grid of the MUAM is around 2.8 km in the lower and mid-



Table 1
Years of observations of four QBO phases in January, obtained using EOF decomposition of the MERRA-2 meteorological reanalysis data.

wQBO esQBO eQBO wsQBO

1983, 1985, 1993, 1995, 1999, 2002,
2004, 2013

1981, 1986, 1991, 2007, 2009, 2011,
2014, 2016

1989, 1996, 1998, 2000, 2003, 2005,
2010, 2012

1980, 1990, 1992, 1997, 2001, 2006,
2008, 2015
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dle atmosphere along log-pressure coordinate, however, as
Geller et al. (2019) showed, to correctly reproduce the QBO
in the model and take into account gravity waves momen-
tum deposition, the vertical resolution must be at least
500 m in the lower stratosphere. The disadvantages associ-
ated with coarse grid, however, is compensated by saving
computing time, since MUAM is a simple mechanistical
model. Another important advantage of MUAM is its abil-
ity to reproduce the resonant properties of the atmosphere
(atmospheric normal modes, NMs), which is necessary
when studying large-scale atmospheric interactions, as in
the current work (e.g., Pogoreltsev, 2007).

To study the thermodynamic state of the atmosphere
associated with vertical and meridional motions, the calcu-
lation of the residual meridional circulation (RMC) is per-
formed. RMC is introduced within transformed Eulerian
mean framework (TEM, Andrews and McIntyre, 1976).
It is a superposition of advective transport and wave-
induced eddy motions. Analyzing RMC provides diagnos-
tics of wave impacts on the mean flow and gives the ability
to assess meridional transport of mass and long-lived spe-
cies in the atmosphere. In contrast to the zonal-mean Eule-
rian circulation, the residual vertical velocity is
proportional to the net rate of diabatic heating (e.g.,
Shepherd, 2007). More detailed description of method for
calculating RMC based on MUAM data, including respec-
tive formulas, is presented in (Koval et al., 2021).

For a deeper analysis of atmospheric dynamic processes,
it is necessary to take into account the exchange of energy
and momentum between atmospheric mean flows and
waves, since QBO modulates PWs. For this purpose,
meridional and vertical components of the Eliassen-Palm

flux (EP flux), F m ¼ ðF ðuÞ
m ; F ðzÞ

m Þ, and its divergence, rF m,
are calculated using formulas (e.g., Andrews et al., 1987):
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where, overbars and primes denote zonaly averaged values
and deviations from the zonaly averaged values (distur-
bances), respectively; indices show partial derivatives; u, v
and w are zonal, meridional and vertical wind components;

h ¼ Texpð g
Cp

R h
0

l
T dhÞ is potential temperature; Cp is the heat
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capacity at constant pressure; h is the geopotential height; f
is the Coriolis parameter; u is latitude.

The EP flux divergence is interpreted as net drag of the
zonal-mean flow by PWs and vertical EP flux component is
associated with meridional heat flux.

To achieve statistical significance of the simulations,
four series (ensembles), each containing 12 calculations
(‘‘runs”) with the MUAM model were obtained for condi-
tions typical for the observed four QBO phases using nudg-
ing. The scheme of numerical experiments is as follows.
Each MUAM simulation within the ensemble starts from
an initial windless atmosphere with the climatological glob-
ally averaged vertical temperature profile. During the first
30 model days, gravity-wave parameterizations in the
model are not included and geopotential heights at the
lower boundary do not change. Then, the longitudinal
geopotential variations (stationary planetary waves) are
specified. Within the first 120–131 days, the MUAM uses
daily averaged heating rates. Pogoreltsev (2007) showed
that the described procedure allows the model to reach
steady-state regime at the end of this time interval. After
a day between 120 and 131, daily variations of heating
and sources of atmospheric NMs are included. By chang-
ing the date of inclusion of NM sources between 120 and
131 model days with a step of 1 day, we shift the phase
of stratospheric vacillations (e.g., Holton and Mass, 1976;
Pogoreltsev, 2007). Starting from the 300th model day, sea-
sonal changes in the zenith angle of the Sun are launched,
and days 330–360 correspond to January. It should be
noted that the monthly-mean PW amplitudes, the intensity
of the mean flow, and the temperature in the stratosphere
in winter from one run to another can change significantly.
Changes between model runs are interpreted as interannual
variability (Pogoreltsev, 2007). Features of creating the
ensembles based on changes in stratospheric vacillation
cycles as well as statistical data processing are described
in detail by Koval (2019). Comparing simulated hydrody-
namic fields with the MERRA-2 for the sets of years listed
in Table 1 shows good agreement (see below). Our simula-
tions are consistent also with the results of Rao et al. (2019)
who investigated the structure of stratospheric circulation
based on 10 reanalyzes of meteorological information
and numerical simulations.

Fig. 1 shows the averaged over January differences (in-
crements between zonal wind and temperature fields
obtained for successive QBO phases according to the
MERRA-2 reanalysis data. For each QBO phase, the dif-
ferences are averaged over set of years listed in Table 1.
The downward shifting QBO phase (in the form of



Fig. 1. Latitude-height distributions of the differences between successive QBO phases of zonal-mean zonal wind (shaded, m/s) and temperature
(contours, K) according to MERRA-2 for January. Hatched areas show insignificant wind increments at 95%.
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increments of the zonal wind and temperature) is well dis-
tinguishable in the equatorial region. For example, in
Fig. 1a, the zonal wind increments are negative in the alti-
tude range of 25–40 km, and are positive in areas above
and below this range. In Fig. 1b-d, these areas gradually
descend. The background temperature also changes
accordingly. As noted in earlier studies (e.g., Choi et al.,
2002; Hitchman et al., 2021 and references therein), at
the equatorial latitudes, cooling corresponds to easterly
wind shear, and heating corresponds to westerly wind shear
(see, for example, Fig. 1a, altitude intervals of 20–35 km
and 35–50 km, respectively). Such temperature changes
are primarily due to vertical motions: weakening (strength-
ening) of equatorial upwelling causes adiabatic heating
(cooling). At the same time, compensatory processes occur
outside the equatorial region which is a consequence of the
impact of the secondary meridional circulation, considered,
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for example by Choi et al. (2002); Ribera et al. (2004): in
Fig. 1a at 30� N, regions with opposite temperature
changes associated with opposite changes in vertical
motions are clearly distinguishable. Similar processes can
be traced in all panels of Fig. 1. The distributions of the
zonal wind and temperature, which differences are pre-
sented in Fig. 1, are implemented into the MUAM to
nudge the circulation to the corresponding QBO phase.

3. Results of numerical simulations

As it was described above, model simulations were per-
formed for January for all of four QBO phases, at altitudes
from the surface up to 200 km. The month of January was
chosen due to the fact that during the winter season the PW
wave activity increases, and in this study, we consider the
change in the general circulation primarily from the point



Fig. 2. Vertical profile of the zonal-mean equatorial zonal wind for all
QBO phases. Dashed lines show shear phases.
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of the PW – mean flow interaction. In addition, as dis-
cussed in earlier papers such as Baldwin and O’Sullivan
(1995), the QBO effect is stronger in December and Jan-
uary, weakening by February. For each QBO phase, an
ensemble of model simulations consisting of 12 members
was obtained. These data were averaged and statistically
processed.

Fig. 2 shows vertical profiles of the zonal mean zonal
wind averaged over the equatorial region (±2.5�) for the
four QBO phases considered. As was shown by Koval
et al. (2022a), the QBO phase is determined by the direction
of the main component of the EOF expansion of the equa-
torial zonal wind field at the pressure level of 20 hPa (indi-
cated in Fig. 2 by the pink line). It is clearly seen that at this
level the zonal wind is directed eastward and westward for
the wQBO and eQBO, respectively. For the transitional
phases the wind shear towards the next phase is observed,
while the value of zonal wind is close to zero. I.e., for the
esQBO and wsQBO, easterly wind shear (du/dz > 0) and
westerly wind shear (du/dz < 0) are seen in the green and
red lines in Fig. 2, respectively. At altitudes up to 60 km,
significant differences between zonal wind profiles for dif-
ferent QBO phases are seen in Fig. 2, which results in pos-
itive and negative wind differences discussed further. In
Fig. 2 one can also see larger variability of the equatorial
zonal wind at altitudes of 80 – 120 km, which is primarily
associated with significant variability in the meridional cir-
culation between different QBO phases.

The top panels of Fig. 3 show the latitude-altitude distri-
butions of the zonal mean zonal wind and temperature,
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simulated with the MUAM model for January for the
wQBO. In general, the distributions correspond both to
the MERRA-2 reanalysis of meteorological information
for years with the wQBO (see Table 1), and to semi-
empirical atmospheric models such as HWM-14 (Drob
et al., 2015) and NRLMSIS 2.0 (Emmert et al., 2020). Con-
tours in Fig. 3a show the divergence of EP flux. Positive EP
flux divergence should be accompanied by an eastward
acceleration of the zonal wind caused by PW momentum
transfer to the mean flow, while negative divergence (i.e.,
convergence) corresponds to a zonal wind deceleration.
Vectors in Fig. 3b show RMC components. The RMC is
currently widely used to estimate the meridional transport
of long-living and passive atmospheric species. In the
stratosphere, the RMC represents branches of Brewer-
Dobson circulation (Butchart, 2014), with ascending flows
in the low-latitude region and descending flows at high lat-
itudes, and the northern (winter) circulation cell is much
stronger than the southern (summer) one. In the meso-
sphere and thermosphere, the transfer of air masses from
the summer to winter hemisphere dominates.

To analyze changes in the atmospheric circulation, we
also consider the vertical component of the EP flux, Fz,
and meridional thermal gradient, which are shown in
Fig. 3c, d for the wQBO phase. Atmospheric PW theory
(e.g., Andrews et al., 1987) shows that the upward EP flux
coincides with the poleward wave heat flux, and its
enhancement can cause warming of the atmosphere in
extratropical regions. The structure of Fz in Fig. 3c is typ-
ical for boreal winter: the EP flux is maximal in the winter
middle atmosphere (below 100 km). In this region, both the
amplitudes of quasi-stationary PWs and of long-period
atmospheric NMs are maximum (e.g., Koval et al. 2018;
2019). The barrier region of negative Fz at a height of
100–120 km does not allow direct PW propagation into
the upper atmospheric layers. Latitude-altitude distribu-
tions of hydrodynamical parameters shown in Fig. 3 for
all 4 QBO phases are presented in Supplement, in
Figs. S1-S4.

In the MUAM equations of motion, in accordance with
the classical theory of ‘‘thermal wind” (e.g., Gill, 1986), the
vertical gradient the zonal (meridional) wind is propor-
tional to the meridional (zonal) temperature gradient. In
the Northern Hemisphere, a positive increment in the
meridional temperature gradient corresponds to a west-
ward (negative) zonal wind shear. Most of the temperature
gradient distribution in Fig. 3d is negative, which is due to
the direct solar heating predominating in the summer hemi-
sphere. The exceptions are: the troposphere, in which the
temperature increases from both poles to the equator, the
near-equatorial stratosphere, in which secondary circula-
tion cells induced by the QBO contribute to the tempera-
ture regime (Dickinson, 1968 ; Choi et al., 2002 Fig. 3),
and the MLT region, in which the positive gradient is
explained by the predominance of the meridional atmo-
sphere movement and adiabatic temperature adjustment
caused by the vertical movements.



Fig. 3. WQBO latitude-altitude distributions of: (a) – zonal wind (shaded, m/s) and EP-flux divergence (contours, 102 m2/s2/day); (b) – temperature
(shaded, K) and RMC components (arrows, m/s, vertical component multiplied by 200); (c) – vertical EP flux component (105 m2/s2); (d) – meridional
temperature gradient (K/deg). All data is according to MUAM ensemble simulation for January.
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Thus, we use the analysis of the EP flux divergence and
changes in the meridional temperature gradients to inter-
pret dynamic changes in the atmosphere, and the analysis
of the RMC and vertical component of the EP flux to inter-
pret temperature changes.

3.1. Thermal structure

Fig. 4 shows latitude-altitude distributions of differences
in temperature (shaded) and RMC (arrows) between differ-
ent QBO phases. In the equatorial region one can notice
that the temperature anomalies gradually descend from
phase to phase. In addition, at latitudes � 20� – 50� in both
hemispheres one can notice temperature anomalies of the
opposite sign, which are formed due to the secondary
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meridional circulation cells considered above. At high
northern latitudes, Fig. 4a shows the strongest increase in
temperature of the stratosphere and cooling of the meso-
sphere (above 60 km) during the esQBO transition phase
(from westerly to easterly QBO). During the next three
phases (Fig. 4b-d), reverse processes in this area are pre-
dominating: cooling of the subpolar regions of the strato-
sphere and heating of the regions above and below this
area. At the same time, these processes are much weaker
than those in Fig. 4a. Thus, abrupt changes in the subpolar
stratosphere during the esQBO are gradually compensated
during the next 3 phases. If we compare the distributions of
temperature increments in Fig. 4a-d with the distributions
of the corresponding parameters according to the reanaly-
sis data, shown with the contours in Fig. 1a-d, we observe



Fig. 4. Latitude-altitude distributions of differences between specified QBO phases in temperature (shaded, K) and RMC wind vectors (arrows, m/s) with
vertical component multiplied by 200. Hatched areas show differences with statistical significance less than 95%.
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similarities not only in the equatorial region (where nudg-
ing is used), but also at other latitudes. In particular, we
observe anomalies associated with secondary circulation
cells at latitudes of ± 20��50�, the maximum change in
temperature in the subpolar region are observed during
the esQBO (Fig. 1a and 4a): warming above 25 km and
cooling below this level. Some of the differences in tenden-
cies, for example, in the circumpolar region between the
Fig. 1b,c and 4b,c can be explained by two reasons: (i)
we simulate the QBO effect in its pure form, all other
parameters in the model remain identical, while in the real
atmosphere (and reanalysis), in the selected years, a sepa-
rate contribution could introduce other large-scale
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processes such as the El Niño Southern Oscillation, solar
activity, etc.; (ii) in the circumpolar stratosphere, there
may be discrepancies between the model and the reanalysis
due to the presence/absence of sudden stratospheric warm-
ings and their intensity. In general, we can conclude that
the model satisfactorily reproduces the general circulation
both in the tropics and in the extratropical region. And pre-
vious successful comparisons with semi-empirical models
up to thermospheric heights (e.g., Koval et al. 2022a) allow
us to analyze circulation up to 200 km.

The arrows in Fig. 4 show components of the RMC dif-
ferences between respective QBO phases. As in the case of
temperature changes, these increments in subpolar



Fig. 5. Latitude-altitude distributions of vertical EP flux (105 m2/s2) differences between specified QBO phases.
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stratosphere are maximum during the esQBO phase
depicted in Fig. 4a. Increase and decrease in the vertical
component of the RMC is accompanied, respectively, by
adiabatic cooling and heating of atmospheric layers. The
significant changes in the RMC are demonstrated also in
the MLT area, in the altitude range of about 70–120 km
in both hemispheres. In Fig. 4b and c, the change in the
meridional component of RMC prevails in this area. Dur-
ing the remaining phases (Fig. 4a and d), the activation of
vertical motions in the low-latitude region is noticeable.
Together, these dynamic processes are associated with the
changes in temperature profile of the lower thermosphere.
In addition to the mentioned above adiabatic cooling/heat-
ing due to the vertical movement of air parcels peculiar to
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Fig. 4a and d, we observe cooling/heating of the lower ther-
mosphere due to acceleration/deceleration of the merid-
ional transfer of cold air masses from the Southern
Hemisphere in Fig. 4b and c. In this context, we consider
the relationship between the RMC and temperature as
indirect evidence of the wave impact on atmospheric circu-
lation, since meridional circulation is primarily generated
by waves (e.g., Haynes et al., 1991).

Another mechanism which must be taken into account
when analyzing temperature changes in the middle and
upper atmosphere is the direct effect of PWs modulated
by QBO. We consider this mechanism through the calcula-
tion of the vertical component of the EP flux, Fz. Latitude-
altitude distributions of Fz increments (divided by density)
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are shown in Fig. 5, while the Fz values themselves for all
QBO phases are presented in Supplement, Fig. S2. The
general structure of Fz is typical for the month of January:
the maxima are observed in the winter middle atmosphere.
In the thermosphere the EP flux weakens. If we compare
Fig. 4a and 5a, it can be seen that significant increase in
heating of the subpolar stratosphere during esQBO is
directly associated with the wave action, since an increase
in the upwardly directed EP flux causes a poleward wave
heat flux (e.g., Andrews et al., 1987). The westerly QBO
phase (Figs. 4d and 5d) is characterized by the same behav-
ior but directed opposite: cooling of the high-latitude
stratosphere and EP flux weakening. The fact that the wave
activity in the extratropical region decreases (and the polar
vortex intensifies) during wQBO is well-known (e.g.,
Baldwin et al., 2001; Anstey and Shepherd, 2014). During
the remaining two phases, shown in Figs. 4-5b and c, Fz
changes in the subpolar stratosphere decrease and hence
direct PW effect weakens.

The statistical significance of the increments shown in
Fig. 4 calculated using a paired Student’s t-test applied to
the above-mentioned 12-members ensembles of model sim-
ulations for each QBO phase. Statistically insignificant
increments at the 95 % level are marked with diagonal
hatching. It should be noted that in Fig. 4 hatching indi-
cates statistically insignificant data on either temperature
or RMC, i.e., outside the hatching, only significant incre-
ments are located.

During boreal winter, planetary waves effectively propa-
gate upward from the troposphere to the Northern (winter)
Hemisphere stratosphere through circulation structures
when the zonal wind is eastward (e.g., Charney and
Drazin, 1961). In the southern stratosphere, where PWs
do not propagate during the boreal winter, significant
changes in temperature and RMC are observed only at
tropical latitudes, associated with secondary meridional
circulation. In the MLT region, PW waveguides expand
and PW propagate into the thermosphere in both hemi-
spheres. This was shown repeatedly (e.g., Koval et al.
2018; 2019 and references therein). At the same time, it
should be noted that the PWs under consideration are
not capable of propagating directly into the thermosphere,
since their waveguides are interrupted in the lower thermo-
sphere. This can be demonstrated in Fig. 3c: above 100 km
there is an area where the vertical EP flux tends to zero.
Among the possible mechanisms of PW propagation into
the thermosphere is the modulation of planetary waves
by tides, considered in (Laštovicka, 2006) or by gravity
waves (Hoffmann et al., 2012). Interacting with the mean
flow, PWs have the maximum effect on the atmospheric cir-
culation of the middle atmosphere of the winter hemi-
sphere, where the amplitudes of most PWs modes are
maximum. As the altitude increases, the influence of PW
extends to both hemispheres, as demonstrated by Koval
et al. (2019; 2022a). In the thermosphere, where other pro-
cesses become relevant (e.g., chemical heating, ion-drag,
molecular diffusion, solar activity), however, it is possible
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to observe statistically significant changes in the tempera-
ture and dynamic regimes, caused by the influence of
PW. In particular, it can be seen that at altitudes above
100 km, cooling is generally observed during esQBO and
eQBO (Fig. 4a and b), which is then replaced by an
increase in temperature during wsQBO and partially dur-
ing wQBO (Fig. 4c and d). At the same time, it is interest-
ing that in the low-latitude thermosphere, cooling is
accompanied by a weakening of vertical flows (in the
Southern Hemisphere, ascending flows are weakening,
and in the Northern Hemisphere, descending flows are
weakening), while warming is accompanied by their inten-
sification. It can be assumed that the increase in wave activ-
ity during esQBO and its weakening during wQBO leads,
respectively, to the strengthening and weakening of the
RMC in the thermosphere (above 130 km), shown in
Fig. 4a and d.

3.2. Dynamic structure

Latitude-altitude structures of zonal-mean zonal wind
increments due to a successive change in QBO phases are
presented in Fig. 6. Respective values for all four QBO
phases are shown in Supplement, Fig. S3. In order to ana-
lyze variations in the zonal flow, the following increments
were calculated: EP flux divergence (represented by con-
tours in Fig. 6) and meridional thermal gradient shown
in Fig. 7. The statistical significance of the increments
shown in Fig. 6 was calculated using a paired Student’s t-
test applied to the ensemble members of model simulations
for each QBO phase. Statistically insignificant increments
at the 95 % significance level are marked with diagonal
hatching. The calculations showed that the statistical sig-
nificance of the meridional gradient increments in Fig. 7
is greater than 95 % wherever the values exceed 0.3 K/
deg, which is true for almost all distributions.

If we compare the simulated changes in the zonal wind in
Fig. 6 with similar distributions constructed from the reanal-
ysis data (Fig. 1, shading), we can conclude that the model
satisfactorily reproduces the zonal circulation. Characteris-
tic anomalies of the zonal wind in the equatorial strato-
sphere, which gradually, from phase to phase, shift down
in Fig. 6a-d are observed. The maximum increment of the
zonal wind is observed during the wsQBO in Fig. 6c, at an
altitude of 25–35 km. In the subpolar stratosphere, the sim-
ulated tendencies also persist in the reanalysis: strengthening
of the polar vortex during the esQBO (Fig. 6a), weakening�
during the wsQBO and wQBO. The signal from 4 QBO
phases in the extratropical region was studied in Solomon
(2014) based on reanalysis and modeling. Despite the lack
of statistical significance, the CAM5 model was shown to
satisfactorily reproduce the QBO cycle. The trends in
changes in, for example, the zonalwind andEPflux at strato-
sphere heights discussed in this work generally coincide with
those calculated by us.

When discussing Figs. 4 and 5, we concluded that direct
PW effect on the temperature regime of the subpolar



Fig. 6. Latitude-altitude distributions of differences between specified QBO phases in the zonal-mean zonal wind (shaded, m/s) and in the EP-flux
divergence (contours, 102 m2/s2/day). Hatched areas show differences with statistical significance less than 95 %.
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middle atmosphere is enhanced during the esQBO and
wQBO, so we expect similar behavior when considering
the zonal circulation. Indeed, in Fig. 6a and d, changes in
the zonal wind in the extratropical middle atmosphere per-
fectly correspond to changes in the EP flux divergence. For
example, in Fig. 6a, acceleration of the zonal wind in the
northern stratosphere and deceleration at middle latitudes
is related to the strengthening and weakening of the EP flux
divergence in these regions. Similar but opposite corre-
spondence is observed in the northern stratosphere during
wQBO (Fig. 6d). It is interesting that in Fig. 6b and c, there
is no such unambiguous correspondence between the zonal
wind and the EP flux divergence, similar to situation
4803
observed in Figs. 4b,c and 5b,c. Again, PW activity
decreases and direct PW impact weakens. However, if we
compare the meridional circulation changes during these
phases in Fig. 4b,c with the corresponding changes in the
zonal wind, we see how the change in the meridional com-
ponent of the RMC contributes to the change in the zonal
wind: strengthening (weakening) of the meridional compo-
nent in the upper stratosphere in Fig. 4b,c causes accelera-
tion (deceleration) of the zonal wind through the Coriolis
force. That is, the indirect effect of the PWs in this case
dominates.

Hence, joint consideration of temperature increments
and zonal circulation in Figs. 4 and 6 allows us to conclude



Fig. 7. Latitude-altitude distributions of differences in the meridional temperature gradients (K/deg) between specified QBO phases.
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that the strongest and coldest polar vortex in the Arctic
lower stratosphere is observed during the transitional
esQBO phase, which is consistent with reanalysis data
shown in Fig. 1. Above about 30 km, with an increase in
altitude, the enhancement of the polar vortex continues
during eQBO, which is caused by strengthening of the
meridional RMC component. Simultaneously the wave
activity in the upper northern stratosphere increases,
accompanying by heating of the subpolar region of the
stratosphere.

In the mid- and high-latitude regions of the southern
stratosphere, we do not observe remarkable changes in
the zonal wind in Fig. 6, as in the case of temperature
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and RMC in Fig. 4. Statistically significant increments of
zonal wind and temperature can be seen in the MLT area
and above. This confirms the fact that the QBO localized
in the stratosphere can affect the circulation in the entire
atmosphere. In particular, there is a weakening of the east-
ward and westward zonal wind in Fig. 6a in the tropics, in
the altitude ranges of 75–100 km and 100–140 km, respec-
tively, which coincide with the decrease in meridional
transport in these regions, shown in Fig. 4a. As was dis-
cussed in Wang et al. (2017), the stratospheric QBO affects
tidal amplitudes in the thermosphere, in particular, the
strengthening of the amplitude of the diurnal tide in the
total electron content and the weakening of the tide in
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the temperature and wind fields at 97 km during the east-
erly phase were considered. A decrease in wave activity
near this layer may contribute to the weakening of the
RMC and, as a consequence, zonal flows. More or less
clearly, such trends can also be traced at thermospheric
heights during next, eQBO phase. Above approximately
130 km, the magnitude of changes in the zonal wind speed
can reach 10 %, while with an increase in the wave activity
in the Northern Hemisphere during the esQBO and eQBO
(Fig. 6a), the zonal wind weakens, and during the ewQBO
and wQBO, when the wave activity decrease, the zonal
wind mainly intensifies. Although in general, as mentioned
in the previous subsection, the purely dynamic effect of
PWs and tides in the thermosphere can be much weaker
than other processes that we did not take into account in
this study, such as quasi-biennial variations in solar activity
in the ionosphere.

Latitude-altitude distributions of differences in the
meridional temperature gradients are shown in Fig. 7.
According to the classic theory of thermal wind, the verti-
cal gradient of zonal wind is proportional to the meridional
temperature gradient. Poleward (positive in the Northern
Hemisphere and negative in the Southern one) meridional
temperature gradient should correspond to a westward ver-
tical wind shear (e.g., Cai et al., 2022). So, increments of
thermal meridional gradient in Fig. 7 correspond to the
wind increments in Fig. 6 for all panels. In particular,
weakening of the meridional temperature gradient in
Fig. 7b below 50 km is associated with the increase in the
zonal wind in this area. Above 50 km, with an increase in
altitude, an increase in the gradient is related to the gradual
weakening of the zonal wind. Similar but reversed proper-
ties can be seen in Figs. 6-7c. In the tropical region in
Fig. 7, the increments of the meridional temperature gradi-
ent are arranged in a checkerboard pattern, reflecting cells
of the meridional circulation symmetrical with respect to
the equator, caused by the QBO.

It should be noted that the influence of other factors on
the global circulation, for example, gravity waves (GWs) of
orographic and non-orographic origin (e.g., Alexander and
Holton, 1997; Yiğit and Medvedev, 2015), which are taken
into account in the MUAM model using parameterizations
and, thus, have a non-linear dependence on wind speed and
direction and background temperature. Consideration of
GW remained outside the scope of this study, because
The TEM concept used, in accordance with the formulas
used for calculating the EP flux and RMC, takes into
account the waves resolved on the model grid: tides and
PWs.

4. Discussion and conclusion

This study is the first attempt to consider in detail the
peculiarities of large-scale atmospheric processes during
the QBO transition phases. We investigate changes of the
global circulation of the middle and upper atmosphere
including the polar stratosphere and thermosphere at four
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different QBO phases. In order to carry out a detailed, sta-
tistically valid analysis, it is not enough to use observa-
tional information due to the limited time series of
regular data, the presence of a relatively small number of
recorded QBO cycles, and, most importantly, due to the
variability of the QBO period and amplitude associated
with the nonlinearity of the processes generating QBOs
and interference with other processes (see, e.g., Huang
et al. 2012). For this purpose, it is logical to use 2 possibil-
ities: (i) the use of global circulation models capable of
reproducing the QBO by running simulations for a long
period up to hundreds of years (e.g., Andrews et al.,
2019); (ii) perform idealized ensemble simulations using a
mechanistic model of atmospheric circulation, fixing all
other external factors that can impose their effects on the
QBO (e.g., Pogoteltsev et al., 2007; Gavrilov et al., 2015).
The second option is chosen in this paper using the
MUAM numerical model. Simulations of the general circu-
lation of the atmosphere from the surface to 200 km were
carried out for conditions corresponding to four QBO
phases observed in January at different years. To reproduce
the QBO in the MUAM model, we used the procedure of
nudging of the simulated wind and temperature fields in
the equatorial stratosphere to the reanalysis data. In addi-
tion to the classical westerly and easterly QBO phases,
transitional westerly-shear and easterly-shear QBO phases
were considered. To study the thermal and dynamic
regimes of the atmosphere, four 12-member ensembles of
model simulations were obtained, corresponding to the
considered QBO phases. In order to interpret the obtained
changes in temperature and zonal wind, the residual merid-
ional circulation, Eliassen-Palm flux, their divergence and
meridional thermal gradients were calculated.

The considered interaction of planetary waves with the
mean flow during different QBO phases can be condition-
ally divided into two processes: the direct impact of the
PWs, which manifests itself in a change in the EP flux
and its divergence, and indirect effect, through a change
in the residual meridional circulation induced by waves.
At the same time, it should be understood that all the pro-
cesses under consideration are non-stationary and have
feedback: PWs transmit a momentum flux to the mean
flow, in turn, a change in circulation will change the PW
waveguides, affecting PW spatio-temporal structure.

The first important result is that changes in temperature
and zonal wind in the extratropical stratosphere occur
unevenly. The esQBO transition phase (from westerly to
easterly QBO) is characterized by the strongest tempera-
ture and zonal wind changes at middle and high northern
latitudes (Note that our esQBO and eQBO phases roughly
correspond to eQBO according to the widely used Singa-
pore QBO index). This can be observed both from the sim-
ulation and from the reanalysis data. These changes are
caused by both direct and indirect PW influence. Corre-
spondence between the zonal wind changes in the extrat-
ropical middle atmosphere and changes in the EP flux
divergence is clearly seen as well as correspondence
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between changes in temperature and vertical EP flux com-
ponent in the northern stratosphere. In addition to the
direct effect of PWs, the amplification of circulation change
during esQBO is caused by meridional circulation: anoma-
lies associated with secondary circulation cells at latitudes
of ± 20��50� form increased northward meridional fluxes
heating the subpolar stratosphere. Similar behavior was
discussed earlier by Rao et al. (2020) based on SMIP5/6
models. Such RMC anomalies associated with QBO were
shown also by Hitchman et al., (2021).

The abrupt changes in the subpolar stratosphere during
esQBO are gradually compensated for the next 3 phases.
Changes in temperature and zonal circulation, as a rule,
have opposite signs, and the magnitude of the changes is
smaller. Changes in circulation manifest either the effects
of the meridional circulation (eQBO, wsQBO) or the direct
PW effects (wQBO). In particular, for the eQBO and
wsQBO there is no such unambiguous correspondence
between global circulation and PW activity as for the
esQBO and wQBO, but the relationship with the thermal
regime of the atmosphere is more clearly traced.

Hence, the strongest and coldest polar vortex in the
lower stratosphere is observed during the transitional
esQBO phase, which is consistent with reanalysis data. It
can be assumed that the observed attenuation of the polar
vortex during the wsQBO, and especially the wQBO, when
energy and momentum are transferred from the mean flow
to the PW in the subpolar region (EP flux convergence),
can provide better conditions for the onset of SSW events.
However, further studies are required to confirm this
hypothesis. On the contrary, a sharp intensification of the
stratospheric polar vortex during the esQBO and its further
intensification during the eQBO can lead to the isolation of
the subpolar stratosphere and, consequently, contribute to
the formation of ozone hole at the end of boreal winter
during these phases.

In the southern stratosphere, where PWs do not propa-
gate during the boreal winter, significant changes in tem-
perature and RMC are observed only at tropical
latitudes, associated with a secondary meridional circula-
tion. Such mechanisms, involving adiabatic heating/cool-
ing, were previously described by Choi et al. (2002);
Ribera et al. (2004).

Significant changes in the temperature and zonal wind
are demonstrated in the MLT area, in the altitude range
of about 70–120 km in both hemispheres. During eQBO
and wsQBO, the change in the meridional component of
RMC causes acceleration/deceleration of the meridional
transfer of cold air masses from the Southern Hemisphere
resulting in cooling/heating of this layer. During the
remaining phases, the activation of vertical motions in
the low-latitude region is noticeable, leading to tempera-
ture changes through the adiabatic processes.

PWs effectively propagate upward from their tropo-
spheric sources to the stratosphere of the winter hemi-
sphere through circulation structures formed by westerly
winds (e.g., Charney and Drazin, 1961). In the summer
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stratosphere in January, where zonal wind becomes east-
erly, PWs do not propagate. In the MLT region, PW
waveguides expand southwards and PW propagate into
the thermosphere in both hemispheres. This was shown
both by the example of stationary PWs (Koval et al.
2019 and references therein) and westward propagating
PWs (Koval et al., 2018). Interacting with the mean flow,
PWs influence the middle atmospheric circulation of the
winter hemisphere, where the amplitudes of most PW
modes are maximum. In the thermosphere, the influence
of PWs extends to both hemispheres, as was demonstrated
by Koval et al. (2022a). This allowed statistically significant
changes to be observed in the temperature and dynamic
regimes, caused by the influence of PW and confirm the
fact that the QBO localized in the stratosphere can affect
the circulation in the entire atmosphere. In particular,
one can see cooling in thermosphere during esQBO and
eQBO, which is then replaced by an increase in tempera-
ture during wsQBO and partially during wQBO. In the
low-latitude thermosphere, cooling is accompanied by a
weakening of vertical flows, while warming is accompanied
by their intensification. Changes in the zonal wind speed in
the thermosphere due to the QBO phases changes can
reach 10 %. Above approximately 150 km, an increase in
wave activity in the Northern Hemisphere is accompanied
by a weakening of the zonal wind during the esQBO and
eQBO phases. In other phases, predominantly opposite
tendencies are observed. As discussed in the study by
Wang et al. (2018), at high solar activity, for example,
the ionospheric quasi-biennial oscillation of solar activity
becomes the dominant factor in the thermosphere, which
in fact is able to camouflage the effect of the stratospheric
QBO.
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