
1. Introduction
One of the important features of the middle atmosphere dynamics is the quasi-biennial oscillation (QBO) of 
zonal mean flows at stratospheric heights (e.g., Baldwin et al., 2001; Holton & Tan, 1980). This phenomenon is 
observed at equatorial latitudes: the direction of the zonal wind changes to the opposite with the period varying 
between 22 and 34 months. The highest zonal wind velocities are observed at altitudes of 20–30 km: about 20 m/s 
for westerlies and about 30 m/s for easterlies (Baldwin et al., 2001). Although the QBO is a dynamic process 
occurring in the stratosphere in the vicinity of the equator, its influence in the form of a quasi-2-year periodicity 
is observed in the composition of the atmosphere and in hydrodynamic fields at other latitudes and altitudes. For 
instance, Holton and Tan (1980) analyzed the response of the extratropical circulation to the QBO and showed 
that it is particularly strong during northern winter, where the zonal mean westerly jet is weaker during the east-
erly QBO phase (eQBO) than that during the westerly QBO phase (wQBO). Garfinkel et al. (2012) concluded 
that the QBO effect at high latitudes might be related to the induced changes in the thermally balanced subtrop-
ical jet and in the associated changes in the refractive index, which restricts the propagation of transient Rossby 
waves into the subtropics enhancing transient wave activity and the meridional mass circulation. In addition, 
as it was shown by Cnossen and Lu (2011), QBO interacts with variations caused by the 11-year solar cycle. 
Gavrilov  et al. (2015) studied peculiarities of planetary wave (PW) and orographic gravity wave (OGW) interac-
tions in the middle and upper atmosphere under different QBO phases. They showed that transitions from eQBO 
to wQBO can cause PW amplitude changes up to ±(30–90)% at middle and high northern latitudes. According 
to Koval et al. (2018), variations of PW amplitudes may occur due to nonlinear interactions between PW modes 
and changes in the global circulation under different QBO phases, which produce changes in the refractivity 
indices and EP fluxes for PW modes. Recently, studies dedicated to the research of the influence of the QBO 
phases on the transport of greenhouse gases have become especially relevant (Gabriel, 2019). In particular, the 
numerical simulation was used to reveal the long-term changes in northern midwinter temperature, zonal wind, 
and residual circulation, that are much stronger during wQBO than during eQBO. Among the other important 
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studies dedicated to QBO in the middle atmosphere, Chandran and Collins (2014) and Lubis et al. (2016) should 
be noted, where WACCM model is used, and Fischer et al. (2008) with the model SOCOL.

To date, there are many studies dedicated to the impacts of stratospheric QBOs on the thermosphere and iono-
sphere. For example, Echer (2007) studied QBO signals in the foF2 frequency oscillations and showed pronounced 
QBOs in the ionosphere. However, reasons for these oscillations were outside the scope of the study, that is, there 
remained the questions of the origin of these signals either from the stratospheric QBO or from similar oscilla-
tions of solar activity (ionospheric QBO). The structure of the ionospheric QBO from TEC maps was also studied 
by Tang et al. (2014). They showed that the ionospheric QBO signal only appears during solar maximum which 
confirmed indirectly the fact that a source of 2-year variations of atmospheric parameters above 100 km might be 
solar activity. Wang et al. (2018), using the TIE-GCM model and TIMED/SABER data, studied biennial oscilla-
tions in ionospheric parameters, such as TEC, foF2 frequency, and so on, as well as migrating tidal components 
in the lower thermosphere. They showed that biennial variations in the ionosphere are caused by both the iono-
spheric QBO and the stratospheric QBO. Moreover, the second factor is much weaker than the first. However, 
as a mechanism for the vertical propagation of the impact of the stratospheric QBO at the lower boundary of the 
model, only various components of migrating tides at heights of the mesosphere – lower thermosphere (MLT) 
were used, while, for example, PWs were not considered. The MUAM model used in our study makes it possible 
to reproduce not only tides, but also stationary PWs, as well as westward and eastward propagating PWs, from 
the surface, up to 300–400 km. This allows us to study more accurately, in comparison with previous studies, the 
impact of the stratospheric QBO on the circulation of the thermosphere: changes in the structures of these PWs 
at different QBO phases in the equatorial stratosphere are transmitted to high altitudes and affect the atmospheric 
circulation. It should be noted that we concentrate on studying the role of PWs in vertical propagation of strato-
spheric QBO impacts, which contribute to the thermospheric QBO should be especially noticeable at low solar 
activity.

The important question of the method for determining the QBO phases remains still open, despite the wide 
discussion of this topic by the atmospheric community. For instance, what isobaric level data can be used to 
determine the QBO phase. The simplest way to divide QBO phases on westerly and easterly in earlier papers is 
so-called single-level index, which implies consideration of the zonal wind direction in the equatorial stratosphere 
at specific level (e.g., Holton & Tan, 1980; Inoue et al., 2011; Yamashita et al., 2011). However, the level of wind 
direction determination varies in different studies from 10 to 70 hPa (Baldwin et al., 2001; Scaife et al., 2014). 
The choice of the level is justified by significant variations in the wind amplitude from phase to phase. The ambi-
guity in the choice of the level affects the research results. Additional uncertainties produce also asymmetries 
in the easterly and westerly QBO wind zone descent rates which were first found in NCEP reanalysis  data by 
Huesmann and Hitchman (2001). To diminish these asymmetries, they proposed the usage of equatorial zonal 
wind shear anomaly index calculated from zonal wind differences at two heights in the stratosphere.  To eliminate 
asymmetries in the easterly and westerly wind zones, Pogoreltsev et al. (2014) proposed calculating differences 
between monthly mean for each year and climatological zonal wind velocities over the equator at the pressure 
level 10 hPa. Positive and negative differences correspond to the westerly and easterly QBO phases. Such proce-
dure gave results similar to the mentioned above equatorial zonal wind shear anomaly index.

In this study, we simulate the effects of different QBO phases on atmospheric circulation, using the middle and 
upper atmosphere model (MUAM). Oscillations of solar activity are not taken into account in the MUAM. This 
allows us to study pure dynamic effects of the stratospheric QBO at altitudes up to the lower thermosphere to 
help clarify the question of the contribution of the stratospheric QBO to wave disturbances in the thermosphere. 
Moreover, this approach allowed us to demonstrate the importance of changes in the PW structures promoting the 
spread of QBO effects to polar latitudes and to the thermosphere.

To prepare background and initial conditions for the simulation, we use QBO phase determinations based on 
the decomposition of observed zonal flux variations with empirical orthogonal functions (EOFs). This approach 
allows taking into account vertical evolutions of QBO phases and more accurate determinating QBO phases for 
different years.

The study is structured as follows: Section 1 gives a short review on different approaches for QBO phase deter-
minations and their simulations. Section 2 includes brief descriptions of the MUAM model. Section 3 is dedi-
cated to the methodology for studying QBO signals in the equatorial zonal wind based on EOF usage. Changes 
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in background wind components, temperature, and fluxes of mass simulated with the MUAM are analyzed in 
Section  4. Modeled QBO responses of the wave-induced eddy circulation components producing respective 
fluxes of mass are considered in Section 5. Concluding remarks and discussions are presented in the last section.

2. Numerical MUAM Model
To simulate the general atmospheric circulation from the Earth surface up to thermospheric heights under 
different QBO phases, a three-dimensional nonlinear mechanistic numerical model of the general circulation 
of the middle and upper atmosphere (MUAM) presented in Pogoreltsev (2007) and Pogoreltsev et al. (2007) is 
used. It is based on the global circulation model COMMA developed at the University of Cologne, Germany 
(Ebel et al., 1995). The MUAM uses standard system of primitive equations in spherical coordinates (Gavrilov 
et al., 2005). The horizontal grid of the model is 5.625° × 5° in longitude and latitude, respectively. The MUAM 
uses a log-isobaric vertical coordinate z = −H*ln(p/p0), where p0 is the surface pressure and H is the pressure 
scale height. The MUAM involves parameterizations of radiation heating the atmosphere in the ultraviolet and 
visible spectral bands from 125 to 700 nm and cooling in the 8, 9.6, 14, and 15 mkm infrared bands accounting 
breakdown of the local thermodynamic equilibrium at high altitudes. EUV heating parameterization is included 
in the thermosphere. The main parameters calculated by the model include zonal, meridional and vertical wind 
components, as well as geopotential height and temperature. The MUAM model can reproduce stationary PWs 
and atmospheric normal modes (NMs; Pogoreltsev et al., 2014). Low-boundary SPW amplitudes are calculated 
from the geopotential heights in the lower atmosphere obtained from the UK Met Office stratospheric assimila-
tion data (Swinbank & O’Neill, 1994). As far as MUAM does not reproduce tropospheric weather, tropospheric 
sources of westward traveling atmospheric NMs are set with additional terms in the heat balance equation of the 
model, which consist of sets of time-dependent sinusoidal components with periods and latitudinal structures 
(Hough functions) equivalent to the NMs with zonal wavenumbers m = 1 and m = 2. The spatial resolution of 
the MUAM grid does not allow resolving mesoscale atmospheric disturbances, such as internal gravity waves 
(IGWs), therefore, taking them into account requires the implementation of parameterizations in the model. The 
MUAM includes a parameterization of thermal and dynamical effects produced by a spectrum of non-orographic 
IGWs (Gavrilov, 1997) and of mountain waves (Gavrilov & Koval, 2013). Different QBO phases are set in the 
MUAM using the approach described in the next section.

The important advantage of the MUAM over most analogs is the capability of reproducing global resonance prop-
erties of the atmosphere (normal atmospheric modes; Pogoreltsev, 2007). This is important feature that model 
must meet for an adequate modeling of stratospheric vacillation cycles (Holton & Mass, 1976) responsible for, for 
example, SSW onset. In addition, simple mechanistic models with a relatively low resolution are do not require 
significant processing time, while allowing for rapid calculations, including ensemble runs. The MUAM is able 
to simulate dynamic processes up to heights of 300–400 km, which allows us to simulate atmospheric circulation 
under different QBO phases, calculate the structure of the residual meridional circulation (RMC), and estimate 
the meridional mass fluxes up to thermospheric heights.

To improve the statistical significance of the simulations, two series (ensembles) containing 16 pairs of calcula-
tions of the MUAM model are obtained for conditions typical for the eQBO and wQBO. In the MUAM model, 
the ensembles are formed from separate MUAM simulations corresponding to different phases of the mean wind 
and PWs vacillations in the middle atmosphere. These phases in MUAM are controlled by changes in the date of 
switching on diurnal solar heating variations and generation of normal atmospheric modes (Pogoreltsev, 2007). 
The initial and background conditions for all model calculations are taken to be identical. A detailed description 
of the features of statistical processing of data from ensembles of simulations is presented in Koval (2019).

The scheme of numerical experiments is as follows. MUAM simulations start from an initial windless atmos-
phere with the climatological globally averaged vertical temperature profile. During the first 30 model days, GW 
parameterizations in the model are not included and geopotential heights at the lower boundary do not change. 
Then, the longitudinal geopotential variations (stationary PWs) are specified. Within the first 0–120 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 135, daily vari-
ations of heating are included and the NM sources are switched on. Starting from the 330th model day, seasonal 
changes in the zenith angle of the Sun are launched, and days 330–390 correspond to January–February. A 
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detailed description of the processes taken into account in the current version of the MUAM and the scheme of a 
numerical experiment can be found in Koval et al. (2021).

3. Determination of the QBO Phases
There are three ways to reproduce the QBO in the general circulation models. Fully interactive high-resolution 
models can simulate QBOs internally, by using the intrinsic variability of meteorological fields. Another way 
is to parameterize the missing momentum fluxes driving the QBO. Relatively low-resolution models, including 
mechanistic models such as MUAM, use the relaxation (nudging) of the modeled zonally averaged zonal wind 
fields toward observations. However, the advantage of the last models is their relative simplicity and speed of 
operation, which makes it possible, without sacrificing quality, to perform operational calculations, including 
statistical processing of ensembles of solutions. Nowadays, there is a program that combines interactive models 
to compare their ability to reproduce the QBO (Butchart et al., 2018). As it was stated above, the MUAM is not 
able to reproduce self-consistently stratospheric QBO (unlike major SSW events; Koval et al., 2021), hence the 
simulations require specifying background and initial hydrodynamic fields for years with different QBO phases.

To minimize the ambiguities in determining the phases of the stratospheric QBO and to take into account vertical 
evolution of the QBO phases, we use a method proposed by Fraedrich et al. (1993) and Wallace et al. (1993), 
based on the decomposition of the equatorial zonal flow oscillation using EOFs. This decomposition is basically 
similar to Fourier analysis, however, instead of using sinusoids, this approach involves basis functions determined 
from the analyzed fields. This allows detecting larger-scale spatio-temporal patterns that are not necessarily 
presented by waves. Such method was previously used by various authors, for example, Dunkerton (2017), Gray 
et al. (2018), and M. B. Andrews et al. (2019). EOF analysis is more objective compared to classic single-level 
QBO index (e.g., Holton & Tan, 1980; Yamashita et al., 2011) as far as it allows studying vertical evolutions of 
wind changes at specific altitude ranges. Moreover, due to the maintaining orthogonality in time and space, the 
EOFs give optimal decompositions of raw data (Wallace et al., 1993).

For the study of the QBO signal in the zonal wind field, data of the Japanese 55-year reanalysis JRA-55 
(Kobayashi et al., 2015) is used. Anomalies of the zonal wind are considered relative to the values averaged over 
years 1958–2019. At each of nine isobaric levels (70, 50, 30, 20, 10, 7, 5, 3, and 1 hPa), between the latitudes of 
30°S and 30°N, zonal wind fields are decomposed into series according to the EOF method and the first two main 
components (Q1 and Q2) are analyzed, which are shown in Figures 1a and 1b. The seasonal cycle was subtracted. 
The first and second EOFs, describe 41% and 37.3% (total 78.3%) of the zonal wind variance. The EOF approach 
thus allows reducing the amount of data with relatively low loss of information, which is consistent with previous 
studies (e.g., Fraedrich et al., 1993). In this case, the first two EOFs are enough for describing evolutions of QBO 
amplitudes and phases.

The analysis of Q1 vertical structure (red line in Figure 1c) shows a negative correlation between variations of 
the zonal wind on the pressure surfaces of 20 and 70 hPa (altitudes ∼27 and ∼19 km, respectively). A negative 
correlation at 7 and 30 hPa is also seen for Q2 (green line in Figure 1c). Sharp changes in Q1 at 20 and 70 hPa 
coincide with changes in the wind direction according to Q2. As shown below in Figure 2, the amplitude of zonal 
wind fluctuations is maximum at 20 hPa. Based on these results, we determine QBO phase at 20 hPa, considering 
Q1 as the main mode, and Q2 as the alternating one.

Taking account of the first two EOFs, we investigate OBO vertical structures evolution. In Figure 1d, the hori-
zontal axis shows Q1 values, and the vertical axis corresponds to the respective Q2 values for each month from the 
year 1958–2019 according to JRA-55. Dividing this space into sectors shown in Figure 1d, eight structures corre-
sponding to different phases of stratospheric QBO are selected. Figure 2 shows latitude-height cross-sections of 
zonal wind anomalies in years 1958–2019, corresponding to eight QBO phases shown in Figure 1d. Consider-
ing the anomalies of the mean zonal wind at isobaric surface of 20 hPa, eight types of QBO are distinguished. 
Observing the plots of Figure 2, one can see a “descent” of the maximum fluctuations of the zonal wind from 
the stratosphere to the troposphere. At fixed 20 mb pressure level, phases 3 and 4 in Figure 2 correspond to the 
maximum eastward wind, while phases 7 and 8 are near the maximum of westward wind. Thus, the years corre-
sponding to 2 and 3 phases are attributed to the westerly QBO, while 6 and 7 phases are attributed to the easterly 
QBO. Analysis of the frequency of occurrence of all QBO phases for the month of January shows that for the 
entire period from 1958 to 2019 (61 months), for 15 months, there is the wQBO and for 16 months there is eQBO.
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The described above procedure allows us to select two sets containing 10 years with the typical westerly (1983, 
1985, 1993, 1995, 1997, 1999, 2002, 2004, 2008, and 2013) and easterly (1987, 1989, 1996, 1998, 2000, 2003, 
2005, 2007, 2010, and 2012) QBO phases and calculate average zonal-mean distributions of zonal wind and 
temperature for both QBO phases.

Figure 1. Altitude-latitudinal cross-sections of the EOFs of the zonal wind field Q1 (a) and Q2 (b); vertical profiles of Q1 and 
Q2 at the equator (c); scatter diagram of Q1 and Q2 (d).

Figure 2. Vertical cross-sections of the mean zonal wind (m/s) corresponding to different QBO phases.
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3.1. QBO Accounting in the MUAM

To reproduce QBO in the MUAM model, Pogoreltsev et  al.  (2014) proposed to use additional terms in the 
momentum equation for zonal wind velocity, which are proportional to differences between calculated and 
observed zonal mean winds at latitudes from 17.5°S to 17.5°N and altitudes 0–60 km, as it was shown in Equa-
tion 4 by Pogoreltsev et al. (2007). The proportionality constant is a value related to the characteristic relaxation 
time (∼5 days) of the calculated hydrodynamic fields to the observed one. The observed zonal mean fields are 
obtained using the MERRA-2 stratospheric assimilation data (Gelaro et al., 2017) and averaged over the indicated 
years.

Using the described approach for specifying the QBO phases in the MUAM, simulations of the general atmos-
pheric circulation for January–February were carried out. To increase the statistical significance of the simula-
tions, the mean “climatological” values   of hydrodynamic parameters  were obtained without taking into account 
the interannual variability, for both QBO phases. For this purpose, ensembles of 16 model runs were calculated.

Figure 3 shows the averaged over January–February anomalies of the zonal wind (a) and temperature (b) due to 
the change in the QBO phase, according to the MERRA-2 reanalysis data and according to the ensemble simula-
tions with the MUAM. There is a general similarity in the main trends of the QBO influence: eastward (westward) 
wind anomalies in the layers of 20–40 (15–20 and 40–55) km in the equatorial region, weakening and warming 

Figure 3. Zonal-mean zonal wind (a) and temperature (b) anomalies due to QBO phase change, calculated based on 
MERRA-2 reanalysis data (left plots) and MUAM ensemble simulations (right plots) for January–February. Red boxes in the 
right plots show nudging areas.
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of the polar vortex in the lower stratosphere, as well as strengthening of westerlies in the mid-latitude upper 
stratosphere and mesosphere. According to the classical theory of “thermal wind” (e.g., Gill, 1982), the thermal 
component of the zonal wind is proportional to the meridional temperature gradient. This effect is observed in the 
northern stratosphere (between 20 and 30 km), where the cooling of the subtropical region and the warming of the 
circumpolar region are accompanied by a weakening of the zonal wind. Our simulations are consistent also with 
the results of Rao et al. (2019) who investigated the structure of stratospheric circulation based on 10 reanalyses 
of meteorological information and on numerical simulations. White et al. (2015) analyzed changes in zonal wind 
and temperature by processing ERA-Interim data, from the European Center for Medium-Range Weather Fore-
casts (ECMWF) for the period of 1979–2012. They considered the vertical dipole structure of temperature anom-
alies in the stratosphere and related changes in the velocity of vertical flows, induced by the QBO in this region.

4. Zonal-Mean Circulation up to Thermospheric Heights
Figure 4 reveals the latitude-altitude distributions of the zonal wind (a) and temperature (b), averaged for Janu-
ary-February, according to the data of empirical atmospheric models (left), modeling data for the easterly QBO 
(in the center), and the increments of these values due to QBO phase change from westerly to easterly. The left 
panels use data from model HWM-14 (Drob et  al.,  2015) for zonal wind and from NRLMSIS 2.0 (Emmert 
et  al.,  2020) for temperature. These models are significantly superior in data quality to previous versions, in 
particular, compared to the previous version of NRLMSISE-00, numerous edits have been made to NRLMSIS 
2.0, including the extension of atomic oxygen down to 50 km and usage of geopotential height as the vertical 
coordinate, which made it possible to simplify the expressions for the density profiles. New extensive assimila-
tion of the lower and middle atmosphere temperature and gas species according to satellite data was involved. 
The authors of the model (Emmert et al., 2020) showed that the changes introduced contributed to an increase 
in the time efficiency of the model and an increase in the correlation of hydrodynamic fields with observa-
tional data. Comparison of the left and middle panels in Figures 4a and 4b shows that the MUAM satisfactorily 
reproduces the considered fields up to the heights of the thermosphere. However, performing the point-by-point 
comparison is impossible, as far as in the middle plot, distributions for the eQBO are shown, while HWM14 and 
NRLMSIS do not allow to differentiate QBO phases. In addition, in the real atmosphere, QBO effects overlap 
with other global oscillations, such as El Nino–Southern Oscillation (ENSO), North Atlantic oscillation (NAO), 
Madden-Julian oscillation (MJO), and others, which are not set in the model.

To interpret the changes in circulation and identify possible PW contributions to its structure, the meridional 
and vertical components of the Eliassen-Palm flux (EP flux) 𝐴𝐴 𝐴𝐴𝑚𝑚 = (𝐴𝐴
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 is the potential temperature; h is the geopotential height; Cp is the heat capacity at 
constant pressure; φ is the latitude; f is the Coriolis parameter. The divergence of the EP flux was also calculated 
using the formula by D. G. Andrews et al. (1987):
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In the middle and right plots of Figure 4a, the contours indicate the EP flux divergence, calculated with Equa-
tion 3. According to the PW theory, the divergence of the EP flux is accompanied by the acceleration of the 
eastward zonal mean flow due to PW influences, while the negative divergence, that is, convergence, corresponds 
to accelerations directed to the west. Thus, in the high-latitude winter stratosphere, the wave action contributes 
to the acceleration of the eastward wind, while its deceleration is observed at the middle latitudes. However, 
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the formation of jet streams in the middle atmosphere is also influenced by other factors, the main of which 
is the inhomogeneity of the heating of the atmosphere, leading to the formation of temperature gradients in 
the latitudinal direction. These mechanisms are perfectly distinguishable if we consider the distributions of the 
increments of the zonal wind and temperature due to changes in the QBO phase, presented in the right panels in 
Figures 4a and 4b, respectively. For example, the acceleration of the stratospheric zonal wind in the latitude range 
of 30°–60°N is accompanied by a simultaneous increase in the EP flux divergence and by a decrease in temper-
ature, which contributes to a decrease in the meridional temperature gradient. Thus, it can be concluded that the 
acceleration of the zonal wind in the specified region during wQBO is simultaneously caused by both wave and 
thermal effects. A similar conclusion can be made when considering the region closer to the pole, where, on the 
contrary, there is a deceleration of the zonal flow, a decrease in the EP flux divergence, and an increase in the 
meridional thermal gradient.

Figure 4. Winter altitude-latitude distributions (shaded) of the zonal-mean wind in m/s (a), temperature in K (b) and residual meridional fluxes of mass in e h/8 kg/m 2/s 
(c) according to HWM14 and NRLMSISE-00 models (left), MUAM simulations (middle) and (wQBO-eQBO) differences of respective quantities (right). Contours in 
the panels (a) reveal EP-flux divergence (middle) and its difference (right) in 10 −2 m 2/s 2/day. Arrows in panels (b) and (c) show, respectively, composite RMC flows and 
meridional mass fluxes (middle) and their (wQBO-eQBO) differences (right) with vertical components multiplied by 200.
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A statistical significance of the obtained increments in wind and temperature was calculated based on standard 
formulas with the approach described by Koval (2019). At each grid node of the latitude-altitude distribution, the 
paired Student's t-test is applied for 32 values (16 pairs of model runs * 2 months). The calculation gives 95% 
statistical significance of nonzero differences in Figure 4 for values of |∆U| > 2 m/s and |∆T| > 1 K. This is true 
for most regions in the right panels of Figures 4a and 4b, except for the intervals just along zero contours.

In the middle and right panels of Figure 4b, arrows show the composite mean RMC and its changes. For better 
visibility, the vertical component is multiplied by 200. The meridional and vertical components of the residual 
mean meridional circulation in terms of the transformed Eulerian mean (TEM) are obtained from the ensembles 
of hydrodynamic fields simulated with the MUAM using standard formulas (e.g., Koval et al., 2021):

�̄ ∗= �̄ − 1
��̄∕��

(

−�′�′
�

+ ��′�′
��

− �′�′
��̄∕��

�2�̄
��2

)

, (4)

�̄ ∗= �̄ + 1
� ����

1
��̄∕��

(

−��� ��′�′ + ��� �
(

��′�′
��

− �′�′

��̄∕��
�2�̄
����

))

, (5)

where a is the radius of the Earth, H = RT/μg is the pressure scale height, R is the universal gas constant, T is 
the temperature, μ is the molar mass of the atmosphere, and g is the gravity acceleration. In the above-mentioned 
formulas, for the correct calculation of the RMC in the thermosphere, realistic height profiles of μ and Cp above 
the homosphere, as well as changes in g with height, are involved.

At altitudes above the stratopause, in the middle panel of Figure 4b, there is a significant flow from the summer 
to the winter hemisphere, with a pronounced maximum in the MLT region and an increase in the thermosphere. 
When considering the increments of the RMC between wQBO and eQBO in the right panel of Figure 4b, the 
relationship between temperature changes and vertical residual velocity is clearly visible at low and middle 
latitudes. The upward or downward movement of air parcels is accompanied by their adiabatic cooling/heating, 
which contributes to a decrease/increase in temperature in the corresponding layer of the atmosphere. In the 
stratosphere, temperature changes under different QBO phases correspond to the distributions calculated based 
on the  MERRA-2 meteorological information reanalysis database (see the left panel of Figure 3b).

In the latitudinal belt of 10°–30°N, at MLT heights, an increase in the northward and downward residual circu-
lation is clearly distinguishable in Figure 4, which contributes to the enhancement of the eastward mean flow 
during wQBO. At heights of the thermosphere in the right panel of Figure 4b, the RMC vectors are directed 
mainly in the opposite direction relative to the general structure of the RMC in the middle panel of Figure 4b, 
which indicates a weakening of the RMC in this layer during wQBO. This effect is accompanied by an increase 
in the temperature of the thermosphere, the main reason for which is a slowdown in the meridional transport of 
air masses from the warmer summer thermosphere.

In the high-latitude winter stratosphere (between 20 and 50 km), a decrease in temperature is observed, which 
is primarily caused by a weakening of the upward vertical component of the EP flux shown in the right panel 
of Figure 5. This is explained by the fact that according to Equation 2 for the vertical component of the EP flux 
(see also D. G. Andrews et al., 1987), the upward flux corresponds to the wave heat flux directed to the north. 
Accordingly, the weakening of this flux in the high-latitude middle atmosphere during the westerly QBO phase 
contributes to the “shortage” of thermal energy in this area. Also, an important contribution to the cooling of this 
region is made by the weakening of the descending branch of the RMC, shown in the right Figure 4b.

4.1. Meridional Flux of Mass

The application of the RMC concept provides diagnostics of the wave effect on the mean flow, and also makes it 
possible to calculate the processes of transport of gas species in the meridional plane (D. G. Andrews et al., 1987). 
For a deeper study of the mechanisms of transport of atmospheric species, the residual meridional mass fluxes in 
the meridional and vertical directions, F*y and F*z, respectively, were calculated by multiplying the meridional 
and vertical RMC components by the atmospheric density at the corresponding nodes of the model grid:

𝐹𝐹 ∗
𝑖𝑖 = 𝜌𝜌 𝜌𝜌𝜌∗𝑖𝑖 , 𝜌𝜌 =

𝑝𝑝0

𝑅𝑅𝑅𝑅
exp

(

− ∫
ℎ

0

𝑔𝑔𝑔𝑔𝑔𝑔ℎ
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)

, (6)
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where i = y, z correspond to meridional and vertical components, respectively; p0 is the pressure at the ground (at 
h = 0). The residual velocities indicate the transport of potential temperature. In this case, we assume that air mass 
and other tracers are transported similarly to that of potential temperature, that is, along the same trajectories and 
with the same velocities.

Figure 5c shows the latitude-altitude distributions of F*y и F*z and their increments due to the change in the 
QBO phase. These values quasi-exponentially decrease with height due to a decrease in atmospheric density, 
therefore, for clarity purposes, they are multiplied by e h/8 and the vertical component is additionally multiplied 
by 200. The distributions of mass fluxes generally correspond to the direction of meridional circulation shown in 
the middle panel of Figure 4b. A deep branch of the Brewer-Dobson circulation is observed in the stratosphere 
(Butchart, 2014) with a tropical upwelling shifted to summer high latitudes and extratropical downwelling in the 
middle and high latitudes of both hemispheres. Downward fluxes are highlighted in blue.

Above 60 km, there is a global mass transfer from the summer to winter hemisphere with the maximum of the 
interhemispheric transfer located in the MLT region, as well as an increase in the flux in the thermosphere. An 
interesting feature of the distribution of the increments of mass fluxes in the right Figure 4c is a general weak-
ening of the interhemispheric mass transfer in the stratosphere, in the latitude range 0°–30°N, coinciding with 
the areas of the zonal wind amplification, and the increase in the transfer in the areas of weakening of the zonal 
wind. There is also a significant weakening of the descending mass fluxes in the polar winter stratosphere, corre-
sponding to the cooling of this region during wQBO. At the same time, above 60 km, warming is observed at 
high Northern latitudes associated with increased horizontal advection and the transfer of warmer masses from 
lower latitudes.

The observed add-ons to the fluxes of mass due to change in QBO phase can significantly influence thermal 
regime and transport of conservative tracers in the middle and high atmosphere. Study of the global transport of 
mass is important not only due to its influence on thermal regime of the middle and upper atmosphere, but also 
for estimating respective transport of conservative aerosol and gas species, responsible for the climate changes, 
for instance, ozone. However, at altitudes above 30 km, interactive models of atmospheric chemistry and dynam-
ics are required for more detailed description of atmospheric ozone. At lower altitudes, ozone fluxes may follow 
the RMC mass fluxes considered in this section.

5. Wave-Induced Eddy Circulation
To study the so-called wave-induced eddy circulation, differences between the residual and Eulerian zonal-
mean velocity components 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = �̄�𝐴∗ − �̄�𝐴; 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = �̄�𝐴∗ − �̄�𝐴 are obtained. These eddy components contribute to 
non-zonal motions produced mainly by atmospheric PWs (D. G. Andrews et al., 1987).

Figure 6 depicts the meridional (a) and vertical (b) components of the eddy circulation, as well as their increments 
caused by the change in the QBO phase. In Figure 6b, on the left, one can see that the main contribution of the 

Figure 5. Vertical component of the EP-flux (left) for the eQBO and its increments due to change from wQBO to eQBO in 
10 4 m 3/s 2.
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eddy component is made in the winter stratosphere, in the regions of the predominant PW distribution (e.g., 
Dickinson, 1968; Gavrilov et al., 2015). The contribution of the eddy circulation is expressed in the weakening 
of the downdrafts in the mid-latitude stratosphere and their intensification in the high-latitude region. In this 
case, together with the northward-directed meridional component shown in the left Figure 6a, this wave-induced 
contribution creates an additional circulation cell of opposite direction relative to the mean Eulerian circulation 
(see, e.g., Koval et al., 2019). In the areas of maximum eddy components in the right Figures 6a and 6b, a reversal 
of the meridional circulation can be observed. This is consistent with the conventional theory (Butchart, 2014). 
Earlier, Garny et al. (2014) discussed similar results showing that wave-induced eddy components may cause 
recirculation of air in the stratosphere, which leads to decelerations of the Eulerian zonal-mean circulation. Above 
100  km, the considered eddy circulation gradually decays due to the sharply increasing vertical temperature 
gradients in these layers, which are included in Equations 1 and 2 as the denominator.

In the right Figures 6a and 6b, one can see that during wQBO, a general weakening of the eddy circulation occurs 
poleward from 40° to 50°N. The main reason for this effect is the attenuation of the wave action on the mean flow, 
accompanied by a weakening of the EP flux, shown in Figure 5 on the right, which contributes to the generation 
of eddy circulation. At lower northern latitudes, the opposite effect can be observed—an increase in the meridi-
onal component at altitudes below 90 km.

5.1. Zonal-Mean Eddy Mass Fluxes

Arrows in Figure 7b represent schematic vectors of zonal-mean eddy mass fluxes Fy,eddy and Fz,eddy calculated 
using Equation 6 after replacing 𝐴𝐴 𝐴𝐴𝐴∗

𝑖𝑖
 by eddy velocity components 𝐴𝐴 𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, 𝐴𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . For the sake of illustration, Fy,eddy 

and Fz,eddy are multiplied by e h/8 and 200*e h/8, respectively. The arrows visualize all features of eddy circulation 
at different QBO phases. Contributions of the wave-induced eddy circulation lead in general to the formation of 
additional cell of mass fluxes transport in the northern stratosphere, which is clearly seen in the left Figure 6b. 
Similar to eddy circulation, eddy mass fluxes gradually attenuate above 100 km.

Figure 6. Meridional in m/s (a) and vertical in 200 m/s (b) components of the wave-induced eddy circulation velocity. 
Arrows show corresponding schematic eddy mass fluxes. (Fy,eddy, e h/8; Fz,eddy, 200*e h/8 kg/m 2/s).
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The relative changes in eddy mass fluxes at different QBO phases can reach 20% in the winter stratosphere and 
hence, are important for the transport of mass and conservative tracers in the middle atmosphere. Moreover, if 
we compare Figures 4c and 6b, changes in the eddy circulation prevail frequently over changes in the residual 
circulation, that is, wave processes make the most significant contributions to the change in the structure of the 
RMC in the winter stratosphere at different phases of the QBO. This leads to a very important conclusion that 
PWs propagating from the lower troposphere are among the most important mechanisms for the transfer of global 
circulation disturbances from the equatorial stratosphere, where the QBO are originated, to polar regions.

6. Conclusion
Using ensembles (series) of the MUAM model runs, numerical simulation of the atmospheric general circulation, 
as well as the RMC and associated meridional fluxes of mass at altitudes up to the thermosphere at different QBO 
phases for January–February, has been performed. The sensitivity of circulation to changes in the QBO phase 
has been investigated. Compared to previous similar studies, we managed to study the dynamic influence of the 
stratospheric QBO up to the heights of the thermosphere in its pure form, without superimposing other effects, 
such as, for instance, oscillations of solar activity (ionospheric QBO).

For determining the QBO phases, the approach based on EOFs is used. This technique allows the simplest and 
most effective way to minimize the ambiguity in determining the QBO phases, considering not only the change in 
the direction of the zonal wind at a certain altitude, but also the general time evolution of the zonal wind structure 
in the entire stratosphere. Using the described methodology, years with the easterly and westerly QBO phases 
have been selected, and the initial conditions for MUAM simulations in the middle and upper atmosphere have 
been selected.

It is shown that the simulated atmospheric circulation structure at different QBO phases corresponds to the data 
of the reanalysis of meteorological information for the same set of years that is used for the MUAM initialization.

The main results can be structured as follows:

1.  The greatest contribution to the changes in the zonal wind speed observed in the Northern Hemisphere is 
made by changes in the PW structures, due to changes in the EP flux divergence. Also, an important source 
of changes in zonal circulation are meridional temperature gradients. The relative changes in the zonal wind 
speed in the winter middle atmosphere can reach 15%.

2.  Temperature changes at different QBO phases are closely related to changes in the meridional circulation 
structure. At low and middle latitudes, temperature changes are connected with the vertical residual velocity. 
Upward or downward movements of air parcels are accompanied by their adiabatic cooling/heating, which 
contributes to a decrease/increase in temperature in corresponding layers of the atmosphere. Contributions 
to the cooling of the polar winter stratosphere during the wQBO could be made by the weakening of wave 
activity, in particular, the weakening of the vertical EP flux, which leads to a weakening of the heat fluxes 
directed toward the pole.

3.  In the thermosphere, the RMC weakening occurs during the westerly QBO phase. This effect is accompanied 
by an increase in the temperature of the thermosphere, the main reason for which is a slowdown of the merid-
ional transport of air masses from the warmer summer thermosphere.

4.  An interesting feature of changes in residual mass fluxes due to changes in the QBO phase is a general weak-
ening of interhemispheric mass transfer in the stratosphere at latitudes of 0°–30°N, coinciding with the areas 
of increased zonal wind, as well as an increase in the transfer in areas of weakening zonal wind.

5.  The sensitivity of the wave-induced eddy circulation to changes in the QBO phase is higher than that of the 
RMC. The reason for this effect is the change in wave activity in the winter stratosphere. This demonstrates a 
very important conclusion that PWs propagating from the lower troposphere are the most significant mech-
anism for the transfer of global circulation disturbances from the equatorial region, where the QBO is origi-
nated, to the polar regions.

Study of the global transport of mass is important not only due to its influence on thermal and dynamic regime of 
the middle and upper atmosphere, but also because of their important role in transport of conservative aerosol and 
gas species, responsible for the climate changes. The described results of studies at heights of the thermosphere 
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are especially important during the minimum solar activity, when the relative contribution of the impact of wave 
structures propagating from the lower atmosphere to the oscillations of the upper atmosphere is maximized.

In the future, it would be useful to calculate and analyze PW structures and their dependence on the stratospheric 
QBO at the heights of the thermosphere, especially the so-called “fast” PWs (high-frequency PWs with periods 
of up to 5 days and zonal wavenumbers 1–3) that can penetrate directly from the lower atmosphere upwards and 
have a direct impact on the dynamics and composition of the ionosphere.

Data Availability Statement
All data sets presented in the study can be freely accessed at https://doi.org/10.5281/zenodo.5596370. According 
to the statement 1296 of the Civil Code of the Russian Federation, all rights on the MUAM code belong to the 
Russian State Hydrometeorological University (RSHU). To get access to the computer codes and for their usage, 
a reader should get permission from the RSHU Rector at the address 79, Voronezhskaya street, St. Petersburg, 
Russia, 192007, phone: 007 (812) 372-50-92. The authors will assist in getting such permission.
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