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Abstract. Ensemble simulation of the general atmospheric circulation of the middle and upper atmosphere up to the lower 

thermosphere is performed using the 3-D nonlinear mechanistic numerical model MUAM. Residual mean meridional 

circulation (RMC) in terms of the Transformed Eulerian Mean is calculated for the boreal winter and changes in its vertical 10 
and meridional velocity components during different phases of simulated composite stratospheric warming (SW) events are 

studied. The simulation results show general decrease in RMC velocity components up to 30% during and after SW in the 

mesosphere and lower thermosphere of the Northern Hemisphere. There are also increases in the downward and northward 

velocities at altitudes 50-70 km at the northern high latitudes. Associated changes in adiabatic heating/cooling rates can 

contribute to heating the stratosphere and cooling the mesosphere during the composite SW. The changes in the transport of 15 
conservative species (like ozone) during SWs are estimated. Weakening of ozone fluxes at the middle latitudes of the 

Northern Hemisphere may reach 30% during SWs and 30 – 40% after the events at the altitudes of stratospheric maximum 

of ozone concentration. Such statistically confident simulations of RMC reactions on SWs at altitudes up to the lower 

thermosphere are performed for the first time. The study of the residual meridional circulation is useful for effective analysis 

of wave impacts on the mean flow and for diagnostics of the transport of atmospheric gas species in the atmosphere. 20 
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1. Introduction 

The circulating transport of trace gases in the middle and upper atmosphere affects the overall distribution of ozone and 

other atmospheric gas components. The main mechanism for the global transport of trace gases (e.g., Fishman and Crutzen, 

1978) between the stratosphere and troposphere is the Brewer-Dobson meridional circulation (Dobson et al., 1929; Dobson, 25 
1956; Brewer, 1949). This is in a general sense, global mass transfer, in which tropospheric air enters the stratosphere in the 

tropics, then travels to the poles and sinks down in middle and high latitudes. At the mesospheric heights, it is essential to 

consider the mesospheric meridional circulation, implying the mass transfer from the summer hemisphere to the winter one. 

In the last decades, there has been a surge of interest in the study of the Brewer-Dobson circulation, which is associated 

mainly with the active development of general circulation models (e.g., Pawson et al., 2000; Gerber et al., 2012 and 30 
references therein), chemical-climatic models (Eyring et al., 2005; SPARC CCMVal, 2010). A large number of studies are 

also devoted to reanalysis data processing and interpretation of observed atmospheric processes (Iwasaki et al., 2009; Sevior 

et al., 2012, etc.).  

It is well known, that atmospheric waves can substantially modify the mean Eulerian meridional circulation, i.e. zonal 

averaging of the mean meridional and vertical flows is ineffective for analyzing global transport of atmospheric species. In 35 
the momentum and energy equations, the wave sources of momentum and heat are partly compensated by advective 

momentum and heat fluxes (e.g., Charney and Drazin, 1961). With the Eulerian approach, similar compensation of wave and 

mean mass fluxes occurs also in the continuity equation for long-lived gas components. These features do not allow one to 
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isolate the wave action from that of the mean flow. In order to overcome this disadvantage, it is essential to use alternative 

approaches to the analysis of the zonal-mean circulation, one of which is the calculation of the transformed Eulerian mean 40 
(TEM) circulation (e.g., Andrews and McIntyre, 1976) that are used in the present study. This approach provides effective 

diagnostics of wave impacts on the mean flow, and also, provides the ability to calculate the meridional transport of 

conservative gas species. This method leads to the consideration of the so-called mean residual meridional circulation 

(RMC), which is a combination of eddy and advective mean transport. RMC estimates residual parts of the mean flow, 

which not compensated by the divergence of the wave-induced eddy momentum and heat fluxes (e.g., Shepherd, 2007). In 45 
its traditional form, the RMC is two-dimensional and formulas describing it include zonally averaged values of atmospheric 

parameters, (e.g., Holton, 2004). However, the underlying mechanism of wave excitation is three-dimensional, which 

requires the use of 3-dimensional numerical modelling for the correct reproduction of RMC properties. 

Sudden stratospheric warming (SSW) event is one of the most dramatic dynamical processes appearing at high latitudes of 

the northern middle atmosphere. The zonal-mean meridional thermal gradient, usually directed towards the equator in 50 
winter, reverse its direction in the stratosphere during SSWs to the opposite. In the case of a major SSW, the eastward zonal 

velocity in the polar stratosphere also reverses direction, while in the case of a minor SSW, only a weakening of the zonal 

wind velocity is observed (e.g., Holton, 2004; McIntyre, 1982). SSW events can substantially affect the dynamics and 

energetics at different atmospheric layers (Siskind et al., 2010; Fuller-Rowell et al., 2010; Funke et al., 2010; Liu et al., 

2011; Yuan et ql., 2012; Sun and Robinson, 2009; Nath et al., 2016). Changes in meridional circulation during different 55 
phases of SSW event were recently studied by Tao et al. (2017), de la Camara et al. (2018),  

Koval et al. (2019) simulated the mean meridional circulation and its changes during SSW events. They showed that the 

global-scale Eulerian mean meridional circulation in the middle atmosphere might significantly alter at different stages of 

stratospheric warming during the northern winter season, which can be essential for the transport of conservative gas species 

in the middle and upper atmosphere. However, as stated above, the net transport of gas species should include contribution 60 
of wave eddy effects and requires RMC calculating. 

In this study, we extended simulations by Koval et al. (2019) to calculate the RMC components based on the simulated wind 

and temperature fields for the boreal winter season. Using the atmospheric circulation model MUAM, responses of RMC 

structure on composite SSW events up to the altitudes of the lower thermosphere are studied for the first time. Statistically 

confident ensemble results for altitudes up to of the mesosphere and lower thermosphere (MLT) are obtained. The study of 65 
RMC made it also possible to estimate the total circulating transport of conservative gas species (like ozone) in the middle 

and upper atmosphere.  

2. Methodology 

In order to study the changes in the RMC at time intervals before, during and after simulated SSW events, the middle and 

upper atmosphere model (MUAM) is used to describe general circulation at altitudes up to the lower thermosphere 70 
(Pogoreltsev et al., 2007). It is a 3-D nonlinear mechanistic numerical model. The horizontal grid steps of the model are 

5.625° in longitude and 5° in latitude. The vertical grid of the model is log-isobaric coordinate z = -H * ln (p0/p), where p0 is 

the surface pressure and H = 7 km is the pressure scale height. The MUAM is based on a standard set of primitive equations 

in the spherical coordinates used in the Cologne Model of the Middle Atmosphere-Leipzig Institute for Meteorology 

(COMMA-LIM) described by Fröhlich et al. (2003). A detailed description of the MUAM and processes implemented into 75 
the model are presented by Gavrilov et al. (2005) and Pogoreltsev et al. (2007). Details of the numerical experiments and 

used methods for determining the dates of SSW onset are similar to those described by Koval et al. (2019).  

According to recent knowledge, an important driving force of the atmospheric meridional circulation are planetary-scale 

wave disturbances (e.g., Haynes et al., 1991; Holton et al., 1995). The MUAM model reproduces spectra of global-scale and 
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mesoscale wave disturbances (Pogoreltsev et al., 2014, Gavrilov et al., 2015; 2018) as well as atmospheric tides (Suvorova 80 
and Pogoreltsev, 2011). The amplitudes of stationary planetary waves (SPWs) at the lower boundary are calculated from the 

geopotential height distributions in the lower atmosphere obtained from reanalysis of meteorological information UK Met 

Office (UKMO, Swinbank and O'Neill, 1994). In addition, the MUAM includes a parameterization of the westward 

travelling atmospheric normal modes with zonal wave numbers m = 1 - 3 and periods from 2 to 16 days (Pogoreltsev et al., 

2009). The model also includes parameterizations of the dynamic and thermal effects of stationary orographic gravity waves  85 
developed by Gavrilov and Koval (2013) and of nonorographic gravity waves (GWs), which is similar to those developed by 

Lindzen (1981) and Yigit and Medvedev (2009). Estimations by Pogoreltsev et al. (2007) and Gavrilov el al. (2015) showed 

that the MUAM satisfactorily reproduces the structure of atmospheric circulation up to altitudes of the lower thermosphere. 

To improve the statistical significance and smooth out the interannual variability in the MUAM, an ensemble of 19 model 

runs was obtained, containing major or minor SSW events during model runs for January-February conditions. Different 90 
MUAM runs correspond to different phases of vacillations between the mean wind and SPWs in the middle atmosphere. 

These phases in the MUAM are controlled by changing of the inclusion date of daily variations in the solar heating and 

generation of normal atmospheric modes in different ensemble members of model runs (Pogoreltsev et al., 2007, 2009).  

The model dates or simulated SSWs were obtained using the definition by Charlton and Polvani (2007). However zonal 

wind reversals at every MUAM run were detected not only at pressure level of 10 hPa (near 30 km altitude), but also at 95 
higher altitudes up to 50 km (Savenkova et al., 2017; Gavrilov et al., 2018). To differentiate these phenomena from 

traditionally considered SSWs near 10 hPa pressure level, we call them simply as “stratospheric warmings” (SWs). Types of 

SW events may be different for different model runs. Examples of temperature and wind variations during SW events 

simulated with the MUAM runs one can see in Figure 1 of the papers by Koval et al. (2019) and Gavrilov et al. (2018).  

The changes of thermodynamic fields in different MUAM runs could be considered as variability corresponding to different 100 
phases of stratospheric vacillations in different years. For each simulated SW event, its onset date was determined and three 

11-day consecutive intervals were selected before, during and after the SW. After averaging over all simulated SWs, this 

approach allowed us to obtain average characteristics for a composite SW event statistically relevant to the SW climatology 

obtained by analyzing processing multi-year reanalysis data and described, for instance, by Savenkova et al. (2017). 

3. Calculating the residual mean meridional circulation 105 

Residual circulation in this study is understood in the context of the transformed Eulerian mean approach (Andrews et al., 

1987). The meridional and vertical components of the RMC can be calculated by the following formulas (Andrews et al., 

1987; Butchart, 2014): 

1* ,vv v
z z

θρ ρ
θ

−  ′ ′∂
= −  ∂ ∂ ∂ 

                                                                                                                                     (1) 
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vw w
a z

ϕ θ
ϕ ϕ θ
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                                                                                                                                  (2) 110 

where the overbars denote the zonal-mean values, the dashes mark the deviations of hydrodynamic quantities from their 

zonal-mean values; v and w are the meridional and vertical components of wind; ρ is background atmospheric density; z is 

vertical log-isobaric coordinate; θ is potential temperature; φ is latitude; a is the Earth’s radius.  

Introducing deviations from the mean zonal components of the wind velocity and potential temperature as ;v v v′ = −  

θ θ θ′ = −  one can obtain the following equations used in this study for calculating the meridional and vertical 115 
components of the residual mean circulation from the wind and temperature fields simulated with the MUAM: 
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In contrast to the conventional mean Eulerian circulation (having velocity components v and w ) the residual vertical 

velocity *w  is proportional to the rate of diabatic heating. It roughly represents a diabatic circulation in the meridional 120 
plane (Shepherd, 2007), i.e., when the heating of ascending air parcels and the cooling of descending air take place, while 

their potential temperature adapts to the local environment. Thus, the time-averaged RMC approximates the average 

movement of air masses and, therefore, it can be observed as the average movements of conservative gas components.   

Figure 1 shows a comparison of RMC streamlines and wind vectors simulated with the MUAM (the top panels) and those 

obtained from the database of meteorological information reanalysis MERRA-2 (Gelaro et al., 2017) for the year 2010 (the 125 
bottom panels). The streamlines in the Figure 1a show two main RMC cells with an upwelling at low and middle latitudes of 

the Southern Hemisphere and downwelling at high latitudes of both hemispheres. The Eulerian mean meridional circulation 

in each hemisphere usually consists of tropical Hadley cells controlled by diabatic heating, eddy-induced mid-latitude Ferrell 

cells and polar cells generated by temperature gradients (e.g., Holton, 2004). In contrast to that, the residual circulation 

consists of two Hadley cells transporting air masses from low to high latitudes (Butchart, 2014), which are visible in Figure 130 
1. At the same time, in winter (Northern) Hemisphere, the circulation cell is much wider than that in the Southern 

Hemisphere with higher residual meridional and vertical velocities shown in the Figure 1b. 

Comparisons of Figure 1 top and bottom panels show a correspondence between the structure and magnitude of the 

simulated RMC and obtained using reanalysis data. Birner and Bönisch (2011) calculated the RMC based on the data from 

the Canadian Middle Atmosphere Model and obtained streamline distributions for January, which are similar to those shown 135 
in the Figure 1a. Eluszkevicz et al. (1996) analyzed the RMC using modelling and observations with the Microwave Limb 

Sounder onboard the Upper Atmosphere Research Satellite. They presented the distributions of the vertical and meridional 

wind components, which are consistent with our Figure 1. The RMC structure shown in Figure 1 is also in agreement with 

that obtained by Gille et al. (1987) and Kobayashi and Iwasaki (2016). The latter study presents the RMC fields for winter in 

the Northern Hemisphere obtained with the data from the Limb Infrared Monitor of the Stratosphere on the Nimbus-7 140 
satellite and from the JRA-55 reanalysis data (Kobayashi et al., 2015). 

4. Residual circulation at the different SW stages 

In this section, we study the changes in RMC at an altitude of 0 – 100 km during different stages of the composite SW event 

(averaged over 19 model runs) simulated with the MUAM. In addition, we estimate changes in meridional fluxes such 

relatively conservative gas species as ozone caused by simulated changes in the RMC. Residual wind components are 145 
calculated applying Eq. (3) and (4) to the wind and temperature fields obtained with the MUAM. Then these characteristics 

are averaged over 19 model runs, separately, for 11-day intervals “before”, “during” and “after” SW (see section 2). 

Figure 2a shows simulated with the MUAM distribution of the residual meridional and vertical velocities averaged over 11-

day intervals before simulated SWs and over 19 model runs. Both Figures 2a correspond to the main cells of the RMC, 

general structure of which is consistent with that presented in Figure 1 according to the current knowledge (e.g., Tegtmeier et 150 
al., 2008). Downward flows at the MLT heights of the Northern Hemisphere and upward flows in the Southern one 

contribute to the warming of the atmosphere near the North Pole and cooling near the South Pole in January, which are 

caused by adiabatic temperature changes inside vertical moving atmospheric parcels.  
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Figures 2b and 2c represent changes in the residual velocity components during and after the composite SW relative to the 

distributions before the event in Figure 2a. The hypothesis of nonzero differences in Figures 2b and 2c could be verified with 155 
the statistical paired Student’s t-test (e.g., Rice, 2006). At each latitude-height grid point the data in Figures 2b and 2c are 

averaged over 66×19 = 1254 individual differences (11 days with 4-hour outputs for 19 model runs). The paired Student’s 

test gave statistical confidence of nonzero differences larger 95% for almost all values shown in Figures 2b and 2c except 

shaded regions.  

The Figures 2b2 and 2c2 demonstrate signs generally opposite to signs of vertical velocity in Figure 2a2, which corresponds 160 
to general RMC weakening during and after the SW. However, at latitudes higher 30° N there are areas of enhancement of 

the downward velocity at an altitudes of 20 – 70 km. These changes correspond to changes in meridional residual velocity 

component sown in Figures 2b1 and 2c1, where negative differences in v* are generally opposite to positive v* in Figure 

2a1. Therefore, during and after SW, RMC becomes weaker in almost all regions presented in Figures 2b and 2c. Enhanced 

downward residual flows at altitudes 20 – 60 km at high northern latitudes during SW in Figure 2b2 correspond to a layer 165 
with increased northward velocities at altitudes 50 – 70 km seen in Figure 2b1. Increased downward residual flows at high-

latitudes in Figure 2b2 correspond to increased adiabatic heating of high-latitude northern stratosphere during SWs. 

Therefore, increasing RMC in the winter stratosphere and mesosphere may contribute to the formation of high-latitude SW 

events. Figures 2c1 and 2c2 show that increased RMC at altitudes 40 – 70 km may still exist up to 20 days after SW events. 

After simulated SW in Figures 2c, RMC in the Northern Hemisphere generally weakens. Similar weakening of the mean 170 
Eulerian global meridional circulation was shown in Figure 3 in the paper by Koval et al. (2019). 

In the Southern Hemisphere, the main differences in RMC during and after simulated SWs demonstrated in Figures 2b and 

2c exist at the MLT altitudes and have signs generally opposite to the respective velocities shown in Figures 2a before SWs. 

Absolute values of the differences at altitudes near 90 km are larger after SW (Figure 2b1) than those during SW (Figure 

2b2). This determines weakening of the northward residual meridional velocity at altitudes 80 – 100 km in the mid-latitude 175 
Southern Hemisphere up to 25 – 30 % during the composite SW and up to 30 – 40 % after SWs compared to that before the 

warming event in Figure 2a1. Respective decreases in the upward residual velocity presented in Figures 2a2 and 2b2 are 

observed at altitudes 80 – 100 km in the Southern Hemisphere. These changes may be produced by general RMC weakening 

in the Northern Hemisphere during and after SW events, which can influence the entire global circulation. Hence, increased 

MLT differences shown in Figure 2b compared to ones in Figure 2c and may reflect time delay due to propagations of RMC 180 
changes caused by simulated SWs from in the Northern to the Southern Hemisphere. In addition, simulated RMC differences 

after SWs could be partly produced by seasonal changes in the global circulation, as far as time intervals after SW have 3-

week time delay compared to respective intervals before SW. 

A remarkable feature of RMC is increasing residual meridional velocity at altitudes 50 – 70 km during and after SWs as can 

be noted in Figures 2b1 and 2c1, which are associated with increasing downward residual vertical velocities at altitudes 20-185 
60 km at the high-latitudes in the Northern Hemisphere (Figure 2b2) during SWs. One may assume that transformations of 

the Northern Polar Vortex during SWs may increase downward fluxes near the North Pole and increase northward drifts just 

above the SWs, which then can span to the Southern Hemisphere. Figure 2c2 shows destructions of the increased downward 

fluxes at altitudes 20 – 70 km near the North Pole after simulated SWs, while the zone of increased northward residual 

meridional velocities at altitudes 50 – 70 km demonstrated in Figure 2c1 still exist up to the Southern Hemisphere. This may 190 
confirm that changes in vertical motions at altitudes of winter SWs may produce RMC changes, which can remain in the 

middle atmosphere for a few weeks after simulated SW events.  

Widely assumed reasons for the RMC changes during different SW phases could be changes in space-time structure of 

SPWs and the associated wave-mean zonal flow interactions. Gavrilov et al. (2018) showed that in the stratosphere below 50 

km, amplitudes of SPW1 with zonal wavenumber m = 1 are increased before simulated SWs and decreased during the 195 
events, while changes in SPW2 amplitudes are opposite. Recently, several studies have been devoted to the analysis of the 
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peculiarities of the RMC formation and development during SW events. Using data from the reanalysis of meteorological 

information, Song and Chun (2016) considered the contributions of various terms of the transformed Eulerian equations of 

temperature and angular momentum to the RMC formation at different SSW stages. Bal et al. (2017) studied the changes in 

the RMC based on the analysis of 76 model SSWs and of 17 major SSWs selected from the Era Interim reanalysis data. In 200 
both studies mentioned above, it was confirmed that large-scale wave disturbances are the main driving force of the RMC 

due to the transfer of energy and angular momentum in the middle atmosphere and the MLT region. Laskar et al. (2019) 

showed a significant weakening (up to a reversal) of both the mean and residual meridional circulation at the MLT heights 

during SSW observed in winters 2009/10 and 2012/13, leading to significant temperature fluctuations in the stratosphere of 

both hemispheres, which correspond our results discussed above. 205 
Increased downward residual vertical velocities at altitudes 20 – 60 km at high northern latitudes during SWs in Figure 2b1 

correspond to the increased net downward mass flows and to increased adiabatic cooling rate in the heat balance equation of 

the model. This may help to heating the polar stratosphere. Therefore, changes in the RMC may influence the mechanisms of 

SW formation at high latitudes. 

 210 
5. Residual fluxes of conservative gases.  

 

Global atmospheric meridional circulation is the most important transport mechanism for atmospheric gas species (Fishman 

and Crutzen, 1978). Vertical transport of air particles under the influence of the residual circulation of the atmosphere 

produces fluxes of gas species, which could be important for the climate changes. In the present study, we made diagnostics 215 
of simulated RMC fluxes of gas species using the example of ozone, which for short time intervals may be considered as 

conservative gas at heights of the lower and middle atmosphere. The MUAM includes a 3D ozone distribution (Suvorova 

and Pogoreltsev, 2011, Suvorova et al., 2017), which takes into account long-term climatic longitudinal variability. This 

distribution was compared by Suvorova and Pogoreltsev (2011) with the ozone empirical model by Randel and Wu (2007) 

and with databases by Hassler et al. (2008) and Cionni et al. (2011). The meridional, Fx, and vertical, Fz, components of gas 220 
RMC fluxes are estimated by multiplying the gas concentration by the residual vertical and meridional velocities, 

respectively. Therefore, at each grid node, we have the following formulae for the components of RNC ozone fluxes: 
6

3 3 3 0, 10 / ,i O i O O AF N v N X Nρ ρ∗ −= =
                                                                                    

(5) 

where v* i are the zonal- and monthly-mean meridional (i=x) and vertical (i=z) residual velocity components, ρ0 is the 

surface atmospheric density, XO3 is the zonal-mean ozone mixing ratio in ppm, NA is the Avogadro number. 225 
Figure 3a shows zonal-mean vertical component Fz of RMC ozone flux (shaded) averaged over 11-days time intervals before 

the composite SW. Illustrated by arrows in Figure 3a, vectors of average ozone fluxes correspond to RMC cells shown in 

Figure 2a. In the troposphere and stratosphere, Figure 3a2 shows tropical upwelling and extratropical downwelling. Winter 

cell of ozone transport is stronger than the southern one, which is consistent with Figure 1 and with theory (e.g. Holton et al., 

2004). At altitudes above 50 km, RMC transport of conservative gas species from high latitudes of the summer hemisphere 230 
to high latitudes of the winter hemisphere dominates in Figure 3a1. These RMC cells can significantly contribute to the 

changes in concentrations of ozone and other gas species on both hemispheres.  

Shading and arrows in Figures 3b and 3c show differences in the zonal-mean ozone fluxes between intervals during and after 

simulated SWs and intervals before respective SWs, which are averaged over 19 MUAM runs. In the troposphere and 

stratosphere, the signs of Fz differences (Figures 3b and 3c) are generally opposite to the respective Fz values presented in 235 
Figure 3a. Therefore, magnitudes of ozone fluxes become generally smaller during and after simulated SWs, which 

corresponds to the changes in RMC in Figures 2b and 2c. Maximum decreases in the vertical ozone flux are at high northern 

latitudes at altitudes 10 – 20 km during and after the SW (see Figure 3b2 and 3c2), which corresponds to the largest 
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increases in the residual vertical velocity in these regions in Figures 2b2 and 2c2. The weakening of residual vertical ozone 

fluxes at the middle and high latitudes of the winter hemisphere may reach 30% during simulated SWs and 30 – 40% after 240 
the events at the altitudes of the ozone layer maximum. 

At the altitudes above 50 km in Figures 3b1 and 3b2, the arrows of vector differences in the RMC ozone fluxes are directed 

generally opposite to the respective flux vectors  (Figure 3a1). During simulated SWs at high northern latitudes, increased 

downward and upward fluxes below and above altitude of about 60 km, enforce northward increments in ozone fluxes at 

altitudes 60 – 70 km in Figure 3b1, which enhance RMC at these altitudes. This corresponds to enhanced meridional winds 245 
at altitudes 50 – 70 km in Figure 2b1 discussed in section 4.  

The results of our numerical simulations have shown that SW events may have significant impacts on the RMC and on 

associated residual ozone fluxes in the middle and upper atmosphere of both hemispheres. However, it should be noted that 

using of predefined ozone distributions in the model is acceptable for diagnostics of ozone residual fluxes only for relatively 

short time intervals. Simulating ozone concentrations and fluxes over long time intervals requires the use of interactive 250 
models that should include photochemical blocks. 

6. Conclusion 

In the present study, estimations of the mean residual meridional circulation are performed, using temperature and wind 

fields obtained from a set of numerical simulations of the atmospheric general circulation with the MUAM model. The focus 

is made on changes of the RMC and corresponding fluxes of conservative gas species at different stages of simulated SW 255 
events. To achieve sufficient statistical confidence, the results of numerical simulations have been averaged over 19-member 

ensembles of the MUAM runs. The test simulations showed similarities between the RMC simulated with the MUAM and 

that based on the observational data, also with results of other models. 

The changes in the RMC at altitudes 0 – 100 km at different stages of the composite SW event are simulated. Before 

simulated SWs in the Northern Hemisphere, the RMC with northward meridional and downward vertical velocities is 260 
dominating in the middle and upper atmosphere. Downward flows are maximum at high latitudes. They may produce 

adiabatic heating of the polar stratosphere and contribute to SW formations. During and after the composite SW, general 

deceleration of downward vertical flows in the middle northern latitudes slow-down northward RMC in the most of analyzed 

altitude regions. Decreases in the residual meridional velocity at MLT heights may reach up to 30% in the Northern 

Hemisphere and up to 40 % in the Southern Hemisphere during and after simulated SWs. During the composite SW, 265 
increased downward flows at altitudes 20 – 70 km at high northern latitudes may enforce enhanced northward residual RMC 

at altitudes 50 – 70 km extending to the Southern Hemisphere. Increased adiabatic heating caused by these increased 

downward flows may help to the SW developments.  

Diagnostics of residual fluxes of conservative gas species (like ozone) are performed and their changes at different stages of 

the composite SW are estimated. General weakening of ozone RMC fluxes at the middle latitudes of the Northern 270 
Hemisphere may reach 30% during SW and 30 – 40% after this event at the altitudes of stratospheric ozone layer maximum.  

The approach used in this work within the framework of the transformed Eulerian mean circulation allows obtaining the 

residual wind components, which effectively take into account wave effects on transport of atmospheric quantities and gas 

species in the meridional plane. 
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Figure 1: Latitude-altitude distributions of the RMC schematic streamlines (a) and wind vectors (b) averaged over 19 

MUAM runs (top) and according to the MERRA-2 reanalysis data (bottom) for January. Areas with negative (southward) 415 
residual meridional wind are shaded with the gray-blue color. The streamlines and vectors are shown for the vertical velocity 

multiplied by factor 100. 
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Figure 2: Zonal-mean residual meridional velocity in m/s (a1) and vertical velocity in cm/s (a2) averaged over 19 MUAM 

runs for 11-day intervals before SW; differences of respective values between the time intervals during and before SW (b), 420 
also after and before SW (c). Solid contours correspond to zero values. Shaded areas indicate regions of differences having 

significance less than 95% according to the paired t-test. 
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 425 

 
Figure 3: Zonal-mean vertical component of ozone RMC fluxes in 1014 m-2s-1 (shaded), averaged over time intervals before 

composite SW (a); its differences between intervals during and before SW (b) and after and before SW (c). Arrows show 

schematic vectors (with vertical velocity multiplied by factor 100) of the zonal-mean RMC ozone fluxes and their respective 

differences. Solid contours correspond to zero values.  430 
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