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Abstract. Ensemble simulation of the atmospheric general circulation at altitudes up to the lower thermosphere is performed 

using the 3-D nonlinear mechanistic numerical model MUAM. Residual mean meridional circulation (RMC), which is the 

superposition of the mean Eulerian and wave-induced eddy components, is calculated for the boreal winter. Changes in the 10 
vertical and meridional RMC velocity components are analyzed at different stages of simulated composite sudden stratospheric 

warming (SSW) event averaged over 19 model runs. The simulation results show a general decrease in RMC velocity 

components up to 30% during and after SSW in the mesosphere and lower thermosphere of the Northern Hemisphere. There 

are also increases in the downward and northward velocities at altitudes 20-50 km at the northern polar latitudes during SSW. 

Associated vertical transport and adiabatic heating can contribute to warming the stratosphere and downward shifting of the 15 
stratopause during the composite SSW. The residual mean and eddy mass fluxes are calculated for different SSW stages. It is 

shown that before the SSW, planetary wave activity creates wave-induced eddy circulation cells in the northern upper 

stratosphere, which are directed upwards at middle latitudes, northward at high latitudes and downwards near the North Pole. 

These cells increase heat transport and adiabatic heating in the polar region. During SSW, the region of upward eddy vertical 

velocity is shifted to high latitudes, but the velocity is still downward near the North Pole. After SSW, upward eddy-induced 20 
fluxes span to entire polar region producing upward transport and adiabatic cooling of the stratosphere providing the return of 

the stratopause to higher altitudes. Obtained statistically significant results on the evolution of RMC and eddy circulation at 

different SSW stages at altitudes up to the lower thermosphere can be useful for better understanding mechanisms of planetary 

wave impacts on the mean flow and for the diagnostics of the transport of conservative tracers in the atmosphere. 
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1. Introduction 

The main mechanism for the global transport of tracers in the troposphere and stratosphere is the meridional circulation (e.g., 

Dobson et al., 1929; Dobson, 1956; Brewer, 1949; Fishman and Crutzen, 1978), in which tropospheric air enters the 

stratosphere in the tropics, then travels to the poles and sinks down at middle and high latitudes of both hemispheres. At higher 

altitudes, it is essential to consider the meridional circulation producing mass transfer from the summer hemisphere to the 30 
winter one. In the last decades, there has been a surge of interest in the study of the atmospheric general circulation, which was 

mainly related to diagnostics of transport of atmospheric gas species and its forecasting (e.g., Butchart, 2014; Pawson et al., 

2000; Gerber et al., 2012; Eyring et al., 2005; SPARC CCMVal, 2010). A large number of studies were also devoted to the 

analysis of meteorological reanalysis data and to the interpretation of observed atmospheric processes (e.g., Iwasaki et al., 

2009; Sevior et al., 2012, etc.).  35 
It is well known, that atmospheric planetary-scale waves can substantially modify the mean Eulerian meridional circulation, 

i.e. zonal averaging of the mean meridional and vertical flows is ineffective for analyzing the global transport of atmospheric 

species. In the momentum and energy equations, the wave fluxes of momentum and heat are partly compensated by advective 
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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. These features do not allow one to isolate the wave action from that 40 
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 calculation of transformed Eulerian mean (TEM) circulation (e.g., Andrews and 

McIntyre, 1976) that is used in the present study. This approach provides effective diagnostics of wave impacts on the mean 

flow, and gives the ability to calculate the meridional transport of mass and tracers in the atmosphere. This method leads to 

the consideration of the so-called mean residual meridional circulation (RMC), which is a superposition of eddy-induced and 45 
advective zonal-mean flows. RMC estimates residual parts of the mean flow, which remain after partial compensation of the 

Eulerian zonal-mean circulation by the wave-induced eddy mass, momentum and heat fluxes (e.g., Shepherd, 2007). In its 

traditional form, the RMC is two-dimensional and formulas describing it include zonally averaged values of atmospheric 

parameters, (e.g., Holton, 2004).  

Sudden stratospheric warming (SSW) events are among the most dramatic dynamical processes appearing at high latitudes of 50 
the middle atmosphere during winter. In the stratosphere during SSWs, the zonal-mean meridional thermal gradient (usually 

directed towards the equator in winter) reverses its direction to the opposite one. In the case of a major SSW, the eastward 

zonal velocity in the mid-latitude stratosphere also reverses, 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; 55 
Yuan et al., 2012; Sun and Robinson, 2009; Nath et al., 2016). Changes in the meridional circulation during different phases 

of SSW event have been studied by Tao et al. (2017), de la Camara et al. (2018) recently. During SSW, the general circulation 

of the winter stratosphere undergoes significant changes, which, through wave interactions, can be transmitted to the upper 

atmosphere of both hemispheres.   

Koval et al. (2019a) simulated the zonal mean Eulerian meridional circulation and its changes during SSW events. It was 60 
shown that the global-scale Eulerian mean meridional circulation in the middle atmosphere varies significantly at different 

stages of SSW, which is essential for the transport of mass and tracers in the middle and upper atmosphere. However, as stated 

above, the net transport of gas species should include contribution of wave-induced eddy fluxes and requires RMC calculating. 

In this study, we extend studies by Koval et al. (2019a) to calculate the RMC components based on the simulated wind and 

temperature fields for the boreal winter season. Changes in the RMC and eddy circulation during composite SSW events are 65 
studied up to the altitudes of the lower thermosphere using the atmospheric circulation model MUAM. Statistically significant 

ensemble results for altitudes up to the mesosphere and lower thermosphere (MLT) are obtained. The study of the RMC makes 

it also possible to calculate residual meridional mass fluxes and estimate changes in adiabatic heating/cooling rates at different 

SSW stages in the middle and upper atmosphere.  

2. Methodology 70 

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 the general circulation at altitudes up to the lower thermosphere 

(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 has 48 nodes from the ground to 135 km along the log-isobaric coordinate z 

= -H * ln (p/p0), where p0 is the surface pressure and H = 7 km is the pressure scale height. The MUAM is based on a standard 75 
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 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. (2019a).  
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According to the downward control principle, an important driving force of the atmospheric meridional circulation are 80 
planetary-scale waves and gravity waves (Haynes et al., 1991; Holton et al., 1995). The MUAM model reproduces spectra of 

global-scale and mesoscale wave disturbances (Pogoreltsev et al., 2014, Gavrilov et al., 2015; 2018) as well as atmospheric 

tides (Suvorova 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 (Swinbank and O'Neill, 1994; Swinbank et al., 2004) and averaged over the years 1992-2011 for 85 
January. In addition, MUAM involves parameterization of westward travelling atmospheric normal modes (NMs) by adding 

terms to the heat balance equation in the troposphere, which have forms of time-dependent sinusoidal components with zonal 

wavenumbers m = 1 - 3. For setting the latitude structures of NM components, the parameterization uses respective Hough 

functions. Periods of NMs are equal to the resonant periods of atmospheric reaction to the wave forcing at low boundary 

(Pogoreltsev et al., 2009). The model also includes parameterizations of the dynamic and thermal effects of stationary 90 
orographic gravity waves developed by Gavrilov and Koval (2013) and of nonorographic gravity waves (GWs). For the 

nonorographic GWs having phase speeds 5–30 m/s a parameterization based on the Lindzen’s one (Lindzen, 1981) is applied. 

For the faster GWs (30–125 m/s) a version of the spectral parameterization (Yigit & Medvedev, 2009) is used. This 

parameterization uses 15 GW spectral components uniformly distributed within the period range from 40 min to 3 hr. 

Estimations by Pogoreltsev et al. (2007) and Gavrilov el al. (2015) showed that the MUAM satisfactorily reproduces the 95 
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 24 model runs 

was obtained and 19 runs containing stratospheric warming events for January-February were selected using the methodology 

described by Gavrilov et al. (2018). Different 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 the date of triggering daily 100 
variations in the solar heating and generation of normal atmospheric modes in different ensemble members of model runs 

(Pogoreltsev et al., 2007, 2009).  

The onset dates of simulated SSWs were obtained using the definition by Charlton and Polvani (2007). However zonal wind 

reversals at every MUAM run were frequently detected not at pressure level of 10 hPa (near 30 km altitude), but at higher 

altitudes up to 50 km (Gavrilov et al., 2018). Savenkova et al. (2017) investigated SSWs using MERRA-2 reanalysis data 105 
(Gelaro et al., 2017) for the years 1980 – 2016. They showed that nearly half of the warmings were accompanied by a reversal 

of the zonal wind above 10 hPa pressure level. Such warmings cannot be treated as major SSWs according to the definition by 

the WMO, and the term “high stratospheric warmings” (HSWs) was introduced to denote them. Types of the reproduced SSW 

events may be different for different MUAM runs. A set of 19 simulated warming events contains 5 major SSWs, 7 HSWs 

and 7 minor SSWs.  110 
Figure 1 shows examples of SSW events simulated with the MUAM for different phases of stratospheric vacillations. Shaded 

areas in the left and right panels are the zonal-mean temperature averaged over latitude band 82-87° N and the zonal-mean 

zonal wind, respectively. Zero time in Figure 1 corresponds to the onset day of simulated SSW. The panels a – d of Figure 1 

correspond, respectively, to typical cases of major SSW, HSW, minor SSW and a MUAM run without stratospheric warming. 

An interesting feature of the left panels of Figure 1 is the downward shift of the stratopause during SSWs and its return to 115 
higher altitudes after simulated SSWs. This effect is more pronounced for stronger major SSW in the left panel of Figure 1a, 

where one can observe so called “elevated stratopause” after SSW. Similar behavior of the stratopause was obtained in 

simulations with the Whole Atmosphere Community Climate Model (Chandran et al., 2013). Another examples of temperature 

and wind variations during SSW events simulated with the MUAM can be found in Figures 1 of the papers by Koval et al. 

(2019b) and Gavrilov et al. (2018). 120 
In the present study, the onset date for each simulated SSW event was determined and three 11-day consecutive intervals were 

selected before, during and after the event. These intervals are indicated with horizontal lines above the panels in Fig. 1. After 
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averaging over these intervals and over all simulated SSWs, this approach allowed us to obtain characteristics for a composite 

SSW event statistically relevant to the SSW climatology obtained by analyzing multi-year reanalysis data and described by 

Savenkova et al. (2017). 125 

3. Calculating the residual mean meridional circulation 

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 within the TEM approach can be calculated by the formulas 

described by Andrews et al. (1987) and Butchart (2014): 
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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 rewrite Eq. (1) and (2) 135 
in the convenient form used in this study for calculating the meridional and vertical components of the residual mean circulation 

from the wind and temperature fields simulated with the MUAM: 
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In contrast to the zonal-mean Eulerian circulation (having velocity components v and w ) the residual vertical velocity *w  140 
is proportional to the net rate of diabatic heating. It roughly represents a diabatic circulation in the meridional 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 considered as transport of conservative atmospheric tracers.   

Figure 2 shows a comparison of RMC schematic streamlines and wind vectors simulated with the MUAM (the top panels) 145 
with those obtained from the database of meteorological reanalysis MERRA-2 (Gelaro et al., 2017) for the year 2010 (the 

bottom panels). The streamlines in Figure 2a 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 the 

troposphere and stratosphere should usually consist 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 150 
circulation should consist of two Hadley cells transporting air masses from low to high latitudes (Butchart, 2014), which are 

visible in Figure 2. At the same time, in winter (Northern) Hemisphere, the circulation cell is much wider than that in the 

summer (Southern) Hemisphere with higher residual meridional and vertical velocities shown with arrows in Figure 2b. 

Comparisons of the top and bottom panels of Figure 2a show a correspondence between the structure of the simulated RMC 

and that obtained from the reanalysis data. In the top and bottom panels of Figure 2b one can see magnitudes of RMC wind 155 
vectors. Some differences in the upper troposphere can be connected with rather schematic representation of the tropospheric 

dynamics in the model. Birner and Bönisch (2011) calculated the RMC based on the data from the Canadian Middle 
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Atmosphere Model and obtained streamline distributions for January, which are similar to those shown in Figure 2a. 

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, 160 
which are consistent with our Figure 2b. The RMC structure shown in Figure 2 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 satellite and from the 

JRA-55 reanalysis data (Kobayashi et al., 2015).  

Studies of the evolution of hydrodynamic fields during SSW events have limitations due to relatively large time spacing of 165 
meteorological observations (several hours) and due to difficulties of estimating vertical velocity from meteorological data. 

Numerical modeling can help to overcome these difficulties. Also, usage of mechanistic numerical models enables one to 

perform series of model runs for the same climatological conditions to increase statistical confidence of obtained results. In 

addition, numeric modeling allows us to study RMC changes during SSW rectified from superimposing other extreme events, 

which could exist in experimental data. 170 

4. Residual circulation at the different SSW stages 

In this section, we observe the changes in RMC at altitudes of 0 – 100 km during different stages of the composite SSW event 

(averaged over 19 model runs) simulated with the MUAM. Residual velocity components are calculated applying Eq. (3) and 

(4) to the wind and temperature fields obtained at each MUAM run. Then these characteristics are averaged over 19 model 

runs, separately, for 11-day intervals “before”, “during” and “after” SSW (see section 2). 175 
Figure 3a shows the distributions of the simulated with the MUAM residual meridional and vertical velocities averaged over 

11-day intervals before the composite SSWs. Top and bottom panels of Figure 3a correspond to the main cells of the RMC, 

which general structure is presented in Figure 2. Also, RMC structure is consistent with the current knowledge (e.g., Tegtmeier 

et al., 2008). The main maximums of the residual meridional velocity in Figure 2a1 exist at altitudes 40 – 50 km and 70 – 90 

km. They form downward residual flows in the Northern Hemisphere and upward flows in the Southern Hemisphere in Figure 180 
3a2, which contribute to the warming of the atmosphere near the North Pole and cooling near the South Pole in January due 

to adiabatic temperature changes inside vertically moving atmospheric parcels.  

Figures 3b and 3c represent add-ons of the residual velocity components during and after the composite SSW relative to the 

distributions before the event in Figure 3a. The hypothesis of nonzero differences in Figures 3b and 3c was verified with the 

statistical paired Student’s t-test (e.g., Rice, 2006). At each latitude-height grid point the data in Figures 3b and 3c is averaged 185 
over 66×19 = 1254 individual differences (11 days with 4-hour outputs for 19 model runs). The paired Student’s t-test gave 

statistical confidence of nonzero differences larger 95% for almost all values shown in Figures 3b and 3c.  

Figures 3b1 and 3b2 demonstrate signs of the add-ons to the residual velocity components, which are generally opposite to the 

signs of meridional and vertical residual velocities in Figures 3a1 and 3a2 and correspond  to general RMC weakening (up to 

30%)  during the SSW. However, Figure 3b1 demonstrates positive add-ons to the residual meridional velocity at high northern 190 
latitudes at heights of 20 – 70 km. They increase transport of heat to the polar regions and form negative add-ons to the 

background downward vertical velocity at altitudes of 20 – 50 km and positive add-ons at altitudes ranging from 50 to 100 km 

at high northern latitudes in Figure 3b2. The contours at the left and right panels of Figures 1 indicate residual vertical and 

meridional velocities at high northern latitudes for specific MUAM runs, which generally confirm discussed above behavior 

of average distributions shown in Figure 3b. During SSW, magnitudes of downward and upward residual vertical velocities 195 
near the North Pole can reach |w*| ~ 1 – 2 cm/s in Figure 1. Similar orders of |w*| magnitude during SSW were obtained for 

specific runs of the WACCM numerical model in Figure 1 of the paper by Chandran et al. (2013). Downward flows at altitudes 

of 20 – 60 km near the North Pole during SSW can move the warm stratopause down with the speed up to 1 – 2 km/day in 
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Figure 3b2. In addition, vertical displacements of air parcels produce adiabatic heating/cooling, the specific rate of which is 

proportional to the residual vertical velocity (e.g., Gavrilov et al., 2020): 200 
,/*; paaa cgw =−= γγε                                                                                                       (5) 

where g is the acceleration due to gravity, cp is the specific heat capacity of air at constant pressure, which corresponds to |εa| 

~ 10 – 20 K/day. During several days, such mechanism can provide heating up to several tens of degrees in the polar 

stratosphere at altitudes of 20 - 50 km in the region of negative w* in Figure 3b2 and comparable cooling in the region of 

positive w* at altitudes of 50 – 80 km. Such adiabatic cooling of the mesosphere and heating of the stratosphere can help to 205 
the downward shift of the stratopause during SSW, which can be seen in the left panels of Figure 1.  

Figures 3c1 and 3c2 reveal that after SSW, add-ons of residual meridional and vertical velocity have signs generally opposite 

to the RMC before SSW in Figures 3a1 and 3a2, respectively. Similar weakening of the mean Eulerian global meridional 

circulation was shown in Figure 3 of the paper by Koval et al. (2019a). At polar northern latitudes below 50 km, the add-ons 

to the residual meridional velocity are directed to the South and the vertical velocity add-ons are strong and directed upwards. 210 
The region of the positive residual meridional velocity add-ons at altitudes of 60 – 70 km remains after SSW in Figure 3c1 

and corresponds to downward add-ons to the vertical velocity at altitudes of 45 - 60 km in the northern polar region in Figure 

3c2. Such behavior of RMC corresponds to evolutions of residual meridional and vertical components after SSW in Figure 1. 

In the northern polar region, strong upward w* below 40 - 50 km and strong downward w* above this layer create, respectively, 

fast upward transport and strong adiabatic cooling of the stratosphere and heating of the mesosphere restoring the tropopause 215 
heights in Figure 1. Considerations of Figure 1 and similar figures from the paper by Chandran et al. (2013) allow us to 

conclude that downward winds above altitudes 40 – 50 may be stronger after major SSW. This may create increased heating 

of the mesosphere and upper stratosphere leading to effects of elevated polar stratopause after strong SSW (Chandran et al., 

2013). An example of such increased heating at altitudes above 50 km one can see in the left panel of Figure 1a.  

In the Southern Hemisphere, the main differences in RMC during and after simulated SSWs are demonstrated in Figures 3b 220 
and 3c at the MLT altitudes. These differences have signs generally opposite to the respective velocities shown in Figures 3a 

before SSWs. Absolute values of the differences at altitudes near 90 km are larger after SSW (Figure 3b1) than those during 

SSW (Figure 3b2). This determines weakening of the northward residual meridional velocity at altitudes 80 – 100 km in the 

mid-latitude Southern Hemisphere up to 25 – 30 % during the composite SSW and up to 30 – 40 % after SSW compared to 

that before the warming event in Figure 3a1. Respective decreases in the upward residual vertical velocity are demonstrated 225 
in Figures 3b2 and 3c2 at altitudes 80 – 100 km in the Southern Hemisphere. These changes may be produced by the inter-

hemispheric coupling at the MLT heights caused by SPWs. These waves propagate upward from the troposphere through the 

circulation structures of the winter middle atmosphere (e.g., Charney and Drazin, 1961). Above the stratospheric heights, 

SPWs propagate along the waveguides, which span to both hemispheres at altitudes above 60 – 70 km (e.g., Koval et al., 

2019b).  Gavrilov et al. (2018) showed that in the stratosphere below 50 km, amplitudes of SPW1 with zonal wavenumber m 230 
= 1 are increased before simulated SSWs and decreased during the events, while changes in SPW2 amplitudes are opposite. 

The modified SPWs in the northern stratosphere before and during SSW (Stray et al., 2015; Gavrilov et al., 2018) can then 

propagate along the waveguides to the southern upper atmosphere. Laskar et al. (2019) showed similar significant weakening 

(up to a reversal) of both the mean and residual meridional circulation at MLT heights during SSW observed in winters 2009/10 

and 2012/13, causing temperature fluctuations in the stratosphere of both hemispheres. Larger velocity add-ons in the southern 235 
MLT region after SSW in Figure 3c compared to those during SSW in Figure 3b may reflect time delay for SPW propagation 

from the Northern to the Southern Hemisphere. In addition, simulated RMC velocity add-ons after SSWs could be partly 

produced by seasonal changes in the global circulation, as far as time intervals after SSW have 3-week time shift compared to 

respective intervals before SSW. 

Recently, several studies have been devoted to the analysis of the peculiarities of the RMC formation and development during 240 
SSW events. Using data from the reanalysis of meteorological information, Song and Chun (2016) considered the contributions 



7 
 

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 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 245 
atmosphere and the MLT region.  

Increased downward residual vertical velocities at altitudes of 20 – 60 km at high northern latitudes during SSWs in Figure 

3b1 correspond to the increased net downward mass flows and to increased adiabatic cooling rate (5) in the heat balance 

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

mechanisms of SSW formation at high latitudes. 250 
 

5. Residual fluxes of mass.  

 

RMC can create zonal-mean fluxes of mass in meridional plane, which can provide substantial global-scale transport of heat 

and conservative tracers in the atmosphere (e.g., Fishman and Crutzen, 1978). The meridional, F*x, and vertical, F*z, 255 
components of residual mass fluxes can be calculated by multiplying the atmospheric density by the residual meridional and 

vertical velocities, respectively,  at each grid node as follows:  

0

0

, exp ,
h

i i
p gdhF v
RT RT

ρ ρ∗ ∗  
= = − 

 
∫

                                                                                    
(6) 

where i = x, z  correspond to meridional and vertical components, respectively; p0 is pressure at the ground (at h = 0); R is  the 

gas constant for dry air; T and h are temperature and geopotential height simulated with the MUAM at each grid node.  260 
Arrows in Figure 3a2 show schematic vectors representing zonal-mean RMC mass flux (6) averaged over 11-day intervals 

before the composite SSW. In the stratosphere, these arrows correspond to RMC cells shown in Figure 3a and show tropical 

upwelling and extratropical downwelling with maximum meridional velocity at altitudes of 40 – 50 km of the winter 

hemisphere. At altitudes above 50 km, the RMC mass transport is directed from high latitudes of the summer hemisphere to 

high latitudes of the winter hemisphere having maximum meridional component at altitudes of 80 – 90 km in Figure 3a2. Both 265 
RMC cells produce downward mass fluxes at the middle and high latitudes of the winter hemisphere, which are maximized at 

altitudes 70 – 80 km near the North Pole in Figure 3a2 and can significantly influence thermal regime and transport of 

conservative tracers in the middle and high atmosphere.  

Arrows in Figures 3b2 show add-ons ∆F*x and ∆F*z to the zonal-mean residual mass fluxes during simulated SSWs, which 

are averaged over 19 MUAM runs. Directions of arrows in Figure 3b2 are generally opposite to those in Figure 3a2 showing 270 
that RMS mass fluxes become generally smaller during simulated SSWs, which corresponds to the changes in RMC velocity 

components shown with colors in Figure 3b. However, at altitudes 60 – 80 km at middle northern latitudes arrows in Figure 

3b2 have the same directions as those in Figure 3a2 increasing northward mass fluxes during SSW. This increase in the RMC 

meridional component corresponds to negative ∆F*z at altitudes 20 – 50 km and positive  ∆F*z at altitudes 50 – 70 km near 

the North Pole, which increase downward fluxes below 50 km and may form upward fluxes above 40 – 50 km during strong 275 
SSW at polar region as it is shown in Figure 1. As was discussed in the previous section, respective advection of heat and 

adiabatic heating below 50 km and cooling above may form downward shift of the stratopause during SSW (see Figure 1). 

Arrows in Figures 3c2 show add-ons to the zonal-mean residual mass fluxes after simulated SSWs, which have directions 

generally opposite to the arrows in Figure 3a2 before SSW and denote weakening the global RMC mass transport. Near the 

North Pole, Figure 3c2 reveals positive ∆F*z at altitudes below 40 km and negative ∆F*z at altitude ranging from 40 to 60 km, 280 
which produce additional adiabatic cooling in the stratosphere and heating in the mesosphere helping to restore the stratopause 

height after SSW (see Figure 1 and section 4). After strong SSWs, downward mass fluxes above altitude of 40 km may intensify 

and respective adiabatic heating may help in forming effects of elevated stratopause (Chandran et al., 2013). 
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In the Southern Hemisphere, the main add-ons ∆F*x and ∆F*z in Figures 3b2 and 3c2 exist at altitudes above 70 km and are 

stronger after SSW. They have directions opposite to the mass fluxes of Figure 3a2, which corresponds to weakening of the 285 
global RMC. One of the reasons for these changes could be propagation of SPW from the Northern hemisphere along the 

waveguides crossing the equator at altitudes above 60 – 70 km (Gavrilov et al., 2018; Koval et al., 2019b). 

Studies of the global transport of mass with RMC are important for estimating respective transport of conservative aerosol and 

gas species, which are responsible for the climate changes. One of such gases is ozone. Estimations of photochemical lifetime 

of atmospheric ozone (Jacob, 1999) give values longer than a month at altitudes lower than 30 km. Therefore, at low altitudes 290 
ozone fluxes may follow the RMC mass fluxes considered in this section. At higher altitudes, interactive models of atmospheric 

chemistry and dynamics are required for proper description of atmospheric ozone.  

6. Wave-induced eddy circulation.  

Differences between the residual and Eulerian zonal-mean velocity components v’ = v* - v0; w` = w* - w0 describe so-called 

eddy circulation, which give contributions of non-zonal motions produced mainly by planetary waves (Andrews et al., 1987).  295 
Figures 4a1 and 4a2 reveal, respectively, meridional and vertical components of the wave-induced eddy circulation before the 

composite SSW. Figure 4a2 shows that atmospheric waves produce strong upward flows at middle latitudes of the Northern 

Hemisphere, which enhance northward winds at high latitudes with a maximum at altitudes 40 – 50 km in Figure 4a1 and 

enhance downward flows near the North Pole. This is consistent with the existing theory (Andrews et al., 1987; Butchart, 

2014). Areas of eddy-induced flows are produced by the SPWs propagating upward from the northern troposphere along the 300 
waveguides (e.g., Dickinson, 1968; Gavrilov et al., 2018). These waveguides expand to the summer hemisphere above the 

stratospheric heights, leading to SPW propagation there and production of substantial eddy velocity components in the 

Southern Hemisphere in Figure 4a. This eddy contribution is directed generally opposite to the Eulerian mean circulation (see 

Fig.3a in Koval et al., 2019a) in the stratosphere and is co-directional in the MLT region. Peak values of eddy components in 

Figure 4a may substantially exceed the residual components in respective atmospheric regions in Figure 3a. This reveals 305 
substantial compensation of eddy flows by the Eulerian zonal-mean circulation. However, residual meridional and vertical 

velocity components in Figure 3a demonstrate the main features of eddy components shown in Figure 4a, which shows that 

the wave-induced eddy circulation may substantially influence RMC. 

In Figure 4a2 in the Northern Hemisphere, the wave-induced eddy upward vertical velocity have maxima at middle latitudes 

at altitudes above 20 km, which corresponds to the northward meridional velocity in Figure 4a1 at high latitudes and to 310 
enhanced downward flows near the North Pole. Figure 4b2 shows that during simulated SSWs the region of strong upward 

eddy vertical velocities is shifted to higher northern latitudes. This shift produces negative add-ons of meridional velocity in 

Figure 4b1 at latitudes lower 60 - 70°N, which are generally opposite to the RMC meridional velocity in Figure 3a1. However, 

the latitudinal shift of eddy upward fluxes in Figure 4b2 enhances northward eddy meridional velocities near the North Pole 

in Figure 4b1, which form enhanced eddy downward flows at altitudes below 60 km and upward flows above 60 km near the 315 
North Pole during SSW in Figure 4b2. Meridional eddy add-ons in Figure 4b1 have positive values at altitudes 60 – 70 km, 

which can be associated with respective region of positive add-ons of residual meridional velocity during SSW in Figure 3b1. 

Figure 4c2 shows that after SSW, region of maximum positive add-ons of eddy vertical velocity shifts northward to polar 

latitudes. It produces strong upward transport and adiabatic cooling at altitudes below 50 – 60 km which tends to recover 

stratospheric temperature and stratopause height in polar region (see discussions in sections 4 and 5).  320 
At the middle latitudes of the Southern Hemisphere at altitudes above 60 km one can see a region of positive add-ons of eddy 

vertical velocity during and after SSW in Figures 4b2 and 4c2, which becomes stronger after SSW and corresponds to 

respective add-ons of eddy meridional velocity in Figures 4b1 and 4c1. This may confirm that PW propagation from the 

northern winter stratosphere along waveguides extending to the summer hemisphere at altitudes above 60 km may modify 
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eddy and residual circulation in the MLT region of the Southern Hemisphere. Figures 3 and 4 show differences in residual and 325 
eddy meridional and vertical velocities during and after SSW compared those before the event at altitudes below 60 km. 

However, these differences are small and can be connected with seasonal changes in the velocity components as far as the time 

intervals before SSW and after SSW are separated by about three weeks.   

Arrows in the bottom panels of Figure 4 represent schematic vectors of zonal-mean eddy mass fluxes calculated using Eq. (6) 

with replacing vi
* by eddy velocity components vi’. These arrows visualize all peculiarities of evolution of eddy circulation at 330 

different stages of the composite SSW. Contributions of the wave-induced eddy circulation lead in general to weakening of 

the residual mass fluxes in the northern stratosphere. Similar results were discussed by Garny et al. (2014), who showed that 

eddy component may cause recirculation of air in the stratosphere, and may increase the mean age-of-air, which is equivalent 

to deceleration of the Eulerian zonal-mean circulation by the eddy circulation. 

General similarity of variations of residual and eddy velocity components and mass fluxes in Figures 3 and 4 at different stages 335 
of simulated SSWs demonstrate that non-zonal global-scale wave motions can produce changes in the eddy and residual 

circulation. These changes are important for developing stratospheric warming events and for the transport of mass and 

conservative tracers in the middle and upper atmosphere.     

7. Conclusion 

In the present study, estimations of the mean residual meridional circulation are performed, using temperature and wind fields 340 
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 atmospheric mass at different stages of simulated SSW events. To achieve 

sufficient statistical significance, the results of numerical simulations are averaged over 19-member ensembles of the MUAM 

runs having SSW events. Similarities exist between the RMC simulated with the MUAM and that obtained from the MERRA-

2 reanalysis database, and with results of other models as well. 345 
The changes in the RMC at altitudes of 0 – 100 km at different stages of the composite SSW event are simulated. Before SSWs 

in the Northern Hemisphere, the RMC with northward meridional and downward vertical velocities is dominating in the middle 

and upper atmosphere. Downward flows are maximum at high latitudes. During and after the composite SSW, general 

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

analyzed altitude regions. Decreases in the residual meridional velocity at MLT heights may reach up to 30% in the Northern 350 
Hemisphere and up to 40 % in the Southern Hemisphere during and after simulated SSWs. However, situation is different at 

high latitudes of the Northern (winter) Hemisphere. During the composite SSW, at latitudes higher 60°N and altitudes of about 

20 – 70 km, northward add-ons to the residual meridional velocity produce increased downward flows at altitudes below 45 - 

50 km and upward flows at higher altitudes near the North Pole. Increased downward flows produce respective transport of 

heat. In addition, downward and upward flows may create adiabatic heating below 45 – 50 km altitude and adiabatic cooling 355 
above it helping downward shift of the polar stratopause during the composite SSW. After SSW, add-ons to the residual 

vertical velocity near the North Pole are positive at altitudes below 40 – 50 km and negative above 50 km. They produce 

additional cooling the stratosphere and heating the mesosphere helping to restore the height of the stratopause at polar latitudes.  

The wave-induced eddy circulation, which is the difference between the residual and Eulerian zonal-mean circulations, exhibits 

properties similar to those described above. Changes of RMC at high northern latitudes can be connected with the wave-360 
induced zone of upward vertical flows in the stratosphere and mesosphere, which is located at latitudes 30 - 50° N before the 

composite SSW, at 50 - 70° N during SSW and 60 -90° N after SSW. RMC changes in the MLT region of the Southern 

Hemisphere may be produced by planetary waves modified by SSW and propagating from the Northern Hemisphere along 

waveguides, which cross the Equator at altitudes above 60 km.  Discussed above changes in RMC velocity components, may 
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produce respective changes in the eddy and residual global-scale fluxes of atmospheric mass, heat and conservative aerosol 365 
and gas species, which can substantially influence thermal regime and composition of the middle and upper atmosphere.  
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Figure 1: Examples of simulated zonal-mean temperature in K averaged over latitudinal band of 82 – 87 N (shaded left) and 

zonal-mean zonal wind in m/s at 62° N (shaded right) for MUAM runs with different phases of stratospheric vacillations. 520 
Contours show residual vertical velocity in cm/s (left) and residual meridional velocity in m/s (right) at respective latitudes 

(negative - dashed). Zero days correspond to the respective SSW onset dates. Horizontal lines above the plots show time 

intervals before, during and after SSW. 
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 530 
Figure 2: 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) 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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 535 
Figure 3: 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 the composite SSW and add-ons of respective quantities at the time intervals during SSW 

(b) and  after SSW (c). Arrows show vectors with components r·Fx* and 100·r·Fz* in kg·m-2s-1, which schematically 

represent zonal-mean RMC mass fluxes and their respective add-ons, where  r = 10exp(z/15) is a scale factor used for better 

schematic representation at high altitudes. Solid contours correspond to zero values. All SSW events are observed in January 540 
– February. 
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Figure 4: The same as Fig. 3 but for the meridional and vertical components of the wave-induced eddy circulation. 
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