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Abstract⎯Parameterizations of normal atmospheric modes (NAMs) and orographic gravity waves (OGWs) are
implemented into the mechanistic general circulation model of the middle and upper atmosphere (MUA).
Numerical experiments of sudden stratospheric warming (SSW) events are performed for climatological condi-
tions typical for January and February using meteorological reanalysis data from the UK MET Office in the
MUA model averaged over the years 1992–2011 with the easterly phase of quasi-biennial oscillation (QBO). The
simulation shows that an increase in the OGW amplitudes occurs at altitudes higher than 30 km in the Northern
Hemisphere after SSW. The OGW amplitudes have maximums at altitudes of about 50 km over the North
American and European mountain systems before and during SSW, as well as over the Himalayas after SSW. At
high latitudes of the Northern Hemisphere, significant (up to 50–70%) variations in the amplitudes of station-
ary planetary waves (SPWs) are observed during and after the SSW. Westward travelling NAMs have local ampli-
tude maximums not only in the Northern Hemisphere, but also in the Southern Hemisphere, where there are
waveguides for the propagation of these modes. Calculated variations of SPW and NAM amplitudes correspond
to changes in the mean temperature and wind fields, as well as the Eliassen-Palm flux and atmospheric refrac-
tive index for the planetary waves, during SSW. Including OGW thermal and dynamical effects leads to an
increase in amplitude (by 30–70%) of almost all SPWs before and during SSW and to a decrease (up to 20–
100%) after the SSW at middle and high latitudes of the Northern Hemisphere.
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INTRODUCTION

Sudden stratospheric warmings (SSWs) are one of
the most notable manifestations of the dynamic inter-
actions of the troposphere and the middle layers of the
atmosphere. These phenomena are manifested in
sharp and significant increases in temperature (up to
30–40 K) near the North Pole at altitudes of 30–
50 km and in weakening or even reversal of the western
polar circumpolar vortex [1, 2]. The formation of SSW
can be facilitated by unstable planetary waves (PWs)
propagating upward from the troposphere [3–5].

In recent years, there is growing interest in the
study of SSWs [6–8]. SSW phenomena greatly affect
the dynamics and energy of the upper layers of the
atmosphere [9–12] and, accordingly, can impact
space weather. Despite growing interest in the study of
SSW, many questions related to the mechanism of
SSW formation [13] and its influence on planetary and
gravitational waves [14] remain open.

The transfer of kinetic energy and momentum by
internal waves is a necessary condition for the interac-
tion between dynamic processes in the lower and mid-
dle layers of the atmosphere [15, 16]. Numerical mod-
els of the temperature regime and global circulation of
the middle layers of the atmosphere take into account
the influx of heat and accelerations created by dissi-
pating internal waves [17, 18]. One important source of
internal atmospheric waves is the relief of the Earth’s
surface [19]. Numerical experiments devoted to the
effect of gravitational waves on global circulation, the
amplitude of tides, and their seasonal changes are
described in [20–23]. The irregularity and instability
of the process of appearance of gravitational waves and
conditions for their propagation into the middle layers
of the atmosphere generate various modes of PWs (for
example, [24–26]). Gavrilov et al. [27] included
parameterization of the dynamic and thermal effects
of OGWs in the mechanistic numerical circulation
model of the middle and upper atmosphere (MUA). It
was shown that OGWs can significantly affect global
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circulation in the middle and upper layers of the atmo-
sphere. In [28], the authors simulated changes in the
amplitudes of PW caused by OGWs.

In this study, numerical experiments were carried
out to investigate the interaction of PWs and OGWs
in the middle atmosphere during SSW. We included
the parameterization of normal atmospheric modes
(NAMs) into the MUA model (MUAM) and ana-
lyzed changes in amplitudes of stationary planetary
waves (SPWs) and NAMs propagating to the west
during 11-day time intervals before, during, and after
the SSW with and without the parameterization of
OGW effects for climatological conditions typical for
January–February.

1. MODEL OF GLOBAL CIRCULATION
OF MUA AND PARAMETRIZATION OF OGW

In order to study the OGW effect on characteristics
of PW during SSW events, we conducted a numerical
experiment using the MUAM described by Pogorelt-
sev [29]. In this study, we used the meteorological
parameter distribution fields averaged for January–
February for all years with the easterly phases of QBOs
during 1992–2011 according to the list of “easterly”
and “westerly” phases [30, 31]. The MUAM can
reproduce SPWs and propagating NAMs. At the lower
boundary, the amplitudes of SPW are estimated based
on data on geopotential altitudes in the lower atmo-
sphere taken from the above meteorological data of the
UK Met Office.

For the parameterization of NAM sources, the
authors of [32] added additional terms to the thermal
balance equation in the MUAM, which contain a
series of sinusoidal components with zonal wave num-
bers m = 1 and m = 2 and periods corresponding to the
analyzed NAMs. The NAM periods correspond to the
resonant response of the lower atmosphere to wave
oscillations [32]. The version of MUAM used includes
westward NAMs (1,1), (1,2), (2,1), and (2,2) accord-
ing to the classification [33]. They have resonant peri-
ods of 120, 220, 90, and 170 h, respectively. These
sources provide amplitudes of simulated NAMs com-
parable to those observed in the stratosphere [34]. The
parameterization of the dynamic and thermal effects
of OGW with the observed frequencies σ = 0 was
described in [35].

Numerical experiments with the MUAM were car-
ried out for two cases: with and without OGW param-
eterization. The modes of SPW with zonal wave num-

bers m = 1–4 and NAM of the western direction with
m = 1 and m = 2, having periods of 5, 10 and 4, 7 days,
respectively, are analyzed, as are their changes due to
the OGW impact.

2. EXPERIMENTAL RESULTS
The characteristics of PWs caused by the impact of

orographic waves are simulated for three 11-day inter-
vals before, during, and after SSW in the middle atmo-
sphere.

2.1. Changes in Zonal Mean Characteristics
Calculations with the MUAM for climatically aver-

aged background meteorological fields (see Chapter 1)
show a sharp increase in simulated temperature by 15–
20 K near the North Pole with a simultaneous turn of
the mean zonal velocity at a latitude of 62° N at alti-
tudes of 25–30 km at the end of January, which is typ-
ical for the major SSW. According to the UK Met
Office, similar warming was observed in January–
February 2001. A simulation showed that amplitudes
of PWs with a zonal wave number m = 1 at an altitude
above 30 km increases during SSW and decreases after
the completion of the SSW. The time intervals corre-
sponding to the condition before, during, and after the
model average climate SSW are given in Table 1. The
table shows that including OGW parameterization
leads to an earlier (by 20 days) development of SSW.

Figure 1 shows the altitude–latitudinal distributions
of zonal wind, deviations of temperature from its
2-month averages, and amplitudes of OGWs for 11-day
intervals before, during and after the VSP, calculated
according to the MUAM and averaged over longitude.
The structure of zonal circulation, shown in Fig. 1a,
corresponds to empirical models [36, 37]. The middle
panel in Fig. 1a shows a significant attenuation of zonal
mean jet stream in the high-latitude northern strato-
spheric mesosphere during SSW (see the right panel of
Fig. 1a). This jet stream increases again after SSW, but
remains weaker than before the SSW (see the left panel
of Fig. 1a). This may be due to the seasonal rearrange-
ment of zonal circulation at the end of winter.

The middle panel in Fig. 1b shows an increase in
temperature near the North Pole during SSW, which
reaches 15 K at altitudes of 30–50 km. Above 60 km in
Fig. 1b, we can see a decrease in the subpolar tempera-
ture to –10 K during the SSW. The right panel of Fig. 1c
shows an increase in the amplitude of OGW at alti-
tudes above 30 km after the SSW. An analysis of the

Table 1. Time intervals used to estimate the parameters of PWs before, during, and after SSW simulated with and without
OGS parameterization in the MUA model

Before SSW During SSW After SSW

With OGW January 6–16 January 19–29 February 4–14
Without OGW January 18–28 February 8–18 February 20–March 2
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calculated horizontal distributions of the zonal wind
shows that the areas of maximum values   of the aver-
age easterly wind are located at midlatitudes over
North America and Europe before and during SSW.
After SSW, the regions of the maximum values of
zonal winds are shifted to the east. Therefore, at alti-
tudes greater than 50 km, OGWs over the mountain
systems of North America and Europe have larger
amplitudes before and during SSW, while after SSW,
OGWs over the Himalayas become stronger.

2.2 Amplitudes of Planetary Waves

To analyze changes in PWs during SSW, the mete-
orological fields simulated with the MUAM that

included OGW parameterization are expanded into the
Fourier series for the longitude. The parameters of sta-
tionary planetary waves with zonal numbers m = 1–4
(designated below as SPW1–SPW4) and normal
atmospheric modes propagating to the west (see
Chapter 1) have been determined as suggested in [38].

Figure 2 shows the amplitudes of variations of the
geopotential altitude SPW1–SPW4 for the time
intervals from Table 1. It can be seen that the ampli-
tudes of SPWs are larger in the Northern (winter)
Hemisphere in January, where zonal circulation has
an easterly direction at all altitudes (see Fig. 1a) and
creates waveguides for the propagation of planetary
waves (see below). The middle panel in Fig. 2a shows
an increase in the amplitude of SPW1 at an altitude

Fig. 1. Latitude–altitudinal distributions of zonal mean wind (m/s) (a), deviations of the mean-zonal temperature from the
2-monthly mean (K) (b), and OGV velocity amplitude (m/s) (c) calculated in the MUA model and averaged over 11-day time
intervals (left panels) before, (middle panels) during, and (right panels) after SSW (see Table 1).
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of 30–40 km in the region of the North Pole during
SSW. The interaction of SPW1 with the average jet
stream, shown in Fig. 2a, can change the direction of
the wind at high latitudes from west to east.

Figure 2b shows that the amplitude peak of the
SPW2 with m = 2 increases before SSW and decreases

during and after it at altitudes of 50–70 km in the

Northern Hemisphere. The maximum amplitude of

SPW2 at altitudes of 20–40 km in Fig. 2b amplifies

during SSW and can contribute to the formation of

temperature and wind structures with two maxima

and minima along the latitude circle (these structures

Fig. 2. Amplitudes of the geopotential variations (gpm) caused by SPWs with zonal wave numbers m = 1, 2, 3, 4 (a, b, c, d), (left
panels) before, (middle panels) during, and (right panels) after SSW (see Table 1).
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are revealed in the analysis of horizontal  distributions
of corresponding simulated fields during SSW). The
relative changes in the amplitudes of SPW1 and SPW2
during SSW can be caused by nonlinear interactions
between modes of PW and changes in their phases.
Figures 2c and 2d show an increase in the amplitudes
of SPW3 and SPW4 in the Northern Hemisphere
during SSW. The right panels of Fig. 2 show a general
decrease in the amplitudes of all PWs after the com-
pletion of SSW, which can be caused by transforma-
tions of background winds and temperature fields that
affect the propagation conditions of SSW.

Figure 3 depicts the amplitudes of geopotential
variations created by NAM modes with different peri-
ods, which propagate to the west. The features of Fig. 3
are the maximums of the NAM amplitudes not only in
the Northern, but also in the Southern Hemisphere,
where the NAMs propagating to the west may have
waveguides for their propagation (see Chapter 2.3). In
the middle and high latitudes of the Northern Hemi-
sphere in Fig. 3, the amplitudes of 4- and 5-day NAMs
decrease and the amplitudes of 7- and 10-day NAMs
increase during SSW. The amplitude of NAMs
increases in the Southern Hemisphere at altitudes
higher than 40 km after the end of SSW (see the right
panels of Fig. 3). This may be a result of seasonal
restructuring of global atmospheric circulation shown
in Fig. 1a, which makes the average atmosphere of the
Southern Hemisphere more “transparent” for the
NAMs spreading to the west.

2.3 REFRACTIVE INDICES OF PW 
AND THE ELIASSEN-PALM FLUXES

Areas of the atmosphere in which the background
temperature and wind create conditions for the prop-
agation of PW are considered as waveguides. Dickin-
son [39] and Matsuno [40] introduced the refractive
index of the atmosphere for PW and showed that plan-
etary waves propagate best in the regions with positive
values of this index. To study the structure of PW
waveguides during SSW, the formulas for calculating
the square of mean zonal quasi-geostrophic refractive

index  for wave modes with a zonal wave number m
were used [15, 41, 42]. The theory of planetary waves
suggests that waves can propagate upward in the atmo-

spheric regions, where , or fade in regions

where . Thus, the waveguides of atmospheric

PWs are limited to regions where  changes sign.
These surfaces are located near critical PW levels.

Another important characteristic of PWs is a vector

of the Eliassen-Palm flux Fm =  (EP flux).

Estimates of this f lux in this study are performed by
standard formulas (see [15, 41]). The divergence of the
EP flux determines the acceleration of the mean zonal
stream created by the PW.
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The latitude–altitude distributions of positive 
for SPW1–4 were calculated. More favorable condi-
tions for the spread of SPWs exist in midlatitudes of
the Northern Hemisphere, where the EP fluxes are
directed up at low altitudes and turn to the equator in
the stratosphere. This is consistent with existing stud-
ies of EP fluxes (e.g. [30, 42, 43]). The analysis shows
that the EP fluxes in the middle atmosphere are max-
imal for SPW1. An increase in m leads to a decrease in
the magnitude of the EP fluxes.

We performed an analysis of simulated increments

of the EP flux vectors and  for SPW during and after
SSW relative to their state before warming. The most
significant increments in the refractive index were
found at altitudes of 30–70 km and latitudes of 20–
70° N. They correspond to changes in the zonal mean
wind in Fig. 1a. For SPW1 at latitudes above 50° N,
the vectors of increments of the EP fluxes during VSP
have the same directions as the EP fluxes at altitudes
of 30–50 km before the VSP; they have an opposite
direction at altitudes of 30–90 km. The increase and
decrease of the EP fluxes corresponds to the increase
and decrease of SPW1 amplitudes on the middle panel
of Fig. 2a. The opposite direction of the EP vectors
after warming corresponds to a decrease in the ampli-
tude of SPW1 on the right panel of Fig. 2a. A similar
dependence exists for the SSW with m > 1. The direc-
tion of the increment vectors of the SPW2 EP fluxes
during and after the SSW is mainly opposite the direc-
tions of these f luxes before the warming and corre-
sponds to the decreases in SPW2 amplitudes on the
middle and right panel of Fig. 2b at high latitudes of
the Northern Hemisphere. The amplitudes of SPW3
and SPW4 in the Northern Hemisphere are larger on
the middle and smaller on the right panels of Figs. 2c
and 2e than amplitudes on the left panels.

The NAMs propagating to the west may have

regions with  in the areas of the eastern winds of
the Southern (summer) Hemisphere. Analysis of the
EP flux vectors shows that the NAMs spreading to the
west are generated mainly in midlatitudes of the
Northern Hemisphere, from where they propagate to
the regions of the Southern Hemisphere along wave-

guides with . Thus, NAMs may have significant
amplitudes in both hemispheres. The largest ampli-
tudes in the Southern Hemisphere on the left panels of
Fig. 3 have NAMs with periods of 4 and 5 days with the
greatest horizontal phase velocities c = –61 m/s and
c = –95 m/s at the equator, respectively. Thus, the
westerly spreading NAMs can participate in dynamic
connections between both hemispheres of the middle
atmosphere. Before SSW, the vertical components of
the EP flux are usually directed upward in the middle
atmosphere of the middle and high northern latitudes.
According to the theory, this corresponds to the heat
fluxes created by SPWs and NAMs directed to the
north and to probable heating of the middle atmo-
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sphere near the North Pole, which can contribute to
the development of SSW during the winter season.

The vectors of the increments of the EP fluxes
during and after SSW can have a direction both coin-
ciding with and opposite to the direction of the corre-

sponding f luxes before the warming. Thus, the

changes in the amplitudes of the NAMs propagating

westward in Fig. 3 are positive or negative, depending

on the increase or decrease of  and magnitude of the

EP fluxes. Therefore, changes in the conditions of

2

mn

Fig. 3. Amplitudes of the geopotential variations (gpm) caused by propagating westward NAMs with τ = 4 days, m = 2 (a); τ =
5 days, m = 1 (b); τ = 7 days, m = 2 (c); τ = 10 days, m = 1 (d), (left panels) before, (middle panels) during, and (right panels)
after SSW (see Table 1).
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NAM propagation can affect the temperature regime
in the middle Arctic atmosphere.

One interesting feature of the right panels of Fig. 3
is an increase in the amplitude of the NAMs in the
Southern Hemisphere after SSW. The analysis shows

significant changes in  values in the regions with the
maximum amplitude of NAMs spreading westward in
the Southern Hemisphere. These changes may be
related to both the SSW and the seasonal transforma-
tions of zonal mean wind fields and temperature in the
Southern Hemisphere. Thus, the changes in the
amplitudes of SPWs and NAMs in Figs. 2–3 can be
associated with changes in the refractive index of the
atmosphere for PVs due to changes in the background
mean temperature and wind, as well as changes in EP
fluxes before, during, and after SSW.

2.4. EFFECT OF STATIONARY OROGRAPHIC 
GRAVITATIONAL WAVES

The above-described numerical experiments with
the MUA model were carried out using parameteriza-
tion of the dynamic and thermal effects of OGWs (see
Chapter 1). According to Table 1, the inclusion of
OGW parameterization leads to an earlier (approxi-
mately by 20 days) development of the SSW. In order
to compare the results of experiments with and with-
out OGW parameterization, we calculated increments
in PW amplitudes with included OGW parameteriza-
tion and averaged over the time intervals shown in
Table 1 before, during, and after the SSW. Positive or
negative increments correspond to an increase or
decrease in the amplitude of the PW when OGW
parameterization is switched on.

Figure 4 shows increments in amplitudes of varia-
tions of geopotential altitudes for SPW1–SPW4. The
overall increase (up to 70%) in the amplitudes of the
most SPWs can be seen on the left and middle panels
of Fig. 4 for the middle and high latitudes of the
Northern Hemisphere before and during SSW. The
increments in SPW3 amplitudes on the left panels of
Fig. 4 are less significant. As is shown in Fig. 4, for
SPW1 occurring before SSW at altitudes below 50 km
and for SPW2 that takes place during SSW at altitudes
of 30–60 km with the inclusion of OGW parameter-
ization, the amplitudes decrease to 50%. After the
SSW, in the middle and high latitudes of the Northern
Hemisphere, on the right panels of Fig. 4, the negative
increments in the SPW amplitudes (decrease down to
50%) prevail when OGW parameterization is included.
The right panel in Fig. 4b shows a positive increment
in the amplitude of SPW2 at altitudes below 60 km
after SSW. The features of the horizontal distribution
of OGW generation, described in Chapter 3.1, can
change the distribution of wave accelerations in the
middle atmosphere and differently affect SPW ampli-
tudes in different time phases of SSW.

2

mn

To check the statistical reliability of nonzero values
of the increments in SPW amplitudes, the paired sta-
tistical Student’s t-test was used in Fig. 4a [44]. The
increments shown in Fig. 4 for each range of altitude
and latitude and each 11-day interval listed in Table 1
are obtained by averaging the differences of 4224 pairs
of SPW amplitudes at 64 nodes of the longitudinal grid
and 66 times (4-h output of the results). A paired Stu-
dent’s t-test has shown the statistical reliability of non-
zero increments of SPW amplitudes above 95% if their
absolute values   in Fig. 4 exceed 6–9 gpm.

For a better understanding of the mechanism of the
OGW effect, we calculated the differences in the EP
fluxes and refractive indices of the atmosphere for
PWs (see Chapter 2.3). The analysis has shown that—
in accordance with the PW theory—the positive incre-
ments in SPW amplitudes in Fig. 4 correspond to

decreases in  and increases in the moduli of the EP
flux vectors for the respective SPW modes.

Figure 5 shows the increments of the amplitudes of
NAMs propagating to the west, which are caused by
the inclusion of OGW parametrization in the MUAM.
On the left panel of Fig. 5a, the OGW impact increases
the amplitude of the 4-day NAM before the SSW at alti-
tudes of 30–70 km and latitudes of 30–60° N. This cor-
responds to a significant increase in the south-
directed EP fluxes and their propagation into wave-
guides (existing in the Southern Hemisphere) for
westerly propagating NAMs (see Chapter 2.3). The
divergence of these f luxes formed before SSW leads to
negative increments in the amplitude of 4-day NAMs
at altitudes above 50 km in the middle and high lati-
tudes of the Southern Hemisphere during warming
(middle panel of Fig. 5a). This decrease in the ampli-

tude of NAM corresponds to significant changes of 
and changes in the direction of the EP fluxes that
unfold in the northern direction and may have an
additional dynamic effect on the amplitudes of the
NAM in the Northern Hemisphere after SSW (right
panel of Fig. 5a). For other westerly propagating
NAMs in Fig. 5, the behavior pattern of the EP fluxes

and  is similar to the described one, with some fea-
tures for each particular mode. Thus, trans-equatorial
EP fluxes can play an important role in dynamic inter-
actions at different stages of SSW. In this study, only
one set of average climatological data is used, which
corresponds to a typical event of major SSW. The
impact of OGV may both increase and decrease the
amplitudes of different SPW and NAM modes in dif-
ferent ways in each individual SSW case. Therefore,
simple averaging over the SSW ensemble can lead to
the compensation of these changes and a false under-
estimation of the OGW effects that can be significant
in each specific case. Thus, it is important to study fea-
tures of the OGV effects for each SSW case before per-
forming their statistical analysis.
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3. CONCLUSIONS

The MUA model of general atmospheric circula-

tion with included parameterizations of NAMs and

OGW was used for numerical experiments using the

averaged data of meteorological reanalysis of the UK

Met Office, which is typical for January–February for

the years with easterly phase of QBO from the period

of 1992–2011. The changes in the amplitudes of sta-

tionary PWs and westerly propagating NAMs are ana-

Fig. 4. Differences in the amplitudes of SPW with m = 1, 2, 3, 4 (a, b, c, d) in the geopotential fields caused by the dynamic and
thermal impact of OGW (left panels) before, (middle panels) during, and (right panels) after SSW (see Table 1). Thick lines cor-
respond to zero values.
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lyzed for time intervals before, during, and after the
“climatically average” SSW phenomenon, with and
without parameterization of the dynamic and thermal
OGW effects.

The experiments have shown that, during the
SSWs, at high latitudes of the Northern Hemisphere,

the amplitudes of the SPWs with zonal wave number

m = 1, 3, 4 increase and the amplitudes with m = 2

decrease. After the SSW, the amplitudes of all SPW

modes decrease by 50–70% when compared to the

amplitudes before the SSW. Amplitudes of westerly

propagating NAMs have maxima not only in the

Fig. 5. The same as in Fig. 4, but for the NAMs propagating to the west with τ = 4 days, m = 2 (a); τ = 5 days, m = 1 (b); τ = 7 days,
m = 2 (c); and τ = 10 days, m = 1 (d).
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Northern, but also in the Southern Hemisphere due to

the existence of waveguides for their propagation. In

the middle and high latitudes of the Northern Hemi-

sphere, the amplitudes of 4- and 5-day NAMs

decrease, and the amplitudes of 7- and 10-day NAM

increase during SSW when compared to the corre-

sponding amplitudes before and after SSW (see Fig. 3).

At altitudes of more than 40 km in the Southern

Hemisphere after SSW, the amplitudes of westerly

propagating NAMs increase. The calculated oscilla-

tions in the amplitudes of SPW and NAM correspond

to changes in the mean temperature, wind, EP flux,

and the refractive index of the atmosphere for PVs in

the time intervals before, during, and after SSW.

The inclusion of parameterization of the dynamic

and thermal OGW effects into the MUA model leads

to an increase in the amplitudes (by 30–70%) of prac-

tically all SPW modes before and during SSW and

causes their decrease (by 20–100%) after the comple-

tion of SSW at the middle and high latitudes of the

Northern Hemisphere (see Fig. 4). Increases in the

SPW amplitudes correspond to a decrease in  and

growth of the moduli of corresponding EP fluxes

under the impact of OGVs. The NAM amplitudes

grow (by 50–80%) at altitudes above 40 km under the

OGW impact before SSW at medium and high north-

ern latitudes; they decrease at midlatitudes of the

Northern and Southern hemispheres during SSW and

are characterized by multidirectional increments after

SSW. Amplitudes of westward NAMs in the Southern

Hemisphere are decreasing during SSW, which may be

caused by the divergence of the southward EP fluxes

that are amplified under the impact of OGWs before

SSW, which propagate to the Southern Hemisphere.

This study of SPW and NAM characteristics and

their changes due to the inclusion of OGW during sud-

den stratospheric warming was carried out only for cli-

matological conditions typical for the eastern phase of

QBOs. Earlier, the authors studied the impact of

changes in the QBO phase and the effect of OGWs on

planetary waves in the middle atmosphere without

taking into account SSW [41]. It was shown that a

change in the phase of QBOs may contribute to the

change in the amplitude of SPW to ±30–90% in the

middle and high latitudes of the middle atmosphere.

Changes in the amplitudes of NAMs propagating

westward can vary (up to 50–90%) at different alti-

tudes and latitudes of the Northern Hemisphere due to

the effects of OGWs. These changes are consistent

with the distributions of the EP flux and refractive

index in different phases of QBOs. To study the influ-

ence of the OGWs on planetary waves during the west-

ern phase of the QBO during SSW, additional studies

are required.
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