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Abstract

Parameterization schemes of atmospheric normal modes (NMs) and orographic gravity waves (OGWs) have been implemented into
the mechanistic Middle and Upper Atmosphere Model (MUAM) simulating atmospheric general circulation. Based on the 12-members
ensemble of runs with the MUAM, a composite of the stratospheric warming (SW) has been constructed using the UKMet Office data as
the lower boundary conditions. The simulation results show that OGW amplitudes increase at altitudes above 30 km in the Northern
Hemisphere after the SW event. At altitudes of about 50 km, OGWs have largest amplitudes over North American and European moun-
tain systems before and during the composite SW, and over Himalayas after the SW. Simulations demonstrate substantial (up to 50–
70%) variations of amplitudes of stationary planetary waves (PWs) during and after the SW in the mesosphere-lower thermosphere
of the Northern Hemisphere. Westward travelling NMs have amplitude maxima not only in the Northern, but also in the Southern
Hemisphere, where these modes have waveguides in the middle and upper atmosphere. Simulated variations of PW and NM amplitudes
correspond to changes in the mean zonal wind, EP-fluxes and wave refractive index at different phases of the composite SW events. Inclu-
sion of the parameterization of OGW effects leads to decreases in amplitudes (up to 15%) of almost all SPWs before and after the SW
event and their increase (up to 40–60%) after the SW in the stratosphere and mesosphere at middle and high northern latitudes. It is
suggested that observed changes in NM amplitudes in the Southern Hemisphere during SW could be caused by divergence of increased
southward EP-flux. This EP-flux increases due to OGW drag before SW and extends into the Southern Hemisphere.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Transport of momentum and energy by internal waves is
vital for the coupling dynamical processes in the lower (tro-
posphere), middle (stratosphere-mesosphere) and upper
(thermosphere) atmosphere (Andrews et al., 1987; Buhler,
2009; Pancheva et al., 2009). It is known that numerical
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models of the thermal regime and general circulation of
the middle atmosphere involve heating rates and drag of
the mean flow created by decaying internal waves
(Holton, 1975; McLandress et al., 2012). An important
source of atmospheric waves is the relief of the Earth
(Gossard and Hooke, 1975). Forcing of orographic gravity
waves (OGWs) by atmospheric flows over mountains and
the wave transfer of momentum and energy into the middle
and upper atmosphere can substantially influence the
general circulation, planetary waves (PWs) there, and can

http://dx.doi.org/10.1016/j.asr.2017.08.022
mailto:n.gavrilov@spbu.ru
http://dx.doi.org/10.1016/j.asr.2017.08.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2017.08.022&domain=pdf


1820 N.M. Gavrilov et al. / Advances in Space Research 61 (2018) 1819–1836
provide dynamical coupling of different atmospheric layers.
Numerical simulations of gravity wave (GW) impacts on
the general circulation, tide amplitudes and their seasonal
variations were performed, for instance, by McLandress
(2002), Gavrilov et al. (2005), Ortland and Alexander
(2006), Watanabe and Miyahara (2009), etc. Irregularities
of gravity wave excitation and conditions of their propaga-
tion to the middle and upper atmosphere can create differ-
ent PW modes (e.g., Holton, 1984; Mayr et al., 2011;
Hoffmann et al., 2012).

Several studies were recently devoted to the peculiarities
of interactions between planetary and internal gravity
waves in the atmosphere (e.g., McLandress and
McFarlane, 1993; Cohen et al., 2013, 2014; Sigmond and
Shepherd, 2014). Miyahara et al. (1986) showed that PWs
can influence GW propagation and GW drag may suppress
stationary PWs in the winter mesosphere. Yiğit and
Medvedev (2015) stressed that atmospheric waves gener-
ated by meteorological processes have a broad range of
temporal and spatial scales, and may propagate to the mid-
dle and upper atmosphere. They showed that studies of
SSWs and variability of the upper atmosphere could give
information about dynamical coupling of the lower and
upper atmosphere induced by the waves. Interactions PW
with GWs in the middle and upper atmosphere were
observed with different ground-based and satellite methods
(e.g. Ramesh et al., 2013; Vincent, 2015).

Simplified schemes exist for parameterizing dynamical
and thermal OGW impacts (e.g., Kim and Arakawa,
1995; Lott and Miller, 1997; Scinocca and McFarlane,
2000; Vosper and Brown, 2007; Catry et al., 2008; Geller
et al., 2011). Recently Gavrilov et al. (2013a) implemented
a parameterization of dynamical and thermal effects of sta-
tionary OGWs into the mechanistic Middle and Upper
Atmospheric Model (MUAM) simulating general circula-
tion at altitudes from the troposphere up to the thermo-
sphere. OGWs are supposed to affect the general
atmospheric circulation in the middle and upper atmo-
sphere. Additionally, Gavrilov et al. (2013b) simulated
changes in the atmospheric PW amplitudes caused by
OGWs. It was shown that taking account of OGW dynam-
ical and thermal effects leads to changes (up to 50%) in
amplitudes of stationary and westward propagating PWs.

Sudden stratospheric warming (SSW) event is one of the
most remarkable processes of dynamical coupling between
the troposphere and the middle atmosphere. These events
involve rapid and strong temperature rises (up to 30–
40 K) at altitudes about 30 km at high latitudes with
related decreases, or even reversals, of climatological east-
ward mean zonal wind associated with polar night jets in
the winter stratosphere (e.g., McInturff, 1978; McIntyre,
1982). Breaking planetary waves that propagate upwards
from the troposphere can contribute to the SSW develop-
ment (e.g., Quiroz, 1975; Labitzke, 1977; Schoeberl, 1978;
Nath et al., 2016). The SSW events can substantially affect
the dynamics and energetics of the upper atmosphere
(Siskind et al., 2010; Kurihara et al., 2010; Fuller-Rowell
et al., 2010; Funke et al., 2010; Liu et al., 2011; Yuan
et al., 2012), i.e. they can influence the space weather.

There are some curious and remarkable results of anal-
ysis of SSW distinctive features obtained in recent years
(e.g., Labitzke et al., 2005; Labitzke and Kunze, 2009;
Kuttippurath and Nikulin, 2012). Despite the permanently
increasing interest in the study of SSWs and their manifes-
tation in the upper atmosphere and ionosphere, numerous
questions still exist concerning the mechanisms of the SSW
influencing wave propagation to the upper atmosphere.

Many observations of PWs and their changes during
SSWs were made in the mesosphere and lower thermo-
sphere (MLT) regions. These events were observed using
ground-based radar (e.g., Stray et al., 2015) and optical
(e.g., Takahashi et al., 2006; Reisin et al., 2014) methods,
as well as by satellite (e.g., Pancheva et al., 2009) data.
PWs and their relations to SSWs were observed in different
places and longitudes in the MLT (Bittner et al., 2000;
Espy et al., 1997; French and Burns, 2004; Murphy et al.,
2007; Buriti et al., 2005; López-González et al., 2009). Gen-
eral variability caused by PWs (Reisin et al., 2014) and
characteristics of different spectral components
(Takahashi et al., 2006; Scheer et al., 1994; Pancheva
et al., 2008, 2009) were studied. There are evidences for
changes in the dynamical and wave processes in the meso-
sphere and thermosphere at not only high northern lati-
tudes, but at middle and low latitudes also, and even in
the Southern Hemisphere (Goncharenko et al., 2012;
Sassi et al., 2013; Fagundes et al., 2015; Limpasuvan
et al., 2016).

In the present study, numerical simulations of PW prop-
agation from the troposphere to the upper atmosphere at
different latitudes during the composite stratospheric
warming event have been performed. The parameterization
of atmospheric normal modes (NMs) has been used in the
MUAM with January–February climatological conditions
and amplitudes of stationary PW modes and westward
travelling NMs have been analyzed for time intervals
before, during and after the composite stratospheric warm-
ing. Numerical experiments have been conducted including
and excluding the parameterization scheme of OGW
dynamical and thermal effects in the numerical model. Spe-
cial interest is devoted to peculiarities of different PW and
NM mode propagation to the upper atmosphere from
below, their role in dynamical coupling of different atmo-
spheric layers, their possible propagation across the equa-
tor and their influence on the mesosphere and lower
thermosphere of both hemispheres during stratospheric
warmings.

2. General circulation model and OGW parameterization

The idiom ‘‘sudden stratospheric warming” is usually
associated with sharp temperature increases at the 10 hPa
pressure level (e.g., Butler et al., 2015). In this study, using
MUAM simulations we determined and investigated a
number of similar phenomena at different altitudes between
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30 and 60 km. To differentiate these phenomena from tra-
ditionally considered SSWs, we call them hereafter as
‘‘stratospheric warmings” (SWs).

To study planetary wave characteristics and OGW influ-
ence in the upper atmosphere during composite SW events,
we performed numerical simulation of the general circula-
tion with the MUAM described by Pogoreltsev (2007) and
Pogoreltsev et al. (2007). The model is a modification of the
COMMA general circulation model of Cologne University
in Germany (Ebel et al., 1995). The MUAM solves the
standard set of primitive equations in spherical coordi-
nates. Calculations cover altitudes from the ground up to
about 135 km. The regular horizontal grid spacing in the
model is 5.6� along longitude and 5� in latitude. The verti-
cal grid is equidistantly spaced in the log-pressure coordi-
nate z = H * ln (p0/p), where p0 is the surface pressure
and H = 7 km is the average density scale height. This grid
approximately corresponds to the geopotential height. In
the present simulations, we used the MUAM version with
48 vertical levels (separated by 2.8 km), the integration time
step was set to 450 s. The model involves three-dimensional
ozone distribution in the middle atmosphere, which
involves longitudinal inhomogeneities (Suvorova and
Pogoreltsev, 2011).

In the lower atmosphere, the MUAM was initialized by
geopotential height and temperature fields from the UK
Met Office stratospheric assimilation data (Swinbank and
O’Neill, 1994). As far as quasi-biennial oscillations (QBOs)
in the equatorial stratosphere can influence atmospheric
dynamics at middle and high latitudes, in this study we
used averaged for January–February fields for all years
with easterly QBO phases during years 1992–2011 taking
into account the list of ‘‘easterly” and ‘‘westerly” years
obtained by Inoue et al. (2011). These years are the same
as were used in the previous publications (Gavrilov et al.,
2013b, 2015) for better comparisons. The MUAM model
can reproduce stationary planetary waves (SPWs) and
propagating NMs (Pogoreltsev et al., 2014, 2015). At the
lower boundary, SPW amplitudes are estimated from
geopotential heights in the lower atmosphere obtained
from the UK Met Office meteorological data mentioned
above.

To parameterize NM sources in the MUAM, we added
terms to the heat balance equation, which include sets of
time-dependent sinusoidal components with zonal
wavenumbers m = 1 and m = 2 and periods corresponding
to simulated NMs. Latitude structures of these components
are specified with respective Hough functions, using the
method by Swarztrauber and Kasahara (1985). NM peri-
ods correspond to the resonant periods of atmospheric
response to the wave forcing at low altitudes, which were
determined with a linear planetary wave model by
Pogoreltsev (1999). In the present study we consider the
westward travelling NMs (1,1), (1,2), (2,1) and (2,2) in
the classification by Longuet-Higgins (1968). They have
the resonant periods of 4, 5, 7 and 10 days, respectively.
We specified the same amplitudes of heating rates
2 � 10�5 K/s in forcing thermal sources for all NMs men-
tioned above. These sources provide amplitudes of simu-
lated NM comparable with the observed ones in the
stratosphere (Pogoreltsev et al., 2009).

The numerical modeling starts from an initial windless
state having a UK Met Office temperature distribution
for January–February and performs several stages of
adjustment. During the first 30 model days, geopotential
heights at the lower boundary are constant and OGW
parameterization is not included. After day 31, we specified
the observed variations of geopotential. In the course of the
first 120–140 days, the MUAM uses only the daily aver-
aged heating rates. The test runs (Pogoreltsev, 2007)
showed that the described procedure allows the model to
reach steady-state regime at the end of this time interval.
Then daily variations of heating and an additional prog-
nostic equation for the geopotential at the lower boundary
are included. This prognostic equation needs to satisfy the
lower boundary condition for the waves generated by inter-
nal sources. Starting from 330th model day, seasonal
changes in solar heating are triggered and the next 60 days
are considered as characteristic for January–February.

The SW development depends on the phases of strato-
spheric vacillations of wind and PW characteristics (e.g.,
Holton and Mass, 1976). In the MUAM, the vacillation
phase depends on the time interval between the simulation
start and the moment of triggering daily variations of solar
heating during the described above adjustment process. In
the present study, 12-member ensemble of the MUAM sim-
ulations were generated with triggering the diurnal vari-
ability of solar heating and prognostic equation for
geopotential height at the lower boundary (Pogoreltsev
et al., 2007, 2009) at different model days between 120
and 140. The NM parameterization is triggering at the
same moments, which makes difference in NM phases for
different MUAM runs.

Horizontal jet streams overflowing mountains produce
disturbances of atmospheric parameters. In many cases,
they may be qualified as internal OGWs (e.g. Gossard
and Hooke, 1975). Propagation of these OGWs in the
atmosphere leads to energy exchange between waves and
the mean flow. Their dissipation plays an important role
in the heating of the middle atmosphere. A parameteriza-
tion of dynamical and thermal effects of stationary OGWs
having zero ground-based observed frequency was devel-
oped by Gavrilov and Koval (2013). To calculate vertical
profiles of the total vertical wave energy flux and associated
accelerations of horizontal winds by stationary OGWs, the
wave polarization relations were used. Correct implemen-
tation of these relations requires accounting for the atmo-
sphere rotation. Analytical relations between the rate of
wave energy dissipation and wave acceleration for nonzero
vertical gradients of the mean wind were applied to
describe the energy balance of the considered dynamical
processes (see Gavrilov and Koval, 2013).

The parameterization of mesoscale topography uses the
concept of ‘‘subgrid orography” (Scinocca and McFarlane,
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2000). It involves the height variations of the Earth surface
with much smaller horizontal scales than the horizontal
grid spacing of the used numerical model. At the lower
boundary, using the analysis of forces acting on the atmo-
spheric flow moving over the effective elliptical mountain
(Phillips, 1984), we determine OGW amplitude and effec-
tive horizontal wave number, which are used for comput-
ing the vertical profiles of wave acceleration and heat
fluxes (Gavrilov and Koval, 2013).

Numerical experiments were performed for pairs of the
MUAM runs with and without inclusion of the OGW
parameterization. Spatial distributions of the zonal wind
variations caused by PWs were simulated for 11-day time
intervals before, during, and after the composite SW event.
We analyzed SPW modes with zonal wave numbers m = 1–
4 and westward propagating NMs having m = 1 and m = 2
with periods 5, 10 and 4, 7 days, respectively, and their
changes due to OGW generation and propagation.

As discussed by Shaw and Shepherd (2007), improper
gravity wave parameterization can produce non-
conservation of angular momentum near the upper bound-
aries of general circulation models and spurious downward
influences. Considered in the present study OGWs practi-
Fig. 1. Examples of obtained from the UK Met Office meteorological databas
OGW parameterization (right panels) the geopotential height amplitude of SPW
wind in m/s at 62�N (b) and deviations of the zonal mean temperature from t
simulated SW events.
cally disappear below 90 km, while the MUAM has upper
boundary at much higher altitudes about 135 km. There-
fore, almost all effects of stationary OGWs occur within
MUAM height domain and cannot produce artificial
non-conservations of angular momentum.

3. Results of simulations

Simulations with the MUAM show existence of minor
and/or major SW events at altitudes 20–60 km at high
northern latitudes in all model runs for described above
averaged climatological characteristics. To obtain average
characteristics a set of 12 pairs of the MUAM runs having
SWs with different phases of stratospheric vacillations and
NM phases (see Section 2) were performed. To find dates
of major and minor SWs we generally used the definitions
by Charlton and Polvani (2007), however the zonal wind
decreases and reversals were tested not only at the pressure
level of 10 hPa, but at higher altitudes up to 60 km in each
run (see an example in Fig. 1 and description in the next
paragraph). Then we chose three 11-day intervals (referred
as ‘‘before”, ‘‘during” and ‘‘after”) for each SW date and
get respective SPW and NM amplitudes, EP-fluxes and
e for the year 2007 (left panels) and simulated with the MUAM including
1 with zonal number m = 1 in gpm at latitude 62�N (a), zonal mean zonal

he two-month average in K at 87.5�N (c). Vertical lines mark the dates of
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refractive indices for each run separately. After that, we
obtained characteristics averaged over ten MUAM runs
for respective time intervals. All figures below are plotted
for entire height range of the MUAM. However, one
should keep in mind a possible influence of the upper
boundary conditions at altitudes above 100 km.

3.1. Changes of the zonal mean characteristics

Fig. 1 shows an example of observed and simulated
changes in the amplitude of geopotential height produced
by PW with zonal wavenumber m = 1 and zonal mean
zonal wind at latitude 62�N, also deviation of the zonal
mean temperature from its two-month average at 87.5�N
for the model time range January - February. Events sim-
ilar to the right panels of Fig. 1 could be observed in the
stratosphere. The left panels of Fig. 1 show an example
obtained from the UK Met Office database of assimilation
of stratospheric meteorological data for January–February
2007.

The right panels of Fig. 1b and c reveal two sharp
increases in simulated high latitude temperature (up to
15–30 K) with simultaneous decreases in zonal velocity at
altitudes above 30 km in early January and in the first half
of February. One can also see respective zonal velocity
reversals at altitudes above 40–45 km on January 1 and
February 8 (marked with vertical lines in the right panel
of Fig. 1b). These dates are considered as starting SW dates
and 11-day intervals January 1–10 and February 8–18 are
referred as ‘‘during SW” below. Other 11-day intervals
referred as ‘‘before SW” and ‘‘after SW” are chosen with
5-day gaps before and after the mentioned above intervals,
respectively. From plots similar to the right panels of Fig. 1
for 11 of 12 pairs of MUAM runs (with and without OGW
parameterization), we choose 11-day intervals, which we
refer as ‘‘before”, ‘‘during” and ‘‘after” the simulated SW
events, respectively. Using the described method we deter-
mined 12 SW events (6 with OGW and 6 without OGW)
having the zonal wind reversals. The other 12 SWs have
significant temperature increases (at least 15 K) with no
zonal wind reversals, which can be classified as minor SWs.

Both experimental and simulated results of Fig. 1a show
increases in PW1 amplitudes in the upper stratosphere just
before and during SW events and the amplitude decreases
after them. In the right panel of Fig. 1b, one can observe
significant weakening of zonal wind and its reversal in
the stratosphere during SW event at latitude 62�N. The
right panel of Fig. 1c shows that the increase in the simu-
lated mean temperature during the composite SW can
reach 20–30 K in the polar stratosphere.

Fig. 2 shows zonal wind, deviation of temperature from
its two-month mean and OGW amplitude averaged for 11-
day intervals before, during and after the composite SW,
which are simulated with the MUAM including the
OGW parameterization and averaged over longitude and
12 simulated SW events. The structure of zonal circulation
simulated with the MUAM and presented in Fig. 2a gener-
ally corresponds to the existing empirical wind models
(e.g., Jacobi et al., 2009; Pogoreltsev et al., 2009). The
MUAM gives small westward zonal winds at altitudes
80–100 km at high northern latitudes, while empirical mod-
els give small eastward winds there (e.g. Hedin et al., 1996).
The difference may be caused by excessive PW drag due to
overestimating westward travelling NMs at the lower
boundary in the MUAM.

When comparing the left, middle and right panels of
Fig. 2, one can use statistical procedure of paring samples
comparing (e.g. Rice, 2006, chapter 11.3). From 12 SW
events at each altitude and latitude for every pair of 11-
day intervals, we have 12 � 66 � 64 = 50,688 pairs of indi-
vidual zonal wind and temperature values in 66 time (4-h
outputs) and 64 longitude grid nodes. Estimations of stan-
dard deviations of differences between these pairs and
application of paired Student t-test (e.g. Rice, 2006, chap-
ter 11.3.1) gives 95% statistical reliability of the differences
between the mean values showed in Fig. 2, if the differences
exceed 1 m/s and 0.2 K for the zonal mean zonal wind
(Fig. 2a) and the mean temperature deviations (Fig. 2b),
respectively.

During SWs, in the middle panel of Fig. 2a, the maxi-
mum of the mean zonal wind at altitudes 50–70 km at
the middle and high latitudes of the Northern Hemisphere
becomes smaller and shifts to lower latitudes than those
before SW in the left panel of Fig. 2a. After the composite
SW, the northern strato-mesospheric jet speeds up again in
the right panel of Fig. 2a. This corresponds to usually
observed decreases and reversals of the mean eastward cir-
culation in the high-latitude northern strato-mesosphere
during SWs (see examples in Fig. 1). This behavior of the
mean zonal wind is consistent with changes in the temper-
ature meridional gradients, which influence the wind veloc-
ity in accordance with the thermal wind equation. Warmer
polar stratosphere during the SW events corresponds to
smaller temperature gradients directed to the equator,
which decrease the velocity of the eastward atmospheric
circulation. Cooling the polar stratosphere after the SW
leads to increasing the equatorward temperature gradient
and to the recovery of the mean eastward velocity in the
polar stratosphere seen in Fig. 2a. Another reason may
be displacement of Polar Vortex off the pole during SW
(e.g., Palmeiro et al., 2015). The right plot of Fig. 2a shows
smaller maximum velocities of the westward circulation in
the southern strato-mesosphere after SW. As far as many
of intervals after SW are near the end of February, these
differences may be connected with seasonal changes in
the circulations of the middle atmosphere.

Before the composite SW, in the left panel of Fig. 2b one
can see a small maximum of temperature deviations near
the North Pole at altitudes 60–70 km and a temperature
minimum at altitudes 70–100 km. The maximum can reflect
the middle atmosphere heating by northward heat fluxes
produced by PWs near their amplitude maximum and
discussed below. During SW, the middle panel of Fig. 2b
shows warming near the North Pole with the average



Fig. 2. Latitude-altitude distributions of the zonal mean zonal wind in m/s (a), deviation of the zonal mean temperature from the two-month average in K
(b) and OGW velocity amplitudes in m/s (c) simulated with the MUAM and averaged over four 11-day time intervals before (left), during (middle) and
after (right) the composite SW event. Thick contours show zero values.
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temperature deviation reaching 13 K at altitudes 30–60 km,
and cooling at altitudes 60–90 km with negative tempera-
ture deviation up to �13 K. After the composite SW, the
right panel of Fig. 2b reveals weaker temperature deviation
near the North Pole, but the polar stratosphere is still war-
mer and mesosphere is cooler than those before the com-
posite SW. In the high-latitude Southern Hemisphere,
Fig. 2b shows gradual increase in temperature at altitudes
70–110 km and temperature decrease at 30–70 km. A rea-
son for these gradual temperature changes could be sea-
sonal temperature changes leading to mentioned above
transformations of the circulation in the Southern Hemi-
sphere in the right panel of Fig. 2a. In the Northern Hemi-
sphere, gradual seasonal temperature changes can
superimpose the SW perturbations leading to differences
between the left and right panels of Fig. 2b.

Fig. 2c reveals weakening of OGW amplitudes at alti-
tudes above 40 km during SW and somewhat larger
OGW amplitudes after SW. This can be caused by changes
in OGW sources and conditions of their propagation in dif-
ferent SW stages.

Fig. 3 reveals Northern Hemisphere distributions of the
same simulated characteristics as are shown in Fig. 2 at
fixed altitudes 30 and 50 km. For comparisons of pairs of
11-day intervals, one have at each latitude and longitude
12 � 66 = 792 pairs of individual values at 66 time
instances for 12 simulated SW events. Estimations of stan-
dard deviations of differences between these pairs and
application of paired Student t-test shows 95% statistical
reliability of the differences between the mean values
showed in Fig. 3, if the differences exceed 4 m/s and
0.5 K for the zonal mean zonal wind (Fig. 3a) and the mean
temperature deviations (Fig. 3b), respectively.

Analysis of Fig. 3a shows two maxima of the eastward
mean wind at altitude 50 km over North America and
Siberia before SW. During SW, the wind becomes smaller
over Eastern Europe and Western Siberia and the Siberian
maximum shifts to the east closer to the North Pole. After
the composite SW, eastward wind decreases, its maxima
shifts towards Eurasia. Respective changes occur in the
winds at lower altitudes, which could alter conditions of
OGW generation and propagation over different mountain
systems. Therefore, at altitude 50 km in Fig. 3c, OGWs
generated by the North American and European mountain
systems have largest amplitudes before SW, while OGWs
over Himalayas become strongest after the SW event.



Fig. 3. Latitude-longitude distributions of zonal wind velocity at altitude 50 km in m/s (a), temperature at altitude 30 km in K (b) and OGW velocity
amplitude at altitude 50 km in m/s (c) simulated with the MUAM and averaged over four 11-day time intervals before (left), during (middle) and after
(right) the composite SW event. Thick contours show zero values.
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The middle panel of Fig. 3b reveals significant temperature
maximum at altitude 30 km near the North Pole during the
composite SW, which corresponds to the respective panel
of Fig. 2b. Similar distribution can be observed in the
UKMO assimilation data during SW for year 2007.

3.2. Planetary wave amplitudes

To analyze possible relations between SW events and
PWs, we made the least squares fitting longitude and time
Fourier transform of meteorological fields simulated with
the MUAM including OGW parameterization. We esti-
mated amplitudes of stationary PWs with zonal numbers
m = 1–4 (which we denote as SPW1–SPW4) and westward
propagating NMs (see Section 2) as it was suggested by
Fedulina et al. (2004) for each of 12 model runs and aver-
aged these amplitudes over this ensemble.

Fig. 4 represents average geopotential height amplitudes
of SPW1–SPW4 having zonal wave numbers m = 1–4 for
time intervals before, during and after composite SW
event. For comparisons, each pair of 11-day intervals at
each latitude and longitude gives 12 � 66 pairs of individ-
ual amplitudes at 66 time instances for 12 simulated SW
events. Estimations of standard deviations of differences
between these amplitude pairs and application of paired
Student t-test shows 95% statistical reliability of the differ-
ences between the mean amplitudes showed in Fig. 4, if the
differences exceed 25, 5, 3, 2 g.p.m. for SPW1-SPW4,
respectively.

Fig. 4 shows that in January–February SPWs have lar-
ger amplitudes in the Northern (winter) Hemisphere, than
those in the Southern Hemisphere, because the background
zonal circulation has eastward directions at all altitudes,
which corresponds to waveguides for SPW propagation
in winter (see Section 3.3). The left and middle panels of
Fig. 4a show larger average SPW1 amplitude at altitudes
30–70 km at middle and high northern latitudes before
and during SWs. In the mesosphere-lower thermosphere
the SPW1 amplitude is increasing during SW (see
Fig. 4a). Interactions of SPW1 with the mean eastward
flow shown in Fig. 2a may contribute to decreases of the
mean wind at high latitudes during SW.

Fig. 4b reveals that at altitudes 50–70 km at middle and
high latitudes of the Northern Hemisphere, the amplitude
maximum of SPW2 with m = 2 is largest before and
become smaller during and after SWs. The SPW2 maxima
in the stratosphere at altitudes 20–40 km in Fig. 4b is stron-
ger during the composite SW event. Respectively, horizon-
tal structures of temperature fields at altitude 30 km during
simulated SWs in the left and middle panels of Fig. 3b have



Fig. 4. Average amplitudes of geopotential (in gpm) variations caused by stationary planetary waves having zonal wave numbers m = 1, 2, 3, 4 (a, b, c, d),
before (left), during (middle) and after (right) simulated composite SW event.
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more pronounced temperature structures with two maxima
and minima in longitude during SW. At altitude of 50 km,
the left panel of Fig. 3a demonstrates two local maxima of
the mean wind at high and middle latitudes before SW.
During and after SW, the middle and right panels of
Fig. 3a show decreases in the wind maxima at middle lati-
tudes due to general slowdown of eastward winds. This
corresponds to the decrease in SPW2 amplitude maximum
at altitudes 50–70 km during and after SW in the middle
and right panels of Fig. 4b. Numerical simulations by
Robinson (1985) showed that relative variations of SPW1
and SPW2 amplitudes could be caused by nonlinear inter-
actions between PW modes.

Fig. 4c and d shows larger SPW3 and SPW4 amplitudes
in the Northern Hemisphere at altitudes 30–60 km and in
the mesosphere – lower thermosphere at altitudes 80–
100 km and latitudes 30–60�N during and before simulated
composite SW event, respectively. Right panels of Fig. 4
show general decrease in all SPW amplitudes after the
SW, which may be caused by transformations of the back-
ground wind and temperature fields influencing SPW prop-
agation conditions.

Fig. 5 depicts geopotential height amplitudes of NMs
having different periods and propagating westward. Paired
Student’s t-test shows 95% statistical reliability of the dif-
ferences between the mean amplitudes showed in Fig. 5,
if the differences exceed 2, 10, 10, 10 g.p.m. for amplitudes
of 4-, 5-, 7-, 10-day westward NMs, respectively. The main
features of Fig. 5 are maxima of westward NM amplitudes
existing not only in the Northern, but also in the Southern
Hemisphere, where westward NMs can have waveguides
for their propagation (e.g., Limpasuvan et al., 2016). Below



Fig. 5. Same as Fig. 4, but for westward travelling NMs with s = 4 d, m = 2 (a); s = 5 d, m = 1 (b); s = 7 d, m = 2 (c); s = 10 d, m = 1 (d).
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altitudes of 100 km at the middle and high latitudes of the
Northern Hemisphere, average amplitudes of all NMs
except the 7-day mode are smaller during the composite
SW than those before it (see Fig. 5).

Average amplitudes of westward NMs increase in the
Southern Hemisphere after SW events in the right panels
of Fig. 5. This may be associated with transformations of
atmospheric general circulation seen in Figs. 2 and 3, which
change PW EP-fluxes and refractive indices (see Sec-
tion 3.3). In particular, significant temperature changes at
high southern latitudes after SW seen in the right panel
of Fig. 2b could be associated with increasing 5- and 10-
day NMs having zonal wavenumber one. In the meso-
sphere – lower thermosphere at altitudes above 80–
90 km, the 4- and 7-day NMs have largest amplitudes in
the Southern Hemisphere, while amplitudes of the 5-day
and 10-day NMs at the middle latitudes are largest in the
Northern Hemisphere before SW and in the Southern
Hemisphere after SW (see Fig. 5).
3.3. Refractive indices and Eliassen-Palm fluxes

Atmospheric regions, in which the background temper-
ature and wind allow PW propagation, are known as the
PW waveguides (Dickinson, 1968). Matsuno (1970) estab-
lished the PW refractive index and showed that the best
PW propagation exists in regions of positive index. To
research the PW waveguide evolution during the SW, we
employ the formula for the zonal-mean quasi-geostrophic
refractive index squared, n2m, for the wave mode having
zonal wavenumber m (Karoly and Hoskins, 1982;
Andrews et al., 1987):

n2mðu; zÞ ¼
qu

�u� c
� m

a cosu

� �2

� f
2NH

� �2

; ð1Þ

where qu is the latitudinal gradient of zonal-mean potential

vorticity; �u is the zonal mean velocity of zonal wind;
c ¼ 2pa cosu=ðmsÞ is PW zonal phase speed; s is PW per-
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iod, z and u are altitude and latitude; a is the radius of the
Earth, f is the Coriolis parameter, N is the Brunt-Vaisala
frequency, and H is the scale height for atmospheric pres-
sure. For potential vorticity gradient qu in (1), we use con-

ventional formulae (e.g., Eq. (2) given by Albers et al.,
2013).

Another important characteristic of PW mode is the

vector Fm = ðF ðuÞ
m ; F ðzÞ

m Þ of Eliassen-Palm flux (EP-flux).
For log-pressure vertical coordinate and quasi-
geostrophic conditions, the specific (divided by density)
EP-flux components have the following forms (Andrews
et al., 1987):

F ðuÞ
m ¼ �a cosuðu0v0Þ; F ðzÞ

m ¼ af cosuðv0h0Þ=�hz; ð2Þ
where the primes denote perturbations produced by ana-
lyzed PW mode. Eq. (2) shows that an upward direction
Fig. 6. Normalized refractive indices a2n2m (shading) and specific EP fluxes in
wavenumbers 1, 2, 3, 4 (panels a, b, c, d, respectively) averaged over time inter
after (right panels) SW averaged over 10 runs. Thick contours correspond to
of EP-flux vector corresponds to the northward wave heat
flux; also southward EP-flux vector corresponds to the
northward PW momentum flux. Gradients of n2m can influ-
ence EP-flux vector (e.g. Albers et al., 2013). Therefore, the
EP-flux vector and n2m can be useful tools for analyzing the
conditions of PW propagation in the latitude-altitude plane.

Simulated altitude-latitude regions of positive average
a2n2m for SPWs with m = 1–4 are plotted with shaded areas
in Fig. 6. According to Eq. (1), at c = 0 the external bound-
aries of regions with positive n2m are determined by critical
levels, where �u ! 0 (which are the same for all SPWs) and
by regions of high �u magnitudes (Charney and Drazin,
1961), when the first positive term at the right side of Eq.
(1) becomes smaller than the sum of the rest negative terms.
Eq. (1) gives jn2mj ! 1 near the critical levels and jn2mj ! 0
at high �u magnitudes.
m3/s2 (arrows) produced by stationary planetary wave modes with zonal
vals before SW (left panels), and their changes during (middle panels) and
zero a2n2m.
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Comparisons of the left panels of Fig. 6 with the left
panel of Fig. 2a disclose PW waveguide locations in areas
of eastward zonal-mean winds in both hemispheres. In
the Northern Hemisphere at altitudes below 70 km, the
waveguides with positive refractive index are bounded by
the regions, where �u ! 0 and a2n2m are very high in the
south, and by the regions of high �u magnitudes in the
north. The magnitude of the second negative term in the
right side of Eq. (1) increases with m and SPW waveguides
in Fig. 6 become more narrow at larger m. Above altitudes
50–60 km the waveguides in Fig. 6 cross the equator and
allow SPW propagation into the mesosphere and thermo-
sphere of the Southern Hemisphere.

Arrows in Fig. 6 reveal the specific EP-flux vectors given
by Eq. (2). According to them, in Fig. 6a below altitudes
70–80 km the increased SPW propagation happens in the
Northern (winter) Hemisphere at the middle latitudes,
where EP-fluxes have upward directions at low altitudes
and turn towards the equator at higher altitudes. This cor-
responds to existing studies of EP-fluxes in the stratosphere
(e.g., Karoly and Hoskins, 1982; Smith, 2003; Inoue et al.,
2011; Albers et al., 2013). Analysis of Fig. 6 reveals that
SPW1 mode produces the strongest EP-fluxes in the north-
ern middle atmosphere. Increasing m in the left panels of
Fig. 6a–d leads to smaller magnitudes of EP-fluxes.

Middle and right panels of Fig. 6 depict simulated EP-
flux vectors and a2n2m for SPWs during and after SW.
Changes in PW propagation conditions due to the changes
of the zonal-mean winds shown in respective panels of
Fig. 2a produce changes in a2n2m and EP-flux vectors in
Fig. 6. During SW in the middle panel of Fig. 6a, the
northern boundary of the region of positive a2n2m for
SPW1 is shifted northward very close to the North Pole
at altitudes 30–110 km compared to that before SW. This
makes better conditions for SPW1 propagation during
SW and could explain larger second maxima of SPW1
amplitudes at altitudes 70–100 km observed in the middle
panel of Fig. 4a at latitudes 50–70� and higher EP-flux
magnitudes there in the middle panel of Fig. 6a.

EP-fluxes for SPW1 have generally upward direction in
the high-latitude strato-mesosphere in Fig. 6a, which corre-
sponds to the northward wave heat flux (see Section 3.3).
This leads to the heating of the respective high-latitude
regions. Strengthening of SPW1 EP-flux at altitudes 50–
70 km in the left panel of Fig. 6a could be one of the rea-
sons of temperature maximum in the respective panel of
Fig. 2b before SW near the North Pole. Possible heating
of the high-latitude middle atmosphere by PWs and its
variations due to stratospheric vacillations were previously
discussed in literature (e.g., Holton and Mass, 1976;
Pogoreltsev et al., 2014, 2015). Such wave heating could
exist during SW also, but it can be masked by other heat
sources in the middle panel of Fig. 2b.

For SPW2 in Fig. 6b, upward EP-fluxes in the middle
latitudes of the Northern Hemisphere at altitudes above
50 km have larger magnitudes during SW. This corre-
sponds to larger SPW2 amplitudes at altitudes above
50 km in the left panel of Fig. 4b. For SPW3 and SPW4
in Fig. 6c and d, noticeable shifts of the northern boundary
(up to 25–30� northward) of the region with a2n2m > 0 dur-
ing SW relative to that before SW occur at altitudes 90–
100 km. This may explain stronger maximum of SPW3
amplitude in this region in the middle panel of Fig. 4c.
Increases and decreases of magnitudes of EP-fluxes in
Fig. 6c and d correspond to enhancements and weakening
of SPW3 and SPW4 amplitude maxima in the Northern
Hemisphere in Fig. 4c and d. Some long EP-flux vectors
(especially in Fig. 6c) start in regions of negative a2n2m,
which are not waveguides for SPW propagation. This
may reflect wave generation in the middle atmosphere
(for example due to nonlinear interactions of PW and the
mean flow), which may be intensified during SW.

Fig. 7 shows EP-fluxes and a2n2m for westward propagat-
ing NMs simulated including OGW parameterization into
the MUAM. According to Eq. (1) for westward NMs hav-
ing phase speeds c < 0, regions with n2m > 0 can exist in the
regions of westward zonal winds in the Southern (summer)
Hemisphere. EP-flux vectors directed mainly southwards in
Fig. 7 reveal that the westward propagating NMs can be
mainly generated at middle and high latitudes of the
Northern Hemisphere, from where they can propagate to
the regions with n2m > 0 in the Southern Hemisphere.
Hence, amplitudes of westward NMs maximize in both
hemispheres in Fig. 5. The largest areas with n2m > 0 in
Fig. 7 exist for 5- and 4-day NMs having largest magni-
tudes of westward phase speeds c = �95 m s�1 and
c = �61 m s�1 at the equator, respectively. Thus, westward
propagating short period NMs can provide dynamical
links of both hemispheres in the middle and upper atmo-
sphere. Considerations of Figs. 5 and 7 show substantial
amplitudes and long EP-flux vectors for NM modes start-
ing in regions of negative refractive index, where theory
predicts poor conditions of PW propagation. This may
reveal PW energy tunneling and wave generation in these
areas (for example, due to nonlinear interactions of PW
and the mean flow).

EP-fluxes produced by 4- and 7-day NMs with m = 2
have large magnitudes and mainly southward directions
at altitudes above 100 km in Fig. 7a and c. They partly
started at northern high latitudes in the regions with
n2m < 0, where local sources in the upper atmosphere and
wave energy tunneling from below can contribute to NM
generation. Southward EP-fluxes for 4-day and 7-day
NMs exist at almost all latitudes in the lower thermosphere
in Fig. 7a and c. Divergence of these EP-fluxes produces
strong maxima of 4-day and 7-day NMs at altitudes above
100 km at middle latitudes of the Southern Hemisphere in
Fig. 5a and c. During SW, magnitudes of the EP-fluxes in
the thermosphere change in the Northern hemisphere in
Fig. 7a and c, which may cause changes in the respective
EP-fluxes and 4-day and 7-day NM amplitudes in
Fig. 5a and c in the Southern Hemisphere.



Fig. 7. Same as Fig. 6, but for westward travelling NMs with s = 4 d, m = 2 (a); s = 5 d, m = 1 (b); s = 7 d, m = 2 (c); s = 10 d, m = 1 (d).
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The second region of increased southward EP-fluxes of
4-day and 7-day NMs exists at altitudes 30–70 km in
Fig. 7a and c. These fluxes can contribute to the formation
of NM amplitude maxima at altitudes 30–70 km at middle
latitudes of the Southern Hemisphere observed in
Fig. 5a and c. These maxima are more noticeable in
Fig. 5a due to more extended waveguides with n2m > 0 in
the Southern Hemisphere for 4-day NM (see above).

For 5-day and 10-day NMs having m = 1, southward
EP-fluxes in the lower thermosphere are smaller than those
at altitudes 40–70 km in Fig. 7b and d. Respectively, ampli-
tude maxima in Fig. 5b and d in the thermosphere are
smaller and are located at lower altitudes than those for
4-day and 7-day NMs. Amplitude maxima in the strato-
mesosphere of the Southern Hemisphere are largest for 5-
day NMs in Fig. 5b, which has largest magnitude of west-
ward phase speed and largest areas of waveguide with
n2m > 0 in Fig. 7. Modulation of NM southward EP-
fluxes by SW seen in Fig. 7 may produce modulation of
respective NM amplitudes in the Southern Hemisphere
observed in Fig. 5.

Vertical EP-flux components in Fig. 7 are generally pos-
itive in the middle atmosphere at middle and high latitudes
of the Northern Hemisphere. In accordance with Eq. (2),
this matches to northward wave heat fluxes and additional
heating by NMs in areas near the North Pole. Figs. 6 and 7
reveal that variations of PW and NM amplitudes presented
in Figs. 4 and 5 may be associated with changes in the
mean temperature and wind, EP-fluxes and PW refractive
index for time intervals before, during and after the SW
events.
3.4. Influence of stationary orographic gravity waves

Described above simulations were made including the
parameterization of OGW dynamical and heating effects
into the MUAM. In this section, we estimated OGW con-
tribution. First, we made the same simulations and gener-
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ated 12-member ensemble of runs, but without OGW
parameterization in the MUAM (see Section 3). Compar-
ing 6 of 12 pairs of the MUAM runs, for which the corre-
spondence of SWs with and without OGW was clear, we
found that inclusion of OGW effects leads to 15–25 day
shift to earlier dates of simulated SWs. For comparisons
we calculated differences of PW amplitudes between
MUAM runs including and excluding OGW parameteriza-
tion averaged over 11-day time intervals before, during and
after respective SW events. Positive and negative differ-
ences correspond, respectively, to increases and decreases
in PW amplitudes due to inclusion of OGW effects.

Fig. 8 shows increments of geopotential height ampli-
tude for SPW1–SPW4. To confirm statistical significance
of nonzero SPW amplitude increments in Fig. 8, we used
Fig. 8. Average differences of geopotential amplitudes of stationary planetary
during (middle) and after (right) simulated composite SW event. Thick contou
95% statistical confidence.
the paired Student’s t-test (Rice, 2006). From 12 MUAM
runs excluding and including the OGW parameterization
for the comparison at each altitude and latitude for every
11-day interval, we obtained 12 � 66 pairs of SPW ampli-
tudes in 66 time moments (4-hour outputs) and 12 SW
events. The paired Student’s t-tests give 95% statistical con-
fidence of nonzero SPW amplitude differences inside
regions marked with dashed lines in Fig. 8.

In Fig. 8a, we observe general increases (up to 15%) of
average SPW1 amplitudes at altitudes 40–70 km at middle
and high latitudes of the Northern Hemisphere caused by
OGW effects during SW and decreases before and after
the event. In Fig. 8b, OGW inclusion leads to increases
of SPW2 maxima shown in Fig. 4b below 50 km and
decreases above this altitude. However, during SWs, one
waves with m = 1, 2, 3, 4 (a, b, c, d) caused by OGW effects before (left),
rs show zero values. Dashed contours denote boundaries of regions with
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can see enhancement of these increments up to 15%. There-
fore, OGW influence could contribute to weakening of the
mesospheric SPW2 maximum during SW seen in the mid-
dle panel of Fig. 4b. The SPW3 amplitudes at the middle
and high latitudes of the Northern Hemisphere in Fig. 8c
are generally decreasing due to OGW influence before
SW and increasing during SW, contributing to the SPW3
amplitude increase during SW in the middle panel of
Fig. 4c. After SW, negative changes (up to �20%) of
SPW3 and SPW4 amplitudes caused by OGW effects dom-
inate at altitudes below 60 km at the middle and high lati-
tudes of the Northern Hemisphere in the right panels of
Fig. 8c and d.

One of the mechanisms of direct impacts of gravity
waves on amplitudes of PW modes could be wave drag
of the mean flow (e.g., McLandress and McFarlane,
1993; Smith, 2003). In Fig. 3c, we plotted horizontal distri-
butions of OGW amplitudes at altitude 50 km during dif-
ferent SW phases. Similar distributions have zonal and
meridional components of the mean wind drag by OGWs
(Gavrilov and Koval, 2013). It is possible to obtain Fourier
components of zonal and meridional OGW drag versus
longitude (examples are given by Gavrilov et al., 2015). It
is essential that zonal and meridional OGW drag compo-
nents at high latitudes could influence, respectively, merid-
ional and zonal components of atmospheric general
circulation and SPWs.

Depending on phase shifts between Fourier components
of OGW drag, PWs and atmospheric circulation, direct
impacts of OGW drag can lead to local increases or
decreases in SPW amplitudes. The phase shifts may vary
almost randomly due to wind variability in the mountain
systems and changes in conditions of SPW and OGW
propagation at different latitudes and altitudes. Therefore,
direct impacts of OGW drag could lead to variable local
increases and decreases of SPW amplitudes in different
regions of the atmosphere.

Fig. 2c shows that described direct impacts of OGW
drag in January-February may primarily occur at middle
latitudes of the Northern Hemisphere at altitudes up to
80 km. Modified SPW modes may then propagate out of
this zone, interact with the mean circulation, and thus
expand this indirect OGW impact to other latitudes and
altitudes, including the Southern Hemisphere, as it is
shown in Fig. 8. For example, possible role of nonlinear
PW-mean flow interactions in expansions of low-latitude
perturbations at low altitudes during QBO to the mid-
latitude middle atmosphere was widely illustrated (e.g.,
Holton and Tan, 1980; Pascoe et al., 2005; Inoue et al.,
2011; Yamashita et al., 2011; Watson and Gray, 2014). Pre-
viously, we noted in Fig. 3c the dominance of OGWs gen-
erated by the North American and European mountain
systems before and during SW, and the dominance of
OGWs from Himalayas after SW. This could change hor-
izontal distributions of OGW drag in the middle atmo-
sphere and produce different OGW influence on SPW
amplitudes in different stages of SWs.
Fig. 9 shows differences in amplitudes of westward prop-
agating NMs caused by inclusion of OGW parameteriza-
tion into the MUAM model. The left panels of Fig. 9
reveal that before SW, the main OGW effects are generally
located above 60 km for all NMs. Changes of NM ampli-
tudes can reach up to 10–50%. The amplitude of 10-day
NM amplitude increases at middle and high northern lati-
tudes in the left panel of Fig. 9d. During SW, the middle
panels of Fig. 9a–c show substantial increases and
decreases in amplitudes of westward NMs in the Southern
Hemisphere at altitudes above 60 km, and their general
decreases at high latitudes of the Northern Hemisphere.
The middle panel of Fig. 9d demonstrates increases in the
amplitude of 10-day NAM in both hemispheres above alti-
tudes 50–60 km. After SW, the right panels of Fig. 9 depict
generally positive amplitude changes in the Southern
Hemisphere above altitudes 30–40 km caused by OGW
impacts.

For better estimating OGW influence, we calculated dif-
ferences in EP-fluxes and refractive indices between
MUAM calculations including and excluding parameteri-
zation of OGW dynamical and thermal effects for simu-
lated SPW and NM modes before, during and after the
composite SW events. Positive and negative a2n2m incre-
ments as well as southward and northward directed EP-
flux increments correspond in most cases to increasing
and decreasing in SPW and NM amplitudes that confirms
PW theory.

Simulations in this study used only one set of climato-
logical data corresponding to 20-year average January-
February conditions. Results obtained above show that
the influence of OGW and PW drag could give different
effects in different SW stages and for different SPWs and
NMs. Therefore, further numerical experiments are
required for other climatological conditions. OGW drag
can both increase and decrease amplitudes of different
PW and NM modes in different SW stages.

In the present study, we analyzed the impact of OGWs
only. An important contribution to PW and general circu-
lation variations can give, for example, varying heating
during the tropospheric storm passages (Valdes and
Hoskins, 1989; Hoskins and Valdes, 1990). It would be
helpful to study separate influences of OGW effects and
other contributions separately for each SW instance for
better understanding their joint influences.
4. Summary and conclusion

Numerical simulations of the planetary wave propaga-
tion into the middle and upper atmosphere during SW
events were performed with the mechanistic MUAM gen-
eral circulation model. Parameterization schemes of NMs
and OGWs have been implemented into MUAM. Based
on the 12-runs ensemble with this model a composite SW
event using the UK Met Office lower boundary conditions
averaged over January-February 1992–2011 were con-



Fig. 9. Same as Fig. 8, but for westward travelling NMs with s = 4 d, m = 2 (a); s = 5 d, m = 1 (b); s = 7 d, m = 2 (c); s = 10 d, m = 1 (d).
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structed. The results of simulations show the existence of
SWs, which are very similar to these events observed in dif-
ferent years. The amplitudes of stationary PW modes and
westward travelling NMs with January–February climato-
logical conditions were analyzed for time intervals before,
during, and after the composite SW event. Twelve pairs
of runs were conducted with and without inclusion of the
parameterization of OGW dynamical and thermal effects.

Comparison of composites obtained by averaging over
twelve simulated SW events with and without OGW
parameterization allows us to make the following conclu-
sion. Simulations demonstrate substantial variations of
amplitudes of SPWs during and after the SW at high lati-
tudes of the Northern Hemisphere. Average SPW1 ampli-
tude at altitudes 30–70 km at middle and high northern
latitudes are larger before and during SWs. In the
mesosphere-lower thermosphere, the SPW1 amplitude is
increasing during SW. Interactions of SPW1 with the mean
eastward flow may contribute to reverses of the mean wind
at high latitudes during SW. At altitudes 50–100 km at high
latitudes of the Northern Hemisphere, the amplitude max-
imum of SPW2 with m = 2 is largest before and become
smaller during and after SWs. The SPW2 maxima in the
stratosphere at altitudes 20–40 km are stronger during the
composite SW event. SPW3 amplitudes in the Northern
Hemisphere at altitudes 30–100 km are larger during simu-
lated SW events. SPW4 amplitudes decrease during the
composite SW. SPW amplitudes are up to 20–40% smaller
after the SW. In general, the enhancements of SPW1–
SPW3 below 50 km as well as weakening SPW2 and
SPW4 above altitudes 50 km at middle and high latitudes
in the Northern Hemisphere are observed in runs including
OGW parameterization during SW.

Westward travelling NMs have amplitude maxima not
only in the Northern, but also in the Southern Hemisphere,
where these modes are capable of propagating through
stratospheric waveguides (e.g., Limpasuvan et al., 2016).
Largest amplitudes in the Southern Hemisphere have 5-
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day NM in the strato-mesosphere and 4-day and 7-day
NMs in the lower thermosphere. Below altitudes 70–
80 km at the middle and high latitudes of the Northern
Hemisphere, average amplitudes of all NMs are smaller
during composite SW than those before it. Average ampli-
tudes of westward NMs increase in the Southern Hemi-
sphere after SW. Simulated variations of SPW and NM
amplitudes correspond to changes in the mean zonal wind,
EP-fluxes and PW refractive index in the time intervals
before, during and after the SW events. Thus, westward
travelling NMs can transport wave momentum and wave
activity from the winter to summer hemisphere. SW events
in the winter hemisphere can modulate meridional Elliasen-
Palm fluxes and change NM amplitudes in the summer
hemisphere.

Inclusion of the parameterization of OGW dynamical
and thermal effects leads to 15–25 day shift to earlier dates
of simulated SWs. The changes in SPW amplitudes gener-
ally correspond to variations of n2m and EP-flux magnitudes
caused by the OGW effects.

The main effects of the inclusion of OGW parameteriza-
tion into the MUAM model are substantial changes in
amplitudes of westward propagating NMs at middle and
high latitudes of the Southern Hemisphere, and decreases
of 4- and 5-day NMs in the Northern Hemisphere during
SW. After SW, OGW impacts produce generally positive
amplitude changes in the Southern Hemisphere above alti-
tudes 30–40 km. The observed changes in NM amplitudes
in the Southern Hemisphere during SW can be explained
by divergence of increased southward EP-flux. The EP-
flux can increase due to OGW drag before SW, and extends
into the Southern Hemisphere. Further numerical experi-
ments are required for other initial and climatological
conditions.
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