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Recently developed parameterization of stationary orographic gravity waves (OGWs) generated by the Earth's
topography was implemented into a general circulation model of the middle and upper atmosphere. We
performed numerical simulations of the zonal mean wind and amplitudes of stationary planetary waves and normal
atmospheric modes with periods of 4-16 days at altitudes from the troposphere to the lower thermosphere in
January for easterly and westerly phases of the quasi-biennial oscillation (QBO) including and excluding the
stationary OGW parameterization. Simulations show that accounting dynamical and thermal effects of stationary
OGWs can lead to substantial changes (up to 50-90 %) in the amplitudes of stationary planetary waves. Amplitudes
of westward travelling normal atmospheric modes change (up to 50-90 %) at different altitudes and latitudes of
the northern hemisphere due to OGW effects. Transitions from the easterly to westerly QBO phases can change
planetary wave amplitudes up to +30-90 % at middle and high latitudes. These changes in PW amplitudes are
consistent with distributions of EP-flux and refractive index under different QBO phases simulated including our
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Background

Energy and momentum transport by internal atmospheric
waves is an important factor of dynamical interactions be-
tween the lower and upper atmosphere and a substantial
contributor to space weather developments (Kelley 1997). It
is important for the numerical modeling of the general
circulation and thermal regime of the middle and upper
atmosphere to account for accelerations of the mean flow
and heating rates produced by dissipating internal waves
(Holton 1975). One of the major sources of mesoscale at-
mospheric waves is the Earth’s topography (Gossard and
Hooke 1975). Generation of orographic gravity waves
(OGWs) at the surface and their propagation into the mid-
dle and upper atmosphere significantly affect the atmos-
pheric general circulation as well as the amplitudes and
other parameters of planetary waves in these regions.
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Simplified algorithms parameterizing thermal and dynamical
effects of orographic waves have been developed (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 and Koval (2013)
developed a new parameterization of dynamical and thermal
effects of OGWs generated by the surface topography and
propagating into the middle and upper atmosphere.

An essential condition for calculating vertical profiles
of wave accelerations of the mean flow and heating rates
is to take into account the rotation of the atmosphere,
which may substantially influence the characteristics of
stationary OGWs with ground-based observed frequen-
cies 0 =0. The surface topography and jet streams in the
troposphere are distributed over the globe, and wave
sources in the atmosphere vary seasonally, thus leading
to differences in wave characteristics between winter
and summer hemispheres (e.g., Gavrilov and Fukao
1999). Satellite measurements identified substantial in-
homogeneity of latitude—longitude distributions of
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orographic wave characteristics in the middle atmosphere,
which depend significantly on season (Eckermann and
Preusse 1999; Preusse et al. 2002; Jiang et al. 2002; Smith
et al. 2009; Gavrilov 2007). Therefore, it is essential to ac-
count for observable inhomogeneities of the wave sources
in numerical general circulation models of the middle at-
mosphere. Some of such numerical studies of gravity wave
influence on the general circulation, amplitudes, and sea-
sonal variations of tides were performed, for instance, by
McLandress (2002), Gavrilov et al. (2005), Ortland and
Alexander (2006), and Watanabe and Miyahara (2009). In-
homogeneities of gravity wave sources and propagation
conditions in the middle atmosphere may lead to the gen-
eration of planetary waves with variable characteristics
(e.g., Holton 1984; Mayr et al. 2011; Hoffmann et al. 2012).

Gavrilov et al. (2013a) implemented a parameterization
of dynamical and thermal effects of stationary OGW's
generated by the surface topography into a numerical
model of general circulation at altitudes from the tropo-
sphere up to the lower thermosphere. They showed that
stationary OGWs produce substantial changes in the
general atmospheric circulation of the middle and upper
atmosphere. Gavrilov et al. (2013b) simulated changes in
the amplitudes of atmospheric planetary waves (PWs)
caused by stationary OGWs. They considered mainly
PW modes generated in the general circulation model it-
self due to linear and nonlinear interactions.

In the present study, we extended the simulations of
stationary OGW impacts on the general circulation and
PWs in the middle and upper atmosphere. We improved
parameterizations of the travelling normal atmospheric
mode (NAM) forcing in the general circulation model
and simulated different modes of stationary PWs and
travelling NAMs taking into account dynamical and
heating effects of stationary OGWs. It is assumed that
the quasi-biennial oscillations (QBOs) of the zonal mean
flow at lower latitudes at stratospheric heights can affect
PW propagation conditions (e.g., Baldwin et al. 2001).
Therefore, we performed numerical experiments for the
background and initial conditions typical for the westerly
and easterly QBO phases. In this paper, we focus on the
changes in amplitudes of stationary PWs and travelling
NAMs in the atmosphere due to OGW effects under
different QBO phases.

Methods

Flow over the mountains is an important source of
OGWs in the atmosphere. In this study, we use the
parameterization of dynamical and thermal effects of
stationary OGWs described in detail by Gavrilov and
Koval (2013). To calculate vertical profiles of total verti-
cal wave energy flux and associated accelerations of
horizontal components of wind by stationary OGWs
with ground-based observed frequencies o=0, we used
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wave polarization relations taking into account the rota-
tion of the atmosphere. Propagations of such OGWs in
the dissipative heterogeneous atmosphere lead to mo-
mentum and energy exchanges between the mean flow
and waves and to heating of the atmosphere due to wave
energy dissipation. To describe correctly the energy bal-
ance of the considered dynamical processes, we used
analytical relations between the rate of wave energy dis-
sipation and wave acceleration for nonzero vertical gra-
dients of the mean wind.

Conventional theory of atmospheric acoustic-gravity
waves (AGWs) in flat rotating atmosphere (e.g., Gossard
and Hooke 1975) provides polarization relations. They may
be simplified for stationary AGWs with frequency o =0 and
large vertical |m| >>1/(2H) and horizontal & > > (f/c)>
wave numbers (where f'is the Coriolis parameter, ¢ is the
sound speed, and H is the atmospheric density scale
height). AGW polarization relations show that the ampli-
tude U of velocity variations v; along axis x; parallel to
horizontal wave vector k is much larger than the amplitude
V of velocity fluctuations in the perpendicular direction. In
this case, Gavrilov and Koval (2013) obtained the following
expressions for total vertical wave energy flux F, for wave
acceleration a,,; along axis xy, and for total heating rate ¢,
produced by stationary OGWs:
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where N is the Brunt-Viisild frequency; v and K, are
the kinematic coefficients of molecular and turbulent
viscosity, respectively; ¢ is a factor depending on the ver-
tical gradients of the mean wind (see Gavrilov and Koval
2013); and Pr is the effective Prandtl number. When ¢ =
1, the expression for ¢, in Eq. (1) corresponds to the ex-
pression for the wave energy dissipation rate caused by
molecular and turbulent viscosity. One can find the alti-
tude profile of L/* from the approximate equation (see
Gavrilov and Koval 2013) having the following form:
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One can solve this equation relative to [/ for specified
wave amplitude at the lower boundary and given vertical
profiles of the mean temperature, wind, molecular and
turbulent viscosity, and heat conduction (see Gavrilov
and Koval 2013; Gavrilov and Yudin 1992). Then one
can use Eq. (1) to calculate OGW total heating rates and
wave accelerations, which can parameterize the thermal
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and dynamical effects of these waves in atmospheric
general circulation models.

To parameterize mesoscale topography, we used a
modification of the method developed by Scinocca and
McFarlane (2000), which implies the concept of “subgrid
orography.” It takes into account height variations of the
Earth’s surface with horizontal scales smaller than hori-
zontal grid spacing of the used numerical model. We
extracted the so-called subgrid topography utilizing low-
and high-frequency numerical filtering of the realistic
horizontal distributions of the surface relief (Gavrilov
and Koval 2013). Near each grid point, we used an ellip-
tical approximation of the filtered subgrid-scale surface
heights (Lott and Miller 1997). At the low boundary, we
determine OGW amplitude and effective horizontal
wave number using the analysis of forces affecting the
atmospheric flow moving over the effective elliptical
mountain barrier developed by Phillips (1984). These re-
sults are required to determine the vertical profiles of
wave accelerations and heat fluxes (see Gavrilov and
Koval 2013). For practical realization of our OGW
parameterization, we used the ETOPO2 (2015) database
of the Earth’s surface elevations with resolution of two
angle minutes along latitude and longitude.

To take into account the OGW influence on atmospheric
dynamics, the above-mentioned parameterization was im-
plemented into the middle and upper atmosphere general
circulation model (MUAM) described by Pogoreltsev
(2007) and Pogoreltsev et al. (2007). The starting point for
this model was the COMMA general circulation model de-
veloped in Cologne University, Germany (e.g., Jakobs et al.
1986; Ebel et al. 1995). The MUAM solves the standard set
of hydrodynamic equations in spherical coordinates. Calcu-
lations are carried out for altitudes from the ground up to
about 135 km, but the weather changes and cloudiness in
the troposphere are not included. The regular horizontal
grid spacing in the model is 5.6° along longitude and 5° in
latitude. The vertical grid was equidistantly spaced in the
log-pressure coordinate z = H*In (po/p), where py is the sur-
face pressure and H=7 km is the mean density scale
height. Up to 100 km, this coordinate approximately corre-
sponds to the geopotential height. In the present simula-
tions, we used the MUAM version with 48 vertical levels
(separated by 2.8 km) and with the 450-s integration time
step. For PW analysis in this study, we used model outputs
every 4 h.

In the lower atmosphere, the MUAM uses climato-
logical geopotential height and temperature from the
UK Met Office model (Swinbank and O’Neill 1994) aver-
aged over years 1992-2011 for January. In addition, we
used three-dimensional ozone distributions in the mid-
dle atmosphere taking account of climatological (aver-
aged for years 1996-2005) longitudinal inhomogeneities
(Suvorova and Pogoreltsev 2011). Besides stationary
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planetary waves, the MUAM can reproduce travelling
modes (Pogoreltsev et al. 2014). As far as the MUAM does
not reproduce tropospheric weather, we parameterize
tropospheric sources of westward travelling normal
atmospheric modes (NAMs) with additional terms in the
heat balance equation of the model, which consist of sets
of time-dependent sinusoidal components with periods
equivalent to the NAMs with zonal wavenumbers m =1
and m =2. These components have latitude structures
corresponding to the respective Hough functions calcu-
lated using the algorithm by Swarztrauber and Kasahara
(1985). Specified NAM periods are equal to the periods of
a resonant atmospheric reaction to the low-altitude wave
forcing determined with a linear PW model by Pogorelt-
sev (1999). The present MUAM version takes into ac-
count the NAMs (1,1), (1,2), (1,3), (2,1), and (2,2) within
the classification proposed by Longuet-Higgins (1968),
which have resonant periods of 120, 220, 360, 90, and 170
h, respectively. In the present sensitivity study, we used
the same amplitudes (2x 10> K/s) of the wave heat
sources at altitude 10 km for all the above-mentioned
NAMs. These heating rates produce simulated NAM am-
plitudes in the stratosphere approximately corresponding
to the observed ones (Pogoreltsev et al. 2009).

Important features of the middle atmosphere dynamics
are the quasi-biennial oscillation (QBO) of zonal wind at
low latitudes (Baldwin et al. 2001). To reproduce them
in the MUAM, Pogoreltsev et al. (2014) proposed to use
an additional term in the momentum equation for zonal
wind velocity, which is proportional to the difference be-
tween calculated and observed zonal mean winds at lati-
tudes from 17.5° S to 17.5° N and altitudes from 0 up to
50 km.

To subdivide westerly and easterly QBO phases in
earlier papers (e.g., Holton and Tan 1980; Yamashita
et al. 2011; Inoue et al. 2011), directions of eastward
and westward winds observed in the equatorial strato-
sphere at pressure levels 50-70 hPa were used.
Huesmann and Hitchman (2001) analyzed QBO using
NCEP reanalysis data and showed that climatological
mean zonal winds and their annual cycles may pro-
duce asymmetries in durations of descending zones of
easterly and westerly QBO winds. To diminish these
asymmetries, Huesmann and Hitchman (2001) proposed
the usage of the equatorial zonal wind shear anomaly
index calculated from zonal wind differences at two
heights in the stratosphere. To eliminate asymmetries in
the easterly and westerly wind zones, Pogoreltsev et al.
(2014) proposed calculating of differences between
monthly mean for each year and climatological (averaged
over years 1992-2011) zonal wind velocities over the
equator at the altitude of 30 km. Positive and negative
differences correspond to the westerly and easterly QBO
phases.
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Pogoreltsev et al. (2014) found the maximum variabil-
ity of QBO winds at altitudes near 30 km (pressure
levels 10-20 hPa) and determined the westerly and
easterly wind zones at those heights. Such procedure
gives the same years of the easterly and westerly QBO
phases as those obtained by Inoue et al. (2011). West-
erly and easterly QBO wind zones have wavelike struc-
tures versus altitude with vertical wavelengths about 20
km (e.g., Baldwin et al. 2001; Huesmann and Hitchman
2001). Therefore, the timing of the westerly and east-
erly winds very much depends on the altitudes of their
determination. Hence, the westerly and easterly QBO
zones determined at pressure levels 10-20 hPa may
have substantial phase shifts compared to the same
zones obtained at 50—-70 hPa, and even opposite wind
directions at these levels are often supposed (e.g.,
Giorgetta et al. 1999; Krismer and Giorgetta 2014).
Such vertical phase shifts one should keep in mind,
when comparing QBO phases determined at different
altitudes and pressure levels. Pogoreltsev et al. (2014)
selected years with the westerly and easterly QBO
phases at altitude 30 km (10-20 hPa) and calculated
the average zonal mean distributions of zonal wind and
temperature for both QBO phases at latitudes from
17.5° S to 17.5° N and altitudes from 0 up to 50 km,
which we use in the present analysis.

According to Pogoreltsev et al. (2007), the equation
of heat balance in the MUAM contains additional
terms proportional to differences between the calcu-
lated and observed zonal mean temperatures in the
troposphere and lower stratosphere to improve the
simulation of the tropospheric jets. The used values of
proportionality factors in these additional terms for
zonal wind velocity and temperature correspond to a
5-day relaxation interval to nudge the calculated zonal
wind and temperature to the observed values.

The numerical modeling starts from an initial wind-
less state with vertical temperature distribution taken
from the MSISE model (Hedin 1991) for January.
During the first days of simulations, we perform sev-
eral stages of “adjustment.” In the first 30 model days,
we use constant values of geopotential height at the
lower boundary and do not include the OGW
parameterization. The observed variations of geopotential
heights and OGW parameterization are involved after the
30th day of calculations. During the first 120 days, the
model performs calculations using only the daily averaged
heating rates, and then daily variations of heating are
gradually included. After the 120th model day, the
MUAM uses an additional prognostic equation for the
geopotential at the lower boundary. The calculations after
the 330th model day take into account seasonal changes
in solar heating. Starting dates for the calculations in our
study were adjusted such that the model days 330-390
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correspond to January—February, when PW and NAM
amplitudes are maximum in the northern hemisphere.

Results

We used the above-described MUAM with included
OGW dynamical and thermal effects to simulate the
changes in PW and NAM characteristics caused by oro-
graphic waves generated near the Earth’s surface. Calcu-
lations correspond to conditions averaged for Januaries
with the easterly and westerly QBO phases over years
1992-2011 (see “Methods”).

Altitude-latitude structure of zonal mean wind and OGW
Figure 1a shows the simulated monthly mean zonal wind
averaged over longitude for January at heights from the
surface to 135 km for the easterly QBO phase without
OGW effects. One can see that the model reproduces
basic features of the zonal jets in the troposphere and
middle atmosphere. In the troposphere of the northern
(winter) and the southern (summer) hemispheres, Fig. 1a
demonstrates jets directed from the west to the east with
maximum speed at latitudes of 30°-50° in both hemi-
spheres. In the winter stratosphere, jet stream velocities
maximize at altitudes about 60 km and latitudes 50°-70°
N. In the summer stratosphere-mesosphere (southern
hemisphere), zonal wind is directed westwards with
maximum speed at altitudes 50—70 km. The structure of
the zonal circulation presented in Fig. 1 and respective
temperature fields calculated with the MUAM corres-
pond quite well to the existing empirical standard
models (e.g., Jacobi et al. 2009).

Figure 1 also presents the altitude-latitude structures
of the monthly mean differences of zonal mean velocities
due to inclusion of OGW effects for the easterly QBO
phase (Fig. 1b) and differences between the westerly and
easterly QBO phases without OGW effects (Fig. 1c) in
January. In Fig. 1b, one can see the complicated struc-
ture of positive and negative velocity differences at the
middle and high latitudes of the northern (winter) hemi-
sphere at altitudes 30-100 km. Therefore, inclusion of
OGW effects in the MUAM decreases the zonal wind
maximum shown in Fig. 1a at altitudes 40—-60 km and
latitudes 50°-70° N and increases the maximum at alti-
tudes 20°—40° N. This shifts the maximum of winter me-
sospheric jet stream in Fig. 1a southwards, which better
corresponds to observations. The largest positive and
negative zonal wind differences between the westerly
and easterly QBO phases in Fig. 1c occur in the strato-
sphere near the equator. This is similar to the wind dif-
ferences between the westerly and easterly QBO phases
obtained from meteorological reanalysis data and simu-
lated with tropospheric-stratospheric-mesospheric gen-
eral circulation models by Yamashita et al. (2011) and
Pogoreltsev et al. (2014). Our simulations cover altitudes
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Fig. 1 Average for January zonal mean eastward velocity (m/s) for
the easterly QBO phase without OGW effects a and velocity
differences due to involving OGW effects in the easterly QBO phase
b and due to change in QBO phase from easterly to westerly
without OGW c¢. Solid contours correspond to zero values

up to 135 km and show zonal wind differences up to +5
m/s in Fig. 1c in the middle and high latitudes of both
hemispheres, showing the respective increases or de-
creases in zonal wind velocity during the westerly QBO
phase compared to the easterly one.
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As mentioned in “Methods,” we made simulations for
characteristics averaged for all Januaries with the west-
erly and easterly QBO phases during years 1992-2011.
To verify the statistical confidence of nonzero differ-
ences in the mean winds in Fig. 1b, ¢, we can apply the
statistical Student’s ¢ test (e.g., Rice 2006). From pairs of
MUAM runs including and excluding OGW effects and
for the easterly and westerly QBO phases during January
at each latitude and altitude, we have for the comparison
87 x 64 = 11,968 pairs of velocities in grid nodes in time
(4-h outputs) and longitude. We applied the paired ¢
tests (Rice 2006) to these sets, which gave higher than
95 % confidences of nonzero monthly mean wind differ-
ences in 1559 of 1728 (90 %) grid points in latitude and
altitude used for plotting Fig. 1c and similar results for
Fig. 1b. Lesser than 95 % confidences were obtained only
in regions where the absolute monthly mean wind differ-
ences are smaller than 0.1 m/s in Fig. 1b, c.

Inhomogeneities of the zonal wind velocity shown in
Fig. 1a lead to different propagation conditions for the
stationary OGWs. Figure 2a presents the average for
January zonal mean OGW horizontal velocity ampli-
tudes during the easterly QBO phase simulated with the
parameterization of OGW effects (see “Methods”). Lar-
ger OGW amplitudes exist in the northern (winter)
hemisphere because the reversal of summer global circu-
lation in the strato-mesosphere (see Fig. la) produces
critical levels for OGWs at altitudes about 20 km where
zonal wind tends to zero (e.g., Gavrilov and Koval 2013).
Using numerical simulations, Scinocca and Sutherland
(2010) obtained similar results regarding the predomin-
ance of OGW amplitudes in the middle atmosphere of
the winter hemisphere. Such increases in amplitudes of
mesoscale waves in the strato-mesosphere of the winter
hemisphere were observed in many experiments (Preusse
et al. 2009; Gong et al. 2012; Gavrilov 2007). Figure 2b
shows differences between OGW amplitudes calculated
for the westerly and easterly QBO phases. During the
westerly QBO phase, amplitudes of stationary OGW's
are generally larger, especially at latitudes 30°-60° N,
than that during the easterly QBO. The reasons for that
could be differences in the mean zonal winds during the
westerly QBO (see Fig. 1c), which can change effective
vertical wavelengths of stationary OGWs, their dissipa-
tion, and conditions of wave propagation in the middle
atmosphere.

OGW and QBO influence on planetary waves

To analyze the OGW and QBO phase impacts on
planetary wave amplitudes, we performed the least
squares longitude fitting of the calculated meteorological
fields. We estimated the amplitudes of stationary planet-
ary waves with zonal wavenumbers m =1-4 and west-
ward travelling NAMs, as it was suggested by Fedulina
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Fig. 2 January mean OGW velocity amplitudes (m/s) calculated for the easterly QBO phase a and the amplitude differences due to change in
QBO phase from easterly to westerly b. Solid contours in panel b correspond to zero differences
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et al. (2004). According to “Methods,” we considered
NAMs with periods of approximately 4, 5, 7, 10, and 16
days.

Figure 3a presents the monthly mean amplitudes of
geopotential height variations caused by stationary PW
modes with m =1-4 (called as SPW1-SPW4 below).
Figure 3a shows that in January SPWs have larger ampli-
tudes in the northern (winter) hemisphere, where the
seasonal zonal winds have the same directions at all alti-
tudes. The SPW1 mode has maxima amplitudes at alti-
tudes 40-70 km and latitudes 40°-70° N in the top
panel of Fig. 3a. Amplitudes of SPW2-SPW4 in Fig. 3a
have maxima in the troposphere-stratosphere and in the
mesosphere at latitudes decreasing with the increase in
m. Most SPW modes have secondary maxima at alti-
tudes 80-100 km in the northern hemisphere. The bot-
tom panels of Fig. 3a show smaller maxima of SPW3
and SPW4 amplitudes at low and high altitudes in the
southern (summer in January) hemisphere.

Figure 3b shows the differences in SPW amplitudes in
the easterly QBO phase after inclusion of OGW
parameterization of dynamical and thermal effects into
the MUAM. Positive or negative differences in Fig. 3b
correspond to increases or decreases in the respective
amplitudes after application of the OGW parameterization.
Figure 3c shows similar differences of SPW amplitudes due
to changes from easterly to westerly QBO phase without
OGW effects. Student’s ¢ test show that nonzero differ-
ences of SPW amplitudes have 95 % statistical confidence,
if their absolute values are larger than 3-5 gpm, which is
valid for most parts of Fig. 3b, c.

For the easterly QBO phase, in Fig. 3b, one can see
general decreases in the main maxima of SPW ampli-
tudes in the middle atmosphere at middle latitudes of
the northern hemisphere caused by OGW effects. Figure 3¢

reveals variations in SPW amplitudes due to changes from
easterly to westerly QBO phases. It shows that variations
of propagation conditions due to changes in tropical gen-
eral circulation may lead to substantial changes in ampli-
tudes of SPWs at the middle and high latitudes of the
northern hemisphere (see below). The absolute peak
values of SPW differences in Fig. 3b, ¢ may reach 50-90 %
and 30-70 % of maxima SPW amplitudes as shown in
Fig. 3a at respective altitudes.

Figure 4a is similar to Fig. 3a and illustrates the ampli-
tudes of the main westward travelling NAMs. It is note-
worthy (see Fig. 4a) that 4- and 5-day NAMs have
substantial amplitudes in both hemispheres due to their
larger horizontal phase speeds and waveguides expand-
ing to the southern (summer) hemisphere (see below).
Other westward NAMs in Fig. 4a have the main ampli-
tude maxima in the northern hemisphere. Considering
the differences in westward NAM amplitudes due to
OGW effects during the easterly QBO phase in Fig. 4b,
one can conclude that the OGW influence leads to an
increase in amplitudes (up to 90 %) of 4-day mode above
70 km in both hemispheres. The amplitudes of other
westward NAMs in Fig. 4b show mixed increases and
decreases at different altitudes and latitudes with the
peak differences up to £30-90 % from the peak ampli-
tudes of respective NAMs in Fig. 4a in the northern
hemisphere. Analysis of Fig. 4c reveals a general de-
crease (up to —50 %) in amplitudes of 5-day NAM above
40-50 km in both hemispheres due to change from the
easterly to the westerly QBO phase and a general in-
crease in amplitudes of 7- and 10-day waves.

Eliassen-Palm fluxes and refractivity indexes
Dickinson (1968) proposed the idea of the PW waveguide
describing atmospheric regions where the background
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Fig. 3 January mean amplitudes of geopotential height variations (gpm) produced by stationary planetary wave modes with zonal wavenumbers
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wind and temperature allow wave propagation. Matsuno
(1970) introduced the refractive index for PWs and found
that the strongest PW propagation is in areas of large
positive values of this index. To find out the influence of
OGW effects and QBO phases on the PW waveguide, in
this study, we use the expression for the quasi-geostrophic
zonal mean refractive index squared, #?% , for the PW
mode with zonal wavenumber m (Andrews et al. 1987;
Karoly and Hoskins 1982; Li et al. 2007; Albers et al.
2013):

where 7 is the zonal mean zonal wind velocity; g, is

the latitudinal gradient of zonal mean potential vorticity;

¢ =2macos/(mt) is the zonal phase velocity of PW
mode; 7 is the wave period, ¢ and z are the latitude and
altitude, respectively; a is the Earth’s radius, fis the Cori-
olis parameter, N is the Brunt-Viisila frequency, and H is
the atmospheric pressure scale height. For the potential
vorticity g, in Eq. (3), we use conventional formulae (e.g.,
Eq. (2) from Albers et al. 2013). According to the theory,
PWs propagate in atmospheric regions where #2, > 0 and
should be evanescent in regions where nfn < 0. Therefore,
the PW waveguide extent is limited by the surfaces, where

2

n,, changes its sign. Frequently, these boundaries are lo-

cated near PW critical levels, where i — ¢ and |2 |—eo

according to Eq. (3). Considering changes in 7%, we can

study the relative importance of the strength, shear, and
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Fig. 4 a-c Same as Fig. 3 but for westward travelling normal atmospheric modes with periods 4, 5, 7, 10, and 16 days (panels from the top to the
bottom, respectively) Figures 3 and 4 show that in many cases, accounting OGW dynamical and thermal effects in the MUAM results in changes
in the amplitudes of stationary PWs and travelling NAMs. Depositions of OGW momentum and heat have primary effects directly modifying
general circulation and planetary waves and secondary effects of influence of modified mean flow on the wave propagation conditions. Changes
in the zonal wind direction in the middle atmosphere over the equator during different QBO phases modify the general circulation (see Fig. 1)
and change PW and NAM propagation conditions. They can substantially affect PW amplitudes and other parameters up to higher altitudes
described in some previous publications (Holton 1984; MclLandress 2002; Ortland and Alexander 2006; Watanabe and Miyahara 2009; Mayr et al.
2011; Hoffmann et al. 2012). Inhomogeneities of orographic wave sources and conditions of OGW propagation may lead to the generation of
additional PW modes, which could have contributed to the results in Figs. 3, 4, and 5 (e.g., Holton 1984; MclLandress and McFarlane 1993; Watson
and Gray 2015; Gavrilov et al. 2013b)
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curvature of the zonal mean wind for the PW propaga-
tion. Eq. (3) shows that as the PW wavenumber m in-
creases, n%, decreases.

Another important PW characteristic is the Eliassen-
Palm flux (EP-flux) vector F,, = (F\?), F%)). For quasi-
geostrophic conditions and log-pressure vertical coord-
inate, the specific EP-flux components (divided by at-
mospheric density) are as follows (Andrews et al. 1987):

F9 = _acosp(u'V), F® = af cosp(VO)/0,,  (4)

where primes denote perturbations produced by con-
sidered PW mode. According to Eq. (4), an upward dir-
ection of the EP-flux vector relates to the northward
wave heat flux and the southward directed EP-flux vec-
tor relates to the northward PW momentum flux. The
divergence of the EP-flux shows the net drag of the
zonal mean flow by PWs. For example, negative values
of the EP-flux divergence correspond to a westward drag
on the mean wind.

For steady, slowly varying plane waves, the PW group
velocity is parallel to the EP-flux vector. Additionally,
the EP-flux vector F,, is curved up the gradient of 72
and, particularly, is directed along ridges of n2, (Palmer
1981, 1982; Karoly and Hoskins 1982). The magnitude
of the EP-flux vector |F,,| is related to n2, by (Palmer
1981, 1982):

[E| = v/ (20.f). (5)

where y,, is the amplitude of the considered PW
mode and py is the surface density. Directions of the EP-
flux vectors are inclined by gradients of 72 $$ {n}_m~"2
$$. Thus, 72 $$ {n}_m"2 $$ and the EP-flux vector give
a useful tool for visualizing the PW propagation condi-
tions in the latitude-altitude plane.

Shaded areas in Fig. 5a show simulated latitude-
altitude distributions of positive 72, for stationary PWs
with m=1-4 in January in the easterly QBO phase.
Their comparisons with Fig. la reveal correlations of
PW waveguide with regions of positive zonal mean
winds. Arrows in Fig. 6a show the specific EP-flux vec-
tors of Eq. (4). They show that the main PW generation
occurs at the middle latitudes of the winter hemisphere,
where EP-fluxes are upwards at low latitudes and turn
toward the equator at higher altitudes. This behavior is
consistent with previous studies of EP-fluxes (Karoly and
Hoskins 1982; Li et al. 2007; Inoue et al. 2011; Albers
et al. 2013). Considerations of the different panels of
Fig. 6a show that the largest EP-fluxes in the middle at-
mosphere are produced by SPW with m = 1. Increasing
m in Fig. 6a leads to smaller magnitudes of EP-fluxes
and their propagation up to smaller altitudes.
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Different panels of Fig. 5b show differences in 72, and

EP-fluxes of SPWs caused by inclusion of the OGW ef-
fects into the numerical model. Positive and negative dif-
ferences of the mean winds in Fig. 1b produce increases
and decreases of 72, in Fig. 6b. Changes in PW propaga-
tion conditions lead to differences in EP-flux vectors,
shown with arrows in Fig. 6b. One can see that the main
n2, differences occur at altitudes 30~70 km and latitudes
20°-70° N, where OGW effects produce the largest
changes in the zonal mean winds in Fig. 1b. In the top
panel of Fig. 6a for SPW1, at altitudes 30—-90 km, the
difference vectors have the same directions as EP-fluxes
in Fig. 5a at latitudes 0°-30° N and opposite directions
at latitudes 30°-60° N. According to Eq. (3), increases in
EP-flux magnitude may lead to increases in PW ampli-
tudes, which can be observed in the top panel of Fig. 3b
at altitudes 40—70 km and latitudes 30°~60° N. Decreas-
ing EP-flux magnitudes and increasing 72, in Eq. (3) cor-
respond to decreasing SPW1 amplitudes at latitudes
30°-60° N and heights 30-70 km in the top panel of
Fig. 3b.

Panels of Fig. 5b for m > 1 show dominance of the vec-
tor EP-flux differences directed opposite to the flux vec-
tors in the respective panels of Fig. 6a at altitudes 30-70
km of the mid-latitude northern hemisphere. Decreasing
EP-flux differences lead to the zones of negative differ-
ences of PW amplitudes in the respective panels of
Fig. 3b, which span larger altitude ranges for shorter
PWs with larger m.

Figure 5c reveals differences between n2, and EP-
fluxes under the westerly and easterly QBO phase condi-
tions without inclusion of OGW effects. The main 72,
variations occur in the stratosphere at low latitudes,
where the main QBO wind changes exist in the bottom
panel of Fig. 1. In addition, Fig. 5¢ shows substantial 72,
changes in the middle and upper atmosphere at the mid-
dle and high latitudes of the northern hemisphere. In
the top panel of Fig. 5c at altitudes 50-70 km, vectors of
EP-flux differences have the same directions as the
fluxes in the top panel of Fig. 5a at latitudes 20°-50° N
and opposite direction at higher latitudes. Respective in-
creases and decreases of EP-flux magnitudes form in-
creases and decreases in SPW1 amplitudes in the top
panel of Fig. 3c. For the PWs with m > 1, Fig. 6¢ shows
vectors of EP-flux differences directed generally opposite
to the flux vectors in the respective panels of Fig. 6a at
the middle and high latitudes of the northern hemi-
sphere. Respective EP-flux decreases in combination
with n%, changes, according to Eq. (5), produce increases
and decreases of PW amplitudes seen in the panels of
Fig. 5¢ for m > 1.

Figure 6a reveals 72, and EP-fluxes for westward

travelling NAMs for the easterly QBO phase without
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Fig. 5 January mean normalized refractive indexes a’nZ, (shading) and specific EP-fluxes in m?/s* (arrows) produced by stationary planetary wave
modes with zonal wavenumbers 1, 2, 3, and 4 (panels from the top to the bottom, respectively) for the easterly QBO phase without OGW effects a.
Also, a%n?, and vector EP-flux differences due to involving OGW effects in the easterly QBO phase b and due to change in QBO phase from easterly to

inclusion of OGW effects. In this case, the phase velocity
¢<0in Eq. (3) and areas of %, > 0 can span to the sum-
mer (southern) hemisphere in Fig. 6a. EP-fluxes in Fig. 6a
show that the main portion of westward travelling
NAMs are generated in the mid-latitude northern hemi-
sphere, but then their energy can propagate to PW
waveguides with 72, >0 in the southern hemisphere.
Therefore, westward NAM amplitudes have maxima in
both hemispheres in Fig. 4a. The largest amplitudes in
the southern hemisphere in Fig. 5a have 5- and 4-day
NAMs with the smallest negative zonal phase velocities
¢=-95 and c=-61 m/s at the equator, respectively.
Therefore, westward travelling NAMs with relatively
short periods can provide effective dynamical coupling

between different hemispheres in the middle atmos-
phere. The vertical components of EP-fluxes in the mid-
dle atmosphere of the northern hemisphere are generally
positive in Fig. 6a. According to Eq. (4), this corresponds
to northward directions of the wave heat fluxes, which
can heat regions near the North Pole in winter and con-
tribute to the evolution of the sudden stratospheric
warming events.

Differences in n% and F,, for westward NAMs pro-
duced by OGW effects are shown in Fig. 6b. One can
see regions of positive and negative 2, differences in all
panels of Fig. 6b, which lead to changes in EP-fluxes.
The vectors of EP-flux differences in Fig. 6b can be di-
rected along or opposite to the respective fluxes in
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Fig. 6a. Therefore, differences in NAM amplitudes in
Fig. 6b could be positive or negative depending on in-
creases or decreases in EP-flux magnitudes. Differences
of vertical EP-flux components in Fig. 6b in the middle
atmosphere at latitudes 40°-90° N can be negative (see
5-, 10-, and 16-day waves) or positive (4- and 16-day
waves above the altitude of 60 km and 7-day mode
below 60 km), which correspond to additional cooling or
heating of polar regions. Therefore, OGW influence

propagation conditions of westward travelling NAMs
could change thermal conditions in the middle atmos-
phere of winter Arctic.

Interesting features are increases in amplitudes of 4-
day westward NAM in both hemispheres in the top
panel of Fig. 4b at altitudes above 70 km. Considerations
of the top panel of Fig. 6b reveal substantial increases in
EP-fluxes directed at these altitudes across the equator
from the northern to the southern hemisphere produced
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by OGW effects for this mode. Combined with wave-
guides existing for 4-day westward NAM in the southern
hemisphere in Fig. 6a, such increases in EP-fluxes can
produce respective increases in amplitudes of this mode
at high altitudes in the top panel of Fig. 4b.

Figure 6¢ reveals differences in 72, and EP-fluxes be-
tween the years of westerly and easterly QBO phases.
One can see that such differences exist in both hemi-
spheres. Therefore, Fig. 5¢ shows changes in NAM am-
plitudes in both hemispheres, especially for 5- and 4-day
westward modes having the strongest negative phase vel-
ocities. Signs of amplitude changes depend on signs of
n?, and EP-flux changes in Fig. 6¢c. For example, the top
panel of Fig. 6¢ shows increasing poleward EP-fluxes in
both hemispheres for 4- and 5-day westward NAMs at
altitudes about 30 km during the westerly QBO phase,
which corresponds to positive amplitude changes in the
respective panels of Fig. 4c. Vector differences in EP-
fluxes in Fig. 6¢ for 5-day mode have generally opposite
directions to the fluxes in Fig. 6a at altitudes higher than
60 km. They decrease EP-flux magnitudes and form
negative 5-day westward NAM amplitude changes in
Fig. 4c in the middle atmosphere of both hemispheres.
Most differences in vertical EP-flux components in
Fig. 6¢ in the middle atmosphere at middle and high lati-
tudes of the northern hemisphere have downward direc-
tions, which correspond to southward PW heat fluxes
and cooling of the polar regions. For 10-day westward
NAM in Fig. 6c, EP-fluxes are directed upwards in the
northern hemisphere above altitude 30 km implying
additional heating near the North Pole.

Figures 5 and 6 show that the changes in PW and
NAM amplitudes shown in Figs. 3 and 4 could be associ-
ated with modifications in the mean wind, refractive
index, and EP-flux structures produced by OGW dynam-
ical and thermal effects and changes in QBO phases.

OGW drag modes
Time and spatial inhomogeneity of the mean wind drag
produced by OGWs can be an additional mechanism of
PW generation in the middle atmosphere (e.g., Holton
1984; McLandress and McFarlane 1993; Watson and
Gray 2015). To study possible OGW drag influences, we
decomposed simulated wave drags into herein consid-
ered stationary PW modes and travelling NAMs. For
SPWs with m=1-5 in January, amplitudes of OGW
drag components are shown with shaded areas in the left
panels of Fig. 7a. Arrows in Fig. 7a show differences in
specific EP-fluxes due to OGW influence, which are the
same as arrows in the respective panels of Fig. 6b.

Figure 7a shows that in the lower atmosphere, the max-
ima of stationary OGW drag components are located at
latitudes of the main mountain systems of the northern
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and southern hemispheres. Westward wind systems in the
middle atmosphere of the summer (southern) hemisphere
prevent upward propagation of stationary OGW energy to
high altitudes (see Fig. 2a). Hence, above 25-30 km max-
ima of OGW drag amplitudes in the left panels of Fig. 7a
are located only in the winter (northern) hemisphere,
mainly at latitudes 30°-50° N. The vertical structures of
OGW drag depend on the vertical profiles of the mean
wind and temperature (see Gavrilov and Koval 2013) and
are different for different PW modes in Fig. 7a. Decreases
in OGW drag amplitudes with altitude are larger for SPW
modes with higher 1 in the left panels of Fig. 7a.

Arrows in Fig. 7a show changes in specific EP-flux
vectors of stationary PW modes due to OGW effects. At
latitudes higher than 30° N and altitudes 30-70 km, one
can see northward EP-flux differences in all panels of
Fig. 7a, which decrease EP-fluxes produced by tropo-
spheric PW sources and plotted with arrows in Fig. 6a.
They could be caused by OGW drag influence on the
general circulation (see Fig. 1b) and PW refractive index
(Fig. 6b), which modify the SPW propagation conditions
in the middle atmosphere. Figure 7b reveals distributions
of OGW drag amplitudes for westward travelling NAMs
and respective differences in specific EP-flux vectors.
General distributions of OGW drag components in
Fig. 7b in the northern hemisphere are similar to those
shown in Fig. 7a for SPWs. Significant changes in EP-
fluxes in the regions of increased OGW drag compo-
nents in Fig. 7b occur for 4-day westward NAM at
altitudes about 90 km. The westward 4-day NAM has
waveguides in the southern hemisphere (see Fig. 6a),
which provide effective transfer of EP-fluxes into the
summer hemisphere forming amplitude maxima at high
altitudes in the top panel of Fig. 5a.

Therefore, OGW drag may directly alter local PW-
fluxes or may indirectly change the general circulation
of the middle atmosphere and the PW refractive indexes.
Relative contributions of these effects depend on differ-
ent stationary PW modes and travelling NAMs.

Discussion

Many studies were devoted to the generation of PW
modes in the middle atmosphere by horizontally inhomo-
geneous gravity wave drag (e.g., Holton 1984; McLandress
and McFarlane 1993; Watson and Gray 2015). Using the
MUAM, Gavrilov et al. (2013a, b) simulated the generation
of PW modes by inhomogeneous OGW forcing. In these
simulations, tropospheric sources were given for stationary
PWs only. Modeling showed the presence of westward
travelling normal atmospheric modes (NAMs) produced
by inhomogeneous OGW drag in the middle atmosphere.
In the present study, we considered stationary PWs and
travelling NAMs, whose main sources were specified in
the troposphere. In this model, OGW drag could only
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modify the primary modes, while its relative contribution
depends on the strengths of specified tropospheric PW
sources.

Recently, some studies revealed possible compensation
of PW drag of the middle atmospheric circulation by
parameterized OGWs in general circulation models
(McLandress and McFarlane 1993; Cohen et al. 2013,
2014; Sigmond and Shepherd 2014; Watson and Gray
2015). Our results show that taking account of OGW
parameterization can both decrease or increase wave
amplitudes, EP-fluxes, and wave drag of the mean flow
depending on the considered PW modes. In Figs. 3b and
5b, amplitudes and EP-fluxes of stationary PWs decrease
at latitudes higher than 30°-40° N in the middle atmos-
phere due to OGW effects. At lower latitudes, Figs. 3b
and 5b show increases in amplitudes and EP-fluxes of
SPW1 and SPW2 modes. Amplitudes and EP-fluxes of
westward travelling NAMs in Figs. 4b and 6b are also in-
creasing and decreasing at different latitudes and altitudes
in the middle atmosphere. In addition to the direct impact
of the wave drag, OGW can influence PW propagation
conditions by changing background temperature and wind
fields and modifying atmospheric refractive indexes (see
Figs. 5 and 6). Combinations of inhomogeneous OGW
drag and refractive index may produce quite complicated
latitude-altitude distributions of amplitudes and EP-fluxes
for different PW modes in the middle atmosphere.

Many studies are devoted to the role of PW-mean flow
interactions in penetration of equatorial QBOs to the
middle and high latitudes (e.g., Dunkerton and Baldwin
1991; O’Sullivan and Young 1992; Garfinkel et al. 2012;
Lu et al. 2014). Some studies show that zonal wind vel-
ocity in the northern polar vortex can differ during the
westerly QBO phase from that in the easterly phase
(Holton and Tan 1980; Pascoe et al. 2005; Inoue et al.
2011; Yamashita et al. 2011; Watson and Gray 2014).
Our simulated differences in the mean zonal winds be-
tween the westerly and easterly QBO phases at high lati-
tudes of the northern hemisphere in Fig. 1c have different
signs at different altitudes. In the troposphere and lower
stratosphere, Fig. 1c shows higher eastward velocities at
high latitudes of the northern hemisphere during the
westerly QBO phase, which corresponds to the traditional
Holton-Tan effect (Holton and Tan 1980; Inoue et al.
2011). Above altitude 30 km, Fig. 1c reveals increases and
decreases in the mean zonal winds at middle and high lati-
tudes during the westerly QBO phase. Some discrepancies
between Fig. 1c and previous studies may arise from the
MUAM deficiencies in the troposphere and lower strato-
sphere and from detection of QBO phases at different alti-
tudes in different studies (see “Methods”).

Possible mechanisms of equatorial QBO influence on
the general circulation of the middle atmosphere include
modifications of atmospheric waveguides, which can
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change conditions of the PW propagation and wave drag
of the mean flow (e.g., Holton and Tan 1980; Inoue et al.
2011; Watson and Gray 2014). Figures 5c¢ and 6¢ show
that changes in the horizontal and vertical structures of
background wind and temperature between westerly and
easterly QBO phases can produce substantial differences
in refractive indexes at the middle and high latitudes of
both hemispheres in the middle atmosphere. These dif-
ferences alter the propagation conditions of different
PW modes and their amplitudes (see Figs. 3¢ and 4c)
and EP-fluxes (see Figs. 5c and 6¢) at middle and high
altitudes. Respective changes in PW drag and heating
rates can produce further changes in the general circula-
tion and temperature at middle and high latitudes
caused by changes in equatorial QBO phases in the mid-
dle atmosphere. The influences of background wind and
temperature on refractive indexes and EP-fluxes of par-
ticular PW modes and NAMs can be different.

Therefore, our studies confirm existing views that
nonlinear interactions between PW modes and general
circulation could be important mechanisms of influence
of tropical QBO phases on the dynamical and thermal
regimes of the middle atmosphere at middle and high
latitudes. Simulations also show that particular mecha-
nisms and results of this influence may significantly de-
pend on the parameters of the considered PW modes.

This study uses some simplified assumptions for pa-
rameterizations of OGW effects and travelling PW
modes, for example, travelling PW modes treated as sinu-
soids with constant amplitudes versus time. Simulations
are made for fixed distributions of NAM amplitudes and
phases at the lower boundaries. Further studies of the
OGW and QBO influence on tides and planetary waves
with more realistic parameterizations are required.

Conclusions

The numerical simulations were performed using the
MUAM with the implemented parameterization of dy-
namical and thermal effects of orographic gravity waves
generated by the Earth’s topography (Gavrilov and Koval
2013). Responses of the mean circulation and amplitudes
of stationary and travelling planetary wave modes with
periods of 4-16 days in the middle atmosphere to OGW
impacts and to changes in the phase of the quasi-biennial
oscillation were simulated. Accounting OGW dynamical
and heating effects in the MUAM can lead to changes up
to 50-90 % in the SPW amplitudes. Amplitudes of west-
ward travelling NAMs can vary (up to 50-90 %) at differ-
ent altitudes and latitudes of the northern hemisphere due
to the OGW effects. PW and NAM amplitudes can have
peak differences up to +30-90 % at middle and high lati-
tudes between the easterly and westerly QBO phases in
tropics.
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Analysis shows that obtained changes in PW amplitudes
could be associated with modifications of the mean wind,
refractive index, and EP-flux structures produced by
OGW dynamical and thermal effects and changes in the
QBO phases. Time and spatial inhomogeneities of OGW
drag can lead to changes in EP-fluxes of stationary PWs
and travelling NAMs. Our simulations confirm existing
concepts that modifications of the extra-tropical general
circulation of the middle atmosphere during the easterly
and westerly QBO phases could be produced by changes
in refractive indexes, PW propagation conditions, and
subsequent PW drag of the mean flow. Details of these in-
teractions are various for different stationary and travel-
ling PW modes. Westward travelling NAMs may have
extra-hemisphere waveguides and provide transfer of en-
ergy and momentum to the middle and upper atmosphere
of the southern (summer) hemisphere.
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