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Abstract

Using a high-resolution nonlinear numerical model, simulations are performed to study the propagation of acoustic-gravity waves
(AGWs) from the troposphere into the upper atmosphere. These simulations take into account background wind profiles containing crit-
ical levels, where the horizontal wind velocity becomes equal to the horizontal AGW phase speed. According to conventional linear the-
ories of atmospheric waves, the vertical wavelength approaches zero near critical levels, resulting in strong dissipation of AGWs
propagating from the troposphere and preventing them from reaching the upper atmosphere. Our numerical simulations are carried
out using wave sources in the form of plain wave perturbations of vertical velocity, propagating along the Earth’s surface. Jet streams
in the atmosphere are approximated by Gaussian profiles of the mean zonal wind with maxima located at altitudes of 110 km and 50 km.
Calculations reveal that AGW amplitudes are significantly reduced above the high-altitude critical levels. For the critical levels at alti-
tudes 30-70 km, part of wave energy can penetrate through them and propagate further into the upper atmosphere. In the nonlinear
model, increased generation of secondary wave modes occur near the critical level. Therefore, modes with vertical wavelengths longer
than that of the primary AGW dominate at altitudes exceeding 130 km, where amplitudes of these secondary waves may surpass the
amplitudes of the primary AGW in the absence of middle atmosphere critical levels.
© 2024 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.

Keywords: Acoustic-gravity waves; Critical level; Secondary waves; Numerical simulation; Upper atmosphere

1. Introduction propagate upwards into the mesosphere and thermosphere,

transferring momentum and energy to higher layers of the

An important role in the dynamics of the middle and
upper atmosphere belongs to acoustic-gravity waves
(AGWs). The waves generated in the lower atmosphere
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atmosphere (e.g., Vadas and Liu, 2013; Franco-Diaz et al.,
2024). Due to dissipation and momentum transfer to the
mean flow, AGWs can change the zonal wind in the meso-
sphere and lower thermosphere and affect the general circu-
lation of the middle and upper atmosphere (Holton, 1983).
Numerous studies (e.g., Miyoshi et al., 2014; Becker and
Vadas, 2020) have shown that wave accelerations of the
mean flow caused by dissipating AGWs coming from the

0273-1177/© 2024 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar

technologies.


https://doi.org/10.1016/j.asr.2024.12.005
mailto:n.gavrilov@spbu.ru
mailto:renger@mail.ru
mailto:renger@mail.ru
mailto:a.v.koval@spbu.ru
mailto:yakurdyaeva@gmail.com
mailto:yakurdyaeva@gmail.com
https://doi.org/10.1016/j.asr.2024.12.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2024.12.005&domain=pdf

N.M. Gavrilov et al.

troposphere play an important role in maintaining the
momentum balance in the thermosphere (Becker and
Vadas, 2020). Thus, understanding the dynamics of the
atmosphere as a whole and interactions between its layers
requires adequate knowledge of AGWs.

To take into account AGW effects in global circulation
models, subgrid mesoscale waves and their interaction with
the mean flow should be parameterized, and these param-
eterizations should be compared with observations and
results of high-resolution modeling (e.g., Alexander et al.,
2010; Geller et al.,, 2013; Becker and Goncharenko,
2022b; Vadas et al, 2023a, 2024). Nowadays, numerical
models of global circulation having high resolution (e.g.,
Miyoshi and Fujiwara, 2008; Becker et al., 2015) can sim-
ulate medium to large-scale AGWs. For example, the Hi
Altitude  Mechanistic  general Circulation Modes
(HIAMCM) can explicitly simulate AGWs with horizontal
wavelengths of 200 to thousands km (Becker & Vadas,
2020, Vadas et al, 2023a, 2024). Results of High-
resolution global circulation models agree well with the
data on gravity waves in the thermosphere and ionosphere
(Vadas et al, 2023b, Vadas et al, 2023a, 2024).

Numerical simulation of nonlinear small-scale waves
and turbulence in the atmosphere has been rapidly devel-
oping in recent years. Fritts et al. (2009, Fritts et al.,
2014) have simulated the breaking of atmospheric internal
waves and Kelvin—Helmholtz instabilities. Their models
are three-dimensional and describe the propagation and
breaking of AGWs in atmospheric regions with limited
horizontal and vertical dimensions. Numerical two-
dimensional models of AGWs in the atmosphere were
developed by Liu et al. (2008) and Yu et al. (2009). A
two-dimensional ICON model was exploited by
Gassmann and Herzog (2015).

AGWs break in the atmosphere at altitudes up to
200 km (Lund and Fritts, 2012, Vadas and Liu, 2013).
AGW breaking is strongly nonlinear and produce a cas-
cade and transfer of energy to smaller-scale spectral com-
ponents. Smaller-scale secondary wave modes are shorter
than primary breaking AGWs (Heale et al., 2022;
Gavrilov et al., 2022; Gavrilov and Kshevetskii, 2023).
These secondary AGWs can create substantial wave fluxes
of momentum, and can increase the wave energy transfer
into turbulence. The deposition of momentum and energy
that occurs during and after wave breaking and the cascade
to turbulence can generate a 2nd type of secondary AGWs
(Vadas et al. 2003, 2018). This latter wave type tends to
have larger horizontal wavelengths and phase speeds com-
pared to the primary AGW. They can transfer energy and
momentum more effectively and propagate to higher alti-
tudes in the upper atmosphere (Vadas and Liu, 2013;
Becker and Goncharenko, 2022b; Vadas et al, 2024). Sec-
ondary AGWs of the 2nd type have been observed with a
lidar in the stratosphere and mesosphere (Vadas et al.,
2023a), as well as in the MLT region and in the thermo-
sphere (Vadas et al., 2024), including in the thermosphere
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and ionosphere after the Tonga eruption (Vadas et al.
2023b, 2023c).

The primary AGWs that propagate from the tropo-
sphere can create localized regions of increased and
decreased momentum and energy fluxes in the middle
and upper atmosphere (Fritts et al., 2006; Smith et al.,
2016; Vadas and Becker, 2019). Inhomogeneities of the
respective wave drag may generate downward and upward
propagating secondary modes having horizontal wave-
lengths, which depend on scales of the irregularities
(Vadas et al., 2003). Primary AGW breaking accompanied
by increased nonlinearity can also generate secondary
waves. Such secondary AGWs arise as higher harmonics
and usually have lengths and periods shorter than primary
wave modes (Bacmeister and Schoeberl, 1989; Franke and
Robinson, 1999). Since most secondary waves have larger
phase velocities and longer vertical wavelengths, they
may reach higher altitudes. Large-amplitude secondary
waves can, in turn, break and cause additional accelera-
tions at high altitudes (Vadas and Becker, 2019; Becker
and Vadas, 2020; Vadas et al, 2024).

An important source of AGWs observed in the middle
atmosphere is the tropospheric deep convection (e.g.,
Franco-Diaz et al., 2024). Simulation has shown that the
primary AGWs excited by deep convection can reach the
thermosphere, where they break and dissipate (Vadas and
Crowley, 2010; Vadas and Liu, 2013). This process pro-
duces spatially and temporally-localized horizontal wave
accelerations, which generate longer secondary AGWs
(Vadas and Liu, 2013). Such secondary AGWs can then
propagate to much higher altitudes, leading to considerable
variability in the neutral wind (Vadas and Crowley, 2017).
Furthermore, these secondary AGWs increase the variabil-
ity of the ionosphere by generating medium- and large-
scale traveling ionospheric disturbances (Vadas et al.,
2021). Perturbations formed in the winter polar strato-
sphere were observed in the mesosphere and lower thermo-
sphere (Chen et al., 2016; Zhao et al., 2017), and were
found to agree well with the modeled wintertime secondary
AGWs (Becker and Vadas, 2018). Analysis of concentric
wave fronts in the middle and upper atmosphere produced
by a typhoon (Li et al, 2022) reveals an important role of
secondary waves in the formation of AGW fields in the
thermosphere. Generation of secondary AGWs is an
important process that can strongly modify the wave
energy and momentum transfer and transformation mech-
anisms. Deeper research of secondary waves needs further
development of numerical high-resolution models and
methods for distinguishing the spectra of primary and sec-
ondary waves.

Gavrilov and Kshevetskii (2014) have developed a high-
resolution three-dimensional numerical model describing
the propagation of nonlinear AGWs through the atmo-
sphere from the Earth’s surface to the thermosphere. The
numerical scheme adequately takes into account the funda-
mental laws of conservation of mass, momentum, and



N.M. Gavrilov et al.

energy, as well as the law of non-decreasing entropy. This
model can provide physically correct generalized solutions
of hydrodynamic equations and ensure the stability of the
numerical scheme in the field of breaking nonlinear waves
and transition to turbulence, where many computational
algorithms become invalid. With the wide range of heights
under study, this stable algorithm makes the numerical
model suitable for simulating AGWs and their instability
at heights from the Earth’s surface to the thermosphere.
Numerical simulation provides further insight into the
mechanisms of dynamic interaction between different
atmospheric layers.

This article describes simulating primary plane waves in
the high-resolution model AtmoSym (2017), which propa-
gate to the upper atmosphere through the mean wind pro-
files, containing critical levels, where the mean wind
velocity is equal to the horizontal phase speed of the pri-
mary wave. We consider a high-altitude jet stream with
maximum velocity at 110 km altitude. Such strong jet
streams were observed in the upper atmosphere (e.g.,
Larsen, 2000; Larsen et al., 2005). For comparison, we con-
sider a jet stream located in the middle atmosphere, which
can represent stratosphere-mesosphere circulation flows
and, in particular, the polar vortex jets, which are winter-
time phenomena in the norther and southern hemispheres.
Differences are considered of AGW propagation to the
thermosphere through such jet streams located at different
atmospheric altitudes.

2. Numerical model

We have used a high-resolution three-dimensional
numerical model “AtmoSym” developed by Gavrilov and
Kshevetskii (2014), which is available online for free
(AtmoSym, 2017). The model is based on the plane geom-
etry and complete hydrodynamic three-dimensional equa-
tions (Gavrilov et al., 2022). The AtmoSym model takes
into account dissipative and nonlinear processes affecting
AGW propagation, and can describe such complex pro-
cesses as instability of AGWs, their breaking and turbu-
lence generation. The model was verified and gives ratios
of different hydrodynamic parameters close to theoretical
AGW polarization relations, when nonlinearity and dissi-
pation are weak (Gavrilov et al., 2015).

Background temperature profiles 7j(z) for the simula-
tion have been taken from the semi-empirical atmospheric
model NRLMSISE-00 (Picone et al., 2002). Background
dynamic coefficients of molecular viscosity and thermal
conductivity are estimated using Sutherland’s formula
(Kikoin, 1976). The lower boundary of the model is located
at the Earth’s surface. The AtmoSym model also includes
background turbulent viscosity and thermal conductivity
that reach maxima of ~10 m?/s in the boundary layer
and the lower thermosphere and a minimum of 0.1 m?*/s
in the stratosphere (Gavrilov and Kshevetskii, 2014).

Zero values of vertical gradients of temperature and
horizontal velocity, as well as zero vertical velocity are
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set at the upper boundary (Gavrilov et al., 2022). Under
such upper boundary conditions, the AGWs coming from
the underlying layers of the atmosphere may be reflected.
The upper boundary in the present study is set at the alti-
tude of 600 km, where molecular viscosity and thermal
conductivity are very high, and the reflected waves are sub-
jects to strong attenuation. Numerical tests indicate that
the influence of upper boundary conditions is negligible
at distances from the upper boundary that are twice the
atmospheric scale height. Thus, at analyzed altitudes up
to 200 km, the influence of upper boundary conditions is
insignificant. Gavrilov et al. (2015, 2022) simulated nonlin-
ear AGW propagation from lower boundary forcing hav-
ing forms of plane waves. In the present study, we
assume horizontally periodical distributions of vertical
velocity at the Earth’s surface of the form of

(). = Wocoslk,(x — c.t) coslk, (v — 1), (1)
where k,, k, and c,, c, are wavenumbers and phase veloc-
ities along horizontal axes x and y, respectively; W) is the
wave forcing amplitude. Eq. (1) represents horizontally
moving periodical structures of vertical velocity at the bot-
tom boundary. Forcing of Eq. (1) may simulate spectral
Fourier-components of convective and turbulent AGW
sources transported by the mean winds in the atmosphere
(Townsend 1965, 1966). Considerations of the plane wave
source Eq. (1) allows comparisons of numerical model
results with conventional AGW theories (e.g., Gossard
and Hooke, 1975), which also consider properties of indi-
vidual plane Fourier-components. In the present paper
we made calculations for different ¢, between 10 and
100 ms~ ! at ky, = 0. In this case, Eq. (1) describes waves
propagating along the horizontal axis x with stationary
amplitude along the axis y.

Our numerical simulations were made using zero initial
conditions for wave fields at the moment ¢ = 0 of activating
the wave source Eq. (1) at the lower boundary. To reduce
the pace of the activation of the wave source, we multiply
W, in Eq. (1) by a Gaussian factor

q(1)

{ exp [—(t - ta)z/sg] att < t, )
1

att > t,

changing from zero at + = 0 to 1 at the moment ¢ = 1,
which we consider as the time of the wave source activation
(see Gavrilov et al., 2022). At ¢ > t,, the source amplitude
W, does not change and allows obtaining quasi-stationary
AGW regime at large ¢. At low W, in Eq. (1), in the lower
and middle atmosphere at ¢ >> ¢, the numerical solution
tends to plane steady-state waves, which match traditional
linear AGW theory (e.g., Gossard and Hooke, 1975).
Gavrilov et al. (2015) obtained fair agreement between
the simulated ratios of amplitudes of different wave param-
eters and the polarization relations of the linear AGW the-
ory (Gossard and Hooke, 1975) at altitudes to 100 km at
[>>t,.
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3. Results of simulations

Medvedev and Gavrilov (1995) analyzed AGW genera-
tion by nonlinear interactions caused by meteorological
and turbulent motions in the atmosphere. They found that
such interactions could produce components of wave spec-
tra having broad variety of amplitudes, wavelengths and
other parameters. IGW simulations with the AtmoSym
high-resolution nonlinear model are made in the atmo-
spheric domain with horizontal dimensions of 800 km with
lower boundary at the Earth’s surface and upper boundary
at altitude of 600 km. Here we consider two primary IGW
modes with the horizontal wavelength 4, = 2n/k, =200 km
and phase speeds of ¢, = 30 m/s or ¢, = 60 m/s in the wave
source of Eq. (1) with W, = 0.1 mm/s at the lower bound-
ary and smooth wave source triggering at s, = 10° s in Eq.
(2). This corresponds to the periods of the primary modes
7= A Je, = 6.67-10% s and © = 3.33+10° s for the above c,
values, respectively. The spacing of the horizontal grid of
the model is Ax = 1,/32 = 6.4 km. The spacing of the ver-
tical grid is determined automatically depending on the
atmospheric scale height and vary from about 12 m near
the ground to several km at altitudes above 200 rm. The
time step of the simulations is determined automatically
to provide stability of numerical algorithm and it is about
a few seconds.

Gavrilov and Kshevetskii (2014) showed that triggering
the plane wave forcing at the lower boundary produces
pulses of acoustic waves propagating upwards. Calcula-
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tions show that in the horizontally periodical excitation
of Eq. (1), these acoustic disturbances have the form of
quasi-vertically propagating perturbations similar to those
in Fig. la—c of the paper by Gavrilov and Kshevetskii
(2014). These perturbations in a few minutes can arrive
at altitudes of 100 km and above, where acoustic waves
can have substantial amplitudes.

Fig. 1 shows examples of simulated wave structures in
the windless atmosphere with a realistic vertical tempera-
ture profile for sufficiently late instances ¢ after activating
the wave forcing Eq. (1) with different ¢,. One can see
the surfaces of constant phase inclined to the horizon
below 100 km altitudes, which are characteristic for the
branch of low-frequency atmospheric AGWs called as
internal gravity waves (IGWs). A theory of plane linear sta-
tionary IGWs (e.g., Gossard and Hooke 1975) gives the
angle of this inclination to be arcsin(tyl/t;), where 15 and
7; are the Brunt-Vaisala and IGW intrinsic periods, respec-
tively. This corresponds to the theoretical vertical wave-
length A, = c,7y, Where c,; is the intrinsic horizontal
phase speed. This gives 4. ~ 9-12 km for ¢,; = 30 ms ™
and A, ~ 18-24 km for ¢,; = 60 ms™" at typical Ty ~ (3—
4)+10% s at altitudes 50-100 km in January.

One may calculate effective simulated /. as the mean
vertical separation of quasi-linear inclined wave fronts in
Fig. 1. This gives A. ~ 10 km for ¢, = 30 ms ™! at altitudes
50 — 100 km in the right panel of Fig. 1. Similar estimations
for the left panel of Fig. 1 at ¢, = 60 ms™' give, respec-
tively, 4. ~ 20 km. This shows that in both cases /. tends
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Fig. 1.

XOZ cross-sections of wave fields of vertical velocity in m/s for AGWs with ¢, = 60 m/s at the model time # = 150 h (left) and with ¢, = 30 m/s at

t = 75 h (right) in the windless atmosphere with realistic vertical temperature profile.
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Fig. 2. The mean wind profile (left) and XOZ cross-sections of wave fields of vertical velocity in m/s for AGW with ¢, = 60 m/s at the model time 1 = 7h
(middle) and ¢ = 150 h (right). Dashed line corresponds to the wave phase velocity and marks the critical levels.

to the theoretically predicted ranges of values (see above)
after a transition interval, which can last more than ten
periods t of the used wave forcing (see above).

Fig. 2 shows simulated vertical velocity field for AGW
source of Eq. (1) with ¢, = 60 m/s at two different time
instances for the high-altitude jet stream with the profile
of horizontal mean velocity shown in the left panel of
Fig. 2. The mean wind profile was prescribed at the initial
moment and it can slightly evolve during the simulation.
There are two critical levels, where the mean wind profile
crosses the dashed line corresponding to the AGW hori-
zontal phase speed in the left panel of Fig. 2. One can see
that shortly after turning on the boundary wave source
Eq. (1), in the middle panel of Fig. 2, initial transient
AGW pulses can go through the critical level. However,
later, in the right panel of Fig. 2, IGWs go up to the critical
level, their vertical wavelengths decrease and they are sub-
jects to strong dissipation due to high molecular viscosity
and heat conductivity. Therefore, IGW amplitudes in the
right panel of Fig. 2 above altitude of 120 km are several
orders of magnitude smaller than those in the left panel
of Fig. 1 for the same model time and ¢, = 60 m/s, but
without the critical levels.

Fig. 3 is analogous to Fig. 2, but for the jet stream
located in the middle atmosphere with maximum at alti-
tude of 50 km and for AGW with ¢, = 30 m/s. Consider-
ation of the right panel of Fig. 3 shows that the viscosity
and heat conduction in the middle atmosphere is not strong
enough for total dissipation of wave modes with medium
and long horizontal and vertical wavelengths propagating
from below near the critical level. Therefore, part of wave
energy may tunnel upwards and substantial wave perturba-
tions occur above the jet stream in the right panel of Fig. 3.
Substantial contribution may give so called secondary
wave modes, which can be generated in the atmosphere
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due to nonlinear interactions and dissipating primary
IGWs (Heale et al., 2022; Vadas et al., 2018).

Between altitudes 40 and 60 km, the main wave fronts
are inclined to the horizon in the direction opposite to that
outside these altitudes in the right panel of Fig. 3. This
layer is located between the lower and upper critical levels,
where horizontal velocity of the mean wind exceeds the
wave horizontal phase speed of the primary wave, the
respective intrinsic frequency becomes negative. Therefore,
maintaining positive wave energy flux and positive vertical
group speed c,. ~ —w/m requires respective change in the
sign of the vertical wavenumber m from negative to posi-
tive, which correspond to upward phase propagation
between altitudes 40 and 60 km in Fig. 3 for ¢, = 30 m/s
and downward phase propagation outside this layer.
Vadas et al. (2023a) found evidences about generating
upward and downward propagating secondary IGWs
within the polar vortex jet in the stratosphere.

The right panel of Fig. 1 shows relatively small ampli-
tudes of IGW with ¢, = 30 m/s at altitudes above
120 km with four maxima and four minima in the horizon-
tal direction corresponding to the primary wave structure.
The right panel of Fig. 3 shows two—three times more max-
ima and minima at altitudes above 100 km. This shows the
generation of secondary waves, which may have horizontal
lengths 2-3 times shorter than that of the primary IGW
and may dominate in the upper atmosphere above the jet
stream. Simulations of AGW spectrum developments in
the AtmoSym high-resolution nonlinear model showed
that modes with the horizontal length 1/2 and 1/3 of that
of primary IGW indeed have largest amplitudes in the
spectrum of secondary wave modes in the atmosphere
(Gavrilov and Kshevetskii, 2023; Efimov et al., 2023).

The spectrum of secondary waves may contain compo-
nents with longer vertical wavelengths, which are less dissi-
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Fig. 3. Same as Fig. 2, but for AGW with ¢, = 30 m/s at the model time = 5h (middle) and ¢ = 75 h (right).

pative due to molecular and turbulent viscosity and heat
conduction (Vadas, 2007), so that their amplitudes above
the critical layer in the right panel of Fig. 3 are much larger
at high altitudes, than the amplitudes in the right panel of
Fig. 1 for the primary IGW. This may confirm the results
by Zhao et al. (2017), who observed that IGWs registered
at altitudes near 30 km have frequently shorter vertical
wavelengths than waves at altitudes 60-65 km and sup-
posed that shorter waves dominated in the stratosphere
may generate secondary waves, which can propagate
upwards and be persistently observed at higher altitudes.

4. Discussion

The problem of critical levels appeared in the wave the-
ory due to singular points, where coefficients of linearized
wave equations (e.g., Gossard and Hooke, 1975) tend to
infinity. For a particular Fourier-component with observ-
able frequency ¢ and horizontal wave number k, such sin-
gularity appears, when the intrinsic frequency w = ¢ —
kvg — 0 that is equivalent to ¢, — vy (where ¢;, = a/k is
the horizontal phase speed, v, is the component of mean
wind along the horizontal wave vector). The left panels
of Figs. 2 and 3 show the existence of two critical levels
in the gaussian mean wind profiles: in the lower and upper
parts of the stream, where vy = ¢,

Vertical group velocity ¢,. ~ — w/m — 0 near the critical
level. This means that the wave energy should go quasi-
horizontally along the critical level and the IGW should
be subject to strong dissipation (as far as |m| — oo) in
the vicinity of the critical level. Such behavior one can
see in the right panel of Fig. 2 for high-altitude jet stream.
The IGW trajectories become quasi-horizontal near the
critical level just below 100 km altitude. Strong molecular
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and turbulent viscosity and heat conduction provide strong
dissipation of wave energy near the critical level. Therefore,
wave amplitudes in the right Fig. 2 at altitudes above
120 km are much smaller than those in the left panel of
Fig. 1 for the same primary IGW without critical levels.
However, the right panel of Fig. 3 demonstrates differ-
ent behavior near the critical levels of the jet streams with
maximum at 50 km altitude. There are two critical levels
with vy = ¢, at altitudes of 33 and 67 km in the left panel
of Fig. 3. In the vicinity of these critical levels in the right
panel of Fig. 3 one can see destructions of inclined wave
fronts of primary IGW and appearance of smaller-scale
structures, which can indicate an increased production of
secondary wave modes. This may be caused by a possible

increase in the horizontal wind variance u/* produced by
the primary IGW, which is prescribed by the linear IGW
theory near critical levels to maintain the vertical compo-

nent of horizontal momentum p,u'w’ pok ur® /(2m) at |m|
— 00.

Studies of the spectrum of secondary waves in the
AtmoSym model (Gavrilov and Kshevetskii, 2023,
Efimov et al., 2023) showed prevailing amplitudes of spec-
tral components with horizontal wavenumbers k = 2 k, and
k = 3 ky, where k; is the horizontal wavenumber of the pri-
mary IGW. The amplitudes of secondary wave modes are
larger in the regions of increased amplitudes of the primary
IGW. Due to large enough horizontal and vertical wave-
lengths, secondary waves might not substantially dissipate
in the middle atmosphere and may form the layers with
smaller-scale perturbations in the right panel of Fig. 3 near
the critical levels.

The horizontal phase speeds of secondary waves modes
may be different and they may propagate through the crit-
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ical levels for the primary IGW. Therefore, layers with
shorter-scale perturbations span above altitudes of the crit-
ical levels at 33 and 67 km in the right panel of Fig. 3.
These secondary IGWs can transfer their energy through
the critical levels. In the right panel of Fig. 3 at altitudes
33-67 km the wave fronts have inclinations to the horizon
in opposite directions than those outside this layer. This is
because the intrinsic frequency for IGWs with ¢, = 30 m/s
is negative between the lower and upper critical levels,
o <0, and to provide upward energy flux and positive ver-
tical phase speed ¢. ~ — w/m, the sign of vertical wavenum-
ber m should be changed to the opposite. There might be
also downward secondary IGWs.

Secondary waves generated near critical levels in the
middle atmosphere may propagate to the higher atmo-
spheric levels. In the right panel of Fig. 3 above 120 km
altitude one can see 9—11 maxima and minima of vertical
velocity, while the primary IGW form only four maxima
and minima along the horizontal axis x at each height in
the right panel of Fig. 1. This reveals substantial contribu-
tion from secondary wave modes with k =2 kyand k =3 k,
in the upper atmosphere in the right panel of Fig. 3. Ampli-
tudes of these secondary waves may reach 0.8 m/s in Fig. 3,
which is much greater than respective amplitudes of
0.02 m/s for the primary IGW without critical levels in
the right panel of Fig. 1.

Medvedev et al. (2023) supposed that despite larger
amplitude of velocity perturbations, secondary waves
may produce smaller vertical momentum flux because of
their smaller horizontal and larger vertical wavelengths.
Using the AtmoSym output we estimated averaged for
horizontal plane located at altitude of 150 km IGW
momentum flux for c, 30 m/s at the model time
t = 75 h. For the windless atmosphere corresponding to
the right panel of Fig. 1, the wave momentum flux at alti-

tude 150 km isF,, = p,u'w = 2.5-10"'* N/m?, and in the
presence of critical levels in the middle atmosphere
(Fig. 3) F,, = 3.2:107'° N/m?. Therefore, in our simula-
tions higher-order wave modes over middle atmospheric
critical levels have not only higher amplitudes, but also
produce larger momentum fluxes in the thermosphere.
Vertical distances between consecutive inclined wave
fronts in Figs. 1-3 are equal to local IGW vertical
wavenumber, .. At altitudes of 20 — 30 km, in the right
panel of Fig. 1, A. =~ 9.4 km for the primary IGW having
¢, = 30 m/s in the windless atmosphere. In the presence
of jet stream in the right panel of Fig. 3 the inclined
IGW fronts at altitudes of 20 — 30 km are noisier and 4.
vary between 8.5 — 10 km. Distances between consecutive
wave fronts at altitudes 120-140 km in the right panel of
Fig. 3 give values 4, ~ 13-18 km. This show that vertical
wavelengths of secondary wave modes propagating to the
upper atmosphere are substantially larger than A. of pri-
mary IGW at altitudes 20-30 km below the critical levels.
Wave modes with longer /. are subjects to smaller dissipa-
tion due to molecular and turbulent viscosity and heat
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conductivity and they can propagate up to higher altitudes
in the atmosphere (Vadas, 2007). This can explain higher
amplitudes of secondary wave modes with larger 4. at alti-
tudes above 130 km in the right panel of Fig. 3 than the
amplitude of shorter primary IGW in the right panel of
Fig. 1, which is strongly dissipated in the thermosphere.

Zhao et al. (2017) and Becker and Vadas (2018) ana-
lyzed IGWs in the middle atmosphere using multiyear lidar
observations of temperature variations in the middle atmo-
sphere. They found that the IGW vertical wavelengths and
horizontal phase speeds and A. at altitudes of 3040 km are
generally smaller than those simultaneously observed at
higher altitudes in the mesosphere and lower thermosphere.
Becker and Vadas (2018) used a GW-resolving high-
resolution simulation and showed that secondary IGWs
are generated just above the maximum wind speed of the
polar vortex jet, and that these secondary waves have lar-
ger /. similar to the data from McMurdo (see Fig. 14 of
that paper). The comparisons of the model data with the
lidar data revealed that A. is smaller in the stratosphere
and larger in the mesosphere, which is a result of the longer
secondary IGWs in the mesosphere.

The study by Becker and Vadas (2018) was able to effec-
tively reproduce the observations of Zhao et al (2017) via a
GW-resolving model and showed that stratospheric waves
can generate longer secondary waves, which can propagate
to the upper atmosphere. Vadas et al. (2018) considered a
mechanism of secondary IGW generating by body forces
due to local accelerations of the mean flow and heat influ-
xes produced by dissipation of primary waves. Such sec-
ondary IGWs propagating upwards may have vertical
wavelengths longer than that of the primary waves
(Vadas and Liu, 2013; Vadas and Becker, 2018). Decreas-
ing /. near the critical level may cause increased dissipation
of the primary IGW (see above) and, in addition, can acti-
vate generating secondary IGWs due to the body forces.

Vadas et al (2023a) showed the generation of IGWs by
the polar vortex jet in the stratosphere and the generation
of upward and downward propagating secondary wave
modes at altitudes of 50-60 km over Europe, where the pri-
mary IGWs dissipated and produce body forces due to
wave accelerations of the mean flow and heat influxes.
The upward and downward propagating secondary IGWs
were observed by Rayleigh lidar at ALOMAR in northern
Norway and were simulated with the gravity wave resolv-
ing general circulation model HIAMCM (Vadas et al,
2023a).

Simulating IGWs from the ground to the thermosphere
was made by Vadas et al. (2024). The authors showed that
primary IGWs generated at the entrance, core and exit
regions of the polar vortex jet dissipate and deposit
momentum in the upper stratosphere/lower mesosphere,
where the atmosphere responds by generating secondary
wave modes. This course of action is reiterated, resulting
in higher-order medium to large-scale IGWs in the thermo-
sphere. These latter waves had much larger /. than the
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primary IGWs. Simulated IGWs are in a good agreement
with satellite, lidar and meteor radar observations (Vadas
et al., 2024). Therefore, the middle atmosphere jet streams
could lead to the global generation of higher-order medium
to large-scale in the thermosphere by means of multi-step
vertical interactions.

Simulations of the present paper confirm the importance
of secondary waves in the perturbation of the upper atmo-
sphere. Enhanced generation of secondary waves near crit-
ical levels in jet streams located in the middle atmosphere
can increase AGW activity in the upper atmosphere. Our
simulations show that the spectrum of secondary waves
generated by the primary IGW in the middle atmosphere
may contain components with longer vertical wavelengths,
which are less dissipative and can produce substantial wave
perturbations in the thermosphere. Critical levels of the
background wind profile in the middle atmosphere may
increase generation of secondary wave modes. Components
of these secondary modes with longer vertical wavelengths
propagating upwards may produce stronger IGW pertur-
bations in the upper atmosphere than direct perturbations
made by the primary IGW propagating in the same atmo-
spheric conditions without the critical levels.

5. Conclusion

Using a high-resolution numerical model, the propaga-
tion of acoustic-gravity waves (AGWs) into the upper
atmosphere is simulated. The background wind profile
contains critical levels where the horizontal wind velocity
is equal to the horizontal phase velocity of the primary
AGW. According to the traditional theory of atmospheric
waves, the vertical wavelength tends to zero near these
levels. Consequently, AGW propagating from the tropo-
sphere should dissipate strongly and cannot reach higher
layers of the atmosphere. This theory assumes the station-
arity of the wave process, when the amplitudes and other
parameters of the AGW do not change over time.

The numerical modeling involves wave sources in the
form of plane wave perturbations of vertical velocity prop-
agating along the Earth’s surface. Upon activating the
wave source, an initial AGW pulse occurs. Within a few
minutes, it propagates to heights of 100 km and above, dis-
sipating under the influence of strong viscosity and thermal
conductivity. Subsequently, there is an interval to establish
the wave process at all atmospheric altitudes, which can
last up to several dozen periods of the wave source. During
this transition period, the wave process is non-stationary.

Jet streams in the atmosphere are approximated with
Gaussian profiles of the mean zonal wind. High-altitude
jet stream with a maximum at 110 km and stratosphere-
mesosphere flow with a maximum at 50 km are examined.
Calculations reveal that in the scenario of high-altitude jet
flow, the AGW reaches a critical level where the mean wind
matches the phase speed of the primary wave. This causes a
sharp decrease in vertical wavelength and leads to wave dis-
sipation due to high molecular and turbulent viscosity.
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Consequently, above the high-altitude jet stream, the
AGW’s amplitude are significantly reduced compared to
the case of absence of a jet stream.

In the case of a jet stream in the middle atmosphere, part
of wave energy can pass through the critical layers and
propagate further into the upper atmosphere. There is an
increased generation of secondary wave modes in the crit-
ical level regions. Hence, the main secondary wave modes
with horizontal length equal to half and one third of the
wavelength of the primary AGW may dominate at alti-
tudes exceeding 120 km. At high altitudes, the amplitudes
of these secondary modes may surpass the amplitudes of
the AGW in the absence of critical levels.
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