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A B S T R A C T

Numerical simulation of non-stationary nonlinear acoustic-gravity waves (AGWs) propagating from the surface
wave source to the thermosphere reveals that their propagation conditions and parameters depend on changes in
background temperature, density, composition, molecular viscosity and heat conduction caused by changes in
solar activity (SA). At small wave source amplitudes, AGW amplitudes, momentum fluxes and wave accelerations
of the mean flow are slightly larger at altitudes about 150 km at low SA because of smaller mean density and

ρ�1=2
0 dependence of wave amplitudes at low dissipation. Larger kinematic coefficients of molecular viscosity and

heat conduction lead to stronger decrease of wave amplitudes and momentum fluxes at altitudes above 150 km at
low SA. At large amplitudes of surface wave excitation, AGW breaking and smaller-scale inhomogeneities appear
at altitudes 100–150 km, which are stronger at low SA. Increased dissipation of breaking AGWs may produce
wave-induced jet streams with velocities close to the wave horizontal phase speed and near-critical layers at
altitudes 110–150 km, which dramatically decrease amplitudes and momentum fluxes of the primary AGW mode
propagating from the surface wave source. The wave-induced horizontal wind becomes smaller above altitude of
150 km and allows growing amplitudes of the primary wave mode partially penetrating through the near-critical
layer and of secondary AGW modes, possibly generating in the wave induced jet stream. The wave amplitude
grows at altitudes higher than 150 km is larger at high SA due to smaller velocities of wave-induced mean wind
and smaller molecular viscosity and heat conduction. Accelerations of the mean flow by dissipating AGWs are
generally larger at low SA. This determines faster grows of wave-induced jet streams in time at low SA. In almost
all simulated cases, velocities of the wave-induced mean flows are higher at low SA compared to high SA.
Resulting SA impact at a given thermospheric altitude depends on competition between AGW amplitude increase
due to smaller molecular dissipation and smaller energy transfer to the wind-induced mean flow and amplitude
decrease caused by larger density and stronger reflection at higher SA.
1. Introduction

Numerous studies show that acoustic-gravity waves (AGWs) contin-
uously exist in the middle atmosphere (e.g., Fritts and Alexander, 2003).
Observations frequently detect AGW presence in the thermosphere (e.g.,
Djuth et al., 2004; Park et al., 2014; Yue et al., 2010). Modeling atmo-
spheric general circulation demonstrated that AGWs can propagate from
the lower atmosphere to the thermosphere in the Earth's atmosphere
(e.g., Yi�git et al., 2014; Yi�git and Medvedev, 2009, 2012, 2015) and at
other planets (Yi�git et al., 2015a; Yi�git and Medvedev, 2016, 2017).

AGWs are frequently studied with non-hydrostatic numerical models.
Baker and Schubert (2000) simulated nonlinear AGWs in the atmosphere
lov).
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of Venus. Some studies (Andreassen et al., 1998; Fritts and Garten, 1996;
Fritts et al., 2009, 2011) used two-dimension modeling of wave breaking,
turbulence generating and Kelvin-Helmholtz instabilities in the atmo-
sphere. They exploit three-dimensional simulations of AGWs and tur-
bulence in atmospheric regions with fixed vertical and horizontal sizes.
These numerical algorithms made use of Galerkin-type series to alter
partial differential equations to the ordinary equations for the co-
efficients of the spectral series. Liu et al. (2009) modeled propagation of
AGWs and generation of Kelvin-Helmholtz vortexes in the mesopause
region. Yu and Hickey (2007) and Liu et al. (2008) have applied
two-dimensional numerical models to describe atmospheric AGW
propagation.
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AGWs coming from the troposphere to the thermosphere were
simulated in general circulation models (e.g., Yi�git et al., 2012a, 2014)
with a state of the art whole atmosphere gravity wave parameterization
of thermal and dynamical impacts of dissipating and saturated atmo-
spheric waves (Yi�git et al., 2008). This nonlinear scheme alleviates the
majority of the weaknesses of ad hoc linear GW schemes and it especially
removes the necessity of any tuning parameters. Applications of this
scheme to a Martian general circulation model (GCM) has demonstrated
that tropospheric GWs can propagate into the thermosphere (Medvedev
et al., 2013; Yi�git et al., 2015a). More recently, the whole atmosphere
scheme has successfully been used to interpret Martian thermospheric
GWs observed by the MAVEN spacecraft (Yi�git et al., 2015b).

AGWs can propagate from below, break and generate turbulence in
the middle and upper atmosphere. Tropospheric mesoscale turbulence
and convection may generate AGWs (e.g., Fritts and Alexander, 2003;
Fritts et al., 2006). Turbulent wave sources can be more extensive in
tropospheric jet streams, which have maxima in the upper troposphere
(e.g., Medvedev and Gavrilov, 1995; Gavrilov and Fukao, 1999; Gavrilov,
2007). Non-hydrostatic models of the general circulation of
thermosphere-ionosphere revealed that AGWs constantly exist in the
thermosphere (e.g. Yi�git et al., 2012b).

Gavrilov and Kshevetskii (2013a) simulated nonlinear AGWs using a
two-dimensional numerical model involving basic conservation laws.
This numerical model allowed non-smooth solutions of equations of
nonlinear AGWs and provided the needed numerical stability (Kshe-
vetskii and Gavrilov, 2005). A three-dimensional version of this algo-
rithm was build up by Gavrilov and Kshevetskii (2013b, 2014a) for
simulating atmospheric nonlinear AGWs. The authors modeled AGWs
excited by monochromatic horizontally homogeneous wave source at the
ground. Karpov and Kshevetskii (2014) used the same numerical scheme
for simulating infrasound propagation from non-stationary localized
surface wave sources and found substantial infrasound thermal effects in
the thermosphere. Dissipating AGWs can be also responsible for wave
accelerating the mean flow in the upper atmosphere (e.g., Fritts and
Alexander, 2003). However, peculiarities of the mean flows and thermal
effects produced by non-stationary nonlinear atmospheric AGWs require
further elucidations.

There are many evidences of the influence of solar activity (SA) on
AGW characteristics in the thermosphere (e.g., Gavrilov, 1995; Klausner
et al., 2009; Yi�git and Medvedev, 2010). SA changes the absorption of
solar radiation producing changes in the thermospheric temperature and
related changes in the density, static stability and dissipation, which can
alter AGW propagation conditions. Differences of AGW characteristics in
relatively cold and hot thermosphere were analyzed previously (e.g.,
Hickey, 1987; Yi�git and Medvedev, 2010). Numerical simulations of
AGW propagation to the thermosphere from tropospheric convective
sources at temperature profiles for different solar activity (Vadas and
Fritts, 2006; Vadas, 2007; Fritts and Vadas, 2008) demonstrated better
AGW propagation at high SA due to reduced dissipation. However,
increased AGW reflection caused by larger temperature gradients can
compete with enhanced propagation. These conclusions are in agreement
with earlier studies (Francis, 1973; Richmond, 1978; Gavrilov et al.,
1994).

In the present study, with the computational model developed in the
works by Gavrilov and Kshevetskii (2013b, 2014a), we simulate
nonlinear AGWs propagating from non-stationary wave source, located
on Earth's surface, into the thermosphere using vertical profiles of
background temperature, density, molecular weight, kinematic molecu-
lar viscosity and heat conduction characteristic for different SA levels.
We applied simple AGW sources corresponding to plane wave spectral
components of surface vertical velocity and compared wave character-
istics and wave thermal and dynamical effects at different thermospheric
altitudes at low and high SA levels. Nonlinear model involves wave-wave
and wave-mean flow interactions, which lead to the energy transfer from
primary AGW to secondary waves and to the mean flow. Differences in
these processes at different SA levels can change AGW characteristics in
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the middle and upper atmosphere in addition to changes in wave dissi-
pation and reflection processes.

2. Numerical model

In the present paper, we used the three-dimensional high-resolution
AtmoSymmodel simulating atmospheric AGWs, which was developed by
Gavrilov and Kshevetskii (2013a,b, 2014a,b,c). Recently this model be-
comes available for free online simulations for all users (AtmoSym,
2016). The AtmoSym is a three-dimensional high-resolution model and
uses the plain geometry. The model calculates atmospheric velocity
components and deviations of temperature, pressure, and density from
their background values. Used in AtmoSym nonlinear three-dimensional
primitive equations (Gavrilov and Kshevetskii, 2013a,b; 2014a) of con-
tinuity, motion and heat balance take into account nonlinear and dissi-
pative processes accompanying wave propagation. They can describe, in
particular, such complex phenomena as wave breaking and turbulence
generation (e.g., Kshevetskii and Gavrilov, 2005).

The AtmoSym numerical model provides a self-consistent description
of wave processes and takes into account the changes in atmospheric
parameters due to energy transfer from decaying waves to the atmo-
sphere. Vertical profile of the background temperature T0(z) is taken
from the semi-empirical atmospheric models NRLMSISE-00 (Picone
et al., 2002). Background molecular dynamic viscosity, η0, and heat
conductivity, κ0, are approximated with the Sutherlands formula

η0 ¼
1:46� 10�6

ffiffiffiffiffi
T0

p

1þ 110=T0

�
kg
m⋅s

�

κ0 ¼ η0
Prm

; Prm ¼ 4γ
9γ � 5

;

(1)

where T is temperature, Prm is the molecular Prandtl number, γ is the
ratio of air heat capacities at constant pressure and volume (Kikoin,
1976). The AtmoSym also takes into account vertical profiles of the
background turbulent viscosity and thermal conductivity with maxima
about 10 m2s�1 near the ground and at altitude of 100 km, and a mini-
mum of 0.1 m2s-1 in the stratosphere (Gavrilov and Kshevetskii, 2013a,b;
2014a).

At the upper boundary z� 600 km, we assume zero vertical velocity
and zero vertical gradients of the other wave parameters (Gavrilov and
Kshevetskii, 2014a; b; c). These conditions can produce reflections of
waves propagating from below. Our estimations show that such reflected
waves become negligible below 400–450 km due to high dissipation and
density increase. In the present research, we made calculations in a
three-dimension region of the atmosphere and assume horizontal peri-
odicity of wave source and solutions at horizontal boundaries (see Gav-
rilov and Kshevetskii, 2014a). At the lower boundary (the Earth's
surface), we assume zero horizontal velocity and zero vertical gradients
of temperature, density and pressure. For the wave excitation at the
lower boundary, we assume horizontally periodical distributions of
vertical velocity at the Earth's surface in the form of

wz¼0 ¼ W0 cos
�
σt � k

!
⋅ s!�

; (2)

where σ is frequency, s! ¼ ðx1; x2Þis radius-vector in horizontal plane,

k
!¼ ðk1; k2Þ is horizontal wave number and k1 and k2 are wavenumbers
along the horizontal axes x1 and x2, respectively; W0 is the surface
amplitude of the considered wave mode. The plane wave excitation (2)
can approximate spectral components of turbulent and convective AGW
sources (Townsend, 1965, 1966). Studies of AGW generation by meteo-
rological and turbulent processes in the atmosphere (e.g. Medvedev and
Gavrilov, 1995) showed a broad variety of periods, wavelengths, am-
plitudes and other wave parameters.

Solar activity produces substantial changes in the background fields,
which influence AGW propagation in the middle and upper atmosphere.



Fig. 2. . Distributions of vertical velocity (in m/s) in the plane XOZ with the axis

x directed along the horizontal wave vector k
!

at time t¼ 9τ for values of solar
radiowave flux F10.7¼ 70 sfu (left) and F10.7¼ 250 sfu (right) at the amplitudes
W0 ¼ 0.1 mm/s (a,b) and W0¼ 1mm/s (c,d), period τ¼ 2� 103 s and
cx¼ 100m/s of the surface wave source (1) and interval of wave activation
t0¼ 1 s in (3).
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In the NRLMSISE-00 model, the SA influence is specified by changes in
the solar flux F10.7 of radio waves with length of 10.7 cm (Picone et al.,
2002). Fig. 1 shows vertical profiles of January background temperature,
T0, density, ρ0, kinematic viscosity, ν, and molecular weight of atmo-
spheric air μ for values of F10.7¼ 70, 120, 250 sfu corresponding to the
low, medium and high SA, respectively. One can see that T0, ρ0, μ are
substantially smaller and ν is larger in the thermosphere at low SA
compared to high SA level. Influences of these changes on AGW propa-
gation are analyzed below.

Our numerical simulations starts from non-perturbed steady state
atmosphere with zero wind and background profiles of T0,ρ0, μ and ν
corresponding to January and different SA shown in Fig. 1. Simulations
were made for the surface wave forcing (1) with varying amplitudes W0
~ 0.1–1mm/s, horizontal phase speeds cx~30–100m/s and period
τ¼ 2� 103 s.

Previous simulations with the AtmoSym (Gavrilov and Kshevetskii,
2014a,b,c, 2015) showed that activating the surface plane wave forcing
(1) generates an initial AGW pulse, which in 5–10min reaches altitudes
100–200 km and above. To make the source activation smoother, the
forcing (1) was multiplied at times t t0 by factor

rðtÞ ¼
�
exp

�� ðt � t0Þ2
	
d2



at t � t0
1 at t > t0;

�
(3)

where t0 and d are constants. In the present simulations, parameters of (3)
were varied within the range of t0 ~ 1–103 s with d¼ t0/3.

3. Results of numerical simulations

We performed numerical simulations of nonlinear AGW propagation
to the middle and upper atmosphere from a plane wave forcing at the
Earth's surface (1) with period τ¼ 2� 103 s. After activating the surface
wave forcing at t¼ 0, initial pulse of acoustic and very long gravity
modes in a few minutes can reach high altitudes above 100 km (Gavrilov
and Kshevetskii, 2014b; c).

After dispersion and dissipation of this initial pulse, more slow in-
ternal gravity waves (IGWs) corresponding to low-frequency surface
wave source (1) propagate to the upper atmosphere (Gavrilov and
Kshevetskii (2015). Fig. 2 illustrates distributions of the wave vertical
velocity in the vertical plane with horizontal x-axis directed along the

horizontal wave vector k
!

at t� 5 h for different solar F10.7 flux and
different amplitudes W0 of the surface wave source (1) for sharp wave
Fig. 1. Background temperature (a), molecular weight (b), density (c) and ki-
nematic viscosity (d) for different values of solar F10.7 radiowave flux according
to the NRLMSISE-00 model.
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source activation with t0¼ 1s in (3). At altitudes below 100 km, one can
see wave fronts inclined to the horizon, which should correspond to IGW
modes propagating in the atmosphere (Gossard and Hooke, 1975). In the
thermosphere, angles of the wave fronts to the horizon in Fig. 2 become
larger due to influence of increased molecular viscosity and heat
conductivity.

Comparison of Fig. 2a and 2c for amplitudes of the wave source (1)
W0¼ 0.1mm/s and W0¼ 1mm/s shows the layer of small-scale in-
homogeneities at altitudes 100–150 km in Fig. 2c. This can be explained
by dynamical and convective instabilities of high-amplitudes IGWs at
these altitudes (e.g., Gavrilov and Kshevetskii, 2015). One can see that
this instability and small-scale inhomogeneities at altitudes 100–150 km
are larger at low SA in Fig. 2c compared to Fig. 2d for larger value of F10.7.
Previous simulation by Gavrilov and Kshevetskii (2014b,c, 2015) showed
that IGW breaking could lead to generating jet streams with the mean
wind velocity up to the wave horizontal phase speed cx. Increased wave
dissipation and energy transition from the wave to the mean flow may
lead to a decrease in IGW amplitudes at higher altitudes. Ratios of wave
amplitudes shown in Fig. 2c and d to the respective amplitudes in Fig. 2a
and b are substantially smaller (see Table 1 below) than the ratio 10 of
respective amplitudes of the surface wave source (1).

Fig. 3 reveals vertical profiles of horizontal velocity at time t� 30 h
for different phases varying along the horizontal x-axis during one wave
period. Individual profiles overlap and produce shaded areas in Fig. 3,
which show ranges of wave perturbations at each altitude. Gavrilov and
Kshevetskii (2015) showed that substantial wave accelerations during
the passage of initial AGW pulse may generate substantial mean
Table 1
Ratio of wave characteristics for amplitudes of the surface wave source (1)
W01¼ 0.1 mm/s and W02¼ 1mm/s and at different altitudes and levels of solar
activity.

Parameter δw2/δw1 jFm2/Fm1j jawx2/awx1j ju02/u01j
Low solar activity F10.7¼ 70 sfu
z ¼ 100 km 3.7 40.7 11.9 49
z¼ 150 km 0.1 0.01 0.01 8
z¼ 200 km 0.9 0.5 0.3 7
z¼ 250 km 1.0 1.3 0.9 7
High solar activity F10.7¼ 250 sfu
z¼ 100 km 2.0 9.4 3.6 69
z¼ 150 km 0.2 0.02 0.02 11
z¼ 200 km 0.9 0.1 0.2 9
z¼ 250 km 1.9 0.8 0.1 9



Fig. 3. Vertical profiles of the horizontal velocity perturbations produced by
AGW source (1) with period τ¼ 2� 103 s and cx¼ 100m/s and amplitudes W0

¼ 0.1 mm/s (a,b) and W0 ¼ 1mm/s (c,d) at time t¼ 55τ for values of solar
radiowave flux F10.7¼ 70 sfu (left) and F10.7¼ 250 sfu (right). Thick lines show
average values for each altitude.
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horizontal speeds above 100 km altitudes, which exists at later times and
are seen in Fig. 3.

Fig. 4 reveals similar ranges of wave perturbations of vertical velocity,
which give information about wave amplitudes at different altitudes. At
smaller wave source amplitude W0¼ 0.1mm/s in Fig. 4a and b, the
amplitudes of vertical velocity perturbations are maximum at altitudes
around 150 km, and they are slightly higher in Fig. 4a for low SA. This
may be explained by smaller density at those heights at low SA (see
Fig. 1c). According to AGW theory (e.g., Gossard and Hooke, 1975)
amplitudes of nondissipative AGWs in the lower and middle atmosphere

should be proportional to ρ�1=2
0 and smaller background density corre-

sponds to larger wave amplitude for the same wave source. Increasing
molecular viscosity and heat conduction lead to decreasing wave am-
plitudes at altitudes above 150 km in Fig. 4a and b. Kinematic coefficients
of molecular viscosity and heat conduction in Fig. 1d as well as wave
dissipation rate are larger at low SA.

At larger surface wave source amplitude W0¼ 1mm/s in Fig. 4c and
d, the wave vertical velocity amplitudes at altitudes about 100 km are
much larger than those in Fig. 4a and b, respectively. Instability and
breaking these strong waves may produce jet streams (Gavrilov and
Kshevetskii, 2015), which are shown with thick lines in Fig. 3c and d and
may have velocity close to the horizontal phase speed of the wave source
Fig. 4. Same as Fig. 3, but for vertical velocity perturbations.
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(1). These jet streams can produce near-critical layer for primary wave
mode propagating from the surface source, where its vertical wavelength
decreases and strong dissipation of wave energy occur (e.g., Gossard and
Hooke, 1975). This dissipation dramatically decreases wave amplitudes
at altitudes 110–150 km in Fig. 4c and d. The wave-induced horizontal
wind becomes smaller above altitude of 150 km in Fig. 3c and d, which
allows growing amplitudes of the primary wave mode partially pene-
trating through the near-critical layer. This wave amplitude grows at
z> 150 km is larger in Fig. 4d due to smaller molecular viscosity and heat
conduction at high SA (see Fig. 1d).

Time variations of standard deviations of vertical velocity δw (which
is proportional to AGW amplitude) at different altitudes are given in
Fig. 5. The left panels of Fig. 5 for smaller wave source amplitude show
quasi-stationary wave regimes at all altitudes after arrival IGW mode
corresponding to the surface source (1) to the respective altitude. Time of
this arrival is larger for higher altitude (see Gavrilov and Kshevetskii,
2014c, 2015). At altitudes 100–200 km in the left panels of Fig. 5, the δw
values are larger for low SA due to smaller background density in Fig. 1c
and respectively lager AGW amplitude grows due to density decrease at
low dissipation (see above). Increase in molecular viscosity and heat
conduction at high altitudes (see Fig. 1d) produces larger AGW dissipa-
tion at low SA and differences between δw at altitudes 200–250 km in the
left panels of Fig. 5 for different SA levels become smaller.

Increases in the speed of wave-induced jet stream shown in Fig. 3a
and b leads to decreases in vertical wavelength and to larger wave
dissipation at altitudes above 100 km. Therefore, δw values in the left
panels of Fig. 5 for smaller amplitudes of the surface wave source (1) are
slightly decreasing in time. At higher amplitude of the wave source,
wave-induced jet streams can reach velocities close the AGW horizontal
phase speed and produce near-critical layers with strong wave dissipa-
tion (see Fig. 3c and d). This almost prevents AGW propagation, and
substantially decreases δw in the right panels of Fig. 5 at altitudes higher
than 100 km (see also Fig. 4c and d).
Fig. 5. Time variations of simulated standard deviation of vertical velocity at
altitudes 250 km (a), 200 km (b), 150 km (c), 120 km (d), 110 km (e) for am-
plitudes W0¼ 0.1 mm/s (left) and W0¼ 1mm/s (right) of the surface wave
forcing (1) with period τ¼ 2⋅103 s and cx¼ 100m/s at low (F10.7 ¼ 70 sfu) and
high (F10.7 ¼ 250 sru) levels of solar activity.



Fig. 7. Same as Fig. 5, but for the wave acceleration of the mean flow.

N.M. Gavrilov et al. Journal of Atmospheric and Solar-Terrestrial Physics 172 (2018) 100–106
Fig. 6 demonstrates time variations of vertical wave flux of horizontal
momentum Fm¼ ρ0u'w’> at different altitudes (where primes and sign
<> denote wave components and averaging over wave period, respec-
tively). Time variations of Fm are similar to the time variations of wave
amplitudes in Fig. 5. At smaller amplitude of the surface wave source (1)
in the left panels of Fig. 6 at altitudes below 150 km, values of Fm are
larger at low SA, due to the same reasons as larger AGW amplitudes at the
respective left panels of Fig. 5. Wave momentum fluxes at altitudes
200–250 km in the left panels of Fig. 6, are substantially smaller at low
SA, because wave amplitudes in the respective panels of Fig. 5 are close at
low and high SA, but ρ0 at low SA is much smaller, than that at high SA in
Fig. 1c. In the right panels of Fig. 6 for larger wave source amplitude,
wave momentum fluxes at altitudes above 100 km reach maxima at
t~ (5–10)τ, when wave-induced jet streams are not so strong. After that,
Fm values are substantially decreasing due to strong dissipation of the
primary AGW modes in the near-critical layers formed by the wave-
induced jet streams (see above).

Vertical gradients of the wave momentum flux determine the accel-
erations of the mean flow by AGWs awx ¼ �ρ�1

0 ∂ðρ0 < u'w' >Þ=∂z: Fig. 7
reveals time variations of simulated wave accelerations at different alti-
tudes for different SA levels. General behavior of wave acceleration in
different panels of Fig. 7 is similar to the respective panels of Fig. 5. The
awx values in Fig. 7 are generally larger at low SA. This determines faster
grows of wave-induced jet streams at low SA, as it is illustrated by Fig. 8
representing time variations of the mean horizontal velocity induced by
dissipating AGWs. In almost all cases shown in Fig. 7, velocities of the
wave-induced mean flows are higher at low SA compared to high SA.

4. Discussion and conclusion

Simulations described above were made for the amplitudes of the
surface wave source (1)W01¼ 0.1mm/s andW02¼ 1mm/s. In the linear
wave model one should expect that wave amplitudes at all altitudes
Fig. 6. Same as Fig. 5, but for the vertical wave flux of horizontal momentum.

Fig. 8. Same as Fig. 5, but for the velocity of wave-induced horizontal
mean flow.
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should be proportional to the wave source amplitude. Nonlinear model
involve wave breaking, wave-wave and wave-mean flow interactions
during which the energy of primary AGW generated by the wave source
can be transferred to the energy of wave-induced mean flow, turbulence
and secondary AGWs. These processes are more intensive at larger am-
plitudes of the surface wave source (1), which may cause relatively larger
loss of energy of high-amplitude AGWs. Table 1 shows ratio of wave
amplitudes, momentum flux, wave accelerations and wave-induced
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mean velocity for the wave source amplitudes W01 and W02 at different
altitudes in the thermosphere. One can see amplitude ratios smaller, than
the ratio 10 of amplitudes of the surface source (1), and ratios of mo-
mentum flux and wave accelerations smaller than 100 for those at the
surface.

Such small ratios in Table 1 mean larger dissipation and energy
transfer to the mean flow for larger AGW amplitude. Especially, this is
noticeable at altitudes above 150 km, where ratios in Table 1 become
smaller than one, which means that amplitudes, momentum fluxes and
wave accelerations may be smaller at larger amplitude of the surface
wave source. The last column in Table 1 shows larger wave-induced
mean velocities at larger wave source amplitude (see also Figs. 3 and
8). At high wave source amplitude, the wave-induced mean speed may
become close to the wave horizontal phase speed and near-critical layer
may occur at altitudes 100–150 km, which provide strong dissipation of
primary wave mode propagating upwards from the surface wave source.
This dissipation in the near-critical layer may explain so small ratios in
Table 1 at altitude of 150 km.

Contribution to the wave amplitude diminution may give strong
reflection of upward propagating AGWs in the region of strong vertical
gradient of the background temperature at altitudes 110–150 km in
Fig. 1a (Walterscheid and Hickey, 2011; Yi�git and Medvedev, 2010).
Temperature gradients and AGW reflection are larger at high SA (Hickey,
1987; Vadas and Fritts, 2006; Vadas, 2007; Fritts and Vadas, 2008). Thus,
resulting SA influence depends on competition between AGW amplitude
increase due to smaller molecular dissipation and smaller energy transfer
to the wind-induced mean flow and amplitude decrease caused by larger
density and stronger reflection at higher SA.

In most cases, the mean winds in the thermosphere are moderate,
which may correspond to not so big amplitudes of wave sources or to not
so long their coherence time intervals. However, intensive jet streams at
altitudes near 100 km are sometimes observed (Larsen, 2000; Larsen
et al., 2005). Breaking AGWs propagating from below may be one of the
mechanisms of creation of these strong peaks of horizontal velocity in the
upper atmosphere. Such strong wave-induced jet streams can create
near-critical layers with high dissipation of wave energy, which are
studied in current simulation.

The results of performed numerical simulation reveal that propaga-
tion conditions and parameters of AGWs propagating from the surface
wave source to the thermosphere depend on changes in background
temperature, density, composition and molecular viscosity and heat
conduction caused by changes in solar activity. This agrees with previous
studies (Hickey, 1987; Vadas and Fritts, 2006; Klausner et al., 2009; Yi�git
and Medvedev, 2010). Simulations in this study shows that at smaller
wave source amplitudes AGW momentum fluxes, amplitudes and wave
accelerations of the mean flow at altitudes 100–150 km are slightly larger
at low SA. Similar larger AGW amplitudes, wave drag and momentum
flux at altitudes above 100 km during smaller SA level were obtained by
Yi�git and Medvedev (2010) with a numerical model of general circula-
tion. This can be explained by smaller mean density at fixed thermo-
spheric altitude at small SA, while AGW amplitudes are proportional

toρ�1=2
0 at low dissipation (e.g. Gossard and Hooke, 1975). Larger kine-

matic coefficients of molecular viscosity and heat conduction lead to
stronger decrease of wave amplitudes and momentum fluxes at altitudes
above 150 km at low SA.

At lager amplitudes of surface wave excitation, wave breaking and
smaller-scale inhomogeneities appear at altitudes 100–150 km, which
are stronger at low SA. Increased dissipation of breaking AGWs may
produce wave-induced jet streams with velocities close to the wave
horizontal phase speed. Strong AGW dissipation in near-critical layers
created by the wave-induced jet streams at altitudes 110–150 km
dramatically decreases wave amplitudes and momentum fluxes of the
primary AGW mode propagating from the surface wave source. The
wave-induced horizontal wind becomes smaller above altitude of 150 km
and allows growing amplitudes of the primary wave mode partially
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penetrating through the near-critical layer and of secondary AGWmodes,
possibly generating in the wave induced jet stream. This wave amplitude
grows at z> 150 km is larger at high SA due to smaller velocities of wave-
inducedmeanwind and smaller molecular viscosity and heat conduction.
Accelerations of the mean flow by dissipating AGWs are generally larger
at low SA. This determines stronger wave-induced forcing during periods
of low SA. In almost all simulated cases, velocities of the wave-induced
mean flows are stronger at low SA compared to high SA.

In the present study, we considered only influence of changes in the
temperature, density, molecular weight andmolecular dissipation caused
by changing SA on AGW propagation from the troposphere to the ther-
mosphere. Changes in solar activity produce also changes in ion density,
ion viscosity and other characteristics influencing AGW propagation in
the ionosphere. Further studies and numerical simulations are required
for better understanding of the influence of solar activity on AGW
propagation and characteristics in the upper atmosphere. Such studies
could be useful for improvements of parameterizations of AGW effects in
general circulation models (e.g., Yi�git and Medvedev, 2010).
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