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A R T I C L E  I N F O   

Presented high-resolution numerical modeling 
showed that conditions of propagation and 
characteristics of AGWs excited at the Earth’s 
surface and coming to the thermosphere are 
depending on modifications in the mean den-
sity, temperature, molecular heat conduction, 
viscosity and composition caused by variations 
of solar activity. This corresponds to previous 
research (e.g., Hickey, 1987; Klausner et al., 
2009; Vadas and Fritts, 2006; Yi�git and Med-
vedev, 2010). The present modeling reveals 
larger amplitudes of AGW temperature pertur-
bations at heights above 150 km at high SA. 
This might be associated with longer vertical 
wavelengths and smaller dissipation of tem-
perature perturbations at high SA.  
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A B S T R A C T   

Numerical high-resolution modeling of nonlinear acoustic-gravity waves (AGWs) generated at the Earth’s surface 
and propagating to the thermosphere shows that wave characteristics are depending on modifications in the 
mean density, temperature, molecular dissipation and composition due to variations of solar activity (SA). 
Amplitudes of temperature wave perturbations are generally larger at high SA at altitudes above 150 km, due to 
larger mean temperature and smaller molecular heat conductivity. Increasing kinematic coefficients of molecular 
heat conduction and viscosity result in stronger decreasing AGW amplitudes at altitudes larger 150 km at low SA. 
Dissipating AGWs generally produce heating at altitudes below 120 km. At larger heights, AGWs generally heat 
the thermosphere at low SA and cool it at high SA. Wave enthalpy fluxes are mainly upwards below 120 km 
altitude and downwards above 150 km at high SA, where they may have directions opposite to the upward wave 
energy fluxes. Downward wave enthalpy fluxes correspond to AGW cooling the upper atmosphere at high SA. 
Nonlinear dissipating AGWs may produce upward and downward transport of atmospheric mass. These mass 
flows may produce adiabatic heat influxes in the upper atmosphere. Mainly positive residual wave-induced mass 
flows at altitudes higher 150 km may contribute to the wave cooling of the upper atmosphere. Wave breaking 
and interactions between waves and the mean flow in the nonlinear model are stronger at higher amplitudes of 
AGW excitation at the ground, which lead to bigger energy losses for larger-amplitude waves. At high SA, 
resulting effects in the thermosphere depend on the balance between, on one hand, increases in wave amplitudes, 
caused by weaker molecular dissipation and smaller transfer of the wave energy to the wave-induced jet flows, 
and, on the other hand, decreases in the amplitudes due to higher density and larger AGW reflection. The thermal 
effects of waves in the upper atmosphere may depend on competitions between heating due to dissipation of the 
upward wave energy flux and cooling due to divergence of the downward wave entropy (or potential enthalpy) 
flux. At high SA, larger mean temperatures and larger temperature perturbations might increase magnitudes of 
downward wave entropy fluxes, which may result in more frequent downward wave enthalpy fluxes and wave 
cooling of the upper atmosphere.   

1. Introduction 

Numerous observations reveal continuous existence of acoustic- 
gravity waves (AGWs) at altitudes of the middle and upper atmo-
sphere (e.g., Fritts and Alexander, 2003). AGWs are frequently detected 
in the thermosphere (e.g., Park et al., 2014; Djuth et al., 2004). General 
circulation models (GCMs) of the atmosphere show that AGWs could 
propagate to the thermosphere from the lower layers of the Earth’s at-
mosphere (e.g., Yi�git and Medvedev, 2009, 2012; 2015; Yi�git et al., 
2014) and at the other planets (e.g., Yi�git and Medvedev, 2016, 2017). 

Non-hydrostatic high-resolution models are frequently used for AGW 
studies. Baker and Schubert (2000) numerically studied nonlinear AGWs 
in the Venus atmosphere. Studies by Fritts et al. (1996), Andreassen 
et al. (1998) and Fritts et al. (2009, 2011) utilized two-dimension nu-
merical models for studying Kelvin-Helmholtz instabilities, AGW 
breaking and generation of atmospheric turbulence. They simulated 
waves and turbulence in three-dimension regions of the atmosphere 
with limited horizontal and vertical dimensions. Their numerical algo-
rithms were based on the Galerkin-type expansions for converting par-
tial differential equations into sets of ordinary differential equations 
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describing the coefficients of the components of spectral series. Liu et al. 
(2009) simulated the propagation of AGWs and developing 
Kelvin-Helmholtz instabilities near the mesopause. AGW propagations 
in the atmosphere were studied with a two-dimensional numerical 
model by Liu et al. (2008) and Yu and Hickey (2007). 

Several simulations were devoted to AGW effects the middle and 
upper atmosphere. Hickey et al. (2001) showed that acoustic waves 
(AWs) might create substantial heating of the upper atmosphere. Lin 
et al. (2017) made simulations of AGWs generated by random sources 
near the ground and propagating to the upper atmosphere. They found 
that AGWs could cause variations of several percent in neutral and 
electron density. Snively and Pasko (2008) analytically and numerically 
studied AGWs in the atmosphere. The results showed that short period 
ducted AGWs might be enforced in the lower thermosphere by wave 
sources located in the troposphere due to nonlinear processes. 

AGWs upcoming from the lower atmosphere to the thermosphere 
were studied with GCMs (e.g., Yi�git et al., 2012a, 2014, 2017) involving 
a whole atmosphere parameterization of impacts of saturated and 
dissipated atmospheric AGWs developed by Yi�git et al. (2008). Applying 
this parameterization to a numerical model of Martian general circula-
tion revealed that AGWs could propagate from the troposphere to the 
thermosphere (Medvedev et al., 2013; Yi�git et al., 2015a). This model 
was successfully applied for interpreting AGWs detected with the 
MAVEN spaceship in the Martian thermosphere (Yi�git et al., 2015b). 

AGWs could propagate from the lower atmosphere, become unstable 
and produce turbulence at high altitudes. Tropospheric mesoscale tur-
bulent and convective motions might produce AGWs (e.g., Fritts and 
Alexander, 2003; Fritts et al., 2006). Turbulent wave excitation could be 
enhanced in jet streams having maxima near the tropopause (e.g., 
Gavrilov and Fukao, 1999; Medvedev and Gavrilov, 1995; Gavrilov, 
2007). Non-hydrostatic modeling of the thermosphere-ionosphere gen-
eral circulation showed constant AGW presence at thermospheric 
heights (e.g. Yi�git et al., 2012b). 

Gavrilov and Kshevetskii (2013a) developed a two-dimensional 
high-resolution model utilizing basic conservation laws to simulate 
nonlinear atmospheric AGWs. This model permitted non-smooth solu-
tions to nonlinear AGW equations and granted the necessary stability of 
the numerical algorithm (Kshevetskii and Gavrilov, 2005). A 
three-dimensional kind of this scheme was made by Gavrilov and 
Kshevetskii (2013b, 2014a) for modeling nonlinear AGWs in the atmo-
sphere. The model was used to simulate waves enforced by mono-
chromatic AGW sources at the Earth’s surface. Karpov and Kshevetskii 
(2014) exploited similar numerical model for studying infrasound 
excited by localized non-stationary wave sources at the ground and 
obtained substantial thermal effects of infrasound waves in the ther-
mosphere. Decaying AGWs propagating upwards may also produce 
wave accelerations of the mean flow at high altitudes (e.g., Fritts and 
Alexander, 2003). Therefore, peculiarities of thermal and dynamical 
effects of atmospheric nonlinear non-stationary AGWs require further 
studies. 

Numerous evidences of the solar activity (SA) influence on AGW 
characteristics in the upper atmosphere exist (e.g., Klausner et al., 2009; 
Gavrilov, 1995; Yi�git and Medvedev, 2010). SA can vary the solar ra-
diation absorption and change the temperature, density, dissipation and 
static stability, which can modify conditions of AGW propagation in the 
thermosphere. Changes in wave characteristics in the hot and cold 
thermosphere were studied previously (e.g., Hickey, 1987; Yi�git and 
Medvedev, 2010). Numerical modeling of wave propagations from 
convective sources in the lower atmosphere to the thermosphere at 
temperature profiles corresponding to different SA levels (Vadas, 2007; 
Vadas and Fritts, 2006; Fritts and Vadas, 2008) revealed better condi-
tions for AGW propagation at higher SA because of reduced dissipation. 
However, larger wave reflections due to increased temperature gradi-
ents could compensate easier conditions of AGW propagation. Such 
conclusions agree with earlier research (Richmond, 1978; Francis, 1973; 
Gavrilov et al., 1994). 

Using a high-resolution model, Gavrilov et al. (2018) simulated the 
propagation of nonlinear AGWs from the ground wave sources to the 
upper atmosphere at background vertical profiles of temperature, mo-
lecular weight, density, molecular viscosity and heat conduction corre-
sponding to various SA levels. They utilized AGW sources matching with 
spectral components of the vertical velocity at the surface and compared 
AGW characteristics and wave dynamical effects at various altitudes in 
the thermosphere at different SA levels. Gavrilov et al. (2018) showed 
that AGW velocity amplitudes at altitudes above 150 km are generally 
larger during high SA because of smaller molecular viscosity and heat 
conduction. Wave accelerations of the mean velocity by decaying AGWs 
are generally greater at low SA level. This leads to faster enhancements 
of wave-induced jet flows at low SA. Net results of SA increases at a 
given altitude in the thermosphere depend on competitions between the 
increases in AGW amplitudes caused by decreasing molecular dissipa-
tion and decreasing transfer of wave energy to the mean flow and the 
decreases in the amplitudes due to increased atmospheric density and 
increased wave reflection. 

In the present paper, we continue discussed above study by Gavrilov 
et al. (2018) and analyze differences in thermal effects of AGWs prop-
agating from the ground wave sources to the thermosphere at the mean 
temperature profiles corresponding to high and low SA levels using the 
high-resolution atmospheric wave model by Gavrilov and Kshevetskii 
(2013b, 2014a). Nonlinear model includes wave-mean flow and 
wave-wave interactions, which could cause the transfer of energy from 
the primary wave to the mean flow and to secondary AGWs. Changes in 
these processes at variable SA could modify wave parameters in the 
upper atmosphere in addition to differences in AGW dissipation and 
reflection. 

2. Numerical model 

In this paper, we use the high-resolution model “AtmoSym” for three- 
dimensional simulation of AGWs in the atmosphere, which was made by 
Gavrilov and Kshevetskii (2013b, 2014a,b). Recently, the model is 
available online for all users to make free simulations (AtmoSym, 2016). 
The AtmoSym model uses the Cartesian geometry for three-dimensional 
simulations at high horizontal and vertical resolution. Used in the 
AtmoSym set of primitive three-dimensional equations of motion, con-
tinuity and thermal balance is accounting dissipative and nonlinear 
processes influencing atmospheric AGW propagation (Gavrilov and 
Kshevetskii, 2013b, 2014a). The model can particularly simulate such 
complicated phenomena as wave instabilities and generation of turbu-
lence (e.g., Kshevetskii and Gavrilov, 2005). 

The AtmoSym model allows a self-consistent depiction of wave 
processes involving modifications in atmospheric parameters caused by 
the transfer of energy from decaying AGWs to the atmosphere. Vertical 
background profiles of the temperature, T0(z), are captured from the 
atmospheric semi-empirical model NRLMSISE-00 (Picone et al., 2002). 
The mean molecular heat conductivity, λ0, and dynamic viscosity, η0, are 
estimated using the Sutherlands formula 

η0 ¼
1:46� 10� 6

ffiffiffiffiffi
T0

p

1þ 110=T0

�
kg
m⋅s

�

λ0 ¼
η0

Prm
; Prm ¼

4γ
9γ � 5

;

(1)  

where γ ¼ cp/cv is the ratio of air heat capacities at constant pressure and 
volume, Prm is the molecular Prandtl number (Kikoin, 1976). In addi-
tion, the AtmoSym model involves the mean vertical profiles of turbu-
lent diffusion, which have maxima of 10 m2s� 1 near the Earth’s surface 
and at 100 km altitude besides a minimum of 0.1 m2s-1 in the strato-
sphere (see Gavrilov and Kshevetskii, 2013b, 2014a). 

The upper boundary of the model is set at z � 600 km, where vertical 
velocity and vertical gradients of other hydrodynamic parameters are 
equal to zero (Gavrilov and Kshevetskii, 2014a,b). These conditions 
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could lead to partial reflections of AGWs propagating from below. Es-
timations reveal that such reflected AGWs are negligible at altitudes 
lower than 400–450 km because of small density and high wave dissi-
pation. In this paper, we made computations in a three-dimension at-
mospheric area and suppose periodicity of wave excitation and solutions 
at horizontal boundaries of the model (see Gavrilov and Kshevetskii, 
2014a). The lower boundary conditions at the ground involve zero 
vertical gradients of pressure, density and temperature and zero hori-
zontal velocity. AGW modes are excited at the lower boundary with 
horizontally moving periodical vertical velocity perturbations at the 
ground having the following form: 

wz¼0¼W0 cosðσt � k
! ⋅ s!Þ; (2)  

where k
!
¼ ðkx; kyÞis the horizontal wave number, kx and ky are com-

ponents directed in the horizontal axes x and y, respectively, σ is the 
observable frequency, s! ¼ ðx; yÞis the horizontal radius-vector, W0 is 
the amplitude of the analyzed wave mode at the surface. The plane wave 
sources (2) can correspond to spectral components of convective and 
turbulent perturbations, which could generate atmospheric AGWs 
(Townsend, 1965, 1966). Considerations of AGW excitation by atmo-
spheric turbulent and meteorological motions (e.g., Medvedev and 
Gavrilov, 1995) revealed a wide variety of wavelengths, periods, am-
plitudes and the other AGW parameters. 

Variable SA leads to substantial modifications in the background 
fields, which could change conditions of AGW propagation, especially in 
the upper atmosphere. Within the NRLMSISE-00 model, SA variations 
are specified by values of the solar F10.7 flux of radio waves having 
length of 10.7 cm (Picone et al., 2002). In this study, we use vertical 
profiles of the mean density, ρ0, temperature, T0, atmospheric molecular 
weight, μ, and kinematic viscosity, ν ¼ η0/ρ0, which are the same as ones 
used by Gavrilov et al. (2018). They are presented in Fig. 1 of the paper 
by Gavrilov et al. (2018) and are generated by the NRLMSISE-00 for 
noon January 15 at latitude of 50�N for values of F10.7 ¼ 70, 120, 250 sfu 
matching, respectively, to the low, medium and high SA. These profiles 
represent typical differences of the background fields between different 
SA levels at middle latitudes. They show that at low SA T0, ρ0, μ are much 

smaller and ν is larger than the respective values at high SA in the upper 
atmosphere. Impacts of these differences on AGW thermal effects are 
studied below. 

The numerical simulations are performed for the background profiles 
of T0, ρ0, μ and ν taken from the NRLMSISE-00 model (see above), which 
do not change during the AtmoSym runs for each SA level. Modeling 
starts from unperturbed atmosphere with zero wind and zero distur-
bances of other hydrodynamic fields. Simulations were made for the 
surface wave forcing (2) with various horizontal phase speeds cx ~ 
30–100 m/s, amplitudes W0 ~ 0.1–1 mm/s and the wave period τ ¼
0.56 h. Horizontal wavelengths λx ¼ cxτ ~60–200 km and horizontal 
dimensions of simulated domain are Lx ¼ 4λx. The model grid contains 
64 nodes per horizontal wavelength and 1024 nodes vertically in the 
altitude range of 0–600 km. Time step (less than a few seconds) and 
vertical grid spacing are determined automatically depending on the 
horizontal wavelength and vertical inhomogeneity of the background 
profiles. 

The model computes deviations of atmospheric pressure, tempera-
ture and density from their background values, and velocity compo-
nents. In linear models, these deviations represent wave variations of 
atmospheric parameters. In nonlinear models, deviations from back-
ground profiles may contain wave-induced changes in the mean fields. 
In the present simulations, background fields and parameters of wave 
sources (2) are stationary and horizontally homogeneous. Therefore, 
wave-induced changes in the mean fields may be obtained by averaging 
simulated deviations over one wavelength in horizontal plane at every 
altitude and time step. In the AtmoSym model, such wave-induced mean 
values participate in further simulations and can be considered as ad-
ditions to the background fields. Wave components may be obtained as 
differences between simulated deviations and the wave-induced 
changes in the mean values for each hydrodynamic quantity. 

Previous studies with the AtmoSym model (e.g., Gavrilov and 
Kshevetskii, 2014a; b, 2015) revealed that abrupt triggering the ground 
plane wave forcing (2) may excite an initial wave pulse, which during 
5–10 min can reach altitudes of 100–200 km. To smooth the wave source 
activation, the forcing (2) at times t < t0 was multiplied by factor 

Fig. 1. Distributions of simulated temperature deviations (in K) in the plane XOZ with the axis x directed along the horizontal wave vector k
!

at time t ¼ 9τ for values 
of solar radiowave flux F10.7 ¼ 70 sfu (left) and F10.7 ¼ 250 sfu (right) at the amplitudes W0 ¼ 0.1 mm/s (a,b) and W0 ¼ 1 mm/s (c,d), period τ ¼ 0.56 h, cx ¼ 100 m/s 
and λx ¼ 200 km of the surface wave source (2) and interval of wave activation t0 ¼ 1 s in (3). 
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rðtÞ¼
�

exp
�
� ðt � t0Þ

2�d2� at t � t0
1 at t > t0

�

; (3)  

where parameters d and t0 define the rate and duration of the source 
activation interval. In this study, the parameters of (3) were changed 
inside the range of t0 ~ 1–103 s with d ¼ t0/3. The smoothing (3) allows 
diminishing initial AGW pulses appearing during the wave source 
activating. 

3. Simulation results 

We executed modeling of nonlinear waves propagating to the middle 
and upper atmosphere from a plane AGW source at the ground (2) at the 
wave period τ ¼ 0.56 h. 

3.1. AGW amplitudes and energy flux 

After triggering the ground AGW source at t ¼ 0, an initial package of 
acoustic and extremely long gravity wave components needs a few mi-
nutes to arrive at altitudes above 100 km (e.g., Gavrilov and Kshevetskii, 
2014b). After dissipating and spreading this initial wave package, 
slower internal gravity waves (IGWs) matching to the period of the 
ground wave excitation (2) reach the upper atmosphere heights (Gav-
rilov and Kshevetskii, 2015). Fig. 1 depicts distributions of simulated 
deviations of temperature from the background profiles in the vertical 
plane, having horizontal x-axis directed parallel to the horizontal wave 

vector k
!

, at the moment t ¼ 9τ for various values of F10.7 solar flux and 
various amplitudes W0 of the ground wave excitation (2) for the sharp 
AGW source activating at t0 ¼ 1 s in (3). At heights below 100 km in 
Fig. 1, wave fronts are tilted to the horizon, which should match with 
atmospheric IGWs (Gossard and Hooke, 1975). Tilts of the wave fronts 
to the horizon become larger in the thermosphere in Fig. 1, because of 
reducing vertical wave numbers due to large molecular heat conduc-
tivity and viscosity (e.g., Gavrilov and Shved, 1975). 

Comparing Fig. 1a and c for the AGW source amplitudes W0 ¼ 0.1 
mm/s and W0 ¼ 1 mm/s in (2) reveals layers of small-scale temperature 
perturbations at heights of 100–150 km, which are stronger in Fig. 1c. 
This can be connected with stronger convective and dynamical in-
stabilities of large-amplitudes IGWs in this altitude region (e.g., Gavrilov 
and Kshevetskii, 2015). Fig. 1 shows that this instability and small-scale 
temperature perturbations at altitudes 100–150 km are stronger at high 
SA. Previous modeling by Gavrilov et al. (2018) revealed that wave 
breaking could result in wave-induced jet flows having the mean wind 
velocity reaching the horizontal wave phase speed, cx. Enhanced tran-
sition of energy from the wave to the mean flow and wave dissipation 
may produce a decrease in IGW amplitudes at higher altitudes, which 
should be larger for higher-amplitude IGWs. Ratios of IGW amplitudes 
presented in Fig. 1c and d to the respective quantities shown in Fig. 1a 
and b at altitudes near 150 km are about 3, which is significantly smaller 
than the ratio 10 of the respective amplitudes of the ground wave 
excitation (2). This corresponds to similar results obtained for the am-
plitudes ratio of the vertical velocity wave variations in Table 1 of the 
paper by Gavrilov et al. (2018). 

Fig. 2 shows vertical profiles of temperature deviations at the 
moment t ¼ 55τ after the wave source triggering for various phases at 
different locations along the horizontal axis x within one IGW period. 
Sixty-four shifted individual profiles are overlapping and look like 
shaded regions in Fig. 2, which give information on ranges of temper-
ature deviations at different altitudes. Thick lines in Fig. 2 represent 
wave-induced changes in the mean temperature obtained by averaging 
over one wavelength in the horizontal planes at each altitude. Wave 
amplitudes are equal to the distances from these mean lines to the edges 
of dark shaded areas at every altitude in Fig. 2. 

At weak wave excitation in the top panels of Fig. 2, the widths of 
shaded arias (corresponding to doubled temperature amplitudes) at 

heights 110–200 km are larger at high SA in Fig. 2b, than the respective 
amplitudes in Fig. 2a for the low SA level. It is opposite to the case of 
wave amplitudes of vertical velocity perturbations, analyzed by Gav-
rilov et al. (2018). In the presence of molecular heat conduction, for low 
frequency short waves with ω2 << N2 and m2 >> 1/(4H2), the rate of 
temperature perturbation damping, α, may be approximated with the 
following expressions: 

α ¼ χm2; χ ¼ λ0
�

ρ0; m2 � k2N2�ω2; N2 ¼ gð∂T0=∂zþ γaÞ
�

T0; γa ¼ g
�

cp;

(4)  

where m and k are vertical and horizontal wave numbers; ω is AGW 
intrinsic frequency; χ is kinematic molecular temperature conductivity; 
N is Brunt-Vaisala frequency; H is atmospheric scale height; γa is tem-
perature adiabatic lapse rate; g is gravity acceleration; cp is specific heat 
capacity at constant pressure (e.g., Gavrilov and Shved, 1975). At alti-
tudes above 150 km, ∂T0/∂z << γa, hence N2 � g γa/T0 and N2 is about 2 
times smaller at high SA compared to that at low SA, as far as T0 at high 
SA is about 2 times larger than T0 at low SA in our model (see Fig. 1 in 
the paper by Gavrilov et al., 2018). Therefore, at the same k, magnitudes 
of m in (4) are smaller at high SA compared to those at low SA. This is 
noticeable in Fig. 1, where regions of positive and negative temperature 
perturbations are wider at altitudes above 150 km in Fig. 1b, which 
corresponds to larger vertical wavelengths at high SA. 

Traditional polarization relations for low frequency short IGWs in 
the non-dissipative atmosphere (e.g., Gossard and Hooke, 1975) give the 
ratio of wave amplitudes of temperature, |T’|, and vertical velocity, |w’|, 
in the form of jT0 j=jw0

j � N2T0=ðgωÞ. In the dissipative atmosphere, 
jT0 jd=jw

0

jd � ½jT
0

j =jw0

j�ω=ðω2 þ α2Þ
1=2(Gavrilov and Shved, 1975). Tak-

ing N2 � gγa/T0 for altitudes above 150 km (see above), one can get 
jT0 jd=jw

0

jd � γa=ðω2 þ α2Þ
1=2. Values of χ, m and α in (4), are smaller at 

high SA. Therefore, at given altitude and |w’|, amplitudes of tempera-
ture perturbations should be larger at high SA, as it is seen in Fig. 2 at 
heights larger 150 km. Rising molecular heat conduction and viscosity 

Fig. 2. Vertical profiles of temperature deviations produced by AGW source (2) 
with period τ ¼ 0.56 h, cx ¼ 100 m/s, λx ¼ 200 km and amplitudes W0 ¼ 0.1 
mm/s (a,b) and W0 ¼ 1 mm/s (c,d) at time t ¼ 55τ for values of solar radiowave 
flux F10.7 ¼ 70 sfu (left) and F10.7 ¼ 250 sfu (right). Thick lines show average 
over horizontal wavelength values for each altitude. 
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result in decreasing temperature amplitudes versus altitude in the top 
panels of Fig. 2a and b at heights above 150 km. 

The bottom panels of Fig. 2c and d for the larger amplitude of the 
surface AGW excitation W0 ¼ 1 mm/s depict high amplitudes of tem-
perature perturbations at heights near 100 km. So strong waves become 
unstable and breaking, which may result in generation of wave-induced 
jet flows studied by Gavrilov et al. (2018) and displayed in Fig. 3. Ve-
locities of these flows may approach the horizontal phase speed of AGW 
excitation (2). Hence, wave-induced jet streams may create near-critical 
layers, where vertical wavelengths of the primary AGW modes propa-
gating from the surface could be substantially decreased leading to the 
strong dissipation of wave energy (e.g., Gossard and Hooke, 1975). This 
enhanced dissipation may results in strong decreases of AGW amplitudes 
at heights 110–150 km in Fig. 2c and d. Above height of 150 km, the 
wave-induced horizontal flows in Fig. 3 are smaller and allow grows of 
the amplitude of primary AGW mode tunneling through the near-critical 
layers. 

Time variations of temperature standard deviations δT (proportional 
to AGW amplitudes) calculated at horizontal planes located at different 
altitudes are depicted in Fig. 4 for different altitudes. The left panels of 
Fig. 4 for small amplitude of the surface wave excitation reveal quasi- 
stationary AGW amplitudes at altitudes below 150 km after the pri-
mary wave mode from the surface excitation (2) arrives to the respective 
height. The arrival time increases at larger heights (Gavrilov and 
Kshevetskii, 2014b). At altitudes above 150 km, the left panels of Fig. 4 
demonstrate gradual δT decreases in time. This might be caused by the 
wave energy transfer to the wave-induced mean flows (see respective 
panels of Fig. 3), which are produced at altitudes above 110–120 km and 
are strengthening in time (Gavrilov et al., 2018). 

At heights above 150 km, δT values are greater at high SA in the left 
panels of Fig. 4, which is opposite to lower standard deviations of ver-
tical velocity at the respective panels of Fig. 5 of the paper by Gavrilov 
et al. (2018). The reason for larger δT values could be higher mean 

temperatures in the thermosphere at high SA, which increases ampli-
tudes of absolute temperature perturbations (see above). In addition, 
larger molecular heat conduction and viscosity at large heights may lead 
to larger wave dissipation at low SA. Therefore, differences in δT values 
at heights 200–250 km for high and low SA become larger in the left 
panels of Fig. 4. 

At larger amplitudes of the wave excitation (2), jet flows induced by 

Fig. 3. Temporal variations of simulated wave-induced mean horizontal ve-
locity at altitudes 250 km (a), 200 km (b), 150 km (c), 120 km (d), 110 km (e) 
for amplitudes W0 ¼ 0.1 mm/s (left) and W0 ¼ 1 mm/s (right) of the surface 
wave forcing (2) with period τ ¼ 0.56 h, cx ¼ 100 m/s and λx ¼ 200 km at low 
(F10.7 ¼ 70 sfu) and high (F10.7 ¼ 250 sru) levels of solar activity. 

Fig. 4. Similar to Fig. 3, but for simulated standard deviation of temperature.  

Fig. 5. Similar to Fig. 3, but for the vertical wave energy flux.  
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waves in the right panels of Fig. 3 may have speeds approaching the 
horizontal phase speed of primary wave and may create near-critical 
layers of strong AGW dissipation (see Gavrilov et al., 2018). This may 
almost stop upward wave propagation, leading to considerable δT de-
creases at heights above 100 km in the right panels of Fig. 4 after for-
mation of strong wave-induced flows. Fig. 4e reveals longer interval of 
substantial values of δT at altitude of 110 km compared to the above 
heights. Considerations of Fig. 3e show that the wave-induced mean 
horizontal velocity reaches high values later at altitude of 110 km than 
that at higher panels of Fig. 3. Therefore, decreasing amplitudes of 
AGWs propagating from below due to the near-critical levels occur later 
at 110 km. Fig. 5 shows temporal changes at various heights of the 
vertical fluх of wave energy 

Fe¼ < p0w0 >; (5)  

where p and w are pressure and vertical velocity, sign <> refers to the 
averaging for AGW period along the horizontal x axis, primes denote 
wave perturbations. Changes in Fe values in Fig. 5 are very similar to 
respective changes in the wave momentum flux presented by Gavrilov 
et al. (2018). All Fe values are positive, which correspond to the upward 
propagation of wave energy. At small wave source amplitude (the left 
panels of Fig. 5) at heights lower than150 km, magnitudes of Fe are 
smaller at high SA. This might be connected with stronger reflection of 
AGW energy at high SA in the region of maximum ∂T0/∂z and N2 at 
altitudes 110–150 km (Walterscheid and Hickey, 2011). Reflected 
waves have downward energy fluxes, which may decrease upward Fe 
fluxes produced by the primary AGW mode below the reflection layers. 
AGW energy fluxes at altitudes 200–250 km in the left panels of Fig. 5 
are larger at high SA, due to larger ν and χ caused by the lower ρ0 at low 
SA. In the right panels of Fig. 5, at higher AGW excitation amplitude, Fe 
at heights above 100 km has maximums at t ~ (5–10)τ, when jet flows 
induced by waves in the respective panels of Fig. 3 are weak. Later, Fe 
values decrease because of robust dissipation of primary AGWs within 
the near-critical layers produced by jet flows induced by waves (see 
above). 

3.2. AGW thermal effects 

Thick lines in Fig. 2 show the wave-induced mean temperature 
changes ΔT0. They are obtained by averaging simulated temperature 
deviations over one wavelength in the horizontal plane at each time 
step. In the AtmoSym model, values of ΔT0 may be considered as mod-
ifications of the stationary background profiles at any time step, which 
are participating in the further simulations. One can see maximum in-
creases in the mean temperature at altitudes 100–120 km, where sub-
stantial wave instabilities and dissipation take place (see above). The 
wave heating in this region is larger for high-amplitude IGWs in Fig. 2c 
and d compared to Fig. 2a and b, respectively. Above the altitude of 150 
km, the wave-induced mean temperature changes are positive at low SA 
at the left panels of Fig. 2 and are negative at high SA at the right panels 
of Fig. 2. These changes are larger at stronger ground wave excitation (2) 
in the bottom panels of Fig. 2. 

Time variations of the wave-induced mean temperature add-ons, 
ΔT0, at different altitudes are given in Fig. 6. At altitudes below 150 
km, ΔT0 values are generally positive in Fig. 6, which corresponds to the 
atmosphere heating by dissipating AGWs. Above 150 km altitude, ΔT0 
values are generally positive at low SA and negative at high SA, when 
AGWs generally cool the upper atmosphere. Magnitudes of the wave 
heating/cooling are larger at higher amplitude of the surface wave 
source (2) in the right panels of Fig. 6. 

The main contribution to the wave heating rate comes from the 
divergence of the wave enthalpy flux (e.g., Akmaev, 2007), which is 
sometimes called as “sensible wave heat flux” (e.g., Hickey et al., 2011), 

Ft ¼ ρ0cp < T
0

w
0

> : (6) 

Time changes of Ft values are presented in Fig. 7. IGW theory for 
hydrostatic hydrodynamic models shows that wave perturbations w’ and 
T0 have phase shift of π/2, which gives Ft ¼ 0 in the absence of wave 
dissipation and Ft < 0 in the dissipative atmosphere (e.g., Medvedev and 
Klaassen, 2003). For non-hydrostatic equations, in classical model of 

Fig. 6. Temporal variations of simulated wave-induced mean temperature 
changes at altitudes 250 km (a), 200 km (b), 150 km (c), 120 km (d), 110 km (e) 
for amplitudes W0 ¼ 0.1 mm/s (left) and W0 ¼ 1 mm/s (right) of the surface 
wave forcing (2) with period τ ¼ 0.56 h, cx ¼ 100 m/s and λx ¼ 200 km at low 
(F10.7 ¼ 70 sfu) and high (F10.7 ¼ 250 sru) levels of solar activity. Horizontal 
dashed lines show zero levels. 

Fig. 7. Similar to Fig. 6, but for the vertical wave enthalpy flux.  
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isothermal atmosphere and stationary horizontal homogeneous regime 
of non-dissipating waves, the phase shift between w’ and T’ variations is 
different from π/2 and AGW polarization relations (e.g., Gossard and 
Hooke, 1975) lead to the relation 

Ft ¼Fe (7) 

Therefore, one may expect positive values of the wave enthalpy flux 
in Fig. 7 corresponding to the upward Fe in Fig. 5. However, Fig. 7 
demonstrates many negative Ft values, especially, at high SA. Below 120 
km altitude, Ft values are mainly positive in Fig. 7e, which draws a 
parallel with positive ΔT0 in Fig. 6e. At altitudes above 150 km in 
Fig. 7a–c, the Ft values are mostly negative at high SA, showing down-
ward directions of the wave enthalpy flux opposite to the upward di-
rections of the wave energy flux in Fig. 5a–c. Negative Ft in Fig. 7a–e 
corresponds to stronger AGW cooling of the upper atmosphere at high 
SA shown in Fig. 6a–c. Possible reasons for the discrepancies between Ft 
and Fe values are discussed in section 4. 

3.3. Vertical mass flows 

Substantial differences between magnitudes of the wave fluxes of 
enthalpy (6) and energy (5), discussed above, may reflect substantial 
changes in the transport of atmospheric mass by AGWs, which is 
described by the wave mass flux 

Fρ ¼ < ρ0w0 > : (8) 

Fig. 8 represents time variations of the wave mass flux at different 
altitudes. Most Fρ values are positive in Fig. 8 showing upward mass 
transport by AGWs. At altitudes higher than 200 km, Fρ values are larger 
at high SA in Fig. 8a and b. Below 200 km, ratios of Fρ magnitudes at 
high and low SA could be different at different altitudes in Fig. 8c–e. 

Wave mass fluxes (8) in the atmosphere could be compensated by the 
mass transport with the mean vertical velocity w0. In the nonlinear 
model, dissipating AGWs can modify w0 values making changes in the 
mean mass fluxes. In the AtmoSym model, the background vertical ve-
locity is zero, and model w0 values represent the wave-induced vertical 
velocities, which are depicted in Fig. 9. Most w0 values are negative in 
Fig. 9. In most cases, downward mean vertical velocities are stronger at 

low SA. Generally opposite signs of Fρ in Fig. 8 and w0 in the respective 
panels of Fig. 9 show a partial compensation of vertical wave mass fluxes 
by wave-induced mean vertical flows. Therefore, the effective speed, wm, 
of the residual vertical mass transport produced by AGWs could be 
estimated as 

wm¼w0 þ Fρ=ρ0: (9) 

Time variations of simulated wm are presented in Fig. 10. One can see 
that nonlinear dissipating IGWs may produce upward and downward 
residual transport of atmospheric mass. The heat balance equation for 
the mean atmospheric state (e.g., Akmaev, 2007) contains the adiabatic 
heating rate 

εa¼ � wmð∂T0 = ∂zþ γaÞ: (10) 

Therefore, negative wm values in Fig. 10 correspond to heating and 
positive wm correspond to cooling of the atmosphere. Shown in Fig. 10 
values of |wm| ~0.01–10 cm/s correspond to the adiabatic heating rates 
|εa| ~0.1–100 K/day. In the right panels of Fig. 10 for the surface wave 
excitation amplitude W0 ¼ 1 mm/s, the wm values are mainly positive at 
altitudes higher 150 km. Therefore, the wave-induced vertical transport 
of atmospheric mass may contribute to the cooling the upper atmo-
sphere by AGWs. 

4. Discussion 

Considered above modeling was performed for the surface wave 
excitation (2) with amplitudes W01 ¼ 0.1 mm/s and W02 ¼ 1 mm/s. 
Within the linearized AGW model, proportionality between the ampli-
tude of the wave excitation and wave amplitudes at all heights should be 
expected. Wave breaking and interactions between waves and the mean 
flow in the nonlinear model are stronger at higher surface AGW exci-
tation amplitudes, leading to relatively bigger energy losses for larger- 
amplitude waves. Our analysis (see description of Fig. 1) shows that at 
high altitudes the ratios of wave temperature amplitudes, energy and 
enthalpy fluxes produced by waves with the excitation amplitudes W01 
and W02 are much smaller compared to W02/W01 ¼ 10 for the wave 
amplitudes and smaller than (W02/W01)2 ¼ 100 for the wave fluxes. This 

Fig. 8. Similar to Fig. 6, but for the vertical wave mass flux.  Fig. 9. Similar to Fig. 6, but for the wave-induced vertical mean velocity.  
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result is similar to that shown in Table 1 of the paper by Gavrilov et al. 
(2018). 

Mentioned above smaller ratios of amplitudes may be connected 
with larger dissipation and energy losses for larger-amplitude AGWs. 
Additional decreases of AGW amplitude may come from strong re-
flections of waves propagating from below in the layers of big vertical 
shears of the mean temperature at heights 110–150 km (Walterscheid 
and Hickey, 2011; Yi�git and Medvedev, 2010). Gradients of temperature 
and the wave reflection are stronger at high SA (Hickey, 1987; Vadas 
and Fritts, 2006; Vadas, 2007; Fritts and Vadas, 2008). Hence, final SA 
effects may depend on balances between, on one hand, increases in AGW 
amplitudes caused by smaller molecular heat conduction and smaller 
transfer of wave energy to the wind-induced jet streams and, on the 
other hand, decreases in the amplitudes due to larger density and wave 
reflections at higher SA. 

Considering AGW thermal effects in a non-hydrostatic model, 
Akmaev (2007) obtained the following relation between the wave 
enthalpy (6) and energy (5) fluxes: 

Ft ¼ Fe þ Fθ; Fθ ¼ ρ0cpΠ0 < θ’w’ >; Π ¼ ðp=psÞ
k
; θ ¼ T

.
Π; (11)  

where Fθ can be called as the wave flux of potential enthalpy, θ is po-
tential temperature, ps is the surface pressure, κ ¼ ðcp � cvÞ= cp. Ac-
cording to Eq. (9) of the paper by Gavrilov (1990), Fθ is proportional to 
the wave flux of entropy, s: 

Fθ ¼ ρ0T0 < s’w’> ; s
0

¼
�
cpT � p

0 � ρ0
� �

T0: (12) 

Gavrilov (1990) obtained a relation between Fθ and the wave 
component of the specific heat influx due to dissipative processes, ε’, 

Fθ ¼ ρ0γa < εs0 >
�

N2: (13) 

For non-dissipative AGWs, ε’ ¼ 0 and Fθ ¼ 0, therefore, (11) turns 
into Eq. (7). For AGW dissipation due to molecular heat conduction, 
Akmaev (2007) derived an expression for Fθ, which in the present no-
tations has the following form: 

Fθ ¼ � ρ0εT H
�

κ; εT ¼ αg2 < T2�T2
0 >

�
N2: (14) 

As far as εT > 0at stable stratification, Eq. (14) shows that Fθ < 0in 
dissipative atmosphere. Values of Fe in (11) are generally positive for 
AGWs propagating upwards (see Fig. 5). Therefore, the sign of the wave 
enthalpy flux, Ft, depends on relative values of Fe and Fθ. When Fθ < �

Fe, the wave enthalpy flux is downwards. Using relations (4), one can 
change the expression for εT in (14) to the form of 
εT � χg2k2 < T2=T2

0 > =ω2. Wave temperature perturbations are gener-
ally larger at high SA in Fig. 4 at altitudes above 150 km. In addition, H 
in (14) is also larger at high SA. This might increase magnitudes of 
negative Fθ and may explain the dominance of negative Ft values in 
Fig. 7 at altitudes above 150 km at high SA. 

Hickey et al. (2011) analyzed AGW heating/cooling rates in the 
thermosphere. They obtained formulae similar to (14) for the wave 
enthalpy flux. They showed that for quasi-saturated AGWs the heating 
rate due to vertical divergence of Ft is 

εw¼ � ρ� 1
0 ∂Ft

�
∂z � Ft

�
ðρ0HÞ; (15)  

because of exponential decreases of atmospheric density in altitude. 
Therefore, signs of AGW thermal effects depend on vertical directions of 
the wave enthalpy flux. Equation (15) shows that positive Ft corresponds 
to wave heating and negative Ft matches with cooling the atmosphere by 
dissipating AGWs. This may explain correlations between Ft signs in 
Fig. 7 and the mean temperature changes in Fig. 6. Hickey et al. (2011) 
also showed that, in addition to the convergence of the wave enthalpy 
flux, a contribution to the heating/cooling of the atmosphere above 150 
km altitude might give the divergence of the viscous flux of wave kinetic 
energy. 

The above discussion shows that AGW thermal effects in the upper 
atmosphere may depend on competitions between heating due to 
dissipation of the upward wave energy flux and cooling due to diver-
gence of downward wave entropy (or potential enthalpy) flux. Modifi-
cations in the mean temperature, molecular heat conduction and 
viscosity due to changes in solar activity may change proportions of 
wave energy and entropy flaxes in (11) and may lead to upward or 
downward wave enthalpy fluxes, which correspond to heating or cool-
ing the upper atmosphere by AGWs, respectively. Negative Ft and wave 
cooling of the upper atmosphere could be more frequent at high SA. 

5. Conclusion 

Higher amplitudes of wave sources on the ground leads to AGW 
breaking and productions of mesoscale temperature perturbations at 
heights 100–150 km. Increased decay of breaking waves can generate 
wave-induced mean flows with velocities up to AGW horizontal phase 
speeds. High wave decay in near-critical regions made by the wave- 
induced mean flows at heights 110–150 km substantially diminishes 
AGW amplitudes, energy and enthalpy fluxes produced by primary 
waves generated by the wave excitation at the ground. The wave- 
induced mean horizontal flows become weaker at heights above 150 
km, making grows of amplitudes of the partially penetrating primary 
wave and of AGW secondary modes, which might be generated within 
the wave-induced mean flows. Such grows of wave amplitudes is smaller 
at low SA because of larger speeds of wave-induced jet streams and 
higher molecular heat conduction and viscosity. 

The wave-induced mean temperature add-ons, ΔT0, are generally 
positive below 120 km altitude. At larger heights, ΔT0 values are 
generally positive at low SA and negative at high SA, when AGWs cool 
the upper atmosphere. Below 120 km altitude, values of the wave 
enthalpy flux, Ft, are mainly positive and are mostly negative at high SA 
at altitudes above 150 km, showing downward directions of the wave 
enthalpy flux opposite to the upward directions of the wave energy flux 
in Fig. 5a–c. Negative Ft values correspond to stronger AGW cooling of 
the upper atmosphere at high SA. Nonlinear dissipating AGWs may 

Fig. 10. Similar to Fig. 6, but for the effective vertical velocity of residual 
mass transport. 
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produce vertical transport of atmospheric mass. These mass flows may 
produce adiabatic heating rates in the upper atmosphere. Mainly posi-
tive wave-induced residual mass flows at altitudes higher 150 km may 
contribute to the cooling of the upper atmosphere by AGWs. Wave 
breaking and interactions between waves and the mean flow in the 
nonlinear model are stronger at higher surface AGW excitation ampli-
tudes, leading to bigger energy losses for larger-amplitude waves. 

Wave thermal effects in the upper atmosphere may depend on 
competitions between heating due to dissipation of the upward wave 
energy flux and cooling due to divergence of downward wave entropy 
(or potential enthalpy) flux. At high SA, larger mean values and wave 
perturbations of temperature may increase magnitudes of downward 
wave entropy fluxes, and may result in more frequent downward wave 
enthalpy fluxes corresponding to wave cooling of the upper atmosphere. 

The present study is devoted to the influence of variable tempera-
ture, density and viscosity caused by SA variations on the propagation of 
AGWs from the lower atmosphere to the thermosphere. However, solar 
activity may also change the thermospheric mean winds and circulation, 
ion viscosity, ion density and other parameters, which may influence the 
propagation of AGWs at ionospheric heights. Therefore, further nu-
merical modeling and studies are essential for better knowledge of the 
SA influence on characteristics of AGWs propagating in the thermo-
sphere. Such modeling might be helpful for advances in parameteriza-
tions of dynamical and thermal AGW impacts in the models of 
atmospheric general circulation (e.g., Yi�git and Medvedev, 2010). 
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