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We performed numerical simulations of nonlinear A@kupagation to the middle and upper
atmosphere from a plane wave forcing at the Eastirface with period = 2x1G s. After
activating the surface wave forcing, initial putdfeacoustic and very long gravity modes in a
few minutes can reach altitudes above 100 km. paswin of this initial pulse produces
substantial mean heating and wave-induced mearsvaindltitudes above 200 km. This may
influence AGW propagation and produce enhancedcadgradients of temperature, horizontal
velocity and increased wave dissipation in the lopaat of the wave-induced mean flows
helping their downward expansions. Later, AGWs manduce layers of convective instability
and peaks of the wave-induced jets at altitudes-10P0 km. Shorter AGWSs with smaller
horizontal wave speeds produce smaller mean heatidgvave-induced mean velocities in the
upper atmosphere at fixed amplitudes and periotlseo$urface wave excitation. Numerical
simulation of nonlinear AGW propagation helps hettederstanding the details of dynamical
and thermal influence of waves coming from the asgghere on the mean temperature and wind
in the middle and upper atmosphere.

Key words. Atmosphere; acoustic-gravity waves; nonlinearretgons; numerical modeling;
wave drag

1. Introduction.

Observations show the continuous presence of GWsimiddle atmosphere (Fritts and
Alexander, 2003, and the references therein). &sing amount of observations suggest that
GW can be frequently detected in the thermospHhepel{ et al., 2004; Park et al., 2014). Recent
general circulation modeling studies have demotesdrehat lower atmospheric GWs can
propagate into the thermosphere and produce appteaynamical (@it et al., 2009) and
thermal effects (Mdit and Medvedev, 2009). Propagation and the reguéffects of small-scale
GWs in the thermosphere exhibit significant vaoiasi during sudden stratospheric warmings
(Yigit and Medvedev, 2012a; Hit et al., 2014). A comprehensive review of intémgavity
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wave propagation into the thermosphere and thiacesfwas made by ¥it and Medvedev
(2014).

Non-hydrostatic numerical models are usefulAGW and turbulence studies. For example,
Baker and Schubert (2000) performed modeling neaiiAGWs in the Venus’ atmosphere.
They simulated waves in an atmospheric region wegttical and horizontal dimensions of 48
and 120 km, respectively. Other authors (Fritts @aden, 1996; Andreassen et al., 1998; Fritts
et al., 2009, 2011; Liu et al., 2009) made two-disen modeling Kelvin-Helmholtz instabilities
and turbulence generated due to breaking of atneogpivaves. These studies used three-
dimensional models treating waves and turbulenegrmospheric boxes with limited horizontal
and vertical sizes. The models used modificatidriib@spectral method and Galerkin-type
series to convert partial (versus time) differdrgguations into the ordinary ones describing the
spectral series coefficients. Liu et al. (2009)dated gravity wave propagating from the lower
atmosphere and generating Kelvin-Helmholtz billomwthe mesopause regioifu and Hickey
(2007) and Liu et al. (2008) have developed twoetigional numerical models of atmospheric
AGWs.

In addition to direct numerical modeling, mesale AGWSs generating in the troposphere and
propagating to the thermosphere were studied iergénirculation models (e.g., ¥i et al.,

2009, 2012a) using parameterizations of wave dycaand thermal effects to describe their
saturation and dissipation in the middle and uppeiosphere (e.g., it et al., 2008). These
AGWs propagate upwards, break and produce turbellend perturbations in the middle and
upper atmosphere. For example, convection and rcaeosirbulence in the troposphere may
produce AGWs (e.g., Fritts and Alexander , 2008td-et al., 2006). Turbulent sources may
have maxima at altitudes 9-12 km in the regiornsagospheric jet streams (Medvedev and
Gavrilov, 1995; Gavrilov and Fukao, 1999; Gavril@@07). ). Using a nonhydrostatic general
circulation model of the thermosphere-ionosphestesy, Yit et al. (2012b) have demonstrated
that gravity waves and acoustic waves are contigslyquesent in the thermosphere even during
quiet geomagnetic periods.

Gavrilov and Kshevtskii (2013a) modeled twadnsional nonlinear AGWs using a
numerical scheme accounting for the fundamentademation laws. This scheme described in
more detail by Kshevetskii and Gavrilov (2005) pdas the necessary numerical stability and
has allowed us to take into account non-smoothtisoliof AGW nonlinear equations.

Gavrilov and Kshevetskii (2013b, 2014a) made aetlthenension modification of this algorithm
for modeling nonlinear atmospheric AGWSs. They sabed! AGWs generated by sinusoidal
horizontally homogeneous wave forcing at the Earsirface.

Karpov and Kshevetskii (2014) applied simtlaree-dimensional numerical model to
simulate acoustic wave propagation from localized-stationary surface wave excitation and
found that infrasound could produce substantialmtesating in the thermosphere. Nonlinear
dissipating AGWs are also responsible for creatiocglerations of the mean flows (e.g., Fritts
and Alexander, 2003). At the same time, detailhefmean flows and heating produced by
nonlinear non-stationary AGWs in the atmospherel riegher clarifications.

In this paper, using the numerical model byr@@ and Kshevetskii (2013b, 2014a), we
continue studying propagation of nonlinear AGWsegated at the Earth’s surface into the
thermosphere. We considered simple AGW forcing lapg@wave oscillations of vertical
velocity at the surface and considered detailsafexdynamical and thermal effects at different
altitudes at different times after activating thews source. Compared to Karpov and
Kshevetskii (2014) we considered lower frequenoiesave sources belonging to gravity wave
subrange of AGW spectrum.

2. Numerical model.

The numerical AGW model simulates velocity compdsenv, andw along horizontalx;, y)
and verticalz, axes, respectivelyfhe model also calculates deviations of dengity



temperaturd’, and pressurp’ from stationary background fielgs, To andpo, respectively.
One can find the used set of nonlinear hydrodynami@tions in the papers by Gavrilov and
Kshevetskii (2013b, 2014a). The set includes equoatof continuity, motion and heat balance.
The conditions at upper boundary 500 km include zero vertical gradients of pdsations of
pressure, temperature, density and horizontal itglas well as zero vertical velocity. The lower
boundary conditions at the Earth’s surface incloei® deviations of pressure, density,
temperature and horizontal velocity (see Gavrilog Eshevetskii, 2013a, b; 2014a).

In thepresent research, we suppose horizontal periodi€ityave solutions:

f,y,z9= f(x+ L,y L, 29, (1)

wheref could be any of the calculatedriables, andLy = mAy, Ly = nAy are the horizontal
lengths of the considered region of the atmospherandn are integer constantsly and Ay, are
wavelengths along horizontal axeandy, respectively. Oscillations of vertical velocity =
w(x,y) at the earth’s surface= 0 force AGWs in the model.

Used numerical scheme is the generalizatidwofdimensional algorithm developed by
Kshevetskii and Gavrilov (2005) to the three-dimenalsituation. Hydrodynamic equations of
the model (see Gavrilov and Kshevetskii, 2013b, 201ay be written in the form of
conservation laws

o oX(r) oY(r) , 0z(r) _, )
o ox oy 0z

wherer denotes any of density, momentum or energy peénohime, X, Y, Zare components of
fluxes of respective quantities along axeg, z. We take into account terms containing gravity
in the equation for vertical momentum componentddition to the numerical scheme by
Kshevetskii and Gavrilov (2005) the present thernaddiice equation includes terms
representing heating due to viscosity. Our numenuzthod uses the Lax and Wendroff (1960)
scheme having the second order of accuracy, inhnthie finite-difference approximation of Eq.
(2) has the following form:

n+l
I —

" rn x_n+1/2 _ x_n+1/2 Yn+1/2 _Yn_+1/2 Z_n+1/2 _ Z_n+1/2

Lk TNirv2k i-1/2,jk o Tj+l2k Li-l2k | Fijk+1/2 ijk-1/2 _ 0, (3)

Vi i AX Ly Az

where indice9, i, j, kand4t, 4x, 4y, A4zare numbers of grid nodes and grid spacingxny, z,

respectively. This scheme allowspisking up generalized physically acceptable sohgiof the
equationsl(ax, 1957 Richtmayer and Morton, 1951t provides the stability of numerical
method and let us taking into account non-smooltitisos of AGW nonlinear equations. We

use a staggered grid, where density, temperatur@rassure are given at the same mesh points,
but nodes for the components of velocity u, v, & shifted half grid spacing along axes x, v, z,
respectively. To calculatd*’? at the first half step in time we use the implaiheme

n+1/2
r —

2 i,k

n n+1/2 n+1/2 n+1/2 n+1/2 n+1/2 n+1/2
r'. X =X . Y -Y" 7" -7
i,j,k i+1/2,j,k i-1/2,j,k i,j+1/2,k i,j-12k i.jk+1/2 i,j,k=1/2
+ + + O’ (4)

At X 2y Az

This significantly complicates computations; howewshevetskii (2001a, b, ¢) had shown that
the errors from acoustic waves are not accumulatédtime for finite-difference schemes of
such a structure.

Our numerical model includes molecular visgoand heat conductivity increasing with
altitude inversely proportional to density. Ballpsacket and satellite measurements (e.g.,
Lubken, 1996; Clayson and Kantha, 2008) show imtertsackground turbulence in the
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boundary layer and in the lower thermosphere watty weak turbulence in the stratosphere
(e.g., Gavrilov et al., 2005, 2013). In the moaed, take into account background turbulent
specific viscosity and heat conductivity approxim@their vertical profiles with the sum of two
generalized bell-shaped functions (MathWorks, 20t4)ing maxima 10 ffs at altitudes 0 and
100 km with half widths of 1 km and 20 km, respeslyy. The model does not involve some
effects, for example, wave dissipation due to tadicheat exchange and ion drag. However,
dissipation due to ion drag can compete with mdéotiscosity in the lower thermosphere at
high solar activity and ionization (e.g.,gftiet al., 2008).

In the present paper, we use background vepicdiles of o, To, andpo from the standard
atmosphere model MSIS-90 (Hedin, 1991) for Janaad/average geomagnetic activity. The
average spacing of vertical grid is about 170 m,jtha smaller in the lower boundary layer and
is changing with height depending on inhomogeneityemperature profiles, varying from 12 m
near the ground to about 1.2 km at altitudes ab6Qtkm. Spacing of the horizontal grid in the
present study is 1/60 of horizontal wavelength<gieel in the wave forcing (5). Time steps are
calculated automatically to assure stability of hinenerical scheme and are equal to 0.14 s and
0.24 s for considered here AGWs with= 30 m/s and, = 100 m/s, respectively.

In the present paper, we analyze such chaistate as the mean velocity and the wave
accelerations of the mean flow. The mean valuesaoeilated for each altitude and time
instance by averaging over horizontal regions daimg integer number of AGW periods vs.
horizontal axes. Influence of waves on the meaw fhre determined by horizontal components
of wave dragawi =-po dpo<vi'wW>/ 8z, wherev; is the component velocity along thth
horizontal axis and the sign <> denotes averaguay wave periods. To obtain them, we
calculated valueg'w' in every grid point and averaged them over hotalgplanes at each
altitude.

3. Resultsof smulations.

Gavrilov and Kshevetskii (2013a, b) simulated nogdir AGWs having forms of plane waves. In
the present study, we also assume horizontallpgdeal distributions of vertical velocity at the
Earth’s surface of the form of

(W)z=0 = Wo cogkn(X — Git)], (5)

wherek, =277, andc, are wavenumber and phase speed along the horizxmaldirected in

the wave propagation directiovp is amplitude. Eq. (5) represents plane wave dicgdr

velocity at the lower boundary. This forcing maypresent spectral components of turbulent and
convective AGW sources (Townsend, 1965, 1966 thérnpresent study, we made simulations
for ¢, between 10 and 100 m/s. The numerical modelingmade starting from zero initial
conditions at = 0, when the wave forcing at the bottom boundeeag activating.

Medvedev and Gavrilov (1995) considered AGWegation due to nonlinear interactions
produced by turbulent and meteorological processtd®e atmosphere. They found broad variety
of amplitudes, wavelengths and other parametegeioérated AGWs. Gavrilov and Kshevetskii
(2013a, b; 2014a) showed that activating the plaaee forcing at the bottom boundary initiates
pulses of acoustic and very long gravity waves agaping upwards. Figure 1 shows examples
of vertical profiles of temperature perturbation$ibeed horizontal coordinates at different times
t after activation of the surface AGW excitation {@)h horizontal phase speeg= 100 ms.

After activating the surface wave source, acoustit very long gravity wave components will
quickly propagate to high altitudes.

Figure 1 represents individual vertical profiles fized horizontal coordinate Figures 1 a —
¢ show that in the plane wave approximation (S)iailhwave pulses in a few minutes can reach
altitudes of 100 km and above and form quasi-varti@ave fronts similar to those shown in
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Figure 1 of the paper by Gavrilov and Kshevetskiil3a).At high altitudesthese first wave
pulses strongly dissipate because of moleculapsgigcand heat conduction. As time increases,
larger vertical wavelength waves are progressiueyoved by dissipation and vertical
wavelengths should decrease with increasing tinfieed altitudes in the middle atmosphere
(Vadas and Fritts, 2005; Vadas and Nicolls, 201@;dt al., 2013Heale et al., 2013). This may
explain the decrease in vertical wavelengths infeg 1 f,g compared to Figures 1 b,c. After
some transition period, primary acoustic and lorayiy wave modes disperse and dissipate,
then the vertical profiles in Figures 1 e, f cop@d to the main spectral component of the wave
source (5) with horizontal wave numbgrand horizontal phase speed

Respective profiles at other horizontal distsx are different from Figure 1due to changes
in AGW phases. These profiles for kit fixed timeg are plotted in Figure 2. The profiles are
superimposed. Therefore, Figure 2 allows seeing ramges of temperature perturbations
produced by waves at different altitudes. Theseéupeations include periodical wave variations
and changes in the background mean profiles caémlilzs average values for each altitude and
shown with thick solid lines in Figure 2. In Figuzb, one can observe changes in the mean
temperature at altitudes 200 — 400 km just 0.2dr dfie wave forcing activation. Figure 2c
reveals substantial increase in the mean temperahave 250 km due to dissipation of the
initial acoustic pulse caused by strong molecuiscosity and heat conduction at high altitudes.
The acoustic nature of this pulse can be confirbneitls high vertical group velocity (about 295
m/s to reach altitude of 350 km in 0.33 hr in Fgac).

Time of propagation of AGW energy from thath® surface to altitude z can be estimated
aste ~ zi/A, wherer and; are the wave period and average vertical wavellgemgspectively.

For considered main wave component of the waveatian (5) withl, = 200 km and, = 100
m/s from the standard AGW theory (e.g. GossardHomk, 1975), we have estimates 2x1¢
S, 4z~ 30 km ande ~ (3.3 —6.6) ~ 2 - 4 hr for altitudes 100 — 200 km. Considerat of
Figures 2e,f for later times reveal smaller (tHaat in Figure 2c¢) changes in the mean
temperature above 200 km and some its increassstatles near 100 km.

Figure 3 is similar to Figure 2, but represeaainges of horizontal velocity perturbations at
different timeg produced by the same AGW surface excitation. [ei@a shows appearance of
the wave-induced mean jet stream at altitudes ZZ&0-km att = 1 hr. This time is smaller than
above estimated time of arrival of the main gravity wave mode of theweaource (5) to
altitudes 200 — 250 km. Therefore, the reason frennduced jet stream in Figure 3a should be
dissipation of initial acoustic-gravity wave pulyenerated after activation of the wave source. In
Figures 3b,c one can see that the wave inducetlgam become stronger in time and its
maximum shifts downwards. At 4 hr, after arriving the main gravity mode tttatles above
100 km, the peaks of wave-induced jets in Figuceg 8end to concentrate at altitudes 110 — 120
km with largest growing in the mean horizontal w#ip near 100 km.

Figures 4b and 4c present, respectively, dhges of vertical gradients of horizontal velocity
and temperature during the mean heating in therngtpgsphere att = 0.33 — 0.5 hr (see Figure
2c). These gradients include contributions frontigal inhomogeneities of the background
fields and wave perturbations. In Figure 4b, onesee that the regions of maximum mean
heating at altitudes above 200 km correspond tarmax vertical gradients of horizontal
velocity during passage of the initial AGW puls¥srtical temperature gradients in Figure 4c
are mainly due to inhomogeneities of the backgrad&dS temperature profile.

Figures 5b and 5c represent vertical gradiehit®ozontal velocity and temperature similar to
Figures 4b,c, but for later t ~ 1.8 — 3 hr, whemWave induced jet stream shown in Figure 5a
already exists in the upper atmosphere. Increageimean horizontal velocity in Figure 5a
above altitude 150 km change intrinsic frequencp@WWs propagating from below. This form
larger gradients and their variability in Figurds®at altitudes near and below the maximum of
the jet stream in Figure 5a. Higher gradients teadcreased AGW dissipation by molecular
viscosity and heat conduction and to further aceéiten of the mean flow by waves. Such self-
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accelerated process leads to expansion of therredibigh mean velocities downwards (see
Figure 3).

The top panel of Figure 5¢ shows that duriagspge of initial AGW pulse always dT/dz > -
ya (Whereys = g/, is adiabatic temperature gradiegitis the specific heat capacity at constant
pressure), which means convective stability ofatmeosphere. After t ~ 2 — 3 hr, when the
energy of the main gravity mode reach altitudeua00 km, the layers with dT/dz 94
appear in the bottom panel of Figure 5c. Theseregtorrespond to convective instabilities of
wave profiles and generation of turbulence incragaslissipation and wave drag (Lindzen,
1981). This increase and stabilize the maximumaferinduced jet stream at altitudes just
above 100 km as shown in Figures 3d-f.

Figure 6 presents time variations of the winkiced mean horizontal velocities at different
fixed altitudes in the upper and middle atmosphakbmve 110 km, strong wave-induced jet
stream appears first at higher altitudes and thhepggates downwards in accordance with
Figures 3 and 5. As time increases, the speedsigdimduced mean velocity tend to a
maximum values close to the wave horizontal phpsedc;, in Figures 6b and 6d corresponding
to altitudes 110 and 150 km, respectively. BeloWw kfh, Figures 6d and 6e also show increases
in the wave-induced mean horizontal velocity causgdolecular and turbulent AGW
dissipation, but values of these velocities arelraraller, than that at higher altitudes in
Figures 6a-c.

Time variations of the mean temperature chapgeduced by the wave forcing (5) with=
100 m/s at different altitudes are shown in Figlrét altitudes 110 — 250 km largest increases
in the mean temperature in Figures 7 a-c occtur 48 — 5). Below 100 km the temperature
increases are smaller and temperature even desreds®e in Figures 7 d,e. Our model
involves heating rates caused by molecular visg@sitl heat conduction. The latter may
produce heating or cooling the atmosphere deperatirtpe shape of the vertical profile of the
background temperature. Used in our calculation$S#Semperature profile for January (see
Figure 1 in Gavrilov and Kshevetskii, 2014a) copawds to heat conduction cooling of the
atmosphere at altitudes of 60 and near 100 km.efdwe, when heating produced by dissipation
of wave energy decreases because of the wave emangjer to the mean flow shown in Figures
6c,d, the influence of the heat conduction coobegomes noticeable in Figures 7 c,d. At
altitude 60 km, the dissipation of wave energyligags small and we see permanent decrease in
the mean temperature in Figure 7e.

Wave-induced increases in the thermosphempéeature seen in Figures 2 and 7 confirm
previous results about AGW substantial contributmthe thermal regime of the upper
atmosphere. For example,gitfiand Medvedev (2009) have shown that GWs canymed
significant thermal effects (heating) in the lowleermosphere. Additionally, ¥it and
Medvedev (2010) have shown that GW thermal effexksbit large variations with the solar
activity.

Figure 8 displays horizontal wave acceleratiohthe mean floway, produced by the wave
source (5) withe, = 100 m/s. At altitudes above 110 km in Figures@aun are mainly positive
and maximized at times of faster growing the meam\at respective altitudes shown in Figures
6 a-c. Peak values of the wave accelerations éndss 110 — 250 km may reach (2-3)%10
m/s/day, which provide very fast growing the meandan Figures 6a-c. Below 100 km, in
Figures 8d,e AGW dissipation aaghy magnitudes become smaller and the proportion of
negativeay, values increases. This assumes an increase imuthieer of downward propagating
wave pulses reflected and generated in the atmosphdigher altitudes. Such partial reflection
of AGW modes and their interferences with the uglyaopagating main wave may explain
higher variability of characteristics shown at lovpanels of Figures 6 — 8.

All the above results are obtained for the avaxcitation (5) with horizontal phase spege
100 m/s, which has relatively large vertical wangl and can propagate up to very high
altitudes. We also made calculations for smatler 30 m/s. Respective wave-induced mean
horizontal velocities and temperatures at diffe@@titudes are given in Figures 9 and 10.
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Smallerc, corresponds to smallég ~ 10 km and larger time of energy propagatiornefrnain
mode of wave excitation (5) to altitudes 100 — RA0t: ~ (10 — 20y ~ 6 - 12 hr. Therefore,
changes in the wave-induced mean wind at highudkg in Figure 9 occur later than that in
Figure 6. In addition, maximum mean velocity in Uiig 9c is smaller than that in Figure 6¢. This
corresponds to expectations that at « the velocity of the wave-induced mean flow should
tend toc, and is larger for larger wave horizontal phaseedp&horter vertical wavelength mode
with ¢, = 30 m/s is subject for stronger dissipation dumblecular and background turbulent
viscosity and heat conduction in the middle anden@mosphere. Therefore, magnitudes of
wave-induced mean flows at altitudes 200 — 250dnaf= 30 m/s are much smaller in Figures
9a,b, than those in Figures 6a,bdpr= 100 m/s. The mean temperature increases, 130 m/s
in Figures 9a,b at altitudes 150 — 250 km existdudissipation of initial AGW pulses only and
are several times smaller than thosecfor 100 m/s in Figures 7a,b.

Larsen (2000) and Larsen et al. (2005) fouaduent intensive jet streams at altitudes near
100 km. Several explanations exist for the reasdtisese jets, such as statistic stability
requirement (Liu, 2007), semi-diurnal tidal modidas (Yue et al., 2010), nonlinear interactions
among gravity waves, mean flow, and tide (Liu et2014a, 2014b). Considered in Figures 3d-f
grows in the mean flow superimposed on the AGWatems may be one of the mechanisms of
creation of strong narrow peaks of horizontal vitéyoin the upper atmosphere. Figure 6 reveals
that intervals of only few wave periods could b#isient for formation of such peaks even at
moderate amplitudes of the wave forcing in the micaémodel.

Figure 5 shows quite long transition time agds of getting developed structures of
stationary AGWSs after activating the lower boundagve excitation (5). Average
characteristics of the wave fields change durimgéhtransition intervals. Observations (e.g.,
Fritts and Alexander, 2003) frequently reveal ey short pulses of a few AGW wavelengths
and periods in the atmosphere. This shows thatimgtkmes of many AGW sources in the
atmosphere are relatively short (e.g., Fritts et28106). Respective AGW pulses may have not
enough time for becoming stationary during thevégtof the wave sources. Therefore, we may
assume that a substantial proportion of AGWSs oleskiv the atmosphere may be non-
stationary.

Karpov and Kshevetskii (2014) used anothesigerof the same numerical model and
considered propagation of infrasonic waves fronaliaed surface excitation. They found
substantial mean heating similar to our Figurearitt 7a at altitudes 200 — 300 km. Results of
the present study for longer period wave sourceshimg gravity wave modes show that heat
effects dominate in the thermosphere during frestgition interval, when initial acoustic wave
pulses dissipate at high altitudes. Later, wheretiexgy of gravity wave modes propagates to
high altitudes, prevailing become dynamical wavea$ leading to wave-induced mean flows
in the middle and upper atmosphere.

For infrasound wave source, thermospheric wepaging lasts longer and can span horizontal
regions with dimensions up to thousand km (Karpay ldshevetskii, 2014). Therefore, local
wave sources can produce large-scale inhomogeneittemperature and horizontal winds in
the upper atmosphere. These inhomogeneities, nn ety modify conditions of AGW
propagation (e.g., Karpov and Kshevetskii, 20MJe need additional observations and
modeling for better knowledge of perturbations amatlifications of the mean temperature and
winds produced by variable AGW sources in the aphese.

Direct numerical AGW simulations performedfms study may be useful for verifications of
simple parameterizations of wave dynamical andnla¢effects for atmospheric general
circulation models. Such parameterizations usugly simplified linear AGW theories and
relations. Therefore, comparisons of numericallydeled and simplified analytical relations
may be essential for obtaining scope of feasibditgnalytical relations and for testing of AGW
parameterizations (e.g., Gavrilov and Kshevet&iil4b).

Conclusion
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We performed numerical simulations of nonlin&&W propagation to the middle and upper
atmosphere from a plane wave forcing at the Eastirface with period = 2x1G s. After
activating the surface wave forcingtat O, initial pulse of acoustic and very long gtgvnodes
in a few minutes can reach high altitudes aboveki@ODissipation of this initial pulse by
strong molecular viscosity and heat conduction peced substantial increases in the mean
temperature and horizontal wind at altitudes al®#@ km. These initial mean heating and
wave-induced jet stream increase Brunt-Vaisalaukeqy, decrease intrinsic frequency and
influence AGW propagation producing larger vertigeddients of temperature and horizontal
velocity in the lower part of the wave-induced mélaw, which increase dissipation and wave
drag. This causes the downward expansion of thewaluced jet stream. After arriving the
energy of the main mode of the surface AGW for¢mgltitudes above 100 km, waves produce
layers of convective instability and the peakshef wvave-induced jets at altitudes 100 — 120 km.
Shorter AGWs with smaller horizontal wave speedsipce smaller mean heating and wave
induced velocities in the upper atmosphere ataéheesamplitudes and periods of the surface
wave excitation. Numerical simulation of nonliné&W propagation helps to better
understanding the details of dynamical and theeffatts of waves coming from the
troposphere on the mean temperature and wind imitiéle and upper atmosphere.
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Figure 1. Vertical profiles of temperature perturbations proed by AGW source (5) with, =
200 km ancty, = 100 m/s at fixed horizontal coordinate 3 km and at times= 0.1 hr (a), 0.2
hr (b), 0.33 hr (c), 1 hr (d), 4 hr (e) and 8fr (
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Figure 2. Vertical profiles of the ranges of temperature ydrations produced by AGW source
(5) with A, = 200 km andt, = 100 m/s at times= 0.1 hr (a), 0.2 hr (b), 0.33 hr (c), 1 hr (@hr
(e) and 8 hr (f). Thick lines show average valwersehch altitude.
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Figure 3. Vertical profiles of the ranges of horizontal vetggerturbations produced by AGW
source (5) withi, = 200 km ana, = 100 m/s at times= 1 hr (a),2 hr (b), 3 hr (c), 4 hr (d), 6 hr
(e) and 8 hr (f). Thick lines show average valursefich altitude.
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Figure 4. Vertical profiles of the ranges of temperature ydrations produced by AGW source
(5) with A, = 200 km andt, = 100 m/s (a), also respective vertical gradiefntsorizontal

velocity (b) and temperature (c) at tintes 0.33 (top) andl = 0.5 hr (bottom). Thick lines show
average values for each altitude.
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