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Abstract. High-resolution numerical simulations of non-siatiry nonlinear acoustic-gravity waves (AGWSs) pgaiang
upwards from surface wave sources are performedifferent temporal intervals relative to activatideactivation times of
the wave forcing. After activating surface waverses, amplitudes of AGW spectral components reaghasi-stationary
state. Then the surface wave forcing is deactivatetie numerical model, and amplitudes of verljcadaveling AGW
modes quickly decrease at all altitudes due toodigtuations of the upward propagation of wave gndrom the wave
sources. However, later the standard deviationesidual and secondary wave perturbations expesesicsver quasi-
exponential decrease. High-resolution simulatalisved, for the first time, estimating the decewes of this wave noise
produced by slow residual, quasi-standing and skEzgnAGW spectral components, which vary betweera2® 100 hrs
depending on altitude and the rate of wave souctigation/deactivation. The standard deviationgha wave noise are
larger for the case of sharp activation/deactivatibthe wave forcing compared to the steep preseskhese results show
that transient wave sources may create long-livadewperturbations, which can form a background lef/g/ave noise in
the atmosphere. This should be taken into accoupdiameterizations of atmospheric AGW impacts.

1 Introduction

Recently, acoustic-gravity waves (AGWSs) are believe exist almost permanently in the atmospherg.,(€ritts and
Alexander, 2003). Observations detect regular AG¥sg@nce up to high atmospheric altitudes (e.gthDgual., 2004; Park
et al., 2014). Modeling of general circulation derstoated AGWSs capabilities of transferring energgl amomentum from
tropospheric wave sources to higher atmospherieldefe.g., Medvedev and i, 2019). Non-hydrostatic models of the
general circulation of the atmosphere revealed Aiz¥Vs are permanently existed at all atmospherighite (e.g. Ygit et
al., 2012b).

Many AGWs detected in the atmosphere are exkdit the troposphere (Fritts and Alexander, 2003it et al., 2014).
AGWs can be produced by interactions of winds withuntains (e.g.Gossard and Hook, 19)5atmospheric jet streams
and fronts (e.g., Gavrilov and Fukao, 1988lin et al., 201§ thunderstorms and cumulus clouds (Blanc et24114),
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convective regions and shear flowoywnsend, 1966¢ritts and Alexander , 2003; Vadas and Fritts, 208@hoons {u et
al.,20195, volcanoes e Angelis et al., 20)1 waves on the sea surface (Godin et al., 203bexXblosions at the Earth’s
surface (Meng, 2019), earthquakes (Rapoport e2@D4), different objects moving in the atmosphéAdraimovich et al.,
2002), big fires, etc. Some AGWs can be generagaddsoscale turbulence in the atmosphere (Townd&tsh; Medvedev
and Gavrilov, 1995 These AGW sources are located mainly at tropasptheights Gavrilov and Fukao, 1999; Dalin,
1916.

Most wave sources listed above are non-statjoridey can be activated during initial time iMas, operate for some
time, and then can be deactivated during final timervals. The initial and final time intervalsutd be shorter or longer
depending on the physical properties of particulave sources. Non-stationary activating and deatitiy wave sources
can generate transient AGW pulses propagating usxfeom the lower atmosphere, which require thasdyais.

High-resolution numerical models are frequened for studies of meso- and microscale prosessthe atmosphere.
For example, the Weather Research and Forecastnghitirostatic Mesoscale Model known also as thehiNamerican
Mesoscale model (WRF, 2019), as well as the Regidimaospheric Modeling System (RAMS ) describedRiglke et al.
(1992) and other similar models. Direct Numericah@ation (DNS) and Large Eddy Simulation (LES) ralsd(e.g.,
Mellado, 2018) should be mentioned in this contExits et al. (2009, 2011) used a numerical madélelvin-Helmholtz
instabilities, AGW breaking and generation of tudmee in atmospheric regions with fixed horizoratatl vertical extents.
They utilized a Galerkin-type algorithm for turningartial differential equations into equations fepectral series
coefficients. Liu et al. (2009) simulated propagasi of atmospheric AGWs and creation of Kelvin-Heditz billows. Yu et
al. (2017) used a numerical model for AGWs propiagah the atmosphere from tsunamis.

Gavrilov and Kshevetskii (2013) studied noatin AGWs with a numerical two-dimensional model,ialhinvolved
fundamental conservation laws. This model permitted-smooth solutions of the nonlinear wave equoatiand gave the
required stability of the numerical model (Kshek#étand Gavrilov, 2005). A respective three-dimemnsil algorithm was
introduced by Gavrilov and Kshevetskii (2014) tmglate nonlinear atmospheric AGWs. Gavrilov and égtskii (2013.
2014) showed that after triggering wave forcinghat lower boundary of numerical model, initial AGWIses could reach
high atmospheric levels in a few minutes. AGW phewsgaces are quasi-vertical initially, but latleey become inclined to
the horizon. AGW vertical wavelengths decreasénire tand are close to their theoretical predictiafter intervals of a few
periods of wave forcing.

In this study, using the high-resolution noelr wave model developed by Gavrilov and Ksheiie{@14), we
continue simulating transient waves generated hystationary AGW sources at the lower boundary prapagating
upwards to the atmosphere. The main focus is AGWalier after deactivations of wave sources in thmleh After
activating the surface wave source and disappedanitigl wave pulses, AGW amplitudes tend to stabikt all atmospheric
altitudes. In this quasi-stationary state, theamgfwave forcing is deactivated in the numericadlehcAfter that, amplitudes
of traveling AGW modes quickly decrease at alttadtes due to discontinuation of the upward propagaif wave energy
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from the surface sources. We found, however, tfiat aome time, the standard deviation of residelsi-standing and
secondary wave perturbations experiences moreestpanential decrease with substantial decay times.

These results show that residual and secorAl@aky modes produced by transient wave sources xahfer long time
in the stratosphere and mesosphere and form a toacidy level of wave noise there. AGW decay timed é&meir

dependences on parameters of the surface wavedane estimated for the first time.

2 Numerical model

In this study, we employed the high-resolutioretidimentional numerical model of nonlinear AGWdtie atmosphere
developed by Gavrilov and Kshevetskii (2014). Cuiige this model (called as AtmoSym) is availalse free online usage
(AtmoSym, 2017). The AtmoSym model utilizes theiplgeometry and primitive hydrodynamic three-dimenal
equations (Gavrilov and Kshevetskii, 2014):

0
90, %% —0, pe, 9T =P, e p=pRT,

a ox, O Pdt dt
9% 0PNy o OB _ s +9% ip=123 (1)
,09 i3
ot 0%, 0X; e

wheret is time;p, p, T are pressure, density and temperature, respagtiyehre velocity components along the coordinate
axesxy oy is the viscous stress tensgrjs the acceleration due to gravity; is the specific heat capacity at constant
pressureR is the atmospheric gas constantis the specific heating ratelfdt = o/0t+v,0/0xs repeating Greek indexes
assume summation. Quantitigs ande in Eq. (1) contain stresses and heating ratesusestiby molecular viscosity and
heat conductivity (see details in Gavrilov and Kattskii, 2014). After numerical integration of E(l), dynamical
deviations (marked with primes below) from statigniaackground valuego, po, To andvip are calculated:

P =p-py P =p—py T =T-Ty v;=v— vy (@)
The AtmoSym model takes into account dissipative monlinear processes accompanied AGW propagafioa.model is
capable to simulate such complicated processes @8/ Anstability, breaking and turbulence generati@ynamical
deviations (2) describe both wave perturbations emudiifications of background fields due to momentard energy
exchange between dissipating AGWs and the atmospfi&re background temperatufgz) is obtained from the semi-
empirical NRLMSISE-00 atmospheric model (Piconealet 2001). Background dynamic molecular viscosigy,and heat

conductivity,xp, are estimated using the Sutherland’s formula&diki 1976):

_1.46x10°T, ( kg j

o 1+110/T, mis 3)
K, :&; Pr = /4 ,
Pr -5
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wherey is the heat capacity rati®y is the Prandtl number. The AtmoSym model involaks® the mean turbulent thermal
conductivity and viscosity having maxima about 1&in the boundary layer and in the lower thermosghand a broad
minimum up to 0.1 As* in the stratosphere (Gavrilov and Kshevetskii,0The upper boundary conditionszat h have
the following form (Kurdyaeva et al., 2018):

o e e e
aZ z=h 62 z=h aZ z=h z=h

where indices 1 and 2 correspond to horizontaktimes,w = v; is vertical velocity. Conditions (4) may causdeefions of
AGWs coming from below. The upper boundary at thesent study is set ht= 600 km, where molecular viscosity and
heat conductivity are very high and reflected waatesstrongly dissipated. Sensitivity tests revieat the impact of
conditions at the upper boundary (4) is negligatlaltitudes < h - 2H, whereH is the atmospheric scale height. Therefore,
at altitudes of the middle atmosphere analyzetiisygaper, the influence of the upper boundary itams (4) could be
negligible. The lower boundary conditions at thetEEa surface have the following form (see Kurdyaet al., 2018):

(M)=0 (4

=0

=0, (V,),,=0, (W),_,=W, cosft-k@ ) )

whereW, ands have sense of the amplitude and frequelkcy; (k;,k,) is the horizontal wave vector, = (x,, X,) is the
position vector in the horizontal plarie,andk; are the wavenumbers along horizontal axemndx,, respectively. The last
relation for the surface vertical velocity in (®rges as the source of plane AGW modes in the Aymo®odel. Such plane
modes can represent spectral components of tropasplynamical processes. Their effects can becxppated by
appropriate sets of effective spectral componeihtemical velocity at the lower boundary (Townsed@65, 1966). Along

horizontal axeg; andx,, one can assume periodicity of wave fields

F(x,%,,z,t)=F (X, + L, x,+L,zt), (6)
whereF denotes any of simulated hydrodynamic quantities,= niA; andL, = n A, are horizontal dimensions of the

analyzed atmospheric regiod; = 2tk u A, = 2/k, are wavelengths along axgs andx,, respectively;n; andn, are

integers.

In our simulations, the wave excitation @activated at the moment t, and then its amplitudés does not change for
some time. One should expect that at small am@gud wave source (5), the numerical solutiond@élower and middle
atmosphere should tendtat> t,to a steady-state plane AGW modes correspondititettraditional linear theory (e.g.,
Gossard and Hooke, 1975). Gavrilov and Ksheve(gkil5) showed good agreement of ratios of simulateglitudes of
different wave fields with polarization relationslimear AGW theory (Gossard and Hooke, 1975) at t, at altitudes up
to 100 km.

The novelty of the present study is deactiathe wave source (5) at some montent, after reaching the described
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above quasi-steady solution. Previous simulatiaitts the AtmoSym model showed that sharp activasiadace wave
source (5) could create an initial AGW pulse, whielm reach high altitudes in a few minutes. Tordrilhe rate of the
wave source activation/deactivation, in the presemulations, we multiply the surface vertical \@ty in (5) by a function

exp[-(t-t,)?/s?] a  t<t,
ac) = 1 at t, <t<t, @
exp[-(t-t,)?/si] at  t>t,

wheres, andsy are constants.

3 Results of numerical simulations

Our numerical modeling begins from steady statedieiss non-perturbed atmosphere with profiles okgemund
temperature, density, molecular weight and molediteematic viscositgorresponding to January at latitude 50° N at
medium solar activity according to the NRLMSISEQ6dal (Picone et al., 2001), which are presentdddare 1 of the
paper by Gavrilov et al. (2018).

In this study, we consider AGW modes propaggéilong the eastward axsnd use horizontal dimension of considered
atmospheric region to be equal to the circle afude at 50°N, which i$, = 27000 km. At horizontal boundaries of this
circle of latitude, we use periodical boundary dtinds (6). Representing the circle of latitudeayectangle area assumes
fixed Ly at all altitudes, while in spherical coordinatgds increasing in altitude. However, the differenaelL, at altitudes
of the middle atmosphere do not exceed 2%. Modekiag performed with the surface wave source (5)ABW modes
having amplitude$\, = 0.01 — 0.1 mm/s and horizontal phase spegéds50 - 200 m/s. The number of wave periods along
the circle of latitude is taken to g = 32. This corresponds the horizontal wavelengtk L,/m = 844 km and AGW
periodst = A/cx ~ 4.7 — 1.2 hr for the specified above range,ohlues. The horizontal grid spacing of the numénmcadel
is Ax = 2,/16 and the time step of calculations was autorabyiadjusted taft = 2.9 s. The vertical grid of the model covers
altitudes up tdr = 600 km and contains 1024 non-equidistant nodesical spacing varies between 12 m and 3 km ftioen
lower to the upper boundary, so about 70% grid s@de located in the lower and middle atmosphere.

For parameters of the smoothing factor (Zhimpresent simulations, we take 10 s= 28 hr andy = 4x10° s~ 110 hr,
and consider steep AGW source activating and desirty withs, = s = 3.3x10 s~ 9 hr and sharp triggering af= sy =
0.3 s. The shape of smoothing factor (7) influertbesspectrum of the surface wave source in theemédgure 1 shows
spectra of the sinusoidal source (5) with waveqakri= 27/ ¢ = 2 hr, which were calculated using 20-hour rugniime
intervals corresponding to the phases of activatextivated state and deactivation of the wave coyb) with the
mentioned above “steep” and “sharp” values,ainds; in Eq. (7). Comparisons of solid and dashed lingSigure 1 show

that the sharp activation and deactivation of tlawewsource decreases the spectral density at fregué the main spectral
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maximum. However, the sharp triggering considerabtyeases the high-frequency part of the wavetspees Figure 1,
which means larger proportions of acoustic wavesggted by quickly varying wave sources in the afphere.
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150 Figure 1. Spectral density (in relative units) of the surfa@eve source (5) having period of 2 hr for 20-huming time
intervals centered at model times 20 hr (a)t = 70 hr (b) and = 120 hr (c), which correspond to the wave forcing
activation, activated state and deactivation. Said dashed lines correspond to the steep and abtwption/deactivation
ratess, andsy in (7).

3.1 Steep wave source triggering

155 Figure 2 shows time variations of the standardaten of wave vertical velocityw at different altitudes averaged over one
horizontal wavelength for the steep activation dedctivation of the surface wave source (5) Wih= 0.01 mm/s and, =
50 m/s. The standard deviatiaw is proportional to the amplitude of wave variasanf vertical velocity. Vertical dashed
lines in Figure 2 show moments- t, = 28 hr and =t4 = 110 hr of the surface wave source activation agattivation in
(7). The bottom left panel of Figure 2 for the BE&tsurface shows that the wave source amplitude#ses steeply ak t,,

160 maintains constant &t< t <ty and steeply decreases to zerb=aty in accordance with (7).
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Figure 2. Time variations of standard deviations of the waendical velocity at different altitudes (markedtwhumbers)

for the steep activation and deactivation of these wave source (5) at= 50 m/s and\p = 0.01 mm/s. Dashed lines

165 correspond td =t, andt =ty in (7). Solid lines show exponential fits.
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Similar increases idw during the activation interval< t,one can see at all altitudes in Figure 2. At aftsihigher than
60 km noisy components are noticeable in Figuré 2<at,, which can be produced by acoustic componenthefrtave
source spectrum shown in Figure 1a. However forsteep smoothing facta(t) in (7) this acoustic noise is substantially
smaller than the wave amplituded att, at all altitudes. In Figure 2, one can see latandition to a quasi-stationary wave
regime with steady amplitudes at higher altitudesgared to that at the Earth’s surface. This reflactime delay. ~ z/c,
required for the main modes of internal gravity es\(IGWs) to propagate from the surface to altitmdeth the mean
vertical group velocityc, ~ A,/r, wherel, andt are the mean vertical wavelength and wave pereshectively. For the
shown in Figure 2 wave excitation (5) with= 844 km ana, = 50 m/s, using the traditional theory of AGWg(eGossard
and Hook, 1975), one can estimate 4.7 hr,A, ~ 15 km and. ~ (6.7 — 13.3) ~ 31 - 62 hr forz = 100 — 200 km. This
corresponds to the time delays between the monigatel achieving quasi-stationary amplitudes at diffieraltitudes in
Figure 2.

The main goal of this study is the analysisvaive fields after deactivating of the surface wawarce (5), which was
made applying (7) withy =~ 110 hr andy = 9 hr for the steep triggering shown in Figure Be@an see that after the wave
source deactivation, AGW amplitudes start to desdeom their quasi-stationary values at all adtisi with time delayg
discussed above. Just after the wave forcing desictg, ow decreases relatively fast similarly to the deceeéasthe wave
source amplitude in the bottom left panel of Fig@reThis may reflect disappearing of fast travell@W modes due to
discontinuities of their generation after the wéering deactivation. However, later, at 170 hr all panels in Figure 2
demonstrate sloweiw decreases, which can be approximated by expohentigesow ~ exp(-t/zo) with the decay timeg,

presented in Table 1for different altitudes.

Table 1. AGW decay timesg in hr in the intervat ~ 170 — 290 hr at different altitudes for varipasameters of the surface

wave sources (5) and their time dependences (7).

Sar Sd 310" 31C
Wo,mm/s 0.01 0.1 0.01 0.1

Cy, m/s 5C 10C 50 10C 5C 10C 50 10C
z=10km 44 47 54 64 17 54 17 53
z=20km 67 44 69 46 37 57 34 55
z= €0 km 85 85 69 72 33 98 35 92
z=100 kn 53 63 52 72 26 6C 24 57
z=200 kn 54 41 41 40 21 41 61 54

For the steep deactivation of the low-ampktwehve source shown in Figure 2, the decay tim@sable 1 arep ~ 17 —
98 hr depending on altitude, which is much lardpantthe time scale of the steep deactivasipn 9 hr. Such slow decay

rates may be caused by partial reflections of taeeaenergy making vertically quasi-standing AGW em(see section 4).

7



https://doi.org/10.5194/acp-2021-824 Atmospheric
Preprint. Discussion started: 26 October 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

Contributions may also occur from slow componeritwave source spectrum (see Figure 1), which caninkte after the
recession of faster primary spectral modes. Intamdislow shortwave AGW modes can be generateddnyinear wave
interactions at all stages of high-resolution setiohs. Mentioned quasi-standing, residual andregsy wave modes can
195 slowly travel to higher atmospheric levels and igiste there due to increased molecular and turbwlisgosity and heat
conductivity, which are small in the lower and m&dtmosphere. Therefore, decaying these resisguhkacondary AGW

modes may require substantial time intervals afearctivating wave forcing, as one can see in Figure

3.2 Sharp wave sourcetriggering

Figure 3 shows the same standard deviation of wavgcal velocitydw as Figure 2, but for the sharp activation of the
200 surface wave source (5) with = 0.01 mm/sg, = 50 m/s and parameters in the time factort{? 28 hr,ty ~ 110 hr ands,
=5 = 0.3 s. The initial AGW pulses are more intenginel contain wider ranges of spectral componeets fggures 1a and
1c) in the case of sharp wave source activatioastdetions. The right top panel of Figure 3 shthat at high altitudes the
initial wave pulses might be so high that AGW amyales do not reach steady-state conditions existirtge respective
panel of Figure 2.
205
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Figure 3. Same as Figure 2, but for the sharp wave souroeagioh.

The right top panel of Figure 3 shows subshmGW pulses not only at the wave source actorati, but also at the
210 moment of wave source sharp deactivatiprwhendw values have additional maxima at high altitudesorf§ler AGW
pulses caused by the sharp wave source activadiaatigtation increase proportions of slow quasiditag, residual and
secondary wave components after turning off theewfarcing in the AtmoSym model. Therefore exporedrdiecays obw
start earlier and are more pronounced in Figurba® those in the respective panels of Figure 2. A@bay times,
corresponding to the exponential approximations-igure 3 for the sharp wave source activation avergin the left
215 column of Table 1 and vary between 44 and 85 dalgey are generally larger than the discussed abalges ofzgin
Figure 2, which means that stronger residual wanisenat the sharp wave source triggering requingdotime intervals for

their decay.
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Figures 2 and 3 represents results for theevgaurce (5) witlt, = 50 m/s. Table 1 contains also the decay timethf®
wave excitation withc, = 100 m/s. Respective primary AGWs have largeticadr wavelengths and should experience
smaller molecular and turbulent dissipation in dti'osphere. For the steep activation/deactivatiahewave source (5)
with small amplitudé\, = 0.01 mm/s, Table 1 reveals larger values,dor AGWs withc, = 100 m/s compared to those
with ¢, = 50 m/s. Therefore, smaller dissipation of thetda AGW modes corresponds to longer time for tleicay,
especially at altitudes below 100 km. For the stemtivation/deactivation of the wave sourcéMat= 0.01 mm/s, the left
columns of Table 1 shows approximately egyaklues for waves with, = 50 m/s and, = 100 m/s.

Relative contributions of residual and secopd®GWSs can be estimated by the rat/W, at the beginning of the
exponential tails in Figures 2 and 3 &at= 170 hr, which is presented in Table 2. For thees wave source
activation/deactivation &, = sy~ 9 hr in (7) and\p = 0.01 mm/s in (5), Table 2 shows smaller ratibthe residual wave
noise at altitudes below 200 km for the wave fagoivith ¢, = 100 m/s compared @ = 50 m/s. At the sharp wave source
activation/deactivation a, = sy = 0.3 s in (7), the ratios of residual waves argdaiat all altitudes compared to the steep
case in Table 2. For the wave forcing (5) wifte 100 m/s, the ratios are comparable or smatlaitiéudes below 150 km
and larger above 150 km compared to the casg=0f50 m/s. Larger ratios of residual and secondaves at sharp wave
source triggering in Table 2 may explain generkdlger AGW decay times in the left columns of Table 1 féh, = 0.01

mm/s, as far as the dissipation of stronger waveenmay require longer time intervals.

Table 2. Ratiosow(z)/Wp att = 170 hrat different altitudes for various parameters @& Hurface wave source (5) and its

time dependence (7).

Sa € 310" 31C

Wo,mm/¢ 0.01 0.1 0.01 0.1

Cy, M/s 50 10C 50 10C 5C 10C 50 10C
z=10km 0.01¢ 0.01¢ 0.01: 0.01: 0.00¢ 0.0C1 0.00: 0.01
z=30km 0.15¢ 0.16: 0.182 0.19¢ 0.00¢ 0.001 0.011 0.0C1
z= €0 km 2.27: 1.03: 2.25% 1.14% 0.28¢ 0.00¢ 0.257 0.00¢
z=100 kn 44.58 12.€8 42.3¢ 11.<7 12.3¢ 0.08¢ 10.5¢ 0.08:
z=200 kn 198.c 335.¢ 2775 344.1 2.73: 0.92¢ 0.42¢ 0.40¢

3.3 Larger amplitude wave sour ces

Described above simulations were made for smalllitunde wave sources (5) withp = 0.01 mm/s. For largen, = 0.1
mm/s, Figure 4 reveals time variations of the eaitivelocity standard deviatiodss at different altitudes foc, = 100 m/s at
the steep wave source activation/deactivation gjth sy ~ 9 hr s in (7), which is similar to Figure 2. Belaltitude of 100
km, one can see the intervals of quasi-constant AdBWilitudes after the end of the wave source aativatt =t, (vertical

dashed lines in Figure 4). Theoretical time deldyetween the wave source activation and the beginofi the steady-state

9
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AGW regime is 4 times smaller fax = 100 km than that for, = 50 km, as one can see comparing Figures 2 aAftet.

deactivations of the surface wave source (8)=aty, values ofdw in Figure 4 are first decreasing relatively fagedo the
245 discontinuing generation of primary AGW modes & libwer boundary. At > 150 — 170 hr, more slow decays of residual

and secondary wave modes occur at all altituddsigore 4 with decay times listed in Table 1 for the steep and sharp

wave source activation/deactivation.

log,,3w, cm/s
=200 km

60
1
D x

T
~

I .l T 1 1 - .: 1 |E s e —
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250 Figure 4. Same as Figure 2, but for the surface wave so@)cat€, = 100 m/s and\p = 0.1 mm/s.

Peculiarities of Figure 4 for lar§féhare gradual decreases in AGW amplitudes duringvéihe source operation between
momentst, andty at high altitudes (see the top right panel of Fégd) in comparison with steady amplitudes in respe
panels of Figure 2 for small&%,. The reason could be strong generations of wadeeied jet streams by large-amplitude

255 AGWs at high altitudes. Figure 5 shows time vaniasi of horizontal velocity, averaged over a period of the surface wave

source (5) withAp = 0.1 mm/s at different altitudes.
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Figure 5. Time variations of the wave induced mean horizom#dcity at different altitudes (marked with numdefor the
260 steep activations and deactivations of the sunfieee source (5) at, = 100 m/s ani\p, = 0.1 mm/s. Dashed lines

correspond td =t, andt =ty in (7).
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In Figure 5, one can see substangialises at altitudes above 100 km during the wavecoperation. Rising, decreases
the AGW intrinsic frequency and vertical wavelen¢hg., Gossard and Hook, 1975). This may increase dissipation
due to molecular viscosity and heat conductivigdiag to the gradual decrease in AGW amplitudééright top panel of

265 Figure 4 in the time interval betwegnandty. The rate ofi, weakening after the wave source deactivation dse®slowly
in time in the right top panel of Figure 5, so ttra¢ wave-induced horizontal winds are still subtéh after hundreds wave
source periods at high altitudes. An interestirggfiee is an increase ip att >ty in the panel of Figure 5 far= 100 km.
This shows that residual and secondary AGWSs sloindyeling upwards from below can produce substhntiave
accelerations of the mean flow for long time atteactivations of the surface wave sources.

270 Table 2 represents the rati/\Wp at the moment =~ 170 hr for larger amplitude surface wave sour&swhich may
characterize a proportion of residual and secondames after disappearing the fast traveling madese wave excitation.
At steep wave source activations/deactivations gjth sy~ 9 hr, Table 2 demonstrates approximately sam¥®y, values
below altitude of 100 km and generally smaller eslat higher altitudes fat, = 0.1 mm/s as compared witk, = 0.01
mm/s, if one considers columns for fixegdat differentW, values. This may be caused by the discussed abmvsfer of

275 wave energy to wave-induced jets, which can prowide larger reflections and dissipation of wavmponents with larger
amplitudes.

AGW decay times in Table 1 fo¥, = 0.1 mm/s at altitudes below 100 km are genetafiger for the sharp wave source
triggering & = s¢ = 0.3 s) than those for the steep triggering=(ss = 9 hr) similar to the case of smaller wave source
amplitude discussed in section 3.2. At high al#ésidh Table 1 foM, = 0.1 mm/s, wave decay times for the sharp wave

280 source deactivating become smaller, than thosthéosteep triggering.

3.4 Spatial structure of AGW fields

—0.014

o 2000 4000 6000 ERT
Figure 6. AGW vertical velocity fields at times = 30 hr (a),t = 70 hr (b) andt = 110 hr (c) for the steep rate of
activating/deactivating the wave source (5) vatkr 50 m/s and\p = 0.01 mm/s.
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To analyze changes in the spatial structure of sited AGW fields, Figures 6 and 7 present crostieses of the field of
wave vertical velocity by the XOZ vertical plane different time moments during activations and t¢igations of the
surface wave sources (5) with the steep valusso&;~ 9 hr in (7). Figure 6a shows that after dispersiod dissipation of
the initial AGW pulse just after the wave forcingtimation time,t, =~ 28 hr, wave fronts become inclined to the horiZidms
behavior is characteristic for the main IGW modéhwperiodz ~ 4.7 hr, which is dominating in the spectrum loé wvave
source havingy = 50 m/s similar to Figure 1a. In the middle antha end of quasi-stationary intervals shown guFés 2 —
4, the inclined wave fronts in Figures 6b and 6gagd to the entire considered XOZ region and wamplitudes become
larger compared to Figure 6a.

0.014
a)
o
o.0rs
e
B>
oro
o R
200 1rs
- - <)
100 -W- °
o cies

O 2000 4000 6000 X, iy
Figure 7. Same as Figure 6, but for time moments after theevgaurce steep deactivatings 140 hr (a)t = 200 hr (b) and
t =250 hr (c).

Cross-sections shown in Figure7 correspondrte thoments after the wave source (5) deactivagtdn~ 110 hr. Figure
7a shows that just after turning off the wave seuthe inclined fronts are destroyed, first, in lineer atmosphere. Above
altitude 50 km, the wave field structure in Figiieeis still similar to Figures 6b and 6c. LaterFigures 7b and 7c, wave
amplitudes become smaller, especially at low amh ltitudes. Therefore, maximum AGW amplitudegigure 7c are
located at altitudes 80 — 120 km. This explainsghmving wave-induced horizontal velocity at akieu100 km after the
wave source deactivation in the respective panéligifire 5. At heights below 50 km in Figure 7, diiens of wave front
inclinations to the horizon are opposite to thas€igure 6. This reveals existence of downwardetiag IGW modes in the
stratosphere and troposphere after deactivatiortheofsurface wave sources. Such modes could beugesdby partial
reflections of primary upward traveling IGWs at gy atmospheric levels (see section 4).

Figures 7b and 7c show increasing amountsnafllsscale structures, which can be formed by sétvartwave residual
wave modes, which appear due to broad wave soyreetra in Figure 1 and due to generating secondayes by
nonlinear interactions of primary AGW modes.
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4 Discussion

310 The time scale of AGW dissipation in the turbulatrhosphere can be estimated as follows (Gossartiaok, 1975):

43

Tq = ®)

~ 2nk,’

whereK; is the total vertical coefficient of turbulent armblecular viscosity and heat conductivity. For th&in primary
AGW modes simulated in this study and having 15 — 30 km (see section 3.4),~ 16— 1@ hr at altitudes below 100
km. These values are much larger than the AGW deeeesz, in Table 1. Therefore, attenuations of primary A@Wwdes

315 in the middle atmosphere shown in Figures 2 -7 aféactivations of the surface wave forcing carbeoéxplained by direct
turbulent and molecular dissipations.

AGWs propagating in the atmosphere with vattigadients of the background fields are subjectsartial reflections. In
particular, strong wave reflections occur at aftés 110 — 150 km, where large vertical gradienta®imean temperature
exist (e.g., Ygit and Medvedev, 2010; Walterscheid and Hickey,12@avrilov and Kshevetskii, 2018). Partial refleots

320 of wave energy propagating upwards from the wauecas before their deactivations may produce \alyistanding
waves in the middle atmosphere. Simulations byriBawvand Yudin (1987) showed that the standing-eveatio for IGW
amplitudes might reach 0.4 at altitudes below 180 After deactivations of wave sources, verticaéweling AGW modes
propagate quickly upwards and dissipate at higtmospheric altitudes. This gives fast decreas@sGW amplitudes at all
heights in Figures 2 and 4 just after the wave@®deactivations. After disappearing fast travetimagfes, residual quasi-

325 standing AGWSs produced by partial reflections mayf long-lived wave structures in the atmosphemvshin Figures 2 —
7.

The standing AGWs discussed above are compufgée@ primary wave modes traveling upwards fromgshrface wave
sources (5) and downward propagating waves reflestt@igher atmospheric levels. After the wave sewteactivations, the
reflected downward waves propagate to the Earthifase and create wave fronts at low altitudesigute 7, which are

330 inclined to the horizon in directions oppositetie fronts of primary AGWs shown in Figure 6. Thdseunward traveling
waves are reflected from the ground and propagat@rds back to the middle atmosphere. Kurdyaewh ¢2018) showed
that such AGW reflections from the ground coulceheivalent to additional wave forcing at the loweundary, which is
still effective after deactivations of primary sacé wave sources. Upward traveling from the gramtireflected again at
higher altitudes waves can maintain quasi-standi@gV structures for long time (see Figure 7). Asda wave reflections

335 are partial, portions of wave energy can for lantetpropagate to higher altitudes and dissipatetiidhis can explain
relatively large AGW decay timegin the lower and middle atmosphere shown in Figizre 4 and in Table. 1. Even after
substantial time from the wave source turning AW structures in Figures 7b and 7c at altitudesvalb0 km are still
similar to those shown in Figure 6 during activevevéorcing.

Shown in Table 2 ratiosvWp att =~ 170 km may reflect proportions of the residual aadondary AGW modes in the

340 beginning of quasi-exponential fits in Figures 2.For the steep wave forcing activations/deadtma, in the right part of

Table 2, one can see larger ratios for wave modiscy= 50 m/s at all altitudes. This corresponds t@#rintervals of fast

13
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decreases of AGW amplitudes after deactivatiorth®@fvave sources in Figure 4 compared to Figuf@oBsiderations of
respective right columns of Table 1 reveal largeeay times, of waves withc, = 100 m/s due to their larger vertical
wavelength and smaller dissipation in the middieasphere.

Comparisons of the right columns in Table thwive same, and different\, show that values @iw/\W, for eachc, are
approximately equal at altitudes below 60 km antbhee smaller at higher altitudes for larger ampltwave sources. This
may reflect larger transfers of AGW energy to wawddced jet streams and to secondary nonlinear snodeluced by
larger-amplitude waves. Respective right columnBadifie 1 show higher decay timgf larger-amplitude wave noise
corresponding t&\, = 0.1 mm/s at altitudes higher 100 km. This na&e be maintained for long time by wave energy
fluxes propagating with stronger residual and sdaopwaves from the middle atmosphere to highéudks.

For the sharp activations/deactivations ofilage sources (5), the left columns of Table 2 skalues ofsw/W,, which
are much larger compared to respective right coBifanthe steep wave forcing triggering. Theseomadire less dependent
on the speed and amplitude of simulated AGWSs anttidze connected with wave pulses produced by sharp
activations/deactivations of the wave sources §peetra in Figure 1). AGW decay times for the shiaggering in
respective left columns of Table 1 are also legeddent on wave parameters.

Substantial amounts of small-scale strusture Figures 7b and 7c shows increased proport@nwave modes,
produced due to high-frequency tails of the waveify spectra in Figure 1, also due to multipléeatfons and nonlinear
interactions of these modes. Nonlinear AGW inteéoact and generations of secondary waves shouldrbeger at high
altitudes due to increased wave amplitudes (Vadaslau, 2013; Gavrilov at al., 2015). Then the setary waves can
propagate downwards and make small-scale waverpations at all atmospheric altitudes (see Fig6raad 7). The AGW
decay timegy in Table 1 are generally larger for longer AGW reedvithc, = 100 m/s. This may be explained by their
smaller dissipation due to turbulent and moleculacosity and heat conductivity in the atmosphddele to small
coefficients of turbulent dissipation in the stigitbere and mesosphere, maximum AGW decay timeslieTL exist at
altitudes 30 — 100 km. Quasi-standing and secondi&w/s may exist there for several days after deatitins of the wave
forcing. Wave energy can slowly penetrate upwardsifthe stratosphere and mesosphere and maintsokaround level
of AGW activity at higher altitudes. Figure 7c ralg that after 10 days of simulations, largest s of the residual
wave field exist at altitudes 70 — 110 km. It isoegh for creations of wave accelerations, which @enand modify the
mean velocity at altitudes near 100 km for the ltinte after the wave source deactivations (seeectiye panels of Figure
5).

Described above simulations were made forlsinglatively long AGW spectral components, whioctperience small
dissipation in the stratosphere and mesospherd. iRezge fields in the atmosphere are superpositimhwide range of
spectral components generated by a variety ofréiffewave sources. However, after deactivationwafe sources, fast
traveling spectral components disperse to highaudés and short wave modes are strongly dissipddie to turbulent and
molecular viscosity and heat conductivity. Therefoone may expect that at the final stage of wasapgearing after

deactivations of wave forcing, wave fields in thiea®sphere and mesosphere should consist of gtasiing relatively
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long spectral components, similar to those considlén the present study. These wave fields mayaiordubstantial
proportions of residual and secondary wave modedymed by multiple reflections and nonlinear intticns.

In this paper, we analyzed idealistic case$onf-lived horizontally homogeneous coherent wawarces producing
quasi-stationary wave fields in the atmospherehSnodeling is useful for comparisons of simulatesults with standard
AGW theories. However, many AGW sources in the afphere are local and operate for short time, wisaiot enough
for developments of steady-state wave fields. Furimulations are required for studying wave depegcesses after
deactivating such local short-lived wave sourcetheatmosphere.

5 Conclusion

In this study, the high-resolution numerical mod¢émoSym is applied for simulating non-stationaryntimear AGWs
propagating from surface wave sources to higheospimeric altitudes. After activating the surfacevevéorcing and fading
away initial wave pulses, AGW amplitudes reach asijstationary state. Then the surface wave forigmgpactivated in the
numerical model and amplitudes of primary travelk@W modes quickly decrease at all altitudes dugisoontinuation of
wave energy generation by the surface wave soukt@sever, later the standard deviation of the neslichnd secondary
wave perturbations produced by slow componentshef wave source spectrum, multiple reflections awdlinear
interactions experiences more slow exponentialedsas. The decay time of the residual AGW noise yaay between 20
and 100 hr, having maxima in the stratosphere aegbephere. Standard deviations of the residual ABW® atmosphere
are much larger at sharp activations/deactivataiithe wave forcing compared to the steep proceSdesse results show
that transient wave sources in the lower atmospt@ui create long-lived residual and secondaryengerturbations in the
middle atmosphere, which can slowly propagate ghér altitudes and form a background level of wawvese for time
intervals of several days after deactivations ofvevasources. Such behavior should be taken into uatcin

parameterizations of AGW impacts in numerical medg#ldynamics and energy of the middle atmosphere.
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