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Abstract. High-resolution numerical simulations of non-statiry nonlinear acoustic-gravity waves (AGWSs) pggiag
upwards from surface wave sources are performediffierent temporal intervals relative to activatideactivation times of
the wave forcing. After activating surface waverses, amplitudes of AGW spectral components reaghaei-stationary
state. Then the surface wave forcing is deactivateithe numerical model, and amplitudes of verlycélaveling AGW
modes quickly decrease at all altitudes due toodisouations of the upward propagation of wave gydrom the wave
sources. However, later the standard deviationesfdual and secondary wave perturbations expesesicaver quasi-
exponential decrease. High-resolution simulatef@mved, for the first time, estimating the decawes of this wave noise
produced by slow residual, quasi-standing and sEognAGW spectral components, which vary betweera2® 100 hrs
depending on altitude and the rate of wave souctigation/deactivation. The standard deviationghef wave noise are
larger for the case of sharp activation/deactivatibthe wave forcing compared to thteegradualprocesses. These results
show that transient wave sources may create leegd-livave perturbations, which can form a backgrolerd! of wave

noise in the atmosphere. This should be takereiotount in parameterizations of atmospheric AGWaichg

1 Introduction

Recently, acoustic-gravity waves (AGWSs) are believe exist almost permanently in the atmospherg-{Fritts—and
Alexander—2008Siefring et al., 2010; Snively et al., 2013; Weiaét 2015; Lay, 2018; Meng et al., 201@bservations
detect regular AGW presence up to high atmospldtitades (e.g., Djuth et al., 2004; Park et @14; Trinh et al., 2018).
Modeling of general circulation demonstrated AGVelpabilities of transferring energy and momentunmftoopospheric
wave sources to higher atmospheric levels (e.gdvéi@éev and dit, 2019). Non-hydrostatic models of the general
circulation of the atmosphere revealed that AGWspmarmanentlyxistedexistentat all atmospheric heights (e.g.gitiet
al., 2012b).

Many AGWs detected in the atmosphere are exdit the troposphere (Fritts and Alexander, 2@8yely, 2013}Yi git
et al.,, 2014). AGWs can be produced by interactiohsvinds with mountains (e.gGossard anddeskHooke 1979,
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atmospheric jet streams and fronts (e.g., Gavidiosdt Fukao, 199%alin et al., 201§ thunderstorms and cumulus clouds
(Siefring et al., 2010Blanc et al., 2014Lay, 2018, convective regions and shear flowoynsend, 1966Fritts and
Alexander , 2003; Vadas and Fritts, 2006), typhdiiis et al.,201} volcanoese Angelis et al., 20)1waves on the sea
surface (Godin et al., 2015), by explosions at®heh’s surface (Meng, 2019), earthquakes (Rapat@it, 2004)tsunamis
(Wei at al., 2015)different objects moving in the atmosphere (Afraich et al., 2002), big fires, etc. Some AGWs ban
generated by mesoscale turbulence in the atmosyfierensend, 1965Medvedev and Gavrilov, 1995These AGW
sources are located mainly at tropospheric heighasrilov and Fukao, 1999; Dali#9162016.

Most wave sources listed above are non-statjoffdiey can be activated during initial time imals, operate for some
time, and then can be deactivated during final finbervals. The initial and final time intervalsutd be shorter or longer
depending on the physical properties of particulave sources. Non-stationary activating and dealitly wave sources
can generate transient AGW pulses propagating usiesm the lower atmosphere, which reqtifere¢heir analysis.

High-resolution numerical models are frequened for studies of meso- and microscale prosdssthe atmosphere.
For example, the Weather Research and Forecastimghirostatic Mesoscale Mod@VRF, 2019)known also as the
North American Mesoscale modé¥RF—2019;, as well as the Regional Atmospheric Modeling SystRAMS") described
by Pielke et al. (1992) and other similar modelge® Numerical Simulation (DNS) and Large Eddy Glation (LES)
models (e.g., Mellado, 2018) should be mentionethis context. Fritts et al. (2009, 2011) used anewical model of
Kelvin-Helmholtz instabilities, AGW breaking and rgation of turbulence in atmospheric regions Viixed horizontal
and vertical extents. They utilized a Galerkin-tygdgorithm for turning partial differential equati® into equations for
spectral series coefficients. Liu et al. (2009) Wdated propagatiogpropagationof atmospheric AGWs and creation of
Kelvin-Helmholtz billows. Yu et al. (2017) used americal model for AGWs propagating in the atmosplieom tsunamis.

Gavrilov and Kshevetskii (2013) studied noein AGWs with a numerical two-dimensional model,chhinvolved
fundamental conservation laws. This model permitted-smooth solutions of the nonlinear wave equati@nd gave the
required stability of the numerical model (Kshek&tand Gavrilov, 2005). A respective three-dimemsil algorithm was
introduced by Gavrilov and Kshevetskii (2014) towsiate nonlinear atmospheric AGWs. Gavrilov and e<&iskii (2013.
2014) showed that after triggering wave forcinghet lower boundary afhe numerical model, initial AGW pulses could
reach high atmospheric levels in a few minutes. A@Nese surfaces are quasi-vertical initially, kated they become
inclined to the horizon. AGW vertical wavelengthsctease in time and are close to their theorefipadictions after
intervals of a few periods of wave forcing.

In this study, using the high-resolution noelir wave model developed by Gavrilov and Ksheiie(@R14), we
continue simulating transient waves generated hy-stationary AGW sources at the lower boundary prapagating
upwards to the atmosphere. Fhein focus is AGW behavior after deactivations of waeairces in the model. After
activating the surface wave source and disappearitigl wave pulses, AGW amplitudes tend to siabiht all atmospheric
altitudes. In this quasi-stationary state, theaggfwave forcing is deactivated in the numericalehoAfter that, amplitudes

of traveling AGW modes quickly decrease at alltaftes due to discontinuation of the upward propagaif wave energy
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from the surface sources. We found, however, tfitat gaome time, the standard deviation of residpaitsistandirgand
secondary wave perturbations experiences moreestpanential decrease with substantial decay times.

These results show that residual and secor®@iy modes produced by transient wave sources xiahfer long time
in the stratosphere and mesosphere and form a twagid) level of wave noise there. AGW decay timed #meir

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

2 Numerical model

In this study, we employed the high-resolutiorethdimentional numerical model of nonlinear AGWsha atmosphere
developed by Gavrilov and Kshevetskii (2014). Cuilge this model (called as AtmoSym) is availabibe free online usage
(AtmoSym, 2017). The AtmoSym model utilizes theiplgeometry and primitive hydrodynamic three-dinienal

equations (Gavrilov and Kshevetskii, 2014):

0 -
aip.‘_ﬂ:() oC dr —%+pg’ p—pRT,

ot ax, Pt
9P 0Py _ o5 +9% i p=123 (€
ot 0%, 0x, 0X,

wheret is time;p, p, T are pressure, density and temperature, respggtigedre velocity components along the coordinate
axesx; oi; is the viscous stress tensgris the acceleration due to gravity is the specific heat capacity at constant
pressureR is the atmospheric gas constanis the specific heating rate/dt = 6/ot+v0/0x;; repeating Greek indexes
assume summation. Quantitigsande in Eq. (1) contain stresses and heating ratesupentiby molecular viscosity and
heat conductivity (see details in Gavrilov and Kadekii, 2014). After numerical integration of E(), dynamical
deviations (marked with primes below) from statigriackground valugs, po, To andvi, are calculated:

P=p—py P =p—py T =T-Ty v;=v,— vy @)
The AtmoSym model takes into account dissipativel aonlinear processesccompanietihat accompanyAGW
propagation. The model is capable to simulate sachplicated processes as AGW instability, breakind turbulence
generation. Dynamical deviatiomas defined in Eq(2) describe both wave perturbations and modifioatof background
fields due to momentum and energy exchange betdissipating AGWs and the atmosphere. The backgr@mgerature
To(2) is obtained from the semi-empirical NRLMSISE-O®naspheric model (Picone et a9612009. Background
dynamic molecular viscosity, and heat conductivity,, are estimated using the Sutherland’s formulakd(i{j 1976):

SES AT
o= o, m ®)
K0=&; Pr=—4y,

Pr Y-5
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wherey is the heat capacity ratir is the Prandtl number. The AtmoSym model involakse the mean turbulent thermal
conductivity and viscosity having maxinad about 10 s * in the boundary layer and in the lower thermosphand a
broad minimunof up to 0.1 rfs’ in the stratosphere (Gavrilov and Kshevetskii,Z0The upper boundary conditionszat
=h have the following form (Kurdyaeva et al., 2018):

(). (&).=o ()0 =0

z=h

where indices 1 and 2 correspond to horizontaktivas,w =v; is vertical velocity. Conditionsf Eq.(4) may cause
reflections of AGWs coming from below. The uppeubdary at the present study is set a600 km, where molecular
viscosity and heat conductivity are very high asflected waves are strongly dissipated. Sensitteitys reveal that the
impact of conditions at the upper boundasydefined in Eq4) is negligible at altitudes< h - 2H, whereH is the
atmospheric scale height. Therefore, at altitedése middle atmosphere analyzed in this paperirifiuence of the upper
boundary conditiongHg. @})) could be negligible. The lower boundary conditiahghe Earth’'s surface have the following

form (see Kurdyaeva et al., 2018):
(T ')zzo =0’ (Vl)z=o = 0’ (V2)2=0 = 0’ (W)z=o=\N0 COSiﬂt —|Z i ) ®)

whereW, ande have-sense-arethe amplitude and frequenoy wave excitationk = (k;,k,) is the horizontal wave vector,
I = (X;, X,) isthe position vector in the horizontal plakeandk, are the wavenumbers along horizontal agesidx,,
respectively. The last relation for the surfaceiwel velocity inEq. (5) serves as the source of plane AGW modes in the
AtmoSym model. Such plane modes can representrapectnponents of tropospheric dynamical proce §3eair effects

can be approximated by appropriate sets of effecipectral components of vertical velocity at thedr boundary

(Townsend, 1965, 1966). Along horizontal axeandx,, one can assume periodicity of wave fields

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

analyzed atmospheric regiod = 2z/k, u A, = 21/k, are wavelengths along axgsand x,, respectively;n, andn, are

integers.

In our simulations, the wave excitatiarEq. (5) is activated at the moment t, and then its amplitudét, does not
change for some time. One should expect that &t amalitudes of wave sourda Eq.(5), the numerical solutions in the
lower and middle atmosphere should tend st t,to a steady-state plane AGW modes corresponditigettraditional
linear theory (e.g., Gossard and Hooke, 1975). lbavand-Kshevetskét al.(2015) showed good agreement of ratios of
simulated amplitudes of different wave fields wpthlarization relations of linear AGW theory (Goskand Hooke, 1975)
att >» t, at altitudes up to 100 km.
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The novelty of the present study is deactigathe wave sourde Eq.(5) at some moment= tq after reaching the
described above quasi-steady solution. Previoudlations with the AtmoSym model showed that shatpvatingthe
surface wave sourc&q. 6})) could create an initial AGW pulse, which can rehigh altitudes in a few minutes. To
control the rate of the wave source activation/teaiton, in the present simulations, we multighg tsurface vertical

velocity inEg. (5) by a function

exp[-(t-t,)?/s’] at t<t,
qt) = 1 at t, <t<t, @)
exp[-(t-t,)?/s3] at t=t,

wheres, ands; are constants.

3 Resultsof numerical smulations

Our numerical modeling begins from steady statelieiss non-perturbed atmosphere with profiles okgammind
temperature, density, molecular weight and moleddtematic viscosityorresponding to January at latitude 50° N at
medium solar activity according to the NRLMSISEO0Od=l (Picone et al266812002), whicharepresentedne can findn
Figure 1 of the paper by Gavrilov et al. (2018).

In this study, we consider AGW modes propaggéiong the eastward axsinduseassume théorizontal dimension of
considered atmospheric region to be equal to thaecof latitude at 50°N, which i&x = 27000 km. At horizontal
boundaries of this circle of latitude, we use peigal boundary conditionaccording to Eq(6). Representing the circle of
latitude by a rectangle area assumes fikgédt all altitudes, while in spherical coordinatssis increasing in altitude.
However, the differences ilo, at altitudes of the middle atmosphere do not ek@%. Modeling was performed with the

surface wave sourceEq. (6))) for AGW modes having amplitudéas = 0.01 — 0.1 mm/sThe smallest amplitudes

correspond to weak AGWs, for which nonlinear effemte small at all considered altitudes. Excitatiah\\j ~ 0.1 mm/s
produces stronger AGWs with substantial nonlinegeractions in the mesospheredlower thermosphere. Used range of
the horizontal phasepeedspeedc, ~ 50 - 200 m/gorresponds to AGW modes with relatively largetieal wavelengths,

which are capable to propagate from the groundupe upper atmospheféhe number of wave periods along the circle of
latitude is taken to be; = 32. This corresponds the horizontal wavelengttf /x = L,/n; = 844 km and AGW periodsf 7 =

Mk~ 4.7 — 1.2 hr for the specified above rangeolues. The horizontal grid spacing of the numénwadel isAx =
16 and the time step of calculations was automiffi@djusted todt = 2.9 s. The vertical grid of the model covers
altitudes up tdr = 600 km and contains 1024 non-equidistant nodertical spacing varies between 12 m and 3 km ftioen
lower to the upper boundary, so about 70% grid sa@dle located in the lower and middle atmosphere.

For parameters of the smoothing fa@ioEq. (7) in the present simulations, we take 10°s=~ 28 hr andy = 4x10° s~
110 hr, and considesteegradual AGW source activating and deactivating with= s, = 3.3x106 s~ 9 hr and sharp
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triggering ats, =y = 0.3 s. The shape tife smoothing factorEq. (7)) influences the spectrum of the surface wave source
in the model. Figure 1 shows spectra of the simadasource Eq. ())) with wave period = 22/ ¢ = 2 hr, which were
calculated using 20-hour running time intervalgesponding to the phases of activation, activatat® sind deactivation of
the wave sourceeq. 6})) with the mentioned abovesteeggradual and “sharp” values of, ands; in Eq. (7). Comparisons

of solid and dashed lines in Figure 1 show thatgharp activation and deactivation of the wave sdutecreases the
spectral density at frequency of the main speati@timum. However, the sharp triggering considerabtyeases the high-
frequency part of the wave spectra in Figure 1,ctvhineans larger proportions of acoustic waves géegerby quickly

varying wave sources in the atmosphere.
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Figure 1. Spectral density (in relative units) of the surfa@e sourceEq. (5))) having period of 2 hr for 20-hour running
time intervals centered at model tintes20 hr (a)t = 70 hr (b) and = 120 hr (c), which correspond to the wave forcing
activation, activated state and deactivation. Safid dashed lines correspond togheegradualand sharp

activation/deactivation rates ands; in (7).

3.1 SteepGradual wave sourcetriggering

Figure 2 shows time variations of the standardate of wave vertical velocitgw at different altitudes averaged over one
horizontal wavelength for theteejgradualactivation and deactivation of the surface wawee® Eq. 6})) with Wy = 0.01
mm/s andc, = 50 m/s. The standard deviatidw is proportional to the amplitude of wave variagasf vertical velocity.
Vertical dashed lines in Figure 2 show moments, = 28 hr and =ty = 110 hr of the surface wave source activation and
deactivation irEq. (7).

__ The bottom left panel of Figure 2 for the Eartsisface shows that the wave source amplitude isessteephgradually

att <t,, maintains constant &t< t <ty andsteephgraduallydecreases to zerotat ty in accordance witkq.(7).



175/ — Similar increases idw during the activation interval< t,one can see at all altitudes in Figure 2. At algésihigher than
60 km noisy components are noticeable in Figuré 2<at,, which can be produced by acoustic componenthefvave
source spectrum shown in Figure la. However forstheggradual smoothing factog(t) in Eq.(7) this acoustic noise is

substantially smaller than the wave amplitudes>at, at all altitudes.
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180 Figure 2. Time variations of standard deviations of the weerical velocity at different altitudes (markedtwnumbers)

for the gradual activation and deactivation ofsheface wave source (Eq. (5))cat= 50 nv/s and\, = 0.01 mm/s. Dashed

lines correspond tb=t, andt =t in Eq. (7). Solid red lines show exponential fits.

In Figure 2, one can see later transition to a iggtaionary wave regime with steady amplitudeshigther altitudes
185 compared to that at the Earth’s surface. Thisctdla time delay. ~ z/c, required for the main modes of internal gravity
waves (IGWs) to propagate from the surface toualéz with the mean vertical group velocity ~ /7, where/, andr are
the mean vertical wavelength and wave period, ctisdy-_(see Gavrilov and Kshevetskii, 2015pr the shown in Figure
2 wave excitatiomccording to Eq(5) with A, = 844 km and, = 50 m/s, using the traditional theory of AGWg(eGossard
andHeekHooke 1975), one can estimate- 4.7 hr A, ~ 15 km ande ~ (6.7 — 13.3)~ 31 - 62 hr foz = 100 — 200 km. This



190 corresponds to the time delays between the montgatel achieving quasi-stationary amplitudes at differaltitudes in
Figure 2.

The main goal of this study is the analysisvaive fields remainingafterdeactivatingeactivationsf the surface wave
sedresources (Eq(5))), whichwas-made-apphime call later as “residual waves”. In this sectiae, applied Eq(7) with
ta~ 110 hr-andsy = 9 hr for thesteegradual wave excitatiotriggeringshewn-n Figure 28nre-can-seshowsthat after the

195 wave source deactivation, AGW amplitudes startdorelse from their quasi-stationary values atlétLides with time
delayst, discussed above. Just after the wave foreieagtivatindeactivation ow decreases relatively fast similarly to the

decrease in the wave source amplitude in the bodiftnpanel of Figure 2. This may reflect disappegof fast traveling
AGW modes due to discontinuities of their generatdter the wave forcing deactivation. Howevereldaatt > 170 hr all
panels in Figure 2 demonstrate slowerdecreases, which can be approximated by expoheutigesow ~ exp(-t/r}-with-),
200| wherez, is the decaytimesz-time. Simulations for other values of and W, showed behavior similar to Figure 2 with

differences in the decay timg which arepresented in Tablgferl for different altitudes.

For the gradual deactivation of the low-amjulé wave source shown in Figure 2, the decay tim€able 1 are; ~ 17 —

98 hr depending on altitude, which is much lardgemntthe time scale of the gradual deactivaipn 9 hr. In the middle

atmosphere, our model involves the same dissipatiechanisms as at higher altitudes, namely, maeard turbulent
205| viscosity and heat conduction, also instabilitind aonlinear effects leading to generation of sh@ate modes, which we

call later as “secondary waves". The rate of AG\kitiation depends on the vertical wavelength. Skavie components

may effectively dissipate in the middle atmosphétewever, long-wave modes can propagate up to riatmosphere.
Slow decay rates shown in Table 1 may be caus ial reflections of the wave energy resultingrémtically standing

AGW modes (see section 4).

210

Table 1. AGW decay timesy in hr in the intervat ~ 170 — 290 hr at different altitudes for varigasameters of the surface
wave sourcesHg. (5})) and their time dependenc&sy( (7¥)).

S, S99 31];0} 777777777777777777777 3 ;194 777777777777777777 - { Formatted: Not Superscript/ Subscript
Wy, mm/s 0.01 0.1 0.01 0.1
Cx, m/s 50 100 50 100 50 100 50 100
z=10 km 44 47 54 64 17 54 17 53
z=30 km 67 44 69 46 37 57 34 55
z=60 km 85 85 69 72 33 98 35 92
z=100 km 53 63 52 72 26 60 24 57
z=200 km 54 41 41 40 21 41 61 54
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Contributions may also occur from slow compueef thewave source spectrum (see Figure 1), which carirdaen

after the recession of faster primary spectral moda addition, slow shortwaveecondaryAGW modes can be
generatepgroducedby nonlinear wave interactions at all stages gh#iesolution simulations. Mentionegiasistanding,
residual and secondary wave modes can slowly ttavéigher atmospheric levels and dissipate there td increased
molecular and turbulent viscosity and heat conditgtiwhich are small in the lower and middle atplosre. Therefore,
decaying these residual and secondary AGW modeseuayre substantial time intervals after deacingatvave forcing,

as one can see in Figure 2.

3.2 Sharp wave sourcetriggering

Figure 3 shows the same standard deviation of wavkcal velocitydw as Figure 2, but for the sharp activation of the
surface wave sour@cording to Eq(5) with W = 0.01 mm/sc, = 50 m/s and parameters in the time factoEq. (7) t. =

28 hr,tg = 110 hr ands, = sy = 0.3 s. The initial AGW pulses are more intensavel contain wider ranges of spectral
components (see Figures 1a and 1c) in the caseagd svave source activations/deactivations. Thigt tgp panel of Figure

3 shows that at high altitudes the initial wavespsl might be so high that AGW amplitudes do nothresieady-state

conditions existing in the respective panel of Féga.

lo: Sw, cm/s
f . z=30 km

|
W
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The right top panel of Figure 3 shows sub&h#GW pulses not only at the wave source actoraty, but also at the

mementime of wave source sharp deactivatignwhendw values have additional maxima at high altitudésoriger AGW

pulses caused by the sharp wave source activagiactigation increase proportions of slewasistandingresidual and
secondary wave components after turning off theeafaxcing in the AtmoSym model. Therefore exporandecays obw
start earlier and are more pronounced in Figurba® those in the respective panels of Figure 2. A@tay times,

corresponding to the exponential approximation&igure 3 for the sharp wave source activation avergin the left

9



column of Table 1 and vary between 44 and 85 délgsy are generally larger than the discussed abaltes ofzgin

Figure 2, which means that stronger residual waiser{for thecase ofsharp wave source triggering require longer time

intervals for their decay.

log,,3w, cm/s
= '

Zz=30 km

1
Shr

245 — ) ‘o 1cI|.0 2(I)0 t

Figure 3. Same as Figure 2, but for the sharp wave souroeaioh.

Figures 2 and 8epresentepresentesults for the wave sourcEd. ())) with ¢, = 50 m/s. Table 1 contains also the decay
times for the wave excitation witty = 100 m/s. Respective primary AGWs have largeticadrwavelengths and should
250( experience smaller molecular and turbulent disgipah the atmosphere. For teeeegradualactivation/deactivation of the
wave sourcelq. (5})) with small amplitudé\, = 0.01 mm/s, Table 1 reveals larger values, &dr AGWs withc, = 100 m/s

compared to those witty = 50 m/s. Therefore, smaller dissipation of tre#da AGW modes corresponds to longer time for

their decay, especially at altitudes below 100 Kor. the sharp activation/deactivation of the wasaree atWp = 0.01

mm/s, the left columns of Table 1 shows approxitgatqualz, values for waves with, = 50 m/s and, = 100 m/s.

255
Table 2. Ratiosowm(z)/W, att = 170 hrat different altitudes for various parameters & sirface wave source (Eg. (5)) and

its time dependence according to Eq. (7).
310" 310

S0 %S

(=)
o
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(=)
o
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[

Wy, mm/s
G, M/s 50 100 50 100 50 100 50 100

Z=10km| 0015 0.016 0013 0.013 0.003 0.001 0.003 0.001
z=30km| 0.158 0.163 0.182 0.190 0.009 0.001 0.011 0.001
z=60km | 2272 1.032 2.257 1.147 0.289 0.004 0.257 0.005
2=100km| 44.58 12.88 42.36 11.97 12.39 0.086 10.55 0.082

z=200 km 198.3 335.8 2775 344.7 2.732 0.925 0.426 0.406
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columns of Table 1 foww, = 0.01 mm/s, as far as the dissipation of stromgafe noise may require longer time intervals.
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3.3 Larger amplitude wave sour ces

Described above simulations were made for smalllitume wave source£f). 5})) with W, = 0.01 mm/s. For largéhg =
0.1 mm/s, Figure 4 reveals time variations of thdigal velocity standard deviatioas at different altitudes foc, = 100
m/s at thesteegradualwave source activation/deactivation Wit s; = 9 hr s inEq.(7), which is similar to Figure 2.

log,,5w, cm/s

2

z=30 km Zz=200 km

o 100 200 t.hr (1] 100 200 t.hr
Figure4. Same as Figure 2, but for the surface wave so atc, = 100 m/s antip = 0.1 mnv's.

11
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Below altitude of 100 km, one can see the intergétguasi-constant AGW amplitudes after the enthefwave source < - - { Formatted: Left

activation at =t, (vertical dashed lines in Figure 4). Theoretigaktdelayt. between the wave source activation and the
beginning of the steady-state AGW regime is 4 tisraaller forc, = 100 km than that fax, = 50 km, as one can see
comparing Figures 2 and 4. After deactivation$efdurface wave sourced. 5})) att =tq, values obwin Figure 4 are
first decreasing relatively fast due to the distarnbg generation of primary AGW modes at the lolveundary. At > 150
— 170 hr, more slow decays of residual and secgrnlave modes occur at all altitudes in Figure hwliécay times, listed

in Table 1 for thesteegradualand sharp wave source activation/deactivation.

log,,8w, cm/s

200 t.hr

Peculiarities of Figure 4 for lariye are gradual decreases in AGW amplitudes duringvehes source operation between
moments, andty at high altitudes (see the top right panel of Fégd) in comparison with steady amplitudes in repe
panels of Figure 2 for small&. The reason could be strong generations of waveeied jet streams by large-amplitude
AGWs at high altitudes. Figure 5 shows time vamiasi of horizontal velocity, averaged over a period of the surface wave
source Eg. (6))) with W = 0.1 mm/s at different altitudes.
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Figure5. Time variations of the wave induced mean horizoveedcity at different altitudes (marked with numt)efor the
steeygradualactivations and deactivations of the surface veeece Eq. 6))) atc, = 100 m/s ani\p = 0.1 mm/s. Dashed
lines correspond tb=t, andt =t in Eq. (7).

InFigure 5
Generation of the wave-induced jet streams waslatediand considered in more details in our previmpers (Gavrilov <- - - {
and Kshevetskii, 2015; Gavrilov et al., 201Barsen (2000) and Larsen et al. (2005) found fraghigh horizontal wind

velocities at altitudes near 100 km, which couldddated to the wave-induced jet streams. In Figui@ the strong wave

excitation with amplitude of\p = 0.1 mm/sone can see substantiglrises at altitudes above 100 km during the wave

source operation. Rising decreases the AGW intrinsic frequency and vertigalelength (e.g., Gossard addekHooke
1975). This may increase wave dissipation due tlecotar viscosity and heat conductivity leadinghe gradual decrease
in AGW amplitude in the right top panel of Figurén4he time interval betwedpandty. The rate ofi, weakening after the
wave source deactivation decreases slowly in tintke right top panel of Figure 5, so that the wiaiced horizontal
winds are still substantial after hundreds wave@®periods at high altitudes. An interesting feats an increase im att
>ty in the panel of Figure 5 far= 100 km. This shows that residual and secondarwAGlowly traveling upwards from
below can produce substantial wave acceleratiotiseofnean flow for long time after deactivationstef surface wave
sources.

Table 2 represents the rafiw/\Wp at the moment~ 170 hr for largeramplitude surface wave sourc&sy(5}),)), which
may characterize a proportion of residual and s#mgnwaves after disappearing the fast travelinglescof the wave
excitation. Atsteeggradualwave source activations/deactivations vt s; = 9 hr, Table 2 demonstrates approximately
samedsw/W, values below altitude of 100 km and generally $analalues at higher altitudes fd, = 0.1 mm/s as compared
with Wy = 0.01 mm/s, if one considers columns for fixgdat differentW, values. This may be caused by the discussed
above transfer of wave energy to wave-induced jebéch can provide also largeeflectiongeflectionand dissipation of
wave components with larger amplitudes.

AGW decay times in Table 1 fi = 0.1 mnv/s at altitudes below 100 km are genetatiyer for the sharp wave source
triggering & = s = 0.3 s) than those for theeemgradualtriggering 6, = 55 = 9 hr) similar to the case of smaller wave
source amplitude discussed in section 3.2. At higtudes in Table 1 fo\, = 0.1 mm/s, wave decay times for the sharp

wave source deactivating become smaller, than tliwsbesteegradualtriggering.
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3.4 Spatial structure of AGW fields

—0.014
2000 4000 6000

Figure 6. AGW vertical velocity fields at times= 30 hr (a),t = 70 hr (b) and = 110 hr (c) for thesteegmall rate of
graduallyactivating/deactivating the wave sour&ey((})) with ¢, = 50 m/s and\p = 0.01 mm/s.

To analyze changes in the spatial structure of Isited AGW fields, Figures 6 and 7 present crosteses of the field of
wave vertical velocity byheXOZa vertical plane at different time moments duringations and deactivations of the
surface wave sourceEd. 5})) with thesteemradualvalues of, = ;= 9 hrinEq.(7). Figure 6a shows that after dispersion
and dissipation of the initial AGW pulse just afthe wave forcing activation timg,~ 28 hr, wave fronts become inclined
to the horizon. This behavior is characteristic thoe main IGW mode with periotl~ 4.7 hr, which is dominating in the
spectrum of the wave source havigg= 50 m/s similar to Figure 1a. In the middle andhee end of quasi-stationary

intervals shown in Figures 2 — 4, the inclined wdrents in Figures 6b and 6c expand to the entwasitered
XOSZatmosphericegion and wave amplitudes become larger comgarEifjure 6a.
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Cross-sections shown kigurefFigure 7correspond to time moments after the wave soficdeactivation aty ~ 110

hr. Figure 7a shows that just after turning off thiave source, the inclined fronts are destroyed, fin the lower
atmosphere. Above altitude 50 km, the wave fieldcstire in Figure 7a is still similar to Figures&d 6c. Later, in Figures
7b and 7c, wave amplitudes become smaller, espeatdow and high altitudes. Therefore, maximum\Wa@mplitudes in
Figure 7c are located at altitudes 80 — 120 kms Ehplains the growing wave-induced horizontal egjoat altitude 100
km after the wave source deactivation in the rasgepanel of Figure 5. At heights below 50 km igu¥e 7, directions of
wave front inclinations to the horizon are oppositehose in Figure 6. This reveals existence oVrdweard traveling IGW
modes in the stratosphere and troposphere aftectidetions of the surface wave sources. Such mantesd be

produeceproducedby partial reflections of primary upward travelit@Ws at higher atmospheric levels (see section 4).

100 A/w >
ot

—0.014

s

—1s

o 2000 4000 6000 B3 ===y

Figure 7. Same as Figure 6, but for time moments after thesvsaurce

andt = 250 hr (c).

radual deactivating= 140 hr (a)t = 200 hr (b)

“ ‘[ Formatted: Left

Figures 7b and 7c show increasing amountsnailsscale structures, which can be formed by séhartwave residual
wave modes, which appear due to broad wave soyreetra in Figure 1 and due to generating secondames by

nonlinear interactions of primary AGW modes.

\[ Formatted: Normal, Space After: 6 pt

The time scale of AGW dissipation in the turbulefinosphere can be estimated as follows (GossarddaatHooke
1975):
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wherekK; is the total vertical coefficient of turbulent ameblecular viscosity and heat conductivity. For than primary
AGW modes simulated in this study and havipg 15 — 30 km (see section 3.4),~ 10— 1¢ hr at altitudes below 100
km. These values are much larger than the AGW diéeeegz, in Table 1. Therefore, attenuations of primary A@&wdes

in the middle atmosphere shown in Figures 2 -# diactivations of the surface wave forcing cafmeoexplained by direct
turbulent and molecular dissipations.

AGWs propagating in the atmosphere with vattiradients of the background fields are subjectsrtial reflections. In
particular, strong wave reflections occur at aftési 110 — 150 km, where large vertical gradiente®mean temperature
exist (e.g., Y§it and Medvedev, 2010; Walterscheid and Hickey,12@avrilov and Kshevetskii, 2018). Partial refleos
of wave energy propagating upwards from the wauecgs before their deactivations may produce \alyistanding
waves in the middle atmosphere. Simulations byri@svand Yudin (1987) showed that the standing-eveatio for IGW
amplitudes might reach 0.4 at altitudes below 1®0After deactivations of wave sources, verticaifiveling AGW modes
propagate quickly upwards and dissipate at higtmospheric altitudes. This gives fast decreas@&W amplitudes at all
heights in Figures 2 and 4 just after the wave@®deactivations. After disappearing fast travetimagles, residuaiuast
vertically standing AGWs produced by partial reflections mayrflong-lived wave structures in the atmospheoavshin
Figures2 — 7.

The standing AGWs discussed above are compfded primary wave modes traveling upwards fromsarface wave
sourceskq. 6))) and downward propagating waves reflected at higtraospheric levels. After the wave source
deactivations, the reflected downward wawes/propagate to the Earth’s surface and create wawgsfiat low altitudes in
Figure 7, which are inclined to the horizon in difens opposite to the fronts of primary AGWSs shdawfigure 6-Faese
For used smooth climatological temperature profilem the NRLMSISE-00 model (see Figure 1 of thpgueby Gavrilov

et al., 2018) AGW reflections inside the troposghanme smaller than the reflection from the grousngsed by lower

boundary conditions given by Eq. (4). Thereforentimned abovelownward traveling waves are reflected from theugd

and propagate upwards back to the middle atmospKerdyaeva et al. (2018) showed that such AGWeotithns from the
ground could be equivalent to additional wave fogcat the lower boundary, which is still effectafer deactivations of
primary surface wave sources. Upward traveling ftbenground and reflected again at higher altitwd@ges can maintain
guaststanding AGW structures for long time (see FigyreAs far as wave reflections are partial, porsiohwave energy
can for long time propagate to higher altitudes disdipate there. This can explain relatively |akg3N decay times, in
the lower and middle atmosphere shown in Figuregland in Table. 1. Even after substantial tiroenfthe wave source

turning off, AGW structures in Figures 7b and 7alsitudes above 50 km are still similar to thoseven in Figure 6 during

active wave forcing. i - { Formatted

Panels of Figure 2 for the gradual wave soaotwation/deactivation demonstrate periodicaieases and decreases in

the residual wave noise standard deviations (emsheei low altitudes), which are superimposed lenéxponential decay at
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t> t4. This may be caused by long-term biases betweeansipand downward wave packages reflected frongthend and

from the upper atmosphere, which propagate throtugmiddle atmosphere. Increased molecular andlembAGW

dissipation make periodical amplitude variatiorsslaoticeable in the panels of Figure 2 for higituales. These biases are

also less noticeable in the respective panelsgirgi3 for the sharp wave source activation, bectheswave source spectra

in Figure 1 are smoother and wider in this casepaved to the smooth deactivation of the wave etkaita
One can rise a question to what extend thdtseshown in Tables 1 and 2 may depend on soeC&tiemerical
viscosity” caused by mathematical algorithms usetthée model? Our model is based on special nunhadiparithms

accounting for the main conservation laws (Gavrdod Kshevetskii, 2013, 2014). Therefore, the nigakviscosity is

very small. Test simulations showed that in theeabe of physical dissipation, wave modes mightt éxithe model for
hundreds of wave periods without noticeable deereastheir amplitudes. In addition, simulatedasf standard
deviations of different components of long-wavedfein the middle atmosphere follow to the poldiamarelations of
conventional theory of nondissipative AGWs (Gawritd al., 2015). Therefore, we assume that in thegmt model, the

numerical viscosity is much smaller than the mdiecand turbulent viscosity and heat conductionicivlare involved in

the model at all altitudes.

Shown in Table 2 ratigsv/Wp att ~ 170 km may reflect proportions of the residual aedondary AGW modes in the
beginning of quasi-exponential fits in Figures 2.For thesteejgradualwave forcing activations/deactivations, in thentig
part of Table 2, one can see larger ratios for wawdes witrc, = 50 m/s at all altitudes. This corresponds t@ésrintervals
of fast decreases of AGW amplitudes after deadtimatof the wave sources in Figure 4 comparedgarei2.
Considerations of respective right columns of Tdbteveal larger decay timesof waves withc, = 100 m/s due to their
larger vertical wavelength and smaller dissipatiotihe middle atmosphere.

Comparisons of the right columns in Table thuie same, and different, show that values @w/'W, for eachc, are
approximately equal at altitudes below 60 km armbb®e smaller at higher altitudes for larger amgE&twave sources. This
may reflect larger transfers of AGW energy to wanduced jet streams and to secondary nonlinear snoieluced by
larger-amplitude waves. Respective right columngaifie 1 show higher decay timgof larger-amplitude wave noise
corresponding td, = 0.1 mm/s at altitudes higher 100 km. This noee be maintained for long time by wave energy
fluxes propagating with stronger residual and sdapnwaves from the middle atmosphere to highéueks.

For the sharp activations/deactivations ofvtage sourcesHg. (5);)), the left columns of Table 2 show valuesiaf\Wp,
which are much larger compared to respective gghimns for thesteegradualwave forcing triggering. These ratios are
less dependent on the speed and amplitude of sedubsWs and could be connected with wave pulseduymed by sharp
activations/deactivations of the wave sources §peetra in Figure 1). AGW decay times for the sheaggering in
respective left columns of Table 1 are also lepeddent on wave parameters.

Substantiahmounsamountof small-scale structures in Figures 7b and 7evshiacreased proportions of wave modes,
produced due to high-frequency tails of the waveify spectra in Figure 1, also due to multipléeretfons and nonlinear

interactions of these modes. Nonlinear AGW intéoast and generations of secondary waves shouldrbeger at high
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altitudes due to increased wave amplitudes (VaddsLéu, 2013; Gavrilov at al., 2015). Then the setary waves can
propagate downwards and make small-scale waverpations at all atmospheric altitudes (see Fig@raad 7). The AGW
decay timeg, in Table 1 are generally larger for longer AGW msdvithc, = 100 m/s. This may be explained by their
smaller dissipation due to turbulent and molecwiscosity and heat conductivity in the atmosphddee to small
coefficients of turbulent dissipation in the stigghere and mesosphere, maximum AGW decay timeslifeTL exist at
altitudes 30 — 100 knRuaststandingtandingand secondary AGWs may exist there for severab détgr deactivations of
the wave forcing. Wave energy can slowly penetigievards from the stratosphere and mesosphere aimtamaa
background level of AGW activity at higher altitedd=igure 7c reveals that after 10 days of simoratilargest amplitudes
of the residual wave field exist at altitudes 7010 km. It is enough for creations of wave accéiens, which can act and
modify the mean velocity at altitudes near 100 konthe long time after the wave source deactivatiee respective
panels of Figure 5).

Simulations presented in this paper are made fozdwtally uniform wave excitation at the groundscieébed by Eq.

(5). At the same time, many wave sources are kxhlin different atmospheric regions. Our test &tons for localized

wave sources (e.g., Kurdyaeva et al., 2018) shdhadchear an isolated deactivated wave sourcertipditade decay could

be faster due to horizontal dispersion of wave ptekHowever, at low altitudes these wave packastsseveral times go
around the globe and return to the initial poimhikir to wave packages observed after big explssminmeteorites and

volcanoes (e.q., Ewing and Press, 1955; Robeds, €i982). Therefore, globally, wave packets megten the atmosphere

for a long time. For several local wave sourcesyevpackets from different sources may overlap amdiyze more

horizontally uniform long-lived wave noise. Therefothe horizontally inhomogeneous model consideretlis paper may
reflect general global features of AGW decay preessin the atmosphere. Studies of isolated andipteulbcal wave

sources require special considerations in subsépagers.

Described above simulations were made forlsirgatively long AGW spectral components, whictperience small
dissipation in the stratosphere and mesospherd.viReee fields in the atmosphere are superpositminwide range of
spectral components generated by a variety ofrdiffewave sources. However, after deactivationwafe sources, fast
traveling spectral components disperse to highiudés and short wave modes are strongly dissipdiie 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 thetsphere and mesosphere should consigtaétvertically standing
relatively long spectral components, similar tosdaconsidered in the present study. These wavesfiglay contain
substantial proportions of residual and secondaryewmodes produced by multiple reflections andineal interactions.

Such impression is probably true for the residualvevnoise, which may exist for long time after thave source

deactivation. However, amplitudes of this resici@ibe become smaller in time and near active wawneces, amplitudes of
generated primary AGWs may much exceed the wawenoi
In this paper, we analyzed idealistic case$onf-lived horizontally homogeneous coherent wawerces producing

quasi-stationary wave fields in the atmospherehSunodeling is useful for comparisons of simulatesuits with standard
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460 AGW theories. However, many AGW sources in the ajphere are local and operate for short time, wiiaot enough
for developments of steady-state wave fields. Furgimulations are required for studying wave degeycesses after

deactivating such local short-lived wave sourcab@atmosphere.

5Conclusion

In this study, the high-resolution numerical modéinoSym is applied for simulating non-stationarynhiear AGWs
465 propagating from surface wave sources to higheospimeric altitudes. After activating the surfacesevéorcing and fading
away initial wave pulses, AGW amplitudes reach asipgtationary state. Then the surface wave forsugactivated in the
numerical model and amplitudes of primary travelt@W modes quickly decrease at all altitudes dugisoontinuation of
wave energy generation by the surface wave sourttesever, later the standard deviation of the negichnd secondary
wave perturbations produced by slow componentshef wave source spectrum, multiple reflections andlinear
470 interactions experiences more slow exponentialedsas. The decay time of the residual AGW noise vaay between 20
and 100 hr, having maxima in the stratosphere agbsphere. Standard deviations of the residual AlB\Ws atmosphere
are much larger at sharp activations/deactivatidribe wave forcing compared to theegradualprocesses. These results
show that transient wave sources in the lower gbimere could create long-lived residual and secondare perturbations
in the middle atmosphere, which can slowly propagathigher altitudes and form a background le¥ehave noise for
475 time intervals of several days after deactivatimiswave sources. Such behavior should be taken dctmunt in

parameterizations of AGW impacts in numerical meadldynamics and energy of the middle atmosphere.

Data availability. Used high-resolution model of nonlinear AGWs in #tmosphere is available for online simulation® (se
the reference AtmoSym, 2017). The computer codéeaaiso available under the request from the asitho
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