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1.  Introduction
Traveling ionospheric disturbances (TIDs) are transient, propagating plasma perturbations in the ionosphere that 
have been historically characterized into small- (SSTID), medium- (MSTID), and large-scale (LSTID) (Hocke 
& Schlegel, 1996; Hunsucker, 1982) motions. Across all scales, TIDs range from hundreds to thousands of kilo-
meter with phase speeds of a few hundred meters per second (Hunsucker, 1982; M. C. Kelley, 2011). TIDs have 
been observed for many decades using instruments such as HF Doppler radars (Oinats et al., 2016; Waldock & 
Jones, 1986), ionosondes (Amorim et al., 2011; MacDougall et al., 2011; Munro, 1948), GPS/GNSS-derived 
Total Electron Content (TEC) (Azeem & Barlage, 2018; Azeem et  al.,  2017, 2015; Chen et  al.,  2019; Chou 
et al., 2017; Figueiredo et al., 2018; Nishioka et al., 2013; Otsuka et al., 2013; Saito et al., 1998; Xu et al., 2019), 
airglow imagers (Heale et  al.,  2019; Huang et  al.,  2016; Martinis et  al.,  2010; Paulino et  al.,  2016; Pimenta 
et al., 2008; Shiokawa et al., 2003; Takahashi et al., 2020), and satellite beacons (Forbes et al., 2016; R. F. Garcia 
et al., 2016; Park et al., 2015).

One significant source of MSTIDs is the direct driving by acoustic-gravity waves (AGWs) (Hocke & 
Schlegel, 1996; Hunsucker, 1982; Kirchengast, 1996; Nicolls et al., 2014; Otsuka, 2018; Zettergren & Snive-
ly, 2015) which can produce TEC amplitude oscillations of 0.1–1 TEC unit (1 TECu = 1 × 1016 electrons/m2 col-
umn) (Takahashi et al., 2020). AGWs are propagating waves in the neutral atmosphere, including compressional 
acoustic waves and buoyant gravity waves, that are generated from a variety of lower atmospheric sources such 
as deep convection, flow over topography, natural hazards, and adjustment processes (Fritts & Alexander, 2003; 
Hines, 1960). AGWs grow in amplitude as they propagate upward into the atmosphere due to the decreasing 
background atmospheric mass density, and carry energy and momentum along with them. Approximately, satura-
tion occurs for these AGWs when their amplitude approaches their phase speed (if not subject to instability prior, 
due to interactions with the ambient state), and the waves will break, depositing their energy and momentum 
into the mean flow (Fritts & Alexander, 2003; Holton, 1983; Holton & Alexander, 2000; Lindzen, 1981; Lund 
& Fritts, 2012; McFarlane, 1987). AGWs with large phase speeds and vertical wavelengths can avoid breaking 
in the middle atmosphere and propagate into the thermosphere/ionosphere, where they undergo linear viscous 
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damping and/or nonlinear breaking (when at larger amplitude) (Heale et al., 2014; Hickey et al., 2009; Pitteway & 
Hines, 1963; Vadas, 2007; Vadas & Fritts, 2005; Vadas & Liu, 2009), which also transfer energy and momentum 
into the ambient atmosphere.

An AGW propagating through the thermosphere manifests itself as an MSTID through collisions between neutral 
particles and ionospheric plasma. While the neutral perturbations induced by AGWs are constrained primarily by 
the waves' polarization relations, ions are also confined to anisotropic motions along the Earth's magnetic field 
lines. As such, AGW MSTIDs are not direct tracers of the AGW but do rely on their presence to be sustained 
(Klostermeyer, 1972; Yeh & Liu, 1974; Kirchengast, 1996; Hocke & Schlegel, 1996; Vadas & Crowley, 2017). 
While it is suggested that daytime MSTIDs are manifestations of AGWs (Figueiredo et al., 2018; Hines, 1960; 
Hooke, 1968; Hunsucker, 1982; Kirchengast, 1996; Kotake et al., 2007; Otsuka et al., 2013; Tsugawa et al., 2007; 
Xiao et al., 2007), some nighttime mid-latitude MSTIDs have a specific alignment and propagation direction 
that cannot be explained by AGW theory. These MSTIDs propagate NW–SE in the northern hemisphere, and 
NE–SW in the southern hemisphere (Behnke, 1979; Hernández-Pajares et al., 2012; Kotake et al., 2006; Rajesh 
et al., 2016; Saito et al., 1998; Tsugawa et al., 2007). They are suggested to be generated by electrodynamic cou-
pling of the Perkins instability (Perkins, 1973; M. C. Kelley & Makela, 2001; Shiokawa et al., 2003; Cosgrove 
et al., 2004; Makela et al., 2010; Huang et al., 2016; Narayanan et al., 2018), however, the instability growth rate 
is too small to account for the observations (M. C. Kelley & Makela, 2001; F. J. Garcia et al., 2000). Therefore, 
studies have suggested that AGW forcing assists in enhancing the Perkins instability to generate these specif-
ically aligned nighttime MSTIDS (M. C. Kelley & Fukao, 1991; M. Kelley & Miller, 1997; M. C. Kelley & 
Makela, 2001; Shiokawa et al., 2003; Makela et al., 2010; Yokoyama et al., 2009; Cosgrove & Tsunoda, 2004; 
Tsunoda, 2010; Krall et al., 2013; Chou et al., 2017). Therefore, AGWs are intrinsically linked to discussions on 
the origin of MSTIDs.

AGWs and their manifestation as MSTIDs have been observed and studies using multilayer observations from 
ground and satellite instrumentation (Azeem & Barlage, 2018; Azeem et  al.,  2017, 2015; Chou et  al.,  2017; 
Crowley et al., 2016; Figueiredo et al., 2018; Heale et al., 2019; Nishioka et al., 2013; Takahashi et al., 2020; Xu 
et al., 2019). These MSTIDs typically have periods from 10 to 50 min, horizontal wavelengths of 100–400 km, 
and phase speeds from 100 to 500 m/s (Azeem & Barlage, 2018; Azeem et al., 2017, 2015; Chou et al., 2017; 
Vadas & Azeem, 2021; Xu et al., 2019). However, linking the MSTIDs seen in the ionosphere to AGWs in the 
neutral atmosphere and their sources can be difficult, even with multilayer observation, for a number of reasons. 
First, AGW sources can be complex and the exact spectra of AGWs generated by those sources are not well con-
strained due to the wide range of scales and amplitudes. Second, as AGWs propagate through the atmosphere they 
are subject to refraction, reflection, ducting, and filtering by the background atmospheric winds and temperature 
structure which changes the wave spectra with altitude. Third, dissipation mechanisms lead to selective filtering 
of wave modes between the source and the ionosphere. Finally, observational techniques are often biased toward 
certain wave modes due to viewing angles, temporal and spatial resolution, observation period, layer depths, in-
tegrated layer of observations, etc. To complicate matters further, waves that dissipate and/or break can generate 
subsequent waves that continue to propagate upwards (Vadas et al., 2018; Zhou et al., 2002; Chun & Kim, 2008; 
Heale, Bossert, et al., 2020; Bossert et al., 2017). Breaking and wave dissipation, leading to subsequent wave 
responses, are known to be prominent in the mesosphere and lower thermosphere (Heale, Bossert, et al., 2020; 
Heale, Lund, & Fritts, 2020; Chun & Kim, 2008; Horinouchi et al., 2002; Vincent et al., 2013; J. Snively & 
Pasko, 2003; R. Walterscheid et al., 2001; Vadas et al., 2003; Vadas & Becker, 2019; Lund & Fritts, 2012; Bossert 
et al., 2017). Thus, it is difficult to ascertain whether MSTIDs in the ionosphere are primary waves generated 
by a lower atmospheric source, or waves transformed or generated subsequently by wave breaking/dissipation 
processes.

Studies have suggested that some of the MSTIDs observed above convective sources are secondary waves generat-
ed from primary wave breaking and dissipation in the mesosphere/lower thermosphere (Azeem & Barlage, 2018; 
Miyoshi et al., 2018; Vadas & Azeem, 2021; Vadas & Crowley, 2010), and these secondary wave driven MSTIDs 
can be identified by their phase speeds (Vadas & Azeem, 2021; Vadas & Crowley, 2010). Their rationale is that 
the observed phase speeds of the MSTIDs are faster than theoretical upper limits for GW propagation at meso-
pause (∼280 m/s) (Vadas & Azeem, 2021; Vadas & Crowley, 2010; Vadas et al., 2019). This “bottleneck” region 
for AGWs results from a minima in the speed of sound near the mesopause and the upper limit for AGW phase 
speeds that can pass through this “bottleneck” is ∼98% of the local sound speed (Vadas et al., 2019). Therefore, 
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AGWs generated by a convective source in the troposphere, with phase speeds greater than this limit, should not 
be able to pass the mesopause into the thermosphere. Thus, Vadas and Crowley (2010) suggested that any waves 
in the ionosphere with phase speeds above this limit must be secondary waves (we use secondary as a generic 
term to refer to all wave generation subsequent to the primary wave) generated in the thermosphere. Vadas and 
Crowley (2010) and Vadas and Azeem (2021) derived this result from linear theory and implemented reverse 
ray-tracing to show that MSTIDs could not exist below the mesopause. However, these investigations do not ac-
count for effects such as wave tunneling which may influence the validity of these conclusions (e.g., Sutherland 
& Yewchuk, 2004, and references within) which may influence the validity of these conclusions especially for 
the spectrum of acoustic-gravity waves for which coupling through evanescence may occur over deep ranges of 
altitude (R. L. Walterscheid & Hecht, 2003). Vadas and Crowley (2010) and Vadas and Azeem (2021) also noted 
that the primary wave spectra and the secondary wave spectra generated by the storm studied were very similar 
and overlap particularly in the 100–200 m/s phase speed range.

Wave tunneling is a process in which a wave moves from a region in which it is able to propagate, through a 
region in which it is evanescent (i.e., where it cannot exist as a propagating wave), to emerge as a propagating 
wave in a third region. Regions of evanescence exist where the buoyancy frequency of the atmosphere is greater 
than the intrinsic frequency of a given wave, thus, it does not support buoyant motions when perturbed over 
those timescales. Regions of evanescence for waves that are able to propagate at other altitudes can occur via 
changes in the temperature of the atmosphere with altitude (which changes the atmosphere's stability and thus the 
buoyancy frequency) or by changes in the wind with altitude (which changes the wave's intrinsic frequency). The 
altitude at which the buoyancy frequency matches the intrinsic frequency of the wave is known as a turning point, 
or reflection level. At this point, the vertical wavenumber of the wave approaches 0 (vertical wavelength of the 
wave approaches infinity) and the wave begins to reflect vertically. However, the wave solution in the evanescent 
region above the reflection point is not zero but an exponentially decaying one (e−mz). If the depth of the layer of 
evanescence is small relative to the vertical decay scales of the wave, which is more likely for waves that exhibit 
relatively high phase velocities, then some of the energy associated with the wave can survive this exponentially 
decay and resume propagation where the atmosphere supports buoyant motions again.

In this paper, we use a 2D nonlinear and compressible simulation of an idealized thunderstorm to assess the 
origin of fast phase speed (greater than the “bottleneck” upper limit) GWs observed at ionospheric altitudes. We 
find that primary waves with phase speeds greater than the theoretical “bottleneck” limit can indeed propagate 
to ionospheric heights through tunneling mechanisms and need not be waves generated subsequently in the ther-
mosphere. That is not to say that all fast phase speed waves observed as TIDs are primary waves, but it cannot 
be ruled out that they are not as is suggested in Vadas and Crowley (2010) and Vadas and Azeem (2021). The 
paper is laid out as follows: Section 2 describes the numerical model, source, and ambient atmosphere. Section 3 
demonstrates the theoretical upper limits on gravity wave phase speeds. Section 4 presents the simulation results 
and analysis of the wave spectra of GWs in the neutral atmosphere at lower part of ionospheric F-region heights, 
and their origin. Section 5 serves as summary and conclusions.

2.  Numerical Models and Setup
Gravity wave generation and propagation through the neutral atmosphere is simulated using the time-dependent, 
high-resolution numerical Model for Acoustic-Gravity wave Interactions and Coupling (MAGIC) (J. B. Snively 
& Pasko, 2008; J. B. Snively, 2013; Zettergren & Snively, 2015). MAGIC solves the nonlinear, fully compress-
ible Euler equations in conservation law form and includes gravity as a balanced source term, solving time-split 
coupled equations for the Navier-Stokes viscosity (allowing for wave dissipation due to molecular viscosity and 
thermal conduction) (J. B. Snively & Pasko, 2008; J. B. Snively, 2013). MAGIC uses a finite volume approach 
(LeVeque, 2002; LeVeque & Berger, 2004) which decomposes flux differences between cell boundaries into 
characteristic “f-waves” (Bale et al., 2002), each of which propagate at characteristic speeds. Additional details 
and the full equations can be found in Appendix A1 of Zettergren and Snively (2015).

2.1.  Wave Forcing and Simulation Domain

Gravity waves are excited in MAGIC via a spatially and temporally varying latent heat source that represents 
thunderstorm cells. The latent heating profile is derived from the Stephan and Alexander (2015) algorithm with 
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Doppler radar precipitation rates from the Next Generation Radar (NEXRAD) network as input. The Stephan and 
Alexander (2015) algorithm was created by fitting a linear regression to latent heating profile parameters (de-
pendent variables) with precipitation rates (mm/10 min) as the independent variable. The relations were derived 
from the full-physics weather research and forecasting (WRF) model and validated against atmospheric infrared 
sounder (AIRS) observations.

For simplification of the analysis and to reduce the computational expense, the simulation is run in 2D (zonal-al-
titude). The storm cell used for this simulation has a half width of 6 km in zonal extent (km) and 5 min in time 
with a maximum precipitation rate of 25 mm/10 min. While the 25 mm/10 min peak precipitation rate is greater 
than the range of precipitation rates tested in the Stephan and Alexander (2015) algorithm, this is not atypical of 
strong thunderstorms which produce tropopause overshoot associated with gravity wave generation. The spatial 
and temporal widths are chosen to be typical of convective cells which, on average, have a diameter of ∼10 km 
and a lifetime of 20–30 min (Stull, 2017). As this is a 2D simulation, the convective cell effectively represent a 
line source in the meridional direction (similar to a squall line). We note that this assumption will lead to a more 
coherent, planar wave response with larger amplitudes, and stronger wave-mean flow interactions, than in a full 
3D simulation where geometric dispersion can occur. Wave breaking will also not evolve as it would in 3D. Dong 
et al. (2020) and Fritts et al. (2020) noted that GW packets in 3D versus 2D are less efficient sources of secondary 
waves while the decay of instabilities is more efficient when 3D breaking is permitted. Typically, as eddies result-
ing from breaking reach maximum altitude, three dimensional motions occur which initiate the turbulent collapse 
of these eddies (Scinocca & Ford, 2000). Thus, we have also run simulations at 1/4 and 1/100 of the original 
amplitude for comparison and to assess the effects of nonlinearity with increasing source amplitude. These results 
will be discussed later. The Gaussian squared precipitation rate is an input into the Stephan and Alexander (2015) 
algorithm to produce the latent heating within MAGIC model. The full analytical expression for the precipitation 
rate is given below which is displayed graphically in Figure 1.

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑥𝑥𝑥 𝑥𝑥) = 𝐴𝐴 ⋅ exp
[

−
(𝑥𝑥 − 𝑥𝑥𝑐𝑐)2

2𝜎𝜎2
𝑥𝑥

−
(𝑡𝑡 − 𝑡𝑡𝑐𝑐)2

2𝜎𝜎2
𝑡𝑡

]2

� (1)

where A = 25 mm/10 min, xc = 1040 km, σx = 6 km, tc = 40 min, and σt = 5 min.

Figure 1.  Gaussian representation of (a) the thunderstorm precipitation rate in x (zonal), and (b) in time which is input into 
the Stephan and Alexander (2015) algorithm to generate the model latent heating.



Journal of Geophysical Research: Space Physics

HEALE ET AL.

10.1029/2021JA029947

5 of 22

The numerical domain is chosen as 2,400 km in zonal (x) direction and 500 km in altitude, with 1 km uniform 
resolution. Model outputs sampling rate is 60 s with the simulation running for 160 min. A sponge layer is applied 
to the top 30 km of the domain. The bottom boundary is closed (reflective), while the side and upper boundaries 
are open.

2.2.  Background Atmospheric State

The background ambient density and temperature structure for the simulation are taken from the NRLMSISE-00 
model (Picone et al., 2002) and the zonal winds are specified using MERRA-2 between 0 and 60 km altitude 
and the HWM07 model (Drob et al., 2008) from 60 to 500 km altitude. The background ambient state is a fixed 
vertical profile defined at a latitude of 37.5°N, a longitude of 93°W, and at 6 UT on 8 July 2016. This position 
and time is chosen to coincide with the location of the storm cell. The temperature, wind, density, pressure, ratio 
of specific heats, and specific gas constant profiles are shown in Figure 2.

2.3.  Phase Speed Limitations Imposed by the Ambient Atmosphere

The ambient wind and temperature structure imposes theoretical limits on the phase speeds of both acoustic and 
gravity waves that can freely propagate through the atmosphere. The minimum phase speeds for gravity waves 
are defined by the wind speed itself (U); waves with phase velocities smaller than the local wind velocity (along 
the direction of wave propagation) will be subject to refraction to small scales leading to “critical level” filtering. 
The speed of sound as defined by:

𝐶𝐶𝑠𝑠 =
√

𝛾𝛾𝛾𝛾𝛾𝛾� (2)

where γ is the ratio of specific heats, R is the ideal gas constant and T is the temperature which varies with 
altitude. While the speed of sound defines the phase speed for acoustic waves, Vadas et al. (2019) derived an 
expression for the maximum intrinsic phase speed (Cp − U) at which an internal gravity wave can propagate in 
relation to the speed of sound given by:

max(𝐶𝐶𝑝𝑝𝑝𝑝 ) =
2
√

𝛾𝛾 − 1
𝛾𝛾

⋅ 𝐶𝐶𝑠𝑠� (3)

However, this expression is derived assuming an isothermal atmosphere. A more general expression for the upper 
limit on the gravity wave phase speed allowing for a varying ambient temperature is:

max(𝐶𝐶𝑝𝑝𝑝𝑝 ) ∼ 2𝑁𝑁𝑁𝑁� (4)

Figure 2.  The (a) zonal wind, (b) temperature, (c) density pressure, and (d) ratio of specific heats and specific gas constant profiles used as ambient atmospheric states 
for the simulation.
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where N is the buoyancy frequency of the atmosphere and H is the density scale height (RT/g) (Vadas & Crow-
ley, 2010). This expression represents the phase speed at which the vertical and horizontal wavelength's tend to 
infinity and also the limit at which a wave is reflected (turning point level). Since both of the above definitions 
impose maximum intrinsic phase speed, the equivalent maximum ground relative phase speed is thus given by:

max(𝐶𝐶𝑝𝑝) = max(𝐶𝐶𝑝𝑝𝑝𝑝 ) + 𝑈𝑈� (5)

where U is the wind along the direction of wave propagation (note this term is negative if the wind and wave are 
opposing each other). This shows that the wind, and its direction relative to the wave propagation direction, can 
have significant influences on the theoretical internal wave phase speeds. Linear theory suggests that a purely 
monochromatic wave will be completely reflected at the turning point level and will be evanescent (subject to 
an exponentially decaying amplitude) above this level. However, this does not take into account that GWs may 
also tunnel through an evanescent region of finite depth and emerge from the layer as a propagating waves again 
(Jones, 1970; Fritts & Yuan, 1989; R. L. Walterscheid & Hecht, 2003; Sutherland & Yewchuk., 2004).

Figure 3a shows the speed of sound and theoretical maximum intrinsic phase speeds as a function of altitude as 
described by Equations 2–4. A minimum in the speed of sound occurs at the mesopause (87 km) with a value of 
265 m/s Equation 3 then suggests a minimum in the imposed maximum intrinsic gravity wave phase speed at the 
same height but with a value of 239 m/s. This region is described as the “bottleneck” altitude for waves (Vadas 
& Azeem, 2021; Vadas & Crowley, 2010; Vadas et al., 2019) as it is proposed to act as a barrier confining waves 
with phase speeds greater than the bottleneck maximum speed (239 m/s in this case) to the lower atmosphere and 
allowing waves with smaller phase speeds to pass from the lower/middle atmosphere into the thermosphere. For 

Figure 3.  The (a) speed of sound, and theoretical maximum intrinsic phase speeds (under isothermal and nonisothermal conditions) and (b) the theoretical maximum 
ground relative phase speeds for eastward and westward propagating waves.
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this reason, it is later cited that waves observed in the thermosphere/ionosphere with intrinsic phase speeds great-
er than this bottleneck speed, could not have originated from a tropospheric source and must have been generated 
in the thermosphere as a secondary wave (Vadas & Azeem, 2021). However, the expression in Equation 3 only 
applies for an isothermal atmosphere which, when considering propagation between the Earth's surface and the 
thermosphere, is not a realistic assumption. Using the more general expression for the maximum gravity wave 
phase speed, which does not have the isothermal restriction (Equation 4), leads to a mesospheric minimum in 
the maximum allowable phase speed at 78 km altitude with an intrinsic phase speed of 210 m/s. There is a stark 
difference in the shape of the profile between the limits defined by Equations 3 and 4. In particular, there are 
far more restrictive conditions in the troposphere using Equation 4 with a minimum at 6.5 km with a maximum 
allowable intrinsic phase speed of 150 m/s. However, the definition using Equation 4 also suggests a maximum 
allowable intrinsic phase speed that is greater than the speed of sound between 30 and 40 km altitude, which 
appears less restrictive. Therefore, both interpretations have caveats, and neither address the potential role for 
tunneling in upward propagation.

For a rigorous examination of the restrictions, the full dispersion relationship should be used with a known wave 
period and wavelength. And, to assess upward wave propagation, a full-wave numerical solution accounting rig-
orously for reflection, evanescence, and tunneling is needed.

Since model simulations show GW propagation relative to the ground, Figure 3b shows the maximum allowable 
ground relative phase speed (Equation 5), with the maximum intrinsic phase speed imposed by Equation 4, for 
eastward and westward propagating waves respectively. For eastward propagating waves, Figure 3b shows meso-
spheric minima occurs at an altitude of 62 km with a phase speed of 170 m/s. For westward propagating waves, 
a mesospheric minimum exists at 75.5 km altitude at a phase speed of 210 m/s. Therefore, we would not expect 
to see primary waves in the thermosphere that exceed 170 m/s which are propagating eastward or 210 m/s which 
are propagating westward. However, the atmosphere supports much faster westward waves in the stratosphere (up 
to 360 m/s at 40 km) compared to eastward but much smaller phase speeds in the troposphere. The assumption 
is that waves generated by convection predominantly occur from tropopause overshoot where the limit on phase 
speeds is much larger than in the lower troposphere. In the thermosphere (at z = 240 km), the speed of sound in-
creases to 735 m/s and can support much faster waves than the lower atmosphere. The validity of these theoretical 
limits in practice, where evanescence may still enable tunneling, will be tested against the simulation results in 
the following sections.

3.  Simulation Results
This section splits the analysis of the simulation results into a time frame when only primary waves are present, 
and another—when both primary and secondary waves are present. The MAGIC simulation results are presented 
in terms of neutral temperature perturbation (K). Please see the Supporting Information S1 for movies of the 
simulation results.

3.1.  Primary Wave Response

3.1.1.  Primary Wave Evolution

Figure 4 shows the GW-induced temperature perturbation at t = 50–70 min. Beyond t = 80 min, breaking occurs 
and secondary waves are generated. Therefore, by limiting the analysis in this section to times before t = 80 min, 
we can better assess the primary wave spectra and characteristics generated by the convective source. Figure 4 
clearly shows the generation of acoustic, acoustic-gravity (AGW), and gravity waves that propagate, from the 
source, up into the thermosphere and reach ionospheric heights. All the waves seen in Figure 4 are primary waves 
and the eastward waves have clear continuous phases that can be traced back to the tropospheric source. The phas-
es of the westward waves do not, at first glance, appear to connect all the way back to the source region and there 
appears to be two distinct regions of propagation. The first region of propagation occurs between 10 and 50 km 
altitude and a second above ∼105 km altitude. We note that there is a local maxima in the westward wind at 50 km 
altitude which will lead to critical level filtering of the westward waves. The scales of the waves vary dramatically 
with altitude and are subject to refraction by the vertically varying zonal wind and ambient temperature.
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3.1.2.  Primary Wave Phase Speeds

To analyze the primary wave spectra, a zonal-time slice of the simulation is taken at 80, 120, and 240 km altitude 
and is displayed in Figures 5a–5c, respectively. The ground relative phase speeds are measured directly from the 
plot by following the peaks of the waves over time. As before, the analysis is limited to times before t = 80 min to 
exclude the influence of secondary waves. We recall that theoretical phase speed limits discussed in Section 2.2 
suggest that eastward propagating waves primary waves should not exceed 170 m/s above 62 km altitude, and 
westward waves should not exceed 210 m/s above 75.5 km.

At 80 km altitude, Figure 5a shows only eastward propagating waves with phase speeds ranging from ∼76 to 
125 m/s. The lack of westward propagating waves at this altitude is likely due to a combination of (a) source 
spectrum differences, (b) critical level filtering on westward waves in the stratosphere, and (c) local minima in the 

Figure 4.  A time sequence of the gravity wave temperature perturbation between t = 50 and 70 min consisting of only 
primary acoustic and gravity waves. The colorbars are saturated at t = 65 and 70 min in order to show the waves in the lower 
atmosphere as well as those in the thermosphere.
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Figure 5.  Slices of the neutral temperature perturbations (zonal-t) at (a) 80, (b) 120, and (c) 240 km altitude, showing primary waves only.
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allowable maximum phase speed around 80 km altitude. We note that the waves are already becoming nonlinear 
at this altitude and wave-mean flow interactions are shifting these waves to higher phase speeds.

At z  =  120  km, both eastward and westward propagating waves are present, but with different ground rela-
tive phase speeds and amplitudes. The eastward waves are stronger in amplitude than the westward waves but 
have slower ground relative phase speeds. The eastward propagating waves have dominant ground relative phase 
speeds from 135 to 185 m/s and the westward waves have speeds of 183–271 m/s. These phase speeds at least 
partially exceed the conditions set for the maximum phase speeds that can pass from the mesosphere to the ther-
mosphere (should not exceed 170 m/s above 62 km altitude for eastward or 210 m/s above 75.5 km for westward 
waves, as described in Section 3), however these waves are clearly primary waves that originated from the trop-
ospheric source

At z = 240 km, an altitude which is representative of the bottom part of ionospheric F layer, we find eastward 
waves with phase speeds from 183 to 303 m/s and westward waves from 303 to 319 m/s. These waves violate 
the maximum phase speeds that should be able to pass mesopause region, but are consistent with phase speeds 
of MSTIDs seen in ionospheric measurements (Azeem et al., 2017; Chou et al., 2017; Figueiredo et al., 2018; 
Nicolls et al., 2014; Röttger, 1977; Vadas & Crowley, 2010; Xu et al., 2019). The analyses presented in Vadas 
and Crowley (2010) and Vadas and Azeem (2021) would conclude that these waves must be secondary waves 
generated in the thermosphere, whereas, in fact, these waves are primary waves originating in the source region. 
In the next section, we explore the mechanisms that allow this

3.1.3.  Analysis of the Origin of the Waves at 240 km

In this subsection, we investigate the characteristics of the waves at z = 240 km in details and demonstrate that 
waves with phase speeds greater than the bottleneck speed can pass from the lower atmospheric source region to 
the thermosphere. We begin by performing a Morlet wavelet analysis (Torrence & Compo, 1998) on the waves at 
z = 240 km and t = 78 min to measure the horizontal wavelengths as a function of zonal position. Figure 6 shows 
that the dominant eastward waves have horizontal wavelengths ranging from ∼173 to 245 km, and the westward 
waves have horizontal wavelengths ranging from 238 to 262 km. These are also consistent with typical detected 
MSTID wavelengths in the ionosphere (Azeem et al., 2017; Chou et al., 2017; Hunsucker, 1982; Röttger, 1977; 
Vadas & Crowley, 2010; Xu et al., 2019). Vadas and Azeem (2021) and Vadas et al. (2009) suggested that for a 
point source generation of GWs, the horizontal wavelength should increase quadratically with radius from the 
source. Our result appears to be roughly consistent with this prediction, with the caveat that we are not using a 
point source but a compact line source, which exhibits different geometric dispersion.

We choose to focus on the fastest wave seen in Figure 5c, which is the westward propagating mode with a ground 
relative phase speed of 319 m/s, as this is the most extreme case. At t = 78 min, the 319 m/s westward wave is 
located at a zonal position of x = 252 km, which corresponds to a dominant horizontal wavelength of 262 km. 
This implies a ground relative period (λ/Cp) of 13.7 min. We then use the horizontal wavelength and period, along 
with the ambient winds and buoyancy frequency, in the gravity wave dispersion relation to predict the vertical 
wavelength with altitude:

𝑚𝑚2 = 𝑘𝑘2𝑁𝑁2

(𝜔𝜔 − 𝑘𝑘𝑘𝑘 )2
− 𝑘𝑘2 − 1

4𝐻𝐻2� (6)

where m is the vertical wavenumber, k is the horizontal wavenumber, N is the buoyancy frequency, ω is the 
ground relative frequency, and H is the scale height (RT/g). The predicted vertical wavelength (2π/m) is plotted 
in Figure 7 and shows regions of propagation between 30 and 50 km altitude and above 105 km altitude with a 
56 km deep evanescent region in between. The prediction in Figure 7 is consistent with both the simulation results 
in Figure 4, which shows a gap in the wave phase between 50 and 105 km, and the phase speed limits in Figure 3. 
Therefore, these predictions align with the analysis in Vadas and Crowley (2010) that this wave should not be able 
to reach the thermosphere from the source, yet it does.

This is because the vertical wavelength in the propagating region (30–50 km) is 242 km, which is very large 
compared to the depth of the evanescent region (approximately 1/5 of the vertical wavelength) so the wave is 
able to tunnel through the mesosphere and reappear as a propagating wave in the thermosphere. This effect was 
discussed and demonstrated in Gavrilov and Kshevetskii (2018), who simulated the propagation of a wave that 
is supersonic at the source region but tunnels through the atmosphere and appears as a propagating wave in the 
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thermosphere. Inchin et al. (2020) also demonstrated that gravity waves excited by moving source at the ground 
level (representing tsunami propagation) with horizontal speed of ∼270 m/s can also tunnel through lower atmos-
phere and become propagating in the thermosphere. R. L. Walterscheid and Hecht (2003) presented a theoretical 
examination of the propagation, energetics, responsivity and coupling of evanescent acoustic-gravity waves, sug-
gesting that the importance of tunneling may be substantially underestimated.

We show a demonstration of this effect by performing an additional simulation, using the same ambient atmos-
phere as before, but with a simple quasi-monochromatic wave vertical body forcing (with a horizontal wavelength 
of 262 km, and a period of 13.7 min) in place of the more spectrally rich thunderstorm source. The complete 
forcing is:

𝐹𝐹 (𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝐴𝐴𝑚𝑚 ⋅ exp
[

−
(𝑥𝑥 − 𝑥𝑥𝑐𝑐)2

2𝜎𝜎2
𝑥𝑥

−
(𝑧𝑧 − 𝑧𝑧𝑐𝑐)2

2𝜎𝜎2
𝑧𝑧

−
(𝑡𝑡 − 𝑡𝑡𝑐𝑐)2

2𝜎𝜎2
𝑡𝑡

]

⋅ cos(𝜔𝜔(𝑡𝑡 − 𝑡𝑡𝑐𝑐) − 𝑘𝑘(𝑥𝑥 − 𝑥𝑥𝑐𝑐))� (7)

where Am = 0.000 1 m/s, k = −2π/262 km, xc = 1040 km, σx = 131 km, zc = 7 km, σz = 3 km, ω = 2 π/13.7 min, 
tc = 65 min, σt = 13.7 min. Note, the amplitude is kept very low to limit any nonlinear effects. Figure 8 shows (a) 
the temperature perturbation (from ground to z = 250 km altitude), (b) density scaled temperature perturbation 
(from ground to 120 km altitude), and (c) the vertical forcing for the quasi monochromatic forcing simulation 
from t = 60–100 min. The raw temperature perturbations in Figure 8a simply shows a westward propagating wave 
above 105 km altitude, just like in the thunderstorm simulation. However, once the results are density scaled 
(Figure 8b), this wave can clearly be seen tunneling from the source region to the stratospheric propagating region 
(between 30 and 50 km altitude) and then tunneling again up to 105 km altitude (with reflection at the evanescent 
boundaries). This is consistent with the predicted vertical wavelength analysis in Figure 7.

Figure 6.  (a) Gravity wave perturbation temperature at z = 240 km and t = 78 min, (b) Wavelet analysis of the horizontal 
wavelength as a function of position, (c) the dominant horizontal wavelength at each horizontal position.
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The simulation shows that the waves, even at small forcing amplitudes, 
successfully tunnel into the thermosphere and F-region altitudes, despite 
the restrictions suggested by linear theory and Vadas and Crowley (2010). 
Therefore, it is suggested that waves in the F region, that have a phase speed 
greater than the imposed limit in the lower/middle atmosphere, can originate 
from a tropospheric source. That is not to say that waves seen in the F-re-
gion don't also originate from wave breaking in the thermosphere or upper 
mesosphere but are, in most realistic cases, a combination of primary and 
secondary waves.

3.2.  Secondary Wave Response

In this section, we examine the secondary wave response from the breaking 
primary waves and nonlinear mechanisms. The initial breaking of the pri-
mary waves and the early evolution of the subsequently generated secondary 
waves are shown in Figure 9. Breaking occurs after t = 80 min for the east-
ward propagating primary waves and ∼100 min for the westward propagating 
primary waves. The eastward waves break between 65 and 140 km altitude 
with larger and more energetic eddies at higher altitudes (see the black dotted 
lines in Figure 9 panel a). This wave breaking generates a broad range of 
fast secondary acoustic and gravity waves that propagate, in both directions, 
away from the source of the breaking. The westward propagating secondary 
waves that emanate from the breaking region are particularly evident and are 
highlighted in Box 1. The eastward propagating secondary waves are more 
difficult to clearly identify as the overlap with the strongly nonlinear primary 
waves and turbulent structure. In addition, as the primary eastward waves 
becomes strongly nonlinear, they deposit part of their momentum and energy 
into the local ambient flow which can “self-accelerate” the wave (and affect 
subsequent waves) (Lund & Fritts, 2012; Fritts et al., 2015; Dong et al., 2020; 

Figure 7.  Predicted vertical wavelength with altitude for a westward 
propagating gravity wave with a horizontal wavelength of 262 km and a period 
of 13.7 min.

Figure 8.  (a) The gravity wave temperature perturbation, (b) density scaled gravity wave perturbation, and (c) the vertical forcing for the quasi monochromatic forcing 
simulation.
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Fritts et al., 2020), changing its intrinsic frequency and accelerating its phase speed. The mean flow accelera-
tion associated with the breaking waves in the thermosphere can lead to feedback where subsequent waves are 
refracted to smaller vertical wavelengths, break, and induce further mean flow acceleration. This leads to in-
creasingly sharp local wind shears that can ultimately form a critical level for upward propagating waves (Lund 
& Fritts, 2012). This particularly affects the eastward propagating waves highlighted in Box 2 (red lines) which, 
kink, break, and then accelerate significantly between t = 95 and 110 min and are refracted to much larger hori-
zontal wavelengths. Typically, the deposition of wave energy and momentum is assessed through the analysis of 
the wave stress divergence (Vadas et al., 2019; Heale, Bossert, et al., 2020; Zhou et al., 2002; J. B. Snively, 2017; 
Franke & Robinson, 1999; Zhou et al., 2002; Chun & Kim, 2008). The secondary waves superpose and interact 
with both the eastward and westward propagating primary waves and primary waves that have been self-acceler-
ated or modified by wave-flow interactions. This leads to a mixed wave spectra in the thermosphere. The waves 
that can be linked to/originate from primary wave structures and self-accelerated primary waves are shown with 
dotted black lines. Secondary waves, and/or waves significantly altered by acceleration as a result of wave-flow 
interactions are shown with red dotted lines. One such overlapping and interaction of secondary waves with ac-
celerated primary waves can be seen between 95 and 100 min in Box 2. Two phases, indicated by two red dotted 
lines at t = 95 min, become one single red-dotted line at t = 100 min as the faster mode generated by the wave 
breaking combines with a slower mode further to the east, which then accelerates beyond 100 min.

Figure 9.  A time sequence of the gravity wave temperature perturbation between t = 85 and 110 min showing the breaking of the primary gravity waves and generation 
of secondary waves. Black dotted lines indicate the breaking/self-accelerated primary waves, red dotted lines indicate secondary waves or the primary waves after they 
have been significantly accelerated by wave-mean flow interactions.
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As with the primary waves, we take a zonal—time slice at z = 240 km in order to assess the phase speeds of the 
neutral AGWs at F-region heights, which are shown in Figure 10. As with Figure 9, dotted black lines indicate 
primary waves, red lines indicate secondary waves or accelerated/nonlinearly altered waves.

Figure 10 shows that secondary waves are notably present after ∼85 min and are most evident for their westward 
propagation (Boxes 1 and 3). The secondary waves in Box 1 are the westward propagating waves annotated 
with red lines in Figure 9. They originate around 90 min, × ∼1,200 km, and z ∼ 140 km and are generated by 
localized breaking of the eastward primary waves. The phase speeds range from 300 to 500 m/s and are faster 
than the primary wave spectra and are certainly acoustic-gravity waves at the higher phase speeds, but there is 
overlap between the primary and secondary wave spectra in the low 300 m/s phase speed range. These results are 
similar to Vadas and Crowley (2010) who found phase speeds of 100–600 m/s for secondary waves above con-
vection, noting that the spectra peaks between 100 and 300 m/s. However, we cannot clearly identify propagating 
secondary waves at the slower phase speeds (less than 300 m/s) suggested by Vadas and Crowley (2010). The 
westward primary and secondary waves overlap and interact beyond 110 min, at horizontal positions less than 
x = 500. Box 3 also shows a clear spectra of westward propagating secondary waves that increase ∼ quadratically 
in phase speed (from 340 to 455 m/s) with decreasing x (increasing westward direction). This is in contrast to 
Vadas et al. (2019)'s description of a secondary wave generated by a point source, which suggested the phase 
speed should increase linearly with distance. This suggests significant nonlinearity of the waves and/or multiple 
sources. Eastward propagating large amplitude waves are clearly present beyond 130 min at x 𝐴𝐴 𝐴 1,500 km (Box 2). 
Some of these waves appear connected in phase to the primary waves but have significantly faster phase speeds. 
For example, primary waves that initially have phase speeds of 183 and 303 m/s appear to transition to much 
larger phase speeds of 370 and 630 m/s, respectively (box 2). This effect is caused in a large part by a combina-
tion of wave self-acceleration, wave-wave, and wave-flow interactions. As the primary waves become strongly 
nonlinear they deposit some of their energy and momentum into the background flow locally. This temporal 
change in the background flow acts to subsequently accelerate the wave itself, shifting it to faster phase speeds 
(Dong et al., 2020; Fritts et al., 2015; Fritts et al., 2020; Lund & Fritts, 2012). In addition, the accelerated waves 
are superposed with fast propagating secondary acoustic-gravity waves generated by primary wave breaking 
between x = 1,300–1,400 km. Beyond t = 120 min, the majority of the waves are secondary waves generated by 
wave breaking. Note that the secondary waves in Boxes 1 and 2 correspond to the propagating secondary waves 
highlighted with red lines in Figure 9.

We note that even in this relatively idealized simulation, it is still difficult to clearly separate the primary and 
secondary waves. In this case, there are many localized forcing centers that result from the primary wave breaking 
and dissipation which lead to multiple secondary waves sources which nonlinearly interact and superimpose to 
give a composite spectrum of secondary waves. This is complicated by self-acceleration of the primary waves 
themselves which are transformed to higher different phase speeds than they originally possessed.

In order to examine the horizontal wavelengths of the secondary waves in Boxes 1–3, we take a horizontal slice 
through Figure 10 at t = 100 and 140 min and perform a wavelet analysis. Figure 11 shows the horizontal slice 

Figure 10.  Slices of the neutral temperature perturbations (zonal-time) at 240 km altitude, showing primary waves (black dotted), secondary (red dotted) waves. Dotted 
white lines indicate the horizontal slices taken at t = 100, and 140 min which are shown in Figures 11 and 12 respectively.
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and measured wavelength's at t = 100 min. The waves highlighted by the black box are the westward propagating 
primary waves that are also seen in Figure 6.

The westward propagating secondary waves (Box 1) show two peaks in temperature which are separated by 
312 km. However, these waves are asymmetric in nature and are not sinusoidal like the primary waves, suggest-
ing a rich spectral content arising from superposition of waves, wave-mean flow interactions, and wave-wave 
interactions. The dominant wavelength (as suggested by the wavelet analysis) increases from 260 km at the right 
most temperature peak in Box 1 (x ∼ 1,200 km) to 330 km at the leftmost temperature peak (x ∼ 800 km) which 
includes a step increase in the dominant wavelength at ∼820 km suggestive of a separate mode. Clearly, due to the 
rich spectral content, measurements of the wavelengths from wavelet analysis and the peak to peak wavelength 
do not necessarily agree because the wavelet analysis, which is measuring the wavelength at a point location by 
convolving the signal with a wavelet. Therefore, the steepness and asymmetry of the signal can influence the 
wavelength measurement complicating spectral analysis.

For the eastward propagating waves (Box 2), there are two distinct wave packets. The first packet dominates 
between x = 1,500 and 1,800 km, with the wavelength increasing from 125 to 225 km over that range. The sec-
ond packet has a much larger wavelength of 620 km and dominates beyond x ∼ 2,100 km. Between x = 1,800 
and 2,100 km, the spectrum is a mixture of two packets. This highlights the complex nature of secondary wave 
generation and the spectra being a mixture of interacting primary wave, secondary waves, breaking structure and 
induced larger-scale flows.

Figure  12 shows the horizontal slice and measured wavelength's at t  =  140  min. The westward propagating 
waves in Box 3 are extremely steep (we note that the 2D simulation overestimates wave amplitudes) with three 

Figure 11.  (Ea) Gravity wave perturbation temperature at z = 240 km and t = 100 min, (b) Wavelet analysis of the horizontal 
wavelength as a function of position, (c) the dominant horizontal wavelength at each horizontal position.
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distinct peaks. The peak to peak distances are 230 and 274 km respectively, with the wavelength increasing in 
the westward direction (as x decreases). However, the wavelet analysis suggests that the wavelength increases in 
the eastward direction from 246 to 277 km. This discrepancy occurs because the eastward most peak in Box 3 is 
wider than the westward most peak (so a convolution method such as a wavelet analysis measures a larger local 
wavelength), but the distance between the peaks increases in the westward direction. Once again, this highlights 
the nonlinearity of these waves.

The eastward propagating waves show two distinct packets. The smaller scales range between 100 and 200 km 
with a peak to peak measurement of 106 km in Box 2. These smaller scales are superimposed on the larger-scale 
packet which ranges between 300 and 400 km in horizontal wavelength.

3.3.  The Effect of Thunderstorm Source Amplitude

It is also key to note that nonlinear effects such as the wave breaking, self-acceleration, wave-wave, and wave-
flow interactions are exacerbated by overestimated amplitudes as a result of performing a 2D simulation versus 
full 3D. As previous mentioned, Dong et al. (2020) and Fritts et al. (2020) noted that 2D simulations exhibited 
stronger secondary AGW responses than in 3D and that instabilities decayed more rapidly when 3D breaking 
is permitted. To understand the extend of these effects, we also ran simulations with forcing strengths that are 
a 1/4 the amplitude, and 1/100th the amplitude of the original simulation. While this does not mitigate for the 
lack of realistic 3D turbulent evolution, it does reduce nonlinear effects such as wave-wave, and wave-mean flow 
interactions. Figure 13 presents the zonal—time slice at z = 240 km for the two reduced amplitude simulations 
for comparison with Figure 10.

Figure 12.  (a) Gravity wave perturbation temperature at z = 240 km and t = 140 min, (b) Wavelet analysis of the horizontal 
wavelength as a function of position, (c) the dominant horizontal wavelength at each horizontal position.
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The waves in the 1/100th amplitude case (Figure 13a) do not break at all in the thermosphere and represent a 
quasilinear simulation. As a result, a full spectrum of primary waves can be seen. The wave spectra is broader, 
and the phase speeds are generally lower, than the full amplitude case due to reduced nonlinear effects. For the 
eastward propagating waves, the phase speeds range from 80 to 221 m/s (compared with 183–303 m/s in the full 
amplitude case) with the largest amplitude wave having a phase speed of 124 m/s and little evidence of strong 
self-acceleration in this case. For the westward propagating primary waves, the phase speeds range from 175 to 
273 m/s (compared to 216–319 m/s for the full amplitude case). The horizontal wavelengths range from 88 to 
343 km and the periods between 12 and 30 min. We note that the primary waves with slower phase speeds (and 
shorter horizontal wavelength) appear at later times in the 1/100 amplitude simulation (after 100 min). In the full 
amplitude case, the wave field has already become strongly nonlinear and the waves have undergone breaking by 
100 min. This obscures detection of the slower phase speed primary waves that reach the thermosphere at later 
times and accelerates the waves that are already present to faster phase speeds. Also, the stronger source in the 
full amplitude case puts more energy into the higher phase speed modes, thus they have higher amplitudes when 
they reach the thermosphere. It is also key to note that the primary wave phase speeds seen in the 1/100 amplitude 
case still exceed the theoretical upper limits set in the mesosphere. The horizontal wavelengths also change with 
time due to dispersion of the wave packet.

In the 1/4 amplitude case (Figure 13b), the primary wave spectra is very similar to the full amplitude case but 
with smaller amplitudes. As a result of the smaller amplitudes, the wave become strongly nonlinear and break 
∼10–15 min later than in the full amplitude case. This allows some of the slower phase speed primary waves to 
reach the thermosphere before the wave field becomes nonlinear and breaking occurs. The lower amplitudes of 
the waves in the 1/4 amplitude case mean that self-acceleration and wave-flow interactions are generally weaker. 
The phase speeds for the secondary waves are also similar to the full amplitude case but with a broader range 
(i.e., from the low 200 m/s up to 700 m/s). In this case, the lower end of the secondary phase speed range noted 
in Vadas and Crowley (2010) is present, but is not in the full amplitude case. We note the speed of sound at 

Figure 13.  Slices of the neutral temperature perturbations (zonal-time) at 240 km altitude (a) the 1/100th amplitude case and (b) the 1/4 amplitude case, showing 
primary waves (black dotted), secondary/accelerated (red dotted) waves.
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this altitude is 735 m/s so the fastest waves present are approaching acoustic 
speeds. The eastern most wave in this case has a 700 m/s phase speed (vs. 
630 m/s in the full amplitude simulation), but self-acceleration effects are 
weaker than the full amplitude case. It is therefore suggested that this wave is 
a very fast eastward propagating secondary acoustic-gravity wave that is gen-
erated by primary wave breaking. This case shows some of the complexity 
in identifying strict secondary waves from primary waves or waves that have 
undergone self-acceleration or have be modified by mean flow acceleration 
and momentum deposition into the background flow.

From this comparison, it is clear that the amplitude of the initial source can 
have a significant influence on both (a) the spectra of the waves that are ob-
served in the thermosphere and (b) the strength of nonlinear/self-acceleration 
effects created by that wave spectra. In future, we shall perform a full 3D 
case with the same source. However, even in the smallest amplitude case, fast 
primary wave phase speeds are able to propagate into the thermosphere. This 
comparison also shows how dramatically different the wave field is when 
comparing quasi-linear and fully nonlinear evolution.

4.  Summary and Conclusions
In this study, we used a 2D fully compressible nonlinear model to simulate 
the gravity wave response to a single convective plume and assessed the pri-
mary and secondary gravity wave spectra at F-regions altitudes. The convec-
tive plume had a zonal half width of 6 km and a period of 20 min.

We found that the eastward propagating primary waves break first in the Mesosphere and Lower Thermosphere 
(MLT) ∼45 min after the peak in the latent heat release by the convective plume. The westward primary waves 
break about 15 min later. The breaking and wave dissipation generates secondary westward and eastward prop-
agating acoustic, acoustic-gravity and gravity waves that interact with the primary waves and the mean flow. 
The interaction between the wave packet and the accelerated local flow around the packet can also cause sig-
nificant acceleration of the primary waves which are then shifted to faster phase speeds. However, such effects 
can be reduced in 2.5 and 3D simulations, due to the spatial isolation of wave packets (Dong et al., 2020; Fritts 
et al., 2020).

At 240 km altitude (taken at a proxy for F-region heights), we found that westward propagating primary waves 
had phase speeds ranging from 216 to 319 m/s and dominant horizontal wavelengths ranging from 238 to 262 km 
and inferred periods of ∼13–15 min, while the eastward propagating primary waves had phase speeds ranging 
from 183 to 303 m/s, dominant wavelengths of 173–245 km, and inferred dominant periods of 13–16 min.

Even in this relatively simplified case, delineating the secondary waves from the primary waves and the turbulent 
structure is challenging. The secondary wave spectra is broad and there is an overlap with the primary wave spec-
tra. However, we found that the dominant secondary waves generally had faster phase speeds than the primary 
waves. We identified three particular regions of secondary waves and found that the eastward secondary waves 
had phase speeds from 300 to 630 m/s, dominant wavelengths between 130 and 620 km, implying periods of 
∼10–21 min. Westward propagating secondary waves had phase speeds from 307 to 500 m/s, dominant wave-
lengths between 230 and 312 km, implying periods of ∼11–17 min Table 1 provides a comparison of our the 
range of results with other observational studies.

We also note that the amplitude of the source can dramatically affect the observed phase speed spectra of both 
the primary and secondary waves in the thermosphere. A larger amplitude source tends toward faster primary 
waves, longer dominate wavelengths, and a decrease in the presence of slower secondary waves. This is primarily 
because (a) larger amplitudes of the primary waves in the thermosphere lead to stronger wave-flow interactions 
and self-acceleration which increases the phase speeds of waves even further (b) more energy goes into the fast-
er phase speed modes, and (c) larger amplitude waves obtain saturation and break more rapidly, obscuring the 

Study
Horizontal 

wavelength (km)
Period 
(min)

Phase 
speeds (m/s)

This paper (full amp) 130–620 11–21 183–630

This paper (1/4 amp) 110–570 10–33 150–700

This paper (1/100th amp) 88–343 12–30 82–273

Vadas and Crowley (2010) 100–3,000 15–90 100–650

Vadas et al. (2019) 170–1,850 11–54 245–630

Vadas and Azeem (2021) 100–500 8–40 150–530

Azeem et al. (2017) 150–400 14–30 180–260

Xu et al. (2019) 250–350 15–60 100–200

Chen et al. (2019) 200–450 20–50 120–220

Figueiredo et al. (2018) 452 ± 107 24 ± 4 323± 81

Kotake et al. (2007) 100–350 20–45 60–180

Otsuka et al. (2011) 100–600 N/A 80–180

Paulino et al. (2016) 100–200 10–35 30–180

Chou et al. (2017) 160–270 15–22 161–200

Nicolls et al. (2014) 70–500 25–60𝐴𝐴 𝐴 100–150

Table 1 
Comparison of Traveling Ionospheric Disturbances (TIDs)/Gravity Waves 
(GWs) Parameter Ranges at F Regions Heights
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presence of slower phase speed waves as the wave field becomes strongly turbulent. These results also highlight 
the vast differences in the wave field under quasilinear and fully nonlinear limits.

Theoretical upper limits have been proposed on the gravity wave phase speeds that can pass from the mesosphere 
to the thermosphere and, on that basis, previous research has suggested that observed TIDs with phase speeds 
that exceed this upper limit must result from secondary gravity waves generated by primary wave breaking in the 
thermosphere (Vadas & Azeem, 2021; Vadas & Crowley, 2010; Vadas et al., 2019). Here, we have demonstrated 
that primary waves with phase speeds that exceed this theoretical upper limit can propagate from the source to 
ionospheric heights, consistent with prior predictions by, for example, R. L. Walterscheid and Hecht (2003) and 
Gavrilov and Kshevetskii (2018). These waves have large vertical wavelengths and are able to tunnel through 
large portions of the lower atmosphere and emerge as a propagating wave in the thermosphere. Thus, it cannot 
be reliably assumed that TIDs may be separated as being due to primary or secondary AGWs simply based on 
this proposed upper limit. Nevertheless, secondary waves will tend toward higher phase speeds than the primary 
waves at F-region altitudes.

Data Availability Statement
Simulation data will be made available at https://doi.org/10.528 1/zenodo.5597 891.
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