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Atmospheric Gravity Waves (AGWs) excited by meteorological sources are one of the prominent sources of variability in the ionosphere. Partially-concentric Traveling Ionospheric Disturbances (TIDs) associated with AGWs launched by convective storms have been reported in Total Electron Content (TEC) data from distributed networks of Global Navigation Satellite System (GNSS) receivers. In this paper, TEC data from GNSS receivers in the COntiguous United States (CONUS) are presented to examine AGWs in the ionosphere generated by a convective thunderstorm on April 28, 2014 over Mississippi (MS) and Tennessee (TN). Our analysis of the TID perturbations in the TEC data shows zonal asymmetry of the wave frequencies. This spectral asymmetry is examined to determine the effects of the background neutral wind on the intrinsic periods of the underlying AGWs. This work shows that if the relative motion of the TID wavefronts and the background neutral wind is in the opposite direction, the intrinsic periods will decrease and if they both travel in the same direction, the intrinsic periods will increase. Furthermore, our results show that the characteristics of the TIDs observed on April 28, 2014 in the TEC over CONUS are consistent with those of underlying AGWs being excited by a point source, such as a deep convection system.
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INTRODUCTION
It is now generally well accepted that convective storms in the lower atmosphere generate upward traveling atmospheric gravity waves (AGWs) affecting all altitudes between the troposphere and the ionosphere. Therefore, there has been a growing interest in examining the details of atmosphere-ionosphere coupling via AGWs, such as whether the AGWs observed in the thermosphere/ionosphere are primary, secondary, or tertiary waves, what are their genesis mechanisms, and how far into the upper atmosphere can they propagate. These AGWs are an obvious pathway by which the ionosphere and thermosphere are coupled to the troposphere. Because their amplitudes grow exponentially with altitude, those AGWs with large amplitudes break near the mesopause. This causes the mesospheric jets to decelerate and drives the mesosphere away from radiative equilibrium (e.g., Fritts and Alexander, 2003). Wave-breaking excites small-scale, secondary gravity waves (e.g., Bacmeister and Schoeberl, 1989; Taylor and Hapgood, 1990; Walterscheid and Schubert, 1990; Taylor et al., 1995; Fritts et al., 1998; Franke and Robinson, 1999; Holton and Alexander, 1999; Liu et al., 1999; Nakamura et al., 1999; Satomura and Sato, 1999; Yamada et al., 2001; Fritts et al., 2002; Hecht, 2004; Li et al., 2005). These waves are easily ducted (Isler et al., 1997; Hecht et al., 2001; Pautet et al., 2005; Snively et al., 2007). It also results in the deposition of momentum into the background fluid (Yamada et al., 2001; Fritts et al., 2006), which creates momentum flux divergences (i.e. horizontal accelerations) in the direction of wave propagation. These divergences are highly intermittent and variable (Hecht et al., 1997; Yamada et al., 2001; Fritts et al., 2002; Vadas et al., 2003; Fritts et al., 2006). Such forces excite upward and downward propagating “secondary” gravity waves (Dickinson, 1969; Zhu and Holton, 1987; Fritts and Luo, 1992; Luo and Fritts, 1993; Medvedev and Gavrilov, 1995; Vadas and Fritts, 2001; Vadas and Fritts, 2002; Vadas et al., 2003; Vadas, 2013). Although most primary gravity waves from deep convection break or dissipate in the lower atmosphere, those primary gravity waves with intrinsic phase speeds cIH > 100 m/s can propagate into the thermosphere and ionosphere (Vadas, 2007; Vadas and Crowley, 2010).
AGWs generated by thunderstorms have been observed in the mesosphere (Taylor and Hapgood, 1988; Yue et al., 2009; Vadas et al., 2012; Miller et al., 2015) and ionosphere (Vadas and Crowley, 2010; Nishioka et al., 2013; Azeem et al., 2015; Azeem et al., 2017; Lay et al., 2015). These severe storms act like point sources for the excitation of AGWs, which then propagate horizontally and vertically from their sources. In a windless isothermal background atmosphere, AGWs with shorter periods and slower phase speeds travel more obliquely relative to the zenith direction than the longer period and faster waves (Fritts and Alexander, 2003; Yue et al., 2013; Vadas and Azeem, 2021). As a result, these AGWs exhibit conically shaped phase progression as a function of altitude when propagating through a medium with small or zero background winds. When these features are viewed in the zenith, such as from a ground-based imager (Yue et al., 2009) or in nadir, such as a satellite (Azeem et al., 2015; Miller et al., 2015), they appear as circular rings traveling outward away from the center of the cone. The background neutral wind can distort the shape of the concentric AGWs via filtering effect causing them to appear as partial circular rings (Yue et al., 2009; Azeem et al., 2015).
With the proliferation of GNSS receivers worldwide, these convectively generated AGWs have been observed in Total Electron Content (TEC) data via their signatures in the ionosphere (e.g. Tsugawa et al., 2007; Nishioka et al., 2013; Azeem et al., 2015; Azeem et al., 2017). At ionospheric heights, AGWs manifest themselves as oscillations of the electron density in the ionosphere, resulting in a Traveling Ionospheric Disturbance (TID). TIDs are perturbations in the ionospheric electron densities that are caused by AGWs via ion-neutral collisions as the AGWs propagate in the thermosphere/ionosphere (Hooke, 1968; Bowman, 1990; Hocke and Schlegel, 1996). In recent years, TEC data from densely distributed GNSS receiver networks in the COntiguous United States (CONUS) have been used to create digital renderings of partially concentric TIDs caused by convectively generated AGWs (Nishioka et al., 2013; Azeem et al., 2015; Azeem and Barlage, 2017; Azeem et al., 2017; Vadas and Azeem, 2021). These TID images created by combining TEC data from distributed GNSS receivers provide details of the horizontal morphology of TIDs at all local times as well as their temporal evolution. The TEC-derived observations of TIDs can determine critical wave parameters of the underlying AGW packets, such as their horizontal phase speeds, horizontal wavelengths, and periods. Vadas and Azeem (2021) further showed that these TID images can be spectrally analyzed to provide insights into their propagation characteristics and elucidate potential sources of the underlying AGWs.
The impact of neutral wind filtering on TIDs has been addressed by various studies, e.g. Kalikhman, 1980; Waldock and Jones, 1986; Crowley et al., 1987; Vadas and Azeem, 2021. These studies show that when the phase velocity vectors of the TIDs are opposite to the direction of the background neutral wind they do not experience wind filtering which then leads to the azimuthal preferences in TID propagation. This wind filtering is particularly evident in TIDs associated with convective storms. Partially concentric TIDs, such as those presented by Nishioka et al. (2013), Azeem et al. (2015), and Vadas and Azeem (2021), are subjected to this wind filtering. The background neutral wind causes a segment of the ring structure to experience more dissipation at a lower altitude and resulting in the partially concentric structure of the TIDs. However, the impact of background neutral winds on the TID periods has not been adequately addressed in the literature. In this paper, we use GNSS receivers distributed throughout the CONUS to identify and “image” TIDs excited by a convective storm system on April 28, 2014. We analyze the 2D spatial maps of GPS TEC perturbations to calculate TID parameters, including horizontal wavelengths, phase speeds, and periods. We show that the TID spectrum is zonally asymmetric due to Doppler shifting by the background neutral wind. We compare the TEC data with the AGWs dispersion relationship (Vadas and Azeem, 2021) to illustrate consistency between the data and idealized point source theory. The paper is organized as follows: Materials and Methods Section describes the analysis of GPS TEC data for creating TID maps over CONUS, Results Section presents the results of the present study, and Discussion and Conclusion Section provides a discussion of these results in the context of AGWs theory.
MATERIALS AND METHODS
We use GPS TEC data from ∼4,000 sites in the CONUS to image the TIDs on April 28, 2014. The detailed methodology of generating these TID maps can be found in Azeem et al. (2015) and Azeem and Barlage (2017). Since TEC is a line integrated quantity weighted by the maximum ionospheric density, these TIDs in GNSS data are assumed to be representative of the underlying gravity waves at the F2 peak altitude (between ∼250 and ∼300 km). Figure 1 shows electron density profiles computed using the International Reference Ionosphere (IRI) model (Bilitza et al., 2012) in the vicinity of the TIDs to determine the F2 peak height. IRI electron density profiles were computed for 34°N, 89.6°W on April 28, 2014. This location corresponds to the center of the TIDs seen in ground-based TEC data. The figure shows three profiles between 20 and 22 UT, which were closest in time to the observed TIDs. These IRI profiles represent the ionospheric vertical structure in the region where the TIDs on April 28, 2014 were observed. From the profiles in Figure 1, we see that the peak altitude of theF2 peak (or hmF2) is located near 300 km. We use this value of hmF2 in converting slant TEC to vertical TEC and for computing the intrinsic periods of the AGWs.
[image: Figure 1]FIGURE 1 | (a) IRI model electron density profiles at 33.9°N, 89.6°W on April 28, 2014 from 20 to 22 UT showing the height of the F2 peak.
RESULTS
In this study, we present a case study of convectively generated AGWs and present their TID signatures in the GPS TEC data over the CONUS. We will show that these TIDs, associated with the convective storm, are spectrally asymmetric and that this behavior results from the Doppler shifting of the underlying AGWs due to the background neutral wind.
Convective Storm on April 28, 2014
On April 28, 2014, a series of supercell storms developed over Mississippi (MS) and Tennessee (TN), producing severe weather in the region and several tornadoes. Around the same time, the National Weather Service Storm Prediction Center reported severe storm activity in the South-Central U.S, including several tornados. Figure 2 shows the GOES satellite imagery of the convective storms over MS/TN at 19:15 UTC on April 28, 2014. This image shows anvil clouds generated by a deep convective system over MS/TN. Brightness temperatures above these overshooting tops were close to 200 K (see Figure 3), well below the climatological zonal-mean tropopause temperature of 210–215 K (Hoffmann et al., 2013), implying deep convection overshooting the tropopause in this region. The presence of convective cloud tops in GOES visible images and associated cold temperatures in the GOE IR data present strong evidence that a powerful convective storm was present over MS/TN in the afternoon sector (CST) on April 28, 2014.
[image: Figure 2]FIGURE 2 | GOES image showing overshooting cloud tops near MS/TN at 19:15 UTC (13:15 CST) during the development of a convective system on April 28, 2014. [After https://www2.mmm.ucar.edu/imagearchive/].
[image: Figure 3]FIGURE 3 | GOES satellite infrared (IR) observations showing convective storms over MS and TN on April 28, 2014 at 19:15 UTC. The temperature scale is in°C. [After https://www2.mmm.ucar.edu/imagearchive/].
Traveling Ionospheric Disturbances in GPS Total Electron Content Measurements
Figure 4 shows the GPS TEC maps on April 28, 2014 at 19:30, 20:00, 20:30, and 21:00 UT. Similar maps were generated, but not shown here, for the entire day at a cadence of 30 s. These maps have a resolution of 0.1 in latitude and longitude. Radially propagating concentric rings are seen extending 1,400 km from the center of the TIDs. This sequence of images reveals the concentric TIDs in the TEC data in the proximity of the storm center. The center of these centric TIDs is located at 33.9°N, 89.6°W. The wave-like perturbations have horizontal wavelengths between 100 and 200 km and propagate away from the center with horizontal phase speeds ranging from 200 to 300 m/s. An animation of these TIDs is included as Supplementary Video 1. The magnitudes of the TEC perturbations were between 0.1 and 0.2 TECU (1 TECU = 1016 electrons/m2).
[image: Figure 4]FIGURE 4 | Maps of GPS-derived TEC perturbations showing concentric wavefronts on April 28, 2014 at (A) 20:00 UTC, (B) 20:00 UTC, (C) 20:30 UTC, and (D) 21:00 UTC emanating from the convective storm system centered over MS/TN.
Next, we examine the parameters of the concentric TIDs shown in Figure 4. Using wavelet analysis of the GPS TEC data we obtain their spectrograms and estimate the periodicities and horizontal wavelengths of the TID wave packet. This wavelet spectrogram method was previously used by Azeem et al. (2017) to estimate the periods and horizontal wavelengths of the TIDs in the GPS TEC data. Figure 5 shows the normalized wavelet power spectrum of the TIDs as a function of period and longitude at 33.9° N (the latitude of the center of concentric rings). The white and green lines in the figure show the calculated values of the observed periods (τr) in a windless isothermal background atmosphere and the intrinsic AGW periods (τΙr), respectively, as defined in Vadas and Azeem (2021). We use the Horizontal Wind Model (HWM14) (Drob et al., 2015) to calculate the background neutral winds (UH) at 300 km altitude (the F2 peak height from Figure 1). The HWM zonal and meridional winds near the center of the TIDs are shown in Figure 6 as a function of altitude and UT. The model shows an eastward peak in the wind at F-region altitudes between 0 and 3 UT and a westward jet between 11 and 15 UT. The HWM zonal wind near 21 UT is close to 30 m/s.
[image: Figure 5]FIGURE 5 | Wavelet spectrograms of the TIDs at 21:08:00 UT on April 28, 2014 at 33.9°N as a function of longitude. The contour lines represent the normalized wavelet power (Pn), which is defined here as the ratio of the wavelet power computed at each longitude and period grid point and the maximum wavelet power. The white and green lines show the observed and intrinsic (Doppler shifted) periods, respectively, for AGWs excited by a point source assuming U = 30 m/s, Δz = 270 km, and τB = 11 min.
[image: Figure 6]FIGURE 6 | Altitude-latitude cross-section of the HWM zonal wind near the location of the center of the TIDs in Figure 4 on April 28, 2014.
We choose Δz = 270 km and τB = 11 min and use UH = 30 m/s so that the white line agrees reasonably well with the peak of the spectrogram. Here, Δz is the altitude difference between the assumed AGW point source and the observation location, τB is the buoyancy period, and UH is the component of the neutral wind along the AGW propagation direction. Since 33.9°N is the latitude of the estimated ring center, this spectrogram represents TIDs that propagate zonally outward from the center. The periods of the eastward and westward propagating concentric TIDs are seen to increase approximately linearly with longitude, with τr ∼ 10–35 min. The linear dependence of the TID periods in the spectrogram with the radial distance (R) from the center is consistent with the theoretical estimates of AGWs (τr) and illustrates the consistency between the data and idealized point source theory. The zonal asymmetry in the spectrogram is evident in the figure. This asymmetry, as we discuss below, is due to the background neutral wind, which leads to a Doppler shift. We consider idealized expressions of AGWs excited by a point source to gain insights into the Doppler shifting of the TIDs, which are discussed in the following section.
DISCUSSION AND CONCLUSION
The concentric TIDs shown in Figure 4 are likely induced by AGWs generated by a point source (Vadas and Azeem, 2021). The point source tends to excite rich spectra of AGWs with widely varying horizontal and vertical wavelengths (Vadas et al., 2003; Vadas et al., 2018). If the effects of winds and dissipation are negligible, concentric rings of AGWs are observed at the observation altitude (Yue et al., 2009; Vadas and Azeem, 2021). In a windless isothermal background atmosphere, the intrinsic period, τIr, from the Boussinesq relation can be expressed as follows:
[image: image]
where ψ is the angle between the wave vector and the local zenith and τB is the buoyancy period. For a zero wind case, the intrinsic wave period is the same as the observed period (τr). If we assume that the AGWs are excited by a point source at altitude zsource and the observation height is located at zobs, then the angle of AGW propagation can be expressed in terms of the radius (R) of each circular wavefront by the following equation.
[image: image]
Here, [image: image]. Furthermore, the following relationship also holds for the angle of propagation of an AGW:
[image: image]
From Eq. 3, we can express [image: image] as:
[image: image]
We note here that Eq. 4 assumes that the background winds are zero, and the atmosphere is isothermal (Yue et al., 2009). Therefore, for an AGW excited by a point source, τr increases linearly with R when R ≫ Δz. This is shown in Figure 5 by the white solid line. Now, in presence of the background neutral wind, [image: image] is related to the observed period ([image: image] by the following equation:
[image: image]
where UH is the component of the neutral wind along the AGW propagation direction and cH is the horizontal phase speed. By tracking TID wavefronts in a sequence of TID images between 22:30:00 UT and 22:50:00 UT, we estimate the value of cH. We find that the AGWs which created these TIDs have an average horizontal phase speed of cH = 270 m/s. From Figure 6, we see that UH is in the same direction as the eastward propagating AGWs while the westward propagating AGWs travel opposite to UH. This difference in the relative motion between the AGWs and the background winds creates the spectral asymmetry seen in the TIDs. Vadas et al. (2009) simulated the effects of background winds on convectively generated AGWs and showed that the Doppler shifting of AGWs prevents propagation of a subset of frequencies to higher altitudes causing “distortion” (zonally asymmetry) in the concentric ring pattern of the AGWs. In Figure 5, the intrinsic period curve for the eastward propagating portion of the TIDs is Doppler shifted to longer periods while the TIDs propagating westward and against the zonal wind are Doppler shifted to shorter intrinsic periods.
Medium-scale TIDs with horizontal phase speeds of cH ∼< 250–270 ms−1 and periods τr < 1 h are believed to originate in the lower atmosphere (Georges, 1968; Waldock and Jones, 1986; Crowley et al., 1987; Ogawa et al., 1987). Although most primary AGWs from deep convection break or dissipate in the lower atmosphere, those primary AGWs with intrinsic phase speeds cH > 100 m/s can propagate into the thermosphere (Vadas, 2007). In contrast, secondary AGWs have horizontal phase speeds ranging from ∼100–∼600 m/s (Vadas and Azeem, 2021). The intrinsic horizontal phase speeds of these secondary AGWs can be up to 98% of the sound speed (Vadas et al., 2019). Thus for secondary AGWs that reach ionospheric heights, their intrinsic horizontal phase speeds can be much greater than ∼300 m/s because the sound speed is much larger in the ionosphere-thermosphere region. In our case study, the horizontal phase velocity of the observed TIDs (∼270 m/s) is not fast enough to state with certainty whether the concentric wave pattern seen in the TEC data is due to the presence of primary or secondary AGWs. To ascertain the nature (primary, secondary, tertiary, etc.) of these AGWs requires reverse ray tracing, which is not performed in this study and is beyond the scope of this work. Nonetheless, the findings presented in this study apply to all TIDs associated with convective storms, regardless of whether the underlying AGWs are primary or secondary waves.
In this study, we examined the effects of neutral winds on the TID periods. We used TID images over the CONUS to compute a wavelet spectrum and elucidate its asymmetry as a function of the zonal distance from the center of the concentric wavefronts. The results show that if the relative motion of the AGWs and the background neutral wind is in the opposite direction, the intrinsic periods of the TIDs are Doppler shifted to shorter periods (intrinsic frequency will increase) and if both the AGWs and background winds are in the same direction, the Doppler shifting causes the observed periods to be longer (intrinsic frequency will decrease). Furthermore, our results show that the observed TID characteristics are consistent with the underlying AGWs being excited by point sources.
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