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Abstract Wwe examine the total electron content (TEC) from GPS receivers over the United States

on March 25-26, 2015. We observe partial to nearly fully concentric rings of traveling ionospheric
disturbances (TIDs) with centers close to deep convection. Many of these TIDs have observed horizontal
phase speeds ¢ > 300 m/s, suggesting they are induced by gravity waves (GWs) created in the
thermosphere. We investigate the largest-amplitude concentric TIDs at 23:00 UT on March 25 and 01:20
UT on March 26. We find that ¢y and the GW period 7, increase linearly with radius and the horizontal
wavelength, Ay, increases quadratically with radius. This is expected if the GWs are excited by point
sources. For these GWs, ¢y = 150-530 m/s, 7, ~ 8-40 min, and Az ~ 100-500 km. Using reverse ray-
tracing, no GW with cy > 200 m/s propagates below z = 100 km, 73% of the GWs in the first case cannot
propagate below z ~ 100 km, all of the GWs in the second case cannot propagate below z ~ 100 km, and
the inferred thermospheric point sources are ~2-4° from deep convection. Because the underlying GWs
are most likely excited by a point source and most must be created in the thermosphere, we find that these
concentric TIDs are most likely induced by GWs generated in the thermosphere, including those with

cy = 150-200 m/s. Their close proximity to deep convection and the TEC map asymmetries suggest these
TIDs are likely induced by secondary GWs from local horizontal body forces created by the dissipation of
primary GWs from deep convection.

1. Introduction

Atmospheric gravity waves (GWs) are excited when deep convective plumes push up into the lower strato-
sphere. Most of these GWs have relatively small phase speeds and large amplitudes, which causes them to
break and dissipate in the stratosphere and mesosphere (Alexander et al., 1995; Choi et al., 2007; Chun &
Kim, 2008; Holton & Alexander, 1999; Lane et al., 2003). However, a small fraction of the GWs have small
amplitudes and large horizontal phase speeds and vertical wavelengths, which allows them to propagate
into the thermosphere (Heale et al., 2014; Hickey et al., 2009; Vadas & Fritts, 2004, 2005, 2006; Vadas &
Liu, 2009). Here, kinematic viscosity is quite important, because it increases approximately exponentially
with altitude (Pitteway & Hines, 1963). This increase creates a situation where GWs with different param-
eters are eliminated by viscosity at different altitudes (Vadas, 2007, 2013). This so-called “dissipative filter-
ing” acts alongside wind filtering to transform and filter spectra of GWs from below (Fritts & Vadas, 2008).
Modeling (Vadas, 2007) and observational (Djuth et al., 1997, 2004; Oliver et al., 1997) studies have shown
that the vertical wavelength A, of the surviving GWs increases approximately exponentially with altitude
up to z ~ 220 km. Above that altitude, 1, is approximately constant or has a weak dependence with altitude
(Nicolls et al., 2014). This may occur because the molecular viscosity u decreases with altitude when the
mean free path becomes a substantial fraction of the density scale height H (Vadas & Crowley, 2017).

Momentum is deposited when primary GWs dissipate in the thermosphere (Vadas & Fritts, 2004, 2005,
2006; Miyoshi & Fujiwara, 2008; Vadas & Becker, 2019; Yigit et al., 2009). Specifically for deep convection,
this process creates local body forces which accelerate the neutral wind in the direction the primary GWs
were propagating, and excites secondary GWs (Vadas et al., 2014; Vadas & Liu, 2009, 2013). These secondary
GWs have a wide range of spectral parameters, with horizontal phase speeds cy ranging from cy ~ 100-
600 m/s (Vadas & Crowley, 2010). Secondary GWs can have intrinsic horizontal phase speeds, ciy, up to 98%
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of the sound speed ¢, (Vadas et al., 2019). Thus, for secondary GWs excited in the thermosphere, ¢y can be
much greater than ~300 m/s because the sound speed is much larger there:

¢ =T, @)

(e.g., Vadas, 2013), where T is the background temperature, r = 8308/Xyw m’s? K™, Xuw is the mean mo-
lecular weight of the particle in the gas (in g/mol), y = C,/C,, and C, and C, are the mean specific heats at
constant pressure and volume, respectively. Xyw decreases from 28.9 to 16 and y increases from 1.4 to 1.67
from the lower atmosphere to the thermosphere (corresponding to the change from diatomic N, and O, to
monatomic O). Thus ¢, increases in the thermosphere because T and y increase and Xy decreases. Fast
secondary GWs from deep convection with ¢y > 300 m/s were seen in modeling studies (Vadas & Liu, 2009,
2013) and in a model/observational study (Vadas & Crowley, 2010). Because such fast GWs usually cannot
propagate below the turbopause (Vadas et al., 2019), their sources must be in the thermosphere. Therefore,
during geomagnetically quiet times, those GWs in the thermosphere with cg > 300 m/s are most likely sec-
ondary GWs created in the thermosphere.

GWs which propagate in the thermosphere can induce traveling ionospheric disturbances (TIDs) via neu-
tral-ion collisions (Hocke & Schlegel, 1996; Nicolls et al., 2014). Although these TIDs appear to be self-prop-
agating, they are not; indeed, if the underlying GW dissipates, the TID will disappear because of the lack
of neutral-ion collisions. Because ions can only move easily along the Earth's magnetic field B, only the
component of the GW's velocity vector along B is relevant to determine its contribution to the amplitude
of the induced TID. Therefore, TIDs induced by GWs are not exact tracers of the GWs. However, their
presence does indicate the existence of underlying GWs, which can be quite useful for diagnosing GWs and
their sources. (Note that the Perkin's Instability creates southwestward-propagating MSTIDs [medium-scale
TIDs] in the Northern Hemisphere [Perkins, 1973; Zhou & Mathews, 2006]; these MSTIDs are often seen in
the nighttime 630 nm airglow and are not related to GWs [e.g., Martinis et al., 2010]).

Nishioka et al. (2013) discovered concentric TIDs in the GPS TEC over the continental United States (CO-
NUS) which were approximately centered on deep convection associated with a tornado in Moore, Okla-
homa on May 20, 2013. The concentric waves were observed for more than 7 h, and were found to have
A ~ 120 km and 7, ~ 13 min, implying ¢y = A/7, = 154 m/s. The authors concluded “This observational
result provides the first clear evidence of a severe meteorological event causing atmospheric waves prop-
agating upward in the upper atmosphere and reaching the ionosphere.” Azeem et al. (2015) found partial
concentric rings in the total electron content (TEC) associated with a storm in Texas. Crowley et al. (2016)
identified TIDs over the CONUS that were associated with the 2011 Tohoku tsunami. Azeem et al. (2017)
showed that the characteristics of these latter TIDs reflected the underlying GW characteristics, and used
reverse ray tracing to identify their source as being the 2011 Tohoku tsunami off the coast of California. Xu
et al. (2019) found partial concentric GWs with A ~ 200-350 km in the stratosphere, mesosphere and ion-
osphere associated with Hurricane Matthew in October 2016. Chou et al. (2017) observed partial concentric
TIDs in the TEC with 4;; ~ 160-200 km, 7, ~ 8-30 min, and ¢y ~ 106-220 m/s from Super Typhoon Meranti
on September 13, 2016.

In this study, we examine the properties of partial to nearly fully concentric rings of TIDs in the GPS TEC
over the CONUS from 22:00 UT on March 25 to 02:00 UT on March 26, 2015. In Section 2, we briefly review
the severe weather conditions reported at that time. We review and derive idealized expressions relating the
parameters of GWs excited by a point source with radius in Section 3. In Section 4, we analyze the GWs on
March 25, and in Section 5, we analyze the GWs on March 26. We reverse ray trace the observed GWs in
Section 6. Section 7 contains our conclusions.

2. Severe Weather Over the CONUS on March 25-26, 2015

On March 25, 2015, the National Weather Service reported: “Severe thunderstorms developed late in the
afternoon on 25 March 2015 near a warm front that had surged north into northeast Oklahoma and north-
west Arkansas. With a highly sheared and unstable air mass in place across the area, discrete supercells
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Figure 1. NOAA/National Weather Service Storm Prediction Center in Norman, Oklahoma map showing the
forecasted weather on 12:49 UT on March 25, 2015 (color contours). The yellow contour indicates where organized
severe thunderstorms may occur, the orange contours indicates where a greater concentration of organized severe
thunderstorms may occur, while the red contours indicate where widespread severe weather may occur (including
tornadoes and severe thunderstorms). The locations where hail, strong winds and tornadoes were reported from 13:00
UT on March 25 to 12:00 UT on March 26 are shown as green dots/black triangles, blue dots/black squares, and red
dots, respectively. From https://www.weather.gov/tsa/weather-event_2015mar25 at the NOAA/Storm Prediction

Center.

were able to develop near the warm front late in the afternoon and into the early evening hours. Several
tornadoes were spawned from the supercells from west of Tulsa, Oklahoma into northwest Arkansas. As the
evening wore on, a cold front surged into the area from the northwest and thunderstorms congealed into a
line along the cold front marching to the south and east during the evening and overnight hours. Many of
the storms became severe producing large hail and damaging winds before exiting southeast Oklahoma and
west-central Arkansas” (from https://www.weather.gov/tsa/weather-event_2015mar25). In addition to the
severe weather, heavy rains caused flooding across northeast Oklahoma and northwest Arkansas. Figure 1
shows the predicted weather issued by the NOAA/Storm Prediction Center at 12:49 UT on March 25, 2015
(or 07:49 local time [LT]), as well as the resultant reports of tornadoes, hail and strong wind during the fol-
lowing 23 h. During this time, there were 8 reports of tornados, 178 reports of large hail and 52 reports of
strong wind. Note that most of the severe weather occurred in Oklahoma, northeastern Arkansas, southern

Missouri, and southeast Nebraska.

3. Gravity Waves Excited by a Point Source

As we see in the next two sections, the concentric GWs that induce the largest-amplitude concentric TIDs
seen during the evening of 25-26 March appear to have been created by point sources. In this section, we
review and derive idealized expressions which relate how the parameters of GWs excited by a point source
vary with radius in an isothermal atmosphere. Note that some of these expressions have been derived and
utilized previously (e.g., Chou et al., 2017; Vadas & Becker, 2019; Vadas et al., 2009).
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Figure 2. Schematic showing the spectrum of GWs created by a point source at zsurc. that are observed as concentric
rings at Zops and foys at the radius R (pink rings). Some GW ray paths are shown as dotted blue lines. The angle from the
vertical for each GW is 1. The GWs at smaller radii have smaller Ay, 71, and ¢, while those at larger radii have larger
A, Tir, and cyy from Equations 4, 8, and 13. GW, gravity wave.

We consider the GWs excited by a point source. If sufficiently far away, the GW field resulting from excita-
tion mechanisms such as a deep convective plume, a local horizontal or vertical body force, or a local heat-
ing can be approximated as a point source of GWs. Note that local horizontal body forces are created from
the dissipation of primary GWs from deep convective plumes (Vadas & Liu, 2009) and orographic forcing
(Vadas & Becker, 2018). These point sources tend to excite rich spectra of GWs with widely varying A;; and
A, (Vadas & Fritts, 2009; Vadas et al., 2003, 2018). If the effects of winds and dissipation are negligible, con-
centric rings of GWs are observed at the observation altitude z,s (Vadas et al., 2009, 2012; Yue et al., 2009).
These rings have cylindrical symmetry for GWs excited by convective plumes, heatings and vertical body
forces (Vadas, 2013; Vadas & Fritts, 2009), and are asymmetric along the horizontal axis of the body force
direction for a local horizontal body force (Vadas et al., 2003, 2018).

In a windless isothermal background atmosphere, the intrinsic period, 71, is related to the buoyancy period,
T = 2 71/Np, via

7, =15 / cosy (2)

(e.g., Vadas et al., 2009), where 1 is the angle spanning the GW propagation direction with the zenith and
Nj is the buoyancy frequency. Figure 2 shows a schematic of several ray paths for GWs excited by a point
source located at Zsource- Concentric rings of GWs are shown as pink lines at the observation altitude z,,s. The
ray paths for GWs with differing angles ¢ are shown as dotted blue lines. At zqs, the radius of each ring is
R. Since

v = tan_l(R / Az), (3)

where Az = Zobs — Zsources then

5 1/2
T, =1Tp {(%) + 1] . 4

Therefore, for GWs excited by a point source, 7, increases linearly with R when R > Az.

In an isothermal, windless atmosphere, the GWs that reach z,,s at the same time t.,; must have the same
vertical group velocity, c,;, of

g =0y, | om ~|A|/ 7. (5)

Here, we have used the dispersion relation for medium-frequency GWs with < 47H of

A
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or Ay =|A|r, /g, (6)

where k, [ and m are the zonal, meridional and vertical wavenumbers, k;; = Vk* + I* is the horizontal
wavenumber, 1y = 27/ky, A, = 27t/m, wy, = 27/1y,, and H is the density scale height. (Note that m and 4, are
negative for upward-propagating GWs here.) From Equations 4 and 5,
) 12
R

Ty = |C

A=

Cez e

Using Equations 4 and 7, Equation 6 becomes

Ay :|c

8z

2
R
Thus, for GWs excited by a point source, I4,| increases linearly in R and Ay increases quadratically in R

when R > Az. The intrinsic horizontal phase speed, cyy,

e = o kg = Ag /Ty, ©)]

also depends on the radius. Here, @, = @, — (klj +1 17) is the intrinsic frequency, w, = 277/7, is the observed

frequency, and U and ¥/ are the zonal and meridional components of the background wind. Since the ob-
served horizontal phase speed is

cy = ky =y /7, (10)
then
e = cy —(k17+n7)/kH =cy - Uy, 11)
where Uy is the component of the wind along the GW propagation direction:

KU+ 1V

= Ucosf + V sin 6. (12)
ky

Un

Here, k = ky; cos 6, | = kg sin 6, and 6 is the angle of the GW's propagation direction (counter-clockwise from
east) when its path is projected onto the horizontal plane. Using Equations 4 and 8, Equation 9 becomes

) 12
i = |ng|[[%j +11 . (13)

Thus, for GWs excited by a point source in an idealized atmosphere, ¢ increases linearly with radius when
R > Az. Figure 2 summarizes the main features of these results.

4. Secondary Gravity Waves on March 25, 2015
4.1. GPS TEC Measurements of TIDs

We use over 4,000 dual-frequency GPS receiver sites in the CONUS to “image” the TIDs above this storm
system. We combine data from these receivers, which have a 30-s cadence, to produce composite maps
of TIDs over the CONUS. We use an elevation mask of 20° to filter out slant TEC measurements at low
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Figure 3. GPS TEC maps over the CONUS on March 25, 2015 at (a) 22:00, (b) 22:30, (c) 22:45, and (d) 23:00 UT. CONUS, continental United States.

elevation angles. We calculate TEC perturbations from the TIDs as follows. We use the pseudorange and
phase measurements of GPS signals at the L1 (1575.42 MHz) and L2 (1227.6 MHz) frequencies to derive
the slant TEC. We convert slant TEC to vertical TEC (VTEC) using the obliquity factor model described by
Kaplan and Hagerty (2006) with the assumption that the ionospheric pierce point altitude is 350 km. We
then compute perturbations in the TEC by detrending the VTEC using a high-pass filter for each GPS sat-
ellite followed by 0.1° X 0.1° binning in latitude and longitude and horizontal smoothing of the resulting
TEC map using a two-dimensional (2D) Gaussian filter with a full width at half maximum of 0.3° in both
dimensions. Note that this analysis scheme has been previously employed to study TIDs in the TEC data
from distributed GPS receivers (Azeem et al., 2017; Nishioka et al., 2013; Tsugawa et al., 2007). Recently, we
added a further processing step to improve the overall image quality of TIDs in the TEC data (Azeem & Bar-
lage, 2017). This image processing step is based on adaptive complex diffusion despeckling filter (Perona &
Malik, 1990). The application of the despeckling filter reduces speckle noise and improves the overall image
quality, thereby improving the detection threshold and making smaller amplitude TIDs more discernible in
the GPS TEC maps.

Figure 3 shows the GPS TEC maps on March 25, 2015 at 22:00, 22:30, 22:45, and 23:00 UT, and Figure 4
shows the maps on March 25 at 23:10, 23:20, 23:30, and 23:40 UT. These maps have 0.1° X 0.1° resolution.
This date occurs during daylight savings time, so the LT in Oklahoma is LT = UT-5 h. Thus, these maps
span 17:00-18:40 LT (5:00-6:40 p.m.) in Oklahoma. Overall, we see many partial and nearly fully concen-
tric rings. The largest-amplitude concentric waves emanate from a region near the intersection of Kansas,
Oklahoma, Missouri, and Arkansas. Smaller-amplitude arcs are visible near and south of the Great Lakes
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Figure 4. GPS TEC maps over the CONUS on March 25, 2015 at (a) 23:10, (b) 23:20, (c) 23:30, and (d) 23:40 UT. CONUS, continental United States.

region, with centers at ~42°N and ~88°W. Intersecting wave fronts create constructive and destructive pat-
terns (e.g., over Lake Michigan and Wisconsin at 22:00 UT, and over Minnesota and Wisconsin at 23:00 UT).
These TIDs are clearly induced by GWs, because TIDs created by the Perkin's instability only propagate
southwestward in the northern hemisphere (e.g., Martinis et al., 2010).

From Figures 3 and 4, the largest-amplitude TIDs propagate westward, southwestward, and southward. We
now investigate if this is due to wind and dissipative (from viscosity) filtering. In the middle and upper ther-
mosphere, the horizontal wind is primarily due to the wind component of the in situ diurnal tide from solar
EUV heating, which creates a southward wind at 01:00-02:00 LT (just after midnight), a westward wind at
07:00-08:00 LT, a northward wind at 13:00-14:00 LT (just after noon), and an eastward wind at 19:00-20:00
LT (Roble & Ridley, 1994). We construct an atmospheric model using temperatures and density from the
empirical NRLMSISE-00 model (Hedin, 1991) and neutral winds from the empirical Horizontal Wind Mod-
el (HWM14; Drob et al., 2015). Figure 5a shows the background wind at 23:00 UT (18:00 LT) at 100° W and
34° N on March 25. At z > 200 km, the wind is approximately eastward, and is northeastward a few hours
earlier (not shown). Therefore, the eastward and northeastward GWs will dissipate from viscosity at lower
altitudes in the thermosphere than the westward and southwestward GWs because they have smaller |4,
and ¢y, and therefore less dissipative filtering (Fritts & Vadas, 2008). This explains the prevalence of west-
ward, southwestward, and southward-propagating GWs in Figures 3 and 4.

‘We now estimate the parameters of the largest-amplitude concentric TIDs. As an initial analysis of the TEC
maps, we use the Fourier transform to compute the periodicities of the largest-amplitude TIDs within the
red box in Figure 6a at 23:12 UT. We find that the GWs which create these TIDs have average values of
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We now determine the observed horizontal phase speed, ¢y, using the sequence of TID images from 23:00
to 23:14 UT, and tracking the time it took these southwestward TIDs to pass through the location marked
by the “X” in Figure 6a (i.e., at 100°W and 34°N). We find that the GWs which created these TIDs have an

average value of

cy =309.1£163m/s

15)

during this time interval. This is consistent with using Equation 10 and the average values of 1 and 7, from
Equation 14. Thus, these GWs have very large values of cy, which likely precludes a source location below

the turbopause.
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Figure 6. (a) GPS TEC map on March 25, 2015 at 23:12 UT. The red box shows the region where the average values of A;; and 7, are calculated and the “X”
shows where cy; is calculated (see text). (b) GPS TEC map on March 25 at 22:40 UT. Green lines show the line of asymmetry in the concentric rings (see text).

4.2. Comparison of TEC Data With GW Point Source Theory

We now investigate how cy depends on the radius R from the center of the TEC rings, which we estimate
to be at 36.75°N and 94.85°W. In Figure 7, we show the TEC perturbations as a function of R at 23:15 to
23:22 UT for the angles 6 = 180°, 190°, and 208° (counter-clockwise from east). Here, we choose a short time
interval when the concentric TIDs have relatively large amplitudes and appear clearly in the TEC maps.
We overlay the radial locations of the largest-amplitude TIDs as functions of time via dashed, slanted lines.
Such an approach has been used in previous studies (Nicolls et al., 2010; Vadas & Becker, 2019; Vadas &
Nicolls, 2009). Note that there are also smaller-amplitude TIDs in Figure 7 which we do not analyze here.
Figure 8 shows the values of ¢y deduced from the slope of these dashed lines as a function of R. Important-
ly, ciy increases approximately linearly with R, and ranges from ¢y ~ 150-370 m/s for R = 400 to 800 km.
Assuming that U and ¥ do not change very much over these values of 8 and R from the location of the point
source, we infer that ¢y also increases approximately linearly with R. Using Equation 13, we conclude that
the GWs in Figure 8 most likely originate from the same point source.

4.3. Possible Source Altitudes for the Concentric GWs

Since the sound speed near the turbopause is ¢; ~ 300 m/s (see Figures 5b), Figure 8 shows that many of
the GWs in the spectrum which create the concentric rings have cj; greater than the value of ¢ near the tur-
bopause. Vadas and Crowley (2010) showed that a GW cannot propagate in an atmosphere if cj; > ¢;. This
makes sense because an internal GW propagates via molecular interactions, and therefore should not be
able to propagate faster than the sound speed. Vadas et al. (2019) further showed that the maximum value
of ¢y that a GW can have (denoted max(cry)) is

2y -1
max(cIH) = 77%. (16)
e
This maximum value occurs for GWs with Ay > 477H and |4,| > 42'H. Below the turbopause, y = 1.4 so
that max(cpy) = 0.9¢,. Atz > 200 km, y = 1.667 so that max(cy) = 0.98¢;. Equation 16 provides a simple way
to estimate regions in the atmosphere where a GW cannot propagate without having to perform ray tracing.

From Figure 5b, the minimum sound speed below the turbopause is near the mesopause: ¢; ~ 270 m/s
at z ~ 98 km. Using Equation 16, a GW can propagate (upward or downward) through this region only if
e < 0.9¢, = 243 m/s. Because {J ~ 10 m / s there from Figure 5a, we infer that westward GWs must there-
fore have ¢y < 233 m/s to propagate through this region.
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Figure 7. The TEC perturbation, dTEC, (in TECU) as a function of the radial distance R from the estimated ring center at 36.75°N and 94.85°W. The results
are shown every minute from 23:15 to 23:22 UT on March 25, 2015, and are offset by 0.04 TECU from top to bottom (solid curves). Dashed, slanted lines trace
the outward motion of the phase lines of the largest-amplitude concentric TIDs in time. (a) 6 = 180°, (b) 6 = 190°, (c) 6 = 208°. TEC, total electron content; TID,

traveling ionospheric disturbance.

Figures 9a and 9b show ¢ / {2— “y_lcs} as functions of ¢y and z for GWs with propagation angles of
e

2y -1
0 = 180° and 208°, respectively, at 23:00 UT on March 25. Here, ¢, / {7—(35
v

tions 11 and 12 using the background atmosphere from Figure 5. From Equation 16, a GW cannot propagate
(without tunelling) for

} is determined from Equa-

_rem 5
24y = leg an

This is shown via the hatched regions in Figure 9. In addition, GWs may not be able to propagate for val-
ues less than one, depending on Ay and 4,. We see that GWs with ¢y > 250-270 m/s cannot propagate
below the turbopause, and that GWs with ¢y ~ 220-250 m/s cannot propagate through the altitude range z
~ 90-110 km without reflecting or tunneling. Therefore, the GWs in Figure 8 with ¢;; > 250-270 m/s must
originate in the thermosphere; therefore, these are not primary GWs from deep convection.

In summary, (1) because cy increases linearly with radius in Figure 8, all of these GWs (i.e., with
cg = 150 — 370 m/s) most likely originate from the same point source; and (2) the GWs in Figure 8 with
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Figure 8. The horizontal phase speed, cy, of the concentric TIDs as a

function of R from the estimated center of 36.75°N and 94.85°W. Here, cy

is deduced from the dashed lines in Figure 7. Filled circles, squares, and
triangles show the results for 6 = 180°, 190°, and 208°, respectively. The
solid line shows the best fit to these data points. Dashed lines show 95%
confidence intervals. TID, traveling ionospheric disturbance.

cy > 250-270 m/s cannot propagate below z ~110 km. Together, these
results imply that all of the GWs in Figure 8, even those with relative-
ly smaller phase speeds of cy =~ 150-270 m/s, are most likely created in
the thermosphere. This is important, because it is generally assumed that
GWs in the F region with ¢y < 250 m/s originate from the lower atmos-
phere (e.g., Hocke & Schlegel, 1996).

4.4. Spectrograms of the Concentric TIDs

We now examine the parameters of the concentric TIDs closely and more
robustly. To estimate the periodicities in a wave packet that is fundamen-
tally nonstationary (time-varying and spatially evolving), we apply dis-
crete wavelet analysis to GPS TEC data and obtain frequency and wave-
length spectra at all-time steps for all latitude and longitude grid points
of the maps. The utilization of the wavelet spectrogram for GPS TEC data
represents a robust method for estimating the periods and horizontal
wavelengths of GW packet components. This wavelet spectrogram meth-
od was used by Azeem et al. (2017) to estimate the periods and horizontal
wavelengths of GW packet components.

We now calculate the spectrogram of the wave periods for the TIDs ob-
served on March 25 at 23:20 UT. 2D TEC perturbations (or TID maps) are
computed at each 30 s time step. To compute the TID wave period spec-
trum, we take the cross-section of concentric rings at the fixed latitude of

36.75°N and apply the wavelet transform on the detrended TEC time series at each longitude grid point be-
tween 70°W and 120°W. Once the wavelet-based time-frequency analysis is completed for all longitude grid
points, we compute the normalized wavelet amplitude at 23:20 UT, which corresponds to a time when clear
concentric rings were observed in the detrended TEC maps. Figure 10a shows the normalized amplitude of
the TID wave period spectrum as a function of longitude. Since 36.75°N is the latitude of the estimated ring
center, these concentric GWs propagate zonally. The periods of the westward-propagating concentric TIDs
are seen to increase approximately linearly with radius, with 7, ~ 8-35 min. The linear dependence of z,
with R is consistent with GWs excited by a point source (assuming an approximately constant background

25 March 2015 at 23 UT

(a) 6=180° (b) 9=208°
400 :I TT | T T | TTT | T T | TTT | T I: 400 :I TT | Ic{gl | TTT | T | TTT | UL I:
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Figure 9. c¢;; / {

ZW/}/—IC:|
y s

6 = 208°. The value “1” is the thick solid line. The hatched regions show where ¢, / {

ey (m/s)

cy (m/s)

2y -1

cj} > 1

as a function of ¢y and z at 23:00 UT on March 25 at 100°W and 34°N. (a) 6 = 180°. (b)
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Figure 10. Spectrograms of the TIDs at 23:20 UT on March 25 at 36.75°N. (a) Spectrogram as a function of period and longitude (colors). The green and white
lines show the observed and intrinsic periods, respectively, for GWs excited by a point source assuming {/ = 35 m /s, Az = 170 km, and 75 = 7 min (see text). (b)
Spectrogram as a function of the horizontal wavelength and longitude (colors). The dot, solid and dash white lines show c,, = 30, 50, and 70 m/s, respectively,
for GWs excited by a point source in an idealized atmosphere using Equation 8 and assuming Az = 170 km and 7z = 7 min (see text). GW, gravity wave; TID,

traveling ionospheric disturbance.

wind), since 7y, increases linearly with R for R > Az (see Equation 4). We now take the background wind

into account.

Figure 11 shows the electron density from the International Reference Ionosphere model at 23:00 UT on
March 25 at 100°W and 34°N. The F-layer spans z ~190-500 km, with a peak at z ~ 270-280 km. From Fig-
ure 5a, J ~ 35m /s at this peak altitude. For westward-propagating GWs there, Uy = —35 m/s. Here, the
minus sign indicates that the wind is opposite to the GW propagation direction. In Figure 10a, we overplot
7;; for a point source located in an isothermal, windless background at 36.75°N and 94.85°W using Equa-
tion 4 (white lines). Here, we choose Az = 170 km and an average 7z = 7 min (see below). To determine z,,

we combine Equations 9-11:

LAT = 34

LON =-100,

500 T

450

Altitude [km]
N w w S
[$)] o [$2] o
= o o | =

S}

o

(=]
T

150

100

0 2 4 6 8 10 12
Ne [m™] x10"

Figure 11. Electron density from the IRI model at 23:00 UT on March 25,
2015 and at 100°W and 34°N. IRL, International Reference Ionosphere.

T, = 1'1,[ —ﬁj (18)

CH

We estimate Equation 18 using the best-fit line for ¢y (as a function of R)
from Figure 8. The green line in Figure 10a shows the estimated 7,. Here,
we choose Az = 170 km and 7z = 7 min in order that the green line agrees
reasonably well with the peak of the spectrogram. Note that the curves
for 7, and 7y, are not best-fit curves, but are intended to illustrate the con-
sistency between the data and idealized point source theory.

Our approach for computing the TID horizontal wavelength spectrum
is similar to that for the wave period. We take the cross-section of con-
centric rings at the fixed latitude of 36.75°N and apply the wavelet trans-
form on the detrended TEC variations along the longitude at each time
step. Each wavelet transform at a fixed UT then yields the spectrum of
the horizontal wavelength as a function of longitude. Once the wavelet
analysis is complete for all UT time steps, we compute the normalized
wavelet amplitude at 23:20 UT. Figure 10b shows the spectrogram as a
function of longitude at 36.75°N. The peak of the spectrogram increases
rapidly with R for the westward-propagating TIDs, consistent with the
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quadratic dependence of A with R for GWs excited by a point source (see Equation 8). These TIDs have 1y
~ 50-400 km. Note that the peak wave values in Figure 10 are consistent with those from Super Typhoon
Meranti (Chou et al., 2017), although the horizontal phase speeds are much larger here (see Figure 8).

We overplot lines of constant vertical group velocity, ¢, in Figure 10b from Equation 8 in order to provide
a consistency check between idealized point source theory with the data, and to allow for a rough estimate
of the source height and vertical group velocity. These curves are not fits to the data, and do not take into
account Doppler shifting due to background winds. (Note that the distinct smaller-amplitude peak at 98°W
may contain GWs from a different source. These GWs are located at R ~ 300 km, and are therefore not tak-
en into account in our ¢y analysis shown in Figures 7 and 8.) Reasonable agreement occurs for ¢z, = 50 m/s.
We roughly estimate an approximate propagation time for GWs created by a thermospheric source to per-
turb the TEC to be

Az
At ~—. (19)
Cz

For these GWs, At ~ 1 h. We note that thermospheric body forces from strong deep convection can occur
at zr ~ 140 km (Vadas & Crowley, 2010). Thus, we roughly estimate that the GWs which perturb the TEC
are located at g ~ zpr + Az ~ 310 km. This is close to the peak in the F-region shown in Figure 11. (Note that
this altitude does not need to agree with the F peak altitude, since these GWs may dissipate from molecular
viscosity at higher altitudes than the F peak).

Because of the proximity of the centers of the TID rings to deep convection (see next paragraph and Fig-
ure 12), it is quite likely that the thermospheric source which created the underlying GWs are local horizon-
tal body forces created by the dissipation of primary GWs from deep convection. Primary GWs from deep
convection take about 1.0-1.5 h to propagate to the thermosphere and create a body force there (Vadas &
Liu, 2009, 2013). Adding this to an estimated At ~ 1 h for the secondary GWs to propagate from their source
to perturbing the TEC, we estimate that the deep convective plumes that created these concentric TIDs via
secondary (or possibly primary) GWs likely overshot the tropopause at 20.75-21.25 UT.

Figure 12a shows the cloud top (brightness) temperatures at 21:00 UT on March 25 over the CONUS. The
coldest pixels indicate those locations where deep convective plumes overshot the tropopause and excited
high-frequency primary GWs. Deep convection occurred over Missouri, Illinois, Oklahoma, Arkansas, and
southern Texas. Figures 12b-12d show the cloud top temperatures every 30 min from 20:00 to 21:30 UT.
During this time, the strongest deep convection shifted from a single area in Missouri to several areas near
the intersection of Missouri, Oklahoma, and Arkansas. This implies that there were often multiple primary
GW sources occurring simultaneously. At 20.83-21.33 UT, there are deep convective plumes within a few
hundred kilometers from the center of the concentric TID rings (i.e., at 36.75°N and 94.85°W). This center
is mainly southwest of the strongest deep convection. This close proximity may seem surprising, since most
of these concentric TIDs appear to be secondary GWs. However, most of the primary GWs from deep con-
vection that create thermospheric body forces have periods of 10-15 min (Vadas & Liu, 2013). From Equa-
tion 2, these GWs propagate quite close to the zenith, and move horizontally the distance

Tl
AL = (Zh/ — ztmp)ri (20)
B

as they propagate from the tropopause at Zy,, to the body force at zys Here, we use

cosy = Az / NAL® + Az* = Az / ALfor AL >> Az, where AZ = Zyf — Ziop here. For GWs with 7, = 10-15 min,
71/ T = 2-3. Setting Zy¢ ~140 km and assuming Zyop =~ 10 km, we obtain

AL = 260 —390km = 2 —4° (21)

for these GWs. This agrees well with our estimate of the center of the concentric rings in the TEC maps.
Thus, we suggest that southwestward primary GWs from deep convection propagated into the thermosphere
and dissipated there, thereby creating southwestward body forces which generated most of the concentric
TIDs seen in Figures 3-4 (after thermospheric wind filtering). This would also explain the asymmetry seen
in these figures (see next section).
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Figure 12. Derived cloud top (brightness) temperature (colors), in (K) on March 25 from GOES satellites. (a) 21:00 UT,
(b) 20:00 UT, (c) 20:30 UT, (d) 21:00 UT, (e) 21:30 UT.

4.5. Asymmetry of the Concentric Rings and Implication for its Source

For most of the maps shown in Figures 3 and 4, there is marked decrease in the amplitudes of the TIDs
propagating northwestward and southeastward at an approximate angle A@ ~ 45° from the east-west line
at 36.75°N. These directions are illustrated at 22:40 UT in Figure 6b with green lines. In addition, the am-
plitudes of the eastward and northeastward GWs are often much larger than the amplitudes of the north-
westward and southeastward GWs (see Figures 3b, 3d,, and 6b). This asymmetry in the circular ring pattern
could be due to (1) wind/dissipative filtering of an initially symmetric GW field; (2) to an asymmetry of the
neutral-ion coupling; or (3) to an initially asymmetric GW field. We now discuss these three possibilities.

First, the neutral wind in the F region is northeastward and eastward at the times of these maps, and would
therefore dissipate northeastward GWs much more than southeastward and northwestward propagating
GWs (Fritts & Vadas, 2008). This is not observed. Therefore, wind/dissipative filtering cannot explain this
asymmetry. Second, although GWs induce TIDs via neutral-ion collisions, the amplitude of a TID depends
on v.B, where v is the GW velocity vector (Nicolls et al., 2014). Thus, if a symmetric concentric GW field
with equal amplitudes at all & propagates within the F region, those GWs propagating geomagnetically
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northward and southward will induce TIDs with larger amplitudes than
those propagating geomagnetically eastward and westward. Figure 13
shows the Earth's magnetic field lines from the International Geomag-
netic Reference Field model. We see that B is roughly geographically
northward over the region of interest. Therefore, neutral-ion coupling
cannot explain this asymmetry either.

Third, we reasoned above that the thermospheric source for most of the
concentric GWs is likely a horizontal body force created by the dissipa-
tion of primary GWs from deep convection. This force creates an asym-
metric GW field such that the GWs have maximum amplitudes along
and against the force direction, and zero amplitudes perpendicular to
the force direction (Vadas et al., 2003, 2018). This agrees well with the
asymmetry seen in Figures 3, 4, and 6. Therefore, this asymmetry is most
likely due to an initially asymmetric GW field from a local horizontal
body force. To create this asymmetry, the body force would need to be
directed ~45° northeastward or ~45° southwestward. In the previous
section, we found that the center of the TID rings is mainly southwest
of the strongest deep convection, thereby implying that southwestward
primary GWs from deep convection created southwestward body forces

Figure 13. Magnetic field B from the IGRF model at z = 300 km on when these GWs dissipated in the thermosphere. Therefore, we suggest
March 25, 2015 (blue vectors). IGRF, International Geomagnetic Reference  that the thermospheric body force which excited most of the largest-am-

Field.

plitude concentric secondary GWs shown in Figure 8 was likely directed
southwestward.

5. Secondary Gravity Waves on March 26, 2015
5.1. GPS TEC Measurements and Comparison With Point Source Theory

Figure 14 shows the GPS TEC maps on March 26, 2015 at 00:55, 01:10, 01:15, and 01:25 UT. Southwestward
and westward-propagating partial concentric rings of TIDs are seen sweeping across the southwestern US.
Figure 15 shows the TEC perturbations from the estimated ring center of 36.15°N and 95.85°W along the
angles 6 = 195°, 205°, 215° and 220° from 01:16 to 01:22 UT. As before, we use a short time interval when
the concentric TIDs have the strongest amplitudes and appear clearly in the TEC maps. The dashed, slanted
lines show the radial locations of the TID wavefronts having the largest amplitudes as functions of time.
Note that there are also smaller-amplitude TIDs in Figure 15 which we do not analyze here. Figure 16 shows
cy deduced from these dashed lines as a function of R. We see that cy increases linearly with R for these
largest-amplitude concentric TIDs, and ranges from cy = 270-530 m/s for R ~ 300 to 800 km. These latter
horizontal phase speeds are extremely large, and preclude their source being below the turbopause (see
Section 4.3). Comparing with Figure 8, the TIDs in Figure 16 have much larger cy for similar radii, thereby
showing that the underlying GWs here have a different source (with different characteristics) than the GWs
shown in Figure 8. Assuming that U and ¥ do not change very much over these values of 8 and R from
the location of the point source, we deduce that cy also increases approximately linearly with R. Thus, we
conclude from Equation 13 that all of the GWs which induced the concentric TIDs seen in Figure 16 likely
originated from the same point source.

5.2. Possible Source Altitudes for the Concentric GWs

We now determine the minimum altitudes that the GWs in Figure 16 can propagate from. Figure 17
shows the background atmosphere at 01:00 UT on March 26. The wind is eastward in the F region, with
U ~50—-90m /s The sound speed is a minimum at z ~ 96 km with ¢; ~270 m/s. Since / ~10m / s at
z =96 km from Figure 17a westward GW needs cy < 233 m/s to propagate through this region. Figures 18a

2y -1
and 18b show ¢ / {}’7%} as functions of cy and z for GWs propagating at 6 = 195° and 6 = 220°, re-
v
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Figure 14. GPS TEC maps over the CONUS on March 26, 2015 at (a) 00:55, (b) 01:10, (c) 01:15, and (d) 01:25 UT. CONUS, continental United States.

spectively. Using Equation 17, we see that a GW with ¢y > 270 m/s cannot propagate below z < 100 km, and
that GWs with cg ~220-270 m/s cannot propagate through z ~90-110 km (without tunneling). Combining
this with the result from Section 5.1, we find that all of the concentric GWs in Figure 16 were most likely
created in the thermosphere, and are therefore likely not primary GWs excited by deep convection.

5.3. Spectrograms of the Concentric TIDs

We now calculate the spectrograms of the TIDs on March 26 at 01:34 UT. Figure 19a shows the spectrogram
as a function of 7, and longitude at 36.75°N. For the westward-propagating concentric TIDs, the peak of the
spectrogram varies approximately linearly with R, with 7, ~10-40 min. This is consistent with the behav-
ior of GWs excited by a point source. From Figures 11 and 17, 7 ~ 80 m / s near the peak of the F region.
Therefore, we estimate Uy = —80 m/s for the westward-propagating TIDs. We also choose Az = 190 km and
73 = 7 min (see below). We overplot 7;, for a point source located at 36.75°N and 94.85°W using Equation 4
in Figure 19a (white line). We estimate 7, from Equation 18, with cy given by the best-fit line in Figure 16.
We overplot 7, in Figure 19a as a green line. Here, we choose Az = 190 km and 73 = 7 min in order that the
green line agrees reasonably well with the peak of the spectrogram. Note that the curves for 7, and 7;, are not
best-fit curves, but are intended to show the consistency between the data and point source theory.

Figure 19b shows the spectrogram as a function of 1y and longitude at 36.75°N. The peak of the spectrogram
increases rapidly with R for the westward TIDs, consistent with the quadratic dependence of Az on R for
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Figure 15. The TEC perturbation, dTEC, (in TECU) as a function of R from the estimated ring center at 36.15°N and 95.85°W along various angles. The results
are shown every minute from 01:16 to 01:22 UT on March 26, 2015, and are offset by 0.04 TECU from top to bottom (solid curves). In addition, solid slant lines
are shown which trace out the outward motion of the phase lines of the largest-amplitude concentric TIDs in time. (a) 6 = 195°. (b) 8 = 205°. (c) 6 = 215°. (d)

0 = 220°. TEC, total electron content; TID, traveling ionospheric disturbance.

GWs excited by a point source (see Equation 8). Typical values for these TIDs are Ay ~100-450 km. We also
overplot lines of constant ¢y, using Equation 8, with Az = 190 km and 7z = 7 min. The curve which shows
good consistency between the idealized theory and data is ¢;, = 40 m/s. From Equation 19, we estimate the
time it takes the GWs created by a thermospheric source to propagate to the F region and perturb the TEC
to be At ~1.3 h. Using zy¢ ~140 km, we estimate that the GWs perturbed the TEC at z ~ zpr + Az ~ 330 km,
which is close to the F-region peak. Using the previous estimate that the primary GWs from deep convection
take about 1.0-1.5 h to create a thermospheric body force, we estimate that the deep convective plumes that
eventually created the secondary GWs in Figures 14-16 (i.e., at 1.25-1.5 UT) likely occurred at 22.5-23.2
UT on March 25.

Figure 20a shows the cloud top temperatures at 23:00 UT on March 26 over the CONUS. This deep convec-
tion is stronger than a few hours earlier, and occurred over Missouri, Nebraska, Oklahoma, and Arkansas.
Figures 20b-20d show the cloud top temperatures from 22:00 to 23:30 UT every 30 min. At 22.5-23.2 UT,
there are deep convective plumes within a few hundred kilometers from the center of the concentric TID
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from deep convection. This implies that the most likely source of the con-
500 centric secondary GWs in Figure 16 are southwestward thermospheric
body forces created by the dissipation of southwestward-propagating pri-

2 430 mary GWs from deep convection.

&
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6. Source Estimation via Reverse Ray Tracing

We now ray trace the GWs observed on March 25-26. The ray trace model
we use here includes temporally and spatially varying background wind
and temperature, kinematic viscosity, and thermal diffusivity in the ther-

Radial Distance [km]

mosphere (Vadas & Fritts, 2005), and a varying molecular viscosity u with
height above z > 220 km (Vadas & Crowley, 2017; Vadas et al., 2019). We
choose a Prandtl number of Pr = 0.62. We select 11 GWs launched at

600 700 800 900

Figure 16. The horizontal phase speed, ¢y, of the TIDs as a function of R 23.33 UT on March 25 and 11 GWs launched at 1.567 UT on March 26.
from the estimated ring center at 36.15°N and 95.85°W. Here, ¢y is deduced ~ Each set of 11 GWs are equally spaced from R = 440 km (on March 25)
from the dashed lines in Figure 15. Filled circles, squares, triangles and and R = 300 km (on March 26) to R = 800 km, in accordance with the

asterisks show the results for 6 = 195°, 205°, 215°, and 220°, respectively.
The black line shows the best fit to these data points. Dashed lines show
95% confidence intervals. TID, traveling ionospheric disturbance.

data shown in Figures 8 and 16, respectively. For each radius, we deter-
mine cy from the best-fit lines from Figures 8 and 16 on March 25 and 26,
respectively. We estimate Ay from the solid white curves in Figures 10b
and 19b. We estimate the observed period from Equation 10: 7, = Ay/cy.
For consistency with the GW dispersion relation used in the ray trace
model, Ay, 4,, and 7, are then iterated so they satisfy the anelastic dissipative GW dispersion relation while
keeping cy constant. The propagation angles are chosen randomly from 6 = 180-220° with respect to the
estimated ring centers of 36.75°N and 94.85°W for March 25 and 36.15°N and 95.85°W for March 26. The
GWs are launched at z = 300 km.

Figure 21a shows the reverse ray trace results as functions of z and time for the case on March 25. Each
GW's source can be located anywhere along its reverse ray trace “line.” The colored dot shows the mini-
mum possible altitude for each GW, which ranges from 0 to 115 km. We see that 8 out of the 11 (or 73%) of
the GWs could not have been created below z = 100 km. Since all of the GWs most likely originated from
the same source (see Figure 8), we conclude that all of the GWs in Figure 21a most likely originated above
z> 100 km.

Figure 21a also shows the forward ray trace results. A square shows where each GW's vertical flux of

horizontal momentum (per unit mass), uj,w’, is maximum (called “z4s"). Above this altitude, u},w' de-
creases rapidly because of viscosity (Vadas, 2007). Most of the GWs have their maximum amplitudes near
zZ =300 km.

Figures 21b and 21c show the same results as in Figure 21a, except as a function of cy versus z and ¢y versus
z, respectively. It is clear that none of the GWs with ¢y > 200 m/s can propagate from below the turbopause
into the thermosphere.

Figure 21d shows the reverse ray trace results on a U.S. map. The starting location for each GW is denoted
by an asterisk. Each GW's source is located anywhere along its colored line. The colored dots correspond to
the same times/locations as the colored dots in Figures 21a-21c, which indicates the location where each
GW could have had its minimum altitude. Most of the lines converge near the intersection of Missouri, Ne-
braska, Oklahoma, and Arkansas, at the location 95.85°W and 36.9°N (triangle). This is close to the inferred
TID ring center (diamond). From Figure 12 the strongest deep convection occurs at 92-95°W and 36-39°N
on March 25. Therefore, the approximate location of the thermospheric source at ~95.85°W and ~36.9°N is
several hundred kilometers, or ~2-4° from the strongest deep convection. This is consistent with the close
proximity of thermospheric body forces to deep convection (see Equations 20 and 21).
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Figure 17. Same as in Figure 5 but for 01:00 UT on March 26.
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Figure 18. Same as in Figure 9 but for 01:00 UT on March 26 and for (a) 6 = 195° and (b) 6 = 220°.
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Figure 19. Spectrograms of the TIDs at 01:34 UT on March 26 at 36.75°N. (a) Spectrogram as a function of period and longitude (colors). The green and white
lines show the observed and intrinsic periods, respectively, for GWs excited by a point source assuming / = 80 m / s, Az = 190 km, and 3 = 7 min (see text). (b)
Spectrogram as a function of the horizontal wavelength and longitude (colors). The dot, dash and solid white lines show ¢, = 20, 30, and 40 m/s, respectively,
for GWs excited by a point source in an idealized atmosphere using Equation 8 and assuming Az = 190 km and 7z = 7 min (see text). GW, gravity wave; TID,

traveling ionospheric disturbance.

Figure 22 shows the ray trace results for the case on March 26. The minimum possible altitudes range from
110 to 140 km. Therefore, none of the GWs could have been created below z = 110 km; we conclude that
all of the GWs for this case originated in the thermosphere. In Figure 22d, most of the lines converge near
the intersection of Nebraska and Oklahoma, at the location 96.75°W and 36.75°N (triangle). This is close to
the inferred TID ring center (diamond). From Figure 20 the strongest deep convection occurs at 92-95°W
and 36-38°N on March 26. Therefore, the approximate location of the thermospheric source at 96.75°W and
36.75°N is ~2-4° from the strongest deep convection, consistent with the close proximity of thermospheric
body forces to deep convection.

7. Conclusions

In this study, we examined two cases separated by a few hours in the GPS TEC data over the CONUS at
approximately ~23:00 UT on March 25 and at ~01:20 UT on March 26, 2015. For these cases, (1) partial to
nearly fully concentric rings that spanned up to ~330° in azimuth were seen; (2) the apparent centers of
the rings were close to regions of strong deep convection; and (3) some of the concentric TIDs had observed
horizontal phase speeds of cg > 300 m/s. Because of the fast horizontal phase speeds, we investigated if
some of these concentric TIDs could be induced by secondary GWs from deep convection. For these cases,
we found that ¢y increased linearly with radius R from the inferred center of the rings, with ¢y = 150-
370 m/s and ¢y = 270-530 m/s on March 25 and 26, respectively. We also found that the inferred GW period,
7., increased roughly linearly with R, with 7, ~ 8-40 min. Finally, we found that the horizontal wavelength,
Ay, increased approximately quadratically with R, with Ay ~100-500 km. These results are consistent with
the GWs for each case being created by a single point source.

Using reverse ray tracing, we found that those concentric GWs with ¢ > 200 m/s could not have propagated
below z = 100 km, because the sound speed is too small below the turbopause. This is because the maxi-
mum intrinsic horizontal phase speed a GW can have is 90% c; below the turbopause. We found that for the
case on March 25, ~73% of the underlying GWs could not have propagated below z ~100 km and therefore
must have been created at z > 100 km. For the case on March 26, none of the underlying GWs could have
propagated below z < 110 km and therefore must have been created in the thermosphere. We also found
that the reverse ray-traced GWs converged (backwards in time) to a point ~2-4° from the centers of the
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Figure 20. Derived cloud top (brightness) temperature (colors, in (K) on March 25 from GOES satellites. (a) 23:00 UT,
(b) 22:00 UT, (c) 22:30 UT, (d) 23:00 UT, () 23:30 UT.

strongest deep convection for both cases. Combining these results, we conclude that for each case, all of the
concentric GWs (even those with ¢y ~ 150-200 m/s) were most likely created from the same “point” source
in the thermosphere, and that these sources were most likely local horizontal body forces created from the
dissipation of high-frequency primary GWs from deep convection. Therefore, we conclude that the concen-
tric GWs that induced the concentric TIDs were most likely secondary GWs from deep convection. In order
to prove definitively that the GWs with ¢y ~ 150-200 m/s (~14% of the GWs studied here) were created in
the thermosphere, detailed forward modeling studies would need to be performed. Such studies are out of
the scope of the present paper.

Because of the close proximity of the centers of the concentric GW rings with strong deep convection (~2-
4°), one could easily mistakenly assume that these concentric GWs are primary GWs excited by deep con-
vection (which is also possible). This is why it is important to carefully analyze the TID wavefronts, as was
done in Figures 7, 8, 15, and 16.

Finally, our result implies that the horizontal phase speeds for the spectra of primary and secondary GWs
from deep convection most likely overlap for c¢;; ~100-200 m/s. This overlap was noted previously by Vadas

VADAS AND AZEEM

21 of 25



A~
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028275

(a) (b)

300 ET AT T I ] g T i
F 3 3 in
250 -] 250 =
~ 200F 3 ~ 200F g 10
E E j € 3 E
< 1s0F 9 < 150F =
N F qw 3 ER
100 = 100 -3 ||
50 4 sof =L
0 E 3 0 = = ||
14 18 24 50 100 150 200 250 300 350 4000
(C) t (hrs) cy (m/s)
300:_ ................ Hl | __ 6 ]
250 F- 3
F 3 5 [
~ 200 —
g E E
< 150 - 4
N C \‘« 3
100 f“" =
: 3 3
50 F })\ 3
C < = e
0 of 2

[*))
(=)
—

e
P~ =
i

e ———LTe

Figure 21. Ray trace results for 11 GWs launched at 23.33 UT on March 25 at z = 300 km. The color shows the GW

#. (a) z versus time. The source of each GW is located anywhere along its colored line before launch. The colored dots
indicate the minimum possible altitudes that each GW can propagate. The dotted line shows z = 300 km, and the
colored squares show zgs. (b and c) Same as in (a), but for ¢y versus z and cyy versus z, respectively. (d) Reverse ray
trace results for each GW. The asterisks show the launch locations at z = 300 km. The source of each GW is located
anywhere along its colored line. The colored dots show the locations of the minimum possible altitudes (identical to the
colored dots in a—c). The triangle is at 95.85°W and 36.9°N. The diamond shows the center of the concentric TIDs. GW,
gravity wave; TID, traveling ionospheric disturbance.

and Crowley (2010), who found that the secondary GWs from deep convection had cyg ~100-600 m/s. A fu-
ture study will (forward) model the primary and secondary GWs from deep convection that occurred during
this and/or other events, and will compare the results with TEC observations.
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