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Abstract We present observations of very short period (<5 min) wavy fluctuations (WFs) in the lower
ionosphere (75–85 km) on the night of 21 January 2016, using subionospherically propagating very low
frequency signals. Four out of six transmitter signals recorded by the very low frequency/low frequency
receiver at the Pisgah Astronomical Research Institute showed WFs simultaneously. However, their time of
occurrence and intensities were different. Power spectral analysis indicates a period of ~3–4 mins, largely
associated with the two regions of strong convective and lightning activity in the lower troposphere.
Background wind (at ~15 and 80 km) direction shows westward propagation, suggesting important role of
the convective storm located east of Pisgah Astronomical Research Institute. The GPS total electron
content analysis also divulges similar WFs at upper ionospheric altitude (~300 km) on the GPS total electron
content stations around the two storms. The observational analysis suggests atmospheric gravity waves from
the convective regions propagate upward up into the ionospheric altitudes. Hence, the present study
reinforces the strong coupling of troposphere and ionosphere through the convectively generated very short
period waves.

1. Introduction

It is known that atmospheric gravity waves (AGWs) play a vital role in shaping the structure and dynamics of
the lower, middle, and upper atmosphere (Fritts & Alexander, 2003; Hines, 1960; Jones et al., 1997). Short
period (<5 min) gravity waves with large horizontal phase speeds reach higher altitudes without being fil-
tered by the background winds and have potential to transfer large amount of energy and momentum to
the upper atmosphere, thus influencing the local dynamics (Garcia & Solomon, 1985; Hines, 1960; Miller
et al., 2015; Nina & Čadež, 2013; Niranjan Kumar et al., 2012). The major sources of AGWs include the dyna-
mical and convective instabilities caused by large wind shears and moist convection in the troposphere,
atmospheric frontal systems, topography, earthquakes, volcanic eruptions, solar eclipse, and geomagnetic
disturbances (e.g., Alexander & Teitelbaum, 2007, 2011; Durran, 1986; John & Kumar, 2013; Kumar, 2006;
Niranjan Kumar et al., 2012).

Earlier studies have emphatically shown that the gravity waves undergo viscous dissipation, saturation,
wave breaking, and critical level filtering in the mesosphere, and as a result, only a very small fraction of
these waves reach the ionosphere (John & Kumar, 2013; Miller et al., 2015). On the other hand, the acoustic
branch of high‐frequency gravity waves (periods less the Brunt‐Vaisala periods), owing to their higher hor-
izontal phase speeds, can propagate to higher altitudes in the ionosphere and influence the upper atmo-
spheric dynamics (Kherani et al., 2009; Miller et al., 2015; Nina & Čadež, 2013). Nishioka et al. (2013)
reported the observations of both acoustic and gravity waves which persisted for almost few hours in the
ionosphere. These waves generated due to the convection caused by the tornado in the Oklahoma state of
the United States. The passage of the solar terminator during sunset and sunrise hours is also known to have
triggered both acoustic and gravity waves (Nina &Čadež, 2013). There exists a considerable amount of obser-
vational evidences for acoustic/gravity waves excitation during the earthquake events (e.g., Matsumura
et al., 2012). Several observational evidences are also evident of acoustic wave showing the gravity waves
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signatures which was also supported by different modeling and numerical simulation groups around the
globe. Sinvely (2017) in the numerical simulation work showed that the short period (~4–8 min) gravity
waves in the mesosphere and lower thermosphere may produce secondary acoustic waves of ~2–4‐min per-
iod, which can reach up to ionospheric altitudes. Vadas (2013) showed observations of acoustic and gravity
waves from simulated convective plumes. Snively (2013) in their modeling work depicted the acoustic and
gravity waves generated simultaneously by transient updrafts. A variety of experimental techniques such
as radar, lidar, and rocket sonde are used to investigate the myriad manifestation of gravity waves in the
upper atmosphere, but all these methods provide very limited information because of their high cost of
operation, limited coverage of geographical region, and limited timing.

Some recent reports have studied the lower ionosphere/D‐region during geomagnetically quiet days and
during geophysical events by utilizing the very low frequency (VLF, 3–30 kHz) data sets (Maurya et al.,
2012b, 2014). Maurya et al. (2012b) developed a method to estimate D‐region electron density based on
the lightning generated tweek radio atmospherics, whereas Maurya et al. (2014) used VLF signal from var-
ious transmitters and studied properties of AGWs observed at D‐region altitude during solar eclipse condi-
tions. The advantage to VLF waves is that they reflect efficiently from the lower ionosphere (60–90‐km
altitude) and are thus highly sensitive to even small changes in the electrical properties at these altitudes.
Moreover, VLFwaves travel to global distances, so a single path link from a transmitter to a receiver provides
a diagnostic tool over an entire area.

There have been few observational reports of AGWs, as they have periods less than Brunt‐Vaisala in the
ionosphere. A very high temporal sampling of the geophysical parameters is a prerequisite for characterizing
these waves, which makes VLF remote sensing a useful tool for investigating such high‐frequency AGWs in
the lower ionosphere (Nina & Čadež, 2013). AGWs affect D‐region parameters when they propagate to these
altitudes causing discontinuity/irregularities/gradients in different parameters such as temperature, conduc-
tivity, electron density, etc., which in turn affect VLF waves, propagating via multiple reflections through D‐
region. Thus, the imprint of AGWs should be clearly seen in VLF signal, and their analysis provides empha-
tic information about the morphology of AGWs (Maurya et al., 2014; Nina & Čadež, 2013). Nina and Čadež
(2013) reported the observations of AGWs, due to the passing of solar terminator using VLF transmitter sig-
nals. The solar terminator triggers wide range of waves, including acoustic‐gravity waves (period ~60–400
sec) and gravity waves (~300–400 sec; ~1,000–3,000 sec). Another interesting observation of the rare short
period wave fluctuations (WFs) using VLF signals was reported by Marshall and Snively (2014). They found
that the observed WFs are coherent acoustic gravity waves with a period between ~60 and 240 sec (~1–4
min). They suggested that the waves were generated due to the lightning and convective regions located
directly below the transmitter‐receiver great circle paths (TRGCPs) of NAU VLF transmitter signal recorded
at five stations. Further at the upper ionospheric altitude, Lay et al. (2013) presented 2–4‐minWFs in the dif-
ferential vertical total electron content (DVTEC) data derived from several GPS stations around
thunderstorm/lightning activity regions. They have reported anomalous DVTEC variations (WFs) closely
associated with the underlying thunderstorms.

In this study, we show, for the first time, very short period gravity wave signatures also called as wavy fluc-
tuations (WFs) on the four VLF transmitter signals recorded at one receiving station. The most probable
source for these high‐frequency waves may be lower atmospheric convective/lightning activity located away
from the TRGCPs. The VLF signal passing directly above the thunderstorm, however, shows very small wave
activity. In this study, we address the following important scientific questions: What are the sources and
background conditions (location, size, and background wind direction) for the generation of short period
WFs? Can these waves from a thunderstorm propagate to the lower and upper ionosphere? What is the role
of these waves in the thermospheric‐ionospheric coupling process?

2. Recording Setup and Data

The VLF data are continuously recorded using the Atmospheric Weather Electromagnetic System for obser-
vation Modeling and Education (AWESOME) (low‐frequency receiver) built at Georgia Tech (Cohen et al.,
2018). An earlier VLF version of the AWESOME receiver was developed at Stanford University (Cohen et al.,
2010). The receiver consists of two orthogonal loop antennas to pick the horizontal component of magnetic
field density from north to south and east to west vertical planes. Data are sampled at 1 MHz using a 16‐bit
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Analog to Digital Converter. The receiver uses GPS for time synchronization with <20‐ns accuracy. The data
are digitized with 16‐bit dynamic range. The receiver is capable of recording broadband (baseband) signals
and demodulating narrowband VLF transmitters to extract amplitude and phase. The receiver is calibrated
by injecting a known signal into the preamplifier. Figure 1a shows the geographical locations of VLF/LF
transmitters and receiver used in the present study. Six VLF/LF transmitter signals recorded at the Pisgah
Astronomical Research Institute (PARI) which hosts a VLF/LF receiver (Geog. Lat. 35.20 N, Geog. Long.
82.87 W). The transmitter and receiver details are also presented in Table 1.

We have observed very short period WFs on four transmitter signals, namely, NAA, NAU, NML, and NPM.
Lightning data are obtained from Vaisala Inc's ground‐based global lightning detection (GLD360) network
which uses the radiated VLF energy from lightning strokes to determine the time, location, discharge polar-
ity, and radiated peak current of lightning strikes. GLD360 has a detection efficiency of ~70%. Median geo-
location accuracy of GLD360 is 1–4 km for cloud‐to‐ground strokes (Said et al., 2010; Said et al., 2013).
GLD360 data can be obtained by contacting Vaisala Inc. for scientific purposes. Lightning strokes reported
by GLD360 are shown in the top left panel of Figure 1. The colorbar indicates the time of the stroke, as
reflected in each dot, so that the time evolution of lightning activity can be seen. The two strong lightning
active regions are visible and marked as Storm 1 and Storm 2, respectively. Storm 1 is stronger and covers
a larger region than Storm 2.

The top right panel of Figure 1 shows the convective storm, as revealed with GOES 13 mid infrared (IR)
images (range 3.8–4.0 μm) at 05 Universal Time (UT). The images can be directly downloaded using the link
(http://www.sat.dundee.ac.uk/). Background wind data are shown in the bottom two panels of Figure 1. We
use wind data from the European Centre for Medium‐RangeWeather Forecasts (ECMWF) Reanalysis 5 pro-
duct. The ECMWF Reanalysis 5 data are one of the advanced reanalysis data set from European Centre for

Figure 1. (a) Map showing location of very low frequency/low frequency recording station Pisgah Astronomical Research Institute (PARI) and six transmitters
along with two lightning storm regions. The lightning activity is also shown as time color code. (b) The GOES13 infrared image at 05 Universal Time, showing
cloud cover at two regions (marked 1 and 2) of strong conventions. (c) and (d), respectively, showing westward winds from European Centre for Medium‐Range
Weather Forecasts Reanalysis 5 wind data at 80‐ and 15‐km altitudes. Colorbar signifies themagnitude of vector wind (indicated by wind vectors of different colors),
while the arrow indicates the reference vector indicating the vector wind magnitude for that length of vector.
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Medium‐Range Weather Forecasts with several improvements used for the generation of the product
relative to earlier versions including use of Hadley Centre Global Sea Ice and Sea Surface Temperature.
Two data set, new radiative transfer scheme, improve historical records of climate data and also several
bias corrections related to data assimilation (ECMWF, 2017). The data are produced in 137 hybrid sigma‐
pressure levels covering surface to ~80‐km altitude, with spatial resolution of ~31 km (Malardel et al.,
2015). Both the data Hadley Centre Global Sea Ice and Sea Surface Temperature (http://www.metoffice.
gov.uk/hadobs/hadisst/) and ECMWF (https://apps.ecmwf.int/datasets/) can be downloaded. The two
panels reflect the winds at 15‐ (left) and 80‐km (right) altitude. These reference levels are chosen to
correspond to cloud altitude and nighttime VLF reflection height, respectively.

3. Observations
3.1. VLF Observations

Figures 2a and 2b depict the diurnal amplitude and phase variations of the six VLF transmitters signals
received at PARI recording station on 21 January 2016. The WFs in both amplitude and phase are shown
in the zoomed portion of 2‐hr duration (during 04:30–06:30 UT) of the six transmitter signals in
Figures 2a and 2b. It can be clearly seen in Figures 2a and 2b that the WFs were dominant only in four trans-
mitter signals, namely, NAA, NAU, NML, and NPM. Further, the occurrence time and amplitude ofWFs are
also different, and more details are presented in Table 1. This is not unexpected, as each transmitter‐receiver
path samples a different portion of the ionosphere. TheWFs on the NPM signals are relatively weaker due to
lower SNR. Moreover, the spikes are the manifestation of lightning generated sferics due to thunderstorm
below the TRGCPs (Maurya et al., 2012a). The other two transmitters, DHO and NLK, do not show any sig-
natures of WFs. WFs are seen in both amplitude and phase of VLF signals. But in this work, we have used
only amplitude data due to easy analysis compared to phase data.

In order to bring out the spectral features of the WFs, we have applied power spectral analysis technique as
illustrated in Figure 3. Figure 3a (left panel) shows the Fast Fourier Transform (FFT) of the NAA transmitter
signal amplitude between 4:30–6:30 UT, which exhibits dominant period of 200 sec. The FFT for other three
transmitters NAU, NML, and NPM is shown in Figures 3b, 3c and 3d (left panel). The dominant period
found in these transmitters is presented in Table 1, which varies between ~170 and 200 sec, all of which
are substantially less than the Brunt‐Vaisala period at those heights (~300 seconds). Further, we have used
Butterworth digital band pass (BBP) filter to filter VLF signal amplitude for the range of 120–300‐sec (~2–5
min) duration. This duration is chosen to cover dominant periods found in the FFT analysis of the VLF
transmitter signal amplitude. The BBP filter amplifies the selected band range and reduces both the high
and low periods. Butterworth filters have a magnitude response that is maximally flat in the passband and
monotonic overall. The more details on the BBP filter can be found in Butterworth (1930). The BBP filter
applied to the four transmitters signals (NAA, NAU, NML, and NPM), and the results are depicted in
Figures 3a–3d (right panel).

3.2. GPS TEC Observations

The GPS TEC analysis is also carried out to show the coupling between lower ionosphere and upper iono-
sphere. The GPS TEC measurements are obtained from several GPS receiving stations from the

Table 1
Shows the Six Very Low Frequency Transmitters Recorded With Their Operating Frequency and Locations

VLF transmitter Latitude Longitude TRGCP path length (km) Periodicity (duration UT hours) Peak to peak amplitude (dB)

NAA (24 kHz) 44.64 N 67.28 W 1,689 ~204 sec (4:50–07 UT) 0.7
NML (25.2 kHz) 46.36 N 98.33 W 1,792 ~195 (5:10–6:20 UT) 0.5
NPM (21.4 kHz) 21.4 N 158.12 W 7,257 ~164 (5:30–6:30 UT) 0.15
NAU (40.8 kHz) 18.39 N 67.17 W 2,426 ~174 (5:10–6:20 UT) 0.3
DHO (23.4 kHz) 53.07 N 7.61 W 6,020 Not present
NLK (24.8 kHz) 48.20 N 121.91 W 3,501 Not present

Note. The details on WFs duration and peak to peak amplitude also shown. TRGCP = transmitter‐receiver great circle path; VLF = very low frequency.
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Figure 2. (a) (right panel) shows amplitude variation on 21 January 2016 for six transmitter signals (NAA, NAU, NML, NPM, DHO, and NLK) recorded at Pisgah
Astronomical Research Institute receiving station. (a) (left) panel shows the zoomed portion of very low frequency amplitude between 4:50 and 6:30 Universal
Time, showing wavy fluctuations on four transmitter signals (NAA, NAU,NML, and NPM). (b) The right and left panels showing phase variation similar to (a) right
and left panels.
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Continuously Operating Reference Station (http://geodesy.noaa.gov/CORS/) network during 21 January
2016. TEC is an excellent diagnostic tool of the upper ionosphere electron density, which is physically
distinct from the lower ionosphere electron density. However, AGWs that reaches the lower ionosphere
may also have an impact on the upper ionosphere, thus making GPS TEC a very useful comparative
measurement. A subset of GPS stations within CORS is selected based on their location along the
TRGCPs of six transmitters with PARI receiving station, to cover the large geographical regions around
the two storms and data availability. The GPS TEC analysis provides vertical total electron content
(VTEC) from the slant TEC (STEC) as reported by researchers in the past (Ramarao et al., 2006; Seemala
& Valladares, 2011).

We have chosen a suitable satellite pseudo random number 30 passes, due to its coverage for the duration of
3–7 UT. Further, we have estimated differential VTEC (DVTEC) by fitting a ninth order polynomial to the
VTEC data for each station as described in earlier studies (e.g., Lay et al., 2013; Ozeki & Heki, 2010). This
method is effective in removing the long periodic variations if any, and the results are illustrated in
Figure 4. Figure 4a indicates the details of GPS stations analyzed in this work along with the two circles
representing two rough regions of influence corresponding to two thunderstorms. The GPS stations in the
Region 1 are assumed to be roughly influenced by Storm 1, while stations in the Region 2 are influenced
by Storm 2. The estimated DVTEC results for both regions are presented in Figures 4b and 4c. Figure 4b
shows the DVTEC variation for the GPS stations under Region 1 (marked by the circle) which show wave
signatures in several stations. These WFs and corresponding GPS stations are marked with red colors in
Figures 4a and 4b. The WFs are seen in the GPS stations under Region 1 and are roughly located along
the NAA, DHO, NAU, and NML TRGCPs, and at first instance it may be assumed that they are affected
due to the AGWs generated from convective activities at Storm 1. For the Region 2, strong fluctuations
are seen for the stations close but south of the Storm 2. These GPS stations are marked in magenta color in
Figure 4a (Region 2). The corresponding DVTEC fluctuations are marked in red color in Figure 4c. The rela-
tively smaller fluctuations are also evident at the stations below the NPM‐PARI TRGCP. As these stations are
very close to Storm 2, hence, these are most probably influenced by the convection activity of Storm 2. Also,
the fluctuations in DVTEC are seen only at stations located in south of the Storm 2, except two station very
close to north of Storm 2. Therefore, it is most probable that DVTEC fluctuations observed at the stations
under Region 1 are affected by the convection activity at Storm 1. An example of DVTEC variation for

Figure 3. (a–d). (left panel) Fast Fourier transform of NAA, NAU, NML, and NPM amplitude, respectively, during 4–7 Universal Time, which depicts peak at
~207 (~3.5 min), ~194, ~164, and ~174 sec, respectively. (Figures 3a–3d right panel) 2–5 min filtered amplitude of NAA, NAU, NML, and NPM transmitters
signal, respectively.
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NJTP GPS station located close to the mid of PARI‐NAA TRGCP is shown in Figure 4d, along with the WFs
marked by the circle. Further, dominant periodicities in the NJTP DVTEC data are around ~200 sec as
evident from Fourier analysis, which again in the range of AGW periods observed in the VLF signals.

4. Discussion
4.1. AGWs in Lower Ionosphere

The Marshall and Snively (2014) presented first detailed work on the observation of short period (<5 min)
WFs on the VLF transmitter signals. The present work provides further advancement in our understanding
of the short period waves at lower and upper ionosphere. Though both works report similar observations of
short period wave using VLF waves, the key difference between the two is as follows: The Marshall and

Figure 4. (a) Depicts the locations of GPS stations around the two storms, very low frequency/low frequency transmitter‐receiver great circle paths with recording
station PARI and time coded two lightning storm regions. The two circle drawn are representing the GPS stations under Region 1 and Region 2, corresponding to
Storms 1 and 2, respectively. (b) DTEC variation for the stations under Region 1, red color lines showing WFs possibly due to Storm 1. (c) GPS stations under
Region 2, the magenta color lines showing WFs possibly due to Storm 2. (d) The DVTC variation of NJTP GPS station along withWFs seen within the circle (e)The
Fast Fourier Transform (FFT) of differential vertical total electron content data for GPS station NJTP.
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Snively (2014) observed one transmitter signal at different recording sta-
tions, with all TRGPCs passing directly above the thunderstorm. In pre-
sent case, we have one receiving station recording VLF signal from
several different transmitters covering very large geographical area. The
implication is that we are detecting AGWs not over the thunderstorm,
but actually far away in different directions from the thunderstorm after
the AGWs have propagated a significant distance. We were able to detect
AGWs at a distance from the thunderstorm, apart from this we are also
able to determine direction of AGWs by observing start time of AGWs
in different TRGCPs.

Clearly, the present study demonstrates that the VLF radio wave signal is modulated by a perturbation in the
lower ionosphere (75–85‐km altitude), triggered by a propagating neutral density wave, possibly an acoustic
gravity wave (Figures 2, 3, and 4). Numerous sources for exciting acoustic gravity waves are reported in ear-
lier studies which include earthquakes, solar eclipse, volcanic eruption, geomagnetic storms, solar termina-
tor, and thunderstorms (Kherani et al., 2009). We can rule out earthquake, solar eclipse, and volcanic
eruptions as there were no such events reported nearby. Examination of the geomagnetic activity shows only
moderate activity, and the Kp values were@ 4‐, 6‐, Dst was ‐38 to ‐37 nT during 4–5 UT on 21 January 2016.
This moderate activity has a negligible effect on the lower ionosphere especially at the VLF reflection height
(~75–80‐km altitude) (Kumar & Kumar, 2014; Peter et al., 2006). This event also occurred during 4–7 UT
(local time in the region), so we can rule out any effect of the solar terminator.

We do, however, observe a strong convection storm followed by intense lighting activity during the observa-
tional period which could possibly be a potential trigger for generating AGWs. As shown in the Figure 1b,
the GOES IR images show cloud coverage over the region. There we marked two brown circles as 1 and 2,
which correspond to the two lightning activity region of Storm 1 and Storm 2, respectively. The Region 1
and Region 2 are the sources of strong convection and may be plausible source for the observed AGWs.
However, still the generation mechanism of such a short period gravity waves is not clearly understood
yet. Region 1 appears to be stronger (as per the satellite image) but located farther from PARI than
Region 2. However, both the storms have a large amount of lightning activity in the presence of
convective clouds.

Less clear, however, is which storm (if not both) was responsible for the WFs observed in the VLF signals.
The timing and amplitude of WFs observed in the Figures 3a–3d (right panel) provide valuable information
on the arrival direction of WFs from the source. We have used the following method to estimate arrival
time/start time of WFs in each transmitter signal. The start time of WFs is estimated based on their appear-
ance in the Figures 3a–3d (right panel). First, we have estimated background filtered amplitude of each
transmitter signal in Figures 3a–3d (right panel), then the arrival time of WFs is defined as the time when
amplitude is almost double of the background value. The detail results are presented in Table 2. As seen
in Table 2, WFs first appeared on the NAA transmitter signal and then at the nearly same time on NML
and NAU and later at NPM. This indicates that source may be located east of NAA‐PARI TRGCP and
AGWs from source propagating toward west, arriving at NAA‐PARI transmitter first. As the AGWs are pro-
pagating toward west, their intensity decreases. This is supported by the fact that WFs have the strongest
amplitudes for NAA received signals. As per the geographic location of NML and NAU transmitter, NAU
transmitter is located closer to Storm 1. Therefore, WFs must have been appeared first at NAU with stronger
amplitude compare to NML if we assume uniform velocity and intensity/strength of AGWs while traveling
toward west and southwest from Storm 1. But as the WFs are stronger at NML compared to NAU and
appears at nearly same time on both signals, therefore, our assumption of uniform velocity and
intensity/strength of AGWs toward west and southwest is not correct and might be depends on the back-
groundwind (Nishioka et al., 2013). Interestingly, no dominantWFs were observed for DHO and NLK trans-
mitter signals. For DHO transmitter possibly due to very long TRGCP (~6000 km), or due to weak amplitude
(~1 dB) compared to NAA (~15 dB), AGWs do not show significant effect. For NLK transmitter, possibly
AGWs after crossing NML‐PARI TRGCPs get attenuated and do not affect NLK‐PARI TRGCP. The very
small WFs seen in the NPM signal may be associated with AGWs due to Storm 2. It is also possible that
Storm 2 has produced very weak AGWs; hence, they affected the very closest TRGCP (NPM) and get attenu-
ated as they move further.

Table 2
Showing Magnitude of Background Level and Wavy Fluctuations
Amplitude of Four Transmitter Signals and Start Time of WFs

VLF transmitter Background amp Wavy amp Start time

NAA 0.056 0.16 ~04:43 UT
NAU −0.048 −0.084 ~05:10 UT
NML −0.104 −0.200 ~05:09 UT
NPM −0.019 −0.054 ~05:36 UT
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Therefore, observations suggest that either storm (Storm 1 or 2) is a plausible source of the observed
AGWs. Here, it should be noted that the previous works have suggested various processes that can gen-
erate observed WFs from thunderstorms. The convective plum model (when convective thunderstorm
activity overshoots the tropopause) is one of the important mechanisms suggested by several works in
the recent past (e.g., Alexander et al., 1995; Vadas & Liu, 2009). Vadas and Liu (2009) observed gravity
waves generated by deep convective plum in thunderstorm. These AGWs propagate upward opposite to
background wind direction and dissipate at thermosphere and ionosphere altitude ~120–250 km. Piani
et al. (2000) in their 3‐D numerical models of tropospheric convection associated with thunderstorm, con-
firm that the spatially isolated systems produce gravity waves. The other mechanisms are the charge and
current associated with thunderstorm, and direct coupling of thunderstorm‐generated electric field
through ExB drift may generate WFs in the ionosphere (Sentman et al., 2003; Kuo & Lee, 2015). The
thunderstorm‐associated current may directly interact with lower ionosphere and cause the transient
luminous event (TLEs). The TLEs are also found to be associated with observation of AGWs (Sentman
et al., 2003). The electrical effects from the thunderstorm can cause ExB plasma drift motion and per-
turbed TEC (Kuo & Lee, 2015). As in the present case, we do not have any observations of TLEs event
or the ExB drift; therefore, the most possible mechanism is the convection. Further, it is also possible that
more than one mechanism may be operating simultaneously leading to even more complex mechanism.
Therefore, more modeling and data analysis efforts are needed in the future to understand the possible
mechanisms associated with the observed perturbations.

As seen from Figures 1c and 1d, the wind direction during the observational period shows mostly westerlies
throughout the height region (15 and 80 km). Hence, the AGWs can easily cross the critical levels when the
wind direction is not changing drastically with respect to altitude, while they also pass through the critical
levels when they propagate opposite to wind direction (Eckermann et al., 2007; Niranjan Kumar et al., 2012).
It means that AGWs mostly coming from the east of TRGCPs can affect, and hence we observed WFs. This
also suggests that the Storm 1 is the most probable source for the observedWFs on the NAA, NAU, and NML
transmitter signals. The observation of stronger WFs at NML compared to NAU and their almost same time
appearance at both signals can also be understood in terms of background wind direction. As can be seen
from Figure 1c, the background wind direction is slightly southeast; hence, southward propagation of
AGWs might have been affected/slowed down (Nishioka et al., 2013). Further, AGWs from Storm 2 would
mostly be propagating southward (as background wind direction at 80 km is toward north), and hence mini-
mal effect could be seen on the NPM signals. In nutshell we have verified the possibilities for the observed
WFs, and the observations suggest that the most probable source for the WFs is the convective Storm 1 for
most of the TRGCPs except for NPM, where the observed disturbances may probably be caused by Storm 2.
This indicates that the background wind significantly affects propagation of AGWs.Nishioka et al.[2013] also
discussed important role of background wind. They have observed AGWs more clearly at the north than at
the south of observation location. They have suggested that when backgroundwind velocity is comparable to
the AGWs and toward southward, this restricts AGWs to propagate southward. Here, it should be noted that
ionospheric observations of AGWs depend on the several parameters such as convective activity, storm
intensity (lightning activity), ionospheric plasma density, recombination, and geomagnetic filed, apart from
background wind (Georges, 1973; Nishioka et al., 2013; Prasad et al., 1975). With limited data set, it is diffi-
cult to determine the role of plasma density and recombination and its effect on AGWs propagation. The pre-
sence of geomagnetic field causes an anisotropy in the difference in attenuation for the propagation from
west to east versus east to west. Due to this, waves travelling eastward experience less attenuation than
waves travelling westward (Wait & Spies, 1964). This difference decreases with increase in wave frequency,
at ~1–4 kHz the attenuation is ~45 dB/1000 km, whereas at ~20 kHz, the difference is only 1 dB/1000 km
(Wait & Spies, 1964). In present case, all transmitters have frequency higher than 20 kHz (see Table 1); there-
fore, geomagnetic field effect may not be very significant. This is also clear by the magnitude of observed
amplitude of both DHO and NPM at PARI (see Figure 2a, amplitude level is same for both).

Further in order to understand the AGWs propagation and coupling mechanism from troposphere to
ionosphere, we have analyzed temperature profile from COSMIC satellite. The temperature profile uses
COSMIC occultation data which is obtained by the bending angle of electromagnetic waves generated
by the GPS constellation satellites that are detected by the low earth orbiting satellites. For more details
on this, please see paper by Feltz et al. (2017). The data may be obtained from the following link
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(https://cdaac‐www.cosmic.ucar.edu/). Figure 5a shows the COSMIC temperature profile close to PARI
station up to 40‐km altitude. Though we can get some model data until MLT region, we can't see such
fine‐scale structures as the model vertical resolution is very poor when compared to the COSMIC.

Temperature profile gives information regarding themodulation due to vertically propagating gravity waves.
As in the present case, the probable source is the thunderstorm; therefore, AGWs might be propagating
above the troposphere. In order to confirm propagation of AGWs from below, we performed the wavelet ana-
lysis spatially (in vertical direction) to see the fluctuations in the temperature profile (Figure 5b). As can be
seen from Figure 6b, the strong WFs are present. Assuming these are generated from the convection below,
we obtained the vertical wavelength of the wave of 4–6 km, which is highly monochromatic and is observed
throughout the troposphere and stratosphere and therefore strengthen our results that the short period grav-
ity waves generated from the below propagated into the lower ionosphere.

It is surmised that the generated AGWs from strong convective zone must propagate with very low
attenuations to travel such a long distances reaching TRGCPs at different locations. As suggested by
Fritts and Alexander (2003), AGWs can propagate larger distances in the ducted mode, and hence it
might be possible that AGWs from this convective zone may have propagated toward west all the way
from its location. Francis (1975) was the first to theoretically describe the possibility of thermospheric
duct, from where leaking of atmospheric waves takes place at ~80‐km altitude. Atmospheric waves
released from the supercell can be trapped in a thermal duct in the mesosphere and/or thermosphere.
The altitude of the thermal duct depends on the horizontal wavelength and periods of the atmospheric
waves. The altitude of the duct can also be around 80 km (Snively et al., 2010). There is also a report that
some of the ducted wave energy could leak into the upper thermosphere and excite gravity waves
(Shinagawa et al., 2007; Snively & Pasko, 2008). The work by Isler et al. (1997) and Walterscheid et al.
(2001) suggested that many of the short‐period waves observed in their data sets (e.g., airglow imager
data) may be guided or trapped by a Doppler or thermal duct. These ducts are formed out of wind or ther-
mal structure and confined wave propagation to a fixed altitude. Because they are vertically confined and

Figure 5. (a) Depicting the locations of NAA very low frequency (VLF) transmitter, Pisgah Astronomical Research Institute VLF receiving station and NJTP GPS
station along with lightning activity during 3–7 Universal Time. (b) Show the 2–5 min filtered amplitude of filtered differential vertical total electron content
for the NJTP GSP station. (c) Similar 2–5 min filtered amplitude of NAA VLF signal also shown. (d) Shows the time versus periodicity map of cross‐wavelet power
between the two signals.
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exhibit relatively minimal propagation loss, ducted waves can travel great horizontal distances, as long as
the atmospheric structure remains reasonably consistent. Snively et al. (2007) presented a short‐period
(~4.9 min) AGWs using a multiwavelength airglow image data from Bear lake observatory, Utah. They
used meteor wind data and suggest that the gravity wave was most probably ducted because of the
Doppler shift imposed by this wind structure created favorable conditions for Doppler ducting of the
short‐period wave. Recently, Silber and Price (2017) also reported observations of similar short‐period
(~2.5 min) acoustic WFs (~0.2 dB) in the NSY (45.9 kHz located at Sicily, Europe) transmitter signal
recorded at Tel‐Aviv University (Israel). They have suggested that such WFs can be produced by lightning
as well as deep convective clouds. They have identified strong lightning activity over a storm located ~700
km west of NSY transmitter as the most plausible source of disturbances. Overall, the above‐mentioned
works suggest that the ducted waves can propagate for a long distance. This long‐distance propagation
of the ducted waves could explain the observation of AGWs at long distance from Storm 1.
Consequently, ducted waves are able to influence regions of the atmosphere far from the source. At this
moment, it is difficult to say which ducted (Doppler or thermal or both) is dominating in present case.

Figure 6. (a) The temperature profile obtained from the COSMIC satellite 21 January 2016 at a location (79.2°W, 31.1°N) close to the Pisgah Astronomical
Research Institute receiving station. (b) The wavelet spectrum of the temperature perturbations of Figure 6a, which indicates the vertical wavelength (y‐axis) of
wavy fluctuations with respect to the altitude (x‐axis).
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4.2. Vertical Coupling of Lower and Upper Ionosphere Through AGWs

In order to characterize coupling of lower and upper ionosphere through AGWs in the vertical direction, the
GPS TEC data are analyzed and compared with the VLF data. As described in the section 3.2, clear WFs can
be seen in the DVTEC data at several GPS stations corresponding to Storm 1 and Storm 2, and these WFs
show similar periodicity (~200 sec) to that of theWFs observations in the VLF signals (Figure 4d). We further
estimated and compared the 2–5‐min band pass filtered signals of both DVTEC data for NJTP GPS station
and NAA VLF signal amplitude as shown in the Figure 6 (left and right inset; these stations are arbitrarily
chosen). The filtered signals of both the data sets show similar WFs, however, with slight differences. This is
probably due to the inherent properties of two different techniques and change in the ionospheric properties
in two regions. Further, the Morlet wavelet has been used for retrieving the cross‐wavelet coherence
between the VLF signal amplitude and the TEC data. The lower left thumbnail in Figure 6d shows the time
versus periodicity map of cross‐wavelet power between the two signals. The strong signal of the periods of
~2–5 mins is clearly seen associated with the high‐frequency gravity waves that we discussed earlier.
Thus, overall analysis suggests that theWFs observed in the lower ionosphere are also observed in the upper
ionospheric altitudes implying that there is a strong dynamical coupling between the two regions through
AGWs. Lay et al. (2015) in their statistical study observed ~2–4‐min acoustic fluctuations at upper iono-
spheric heights in the U.S. Plains and which were found closely associated with thunderstorm in space
and time. Walterscheid et al. (2003) have suggested the presence of duct between the ground and thermo-
spheric temperature gradient at ~100–120‐km altitude. The acoustic waves from thunderstorm are propa-
gated through this duct and are refracted downward and also allow through to the upper ionosphere by
the thermospheric temperature gradient. Francis (1975) in their theoretical study found that the acoustic
waves (period <5 min) can propagate in the duct from thunderstorm to thermosphere and up to ionospheric
heights. Shinagawa et al. (2007) used atmosphere‐ionosphere two‐dimensional nonhydrostatic compressible
model and modelled sea surface perturbation due earthquakes and their effect on the upper ionosphere.
They quite successfully able to produce ~4‐min oscillation in the upper ionosphere, which they suggested
caused by the acoustic pulse from epicenter propagating through thermospheric duct to the upper atmo-
sphere altitude. Most of the previous works has suggested possibility of presence of duct between ground
and thermosphere, through which acoustic waves from thunderstorm/tsunami propagates to ionospheric
altitude. This could be the one possible mechanism for the atmosphere‐ionosphere coupling process, but
further modeling and simulation work is needed to better understand coupling mechanism.

5. Summary and Conclusion

The present study discussed the signatures of AGWs in the VLF signals, which manifested as WFs at the
lower ionospheric altitudes. The analysis suggests that the observed AGWs are most probably generated
from the convective and lightning active regions. Further, it is shown that the AGWs generated from thun-
derstorms propagate upward from lower ionosphere to upper ionosphere, thus contributing in the
atmosphere‐ionosphere coupling mechanism. Though this is a case study, nonetheless it brings out the sig-
natures of AGWs and discuses the possible source mechanisms including their role in atmosphere‐
ionosphere coupling. Efforts are under way to bring out the comprehensive characteristics of AGWs and
their role in ionospheric modulations by analyzing a greater number of events and throughmodeling efforts.
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