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Abstract

This study reports thunderstorm-generated acoustic and gravity waves from a tropical location using newly launched Indian naviga-
tion system NavIC for the first time. The detection of acoustic wave components in travelling ionospheric disturbance (TID) measure-
ment is very significant. In compared to acoustic wave gravity wave signature is more ubiquitous because gravity wave propagates in
thermospheric altitude by dissipative filtering process. The turbulent nature in plasma characteristics due to strong vertical drift and
plasma motion in lower latitude region generate strong scintillation effect and plasma bubble. Large temperature gradient at thermo-
spheric altitude also provides a strong attenuation effect in this region for comparatively high frequency acoustic wave. We have found
the TID signatures on TEC variation for acoustic wave up to 0.4 TECU for both the days whereas gravity wave induced signatures went
up to 0.8 TECU. Measurements using GPS signal validate signatures obtained from the NavIC signal. The study shows the potential of
application of NavIC system for middle atmosphere as well as thermospheric study and understanding of coupling process between var-
ious atmospheric layers in tropical region which is not well known so far.
� 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Research on the impact of different severe lower atmo-
spheric phenomena and natural hazards such as cyclone,
thunderstorm, volcanic eruption, earthquake etc. on vari-
ous layer of ionosphere have been gaining high interest in
recent past. Low frequency atmospheric waves which are
major consequences of such natural hazards have been
traced in various layers of the atmosphere. The atmo-
spheric waves with period less than the acoustic cut-off per-
iod of the respective medium is known as acoustic wave.
Acoustic waves can be triggered by mechanical tidal oscil-
lation or due to significant variation of latent heat. The
convective system is, however, found as a major cause of
https://doi.org/10.1016/j.asr.2023.09.018
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such atmospheric acoustic wave (Baker and Davies, 1969;
Hocke and Tsuda, 2001; Raju et al., 1981; Azeem et al.,
2018; Walterscheid et al., 2003). The acoustic waves trig-
gered by convective system oscillations at � 10km altitude
contains a significantly low amplitude variation. But, it
propagates in the upward direction with a very high veloc-
ity and finally interacts with the charged atmospheric layers
at lower/upper thermosphere with significantly high ampli-
tude (Georges, 1968; Baker and Davies, 1969; Raju et al.,
1981; Marshall and Snively, 2014).

Atmospheric gravity waves (AGW) can also originate
due to various mechanisms such as atmospheric tidal oscil-
lation, wind shear force (Hines, 1960), overshooting of con-
vective thunderstorm system (Vadas and Fritts, 2004;
Vadas et al., 2009) etc. The amplitude of such waves are
usually large with a small wavelength. It breaks and dissi-
pates at stratospheric and mesospheric altitude, but a small
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portion of these waves manages to reach the thermospheric
altitude via various atmospheric filtering process such as
chemical loss, photo ionization, or other dynamic pro-
cesses. Such waves generally achieve significantly high
phase velocity and large vertical wavelength after reaching
the thermospheric altitude. Both, Kinematic viscosity and
thermal diffusivity play important roles in AGW propaga-
tion as dissipative filter at thermospheric altitude because
of the rapid decay of the atmospheric neutral density and
increase of temperature respectively. The uni-directional
wind filtering along with the dissipative filtering eliminate
a significant spectrum of such low frequency waves that
reach this altitude. The rest can be traced by the perturba-
tion in ion density due to the interaction with the iono-
sphere which has been evidenced by several in situ
measurements. Substantial evidences have been reported
by several researchers on perturbation of these waves in
lower ionospheric layers (Lay and Shao, 2011; Yue et al.,
2013; Rahmani et al., 2020) and F layer (Fritts et al.,
2008; Vadas and Liu, 2013; Jaroslav et al., 2021).
Maurya et al. (2022) found a rare event of simultaneous
occurrance of sprites and gravity waves at ionophseric D,
E and F region. Chowdhury et al. (2023)have done a statis-
tical study on the thunderstorm activity and induced grav-
ity wave signature at the ionospheric region. They found a
novel correlation between the peak lightning stroke intensi-
ties and the travelling ionospheric disturbances amplitude.
Sometimes, wave variations with comparatively larger fre-
quency (4 to 15 mHz) associated with various convective
system, have also been observed at the ionospheric altitude
(Baker and Davies, 1969; Marshall and Snively, 2014; Lay,
2018; Azeem et al., 2018) and it is considered as the conse-
quence of acoustic wave. However, the characterization of
the acoustic wave is difficult due to the lack of numerical
assessment and theoretical study, but these waves have
been found to transfer a significant amount of heat energy
to the thermosphere by the viscous dissipation and wave
energy. Hence the acoustic wave has a significant contribu-
tion to heat the thermosphere whereas the gravity wave has
the cooling effect (Hickey et al., 2001).

The study of low frequency neutral wave propagation
can be attempted by studying two different phenomenon
in the atmosphere i.e., the rapid fluctuation of neutral gas
molecules and the plasma perturbation in the charged
atmosphere (Hocke and Schlegel, 1996). The measurements
on the first mechanism happens to be very much demand-
ing in nature due to requirements of various complex
instrumental set up (Natorf and Schlegel, 1992). The sec-
ond method can therefore facilitate as a very useful and
popular technique for such neutral wave dynamics.

The availibility of satellite navigation systems by sev-
eral nations and installation of closely spaced receivers
make the investigation on neutral as well as the charged
atmospheric layers highly benefecial. Presently, the two-
dimensional ionospheric total electron content (TEC) pro-
duct based on the measurements from these receiver net-
work can be utilized for various space weather related
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studies as well as the understanding of the coupling pro-
cess between various layers of the atmosphere. Observa-
tion of wave like pattern in ionospheric TEC
measurement after various natural hazards is very com-
mon. The tracing of ionospheric acoustic waves using
navigation signal have been carried out by several authors
(Saito et al., 2011; Lay et al., 2015; Lay, 2018; Rahmani
et al., 2020). Various statistical studies have also been
done based on these acoustic waves which were triggered
by convective system and other natural hazards and
traced at ionospheric altitudes (Xiao et al., 2007; Lay
et al., 2015; Berngardt et al., 2017). These statistical
observations along with the theoretical studies indicate
that these acoustic waves cannot propagate large distance
from the thunderstorm affected area and attenuate heavily
after reaching the thermospheric altitude due to thermal
conductivity and molecular viscosity (Walterscheid et al.,
2003; Chum et al., 2012; Berngardt et al., 2017).
Walterscheid et al. (2003), Lay et al. (2015) also men-
tioned that thermospheric temperature gradient plays a
key role to prevent the acoustic waves in reaching the
ionospheric altitude. In comparison to that, gravity waves
travel through dissipative filtering in thermospheric alti-
tude where they dissipate at lower thermosphere and gen-
erate secondary gravity waves (Vadas, 2007; Vadas and
Azeem, 2021). Hence it is noteworthy to find the acoustic
wave signature associated with the convective system in
the tropical region because of the very high thermospheric
temperature gradient in this region.

The current study has focused on wave like perturbation
signature in ionospheric total electron content measure-
ment by using NavIC signal during severe thunderstorm
systems observed on consecutive two days March 31 and
April 1, 2018. The application of NavIC signal has been
proven for ionospheric studies and for other fields as well
(Chakraborty et al., 2020; Desai and Shah, 2018; Kumar
et al., 2019; Ayyagari et al., 2020; Das et al., 2020;
Ayyagari et al., 2023). Different types of TID signatures
containing high frequency components (� 5 mHz) have
been observed in some cases as the consequence of acoustic
wave interaction with ionosphere whereas; very strong
lower frequency (lower than 2 mHz) responses due to the
gravity wave were witnessed in many occasions. This is a
very rare opportunity to find both such wavefront signa-
tures caused by the thunderstorm system in the tropical
region. Only a very few events of acoustic waves triggered
by thunderstorm system in tropical region are found so far
(Raju et al., 1981; Walterscheid et al., 2003; Lay, 2018). It
is noteworthy to mention both these wavefronts have been
detected by using newly launched NavIC signal which is
strengthened by similar signatures obtained in the GPS sig-
nal, tracked by nearby GPS receivers. The study has been
done based on the measurements by a single NavIC recei-
ver. Hence the details wave characteristics for which at
least three receivers are required, could not be retrieved
from the NavIC signal in the present study. But the NavIC
signatures along with substantial evidences indicate the
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potential of NavIC signal to investigate the wave character-
istic more precisely.
2. Data and methodology

The lightning information is used as a proxy of thunder-
storm intensity but the dynamicity of the process doesn’t
allow to study the generation and propagation of the
acoustic/gravity wave. Lightning measurements are taken
from ground lightning network WWLLN database
[http://wwlln.net/]. WWLLN is a global lightning network
which is operating at VLF frequency bandwith and collect-
ing data from 70 stations around the globe. The network
detects the location of every lightning strike and provides
its energy. It measures the sferics in the VLF band due to
a lightning flash from 3 or more stations.

Dual frequency navigation data has been collected from
two different types of receivers. GPS data has been
obtained from UNAVCO archive [https://www.unavco.
org/]. NavIC data for this study has been collected by an
NavIC/GPS/SBAS SPS receiver (model: ACCORD) which
can acquire NavIC (dual frequency L5 and S1), GPS (sin-
gle frequency L1) and SBAS (GAGAN) signal. NavIC is
the regional navigation satellite system over the Indian sub-
continent with its seven-satellite constellation of which four
are geosynchronous and three are geostationary. It facili-
tates real time standard positioning service operated at
two different frequency band L5 (1176.45 MHz) and S1
(2492.028 MHz). The location of all receiver are listed in
Table 1.

Ionospheric perturbation has been computed based on
the trend of the total electron content instead of its abso-
lute measurement. The biasing components can be solely
neglected for our methodology because its slowly changing
components does not affect the relative TEC measurements
in short duration. The trend of the local ionospheric TEC is
calculated based on the difference of the carrier phase
delays measured in two different frequencies:

s ¼ L1 � L2

k

� �
þ b ð1Þ

where L1 and L2 are the carrier phase delay measurements
in two different frequencies, k is the conversion factor to
convert the phase delay to VTEC measurement, b is the
biasing error mixed in carrier phase delay. The utilization
of carrier phase delay is highly beneficial as it is very less
Table 1
Location of NavIC and GPS receivers.

Receiver Name System Latitude Longitude

ACCORD Kolkata NavIC 22.65�N 88.4�E
PD32 GPS 22.50�N 89.43�E
HRNP GPS 21.81�N 89.46�E
DHAK GPS 23.73�N 90.40�E
CHNR GPS 24.19�N 91.51�E
SSPS GPS 24.28�N 91.89�E
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noisy compared to the pseudorange. But the carrier phase
delay for NavIC signal specially measurement in S1 band
significantly suffer from cycle slips which causes uncondi-
tional jumps between two epochs. These cycle slips are
needed to be detected and corrected accurately for the per-
turbation estimation. Here, Melbourne-Wubbenna (MW)
Combination based on wide lane carrier phase delay and
narrow lane pseudorange combination has been used for
its reported efficiency in detection of cycle slips (Dach
et al., 2015; Bezmenov et al., 2019). Two algorithms have
been applied here for cycle slip detection. 1) The time series
of MW combination is estimated based on the carrier
phase delay and pseudorange measurements. The study
has been carried out considering epochs of certain length
L (here 480 sample length is considered). Initially, the stan-
dard deviation of MW combination within this time length
has been computed. Next, for each i-th value in this length,
it has been verified if the running deviation (deviation of i-
th value from mean of 1 to (i-1)-th value) crossed the stan-
dard deviation. This hints towards the presence of a cycle
slip. 2) An elevation dependent weighting function

(exp�elv=10) is used here for further confirmation of cycle
slip. A cycle slip is anticipated if the difference between
two consecutive values in carrier phase exceeds the men-
tioned weighting function. If both the above algorithms
satisfy at a particular interval, then a slip of cycle is con-
firmed. The entire data processing is done based on the
methodologies given in Dach et al. (2015), Blewitt (1990),
Springer (2000). After successful removal of the cycle slip,
differential TEC (dTEC) is estimated based on the carrier
phase difference as mentioned in Lay et al. (2013), Lay
(2018), Ayyagari et al. (2023).
3. Results

The Intertropical Convective Zone (ITCZ) line passes
through the central part of India. The landmass over the
eastern parts of the country faces a large temperature dif-
ference w.r.t sea which makes it prone to cyclonic move-
ments. This region witnesses extremely high lightning
activities especially during the pre-monsoon season due
to cyclonic movements in Bay of Bengal. Besides, the study
location Kolkata (22.6488�N and 88.3770�E) is located at
lower Ganges delta of eastern India and is chosen due to
its frequent weather extremity. Frequent lightning event
occurs during the pre-monsoon (May-June) and post-
monsoon (September) time. Here, Nor’westers, the fre-
quent extreme weathers, cause huge damage to property
and human lives by lightning events and strong squalls.

Two such thunderstorm systems developed over the
study location in consecutive two days, March 31 and April
1, 2018. The Dst index shows that that the minimum level it
went down to �5nT as shown in Fig. 1. It indicates that no
such geomagnetic disturbances occurred during these two
days. The variations of Kp and ap indices are also indica-
tive for calm geomagnetic condition. A large number of
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Fig. 1. Kp, ap and, Dst indices for 31st March and 1st April.
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lightning strikes occurred due to these thunderstorm sys-
tems in both days. Fig. 2(a) shows the lightning strike loca-
tions on March 31, 2018 which indicates that a significant
number of strikes occurred over a small area of the Eastern
part of India. The temporal distribution of strikes as shown
in Fig. 2(b) indicates that most of the strikes occurred dur-
Fig. 2. WWLLN lightning strike information over the study location (a) Lightn
31, 2018. (c) and (d) are same as (a) and (b) respectively for April 1, 2018.
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ing UTC 1 to 4Hr. and UTC 09 to 15Hrs. A major convec-
tive system developed on April 1, 2018 also covering a vast
region along the eastern coast of India. A significant num-
ber of lightning strikes occurred over the affected area.
Fig. 2(c) and (d) shows the lightning affected area and
the strike count variation with time. It indicates that the
ing strokes location and (b) Hourly variation of lightning strikes on March
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event started at 07:00 UT and continued till 21:00 UT and
reached its peak at around 14:00–15:00 UT.

Differential TEC, as measured by each of the six NavIC
satellite signal have been presented in Fig. 3 for continuous
5 days from March 31 to April 4. Being a GEO-
constellation (combination of both geostationary and
geosynchronous), it offers a rare opportunity to track a
particular event on the earth through a single satellite
throughout a sidereal day. Significant TID signatures were
identified on both 31March and 1st April in all NavIC
satellites and they gradually decreased for the next consec-
utive days. On April 2 some small signatures were there
which can be attributed as the effect of thunderstorm
induced gravity wave for a longer time. No such signatures
were identified in the next two days and the maximum
amplitude was within �0.15 TECU.
3.1. Ionospheric perturbation signature on March 31, 2018

A notably strong signature of perturbation had been
obtained from 10:00 UT in each signal and the amplitude
of fluctuation were found to be within �0.5 to 0.8 TECU
(Fig. 4). All the satellites except IRNSS 1C and 1E showed
significantly low amplitude dTEC variation (� 0:1 TECU)
before 04:00 UT. Therefore, the noise threshold in dTEC
measurements can be considered as 0.1TECU. The noise
characteristics in dTEC measurements from NavIC satel-
lites are mostly similar to GPS and the threshold of the
noise has been considered as �0:1 TECU after a long term
Fig. 3. The TID signature of six NavIC satellites for
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observation. Interestingly, the TEC fluctuation settled
down to the threshold level after 16:00 UT. It is therefore
evident that the irregularity in TEC were observed in the
post-development phase of the thunderstorm system. How-
ever, the initiation of the irregularity occurred at different
times for different satellites according to their respective
positions and movement of the system.
3.1.1. Signature of acoustic wave
The above findings interested us towards a deeper

insight into the frequency response of TIDs observed.
The frequency spectrum for all the TIDs showed a com-
mon (and dominating) frequency component of 0.1 cycle/
min. IRNSS 1B, on the other hand, presented the evidence
of a higher frequency component of around 0.3 cycle/min
with significant high amplitude above the noise threshold
level (green lines). This was evidenced in IRNSS 1C as well
but with a smaller intensity (Fig. 5a). None of the other
satellites had such high frequency components and the
amplitude variations were also under the noise threshold.
This falls in line with the location of IRNSS 1B and 1C
whivh were close enough to the thunderstorm system devel-
oped (Fig. 6). A band pass filter has been applied next to
separate out the acoustic waves. The filtered-out response
in IRNSS 1B and 1C were found to be 0.3 and 0.2 TEC
respectively at the higher frequency component whereas;
rest of the satellite presented no such signature.

The study was repeated for GPS satellites which also
showed similar results (Fig. 5b). IPPs near the mesoscale
continuous 5 days (March 31 to April 04, 2018).



Fig. 4. TID signature from all six NavIC satellites measurements (a) amplitude variation of the TID measurements (b) frequency response of observed
TID measurement.

Fig. 5. Signature of Acoustic wave (green line indicates the threshold of noise for acoustic wave which is considered here 0.05TECU) (a) measurements
from NavIC signal; (b) Measurements from GPS signal; (c) frequency response of acoustic wave retrieved from GPS signal.
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system (HRNP GPS 19, PD32 GPS 19, HRNP GPS 17 and
PD32 GPS 17) presented the evidence of the acoustic waves
with significant intensity. A high frequency component of
�0.3 cycle/min (5 mHz) were observed in this case as well.
The results were similar from two navigation systems of
completely different constellations and operating frequen-
cies strengthens the notion of thunderstorm driven acoustic
waves in atmosphere of lower latitude region.

3.1.2. Gravity wave signature
The dominating frequency component as observed in

each of the NavIC PRN is 0.1 cycle/min (� 1:7 mHz)
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which speaks about the possibilities of a gravity wave being
generated by the event (Fig. 7a) as well. Therefore, the sig-
nal has been passed through another band pass filter of
1 mHz-4 mHz bandwidth. A significant signature above
the noise threshold with perturbation of around
�0:5 TECU was obtained in each of the satellite signal
when passed through the filter. Similar patterns were
observed in several GPS satellites (Fig. 7b and 7c). The
fluctuations varied between 0.5 TECU - 0.8 TECU.

Unlike the short-lived acoustic waves, a gravity wave
can propagate through a much longer distance and can
persist in atmosphere for a longer span. Therefore, the sig-



Fig. 6. IPP Location of NavIC and GPS satellites and lightning strike location; colours denote the UTC time (a) NavIC satellites; (b) GPS satellites.

Fig. 7. Signatures of gravity wave (magenta line indicates the noise threshold for gravity wave measurements which is considered here 0.08TECU (Lay
et al., 2015)) (a) Measurements from NavIC signal (b) and (c) Measurements from GPS signal.
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nature of perturbations were captured equally well both by
GPS and IRNSS signal in this case. The major sudden fluc-
tuation in dTEC started after 10:00 UT in most of the satel-
lites. Interestingly, the effect initiated much before in
IRNSS 1C, 1D and 1F. It is to be noted, that even though
the main phase of the event started after 09:00 UT there
were significant amount of lightning activities during
01:00–05:00 UT as well. As a matter of fact, IRNSS 1C,
1D and 1F are in southern and south-west direction respec-
tively and near to the mesoscale system (Fig. 6a) and dur-
ing 01:00–05:00 UT the meridional wind was majorly
northwards whereas; zonal wind was weak but eastward
(Fig. 8a). The relation of vertical wavenumber and the hor-
izontal wave number can be expressed as:

K2
ver ¼

K2
hrz � N 2

B

ðx� Khrz � UÞ2 � K2
hrz �

1

4H 2
ð2Þ

Kver and Khrz are the vertical and horizontal wave numbers
respectively, x is the intrinsic frequency, U is the horizontal
wind speed. Hence, the waves propagating along the direc-
tion of wind will dissipate due to the viscosity and their
smaller vertical wavelength (kver ¼ 2p=Kver). Hence, the
meridional wind flowing in the opposite direction results
in a increased vertical wavelength of the propagating grav-
ity wave which eventually makes it more efficient in reach-
ing ionospheric height (Vadas and Azeem, 2021).

3.2. Ionospheric perturbation signature on April 1, 2018

3.2.1. TID

Fig. 9 presents the variation in dTEC for each of the
satellite. It is evident that all the satellite signal showed sud-
den fluctuation of dTEC starting at around 10:00 UT. The
signature was, however, the strongest in IRNSS 1B and 1F.
Moreover, the effect initiated much earlier (08:00 UT) in
these two PRNs. The fluctuation in IRNSS 1C was weaker
than these two but significantly stronger than the rest. The
frequency response showed the dominance of 0.1 cycle/min
Fig. 8. Horizontal wind velosity from HW
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component in most of the satellites. A higher frequency
component (0.3 cycle/min) were observed in IRNSS 1B
and 1F which was weaker in 1C but rest of the satellites
are showing no such higher frequency responses.
3.2.2. Acoustic wave

The dTEC variation were passed through a bandpass fil-
ter to further investigate the presence of acoustic waves.
The filter output strengthens the previous findings with
strong signature of perturbation above the noise threshold
in IRNSS 1B and 1F (Fig. 10a). The location of strikes and
the IPP location of the satellites with time indicate that the
location of the said NavIC satellites were very closely
aligned to the lightning affected area whereas IRNSS1C
is situated on the boundary of the affected area (Fig. 11.
Similar investigation with GPS system reveals pretty com-
parable signature in PRN 19 and 17 in IPP location
observed from HRNP, PD32 and CHNR because of their
adjacence to the central part of the mesoscale system. It is
to be noted, this thunderstorm system was much more
intense than that reported on March 31. As a result, the
evidence of acoustic waves in this case was much stronger.
3.2.3. Gravity wave

The majorly dominating frequency component in the
spectrum of dTEC obtained from each of the IRNSS satel-
lite was 1.7 mHz. The frequency of gravity wave happens
to be below 4 mHz. Therefore, a bandpass filter of 1–
4 mHz bandwidth was applied in the signal and the output
is shown in Fig. 12. The output confirms strong signature
of dTEC fluctuation (+/� 0.3–0.5 TECU) in each of the
PRNs where IRNSS 1B and 1F showed the strongest ones.
The pattern in these two satellites initiated earlier than the
rest. The zonal wind speed was very high and westward in
this case. The satellites were majorly located in the eastern
direction which favours easy reach out to the ionospheric
height due to the strong westward zonal wind at 10:00
UT as shown in Fig. 6. The wind pattern was also almost
M14 model over the study location.



Fig. 9. TID signature from all six NavIC satellites measurements on April1 (a) amplitude variation of the TID measurements (b) frequency response of
observed TID measurement.

Fig. 10. Acoustic wave signature on April1(a) measurements from NavIC signal; (b) Measurements from GPS signal; (c) frequency response of acoustic
wave retrieved from GPS signal.
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similar 1hr. before and after (not shown in figure) that
time. However, IRNSS 1B and 1F, being within the closest
proximity of the thunderstorm system, presented the signa-
ture for longer duration.

The GPS satellites signal also showed significant effects.
Measurements taken from PRN 06, 07, 17, 19, 28, 30 of
HRNP, PD32 and CHNR receivers showed a notable per-
3480
turbation effect which started from almost 09:00 UT and a
strong effectwas obtained after 11:00UT.This is very similar
to the signatures obtained from themeasurements byNavIC
signal. Interestingly the IPP location of the said satellites are
towards the east direction. Hence, it indicates the potential
of NavIC signal in thermospheric study and understanding
of coupling process between atmospheric layers.



Fig. 11. IPP Location of NavIC and GPS satellites and lightning strike location on April1; colours denote the UTC time (a) NavIC satellites; (b) GPS
satellites.

Fig. 12. Gravity wave signatures on April1(a) Measurements from NavIC signal (b) , (c) and (d) Measurements from GPS signal.
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3.3. TID spectral power and lightning stroke energy density

Another investigation has been done separately on
NavIC and GPS signal to find the relationship between
the TID spectral power and lightning energy density. The
TIDs of the respective satellites are chosen that passes
within 300 km radius of the maximum stroke density
region as mentioned in Chowdhury et al. (2023). The spec-
tral density of the TID is measured based on continuous
wavelet transform and average strike energy is calculated
based on the total strike energy divided by number of
strikes inside 1� �1� spatial bin. Fig. 13 shows that the rela-
tion between these two parameters seems linear, but the
correlation coefficients (64%) are not significant to draw
any conclusion. It may be due to the small number of sam-
ples or the background neutral as well as charged atmo-
spheric conditions. Hence, a more detail study is required
which is out of scope for this present study.

4. Discussion and conclusion

This article reports two rare events of thunderstorm gen-
erated acoustic wave in travelling ionospheric disturbances
at Indian region. Studies reporting ionospheric acoustic
waves generated by convective events at the tropical region
are extremely rare (Lay, 2018), even though such studies
are abundant in mid-latitude region (Davies and Jones,
1973; Lay et al., 2015; Saito et al., 2011; Zettergren and
Snively, 2013). This is due to the changes in plasma charac-
teristics as well as neutral atmospheric condition. In low-
latitude region, the plasma behaviours are driven by com-
plicated electrodynamics in presence of large scale electric
fields. Hence, a higher plasma motion and turbulent nature
is observed in low-latitude ionospheric F Layer (Fejer,
1981; Forbes, 1981). Equatorial plasma bubble and iono-
spheric scintillation are the two most common outcomes,
which are observed in equotorial ionosphere. Tang et al.
(2019), Kumar et al. (2017) reported strong scintillation
and plasma bubble at low-latitude ionosphere after severe
thunderstorm. The neutral background component such
Fig. 13. Relationship between max. lightning strike energy de

3482
as themospheric temperature gradient also plays a key role
to prevent the acoustic wave to reach the ionospheric alti-
tude (Lay et al., 2015). Hence, in this context wave like nat-
ure in sporadic tropical ionospheric layers is extremely rare
and challenging to detect. Here, clear signatures of
� 5 mHz frequency component with 0.4 TECU amplitude
variation have been detected in both NavIC and GPS TID
measurements as the consequence of acoustic wave interac-
tion with ionosphere after severe lightning strikes in the
reported two cases. Walterscheid et al. (2003), Lay et al.
(2015), Lay (2018) also reported the presence of similar
high frequency TIDs during severe convective systems.
The acoustic waves are detected only inside a very short
radial range from heavily lightning affected area. Interest-
ingly, the enhancement of acoustic wave signature with
the increase of the thunderstorm activity was also
witnessed.

On the other hand, gravity wave signatures are not that
uncommon. The gravity waves are primarily triggered by
overshooting of convective plume into the stratosphere
and propagate in upward direction with increasing ampli-
tude. A significant number of these GWs with higher
amplitude and small vertical wavelength breaks before
mesopause. But the investigations have also revealed the
broad spectrum of the gravity wave activity from the lower
atmospheric convective sources to the thermosphere and
ionosphere as well. Though there is also high possibility
of secondary gravity wave generation at the thermospheric
altitude, but the amplitudes of these secondary gravity
waves are very less compared to the waves propagating
at the mesospheric altitude. After dissipating through the
process of momentum deposition, another waveform is
excited at thermospheric altitude which has small ampli-
tude and higher vertical wavelength. This part of wave is
called secondary wave and has wide spectral range and
propagates with high phase velocity at the thermospheric
altitude. It also leaves its signature on the plasma distribu-
tion of the charged medium by producing the travelling
ionospheric disturbances through ion-neutral collision pro-
cess. Besides, the study location is situated at the sub-
nsity and TID spectral power of NavIC and GPS signal.
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tropical region where several types of irregularities such as
scintillation, bubbles are always present in the ionospheric
plasma distribution, which make it very difficult to detect
the secondary waves induced perturbation. There can be
a few other factors which can also play a role behind the
uncertainties in detection of secondary gravity wave
response over the ionospheric plasma distribution which
includes deficiency in number of reference receives for con-
tinuous monitoring in all directions, the time of occurrence
of convective sources (amplitude of perturbation become
significantly smaller after post evening period as compared
to midnoon time), longitudinal variability from the sources
etc.

Several past studies reported the gravity wave signatures
at the low-latitude region (Kumar et al., 2017; Lay, 2018;
Tang et al., 2019; Ogunsua et al., 2020; Liu et al., 2021).
The background horizontal wind neutral atmospheric den-
sity and thermospheric temperatures play key role for the
propagation of gravity wave. The horizontal wind flow
opposite to the direction of gravity wave propagation
increases the vertical wavelength which favours its propa-
gation towards higher altitude. The exponential decay of
atmospheric neutral density with altitude at thermosphere
increases the kinematic viscosity largely. Thermal conduc-
tivity also becomes significant due to the rapid increase
of temperature at thermosphere. The two said parameters
act as tuning factors in dissipative filtering process
(Vadas and Fritts, 2005). Hence the gravity wave propagat-
ing upward direction dissipates at lower thermosphere and
generates a secondary gravity wave (Vadas et al., 2019;
Vadas and Azeem, 2021). Significant gravity wave signa-
tures have been detected in both NavIC and GPS TID
measurements. The signatures are found to correlate very
well with the thunderstorm activities. Horizontal wind
has also seemed to play a key role in TID signatures. The
horizontal wind measurements in the opposite direction
of gravity wave flow from the lightning affected area shows
a significant TID amplitude. A large attenuation effect is
also observed along the wind direction. However, the cur-
rent study could not compute the circular or semi circular
rings of TID signatures which are generally produced by
concentric source of gravity wave due to the lack of avail-
ability of sufficient number of GPS and NavIC receiver
data. The limitation also impacts the continuous observa-
tions between 0 to 360�azimuthal angle. It might cause
some temporal miss-alignments between the peak lightning
activities and gravity wave responses at ionospheric alti-
tude during both the observation days. The previous inves-
tigations also reported that maximum perturbations in
ionospheric TEC measurements caused by lower atmo-
spheric convective sources, happen from local noon to
pre-evening time and after that the perturbation amplitude
decreases (Vadas et al., 2014; Nigussie et al., 2022). As the
peak lightning activities occurred much later than the post-
evening time over the study location, this might cause the
reduction of perturbation amplitude. Hence, it’s not possi-
ble to get an exact match between the peak lightning activ-
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ities and ionospheric perturbation. However, that doesn’t
hinder the theory of the perturbation due to thunderstorm.
The investigation of temporal connection will be an excel-
lent future goal.

The other focus of this study to understand the capa-
bilities of NavIC in the study of gravity waves. Since
the NavIC constellation is markedly different from that
of GPS or any other navigation satellite systems, the per-
formance analysis of NavIC in such study is essential.
Here we have presented two case studies from GPS and
NavIC. There is no significant characteristics difference
observed between the primary observations from NavIC
and GPS signal. However, a single GPS satellite can mea-
sure the GW for very short duration while the individual
NavIC satellite can monitor the same for a longer dura-
tion. This is because the use of geostationary and geosyn-
chronous orbits in NavIC. It also facilitates to monitor
the TID launching time more accurately. Besides that,
the IPP velocity of NavIC is very low due to the use of
GEO satellites in the constellation. This can facilitate bet-
ter monitoring of wave propagation in thermospheric
regions.
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