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Highlights

*  This study analyzes the changes in the Total Electron Content (TEC) in relation with the thunderstorm activities taking
into account of the lightning stroke density as a perturbing factor.

*  The variation of TEC in association with stroke density during the pre-monsoon season was found to be significant

*  Thunderstorms have been observed to have played a significant role in the ionospheric perturbation that may result in the
disruption in communication.

*  The outcome of this study can lay the foundation on the work to investigate the extent of perturbation and hence the
communication disruption being emanated by thunderstorms.

Abstract

The ionosphere is a system that can experience dynamical perturbation due to external influences from solar dynamics and
activities: geomagnetic storms, solar radiation and lower atmospheric events such as thunderstorms and gravity waves. In
this study we have analyzed the changes in the Total Electron Content (TEC) in relation with the thunderstorm activities taking
into account of the lightning stroke density as a perturbing factor. The data pertaining to TEC have been obtained from GNSS
whereas the lightning stroke data have been obtained from VAISALA's GLD 360. Analyzing the data from 2015 to 2018 the
variation of TEC in association with stroke density during the pre-monsoon season was found to be significant for the period of
study (pre-monsoon period). This implies that thunderstorms play a significant role in the ionospheric perturbation that may
result in the disruption in communication. The outcome of this study can lay the foundation on the work to investigate the extent
of perturbation and hence the communication disruption being emanated by thunderstorms.
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Introduction

Williams (2009) and Singh et al. (2012) proposed that thunderstorms function as electric generators, driving currents in the
upper global electric circuit[1, 2]. In the worldwide circuit, the overall electric current from intracloud and cloud-to-ground
lightning may range from 50 to 400 A [3], whereas maximum current may rises up to a few tens of kiloampere. Approximately
10% of the Earth's surface is covered by an average of 2000 active thunderstorms at any given time, with an average worldwide
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flash rate of 45 lightning discharges per second [4]. The world's lightning activity is not evenly spread; specific hotspots like the
Caribbean, Central Africa, and Southeast Asia account for a large portion of it, with the majority of it occurring in the summer. In
addition starting forest fires, lightning strikes also result in injury, fatalities, and damage to infrastructure, business, and property.
According to estimates from Holle (2008), lightning kills 24,000 people annually throughout the world and resulting in $300
million in insured property damage in the United States [5]. According to the studies [6 - 9] the upward current is linked to an
electric field that might cause E x B plasma drift and, in turn, redistribute plasma in the ionosphere, which would affect electron
density. In their simulation of a tripole-charge structured thunderstorm, Kuo and Lee (2015) calculated the skyward goinging
current into the ionosphere and which impact on the distribution of electron densities [10]. They demonstrated that an 8.3 A source
current in the equatorial area might alter the total electron content by 1-10%. The creation of gravity waves is also connected to
thunderstorms. Gravity waves are common over miniature, isolate-cell and mesoscale convective systems, according to statistical
research [11]. The travelling waves may be produced by thunderstorm cloud tops that overshoot their boundaries [11, 12], travel
skyward, along with carry lightning strikes and releases electrical energy into the ionosphere. Lightning strikes cause a strong
electromagnetic pulse (EMP) to radiate in addition to their immediate effects on the ground. In 1964, Wait and Spies noted that
long-distance propagation of this EMP makes it potentially dangerous for electronics and radio communications. The upper
atmosphere includes the ionosphere where plasma interacts with the EMP energy as it travels upward. There have been numerous
recent reports of perturbations in the thunderstorm-induced ionosphere-wide plasma dispersion [7, 8, 12, 13, 14, 15, 16, 17]
There have been reports of thunderstorm-associated gravity waves in the ionosphere's D and F regions that have lasted more than
five minutes [9]. Using GLD360 data and a computational model of the lightning EMP, according to Blaes et al. (2016), there is
about 2 MW of continuous power dissipated globally in the lower ionosphere due to the whole amount of ionospheric heating
caused by lightning [18]. A study by Kumar et al. (2017) found that the ionospheric disturbances away from the source zone of
the thunderstorm and lightning may be due to both gravity waves traveling upward obliquely from the tropospheric convective
region and the electric field of the lightning [19, 20].

Datasets and Methodology

Extraction of TEC Data: TEC data is obtained from ground GPS stations located in Nepal JMSM (Jomsom 28.77° N, 83.77° E)
and KKN4 (Kakani 27.82° N, 85.24° E) are from website www.unavco.org. The GPS TEC data is available in RINEX format
and it is extracted in ASCII format using Fluery’s software which runs in MATLAB program. This application has examined and
extracted data from the observation and navigation RINEX file that is required to calculate the TEC. A mapping function is used
to transform the obtained slant total electron content (STEC) to vertical TEC (VTEC) (Kumar et al., 2015). Since the value of
VTEC data is independent of satellite receiver position, it was utilized instead of STEC data. Since we have taken into account
quiet time conditions Kp-index <4 as well as Dst-index lying between 0 to 30 nT during the lightning and the day in which there
is no lightning, every disturbance in TEC > 0.1 TECU has been attributed to lightning activity (Kumar et al., 2017).

Data for Lightning Stroke: The lightning stroke data have been obtained from VAISALA’s GLD 360 from year 2015 to 2018.The
data is converted into hourly average and used in our study for the physical interpretation..

Results and Discussion

In this section we discuss about the variation in lightning strokes with total electron content, temperature and relative humidity,
respectively. The lightning data observed from VAISALA’s GLD 360 used in this research to project thunderstorm activity in
Nepal. Figure 1 showing map of Nepal (source: google map). There have been significant lightning strikes between 0700 and
1900 UT. The observatory reports very intensive cloud movement during this time. According to data from the Atmospheric
Infrared Sounder satellite (website: https://giovanni.sci.gsfc.nasa.gov), the cloud top temperature stayed about ~30°C. At around
8 kilometers in altitude, the clouds appear to represent an intensive convective system. Gravity waves appear to be able to be
produced by the system. The GPS TEC data over the area are accessible for analysis between 0600 and 1800 UT. These data
have been used to examine how thunderstorm and lightning activity affects the ionosphere. Fig. 2(a - d) represents variation in
total electron content (TEC) and lightning strokes with time (UT). The x-axis represents universal time (hour), the y-axis left
represents variation in TEC and y-axis right represents variation in lightning strokes.
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These plot shows that TEC has maximum values during equinoxes March-April and September-October. Lightning stokes shows
similar trend of maximum value twice in a year. Among these two maximum values the highest has noted around the pre-monsoon
period. Fig. 3 (a - c) represents variation in relative humidity (RH) and lightning strokes with time (UT). The x-axis represents
universal time (hour), the y-axis left represents variation in RH and y-axis right represents variation in lightning strokes. The plots
indicate that relative humidity has lower value during the month of May in 2015 and in May of year 2016 and 2017 respectively.
Fig. 4 (a - c) represents variation in temperature and lightning strokes with time (UT). The x-axis represents universal time (hour),
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the y-axis left represents variation in temperature and y-axis right represents variation in lightning strokes.
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Fig.1. Map of Nepal (source: Google map)
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Fig. 3a. Relative humidity and lightening strokes in 2015 Fig. 3b. Relative humidity and lightening strokes in 2016
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Fig. 3b. Relative humidity and lightening strokes in 2017 Fig. 4a. Temperature and lightening strokes in 2015
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Fig. 5 represents variation in temperature and lightning strokes with time (UT) on 19 April 2018. The x-axis represents universal
time (hour), the y-axis left represents variation in TEC and y-axis right represents variation in lightning strokes. It has been noted
from the plot that lightning strokes has maximum values around 9 UT, 1 UT and 18 UT respectively.
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Fig. 5. Variation in TEC on 19 April 2018 with lightening strokes

Fig. 6 represents variation in delta TEC with time (UT) on 19 April 2018. The x-axis represents universal time (hour) the y-axis
left represents deviation in TEC. Delta variation of TEC is calculated by subtracting value of quiet days TEC on 9 April 2018 with
lightning day TEC on 19 April 2018. The plot shows corresponding to the maximum values of lightning stroke, there is variation
in the TEC. Around 9 UT increase in TEC has identified whereas the slight decrease in TEC has noted during 1 UT and 18 UT
respectively.
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Fig. 6. Percentage change in TEC due to lightening reference quiet day is taken as 9 April 2018.

Thunderstorms are linked to the production of gravitational waves and electric fields, which have the potential to enter the
ionosphere and disturb the distribution of ionization, changing the total electron content (TEC). The westward E field created by
the thunderstorm's skyward current generates the E x B plasma drift, which in turn causes the plasma to travel downward[20, 21].
Electron density enhancement is produced by travelling gravity waves that moves to the ionosphere during thunderstorm activity,
along with the electric field [9, 14]. Gravitational waves can penetrate to the lower ionosphere and cause ionization through
heating effects, but this process can take one to two hours [22]. While GPS-TEC provides information on the entire ionosphere,
with the F area ionosphere contributing the most, VLF measurements typically probe the D region ionosphere. The primary
thunderstorm activity that numerous GPS stations in the Hong Kong region observed on April 1, 2014, between 1100 and 1600
UT, on a geomagnetic quiet day (Kp <4) is shown to have led to heightened ionospheric disturbances in GPS-TEC (DTEC) [19].
Additionally, their findings indicate that the ionospheric disturbances are seen outside of the lightning and thunderstorm originated
zone, and these may related with both the inclining skyward propagating gravity waves produced in the tropospheric translation
sector and the lightning electric field. In a study at equatorial Congo Ogunsua et al. (2020) found that the maximum rise in height
in TEC of ~£1.5 TECUs, the thunderstorm-related TEC variations were mostly found to spread in a particular direction from the
event point[24]. The thunderstorm creates an upward gravity wave effect during convective processes, it results in the upward
movement of momentum and kinetic energy between the atmosphere's layers. The wave transfer between the atmospheric layers
changes in amplitude due to upward density differences. The ensuing shift in amplitude near the mesosphere may occasionally
cause the wave to become critical, breaking and releasing momentum fluxes in the process that creates secondary waves [25].
Through this process, gravity waves have the potential to reach ionospheric heights and cause ionosphere disturbances. TEC
variations, which can range from 0.5 to 1.5 TECUs, are produced during the day by the action of gravity waves. But around the

equator, the fingerprints of thunderstorm gravity waves are largely undetectable at night [24].

Conclusions

The current study has examined the ionospheric disturbance caused by lightning/thunderstorm activities in the vicinity of the
Nepal. After a thorough analysis of the data spanning from 2015 to 2018, it was shown that there was a considerable fluctuation
in TEC during the pre-monsoon season in relation to stroke density over the research period. This suggests that ionospheric
turbulence caused by thunderstorms is important and could lead to communication disruptions. The findings of this study can be
utilized as a foundation for further investigations that seek to quantify the level of disturbance and, in turn, the communication

interruption brought on by thunderstorms.
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