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Abstract. The response of electric field intensity of VLF radio atmospherics during
two tropical cyclones Fani (May 2019) and Amphan (May 2020) has been presented in
this paper. VLF radio atmospherics (or VLF sferics) received at Coochbehar (CHB) and
Kolkata (CUB) at three discrete frequencies (4 kHz, 7 kHz, and 9 kHz) showed clear
amplitude anomalies with respect to the reference level during the two cyclonic storms.
This is explained using the electrical structure and distribution of cloud-to-ground
lightning associated with the cyclones. Effects of ‘local lightning’ and ‘distant
lightning’ have been identified for both the CUB and CHB receivers. Field intensity of
VLF sferics at CUB station was found to get enhanced for both types of lightning
events. But the intensity of VLF sferics at CHB station was found to be reduced for
‘distant lightning” and enhanced for ‘local lightning’, possible reasons of which are also
explained.

Keywords: Radio atmospherics; VLF sferics; Tropical Cyclones; Upper
atmosphere; Lightning.
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1. INTRODUCTION

Lightning emits the strongest natural electromagnetic radiation in the Earth’s
atmosphere within the frequency range from a few Hz to 10 GHz [1,2]. Radio
atmospherics or lightning sferics are the broadband electromagnetic emissions that
are generated during a lightning discharge. These emissions are mostly
concentrated in the Very Low Frequency (VLF) band having frequency 3-30 kHz
and called VLF sferics. The sferics can propagate through the Earth-lonosphere
Wave Guide (EIWG) up to thousands of kilometers with attenuation coefficients of
2-3 dB/Mm [3,4]. Since the acceleration of charged particles within the lightning
return stroke produces the VLF sferics, they are important to contain information
about the lightning generation process [5]. VLF sferics can be received directly or
indirectly by a suitable receiving system from the ground. On average, at any
moment 50 lightning occur per second globally. The total field intensity of the VLF
sferics, is the result of those individual lightning flashes. The arrival of lightning
sferics may occur directly or by reflection from the D-region of the ionosphere [6].
The amplitude of VLF sferics shows diurnal variation depending on the location of
the receivers [7,8]. The diurnal nature of VLF electric field atmospherics may not
always show ‘Carnegie curve’ in some areas of the globe depending on the
atmospheric weather at the receiving location [9,10]. The diurnal variations can
also be modified by natural phenomena like solar events, lightning thunderstorms,
or even by earthquakes [11]. The study of VLF sferics during severe
meteorological conditions such as tropical cyclones attracts special attention in the
tropical region [12]. VLF radio atmospherics, during a tropical cyclone associated
with intense lightning activity, show sharp variation in their field intensity. For
example, the radio atmospherics in the ELF (Extremely Low Frequency) and VLF
band show a fluctuation during Tropical Cyclone ‘Roanu’ in May, 2016 [13]. In
another work it is observed that, VLF sferics during the cyclone ‘Aila’ and reported
sudden enhancement in the field intensity of VLF sferics at 3 kHz and 9 kHz which
were much higher than normal thunderstorms [14].

Tropical cyclones not only affect the propagation of natural VLF signals
originating from the lightning discharges but also affect the propagation of fixed-
frequency navigational transmitter signals as evidence of modification of
ionospheric plasma during the intense cyclone period. The effects on the
ionosphere during cyclones are thought to be mainly caused by two mechanisms;
the electromagnetic channel due to lightning and the acoustic channel due to
atmospheric gravity waves (AGWs). Lightning is found to be present in the eye
wall and in the rain-bands of TCs [15]. Wang et al. (2018) studied the variation of
lightning density at different stages and in different parts of TCs. They found the
presence of lightning in the rain-bands throughout the total duration of
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cyclone/hurricane, but in the inner core region lightning intensity was at a peak
during tropical depression and super typhoon stage [16]. Pan et al. (2014) analyzed
lightning activity during the typhoons in the Northwest Pacific Ocean and found
good correlation between typhoons sustained wind speed and accumulated
lightning flashes over a region of radius 600 km from typhoon center. A lightning
generated radio signal may extend up to 10 GHz with peak energy at 5-10 kHz [17].
This peak emission of lightning VLF sferics electric field is sufficient to produce,
the required D-region ionospheric ionization voltage, thus causing ionospheric
changes and corresponding atmospheric optical emission of lightning spark [18].

The AGWs generated from the cyclonic system are found to couple the
lower atmosphere with the upper atmosphere [19-22]. These investigations were
mainly based on the GPS-TEC, radar, ionosonde data. For example, Perevalova et
al. 2010 investigated ionospheric variation associated with cyclones using GPS-
TEC data and found perturbations in several ionospheric parameters due to the
cyclones. Bishop et al. 2006 reported a large velocity variation of F-region plasma
using radar, ionosonde, and GPS data. Impacts of tropical cyclone (TC) on the
lower ionosphere (60-100 km) were also studied deeply using VLF transmitter
signals and reported in recent times [19]. VLF transmitter signals are an efficient
tool to investigate the generation of gravity waves and diagnose their properties
[23-26]. A strong correlation between AGWs in shorter wavelengths detected by
VLF signals and cyclone intensity was reported recently by Pal et al. 2020
associated with the tropical cyclone Fani of 2019 over the Indian Ocean. VLF
transmitter signals respond to cyclone induced ionospheric conductivity
modulation depending on the relative position of the signal propagation paths and
the cyclone path [27]. Das et al. 2020 also approximated the spatial dimension of
the disturbed D-region ionosphere by simulating the VLF signal variation
associated with the tropical cyclone Fani over the Indian Ocean [28]. Deviation of
terminator time during tropical cyclone is analyzed for the first in a very recent
study [29].

In this paper, we have presented an analysis of electric field intensity of VLF
sferics at lower band (4-10 kHz) as received by two ingeniously developed VLF
receivers associated with the two tropical cyclones ‘Fani’ of 2019 and ‘Amphan’ of
2020 over the North Indian Ocean region. The ‘Fani’ was in the category of
Extremely Severe Cyclonic Storm (ESCS), and the ‘Amphan’ was in the category
of Super Cyclonic Storm (SuCS). We show how VLF sferics respond differently at
two places with respect to cloud-to-ground lightning activity associated with the
cyclonic storms which also indicate the electrical structures of the cyclones. In the
next section, we present experimental arrangements for data collection and the
methodology for analysis of VLF sferics. In the third section, we show the results
of the observations and lastly, we make conclusions.
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2. EXPERIMENTAL ARRANGEMENT AND DATA

We monitor electric field amplitude of VLF signals of several navigational
transmitters e.g. VIX of India (18.2 kHz), NWC of Australia (19.8 kHz), JJI of
Japan (22.2 kHz) along with the electric field intensity sferics signals at 4 kHz, 7
kHz and 9 kHz from two low latitude stations Cooch Behar (CHB) and Kolkata
(CUB). The stations CHB (26.35° N, 89.45° E) and CUB (22.570N, 88.260E) are
approximately 450 km apart from each other. Reception of these frequencies is
done by a stable receiving system which includes an active E-field antenna fed to a
two stage band pass pre-amplifier with a gain factor 21. Signal is carried to the
indoor recording unit by a RG-54 coaxial cable. For continuous logging of the E-
field amplitudes with a sampling rate 4 Hz we use Spectrum lab V2.0 software
(https://www.gsl.net). Internal computer clock have been synchronized with fixed
internet time server.
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Fig. 1 - Geographical map showing the locations of VLF transmitter VTX (Black Square), receivers

CHB (Maroon Square) and CUB (Maroon Square) including VTX-CHB and VTX-CUB Great Circle

Paths (yellow line). Black curve (with black dots) showing track of ESCS Fani and Blue curve (with

blue dots) presents the track of SUCS Amphan. Violet circulating symbols showing respectively the
positions the maximum intensity of the cyclones.

Geographic location of the receiving stations and transmitter-receiver Great Circle
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Paths (GCPs) are shown in Figure 1. We monitor VTX transmitter round the clock
since 2018. The tracks of two cyclones are also drawn in the map with black (Fani)
and Blue (Amphan) lines. Positions of the cyclones with highest sustained wind
speed (115 kt for Fani and 130 kt for Amphan) have been marked by violet
circulating symbols.

Here in this paper we focus on the cyclone associated lightning events and
their impacts on the VLF radio atmospherics during these two tropical cyclones. To
check the lightning events associated with the cyclones, the total lightning data are
taken from the Earth Networks Total Lightning Network (ENTLN). ENTLN
detects of in-cloud (IC) and cloud-to-ground (CG) flashes using sensors that
operate in a frequency band spanning the VLF, LF, MF, and HF ranges [30]. We
have considered only the CG flashes since these are the strongest source of VLF
sferics. Relevant data related to the cyclones are obtained from the website of the
India Meteorological Department (IMD).

3. RESULTS AND DISCUSSION

3.1 CASE OF FANI

Here we present the VLF sferics signals at three frequencies received at both
CHB and CUB during the ESCS Fani of 2019. Fig. 2a shows the time series of the
electric field amplitudes at 4 kHz (upper panel), 7 kHz (middle panel), and 9 kHz
(lower panel) signals from 26 April to 8 May 2019 for the CHB station. The red
dotted curve in each panel shows the average electric field variation obtained from
the mean of 7 days signal before the depression formed. The two red solid
horizontal lines in each panel show the £3c range, and the blue solid curves are the
actual field amplitude of the sferics. Minimum in diurnal variation is observed
around 4 UT (9:30 LT) and maximum is observed around 15-16 UT (20:30-21:30
LT). The cyclonic storm Fani converted to ESCS on 30 April with maximum
intensity on 02 May. Accordingly, we can see in Fig. 2a, signal amplitudes
deviated by more than -3¢ from 01 May onward and had maximum deviations on
02 May 2019 at all the sferics amplitudes. The signal strength increased from the
minimum value from the same day (02 May) onward. The cyclone crossed the
coastal region of Puri, India on 03 May and moved toward North. The lightning
associated with the cyclone was located generally far (~1000-2000 km) from the
receiver at CHB on 1-2 May, which caused more ionospheric propagation of the
sferics signal to CHB. The distribution of cloud-to- ground (CG) lightning flash
associated with Fani over the entire affected region is shown in Fig. 3 for 01 May
(0-24 UT), 02 May (6-12 UT, 12-18 UT, and 18-24 UT), 03 May (0-24 UT), and
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04 May (0-24 UT) respectively. The eye of the cyclone is clearly visible on 02 May
when lightning were grouped in to 6 hourly intervals and the lightning occurred in
the vicinity of the eye were distinguished by the red circle. Also the lightning
activity was found to be concentrated near the eye and along the spiral band of the
cyclone Fani. Lightning activity was most over the Ocean on 02 May and the same
was increased over the land after landfall on 03 May. The minimum in the sferics
amplitude on 02 May was caused by the ionospheric propagation effects resulting
in a destructive modal interference among the propagating waveguide modes from
the 'distant lightning'.
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Fig. 2: Each panel represents the VLF sferics amplitude (dB) from 26/04/2019 to 10/05/2019 received
at CHB (solid blue curve), compared with the mean amplitude (red dotted curve). Two red solid
horizontal lines represent 36 range. Upper panel represents the sferics amplitude at 4 kHz, middle
and lower panel are the VLF sferics of 7 kHz and 9 kHz respectively. Two green dashed vertical lines
indicate the period of ESCS Fani.

Fig. 4a shows the CG lightning flash count per day within 200 km around the
receivers CUB (upper panel) and CHB (lower panel). We call these ‘local
lightning’ to separate it from the ‘distant lightning’ for which the sferics signal
traveled a long distance (in this case ~1000-3000 km) through the EIWG before
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being received at CUB or CHB. Unfortunately, we do not have data before 01 May
2019. As can be seen from the case of CHB (Fig. 4 and also from Fig.3) that there
was more ‘local lightning’ on 01 May. As a result, the receiver recorded direct
waves from the ‘local lightning’ that occurred around the CHB and caused an
increase in sferics amplitude above +3c level.
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Fig. 3: Distribution of Cloud-to-Ground (including both +CG and -CG) lightning flashes at several
stages of the ESCS Fani from 01 May to 04 May. Lightning enclosed by the small circle were
occurred in the vicinity of the eye. The eye-wall, inner rain band and outer rain band are clearly
visible when grouped into 6 hourly intervals such as shown for 02 May.

Similarly, on 29 April and 30 April, ‘local lightning’ occurred near to the receiver
at CHB (IMD storm project report) associated with afternoon thunderstorms which
caused the receiver to record direct waves from the lightning instead of ionospheric
propagation and resulted in an increase of amplitude above +3c level. The
lightning associated with cyclone on 03 May were closer to the receiver at CHB as
can be seen from Fig. 3 and thus received more direct sferics waves from the
lightning which also caused increase in signal amplitude.

Fig. 5 shows the variation of sferics amplitudes at the same frequencies for the
Kolkata (CUB) station. In general, minimum in diurnal variation was observed
around ~4-5 UT (9:30-10:30 LT) and maximum was observed around 12-14 UT
(17:30-19:30 LT) for any normal day at CUB. Here the amplitudes increased from

30 April 2019 and stayed above +3c level for the entire day-night times up to 03
May 2019. From 04 May onward the signal amplitudes came back to their normal
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variation. As can be seen from the first panel of Fig. 4, ‘local lightning” was more
on 03 May as the cyclonic storm moved toward CUB with more thunderclouds.
This can also be seen from the radar image shown in Fig. 4b with the squall line
near the receiver. Total lightning was more on 01 May and 03 May compared to 02
May associated with the Fani. But whether there was ‘local lightning’ or ‘distant
lightning’, sferics amplitudes at CUB increased all times from their normal values

at all three frequencies.

Thus the ionospheric propagation of sferics originating from distant lightning in
CUB resulted in a constructive interference among various waveguide modes
causing an increase in field intensity of sferics. Constructive or destructive
interference of the sub-ionospheric signals depends on the propagating distance.
We have observed positive effects in CUB and negative effects in CHB due to
ionospheric propagation effects. Nevertheless, the observations at two sites suggest
that monitoring of signal amplitudes from sferics can give important information
about the cloud-to-ground lightning associated with tropical cyclones and can be
used to assess the electrical structures of the tropical cyclones as well.
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Fig. 4: Cloud-to-ground (including +CG and -CG)) lightning flash count per day (left) from 01 May
to 10 May 2019 within 200 km of the receiver CUB and CHB. The lightning on 01-03 May 2019 was
associated with the ESCS Fani at CUB and was most on 03 May in the region. (Right) Reflectivity
(Max dBZ) from the IMD Doppler Radar at Kolkata on the landfall day of 03 May 2019 showing the
squall line formed on the same day associated with the cyclonic storm.
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Fig.5: Same as Fig. 2 but for the CUB receiver. In general, minimum in diurnal variation was
observed around ~4-5 UT (9:30 LT) and maximum was observed around 12-14 UT (17:30-19:30 LT)
for any normal day.

3.2 CASE OF AMPHAN

Amphan was the first Super Cyclone (SuCS) after the Odisha SuCS (1999) over
the North Indian Ocean region and originated from a low-pressure area in a near-
equatorial region that converted into a Cyclonic storm (CS) in the evening of 16th
May and intensified further into a SuCS on 18th May 2020 with a peak wind speed
of 260 km/h (1-minute sustained) around 12:00 UT. Thereafter, it continued to be
over the Bay of Bengal and made landfall over the West Bengal coast around 10:00
to 12:00 UT on 20 May with 1-minute sustained winds of 155 km/h. Landfall
caused large devastation in the coastal regions of West Bengal and Odisha, India.
On 21 May at around 1800 UT it weakened into a low-pressure area over
Bangladesh.

The two VLF receivers at CUB and CHB were also monitoring the cyclone, but
unfortunately, the system at CUB did not save the text file which contained the
data of May 2019 due to some computer/software failure except the
electromagnetic spectrum in the entire VLF range. Fig. 6 presents the diurnal
variation of the field intensity of VLF sferics at three frequencies 4 kHz (upper
panel), 7 kHz (middle panel), and 9 kHz (lower panel) respectively from 11 May to
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27 May 2020 for CHB station. The duration of the Amphan is shown by the two
green dashed lines. The reference signal at each frequency is shown by the red
curves obtained by averaging the signal amplitudes of seven quiet days before the
cyclone. Blue curves are actual sferics signal.
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Fig. 6: VLF sferics amplitude (dB) from 11/05/2020 to 27/05/2020 received at CHB (solid blue
curve), compared with the variable mean amplitude (red dotted curve) and Amm (black solid
horizontal line). Two red solid horizontal lines represent 36 range. Upper panel represents the sferics
amplitude at 4 kHz, middle panel is for 7 kHz and lower panel is for 9 kHz. Two green dashed
vertical lines indicate the period of SuCS Amphan.

It can be seen from the figure that the entire diurnal variations at each frequency
were much lower than the mean signal from 17 May to 23 May 2020. In this case,
the maximum deviation can be seen on the landfall day 21 May and the 7 kHz
signal responded most during the period. We plot the ‘local lightning’ near the
receiver at CUB and CHB in Fig. 7 which shows the absence of a significant
amount of ‘local lightning’ during the cyclone period 17-22 May 2020. The day
when significant ‘local lightning’ occurred near the receiver, field intensity of
sferics at each frequency enhanced from their mean level (as can be seen for 13-16



11 Impact of tropical cyclones ‘Fani’ and ‘Amphan’ on the radio atmospherics  Article No.

May). The number of lightning associated with the Amphan increased significantly
from 17 May which can be considered as ‘distant lightning’ as the sferics signals
traveled ~1000-3000 km to reach CHB.
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Fig. 7 - Cloud-to-ground (both positive CG and negative CG) lightning flash per day within the 100
km radius of the receivers at CUB (upper panel) and CHB (lower panel).
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Fig. 8 - Distribution of Cloud-to-ground (includes both +CG and -CG) lightning flashes from 16 May
to 20 May associated with SuCS Amphan. Lightning count was the highest around the cyclone eye
during peak intensity period. The eye-wall, inner rain band and outer rain band are clearly visible
when lightning were grouped into 6 hour interval such as shown for 18 May. Note that the size of
eye-wall, inner rain band also the lightning counts were much larger for Amphan than were for the
Fani
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The distribution of all cloud-to-ground lightning associated with the Amphan from
16 May-20 May 2020 is shown in Fig. 8. The encircled lightning was associated
with the Amphan eye. When the sferics originated from ‘distant lightning’
associated with the Amphan reached the receiver at CHB via earth-ionosphere
waveguide destructive interference reduced the sferics amplitudes at all frequencies.
This was also seen in the case of ESCS Fani of 2019 at CHB. Thus at CHB, it is
the ionospheric radio propagation characteristics that caused the reduction in signal
amplitudes for sferics signal. As mentioned earlier, there was no data due to
computer failure at CUB during this time we could not check the variations of the
field intensity of the sferics associated with the Amphan. However, we have the
hourly spectrogram for the entire range during the above period. Fig. 9 shows such
spectrograms from 16-20 May 2020.

18/05
i 10:30 UT

Fig. 9 - Spectrogram recorded at CUB during Amphan in the VLF range. The signal at 18.2 kHz
(prominent horizontal line) is the signal of Indian VTX transmitter.

There was ‘local lightning’ around CUB on 16 May (see in Fig.7 upper panel)
which could be associated with the Amphan and we see from Fig.8 that sferics
dominated the VLF range increasing the electromagnetic noise floor. Similarly for
17-18 May, the electromagnetic noise floor was elevated due to sferics originated
far from the receiver (see in Fig. 8). Electromagnetic noise due to the sferics was
relatively low on 20 May before the computer stopped working due to the arrival of
the storm associated with the Amphan in Kolkata. Although we have no data for
diurnal variations for the sferics field intensity, we can conclude from the
spectrogram records that the amplitudes of the sferics signals have increased during
the Amphan as it also behaved during the ESCS Fani in CUB.
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4. SUMMARY AND CONCLUSION

In this paper, we explore the possibility of monitoring the electrical characteristics
of tropical cyclones using VLF sferics recorded at two places. This is the first work
of its kind over the North Indian Ocean associated with ESCS and SuCS. Both
enhancement and reduction in amplitudes of the VLF sferics are observed during
cyclone days. Our unique observations are summarized here:

Amplitudes of VLF sferics at three frequencies (4 kHz, 7 kHz and, 9 kHz)
have deviated significantly from mean reference level during cyclone days.
A large increase in amplitudes observed at CUB both during ‘local
lightning’ and ‘distant lightning’ events. On the other hand, reduction in
amplitudes is found at CHB during ‘distant lightning’ events and
enhancement in amplitudes is observed during ‘local lightning’ events.

The response of sferics amplitudes is greater i.e. the enhancement is much
stronger at CUB than at CHB. On the other hand, sferics amplitude at 7
kHz seems to respond strongly with lightning at both places.

The diurnal amplitude variation of sferics at each frequency was affected
for 6-7 days during Amphan. On the other hand, the diurnal variation was
affected for 4 days at CUB and 2 days at CHB during Fani. This is because
of more lightning associated with the SuCS Amphan compared to ESCS
Fani.

The distribution of CG lightning associated with the cyclones is also
presented. The size of the eye-wall, inner rain band, and also the lightning
counts were much larger for Amphan than that were for the Fani. More
lightning was observed during the peak intensity phase in the vicinity of
cyclone eye for SuCS Amphan than ESCS Fani.

We have pointed out important aspects of sferics propagation in the earth-
ionosphere waveguide. From the observations and results, the following
conclusions are made:

Lightning activity near the receivers (within 100-200 km radius) always
increases the sferics amplitude significantly because of dominant direct
VLF waves coming from the lightning discharge. In this case, amplitude
enhancement is proportional to the number of CG lightning flash around
the receiver.



Article No. B. Das et al. 14

e An increase in ‘distant lightning’ activity does not always increase the
amplitudes of the sferics signals. In this case, sferics propagate a large
distance (>1000 km) within the EIWG before reaching the receivers.
Depending on the propagation distance and ionospheric conditions, modal
interference may change from place to place and may result in increase in
amplitudes at one place (such as CUB in our case) and a decrease in
amplitude at another place (such as CHB).

e It is now well established that cyclonic storms perturb the ionosphere
either through gravity waves coupling or through electromagnetic coupling.
We believe that different modes of the sferics signals at CHB from ‘distant
lightning’ interfere destructively during the maximum phase of the
cyclones due to the propagation through ‘cyclone-perturbed’ earth-
ionosphere waveguide.

e This type of investigation is important to know the behavior of VLF sferics
with respect to electrical structure and distribution of lightning associated
with cyclonic storms. It is also possible to determine any ionospheric
modification caused by the increase in lightning activity during cyclonic
storms using VLF sferics propagation, recorded by a distant receiver or by
a network of receivers, as one of the diagnosis tool.
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