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Abstract
The D-region ionospheric disturbances due to the tropical cyclone Fani over the Indian Ocean have been analysed using Very Low
Frequency (VLF) radio communication signals from three transmitters (VTX, NWC and JJI) received at two low latitude stations
(Kolkata-CUB and Cooch Behar-CHB). The cyclone Fani formed from a depression on 26th April, 2019 over the Bay of Bengal (Northeastern part of the Indian Ocean) and turned into an extremely severe cyclone with maximum 1-min sustained winds of 250 km/h on 2
May, 2019 which made landfall on 3 May, 2019. Out of six propagation paths, ﬁve propagation paths, except the JJI-CHB which was far
away from the cyclone track, showed strong perturbations beyond 3r level compared to unperturbed signals. Consistent good correlations of VLF signal perturbations with the wind speed and cyclone pressure have been seen for both the receiving stations. Computations
of radio signal perturbations at CUB and CHB using the Long Wave Propagation Capability (LWPC) code revealed a Gaussian perturbation in the D-region ionosphere. Analysis of atmospheric temperature at diﬀerent layers from the NASA’s TIMED satellite revealed
a cooling eﬀect near the tropopause and warming eﬀects near the stratopause and upper mesosphere regions on 3 May, 2019. This study
shows that the cyclone Fani perturbed the whole atmosphere, from troposphere to ionosphere and the VLF waves responded to the disturbances in the conductivity proﬁles of the lower ionosphere.
Ó 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Tropical cyclone (TC) is characterized as a giant sized
rotating air-mass around a center of low atmospheric pressure. The time duration for preparation and disappearance
of TC is called Cyclone Life Cycle (CLC). The more is
CLC the more intense and fatal is the cyclone
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(Sharkov, 2012). During a TC, various chemical and physical phenomena occurs in the upper part of the middle
atmosphere due to lightning, convection current, thunderstorms, strong electric ﬁelds between the clouds (Singh
et al., 2011; Guha et al., 2016). The ionospheric perturbation due to tropospheric activity like Hurricane was ﬁrst
mentioned by Bauer (1958). Occurrence of electrical and
electromagnetic interactions have been revealed in low latitude ionosphere associated with TCs (Thomas et al., 2010;
Isaev et al., 2002). Many studies concluded the presence of

B. Das et al.

Advances in Space Research 67 (2021) 75–86

Very low Frequency (VLF) navigational transmitters
emit signals between 10–30 kHz which propagate through
the earth-ionosphere waveguide (EIWG) with signiﬁcantly
low attenuation rate 2–3 dB/Mm (Davies, 1990). VLF
radio signals experience multiple reﬂections between earth
and lower part of the ionosphere mainly the D-region during propagation though EIWG, which can be received by a
suitable antenna-receiver system. VLF signals are proved
to be an efficient probing tool for monitoring lower ionospheric changes (Inan et al., 2010; Pal, 2015; NaitAmor
et al., 2018). In this connection, the eﬀects on the ionosphere during various geophysical disturbances have been
studied in the recent and past times like Solar ﬂares
(Thomson and Clilverd, 2001), Solar eclipses (Pal et al.,
2012), geomagnetic storms (Tatsuta et al., 2015), detection
of Gamma Ray Burst or Soft Gamma Ray repeater
(Mondal et al., 2012), lightning perturbations (Inan et al.,
2010), earthquake (Singh et al., 2004, 2007, 2010, 2020)
etc. VLF signals also showed convincing results in probing
the D-region ionosphere during TCs (Rozhnoi et al., 2014).
VLF signals of navigational transmitters e.g. NPM
(21.4 kHz), NLK(24.8 kHz), NAA (24.0 kHz) and JJI
(22.1 kHz) were studied for the investigation of D-region
abnormalities during TC Evan and eﬀects of AGWs in
the ionosphere were discussed (Kumar et al., 2017). Wavelet analysis was applied to the VLF signal amplitude to ﬁnd
the wave period of AGWs related to the TC dynamics
(Correia et al., 2019). In another study using NAA-VLF
amplitude data, 69 Tropical depression (TDs) were investigated and results revealed that the Tropical Depressions
(TDs) which grew into Hurricanes showed more signiﬁcant
eﬀect on lower ionosphere than the TDs which not been
intensiﬁed into hurricane (Nina et al., 2017). Pal et al.
(2020) reported the eﬀects of the cyclone Fani on the Dregion ionosphere using the radio signals from the VTX
transmitters received at Kolkata. They found strong correlation of VLF signal amplitude of the VTX transmitter
with cyclone pressure only. Using wavelet analysis, they
reported signiﬁcant correlation of cyclone pressure with
atmospheric gravity waves in the ionosphere and suggested
that cyclone intensity can be monitored using VLF signals.
In the present work, we have studied the cyclone Fani,
in details, using the VLF signals from three transmitters
(VTX, NWC and JJI) received at two places (Kolkata
and Cooch Behar). We try to ﬁnd which of the cyclone
parameters, wind speed or central pressure, both are used
to characterize cyclone intensity, share good correlation
with sub-ionospheric VLF signal. Observations of radio
signals from two places during the cyclone helps to verify
whether the disturbances in VLF signals are actually
caused by the cyclone and also it gives a unique opportunity to estimate the spatial dimension of ionospheric disturbance caused by the cyclone. Therefore, by simulating the
radio signal perturbations observed at two places, we estimate the spatial extent of the cyclone induced ionospheric
disturbances. Further, we have studied atmospheric temperature perturbations at diﬀerent atmospheric layers to

Atmospheric Gravity Waves (AGWs) and also the presence
of acoustic waves during TCs (Xiao et al., 2007; Yue et al.,
2014). The atmosphere is disturbed by Coriolis force, pressure gradient force and gravity force during diﬀerent natural phenomena. A tropical depression or TC perturbs the
atmospheric particles from their equilibrium and gravity
force acts as the restoring force to pull those particles back
to equilibrium. Due to this, non-stationary AGWs having
vertical wavelength 1–6 km and horizontal wavelength
ranging from several tens to several thousands of kilometers originate, which propagate through troposphere and
aﬀects the mesosphere and lower ionosphere having time
period ranges from few minutes to few days (Tsuda,
2014; Das et al., 2012).
In order to be familiar with the importance of AGWs
and their eﬀects on earth’s climate, intense experimental
investigations were carried out in the last decade or recent
times using satellite, radio soundings, radars etc. For example, a possible linear relationship between total energy density generated by AGWs and TCs in the southwestern
Indian Ocean was established (Ibrahim et al., 2010) using
radiosonde data. In another study using the temperature
sounding data from the SABER instrument aboard the
NASA’s TIMED satellite, Zhang et al. (2012) showed high
AGW activity in the stratosphere over low latitude region
connected with tropical deep convection. Exponential
growth of amplitudes of AGW traveling from troposphere
to higher atmosphere with period 1 h to 2.5 days originating from TC has been reported (Dhaka et al., 2003). Using
Radar data, GPS occultation data and atmospheric sounding balloons combined with numerical weather model, generation of AGW during TCs in the lower atmosphere and
their eﬀects on the ionospheric F-region have been discussed (Xiao et al., 2007; Ming et al., 2014). Disturbances
in the ionosphere induced by lower atmospheric AGW
are also supported by many researchers. Outgoing Longwave Radiation (OLR) data provided by the NOAA polar
satellite and GPS windsonde data were analysed during
intense TCs to establish the AGW induced increase of
energy density up to 30% of the climatological energy density in the upper troposphere and lower stratosphere (Ming
et al., 2010). Upward motion of AGWs generated in the
tropospheric layer, produce Traveling Ionospheric Disturbances (TIDs) which are manifested as wave-like pattern
in plasma density ﬂuctuations in the ionosphere and can
change the normal ionization level. Song et al. (2017)
detected moving ionosphere disturbances having period
40–57 min using Total Electron Content (TEC) from a
GPS network in China, for Typhoons Rammsum and
Matmo. Using the radio occultation data from the COSMIC mission, Mondal et al. (2017) showed the coupling
of the troposphere and ionosphere for two TCs developed
over the Bay of Bengal. Recent numerical models also
show promising results of existence of ionospheric disturbances induced by AGWs (Kim and Chun, 2010) and
explain the formation of AGWs from the inner core or
rainbands of TCs (Lin et al., 2011).
76
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see whether the cyclone Fani aﬀected the whole atmosphere
from troposphere to lower ionosphere.

2. Observational data and method
Tropical cyclones are formed almost throughout the
years in the North Indian Ocean above the equator. The
Northeastern part of the Indian Ocean named as the Bay
of Bengal is the source of many strongest tropical cyclones.
The cyclone ‘Fani’ formed from a depression on 26th
April, 2019 over the Bay of Bengal and turned into an
extremely severe cyclonic storm on 1 May, 2019 which
made landfall on 3 May, 2019 near the coastal city Puri
(19.75°N, 85:700 E) with maximum sustained wind speed
(3-min average) of 175–185 km/h (110 knots) gusting to
205 km/h between 0300 UT to 0500 UT on 3 May, 2019.
The India Meteorological Department (IMD) classiﬁed
the storm systems into 5 categories: Cyclonic Storm-CS
(with wind speeds 62–88 km/h), Severe Cyclonic StormSCS (89–117 km/h), Very Severe Cyclonic Storm-VSCS
(118–166 km/h), Extremely Severe Cyclonic Storm-ESCS
(166–221 km/h) and Super Cyclonic Storm-SCS (above
222 km/h). The United States Joint Typhoon Warning
Center (JTWC), categorized Fani as a Category-4 equivalent cyclone with maximum 1-min sustained winds of
250 km/h on 2 May just below the Category-5 tropical
cyclone in the Saffir-Simpson Hurricane Scale. The cyclone
weakened and continued to move north–northeastward
from afternoon of 3 May, 2019. The track of the cyclone
is drawn in Fig. 1(a) with red solid line. The satellite image
of colorized infrared clouds of the cyclone is shown in
Fig. 1(b) on 2 May, 2019 at 1400 UT before landfall.
Very Low Frequency (VLF) radio signals in the frequency range 3–30 kHz received at Kolkata (CUB)
(22.53 N, 88.26 E) and Cooch Behar (CHB) (26.33 N,
89.33 E) are used as main diagnostic tool to identify the
lower ionospheric disturbances associated with the cyclone
Fani. Vertical E-ﬁeld whip antenna having length of 3.65
metre has been used in both places to capture the vertical
component of VLF electric ﬁeld (amplitude only) which
is ampliﬁed by a ampliﬁer circuit and is directed towards
the sound card of a PC for analog to digital conversion.
SpectrumLab V2.9 software (https://www.qsl.net/dl4yhf/
spectra1.html) is used to record the amplitude of the
VLF ﬁeld at desired frequency at a sampling rate of
5 Hz. Three navigational VLF transmitters named as
VTX (18.2 kHz), NWC (19.8 kHz) and JJI (22.1 kHz)
are monitored from both places CUB and CHB along with
VLF ﬁeld due to lightning spherics. The radio propagation
paths between the receivers and transmitters are also
shown in Fig. 1(a). The day-night variation or diurnal variation of the recorded amplitudes starting from 25th April,
2019 to 7 May, 2019 of those three transmitters at both
CUB and CHB stations are considered for the study. Five
days, three from April (25, 26, 27) before the cyclone formation and two from May (05, 07) after cyclone, are con-

Fig. 1. (a) The track of the cyclone Fani is shown by red line with asterisks
from April 26, 2019 to May 05, 2019. The Great circle paths (GCPs)
between the three transmitters and two receivers are shown by the blue
lines. (b) The colorized infrared cloud image of the cyclone obtained from
the MSG satellite image (obtained from the www.imd.gov.in) on 02 May,
2019 at 1400 UT before landfall. Red circles mark the locations of the
VTX transmitter (below) and the two receivers CUB (above). (For
interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

sidered as quiet days to calculate an average unperturbed
reference signal which can be compared with the disturbed
signals during the cyclonic storm. Data of 6 May, 2019 is
not considered for analysis since solar ﬂares which
occurred on the same day disturbed daytime VLF signals.
No geomagnetic storms were also recorded during the
cyclone period. Standard deviation (r) is calculated from
those 5-quiet days for every minutes. Diurnal variations
during cyclone days which deviated beyond the 3r level
of the reference diurnal variation are considered as strong
perturbations to the radio signal caused by the cyclone.
Atmospheric temperature at diﬀerent layers are also ana77

B. Das et al.

Advances in Space Research 67 (2021) 75–86

nal amplitude from about 0200 UT to 1100 UT at Kolkata is very stable with less variability characterized by
lower value of r compared to the daytime signal at Cooch
Behar. The nature of the diurnal curve at each place is the
propagation characteristics of the VTX signal which
depend on many factors such as propagation path length,
modal interference pattern etc. While the daytime signal
at Kolkata showed a beautiful solar zenith angle variation,
signal at Cooch Behar is ﬂat which could be due to the
complex interference pattern among the daytime waveguide modes in the earth-ionosphere waveguide. A complete
simulation of diurnal curves for both places can explain
this which is beyond the scope of this present work. From
2300 UT in night to next day morning 0200 UT, signal is
aﬀected by destructive interference among the waveguide
modes due to passage of the sunrise terminator from the
receivers to the transmitter. Similarly from 1100 UT to
1300 UT, VTX signal is aﬀected by sunset terminator indicating disappearance of the D-region ionosphere over the
propagation paths. The signal amplitude decreased beyond
3r level between 1300–1600 UT (shown by the blue
arrows) on 2 May and 3 May indicating strong anomalies
at both places. The daytime signal amplitude also crossed
the þ3r level on 3 May (0200 UT to 0700 UT) at Kolkata
but not at Cooch Behar as Kolkata was nearer to the landfall area. Another reason that daytime signal at CHB never
showed disturbances could be due to the bigger 3r spread
compared to CUB. The deviation is more on 2 May than
on 3 May as the cyclone intensity was maximum on 2
May, 2019 with maximum 1-min sustained winds of
250 km/h. Also the deviation is greater in Kolkata than
Cooch Behar as the cyclone disturbances or cyclone center
was nearer to Kolkata (or VTX-CUB path) on 2 May and
3 May than Cooch Behar (or VTX-CHB path), which definitely shows that the signal disturbances at both places is
created by a common cause, the cyclone in this case. This
type of observation is very helpful to estimate the size of
the ionospheric disturbance due to the cyclone. Besides
the strong signal disturbances on 2 May and 3 May,
wave-like oscillations were also present in the nighttime signal amplitude (13–23 UT) from 1 May to 4 May with maximum oscillation on 2 May at both places. Pal et al. (2020)
has reported signiﬁcant enhancement of wave-like oscillations related to atmospheric gravity waves (AGWs) with
wave periods 10 min-2hour on 2 May and 3 May on
VTX-Kolkata propagation path due to the cyclone Fani.
The nature of oscillations of nighttime amplitudes are quite
similar at both the places which also suggests a common
driver for ionospheric variation along the two propagation
paths. This wave-like oscillations are attributed to the
eﬀects of upward propagating AGWs originated from the
rotating cyclone system.
VLF signal disturbances are not only observed for the
VTX transmitter, but are also observed for the NWC
(19.8 kHz) and JJI (22.1 kHz) transmitters. Fig. 3 shows
the diurnal variations of the NWC signal (red) for Kolkata
(upper panel) and Cooch Behar (lower panel) during the

lyzed from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument onboard
the NASA’s TIMED satellite (LEVEL2A data product
from saber.gats-Inc.com) to investigate coupling among
the diﬀerent atmospheric layers during the cyclone period.
SABER measures earth limb emission in 10 broadband
radiometer channels ranging from 1.27 lm to 17 lm for
both day and night. The kinetic temperature vertical proﬁles are retrieved from the limb scans with approximately
2 km altitude resolution. The data are considered over a
region within of 12  12 grid (10 N–22 N, 81 E–93 E).
The grid size is so chosen that at least one satellite pass is
obtained daily over the region throughout the period.
The temperature proﬁles, downloaded within the grid, correspond to the time range of 03–10 UT and 15–19 UT.
Since SABER produces one temperature proﬁle every 53
s, there are several overpasses in certain days within the
grid. We took the average of all the proﬁles of a day to create the daily proﬁle.
3. Results and discussion
3.1. VLF signal perturbations during the cyclone
The diurnal variation of VLF transmitter signals beautifully mimics the conductivity variation of the lower ionosphere namely the D-region ionosphere (60–90 km). The
Sun controls the ionization processes in the ionosphere at
daytime creating a stable D-region whose ionization level
changes according to the solar zenith angle. The daytime
VLF transmitter signal also shows a clear variation due
to the solar ﬂux if not attenuated too much during propagation from the transmitter to receiver. At nighttime the Dregion ionosphere vanishes in general, although very week
ionization remains in the upper part of the D-region (above
80 km) attributed to the Cosmic ray ionization and geocorona reﬂected solar Lymann alpha radiation (Thomson
et al., 2007; Pal and Hobara, 2016). Due to the absence
of dominant ionization sources in night, the nighttime
VLF transmitter signals exhibit random ﬂuctuations in
time scale minutes to hour resulting less signal-to-noise
ratio and high variability for VLF signals. Atmospheric
forcing from below in terms of atmospheric gravity waves
and planetary waves which perturb the ionosphere
(Lastovicka, 2001; Lastovicka, 2006) can also be realized
from the nighttime VLF transmitter signals (Pal et al.,
2015). In order to see anomalous behavior of the VLF
transmitter signals during the cyclone period, we plot the
diurnal variations of the received VLF signal (red) from
the VTX transmitter at two places in Fig. 2 from 1 May
to 5 May, 2019 along with the reference signal (black) for
Kolkata (ﬁrst panel) and Cooch Behar (second panel)
respectively. The two green curves are the 3r deviation
curves. Calculation procedure of the reference signal and
3r deviation curves are described in the previous Section.
Average signal strength is greater in Kolkata than Cooch
Behar due to shorter propagation path length. Daytime sig78
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Fig. 2. Diurnal variations of the VTX (18.2 kHz) signal amplitude received at two places CUB (upper panel) and CHB (lower panel) are shown in red
from 30 April, 2019 to 5 May, 2019. Black curve is the variation of reference signal at each place and the two green colors curved denote the 3r level.
Blue arrows indicate the time period when the signal shows disturbances beyond 3r level. Though the nature of diurnal curves at two places are not
same, similarities between nighttime oscillations (red curves between 13–23 UT) in CUB and CHB can be noted. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Same as in Fig. 2, but for the NWC (19.8 kHz) signal amplitude.
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(1 MW) transmitters. Also the greater signal propagation
over landmass for the JJI signal compared to the VTX
and NWC signals causes more signal attenuation
(Chakrabarti et al., 2012; Pal, 2018). It is clear that the
JJI signal at Kolkata (ﬁrst panel of Fig. 4) showed disturbances beyond þ3r on 2 May for a short period of time
(marked by blue arrow) and maximum perturbations were
observed on 3 May, 2019 (marked by horizontal arrow)
after landfall as the cyclone was moving closer to Kolkata
station. The daytime signal and nighttime signal on 4 May,
2019 of the JJI signal as received in Kolkata also showed
strong anomaly as the cyclone was moving nearer to JJICUB propagation path. On the other hand, the JJI signal
at Cooch Behar (second panel of Fig. 4) showed almost
no disturbances above 3r except for a short time on 3
May around 13 UT. The reason could be due to the
greater distance of the JJI-CHB propagation path from
the cyclone eye on 3–4 May and also due to the lesser signal
strength of JJI in CHB compared to CUB. The cyclone lost
its strength and became a depression when it reached close
to the JJI-CHB path on 5 May. It is also interesting to note
that on 3 May, 2019 all three transmitters signals (VTX,
NWC and JJI) at Kolkata showed strong anomaly at daytime while no signals at Cooch Behar showed daytime perturbations due to the cyclone, which also established that
the ionospheric disturbance due to the cyclone on 3 May,
2019 was over or at least near to the Kolkata station compared to the Cooch Behar station.

cyclone period from 1 May to 5 May, 2019. The reference
signal at both places is indicated by black curves and the
two green curves indicate the 3r deviations as in Fig. 2.
The vertical arrows refer to the time instances when the
NWC signal showed strong anomaly beyond 3r level.
The NWC signal started to exhibit strong anomaly from
3 May, 2019 at Kolkata during daytime (from 03 UT
onward) before cyclone landfall time, while the NWC signal at Cooch Behar started to show strong anomaly from
nighttime on the same day. The reason is that during landfall on 3 May, 2019 the cyclone center was located close to
the Kolkata station and after that the cyclone moved
toward north-eastward closer to the Cooch Behar station.
On 5 May, 2019 the cyclone disturbances was closest to
the Cooch Behar station, but at that time the cyclone
decayed to a depression loosing its strength. Therefore,
on 5 May there was no strong anomaly at both places.
The intensity or the perturbation magnitude of the NWC
signal were less at Cooch Behar due to the same fact that
the cyclone was always closer to Kolkata than Cooch
Behar (see Fig. 1b). Fig. 4 presents the diurnal variations
of the JJI signal (red) along with reference signal (black)
and 3r deviations (green) for Kolkata (ﬁrst panel) and
Cooch Behar (second panel) stations respectively. The signal to noise ratios for the JJI signal amplitude at both
places are less compared to the VTX and NWC signals.
The reason could be less transmitting power of the JJI
transmitter compared to the VTX (500 kW) and NWC

Fig. 4. Same as in Fig. 2, but for the JJI (22.1 kHz) signal amplitude.
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(red) variation with the VTX signal amplitude of 1400
UT (black) for Kolkata station. We consider the daily
VTX amplitude at 1400 UT for both places as the VTX signal showed maximum reduction beyond 3r at this time.
The cyclone pressure and wind speed data were plotted
for the time of 1200 UT and 1800 UT daily. Fig. 5(c)
and (d) are same as of 5(a) and (b) but for the Cooch Behar
station. Minimum of VTX amplitude at both places were
observed on 2 May, 2019 corresponding to the minimum
of cyclone pressure and maximum of wind speed. Though,
the apparent correlation of VTX signal with cyclone pressure and wind speed looks good for both receiving stations,
coefficient of correlation is high between VLF signal and
cyclone pressure (VTX-Kolkata: 43% and 36% with pressure and wind speed; VTX-Cooch Behar: 79% and 75%
with pressure and wind speed). The reason of higher cross
correlation of VTX signal with the cyclone pressure and wind
speed could be due to the drop of signal in CHB on 30 April,
while there was no drop of VTX signal in CUB at 14 UT for
which the correlations are obtained. Although the VTX signal amplitude on 30 April in CUB stayed higher throughout
the night which can be seen in Fig. 2. Thus the VTX signal
was inﬂuenced due to the cyclone and exhibited higher signal
ﬂuctuations from 30 April. Strong positive correlation of
cyclone pressure and anti-correlation of wind speed with
VLF response, suggest that monitoring of radio signal perturbation can possibly be used to remotely monitor the
cyclone intensity as well as to estimate the amount of disturbances or perturbations in the ionosphere caused by
large-scale tropical cyclones. Fig. 6(a) and (b) compare

3.2. Correlation between cyclone intensity and VLF
perturbation
Intensity of tropical cyclone is usually categorized by
estimating the central pressure deﬁcit and peak nearsurface wind speed. Both are very useful parameters in
physical understanding of tropical cyclones and are used
to estimate cyclone intensity for operational purpose. The
well-known Saffir-Simpson Hurricane Scale (https://www.
nhc.noaa.gov/aboutsshws.php) uses peak wind speed only
to categorize the tropical cyclone in scale range 1 to 5.
The IMD monitored the cyclone with the help of satellite
observations from INSAT 3D, 3DR, Doppler Weather
Radars (DWRs) and buoys on sea surface. A satellite
image provides an estimate of the pressure drop within
the eye of the cyclone and the maximum wind velocity in
the eye wall region can then be estimated using the existing
empirical relations. The IMD also uses several numerical
weather prediction models developed by Ministry of Earth
Sciences (MoES) institutions to predict the cyclone parameters. We have used the best track parameter values for
wind speed and central pressure which were published by
IMD in their website. In order to investigate direct correlation of the cyclone intensity with the VLF radio signal disturbances, we compare the variation of central pressure
and peak wind speed of the cyclone from 26th April,
2019 to 4 May, 2019 with the corresponding variation of
signal amplitudes of the VTX transmitter at both places
in Fig. 5. Here Fig. 5(a) compares the cyclone wind speed
variation (red) and 5(b) compares the cyclone pressure

Fig. 5. Amplitude variation of the VTX signal at 1400 UT (black) is compared with the cyclone wind speed (a) and cyclone pressure (b) for the Kolkata
station. The same VTX amplitude variation at 1400 UT is compared with the cyclone wind speed (c) and cyclone pressure (d) for the Cooch Behar station.
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Fig. 6. Amplitude variation of the NWC signal at 1630 UT (black) is compared with the cyclone wind speed (a) and cyclone pressure (b) for the Kolkata
station. The same NWC amplitude variation at 1630 UT is compared with the cyclone wind speed (c) and cyclone pressure (d) for the Cooch Behar station.

the cyclone wind speed variation (red) and the cyclone
pressure (red) variation with the NWC signal amplitude
of 1630 UT (black) for Kolkata station. Fig. 6(c) and (d)
are same as of Fig. 6(a) and (b) but for the Cooch Behar
station. The NWC amplitude for both the stations is plotted for the time of 1630 UT as the amplitude showed maximum disturbances at that time. Here, the maximum
enhancement in NWC signal amplitude at both places
occurred on 3 May, 2019, the day of cyclone landfall,
though the cyclone intensity was maximum on 2 May,
2019. The reason is that the NWC-CUB or NWC-CHB
propagation paths are not along the cyclone track or do
not cross the cyclone track (as evident from Fig. 1)b and
on 3 May, 2019 the cyclone was nearest to the both
NWC propagation paths with considerable intensity just
after landfall. Unlike the VTX signal, the NWC signal
shows positive correlation with wind speed and negative
correlation with cyclone pressure at both the receiving stations. The VLF signal disturbances in all the propagation
paths were always positive in the daytime but were both positive or negative in nighttime. Enhancements or reduction of
the VLF signal amplitude at both places during the cyclone
landfall are attributed to the change in propagation eﬀects
due to the modiﬁcation of lower ionospheric conductivity
proﬁles which depend on wavelength of propagation, propagation path length as well as modal interference eﬀects. It
is also to noted that the wind speed is anti-correlated and central pressure is correlated with the VTX signal received at
both CUB and CHB. But, for the NWC signal, opposite is
found where wind speed is correlated and cyclone pressure

is anti-correlated with the NWC signal at both places. Thus
it can not be generalized that VLF disturbance during
cyclone is anti-correlated with wind speed and correlated
with central pressure. Instead, it is the VLF propagation
eﬀects or modal interference eﬀects which determine positive
or negative disturbances in VLF signal depending on the
propagation path length and frequency of the signal.

3.3. Estimation of spatial size of the ionospheric disturbance
We calculate the maximum deviation of the VLF amplitudes at two places during the cyclone using the wellknown radio wave propagation model, the Long Wave
Propagation Capability (LWPC) v2.1 code (Ferguson,
1998). This creates an opportunity to estimate the size of
ionospheric disturbance above the cyclone. The LWPC
code utilize the fullwave solutions of waveguide propagation method in two-dimension to calculate radio signals
propagating in the earth-ionosphere waveguide. It uses
the permittivity, and conductivity of the earth surface
along the radio propagation path as lower waveguide
boundary conditions. The upper waveguide boundary conditions are generally speciﬁed by the altitude proﬁles of
electron density and the electron–ion collision frequency
in the lower ionosphere. The D-region electron density proﬁle is commonly expressed by the two parameters h0 and b
as described by Wait and Spies (1964), where h0 generally
denotes the reference height for the D-region or eﬀective
reﬂection height of VLF signals and b denotes the sharp82
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ness factor of the proﬁle. More details about the calculation procedure can be found in Pal et al. (2020). We choose
to calculate maximum perturbation of VTX signal which
occurred at 1400 UT at both CUB and CHB on 2 May,
2019. The unperturbed proﬁles for nighttime conditions,
when the complete propagation paths were under darkness
for both places, are set as h0 ¼ 87:0 km and b ¼ 0:380 km 1 .
Since the cyclone did not disturb the whole propagation
path uniformly, which is also evident from cyclone track
in Fig. 1a, the perturbed proﬁles of h0 and b are function
of distance along the propagation path. As a ﬁrst approximation, the part of the propagation path nearest to the
cyclone centre during maximum cyclone intensity would
obviously experience greater ionospheric disturbances
compared to the other parts. Under this assumption, we
found the VLF reﬂection height variation along the propagation paths and at both places the calculation reproduced observation for decreased reﬂection heights. The
maximum perturbed D-region proﬁles occurred at a distance of 1600 km from the VTX transmitter along the
VTX-CUB path with h0 = 79.10 km and b = 0.382 km 1 .
Fig. 7a shows the variation of the VTX signal amplitude
for unperturbed (black) and maximum perturbed (red)
conditions as a function of distance from the VTX transmitter. Two vertical dashed lines show the apparent location of the receivers at CUB and CHB stations
respectively. The perturbed proﬁles which reproduced the
observed deviations at both places (CUB and CHB) diﬀer
with respect to reference height h0 by 0.02 km near the maximum perturbed area. The h0 proﬁle for the propagation
paths is shown in 7b with black dots. The proﬁle is best ﬁt-

110

(a)

3.4. Atmospheric temperature perturbation
Strong convection associated with tropical cyclone
aﬀects the upper troposphere and stratosphere by transporting water vapor from the lower troposphere and it also
aﬀects the whole atmosphere through AGW oscillations
generated from the convective activity. We have investigated the atmospheric temperature response before, during
and after the cyclone period as a proxy of understanding
the response of the whole atmosphere and coupling
between diﬀerent layers of the atmosphere. Fig. 8a shows
the residual atmospheric temperature variation for the altitude range of 75–85 km (ﬁrst panel), around the stratopause region at the 45–50 km range (second panel) and
around the tropopause at the 18–20 km range (third panel)
respectively obtained from the TIMED/SABER measurements. To get the residual temperature, we have subtracted
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ted by a Gaussian curve (red) with r ¼ 834 km. The center
of the ﬁtted Gaussian curve lies at a location of  1700 km
from the VTX transmitter which was  100 km away from
the center of the actual curves and also within 100 km from
the landfall area. Since this proﬁle reproduced observed
VLF deviation in both the propagation paths, we can say
that the spatial dimension of the disturbance in the lower
ionosphere due to the cyclone was approximately as large
as 2r  1650 km, which is bigger than the dimension of
the cyclone image as observed by satellite (Fig. 1b). Therefore, the radio signals which propagate through this disturbed area showed anomalous behavior during the
cyclone period.
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Fig. 7. (a) Variation of the VTX signal amplitude for unperturbed midnight (black) and maximum perturbed (red) (at 1400 UT) conditions. The dashed
vertical lines indicate the positions of the two receivers along the propagation path. (b) Variation of the eﬀective VLF reﬂection height along the
propagation path estimated from the LWPC calculation (black dots) and best possible Gaussian ﬁt (red) of it with r ¼ 834 km. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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tion occurred on 3 May, the day of landfall at all atmospheric layers, as observed from the SABER
measurements. We have also checked the atmospheric temperature at tropopause and near stratopause (1 hPa altitude 49 km) from the Atmospheric Infrared Sounder
(AIRS), onboard the NASA’s polar-orbiting Earth
Observing System (EOS) Aqua satellite, during the cyclone
period. This satellite ﬂies in a polar Sun-synchronous orbit
(98:2 inclination) with equator-crossing time at 0130 (descending) and 1330 (ascending) local time providing global
coverage twice a day. AIRS determines atmospheric temperature with a high resolution spectrometer in the thermal
infrared/visible region with an accuracy of 1 K per 1 km
thick layer in the atmosphere. We have downloaded the
AIRS (descending/nighttime) data with 1 degree spatial
resolution from the Giovanni online data system, developed and maintained by the NASA GES DISC, over a grid
81°E-89°E and14°N-20°N where the cyclone was located
mainly during the maximum intensity phase. We have presented the AIRS observation in Fig. 8b, where ﬁrst panel
shows the area averaged residual near stratopause
(49 km) temperature and second panel shows the residual
tropopause temperature from 20 April to 5 May, 2019.
Here, we can see that there was cooling eﬀect in the tropopause region during the maximum intensity phase on 2
May and there was warming eﬀect in the near stratopause
region during 3 May, 2019. Thus the temperature observations from the SABER and AIRS are consistent with each
other. Only diﬀerence is that the tropopause cooling eﬀect
appeared on 2 May in AIRS, while the same appeared on 3
May in SABER. This can happen due to the diﬀerence in
orbits and diﬀerence in observation methods with respect
to time or averaging procedure. Note that in case of
SABER, it was the daily temperature averaged over day
and night, while in case of AIRS it is the nighttime temperature. Nevertheless, both the SABER and AIRS measurements showed general tendency of cooling of the
tropopause region and warming of the stratopause and
mesosphere regions during the maximum cyclone phase.
Appu et al., 2002 used rocket measured temperature proﬁles for the tropical cyclones over Indian Ocean from
1971–1993 and showed that warmings generally take place
in the stratospheric and mesospheric regions during cyclonic storms, irrespective of locations and seasons of their
occurrence. Thus our observations of warming in the stratopause and mesosphere regions are consistent with Appu
et al., 2002. They hypothesized that the enormous amount
of latent heat released during tropical cyclones can act as
source mechanism for the warming of the stratosphere
and mesosphere in general. It is believed that upward propagating AGWs in the neutral atmosphere generated from
the cyclonic activity or any meteorological activity are
the key factors in coupling the diﬀerent layers of the atmosphere (Forbes et al., 2000). AGWs generated from the
tropical convective systems are also the main driver of global atmospheric circulation, especially in the middle and
upper atmosphere (Wright, 2019). Our observation of

Fig. 8. (a) Residual temperature at the height range 75–85 km (ﬁrst panel)
which is also the reﬂection height range for VLF signals, residual
temperature around the stratopause region at the 45–50 km range (second
panel), residual temperature around the tropopause at the 18–20 km range
(third panel) from 20 April to 5 May, 2019 obtained from the TIMED/
SABER. (b) Residual tempearture near startopause (ﬁrst panel) and
tropopause (second panel) for the same duration as obtained from the
AIRS measurements.

the daily averaged temperature from the background temperature which is obtained by averaging the temperature
from 20 April to 25 April before the intensiﬁcation of the
cyclone. The altitude range of 75–85 km is chosen here as
this is the typical reﬂection heights of the VLF waves.
There were no data on 1 May, 2019 for the selected region.
We can see cooling eﬀect near tropopause region due to temperature reduction on 3 May, 2019. Temperature reduction
in the upper troposphere and tropopause region is reported
by many researchers (Pathakoti et al., 2016; Peethani et al.,
2014) during tropical cyclones and is attributed to the
water vapor transport from troposphere to lower stratosphere. In contrast to the upper tropospheric cooling on
3 May, the temperature near the stratopause and upper
mesosphere regions showed warming eﬀects on the same
day. Though the cyclone intensity was maximum on the
night of 2 May 2019 the maximum temperature perturba84
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atmospheric temperature at diﬀerent heights is consistent
with previous observations and supports the fact that the
cyclone Fani coupled the whole atmosphere, from troposphere to ionosphere and VLF waves responded to the disturbance in the lower ionosphere due to the cyclone.
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