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We present the tropical ionospheric response to a severe cyclonic storm, "BULBUL," observed from Ionosonde
observations over "SANYA" (18.34°N, 109.62°E). The cyclone "BULBUL" developed as a low pressure on 5 November 2019
and intensified into a Very Severe Cyclonic Storm (VSCS) on 8 November 2019, and a landfall occurred on 9 November 2019
over West Bengal. This study utilizes Ionospheric parameters foF2 and hmF2 during the cyclone (5-11 November 2019). The
cyclone period falls under quiet geomagnetic conditions (Kp < 3) and makes us investigate the lower atmospheric
meteorological event's impacts on the ionosphere. Significant modulation has been found in hmF2 and foF2 during cyclone-
intensified stages (SCS, VSCS, Land fall) from 7-9 November 2019. Low OLR and upward vertical velocity are observed at the
matured stages, suggesting deep convection, generating Gravity Wave Oscillations. Local time profile reveals the severe
suppression in foF2 during the intensification and land falling day of the cyclone, and reversely hmF2 shows an increasing
trend. The peak value of hmF2 shifted from post-noon to prenoon hours during the progression of the cyclone (from SCS to
VSCS and landfall). In addition, we observed strong gravity wave oscillations of about ~3 and 5 hours in foF2.
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1 Introduction

Tropical cyclones are devastating natural hazardous
tropical ~weather systems that cause severe
damage/threat to society, economic loss, and human
casualties due to strong winds, heavy rainfall, flooding,
and storm surges'’. Recent studies suggested
significant changes in land, ocean, and atmospheric
parameters during tropical cyclones. Recently, Perez-
Alarcon et al”’ reported that tropical cyclones have
been intensified by 17% and increased the frequency of
cyclone occurrence due to increased anthropogenic
climate activities. Five decades of atmospheric research
reported the significant influence of tropical cyclones
on ionospheric dynamics. However, the mechanism is
still puzzling, and more investigation is needed to
understand the tropical cyclone—ionosphere coupling.

Numerous authors have extensively studied the
linkage between tropical cyclones and the ionosphere
using state-of-the-art observations like GPS, GNSS,
VLF, and Ionosonde observations. These studies
summarize the outcome as a significant variation in
Total Election Content®'?, Travelling Ionospheric
Disturbances (TIDs) in the Ionosphere'>'®, VLF
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signal anomalies'®?’, Ionospheric

parameters like foF2 and hmF and maximum
distortion in radio wave communication®,

variation in
221—24

The two-way critical relationship of tropical
cyclone—ionosphere coupling was reported by Vanina
et al. *°. One way is through dynamical coupling -
generation and propagation of tropical storm-induced
atmospheric waves such as gravity, tidal, and
planetary waves >’** and electrical coupling. Gravity
waves are buoyancy oscillations of periods from
minutes to several hours, originating from tropical
cyclone-induced convection. Several studies reported
these gravity waves introduce significant changes in
the Tonosphere®® 821222934,

Tropical cyclone "BULBUL" is a Very Severe
Cyclonic Storm (VSCS) formed over the Bay of
Bengal that caused heavy rainfall, flood, and storm
surges. Faisal ef al.* simulated the storm surge height
during BULBUL using the Meteorological Research
Institute (MRI) model. Kumar et al.*® predicted the
cyclone intensity, location, and time of landfall for
cyclone "BULBUL". Biswakarma et al.’’ studied the
water inundation assessment during the "BULBUL"
cyclone using remote sensing and Geographic
Information System (GIS) tools.
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The present work investigates the ionospheric
response to the Very Severe Cyclonic Storm
"BULBUL" (5-11 November 2019) observed over the
tropical site "SANYA "(18.34°N, 109.62°E, dip angle
27.12°). SANYA site is situated in the low latitude band
with geographic coordinates latitude 18.34°N and
longitude 109.62°E, and its geographic location is shown
in Fig. 1. The ionospheric parameters foF2 and hmF2
were utilized in this study to investigate the tropical
cyclone effects on the ionosphere. The Ionospheric foF2
and hmF?2 were retrieved by a real-time ionogram scaler
with true-height analysis®. The cyclone "BULBUL"
developed as a low pressure on 5 November 2019 and
intensified into a Very Severe Cyclonic Storm (VSCS)
on 8 November 2019, and landfall occurred on 9
November 2019 over West Bengal.

2 Data Used & Methodology

2.1 Surface parameters from India Meteorological Department
The present study utilized surface variables like
central pressure, maximum sustained wind speed, and
cyclone track from the India Meteorological
Department (IMD), New Delhi https://rsmcnew
delhi.imd.gov.in/index.php. The maximum sustained
surface wind represents the estimated highest 3-min
surface wind measured at the 10m height level.

2.2 3-Hr Kp index

The Kp index indicates disturbances in the Earth's
magnetic field. The mean standardized Kp-index was
derived from coordinated multiple magnetic
observations covering latitude 44-60° of northern or

southern latitudes. The Ionosphere is a dynamically
active medium that is always influenced by forcing
from above (mainly geomagnetic storms) and forcing
from below (meteorological events and lower
atmospheric forcing). The Kp-index depicts the
condition of solar and geomagnetic activities, which
controls primarily ionospheric behaviour. Its value
ranges from a scale of 0 to 9. The 3-Hr Kp index value
below 3 is considered a geomagnetically quiet
condition’’. The cyclone "BULBUL" falls under
geomagnetic quiet conditions. Hence, the impact of
upper atmospheric forcing is negligible. The 3-Hr Kp
index was retrieved from the World Data Centre of
Geomagnetism, Kyoto http://wdc.kugi.kyoto-u.ac.jp/
wdc/Sec3.html

2.3 Ionospheric Sounding over SANYA (18.34°N, 109.62°E)
Ionosonde is a radar instrument used to examine the
Ionospheric behaviour. lonosonde transmits RF power
pulses vertically upward and receives reflected signals,
and the response would be seen in an lonogram profile,
an altitude plot against frequency. SANYA, China, is
located in a low latitude belt with geographic
coordinates latitude 18.34°N and longitude 109.62°E,
and the geographic location is shown in Fig. 1. The
ionospheric parameters, namely, foF2 (Critical
frequency of F2 layer) and hmF2 (peak height of F2
layer), were retrieved with the help of an automatic
real-time ionogram scaler with true height analysis™.
The scaled hourly Ionospheric foF2 and hmF2 for the
station “SANYA” were obtained from the World Data
Centre (WDC) for Geophysics, Beijing, supported by
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Fig. 1 — Map representation of Cyclone BULBUL (green line) and the observatory site SANYA (18.34°N, 109.62°E).
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the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS), an international
research centre well equipped with strong basic
research and resources for technological innovation on
the frontiers of the solid Earth and Space Sciences.

2.4 ECMWF ERAS Reanalysis

The lower atmospheric dynamical variables were
achieved from ERA 5 Reanalysis datasets. ERA 5 is the
fifth generation European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalysis of
the global climate covering from 1940 to the present.
The dynamical variable vertical velocity is utilized from
ERA 5 Reanalysis™, operated by Copernicus Climate
Change Service. The vertical velocity is obtained from
CDS Cloud Server https://cds.climate.copernicus.eu/.

2.5 Outgoing Longwave Radiation

The daily interpolated Outgoing Longwave Radiation
(OLR) data was obtained from the Climate Diagnostic
Center (CDC), National Oceanic and Atmospheric
Administration (NOAA) with the spatial resolution of 1°
latitude x 1° longitude grid.

2.6 Cyclone "BULBUL"
The Very Severe Cyclonic Storm "BULBUL""' over

the northwest Bay of Bengal moved nearly northward
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with a speed of 12 kmph and lay centred on 9
November 2019 over the northwest Bay of Bengal near
Latitude 20.65°N and Long 87.85°E about 125m east-
northeast of Odisha. It weakened gradually, moved
north-eastwards, and crossed the West Bengal -
Bangladesh Coasts between Sagar Islands (West
Bengal) and Khepupara (Bangladesh) across the
Sunderban delta by late evening/ night (between 20:00
& and 23:00 hours IST) of 9 November as a Severe
Cyclonic Storm with a maximum sustained wind
speed of 110-120 Kmph gusting to 135 Kmph.

Figure 1 shows the geographic map representation
of cyclone track "BULBUL" during 5-11 November
2019. The cyclone track is plotted in a green line, and
the observation site "SANYA (18.34°N, 109.62°E) is
marked in a red circle. The distance between the
cyclone position and SANYA is ~20°. Table 1 shows
the intensification stages of cyclone "BULBUL" and
its distance from the observation site "SANYA".

3 Results and Discussion

3.1 Surface Variabilities during BULBUL

Figure 2 represents the temporal variation of surface
variables, such as sustained wind speed and estimated
central pressure during cyclone "BULBUL". The

Table 1 — Progress of Cyclone BULBUL

Date/UT Position Maximum sustained surface ~ Stages of cyclone Distance: Cyclone position
Lat. (°N) Long. ("E)  wind speed (kt) from SANYA(Degree)
05.11.19/0300 13.1 91.0 20 gusting to 25 Depression 18.21°
06.11.19/0000 13.4 89.7 25 gusting to 30 Deep Depression 19.79°
07.11.19/2100 16.6 87.7 30 gusting to 60 Severe Cyclonic Storm 20.9°
08.11.19/1200 18.5 87.6 maximum of 75 Very Severe Cyclonic Storm 20.9°
09.11.19/1500 214 88.3 Reduced to 60 Severe Cyclonic Storm 20.3°
10.11.19/0900 22.4 90.1 Reduced to 30 Deep Depression 18.7°
11.11.19/0000 23.1 91.9 Reduced to 20 Depression 17.3°
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Fig. 2 — Temporal variation of Central Pressure (black line) and Maximum Sustained Surface wind (red line) during cyclone BULBUL
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Fig. 3 — Geomagnetic condition during cyclone BULBUL.

cyclone progressed from Depression on 05 November
2019. It further intensified and became a Very Severe
Cyclonic Storm on 08 November 2019. As the
cyclone intensifies, the central pressure decreases, and
reversely sustained wind speed decreases steadily.
The central pressure reached its minimum (976hPa),
and sustained wind speed reached its maximum (~75
kt) on 8 November 2019. The trend reversed during
cyclone decay on 10 and 11 November 2019. It
clearly shows the negative correlation between
sustained wind speed and central pressure. Cyclonic
wind speed is measured by the pressure gradient or
the lowest pressure difference between the storm
centre and the storm's outside pressure, divided by the
distance in which the pressure change occurs.

3.2 Ionospheric variation during "BULBUL" cyclone

Figure 3 shows the geomagnetic condition during
cyclone "BULBUL". The 3-Hr Kp index less than
(Kp < 3) during the cyclonic period 5-11 November
2019 indicates the quiet geomagnetic condition.

Figure 4(a) shows the temporal variation of foF2
(top) and hmF2 (bottom) during cyclone BULBUL.
To visualize the tropical cyclone effect on foF2 and
hmF2, we have taken a mean 10-quiet-day variation
of foF2 and hmF2 as a reference, and a black line
denotes it. The peak foF2 decreased on 06 November
2019 after the Deep Depression of cyclone BULBUL.
At intensified stages (07-09 November 2019), a
significant reduction in foF2 is found from the
reference. The peak foF2 shows a substantial decrease
of about ~1 MHz, ~0.8 MHz and ~2 MHz on 7-9
November 2019 from the reference. Whether as, peak
hmF2 shows a modulating pattern during cyclone
"BULBUL". The peak hmF2 increased by about

25 km and ~28 km on the 8th and 9th of November
2019 before noon hours. On the intensified stages of
cyclone BULBUL (7-9 November 2019), foF2 and
hmF2 show a negative correlation trend.

Figure 4(b) represents the local time variation of
foF2 (left) and hmF2 (right) for 0-9 UT during the
cyclone BULBUL. As we can see from Figure 4(b),
the foF2 and hmF2 show maximum variation around
4-9UT. In SCS/VSCS, as we infer from the BULBUL
cyclone, significant suppression of foF2 and
enhancement of hmF2 were noticed at the cyclone's
intensified SCS and VSCS stages. A decrease of ~1
MHz was observed on the land falling day of the
cyclone. The low foF2 and high hmF2 were observed
at land falling. The reverse of the same (high foF2 and
low hmF?2) was found at the time of weakening of the
cyclonic storm into Depression. Thus, the foF2 and
hmF2 show modulating patterns during the intensified
cyclone stages.

Figure 5 describes the time-latitude cross-section of
OLR (bottom) and vertical velocity at 200mb (top)
averaged over 85-95°E & 13-25°N during the cyclone
BULBUL. A low OLR (<160 W/m2) declined
sharply, propagating from 25°N to 5°N as the cyclone
progressed from 5 November to 11 November 2019.
OLR is an indicator of cloud top heights. Low OLR
informs the presence of very high and cold clouds at
tropical latitudes, which are presumed to be
associated with deep convection. During the OLR
drop, the vertical velocity also showed a negative low
during the intensified cyclonic stages from 05 to 09
November 2019. The negative vertical velocity values
indicate ascending air and positive values denote
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Fig. 4 — (a) Temporal variation of foF2 and hmF2 during Cyclone BULBUL. (b) Local time variation of foF2 and hmF2 during cyclone

BULBUL.

sinking air. Ascending air motion is associated with
cloudiness and rain. This large upward motion during
the cyclonic period leads to rainfall/convection.
Figure 6 shows the mean daytime ionospheric foF2
and hmF2 wvariation (0-9UT) for the cyclone
"BULBUL". During 7-9 November, low foF2 and

high hmF2 are observed, indicating that strong anti-
correlation exists between foF2 and hmF2 during the
intensified cyclone stages.

Figure 7 displays the ionospheric NmF?2 (top), foF2
(middle) and hmF2 (bottom) response to the cyclone
"BULBUL". The top and bottom panels describe the
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Fig. 5— Time series of OLR and Vertical Velocity at 200mb variation averaged (85-95) °E & 13-25°N during BULBUL cyclone.
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Fig. 6 — Daytime variation of foF2 and hmF2 during cyclone BULBUL.
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depletion of number density and critical frequency of
F2 around 4-6 UT hours during the intensified
cyclone stages (7-10 November 2019). (SCS/VSCS
and land fall). In reverse, the drastic enhancement in
hmF2 is seen around 2-8 UT hours during the
intensified cyclone stages from 7-9 November 2019.
No evidence of hmF2 increase is found on 5-6
November and 10-11 November 2019.

Tropical cyclone-induced gravity waves can
propagate upward to the ionosphere and interact with
the background flow as Travelling Ionospheric
Disturbances (TIDs). Fig. 8 depicts the wavelet
spectrum of gravity wave activity in foF2 and hmF2
during the cyclone BULBUL. It describes the
signatures of gravity waves with periods of ~5 hours
in foF2 and hmF2. In addition, we found that a ~3-4
hr gravity wave in foF2 was observed at the start of
the cyclone. The Gravity waves of period 5-hrs were
observed strongly in foF2 during the intensified
cyclone stages on 7-8 November 2019, but then it was
observed weakly in hmF2.

lonospheric response during BULBUL

Several studies reported the decrease of foF2 and
TEC during tropical cyclone BULBUL as similar to
cyclone events, Typhoon GILLIAN'®, TC VEENA®,
AILA AND WARD?', TC Ockhi*”, TC AMPHAN.
As the tropical cyclone is an extending and long-
lasting disturbance, nearly ~20% modulation can be
seen with the distance ~ 3800 Km to 5000 Km from
the cyclone point™. In this present work, we found a
maximum decrease of foF2 at the time of the
maximum cyclone intensity (~0.8 MHz) and land
falling day (~2 MHz) during 08-09 UT (15-16 LT).
From Fig. 4(b), generally, foF2 shows a maximum
during noon due to maximum solar ionization®. The
local time variation (Fig 4(b) shows the depletion
foF2 starts from 05-11 UT (12-18 LT), and the hmF2
shows the increase before 05 UT (12 LT). The
observed deep convective activity (~115-120 W/m2)
(Fig 5) and upward vertical velocity evidence the
deep convection. The weak westward background
stratospheric zonal wind will allow the waves to
propagate upward (Fig. 6). Recently, Gajalakshmi
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Fig. 7— Ionospheric foF2, NmF2 and hmF?2 variation during cyclone BULBUL.
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Fig. 8 — Wavelet Power Spectrum of Gravity wave activity during cyclone BULBUL.
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et al.** evidenced the gravity wave propagation to
ionospheric heights and nearly ~1 MHz foF2
depletion.

4 Conclusion

Tropical ionospheric response to severe cyclonic
storm “BULBUL” was investigated using ground
ionosonde observations over SANYA (18.34°N,
109.62°E). The foF2 shows significant suppression at
the intensified stage and maximum drop during land
falling of “BULBUL”. A negative correlation
between foF2 and cyclone intensity was observed.
Hence, the effect of the tropical cyclone is seen as a
broadband disturbance and introduces a significant
impact on the tropical ionosphere.
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