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Abstract

The optical observations of ionospheric and mesospheric OI 630.0 nm, OI 557.7 nm along with OH emission carried out from low
latitude Indian station, Kolhapur (16.8°N, 74.2°E) using CCD based all-sky camera system. The features of night airglow variations
observed during the period of a strong geomagnetic storm, which commenced on March 17, 2015, at ~04:30 UT (10:00 IST (Indian Stan-
dard Time = UT + 5.5 h)). Dst of ~—222 nT was seen in this storm suggest that this is among the strongest. The OI 630.0 nm images on
16, 17 and 18 March show the development of Equatorial Plasma Bubbles (EPBs) and bright intensity regions in OI 630.0 nm emission.
Generally, EPBs move from west to east direction but it moved in reverse direction on the strong magnetically disturbed night. The EPBs
drift velocity was less by ~100 m/s than the velocity measured on magnetically quite night 16-17 March 2015. The bright intensity
regions are also observed in OI 557.7 nm airglow, but there is no intensity enhancement seen in OH emission. It is also observed that
the OI 630.0 nm intensity variation well matches with the GPS VTEC variation for PRN-2. The reversal in EPBs drift velocity and
the nightglow intensity variations due to the strong magnetic storm are discussed.
© 2018 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

Geomagnetic storms are the most important Space
Weather phenomena as far as the impact on the global
magnetosphere-thermosphere-ionosphere system is con-
cerned. The storm caused by the solar wind energy, cap-
tured by the magnetosphere, and transformed, dissipated
in the high latitude upper atmosphere through Joule heat-
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ing/particle precipitation. It affects the composite morphol-
ogy of the auroral currents, winds, temperature and neutral
composition. Subsequently, it causes changes in the mid
and low latitudes. The response of the equatorial iono-
sphere during geomagnetic storms is one of the significant
issue related to space weather studies. How geomagnetic
storms affect the characteristics of equatorial spread-F
and Plasma bubble is an important aspect and has more
significance for trans-ionospheric communications. Some-
what large sets of literature now exist to show that at the
time of geomagnetic storms and substorms, the ionospheric
electric fields, currents and plasma density in the dip equa-
torial region depart quite significantly on different time-
scales from the geo-magnetically quiet time patterns
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(Fejer, 1991; Reddy and Nishida, 1992; Sastri et al., 1992a,
b; Abdu et al., 1993, 1995; Fejer and Scherliess, 1995). Geo-
magnetic activity is found to influence preferentially within
the zonal, rather than the meridional component of the
ionospheric electric field at dip equatorial locations (e.g.
Gonzales et al., 1983; Fejer et al., 1985).

The ground-based optical measurements of various F-
region and mesospheric night airglow emissions (OI
630.0 nm, 557.7 nm and OH emission) which provide the
important information on the response of the ionosphere-
thermosphere during the different phases of a geomagnetic
storm. Several researchers have brought out the salient fea-
tures of the F region storm effects by multi-spectral optical
observations at equatorial and low latitude stations. Opti-
cal and particle measurements made from the ISIS-II
spacecraft during August 1972 geomagnetic storm have
been reported by Shepherd et al. (1976). They found strong
enhancement of thermally produced OI 630.0 nm emission
due to plasma heating over two different regions in the
magnetosphere during a major storm.

Based on numerous studies, using data from space
borne and ground based techniques, it is widely accepted
that the OI 630 nm emissions are generated at low latitude
F-region heights (~250-300 km). The OI 630 nm emission
is closely related to the F- region electron density (Link and
Cogger, 1989; Ghodpage et al. 2012) by the following
mechanism:

O++02—>02++O (1)
0,"+e~ -0 ('D)+0 (2)
O ('D) — O (3P) + hv (630 nm) (3)

Because reaction Eq. (1) dominates the whole process,
the production of the OI 630 nm emission is proportional
to the molecular oxygen density [O,] and the oxygen ion
density [O"]. The oxygen ion density [O"] is almost equal
to the electron density Ne in the F-layer. Thus, the OI
630 nm emission is a sensitive indicator of the electron den-
sity in the bottom side of the F-layer.

However, the major portion of OI 557.7 nm emission
comes from the recombination of oxygen atoms in the
mesopause region (80-100 km). Some of the studies have
focused on the evolution of EPB irregularities under
storm-time conditions (Basu et al., 2001; Lee et al., 2002;
Su et al., 2002; Kil et al., 2006). For example, Abdu et al.
(2003) studied the evolution of equatorial EPBs and found
that the disturbed dynamo plays an important role in bub-
ble development during the storm of 26 August 1998 in the
Brazilian sector. The westward EPB irregularity could arise
from prompt penetration electric field (PPE) in the course
of a disturbance sequence lasting several hours. Ma and
Maruyama (2006), presented the observations of EPB at
mid-latitude detected by a dense GPS (Global Position Sys-
tem) TEC (Total Electron Content) network in Japan and
suggested that a prompt penetrating magnetospheric elec-
tric field helped to trigger the super bubble. On the basis
of multi-instrument observations at middle latitude in the

Japanese sector. Sahai et al. (2001) found the small scale
intensity depletion structures (with scale size of 30 to 50
km) are caused by possible nonlinear interaction between
the medium scale traveling ionospheric disturbances
(TIDs) and enhanced regions of the equatorial ionospheric
anomaly where, the enhanced ionospheric disturbances
were confined at middle latitude during the storm of 12
February 2000. Kiyama et al. (1996); Sahai et al. (2001)
have found unusual enhancement of the OI 630.0 nm emis-
sion during different phases of magnetic storms at low and
mid-latitude stations. In addition, Patra et al. (2016)
showed that the generation of EPBs during this period
was confined to a narrow longitudinal region between 69°
E and 98°E in the Asian sector. Rajesh et al. (2017) studied
the all sky camera observations carried out over Taiwan
which show the intense EPBs in 630.0 nm airglow images
on successive nights of 13—-16 March 2015, but the EPBs
were absent in the night of 17 March when St. Patrick’s
Day magnetic storm occurred. Their results show that on
the night of the magnetic storm, pre-reversal enhancement
of zonal electric field over Taiwan was weaker when com-
pared to that over India. On the other hand, the American
sector exhibits a notable increase in Vertical Total Electron
Content (VTEC) while in the Asian sector, the largest
decrease in VTEC (signatures of EPB structures) is
observed (Nava et al., 2016). During storms, the low-
latitude ionospheric electric fields can be promptly dis-
turbed by penetrating electric fields. Past studies have
shown that average empirical equatorial prompt penetra-
tion electric fields are in good agreement with the predic-
tions from global convection models (Fejer and
Scherliess, 1997; Fejer and Emmert, 2003). On the other
hand, the large variability of these electric fields with differ-
ent magnitudes and lifetimes is not well understood (Huang
et al., 2005). Sahai et al. (1990), presented the first simulta-
neous optical measurements of the OI 777.4 nm, 630.0 nm
and 557.7 nm emissions from Cachoeira Paulista (22.7°S,
45.0°W), Brazil, an equatorial low latitude station and from
Fortaleza (3.9°S, 38.4°W), Brazil, an equatorial station,
during magnetic disturbances. They found that the dynamic
variations in the F region ionospheric parameters were well
correlated with the non-diurnal variations observed in the
atomic oxygen airglow emissions at both equatorial and
low latitudes. Sau et al. (2017) studied the characteristics
of equatorial plasma bubbles (EPBs), using OI 630.0 nm
emission such as their zonal drift and tilt, from the low-
latitude during the main phase of the 17-18 March 2015
storm and observed that the EPBs drifted eastward during
1430 to 1630 UT between 3°S and 15°N dip latitudes.

The motivation to understand the ionospheric responses
to geomagnetic disturbances has greatly evolved from aca-
demic to practical interests, whereby dedicated government
agencies are actively involved in planning and developing
strategies to mitigate potential hazards related to intense
space weather events (Hapgood, 2012). The aim of the pre-
sent study is to understand the effect of the storm on iono-
spheric processes such as F-region airglow emission,



626 R.N. Ghodpage et al. | Advances in Space Research 62 (2018) 624-637

Equatorial Spread F (ESF) and Equatorial Ionization
Anomaly (EIA). Here we used the OI 630.0 nm, OI 557
nm and OH emission airglow image measurements carried
out from Kolhapur (16.8°N, 74.2°E, and dip lat. 10.6°N)
during the storm of 17-18 March 2015. GPS and Iono-
sonde data is also used to support the airglow emission
during storm day.

2. Experimental set up
2.1. All sky imager

The all-sky imager (ASI) operating over Kolhapur
(16.8°N, 74.2°E, and 10.6°N dip lat.) was developed
from Keo-Scientific Limited, Canada. The ASI collects
the incoming radiation through a medium format fisheye
lens and a set of Plano-convex lenses and monitors OH,
OI 557.7nm and OI 630.0 nm night airglow emissions
with the help of high transmission (50-90%) interference
filters positioned in a temperature controlled filter wheel.
The six filters are constructed up in the filter wheel to
allow the transmission of OI 630 nm, OI 557 nm and
OH Meinel bands at 720-910 nm and the background
at 572.4nm. The integration times used in the present
setup are 120s, 120s, 30 s and 120s, respectively. The
front-end optics collects the incoming radiation in 180°
field of view (FOV) with a fisheye lens (f/4 Mamiya
RB67) that has a focal length of 24 mm and F-ratio of
4. The movement of filter wheel is synchronized with
charge coupled device (CCD) detector operation. These
operations are computerized with menu driven software.
The CCD camera uses a back illuminated 1024 x 1024
pixel CCD (Pixis, ~ 1 MP resolution) of 24 um size,
100% fill factor and 16 bit depth. We restrict the image
to FOV of 140° to avoid the nonlinearity arising due to
curvature effects and also to minimize surrounding lights
at lower elevation angles. More details of the ASI and
analysis procedure have been explained by Ghodpage
et al. (2014) and Patil et al. (2016). Fig. 1 shows the
location and FOV of the ASI at ~250 km altitude which
represents the peak emission altitude of OI 630.0 nm
night airglow emission.

2.2. Ionosonde at Tirunelveli

To investigate the response on ionosphere during the
storm period, we have used the ionosonde data over Tiru-
nelveli (8.71°N, 77.81°E; 0.51°N dip latitude). The Cana-
dian advanced digital ionosonde (CADI) consists of a
transmitter, four receivers and two sets of the antenna sys-
tem. The transmitter unit is capable of operating in the fre-
quency range of ~1-30 MHz with a peak power of 600 W.
The transmitter is a delta dipole antenna, and the receiver
antenna array consists of four dipoles arranged in the form
of a square (Grant et al., 1995). The pulse length is 40 ps
and samples are taken at every 20 ps proving a height res-
olution of 6 km.
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Fig. 1. Circle indicates the area covered by all sky imager having FOV
140°. Center of a circle denotes the location of Kolhapur station. The
circular image is nothing but OI 630.0 nm emissions generated at an
altitude ~250 km and captured by ASI onto 1024 x 1024 CCD chip from
Kolhapur.

2.3. GPS at Kolhapur

A GSV4004B GPS (Global Positioning System) receiver
has been operational at Kolhapur since October 2008. The
receiver uses wide bandwidth tracking loops and an inter-
nal, phase stable, oven controlled crystal oscillator to com-
pare the phase with the actual carrier phase of GPS
observations. Thus, it provides true amplitude, single fre-
quency carrier phase measurements and line of sight code
and carrier phase delays on L1 (1575.42 MHz) and L2
(1227.6 MHz) from up to 11 GPS satellites in view, simul-
taneously and provides outputs in 22 receiver channels.
The raw binary data is recorded in the computer and total
electron content (TEC) has been estimated using software
which reads the RINEX formatted raw data and processes
the data for cycle slip correction and phase leveling. Fur-
ther details are discussed elsewhere (Dashora et al., 2012,
Taori et al., 2010).

3. Observations and data analysis

The different emission lines coming from different meso-
spheric and ionospheric heights can be studied almost
simultaneously with the help of this all sky imager system
(ASI). Fig. 1 show the location of the observation site on
the nights from 16 to 18 March 2015. The geomagnetic
storm was in progress on the night of 17 March 2015 at
0445 UT (1015 IST). The geomagnetic field reacted at
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low latitudes with a relatively strong sudden commence-
ment of nearly 50 nT, followed by a main phase and the
peak in Dst of almost —222 nT (Ramsingh et al., 2015).
The storm continued up to 0300 UT (0830 IST) in the
morning on March 18, the minimum Dst value was reached
as —44 nT. The daily solar flux (F10.7 cm) was varying
from 113 to 117 (solar flux unit, where 1sfu=10"2W

627

“2Hz ') during this period. Fig. 2 depict the sequence
of the processed images of Ol 630.0 nm emission observed
on the night of March 16-17 (Quit day) at 1802 to 1942 UT
(2332 to 0112 IST), March 17-18 at 1805 to 1936 UT (2335
to 0106 IST) and March 18-19 at 1806 to 1945 UT (2336 to
0115 IST, images were covered by clouds). We used an
image processing method. The images were taken by all
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Fig. 2. (a—e) Sequences of processed images for the nights of (a) 16-17, (b) 17-18 and (c) 18-19 March 2015 of 630.0 nm emission recorded using ASI over
Kolhapur. (d) and (e) Are the E-W scan plot through zenith for the night of 16-17 and 17-18 March 2015. The downward arrow in figure (d) indicates the
propagation of EPB towards East, blue horizontal line is the width of that EPB. The upward arrow in figure (e) indicates the intensity enhancement
moving towards west. Also the colored rectangle shows the EPBs with smaller widths as compared to (d). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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sky imagers in PNG (Portable Network Graphics) format.
Firstly, we read all images collected in one hour and take
the average of them and then we subtract this average
image from each individual image. After implementing this
process we can easily identify the structures of EPBs in OI
630.0 nm images. We draw a circle on images having center
at zenith. We divide the images into four quadrants by
drawing the horizontal and vertical yellow lines. Then com-
paring diameter of the image with corresponding original
pixel size of the CCD image, we can convert the value of
one pixel into kilometer. From Kolhapur, all sky imager
covers a horizontal distance of about ~1200 km diameter
at an altitude ~250 km. After converting pixel values into
corresponding latitude-longitude values of airglow emis-
sion height (Narayanan et al., 2009, Taori et al., 2013)
and by comparing the longitudinal offset in kilometer of
successive images, the zonal velocity of plasma depletions
can be easily determined (Pragati Sikha et al., 2010,
Ghodpage et al., 2014). Several such plasma depletions
marked by yellow arrows could be seen in the images. In
Fig. 2(a), the dark regions called EPBs or plasma bubble
moves from west to east direction in the sky from 1802
UT on 16-17 March.

Fig. 2(b) depict that after the storm commencement,
plasma bubble found to move in a reverse direction (East
to West) (1805 to1936 UT) for the night of 17-18 March
2015. Yellow arrows show the motion of intense regions.
In Fig. 2(c) unfortunately, the OI 630.0 nm emission
images on 18-19 March 2017 (1806 to 1945 UT) were
cloudy. Fig. 2(d) and (e) depict the east-west scan of OI
630.0 nm images for the night of 16-17 March 2015 and
17-18 March 2015 at Kolhapur respectively. In Fig. 2(d),
the downward arrows represent the propagation of plasma
bubble towards east. The horizontal blue line is its width.
The average width is measured for the EPB in Fig. 2(d)
is ~200 km and for Fig. 2(e) it is ~45 km (for rectangular
marked EPBs). The width of the EPBs after reversal is
found to be decreased. In Fig. 2(e), the upward black
arrows at crest show the enhanced intensity regions (which
can also be seen as a bright patch (shown by yellow arrows
in Fig. 2(b)) in OI 630.0 nm images on 17-18 March 2015)
moving towards west. The colored rectangle is shown in
Fig. 2(e) consists of a number of plasma bubbles having
smaller widths as compared to plasma bubbles observed
on 16-17 March 2015. It is also observed that bright region
moves from east to west along with the depletion regions.
On 18-19 March 2017, storm goes into the recovery phase,
where no major changes could be observed in OI 630.0 nm
images.

4. Results and discussion
4.1. Magnetic storm response on airglow emissions

We have used high-resolution airglow images data as
explained in the previous section to investigate the effect

of the geomagnetic storm over low latitude region. In the
east-west scanning of images which is shown in Fig. 2(e),
the intensity enhancement is observed before mid-night
time (at 1805 UT) and after it tends to decrease with
increasing local time. Observation suggests that the OI
630.0 nm intensity variations are characterized by plasma
depletions along with enhanced intensity regions, passing
over the ASI with local time. Fig. 3(a) represent the
sequences of processed images of OI 630.0 nm emission
from 1501 to 2032 UT which were observed on the night
of 17-18 March 2015 at Kolhapur. The emission intensity
was relatively low until 1728 UT, after that it was unusu-
ally enhanced. At 1805 UT, the north-east edge of the
image started showing enhancement and enhanced area
extended to the southward direction covering most of the
field of view at 1918 UT. In few images (e.g. 1615 UT,
1551 UT, etc.) we observed unexpected cloud coverage
because of which the EPBs are unseen. The white dots in
the images are the stars in the night sky. Further, it is very
interesting to make a simultaneous measurement of the all-
sky imager for the OI 557 nm and hydroxyl (OH) airglow
originating at mesospheric height to study the relationship
and coupling between MLT (Mesosphere Lower Thermo-
sphere) and the F region during magnetic disturbance. It
was clearly observed as shown in Fig. 3(b) that OI 557.7
nm emissions were also significantly enhanced (see 1807
UT) during the period of magnetic disturbance. In Fig. 3
(c), we have seen intensity of hydroxyl (OH) emission
remains unaffected during the storm night. Please note
that, the white patches seen in the images of OH emission
are clouds. Sahai et al. (1990) reported the first simultane-
ous optical measurements of the OI 777.4 nm, 630.0 nm
and 557 nm emissions from Cachoeira Paulista (22.7°S,
45.0°W), in Brazil, a low latitude station and from For-
taleza (3.9°S, 38.4°W) in Brazil, an equatorial station, dur-
ing magnetic disturbance. The observations of the OI
777.4 nm and 630.0 nm emissions on the disturbed night
of 25-26 August at Fortaleza do not show any enhance-
ment when a large enhancement in these emissions at
Cachoeira Paulista is evident. Tinsley (1979) reported that,
the energetic neutral atom flux might be stronger at low
and mid-latitudes and weaker at equatorial latitudes during
the main phase of the storm. The moderate geomagnetic
activity had considerable effect on the evolution of OI
630.0 nm emission in the low latitude regions while it had
no effect on mesospheric emission lines such as Na
(589.3 nm) and hydroxyl (OH) emission. The response of
the MLT region to geomagnetic activity has generally been
not very significant, because the response can be nullified
by various internal atmospheric processes such as strato-
spheric warming, seasonal transitions, atmospheric circula-
tion of waves and local magnetic fluctuations (Balan et al.,
2004). The response has been found to be significant during
intense magnetic storms (Kp > 6) at altitudes above about
90 km (Salah and Goncharenko, 2001; Zhang and
Shepherd, 2002, Zhang et al., 2003).
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Fig. 3. (a—c) Sequences of processed images for the 630.0 nm, 557.7 nm and OH emissions for the night of 17-18 March 2015 recorded by ASI over

Kolhapur.

4.2. Solar and geomagnetic variations and ionosonde
observations

The upper panels in Fig. 4(a) and (b) depict the varia-
tion of geomagnetic field components (Bz and D) as a func-
tion of UT/IST time. The ionospheric response to one of
the major storms of the 24th solar cycle which occurred
on 17 March 2015, following double halo Coronal Mass
Ejections (CMEs) that hit the Earth’s magnetosphere at
~0430 UT. Two large eruptions that left the Sun on 15
March 2015 caused this G4 storm. These two Earth direc-
ted CMEs added and accelerated together through inter-
planetary space, resulting into the large geomagnetic
storm with DST index decreasing to its minimum of
—222 nT. Since, Dst reached —222 nT during this storm
period which is the largest of the current solar cycle so

far, which can be considered as a super storm here. The
information on the magnetic activity during the nights
has also been provided in Fig. 4 by hourly Dst and Ap val-
ues of magnetic activity indices. On the night of 17 March
2015, the value of Ap index reached maximum as ~175 at
12 UT. In order to understand the ionospheric condition
during the period of observation, investigations of iono-
sphere data (h’F and fof2) from Tirunelveli station (8.71°
N, 77.81°E) (Ionosonde data are taken from Ramsingh
et al., 2015) has been carried out. Although 16 March is
considered as quiet day, as maximum Ap index was just
12, other two days are considered as storm days. The tem-
poral variation of foF, and h’F on 16 March show normal
behavior and acts as per Equatorial Electro-jet (EEJ)
variations. Fig. 4(c) and d represents the foF, and base
height of the F layer on these 3 days. The F layer of the
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Fig. 4. (a—f) Temporal variations in H (nT), D (nT), fof2 (MHz), h’f (km), Ap index and DST (nT) for the period of 16th to 18th March 2015.

ionosphere responded quite remarkably to the first south-
ward turning of Bz (0600 UT) (at 1130 IST) in terms of
height rise of the F layer, and subsequently, the F layer
was moving up/down in harmony with Bz. Another effect
is the rise in height of the F layer in response to the sudden
southward turning of Bz after 1230 UT (1800 IST). The
base of the F layer rises up to an altitude of ~550 km,
and as a consequence, the density profile of the bottom side
F layer turned very steep unlike those on the evenings of 16
and 18 March. It is noticeable that the base height of F
layer was larger on 17 March than those observed on 16
and 18 March. On 17 March, the base height of F layer
started moving up from ~1430 UT and reached at the peak
height of 550 km at ~1900 UT. The base height of the F
layer was remained almost at the same height for about
15min and subsequently started descending. Recovery
phase of the storm on 18 March, the post sunset rise of
the F layer was remarkably suppressed. However, on the
storm day, i.e., 17 March, foF, behaved normally up to
0430 UT. Fig. 4(c) and (d) show the time variation of the
ionospheric parameters, as the F-layer critical frequency
(foF2) and h’f (km) virtual height. Here, the maximum
enhancement peaks appeared in between 1600 UT to
2400 UT on the night of 17 March 2015 (Fig. 4(c)). Com-
paring the period, it is observed that there was also clear
enhancement in OI 630.0 nm intensity around this hour

(Fig. 2(b)) as enhanced region moving towards west
marked as yellow arrows.

4.3. Zonal velocity of EPBs during storm period

Analysis of post sunset observations on 17 March,
which are characterized by strong plasma depletions in air-
glow and also in GPS TEC data. Fig. 5(a) shows the time
variations of east-west cross section of OI 630.0 nm airglow
images (Keogram) observed from Kolhapur depicting the
characteristics and dynamics of bottom side (~250 km)
plasma depletions observed on 16-17 March 2015. The cal-
culated zonal velocity measurements on 1617 March 2017
were shown in Fig. 5(b). Observations show the maximum
velocity at ~1600 UT as 170 m/s and it decreases through-
out the night and become minimum (~75 m/s) in the morn-
ing around 2030 UT. It is interesting to note that the zonal
velocity again started increasing from 2030 UT towards
dawn. Based on the optical imaging of OI 630.0 nm emis-
sion, Patil et al. (2016) reported mean zonal velocity vary
between 125 and 160 m/s. Taori and Sindhya (2014)
reported that the peak EPB zonal velocity values are 120
m/s, 135 m/s, 160 m/s, and 170 m/s during January, Febru-
ary, April and May 2013 at Gadanki (13.5°N, 79.2°E; 6.5°
N dip latitude). Our measurements show the zonal velocity
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Fig. 5a. Time variations of east-west cross section of 630.0 nm emission airglow images (keogram), illustrating the characteristics and dynamics of bottom

side (~250 km) EPB for the night of 16-17 March 2015.
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Fig. Sb. Zonal drifts estimated from the movement of the depleted regions
observed on 16-17 March 2015 from Kolhapur. The blue vertical line
represents the estimated Standard deviation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

varies between 170 m/s and 75 m/s on 16-17 March 2015
which is in agreement with these reports.

In Fig. 5(c), airglow depletion was first detected at 1430
UT (2050 IST). The depleted regions drifted eastward until
~1600 UT (2130 IST) and subsequently drifted westward
until the end of the observational campaign (1600 to
2300 UT). It is seen that, the zonal dimensions of the
plasma depletions after (2100 UT) were much broader than
previous depletions. Fig. 5(d) depicts the calculated zonal
drift velocity of the Plasma bubble structures observed by
the ASI. The blue line with error bars (standard deviations)
represents time variations of zonal drift estimated by using
the airglow images. Zonal drift derived from airglow obser-
vations, was about ~50 m/s on 1530 UT eastward in the
early phase of EPB development, which reduced to zero
at 1600 UT (2130 IST) and get reversed afterward with a

velocity as high as ~—70 m/s at 1745 UT. EPBs propagate
eastward during the night time under quiet magnetic condi-
tions (Taylor et al., 1997, Abdu et al., 2009). However, in
recent times, there are reports which suggest that not only
geomagnetically disturbed, but also during quiet time con-
ditions, EPBs can drift westward (Otsuka et al., 2012).
Patra et al. (2016) also calculated the zonal velocity using
OI 630.0 nm images and observed reverse direction of drift
velocity ~—90 m/s. Sau et al. (2017) observed westward
drift presumably under the influence of the disturbance
dynamo electric field initially appeared at higher dip lati-
tudes almost 10 h after the storm onset. The observed zonal
velocity derived by Gandanki stations on storm day
matches very well with Kolhapur station. Observations at
Kolhapur represents that on the storm day EPB zonal
velocity is less than quit day zonal velocity. It may be
due to the presence of strong disturbed dynamo (DD) on
the storm night apart from prompt penetration (PP) elec-
tric fields (Ramsingh et al., 2015).

4.4. Storm response on VTEC

Fig. 6(a) depict the vertical TEC fluctuations on 16 to 18
March 2017 as a function of time. Total Electron Content
(TEC) was measured continuously from the carrier phase
delays (L =L1 — L2) of two GPS signals (L1 =1575.42
MHz and L2 = 1227.60 MHz) in the ionosphere by using
different receivers of the Global Positioning Satellites
(GPS). The TEC variations are mapped on the geographi-
cal coordinates at an altitude of ~250 km along the line of
sight between the ground receiver and the GPS satellites
(altitude = ~20,000 km). The temporal variation of GPS
(VTECQC) from the equator to beyond anomaly crest zone
Kolhapur for the period of 16-18 March 2015 is plotted
in this figure. Here, it may be mentioned that we have
excluded VTEC value whose elevation angle is below 40°
(zenith angle 50°). This means that we have plotted the
VTEC variations of the PRN’s within 50° zenith angle
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(100° FOV) from receiver location. This is done to avoid
unwanted noise and errors in VTEC due to lower elevation
angle. Different colors indicate different PRNs. The maxi-
mum TEC value for 16 March 2015 has reached to ~78
TEC unit between 0600 UT to 1200 UT. On 17 March,
the Sudden Storm Commencement (SSC) occurred at
0445 UT, the TEC increased between 0800 and 1200 UT.
This increase did not see in other two days. Since the
GPS receiver has shown these enhancements at day time,
these enhancements are believed to be caused by electric
field. This happens during the main phase of the storm.
Our observations show significant TEC enhancements of
~85 TECU for Kolhapur station at 1000 UT during the
storm day as compared to the other two days. It is believed
that eastward electric field mapped due to the PP to low
latitudes during daytime can push the ionization to higher
altitudes through the upward E x B drift where recombina-
tion rates are low, causing an additional plasma to be gen-
erated by solar illumination, resulting in a net increase of
electron density, consistent with our observations. Since
the strong Pre-Reversal Enhancement (PRE) drives post
sunset anomaly crests at low latitudes, these enhancements
could be associated with PRE related to Equatorial Ioniza-
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Fig. 6a. Shows the temporal variation in TEC (vertical) during 16-18 March 2015 from Kolhapur station.
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Fig. 6¢c. Comparison between OI 630.0 nm emission intensity variations
with GPS VTEC for the night of 17-18 March 2015.

tion Anomaly (EIA) enhancements. On 18th March, TEC
is not prominent as compared to storm day and it varied
below ~80 TEC units.

In Fig. 6(b), GPS (PRN-2) sky plot for 17 March 2015
over Kolhapur is shown. Here, PRN-2 is moving from
south west to east side in night time when our ASI obser-
vation is in progress. PRN-2 moved from nearly to zenith
of all sky imager observation site. Hence it is very useful
for comparison of OI 630.0 nm emission intensity with
PRN-2 VTEC data. Fig. 6(c) depict the comparison of
these two data sets. The average intensity of 5 x 5 pixel
rectangle (corresponds to 1° FOV) at zenith is calculated
for each image on the night of 17th March 2015 and plot-
ted against time as shown in Fig. 6(c). We observed that
GPS VTEC for PRN-2 and OI 630.0 nm emission intensity
trend is almost similar and matches well with each other.
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Fig. 6d. Sky plot for PRN-12 and PRN-2 on 17-18 March 2015. The
vertical bars (Grey color) shows the schematic of EPBs moving from east
to west direction.
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Fig. 6e. The VTEC of PRN-12 and 2 shows the EPBs moving from EAST
to WEST direction. The depletions in TEC are the signatures of EPBs
shown as arrows in pink rectangle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

This show that plasma bubble observed in ASI images were
also observed in VTEC data as depleted TEC (blue curve)
and this confirms the EPB presence over Kolhapur station
on the night of storm on17-18 March 2015. Fig. 6(d) show
GPS sky plot of two PRNs (PRN- 2 and 12) along with
plasma bubble (gray colored vertical bars). It is clear that,
PRN-2 is moving towards east direction and PRN-12 is
moving to west direction, which is useful to check plasma
bubble movement. Fig. 6(¢) show VTEC values of PRN-
2 and PRN-12 and plotted against time. It is observed that
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the plasma bubble was moving from EAST to WEST direc-
tion which is indicated by pink arrows in rectangle. This
confirms that the plasma bubble reversal is observed in
OI 630.0 nm images (Fig. 3(a)) and is also experienced by
GPS PRN-2 and PRN-12 simultaneously.

5. Summary

In this study, the characteristics and dynamics of iono-
sphere during the period of strong geomagnetic storm, 17
March 2015, from a low latitude station, Kolhapur, India
have been studied using both radio (GPS) and optical
(ASI) observations. The important features of these obser-
vations are as follows:

Enhancement is seen in OI 630.0 nm emission intensity
on the night of 17 March during the period of geomagnetic
disturbance. Tinsley et al. (1986) found that the intensity
variations at low latitude stations are closely related to
the magnetic signatures of the storm-time current system
and the brightest emissions occur when Dst is large and
specifically when positive horizontal magnetic field, H
excursions take place. Takahashi et al. (1987) reported that
the ionization enhancement occurs at low latitudes during
magnetically disturbed conditions. They showed that these
enhancements were having an equatorial anomaly like
structure with a minimum at the dip equator. Fesen
et al. (1989) reported the prominent enhancements of F-
region critical frequency in the ionization crest region dur-
ing disturbed days. In our observation, the ASI images of
OI 630.0 nm and 557.7 nm airglow was found to be dis-
turbed during the recovery phase of the storm while the
hydroxyl OH emission remained unaffected. The low lati-
tude ionospheric data showed remarkable changes in
foF2 values during this period. It is seen that OI 630.0
nm enhancement was confined to low latitude region only.
In the mid latitude region, the electron density parameter,
TEC, did not show any enhancement or decrease at night.
As OI 557.7 nm mesospheric emission receives a small con-
tribution (about 20%) from F-region airglow (Fagundes
et al., 1995), if OI 630.0 nm intensity is enhanced during
magnetic disturbance, OI 557.7 nm contribution also gets
modified proportionally. It is well understood that ground
based observations of OI 557.7 nm emission line receive
two contributions to the integrated intensity originating
from two layers as 90 to 100 km and the F region altitudes
(~ 250 to 300 km). When OI 630.0 nm emission is very
intense, F layer component of OI 557.7 nm becomes very
much stronger and can dominate the 96 km component
significantly. For intense magnetic disturbances, the OI
630.0 nm fluctuations are mainly controlled by sharp
changes in height variations of the F-layer (Mukherjee,
2000). Shiokawa et al. (2002) observed intense airglow
band in Southern Okinawa in Japan during the period of
a geomagnetic storm on 6 August 2000, slowly moving
with a velocity of ~40m/s towards south. This band
enhancement seems to correspond to the equatorial anom-
aly of the ionosphere. The ionosonde observations from

low latitude station, Tirunelveli showed the enhancement
in electron density (which is proportional to foF2) on
the nights of 17th March as compared to 16th March.
The discrepancy in airglow enhancement and electron den-
sity (obtained from Tirunelveli) during the nights, if any,
may be due to the difference in the altitude and position,
between the airglow producing layer and F-layer density
peak.

A reversal of the normal nighttime downward drift of
the F-layer to the upward direction is required to generate
large scale irregularities (Aarons, 1991). At night time,
zonal westward electric field produces a downward vertical
drift. The EPB or depletions were not observed on the
night of 18 March 2015. It is generally accepted that the
height of the equatorial F layer in the sunset time period
is an important parameter controlling the generation of
spread-F irregularities. The disturbance dynamo electric
field and disturbance zonal wind produced by auroral
activity could be responsible for the inhibition of the sunset
enhancement of the electric field thereby reducing the
height of the F layer. The gradient of electron density
before the storm as well as changes in the gradient pro-
duced during the storm could also be the deciding factor
in the generation of ionospheric plasma irregularities
(Sahai et al., 1993).

The GPS-TEC observations at Kolhapur showed
enhancements after local noon time maximizing on 17
March 2015 the storm day. The effect was more prominent
at Kolhapur station which is situated closer to EIA region.
The TEC enhancements may be caused by upward electron
motion (fountain) in the low latitude region due to penetra-
tion of eastward electric field associated with the storm
time sub-storms. This is primarily due to atmospheric
effects that create [O])/[N2] enhancements at low latitudes,
while [O]/[N2] decreases account for the dominant negative
phase effects of the storm at a more pole ward location
(Mendillo et al., 2000). This phenomenon is related to the
Joule heating in the region of the auroral oval which
induces decrease in the ratio [O])/[N2] and correspondingly
a decrease in electron density and foF2 in the F2 region.
The storm induced disturbed electric fields could account
for the major responses. A direct penetration of magneto-
spheric electric field (often referred to as penetration elec-
tric fields) associated with sub storm (asymmetric ring
current) development/decay processes can occur in the
low latitude equatorial regions and which can produce low-
ering of the F-region of the ionosphere and subsequent
enhancement in OI 630.0 nm emission due to dynamo field
modifications. The direction of electric field is very impor-
tant. Also, the disturbed dynamo electric fields produced
by changes in the thermospheric circulation originating
from the energy deposition in high latitudes which can pro-
duce heating in low latitude ionosphere with time delays of
few hours (Sobral et al., 1997). Fig. 6(a) shows enhanced
GPS TEC on 17 March 2015. On this night, the EPBs
are observed which can be seen as troughs in TEC plot
after 1200 UT (1730 IST).
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6. Conclusions

The main conclusions of the studies carried out in
response to the major geomagnetic storm (17 March
2015) over equatorial and low latitude ionosphere on the
24th solar cycle using All Sky Imager and GPS TEC obser-
vations from Kolhapur and ionosonde observation from
Tirunelveli are depicted below.

1. The zonal drifts of EPBs turned westward after 16 UT
on 17 March instead of usual eastward drift. This indi-
cates the presence of strong disturbance dynamo apart
from penetration electric field during this period.

2. The enhancement peaks in electron density can be seen
in ionosonde foF2 variation between 1800 UT to 2400
UT on 17 March 2015. This enhancement is also seen
in OI 630.0 nm emission all sky images as bright patches
moving in the reverse (westward) direction.

3. The westward moving EPBs are also seen in OI 557.7
nm all sky image data along with OI 630.0 nm emission.
However, no intensity enhancement was seen in OH
emission during the magnetic disturbance.

4. The GPS (VTEC) shows maximum enhancement up to
~85 TEC Unit after local noon time on 17 March
2015. Also, the downward troughs seen in VTEC data
on 17 March 2015 indicates the presence of EPBs.

5. The average width measured for the EPBs during 1800
UT to 1930 UT on 16 March 2015 was around ~200
km and it is reduced to ~45 km on 17 March 2015 for
the same period. The EPBs on 16 March 2015 were mov-
ing eastward and on next day they were moving west-
ward. After the reversal, the width of the EPBs is
found to be decreased. This new aspect needs more clar-
ification to understand the morphological behavior in
EPBs during such a storm period.

6. It is noticeable that the base height of F layer was larger
on 17 March than those observed on 16 and 18 March.
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