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Abstract

Equatorial plasma bubbles (EPBs), generated over the dip-equator during the sunset time, get mapped over to the low-latitudes
through the geomagnetic field lines and contribute to structures of different scales in the nighttime thermosphere-ionosphere system.
In the present study, the EPBs are observed in the OI 630 nm nightglow emissions over Mt. Abu and Kolhapur using a High Throughput
Imaging Echelle spectrograph (HiTIES) and All-Sky Imager (ASI), respectively. Similar periodicities obtained in these measurements
consistently corroborate the presence of the EPBs at both these locations. The strength of the Pre-Reversal Enhancement (PRE) in
the zonal electric field has been investigated using the ionosonde data over Trivandrum, a dip-equatorial location. The strength of
PRE decides the latitudinal extent of the EPBs. The eastward movement of the EPBs has been estimated to be in the range of 190–
90 ms�1, decreasing in magnitude from post-sunset to midnight. The wave number analysis carried out using the observed OI
630 nm emissions in the zonal direction has resulted in a contrasting behaviour during the presence/absence of the EPBs. Based on
the analysis of around 1300 images of data, it is revealed that the scale sizes in the range of 250–300 km are omnipresent, whereas, shorter
scale sizes (50–250 km) are present only during the presence of EPBs. It is inferred that these shorter scale size gravity waves played a
significant role in the seeding the perturbation of the EPBs.
� 2022 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Equatorial ionospheric irregularities can extend to large
spatial distances in latitudes, which pose significant adverse
impacts on trans-ionospheric radio wave propagation dur-
ing their presence. The GPS receiver shows scintillations
in the signals due to loss in phase locks. This brings practical
difficulties in navigation and satellite-based communication,
https://doi.org/10.1016/j.asr.2022.08.023
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and so it motivates the scientific community working in the
ionospheric studies to understand these phenomena in
greater detail. The sharp plasma density gradient in the
ionospheric F-region altitudes during sunset time sets the
stage for the onset of ionospheric irregularities. These irreg-
ularities span a wide range of scale sizes from a few centime-
tres to several thousand kilometres, as observed in different
techniques. Some of the manifestations of these irregulari-
ties are the spread in reflected echoes (spread-F) of radio fre-
quency as seen in ionograms, plasma bubbles as seen in
optical imagers, plasma plumes as observed using radars,
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and plasma scintillations as seen in VHF and GPS measure-
ments (e.g., Farley et al., 1970; Woodman and La Hoz,
1976; Abdu et al., 1983; Kelley, 1985; Takahashi et al.,
2001, 2021; Huang et al., 2013; Patra et al., 2014; Abadi
et al., 2015; Huang and Roddy, 2016; Sivakandan et al.,
2019; Takahashi et al., 2021). Generalised Rayleigh-
Taylor instability (RTI) generates the bubble-like struc-
tures, which, to the first order, are understood to be respon-
sible for the generation of such plasma irregularities over the
magnetic equator (Balsley et al., 1972; Kelley, 1985). The
RTI growth rate is dependent on the magnitude and the
sense of the equatorial eastward electric field and neutral
winds, gravitational force, ion-neutral collision frequency,
electron density gradient, and vertically downward winds,
among other factors (Haerendel et al., 1992; Kelley, 1985;
Sekar and Raghavarao, 1987; Sultan, 1996). Numerous
investigations have been carried out, which brought out sev-
eral important aspects/factors with regard to this plasma
irregularity formation and morphology. Some of them that
play a significant role in the generation and growth of the
plasma instability are: the strength of equatorial ionization
anomaly (EIA) in the daytime (e.g., Kelley, 1985;
Raghavarao et al., 1988; Sridharan et al., 1994; Pallamraju
et al., 2004; Prakash et al., 2009), the pre-reversal enhance-
ment in the electric field, field-line integrated conductivity of
the medium (Abdu et al., 1982; Tsunoda et al., 1985), neu-
tral winds (both vertical and meridional), (Maruyama and
Matuura, 1984; Sekar and Raghavarao, 1987; Raghavarao
et al., 1987, 1993) and gravity waves (GWs) (Kelley et al.,
1981; Kelley andHysell, 1991; Abdu et al., 2009). Modelling
studies have evolved over the decades to understand the lin-
ear, non-linear growth of plasma bubbles, the effect of the
electric field, and winds in the generation and growth of
plasma bubbles (e.g., Ossakow, 1981; Sekar and
Raghavarao, 1987; Haerendel et al., 1992, Sekar et al.,
1994, 2001; Sultan, 1996; Huba et al., 2008; Krall et al.,
2009). In parallel, observational studies have been carried
out using ground-based and satellite-borne measurements
(e.g., Tsunoda et al., 1982; Kil et al., 2009; Karan et al.,
2020; Park et al.,2022), which increased our understanding
of the plasma instabilities, and their structure, and zonal
drifts.

Optical emissions have been used extensively in the
investigations of equatorial plasma bubbles (EPBs). OI
630.0 nm and 777.4 nm emissions originating from around
250 km and peak F-layer, respectively, are more commonly
used for the investigations of EPBs (Mendillo and
Baumgardner, 1982; Kelley et al., 2002; Makela and
Kelley, 2003; Mukherjee et al., 2003; Rajesh et al., 2010;
Sekar et al., 2012; Ghodpage et al., 2014) as the electron
densities play an important role in the production of these
emissions. The plasma bubbles which are generated over
the dip-equator rise to higher altitudes in response to the
eastward electric fields and come down to the low-
latitudes along the geomagnetic field lines due to ambipolar
diffusion and pressure gradient forces. The apex altitudes
to which the bubbles reach can be as high as 1700 km.
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These plasma bubbles are aligned along the magnetic field
lines as demonstrated by the simultaneous observation
from two geomagnetic conjugate locations (e.g., Otsuka
et al., 2002; Shiokawa et al., 2004), wherein, the structures
of the plasma bubbles and their bifurcations at the conju-
gate locations do match fairly well with one another. Sev-
eral characteristics of the plasma bubbles, like, westward
tilt of the bubble structures and eastward movements, have
been investigated from different longitude sectors
(Mendillo and Tyler, 1983; Makela and Kelley, 2003;
Mukherjee et al., 2003; Pimenta et al., 2001; Sekar et al.,
2012; Ghodpage et al., 2014; Gurav et al., 2019; Karan
et al., 2020). The neutral wind measurement using the
Fabry-Perot interferometer over the Brazilian sector had
been shown to match very well with the zonal plasma drift
as well as with the zonal drift of plasma bubbles
(Chapagain et al., 2012, 2013).

In this study, we present the results obtained from
observations of OI 630 nm nocturnal emissions carried
out during January to March in the year of 2014 from
two different locations, namely, Mt. Abu (24.6oN, 72.7oE,
19oN Mag) and Kolhapur (16.8oN, 74.2oE, 10.4oN Mag).
Mt. Abu is typically located at the northern edge of the
EIA crest, whereas, Kolhapur is located between the mag-
netic equator and the northern crest of the EIA. Signature
of the plasma bubble has been observed in the OI 630 nm
emissions from these two locations using two different opti-
cal instruments, High throughput Imaging Echelle Spectro-
graph (HiTIES) over Mt. Abu and All-sky Imager (ASI)
over Kolhapur. This passive remote sensing of the upper
atmosphere has resulted in improving our understanding
of the signatures of nighttime GW behaviour both in zonal
and meridional directions. The plasma bubbles are clearly
seen as depletions in emissions in the imager and the spec-
trograph. The zonal plasma drift, horizontal scale sizes as
obtained from the imager data, and the plasma bubble
periodicity obtained from two locations will be discussed
in detail.

2. Observations and data used

2.1. OI 630 nm nightglow emissions

The OI 630 nm airglow emissions originate at an alti-
tude centred at 250 km with around 100 km full-width half
maxima during nighttime. The nighttime OI 630 nm emis-
sion is produced following a two-step mechanism. Firstly,
the O+ charge exchanges with O2 to produce O2

+. Then
the dissociative recombination of O2

+ produces excited
atomic oxygen (O(1D)) in the presence of background ther-
mal electrons, which, on the transition to the ground state,
releases 630 nm photons. This forbidden state of O(1D) has
radiative lifetime of 110 sec, so it has enough time to equi-
librate with the thermospheric dynamics. Thus, the OI
630 nm nightglow emission variation provides information
on the thermospheric-ionospheric interaction and enables
investigations of the upper atmospheric dynamics.
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2.1.1. HiTIES observations

HiTIES is a high spectral resolution slit spectrograph
(Chakrabarti et al., 2001) which is in operation from Mt.
Abu, India. HiTIES has a spectral resolution of 0.06 nm
at 630 nm. It uses 1024 � 1024 pixels CCD which are
binned 1 � 16 in the spatial direction, to improve the
signal-to-noise ratio. The field-of-view (FOV) of HiTIES
is around 54� along the slit, which is oriented in the geo-
magnetic north–south direction for this experiment. The
data cadence is 5 min. Dark count, vignetting effects, and
Van Rhijn effects have been considered in the images
before further analyses are carried out. Greater informa-
tion on the instrument, its working, and data processing
has been reported in earlier works (Chakrabarti et al.,
2001, Saha et al., 2021).

2.1.2. All-sky imager observation

The data set from an all-sky imager located at an off-
equatorial station, Kolhapur, is used in this study. The
1024 � 1024 pixels CCD-based ASI gives 140� FOV, which
covers around 1200 km distance (Sharma et al., 2014). To
avoid the curvature and non-linear effects that exist in the
image at larger incident angles, we have taken around 100�
FOV, which corresponds to around 600 km horizontal dis-
tance both in the zonal and meridional directions in our
analysis. Around 20 nights of clear sky (cloud-free) data
have been obtained during the period Jan to Feb in the
year 2014.

2.2. Digisonde

Radio-sounding data using Digisonde Portable Sounder
(DPS-4D) from two locations Trivandrum (8.5oN, 76.9oE,
0.03oN Mag) (dip equatorial location) and Ahmedabad
(23.0oN, 72.6oE, 17.3oN Mag) (a low-latitude location)
have been used in this study. The digisonde provides the
ionospheric information every 7.5 min. During the pres-
ence of plasma irregularities, spread in reflected radio
echoes are seen in the ionograms rendering the measure-
ment of the height of the F-region ambiguous. Therefore,
during the absence of spread-F and until the occurrence
of spread-F, we have estimated the plasma drifts over the
equator. Further, in order to avoid uncertainty in the esti-
mation of plasma drifts which can arise due to the recom-
bination in the bottom side of the F-region (Bittencourt
and Abdu, 1981), we have used 7 MHz isoelectron density
contours, which are typically above 300 km, to calculate
the sunset time F-layer vertical drift over the dip-equator.

3. Observations and results

Different types of variability in the OI 630 nm nightglow
emissions have been observed from a low-latitude location,
Mt. Abu. After the sunset, as the electrons recombine
rapidly, OI 630 nm emissions decrease monotonically from
18:45 LT, when the HiTIES observations begin in a pro-
grammed mode (Fig. 1a). The different colours represent
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emissions that originate from different directions as viewed
from HiTIES, as mentioned in this figure. On several
nights, we have observed an enhancement in emissions
after around 1.5 h of local sunset (Fig. 1b) at around 21
LT. A poleward meridional wind which brings down the
plasma to the 630 nm emission altitudes, has been found
to be the cause of such emission enhancements (Saha
et al., 2021). Apart from that, we have observed excursions
in emissions on some nights (as shown in Fig. 1c, d). There
are four depletions in emissions that have been observed on
26 Feb 2014 at 20:30, 21:25, 22:45, and 24:35 LT (Fig. 1c).
A close inspection indicates that the emissions decrease at
the same time and with the same magnitudes in all direc-
tions, north, zenith and south at 21:25 LT. Whereas, for
the other depletions, the southern side emissions (dashed
blue line) show a much sharper and deeper decrease than
that on the northern side. Similarly, the depletions in emis-
sions seen on the other night, 05 Mar 2014, have different
rates of decrease in different directions. All these differences
are the tell-tale signature of the plasma bubbles, their lati-
tudinal and longitudinal extents, etc., as will be clear once
the data from other datasets are presented and discussed as
given below. Out of 68 moonless clear sky nights during
Jan-Mar of the year 2014, 26 nights showed such sudden
depletions in emissions.

The simultaneous digisonde measurement from nearby
location in Ahmedabad indicated the presence of spread-
F in the ionogram during the times of depletions in the
nightglow emissions observed from Mt. Abu. These loca-
tions of spread-F are indicated with the shaded region
(pink coloured horizontal lines) in Fig. 1c and 1d. It should
be mentioned here that the other two nights in Fig. 1a and
1b are non-spread-F nights. The presence of spread-F at
the time of depletions in emissions suggests the presence
of strong plasma irregularities over this region. The pres-
ence of depletions in emissions over Mt. Abu coincides
on all (100 %) of the occasions with the spread-F seen over
Ahmedabad, indicating the extent of large-scale size
plasma irregularities at least until 19� magnetic latitude
on those nights. However, only on 69 % nights of spread-
F observations over Ahmedabad coincides with the occur-
rence of plasma depletion over Mt. Abu, which indicates
that the bubbles did not extend beyond 17� magnetic lati-
tude on 31 % of nights.

To ascertain that such sharp fluctuations as obtained in
our measurements over Mt. Abu are due to plasma deple-
tions, we have also investigated the OI 630 nm all-sky
images obtained from Kolhapur, which is situated between
the magnetic equator (Trivandrum) and low-latitude
region (Mt. Abu/ Ahmedabad). We have around 20 clear
nights of data from the imager during the same period of
Jan-Mar in the year of 2014. Fig. 2 shows OI 630 nm night-
glow variation from both the places, Mt. Abu and Kolha-
pur. The meridional segment (12 km over zenith � 600 km
along south-north) from each of the images obtained from
Kolhapur is arranged with time to form a keogram and is
shown in the bottom panels of the Fig. 2. In the top panels,



Fig. 1. Typical nightglow variations of OI 630 nm emissions are depicted here. The total FOV of HiTIES is segmented into three sections, one towards
North, one South, and Zenith, as indicated in these different colour and line styles. Panel (a) shows monotonic decrease in emissions after the sunset,
whereas, panel (b) shows the enhancement in emission during post-sunset time. Panels (c) and (d) show multiple excursions in emissions. The shaded
regions in the panels (c) and (d) indicate the time duration of spread-F observed in digisonde, which is situated about 1.5� southward of Mt. Abu.
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the OI 630 nm nightglow variations obtained from Mt.
Abu are shown. The data gap in the bottom panels is
due to non-availability of the data at that time. Interest-
ingly, for four nights, 24 Feb, 26 Feb, 04 Mar, and 05
Mar (Fig. 2a-h), all the depletions in emissions observed
over Mt. Abu have a clear correspondence with plasma
bubbles seen in all-sky images obtained over Kolhapur in
simultaneity, which confirms that the depletion signatures
observed over Mt. Abu are due to the plasma bubbles pre-
sent over latitudes corresponding to that of Mt. Abu. There
are several examples of nights when the plasma bubbles did
not reach over to Mt. Abu although they had been
observed over Kolhapur. For example, on the nights of
24 and 25 Mar (Fig. 2i-l), only one or two bubbles have
reached over Mt. Abu, although many more are seen over
Kolhapur. It is important to take into cognisance that the
distance between the northernmost location presented in
the ASI data and the southernmost view direction, as pre-
sented in Fig. 2, is around 400 km. Thus, it is understand-
able that not all plasma bubbles seen in the ASI data from
Kolhapur will be present in the HiTIES data over Mt. Abu.
Another important aspect that can be noticed is that the
depletions in emissions are not equal in all the three differ-
ent directions (north, zenith, and south) as observed from
Mt. Abu, with relatively deeper and also sometimes wider
in the emission variability towards south. As the plasma
bubbles are aligned along the magnetic field lines and as
the different latitudes are mapped to different apex altitudes
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over the dip equator, it can be inferred that the electron
density depletion is greater at lower altitudes over the mag-
netic equator as compared to those higher above.

Although visually the depletions in both the HiTIES
and ASI data seem similar, to make a qualitative assess-
ment, we have carried out spectral analysis of the data,
wherein, the emissions obtained from the southernmost
direction from HiTIES (around 125 km away from the
zenith of Mt. Abu) are compared with the emissions
obtained in the northern-most segment of the ASI imager
(around 300 km away from the zenith of Kolhapur). The
result from the Lomb-Scargle time period analysis
(Lomb, 1976; Scargle, 1982) for these two datasets is shown
in Fig. 3 for two sample nights with a 90 % confidence level
(shown in a horizontal line) out of the nights as shown in
Fig. 2. The solid black line indicates the normalized power
spectral density (PSD) for different periodicities over south-
ernside of Mt. Abu, whereas, the dashed blue line indicates
normalized PSD over northernside of Kolhapur. Fig. 3a
shows the presence of periodic fluctuations of less than 1
hr for 24 Feb 2014, whereas, Fig. 3b indicates the periodic-
ities greater than 2 hrs for 04 Mar 2014. The similar peri-
odicities as observed in plasma bubble depletions from
the analysis as discussed above and depicted in Fig. 3a
and 3b suggest that these are consistently present at both
the locations for these and other nights as well (not shown
here). As already mentioned above, the physical separation
between the locations from these two datasets is around



Fig. 2. OI 630 nm emission variations for eight nights as observed over Mt. Abu are shown in top panels a, b, e, f, i, j, m, and n, whereas, the keograms in
the bottom panels c, d, g, h, k, l, o, and p show OI 630 nm emission variations in the south-north direction over Kolhapur. The y-axis of the top panels
indicates that the OI 630 nm emission rates as observed over Mt. Abu whereas, the y-axis for the bottom panels indicates the south-north distance with
Kolhapur as the zenith. Whenever the plasma depletions are observed over Mt. Abu, plasma bubbles are also observed over Kolhapur simultaneously, but
the converse is not true.
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Fig. 3. The Lomb-Scargle periodicities obtained for two sample nights as observed over both the places, Mt. Abu and Kolhapur are presented. Emissions
obtained from the Southernmost view direction from Mt. Abu and northern-most as viewed from Kolhapur, which are separated by around 400 km are
used in these analyses.

Fig. 4. Avg. PRE strength with day of year (DOY) during Jan-Mar in the
year of 2014 is shown. The points in red colour indicate the presence of
plasma depletions as observed in the OI 630 nm emission data over Mt.
Abu. The EPBs observed in the all-sky imager data used in this study over
Kolhapur is indicated in red circles. With the observation of these nights,
it can be seen that whenever the depletions are observed over Mt. Abu, the
EPBs have been observed over Kolhapur.
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400 km, and therefore, it is expected that not all the period-
icities are present with similar strengths at both the loca-
tions. A case in point can be seen on 24 Feb 2014
(Fig. 3a), wherein all the periodicities around 1.0, and 1.5
are seen in data at Mt. Abu, while a period of 2.5 hr is pre-
sent in data at Kolhapur. Nevertheless, the periodicities of
1.0 and 1.5 hr in data at Kolhapur and 2.5 hr in data at Mt.
Abu are conspicuous, albeit with lower strength than their
respective confidence limits. In Fig. 3b, it can be noted that
there are more number of significant periodicities in the
data of Kolhapur, which is closer to the magnetic equator
and so, it is more likely to record signature of plasma bub-
bles that extend only closer to the magnetic equator.

The apex altitude to which these bubbles are required to
be raised is over 1000 km at the magnetic equator in order
for them to reach the latitudes of Mt. Abu. The vertical
uplift of the plasma during the sunset time depends upon
the strength of the PRE in the zonal electric field during
that time (Abadi et al., 2015). The rate of change in the
height of the F-layer is used as a proxy for the eastward
electric field. An increase in the height of the F-layer hap-
pens during sunset time due to an increase in PRE in the
electric field. At lower altitudes, due to the recombination
of plasma, the ionospheric F-layer shows apparent vertical
drift. Bittencourt and Abdu (1981) showed that the effect of
recombination is negligible when the F-layer height reaches
above 300 km. To minimize the uncertainty in vertical drift
measurements that can arise due to recombination at the
lower F-region altitudes, we have used the rate of change
of the height corresponding to the returned echo of
7 MHz isoelectron density contour to calculate the F-
layer vertical drift over Trivandrum. The strength of the
PRE has been characterized by taking 30 min average cen-
tred at the time of occurrence of peak value in PRE. Out of
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the 51 nights of available PRE data over Trivandrum, we
have found around 21 nights when the optical emissions
over Mt. Abu showed sharp depletions due to plasma bub-
bles. Fig. 4 depicts the variation of PRE strength with the
day of year (DOY). The red points indicate the values of
the PRE on the nights when the plasma depletions
extended until the latitudes of Mt. Abu. On all these nights
spread-F had occurred as observed over Trivandrum (ex-
cept for two; DOY 22 and 52). The red circles indicate
the days when EPBs are observed over Kolhapur which
are used in this study. It can be seen whenever the plasma
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depletions are seen over Mt. Abu, the EPBs have been
observed over Kolhapur. Due to the high strength of
PRE, the plasma bubbles were lifted up to high altitudes
(greater than1000 km) which enabled them to reach over
Mt. Abu. The plasma depletions over Mt. Abu have been
observed on most of the occasions when the PRE values
are in the range of 40–60 ms�1. Here, it is emphasised that
PRE plays an important role in extending the depletion of
electron densities to be mapped over the latitudes along the
geomagnetic field lines rather than PRE as the seeding fac-
tor (as the discussion corresponds to the developments
after the bubble generation). On some occasions, the
plasma bubble was absent over Mt. Abu, although large
values of PRE were present (for example, DOY: 73, 79,
82, 86, 87, 88). However, plasma bubbles were seen in the
Fig. 5. Zonal variations in OI 630 nm emissions have been depicted with time
image (12 km centred over zenith � 600 km) is considered. The zonal moveme
2014 has been shown over the time in panel (c).
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ASI data over Kolhapur on the two nights of available
data (DOY: 86 & 87) as also shown in Fig. 2o, and 2p
(27, 28 Mar). On the night of DOY 87, spread-F was not
even observed in the digisonde data at Ahmedabad
(although located equatorward of Mt. Abu). We have also
looked into the concurrent observation of the C/NOFS
satellite data which has an inclination angle of 13� to
explore the electron density variation near the equatorial
region during these nights when the all-sky imager data
were unavailable. As per the availability of C/NOFS data,
the electron densities are shown to exhibit sharp decreases
on all nights (not shown here) not only when the depletions
were observed over Mt. Abu, but also when the depletions
were not observed over Mt. Abu on the days mentioned
above (DOY: 73, 86, 87, 88). Several factors, such as, elec-
for two neighbouring nights in panels (a) and (b). A zonal strip for each
nt of the plasma bubble marked as ‘010 for the nights 04 Mar and 05 Mar



Fig. 6. Zonal drift speeds of the plasma bubbles are depicted for 14 nights.
The orange line shows the 30-minutes average values.
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tric fields, and neutral winds, could have prevented the
plasma bubbles from reaching to Mt. Abu later in the night
in spite of large magnitudes of PRE earlier on those nights.
This will be taken up in different study.

We have calculated the zonal drift speeds in the plasma
depletions using the nightly images as the bubbles move
zonally with time. The zonal (12 km over
zenith � 600 km along west-east) segment in each image
is considered and they are stacked one above the other as
shown in Fig. 5. By observing the spatial movement with
time of depletions in emissions caused due to the plasma
bubbles, we have calculated their zonal drift speeds. As
can be seen from Fig. 5a and 5b for 04 and 05 Mar 2014,
different bubbles keep appearing as time progresses (as
shown in the y-axis), beginning from the westernmost loca-
tion of the FOV, moving eastwards, and disappearing. The
times corresponding to the bubbles’ appearance and disap-
pearance are noted along with the spatial distances to cal-
culate the average zonal drift speeds of each plasma
bubble. Four plasma bubbles have been marked on these
nights in the figure. It can be seen that the bubble 01 is seen
to be present over the whole 600 km in the west-east direc-
tion for a long duration on both nights, whereas, the other
bubbles do not last that long. Further, the first bubble is
the deepest and widest of all. Such behaviour in the zonal
extent has been seen on the other nights also (not shown
here). There is another bubble that can be seen on 05
Mar around 20 LT (before the one marked by 01), and
as this was present even before the first image was obtained
on that night, it is not used for the estimation of the drift
speed. The spatial movements of the plasma bubble 01
for the night 04 Mar and 05 Mar 2014 as seen over zonal
strip centered over zenith are depicted in solid black and
dotted red lines, respectively (Fig. 5c). The time evolution
of each frame of the Fig. 5c is mentioned on the left and
right sides for the nights of 04 Mar and 05 Mar 2014,
respectively. From the time evolution of the depletions seen
in the frames as shown in Fig. 5c, it can be seen that they
have travelled around 510 km and 540 km with zonal
speeds of around 121.4 and 132.4 ms�1 for 04 Mar and
05 Mar 2014, respectively. Similarly, the zonal drift values
for the other plasma bubbles for different nights have also
been calculated and are shown in Fig. 6.

Fig. 6 shows the zonal drift values of the plasma bubbles
for a total 14 nights which include those plasma bubbles
that have crossed the zenith location. It can be seen that
the zonal speeds are higher during the post-sunset time,
and they decrease as the night progresses. The orange line
in the Fig. 6 shows the temporal variation of average zonal
drift where all the values in a given 30 min duration are
averaged. In an earlier study over Brazilian sector, the
zonal speeds were shown to be different at different sides
of plasma bubble structures, like, western wall, central
depletion and eastern wall (Pimenta et al., 2001). It was
reported in that work that the eastern wall showed an
increase in speed of around 40 % as compared with the
western wall, whereas, the central depletion showed an
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increase by 10–20 %. The present investigations over
Indian longitudes reported here did not reveal such differ-
ential variations in speeds for different sides of plasma
walls. The current result of the plasma bubble drift speed
matches well with the earlier reports over Indian sector
(Mukherjee et al., 2003, Gurav et al., 2018; Ghodpage
et al., 2021). The background plasma and the plasma bub-
ble zonal drift showed good correlation with the measured
eastward neutral winds (Chapagain et al., 2012, 2013). The
similarity in the variation in the zonal drifts of the EPBs
and the zonal wind speeds had been interpreted to be due
to the internal space–time dynamics of the EPBs as the per-
turbed electric field generated inside the EPBs can affect the
drift motion.
4. Discussion

In the previous section, we have discussed about the
plasma depletions observed over two low-latitudinal
regions, Mt. Abu and Kolhapur. As discussed, the 100�
FOV of the all-sky imager data provides spatial coverage
with a range of 300 km radius centred over Kolhapur.
We have carried out the wave number spectral analysis
from the OI 630 nm images using the Lomb-Scargle peri-
odogram analysis by taking 600 km west-east strip over
the zenith for each image of a given night. This analysis
yields the information of zonal scales of that particular
time. In Fig. 7, we depict the contour plot using the infor-
mation of zonal scale sizes that are obtained by such spec-
tral analysis at different times on a given night. A
contrasting behaviour of zonal scale size has been noticed
between the nights when the plasma bubbles are present
(03 Feb and 24 Feb 2014) and when they are absent (04
Feb and 25 Feb 2014). Fig. 7a, b and 7c, d show the data
from two neighbouring nights which clearly depicts a clear
contrast between these nights. The 99 % confidence level
for various frequencies has been estimated, and it is 0.2
or smaller in terms of the normalized PSD. It can also be



Fig. 7. The zonal spatial variation and scale sizes are shown in OI 630 nm emissions as observed over Kolhapur for four different nights. The values of
scale sizes show contrasting behaviour between the nights with the occurrence of EPBs and those with the absence of the EPBs.
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noted that for all the nights the scale sizes in the range of
250–300 km are present with larger power in comparison
to those of 150–200 km range. On the nights that showed
the presence of EPBs, several smaller scale sizes were
noticed (Fig. 7b, d) which is in stark contrast with the
nights that did not show any presence of EPBs (Fig. 7a, c).

Different scale sizes are significant (as seen in the PSD
values) at different times. Therefore, the percentage occur-
rence and the averaged PSD value of a given range of scale
size are obtained for a given night. The estimated scale sizes
have been binned in 50 km grids as shown in Fig. 8a-d with
the number of occurrences for a given range of scale size,
whereas, the Fig. 8e-h shows the average PSD value for
that particular range of scale size. Suppose for different
scale size bins, ki (i = 1, 2, 3, 4, . . .), the number of occur-
rences is found to be ni, the percentage of occurrences in a
given scale size bin has been calculated as, (ni/Rni)� 100 %.
Now, for a given scale size bin, ki, if the number of occur-
rences of that bin is ni and normalized PSD values of each
occurrence are pk (k = 1, 2, . . ., ni), then the average PSD
value has been calculated as, Rpk/ni for that given scale size
bin. The data corresponding to the nights as shown in
Fig. 7 are depicted in Fig. 8. Scale sizes above the 99 % con-
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fidence level have been considered in this representation. A
clear contrast is seen in terms of the percentage occurrences
of different scale sizes between the nights with and without
the presence of EPBs. The dominant 150–200 km and 250–
300 km zonal scale sizes on the nights without EPBs
(Fig. 8a, c) are interpreted to be the typical scale sizes of
the GWs present in the ionosphere-thermosphere region,
as these are also present on the nights with the EPB occur-
rences (Fig. 8b, d). However, the shorter scale sizes can be
seen on the nights with the EPB occurrence only (Fig. 8b,
d). Moreover, not only does the percentage occurrence of
shorter scale sizes, but also their average PSD values show
an increase during the nights with the occurrence of EPBs
(Fig. 8f, h). This clearly shows the significance of shorter
scales during the nights with EPB occurrence. This type
of contrast in scale sizes is seen for the other nights as well.
Thus, the plasma bubble characteristics associated with it,
like the inter-bubble separation(s), bifurcation of bubbles,
widths of the bubble, etc., change with time. The contrast
in scale sizes as observed between EPB and non-EPB nights
provides important information on the state of nighttime
ionosphere thermosphere regions during the presence of
plasma bubbles. Such characterization in the zonal GW



Fig. 8. The scale sizes are put in 50 km grid which are shown in x-axis. The percentage occurrence of a given scale size and the average PSD values of the
corresponding scale sizes are shown in the y-axis of the left and right-side figures, respectively.

Fig. 9. The scale sizes which are segregated in 50 km grids are compared
between the cases when the bubbles appeared in the image and when they
did not. In the y-axis the collective effect of number of occurrence and
PSD value for a given scale size has been shown by calculating the product
of these two. The top panel includes all the images when the bubbles were
not observed and the bottom panel shows the distribution of scale sizes
when the plasma bubbles were observed in the images.
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behaviour using the information of multiple number of
nights has not been presented in the literature so far, to
the best of our knowledge.
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The GWs are one of the potential factors in the seeding
of the plasma bubbles that triggers the Rayleigh-Taylor
instability (e.g., Kelley et al., 1981; Huang and Kelley,
1996; Makela et al., 2010). The 250–300 km scale sizes have
been found to be omnipresent irrespective of the presence/
absence of plasma bubbles indicating that this is a neutral
GW scale size typically existing at all times in the upper
atmosphere. Further, smaller length scales are found to
be present during the nights when EPBs were observed.
The GWs with smaller scale sizes seem to be playing an
effective role in the generation of plasma bubbles. These
scale sizes on the nights with EPB occurrence also coincide
with the inter-bubble distance. From the literature reported
earlier, the inter-bubble spacings had been shown to have a
good correlation with the horizontal GW wavelengths
(Takahashi et al., 2009; Makela et al., 2010; Das et al.,
2020). The inter-bubble spacing measured from radar data
over Gadanki in Indian longitudes, has been shown to be
following a linear relationship with the horizontal wave-
lengths of GWs as estimated from the collocated data from
ionosonde (Das et al., 2020). In an earlier report, Makela
et al. (2010) categorized the plasma bubble spacings as seen
over Chile, low-latitude location in the southern hemi-
sphere, using three years of optical data. With the support
of ray tracing method as discussed by Vadas and Crowley
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(2010), these bubble spacings were considered as evidence
of horizontal wavelength of GWs, which are mostly sec-
ondary GWs present at this thermospheric altitudes. The
presence of the small-scale wave-like structure (SSWS) as
seen in the inter-bubble depletion is discussed in some ear-
lier reports with some numerical simulation (Sekar et al.,
2001) and a case study (Narayanan et al., 2012). Our result
experimentally establishes the presence of such smaller-
scale wave structures using the observation of around 14
nights during the period Feb-Mar in the year of 2014 when
the EPBs were observed. It is proposed that these smaller
scale size GWs in the zonal direction in the range of 50–
150 km are potential seeds that triggered the occurrence
of plasma bubbles.

To buttress the proposition further, we have considered
both the factors, number of occurrence of a given range of
scale size and the normalized strength on each occasion, as
depicted in Fig. 8 and have shown the result in Fig. 9.
Fig. 9 shows distribution of scale sizes between the two cat-
egories of presence of EPBs and absence of EPBs. Here, we
have first calculated the scale sizes for each of the images
that are present at 7–8 min cadance and obtained a product
of the average PSD value of a given scale size and the per-
centage of occurrence of that scale size for a given night.
This takes into account, both, their strength and number
of occurrences of a given scale size. Around 1290 images
have been analysed for 20 nights among which 688 images
showed the presence of plasma bubble signatures, which is
around 53 %. Therefore, this analysis can be considered to
yield a fair comparison between the behaviour of the zonal
GW characteristics in both the categories of existence and
absence of EPBs. It is evident from Fig. 9 that there is
strong occurrence of 250–300 km scale size in non-EPB
images (similar to that seen in 04, 25 Feb 2014 in Fig. 8),
whereas, when the EPBs are present, the power corre-
sponding to zonal scale sizes shorter than 250 km is also
seen to be increasing. The power in the 250–300 km scale
sizes seems to be redistributed among the shorter scale sizes
like 200–250 km, 150–200 km, 100–150 km. As also stated
above, these scale sizes give a fair indication of the inter-
bubble spacings. The crests of the GW in the zonal direc-
tion are likely to give rise to the density depletion as the
low-density plasma from lower altitudes is lifted upwards
over the equator, which is mapped as a bubble along a
given longitude as seen in optical all-sky images over Kol-
hapur. In this comprehensive study, we have shown exper-
imental evidence of the presence of GW scale size less
than 250 km, possibly serving as the seed perturbation of
EPBs for a given night.

5. Summary

OI 630 nm nighttime airglow emissions have been inves-
tigated over Mt. Abu, a low-latitude location. Multiple
excursions have been found in the OI 630 nm emissions
on some nights. Simultaneous radio observations using
ionosonde from a nearby location, Ahmedabad, exhibited
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spread in the reflected echoes exactly at the times when
depletions were observed in the nightglow emissions. We
have also analysed the OI 630 nm emissions obtained using
an all-sky imager from Kolhapur, which is situated
between the low-latitude and the dip equatorial locations.
Whenever depletions in the OI 630 nm nightglow are seen
at Mt. Abu, plasma bubbles are seen in simultaneity over
Kolhapur. The strength of the PRE was found to be larger
on the nights when the depletions in emissions were
observed in the OI 630 nm emission over Mt. Abu, indicat-
ing that the bubbles rose over 1000 km at the magnetic
equator on those occasions. The plasma bubbles generated
due to Rayleigh-Taylor instability over the magnetic equa-
tor move eastwards as the night progresses along with the
zonal wind. The zonal speeds of the plasma bubbles esti-
mated from all-sky imager data over Kolhapur have been
found to be varying in the range around 190–90 ms�1,
decreasing in magnitudes from post-sunset to midnight.
Further, we have also carried out wave number analyses
for the emissions in the zonal direction for around 1300
images with nearly equal number with occurrence and
absence of EPBs. It is found that, typically, during night-
time the zonal scale sizes are in the range of 150–200 km
and 250–300 km (with a greater strength in the latter
scale-size) on geomagnetic quiet nights without the pres-
ence of any plasma bubbles. The zonal scale sizes show
contrasting behaviour between the nights with the EPB
and without the occurrence of EPBs. The scale sizes of
GWs smaller than 250 km have been observed on almost
all the times whenever the plasma bubbles were present,
which correspond to the inter-bubble separation distance.
As the bubble depletions over the magnetic equator most
likely occur at the crest location of the GW, the zonal dis-
tances between the bubbles, as seen in a location close to
the magnetic equator can be assumed to represent the zonal
scale sizes of GWs over the equator. Therefore, it is pro-
posed that the GW scale sizes in the zonal direction of
smaller than 250 km, if present, in the evening could poten-
tially act as the triggers for the generation of plasma
bubbles.
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