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Abstract We analyze an equatorial plasma bubble (EPB) event observed in optical 630 nm image data
simultaneously from Gadanki (13.5°N, 79.2°E), Kolhapur (16.8°N, 74.2°E), India. The total electron content data
from Gadanki together with the ionosonde data from an equatorial Indian station, Tirunelveli (8.7°N, 77.8°E)
confirmed the association of observed EPB event with equatorial spread F (ESF). The optical 630 nm images
from a farther low-latitude Indian station Ranchi (23.3°N, 85.3°E) show clear signatures of tilted east-west wave
structures propagating toward equator. Further, the upward wave energy noted in mesospheric airglow data
was found to be negligible. These data suggest that possibly the off-equatorial tilted east-west structures
triggered the observed EPB/ESF event.

1. Introduction

Equatorial plasma depletions/bubbles (EPB) are known to be the optical signatures of equatorial spread
F (ESF) arising due to the irregularity processes occurring at ionospheric altitudes [Makela and Otsuka, 2011,
and references therein]. The well-accepted process behind the occurrence of ESF and associated ionospheric
irregularities is the generalized Rayleigh Taylor (RT) instability. For the RT instability to grow faster, a quasi-
sinusoidal seed perturbation at the bottom of F region is required [Kelley et al., 2011, and references therein].
In recent years, there had been several investigations searching these seed mechanisms. Several investigators
have shown that the gravity waves of lower atmospheric origin may become a seed [e.g., Abdu et al., 2009;
Keskinen and Vadas, 2009; Takahashi et al., 2009; Taori et al., 2010, 2011a, 2011b; Tsunoda, 2010]. This mechanism
is supported by the evidence that gravity waves with large amplitudes may generate polarized electric fields in
the E region [e.g., Prakash, 1999; Varney et al., 2009] which may get mapped to the F region from off-equatorial
regions. There are also reports suggesting that large-scale wave structure may become the seed for the RT
instability [e.g., Tsunoda et al., 2011]. Also, Kudeki et al. [2007] suggested that shear flowat bottom of the F region
may generate the shear instability which may lead to the occurrence of spread F. This mechanism, however,
cannot account for the large-scale features and periodic spacings noted inmost of the EPB observations, leaving
the issues related to the seeding and occurrences under debate.

In this regard, there has been growing interest in finding the seeding mechanisms of RT instability from the
traveling ionospheric disturbances, which are of midlatitude origin [e.g., Miller et al., 2009]. These nighttime
medium-scale traveling ionospheric disturbances (MSTIDs) have horizontal wavelengths a few hundred
kilometers and are frequently observed at middle- and low-latitudes [e.g., Hunsucker, 1982; Kelley, 2011].
The nighttime MSTIDs in the northern hemisphere mainly have northwest-southeast (NW–SE) phase surfaces
and propagate southwestward in the Asian, American, and European sectors [e.g., Fukushima et al., 2012;
Martinis et al., 2010; Shiokawa et al., 2006; Valladares et al., 2009; Duly et al., 2013]. Few investigators have sug-
gested that MSTIDs may cause the variations in the F layer height [Helmboldt et al., 2012; Otsuka et al., 2012]
and also that their quasi-sinusoidal nature may provide the required seed to the RT instability [e.g., Krall et al.,
2011]. In this respect, there is no report from the Indian sector which provides an optical detection of MSTIDs
and their association with the occurrence of EPBs. In this study, coordinated image observations of O (1D)
630 nm night airglow on 19–20 March 2012 from three different stations, providing coverage of the EPBs
from 10°N to 32°N geographic latitude, have been used to investigate the possible connection between
MSTIDs and the occurrence of EPBs. The first few images from these locations show characteristics of propagating
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MSTIDs toward the equator. After few
minutes, two of the three locations exhibit
the EPB structures including deep deple-
tions in total electron content (TEC) in
different longitude sectors, making the
present observations novel and first set
of measurements from India.

2. Experiments
2.1. Airglow Measurements

The location of the sites from where the
observations for the present investiga-
tions are made is shown in Figure 1.

The airglowmeasurements over Gadanki
(13.5°N, 79.2°E) are carried out using
an imager with 90°full field of view
named as NARL all-sky imager (NAI)
and a narrow field photometer named
mesosphere lower thermosphere pho-
tometer (MLTP).

The NARL airglow imager (NAI) located at Gadanki (13.5°N, 79.2°E) has four interference filter positions with
one of them operated at 630 nmwith 2 nm bandwidth and has f/4 optics. NAI uses a full frame CCDwhich has
1024× 1024 pixels. These images are binned for 2 × 2 pixels on the chip to enhance the signal-to-noise ratio
resulting in a 512× 512 superpixel image. The imager is operated with a full field of view 90° which results in a
spatial coverage of ~500 km (i.e.,>3° in latitude and longitude). The north-south alignment of the imager has
been performed using a magnetic compass. Detailed specifications of NAI and the first results are discussed
by Taori et al. [2013].

The mesospheric temperatures are estimated using the measurements made by the Mesosphere Lower
Thermosphere Photometer (MLTP) located at Gadanki (13.5°N, 79.2°E). The MLTP has f/2 optics and full field
of view ~4°. It measures mesospheric OH (at 840 and 846 nm rotational lines) and O2 (at 866 and 868 nm
rotational lines) emissions together with background emission at 858 nm with the help of temperature
controlled interference filters having full width at half maximum (FWHM) ~0.45 nm. The MLTP uses
Hamamatsu H7421-50 photon counting module as a detector. The filter movement is synchronized with
the counting unit C8855 of photomultiplier tube for the operations. The temperatures are derived at OH
emissions using ratio method and O2 emissions using the slope methods described by Meriwether [1984].
More details of MLTP are described by Taori et al. [2011a].

The ground-based imaging observation of O (1D) 630 nm emission from Ranchi (23.3°N, 85.3°E) and Kolhapur
(16.8°N, 74.2°E) are carried out using an all-sky imaging system (developed by Keo Scientific Ltd., Canada).
These imagers use f/4 optics and are equipped with a six-position filter wheel. The interference filters corre-
sponding to O (1D) 630 nm emission have a 2 nm bandwidth (full width at half maxima-FWHM). The sensors
are a back illuminated thermoelectrically cooled CCDs with 512× 512 pixels (over Ranchi) and 1024× 1024
(over Kolhapur) with high quantum efficiency (>90%) in the visible region. The exposure time used for the
present measurements is 60 s (for O (1D) 630 nm emission) at an interval of 6min, at both locations. On the
night of 19 March 2012, clear-sky conditions existed and good image data were collected for more than
10 h. At an altitude of OI 630 nm emission peak (~250 km), the spatial coverage of this all-sky imaging systems
at 75° off-zenith angle was ~700 km (i.e., >6° in latitude and longitude). Detailed specifications of these ima-
gers are discussed elsewhere [Narayanan et al., 2009; Mukherjee et al., 2010]. In the absence of photometric
measurements of mesospheric temperatures, we have used zenith intensity data of OH and O (1S) emissions
to estimate the amplitude of mesospheric waves, in the present study.

In the present investigation, we do the scale analysis of the structures noted in the O (1D) 630 nm airglow
images assuming the peak emission altitude to be ~250 km. Further, to investigate the time evolution

Figure 1. Map showing the locations of the stations where the observations
were made for the present investigation.
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characteristics, we calculate the zenith intensities using an overhead 5× 5 pixel grid. Over the Indian region,
March and April are the months when good sky conditions prevail during which the present campaign was
conducted with airglow imagers operational from these three stations. We could collect only six clear nights
of coincident observations, of which, 19–20 March 2012 was an interesting one characterized as a geomag-
netically quiet (Ap= 10) night, making the base for the present report.

2.2. Ionospheric Measurements

The ionosonde at Tirunelveli (8.7°N, 77.8°E) is a vertical incidence Canadian Advanced Digital Ionosonde
(CADI). It sweeps the radio frequency from 1MHz to 30MHz with a height resolution of 6 km. For the present
investigation, CADI was operated at 10min temporal resolutions. As the ionosonde is located at the dip
equator, it provides the background ionospheric conditions and complimentary data on the occurrence of
equatorial spread F.

2.3. Total Electron Content Measurements

A GSV4004B GPS (global positioning system) receiver has been operational over Gadanki since October 2008.
The receiver uses wide bandwidth tracking loops and an internal, phase stable, ovenized crystal oscillator to
compare the phase with the actual carrier phase GPS observations. Thus, it provides true amplitude, single-
frequency carrier phase measurements and line of sight code and carrier phase delays on L1 (1575.42MHz)
and L2 (1227.6MHz) from up to 11 GPS satellites in view, simultaneously and provides outputs in 22 receiver
channels. The raw binary data are recorded in the computer, and total electron content (TEC) has been
estimated using software which reads the Receiver Independent Exchange Format formatted raw data and
processes the data for cycle slip correction, phase leveling and differential biases. Further details are
discussed elsewhere [Dashora et al., 2012].

3. Results and Discussion
3.1. Ionosonde Measurements Over the Equator

The ionospheric measurements corresponding to 19–20 March 2012 are summarized in Figure 2. Figure 2a
plots the virtual height of the F region base (h′F) and frequency of F region (foF2) from 1230UT to 2030UT.
The bottom axis show the Indian Standard Time “IST”while the top axis show the Universal Time “UT” (where,
IST =UT + 5.5). After 1230UT, the base height of F region starts increasing from ~230 km and reaches to
~375 km before 1430UT while, the foF2 show a decreasing trend during this time. After 1430UT, the
ionosonde data showed the occurrence of ESF throughout the night. It is visible that h′F and foF2 during
1230–1400UT show the presence of oscillatory features. To amplify the short period features, we remove
the fourth-order polynomial fitted data (shown in Figure 2b) and obtain the residuals (Figure 2c) for h′F
variations. The sinusoidal waveform fit to the residuals show the presence of ~26min periodicity. Similarly,
the foF2 data (shown in Figures 2d and 2e) show the oscillatory feature with ~28min periodicity. Such
oscillations are indicative of wave-like feature in the data which may either be of lower atmospheric origin,
locally generated waves or the traveling ionospheric disturbances which are discussed in section 3.4.

3.2. Variation of O (1D) 630nm Airglow Intensity During the EPB Event
3.2.1. EPB Signatures in Optical Data
A sequence of sample images indicating the occurrence of EPBs over Gadanki (13.5°N, 79.2°E) is shown in
Figure 3. The left and right sides of each image show the west and east direction while the top and bottom
sides indicate north and south. Each image show 500 km distance in x and y direction with location of
measurement at the center. The time (in UT) of measurement is shown in the topside of each image. It is clear
that deep bite outs are aligned in north-south direction, and as the time progressed these structures move
eastward. Such EPB structures were noted throughout the night. To emphasis this, we calculated the average
intensity over Gadanki by selecting the center of the image in a 5 × 5 pixel grid (which corresponds to square
footprint of approximately 10 km×10 km at ~250 km altitudes). Results of this are shown in Figure 4. It is
noteworthy that starting of the observation show some oscillatory features which dominated till 1600UT.
It is important to note that the total noise (including dark and readout noise) arising in the image data is
less than 30. The oscillations noted show the intensity swing of 300–800 counts and also that data points
are more than the required by the Nyquist criteria. Therefore, we believe these oscillations to be significant.
We can see that during 1430–1600 UT there are four full cycles of oscillations which would result in a period
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of ~23min. The ionosonde data showed the occurrence of ESF from this time onward which are also
noticed in airglow data as large bit outs. Major bite outs were recorded in the 630 nm data during
1700 UT (2230 IST)–2100 UT (0230 IST). To further investigate whether the EPB event was observed at
farther latitudes, we use the image measurements made from Kolhapur (16.8°N, 74.2°E). We note somewhat
similar EPB structures as noted in the Gadanki data. Sample images (corresponding to the duration shown in
Figure 3) emphasizing the somewhat similar EPB features are shown in Figure 5. At a farther latitude station,
Ranchi (23.3°N, 85.3°E) we did not note the occurrence of EPB.

Overall, Gadanki and Kolhapur data show sharp fluctuations and bite outs in the O(1D) 630 nm night airglow
intensity data. In past several reports from Indian sector have shown a close association of such bite outs with
the EPBs/ESF events [e.g., Mukherjee, 2003; Sekar et al., 2008; Taori et al., 2011a]. Therefore, these signatures
signify the occurrence of EPBs.
3.2.2. EPB Characteristics
As elaborated in earlier section, the optical data from Gadanki as well as Kolhapur exhibited the structures of
depleted 630.0 nm intensities. It is noteworthy from the images that these structures noted as the depleted
intensities, drifted toward the East as the time progressed. By cross correlating the successive images, we can
calculate the drift velocity of these structures. The distances between the two depletion structures can be
estimated by comparing the two minima of structures in a particular image. Please note that in this criteria
we can estimate the inter depletion distances only when such structures are noted in single image. Hence,

Figure 2. (a) The summary of ionospheric measurements over Tirunelveli on 19–20 March 2012 where the bottom and the
top axis show the IST and UT time, respectively. The left axis represents the critical frequency of F region, while the right axis
denotes the base height of F region. The time of spread F occurrence is shown as horizontal dashed area. The long and
short period features in (b, c) h′F and (d, e) foF2 data.
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when such a separation is more than 400 km, we cannot estimate the interdepletion distances. The process
followed to estimate the drift velocity in the Gadanki and Kolhapur image data has been elaborated by Taori
and Sindhya [2014]. Figure 6 plots the estimated drift velocities over Gadanki (filled orange squares) and
Kolhapur (half filled magenta color circles). The drift velocities shown are averaged for 30min with standard
deviations exhibiting the variability. The We note that drift velocities from 1500UT to 1600UT increased to
~175m/s and then decreased to about 45m/s by 1930UT. During the night observations, the interdepletion
distances over Gadanki were found to be primarily ~60, 106, 180 km while, that at Kolhapur were ~70 km,
175 km, and 210 km. A detailed study on the EPB characteristics observed during March 2012 in Gadanki
and Kolhapur data were reported by Ghodpage et al. [2014].

3.3. Total Electron Content Measurements

The occurrence of plasma bubble can be noted in GPS-TEC data as well. Figure 7a shows Vertical Total
Electron Content (VTEC) as obtained for GPS satellites PRN 04 (red), PRN 17 (blue), PRN 26 (magenta), and
PRN 28 (green) from 1500UT to about 2100UT. VTEC from PRNs 17 and 28 shows continuous rise from
respective beginning until ~1600UT. The depletions in VTEC are defined as sudden reduction in VTEC from
smoothly varying levels followed by a recovery [e.g., Dashora and Pandey, 2005]. While PRN 17 and PRN 28

reveal such depletions starting from
1600UT and ending at 1730UT and
1900UT, respectively, other two satel-
lites PRN 04 and PRN 26 show multiple
sharp reductions in VTEC resembling
depletions at ~1700UT and continue
to exhibit such structures until 2000UT
(postmidnight). The depth of depletions
can be noted from the successive fall
and recovery values of VTEC. It shall be
noted that different PRNs show obser-
vations of depletions at different times
and at different depths. The effect of
line of sight geometry of moving GPS
satellites vis-à-vis the GPS receiver at
ground causes such differences and
was explained by Dashora et al. [2012]
in detail. The spatiotemporal variations

Figure 3. A sequence of images corresponding to 630 nm night airglow measurements over Gadanki on 19–20 March 2012.
Depleted regions of airglow intensity with north-south aligned structures are noteworthy.

Figure 4. The 630 nm intensity variations noted over Gadanki (zenith 5 × 5
pixel average). It is evident that data show large fluctuations indicating the
occurrence of EPBs.
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of VTEC during depletions are shown in Figure 7b through a map of ionospheric pierce points (IPPs) corre-
sponding to aforementioned PRNs as seen from Gadanki (13.5°N, 79.2°E). The depletions given in the time
series plot of Figure 7a can be envisaged to be occurring through the respective line of sight of moving
GPS satellites assuming a height of IPP to be 300 km in this case. The respective time in UT has been anno-
tated over the curves. Large depletions that occurred for PRN 17 and PRN 28 are obviously discernible from
the color-coded VTEC fluctuations. For PRN 17, the depletions that occurred before 1800UT are seen for a
range of latitudes from 12 to 15°N along about 77°E longitude while that for PRN 28, depletions are seen
along latitude of ~15°N corresponding to a small range of longitude (76–77°E). Uniquely placed among
the given set of PRNs, PRN 26 passed from north to south and remained almost along 74°E longitude albeit
at lower elevation angles, remained westward fromGadanki and could capture the depletions due to another
sets of EPBs between 1700UT and 2000UT. The PRN 04 passed from south to north and after showing broad
minima around 1700UT, it passed almost overhead Gadanki at about 1910UT capturing depletions again. To
summarize, the GPS-VTEC observation presented in Figures 7a and 7b show large depletions in TEC confirm-
ing the presence of EPBs on 19–20 March 2012 in Indian region as stated in section 3.2.

3.4. Probable Cause of the EPB Event

In general, RT instability is well-accepted process behind the occurrence of ESF/EPBs. For a fast growth of RT
instability, a seed of quasi-sinusoidal nature has been often hypothesized [e.g., Kelley, 1989]. In this section we

try to identify the seed which is most
tenable on this night.

In this regard, as far as the seeding of
EPB is concerned, role of upward propa-
gating waves are shown to have
association by several investigations
worldwide [e.g., Fritts et al., 2008;
Takahashi et al., 2009; Taori et al.,
2011a, 2011b, 2013]. These investigators
have shown close correspondences
between mesospheric gravity waves
and EPB occurrences. Interestingly, from
Gadanki measurements, on 17–18
March 2012 (which is just 1 day earlier
than the case presented in this report),
Taori et al. [2013] showed the occur-
rence of EPBs with periodic spacing in

Figure 5. A sequence of images corresponding to 630 nm night airglow measurements over Kolhapur on 19–20 March
2012. Depleted regions of airglow intensity with north-south aligned structures are noteworthy.

Figure 6. The variation of EPB drift velocity over Gadanki and Kolhapur on
19 March 2012.
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the EPB structures having a close correspondence with the wavelengths noted in the upper mesospheric waves.
Apart from these investigations over Indian sector, there had been reports suggesting a correlation between the
horizontal wavelengths monitored in the OH emission data and the interdepletion distances measured in O(1D)
emission data [e.g., Paulino et al., 2011]. The imager data fromGadanki as well as Kolhapur do not reveal anywave
event at OH as well as O(1S) data which represent ~87 and 97 km altitudes. To further rule out this possibility, the
narrowband photometers data over Gadanki, which have better sensitivity for small amplitude waves, is scruti-
nized (Figure 8). Figures 8a and 8b show the temperature data with fitted (sinusoidal) principal wave in the noc-
turnal variations while Figures 8c and 8d show the residual wave present in the data. We note that 0.9 h (~50min)
wave is present in both data which show downward phase propagation. The delay estimated through the cross
correlation analysis is ~20min which results in vertical phase velocity of 5.8m/s, indicating the vertical
wavelength of wave to be ~18 km. However, important to note is that the amplitude of this wave at OH and
O2 emission altitude is ~7K and 5K, respectively. In general, upon its upward propagation, wave shall grow in
amplitude to conserve its energy [e.g., Fritts and Alexander, 2003]; hence, this suggests that wave energy is lost
in the medium making them a weak candidate for EPB seed mechanism [e.g., Taori et al., 2010]. Apart from this,
other short-period waves are also present in the data; however, Lomb-Scargle periodogram analysis reveal that
most of the waves had smaller amplitudes at O2 altitudes compared to the OH altitudes, indicating insignificant
wave forcing from equatorial Indian sector.

Figure 7. (a) GPS-total electron content measurements made from Gadanki exhibits the deep bite outs in TEC and high
variability caused by the EPB dynamics. (b) Large longitudinal and latitudinal variability in EPB is noteworthy, where the
time evolution is shown in the PRN track itself.
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As the seeding may happen from a farther location as well, similar analysis was performed for the meso-
spheric data collected over Kolhapur. The mesospheric OH and O (1S) intensity data observed over
Kolhapur is plotted in Figure 9. It is noted that the nocturnal variability is dominated by a wave having period
~9 h (Figures 9a and 9b). The residuals show the amplitudes of shorter waves at OH emission altitude to be
~2% while at O (1S) the amplitudes are <1%. We believe that it is an indication that at ~97 km, the upward
propagating gravity wave amplitudes were insignificant and hence their role to seed the EPB event is
not defendable.

The seeding for the RT instability can be of middle- or high-latitude origin which is known as traveling atmo-
spheric disturbances. To seek the possibility of this, we look into the 630.0 nm O(1D) data collected over
Ranchi (Figure 10). The image covers about 1500 km diameter at the peak 630.0 nm airglow altitudes. It is
interesting to note that in the start of the observations, i.e., at 1502UT (2030 IST), data from Ranchi show a
band-type structure appearing in northeast corner of the image. This structure is indicated with red line mark
in the image while the propagation direction is shown as green arrows. The Ranchi data at 1517UT show
another band-type structure to appear in the image. Using the cross correlation between these structures
in successive images, we estimate the pixel displacements in x-y direction by which we estimate the horizon-
tal wavelength, propagation direction, and phase velocity of the structure. The approximate horizontal
wavelength of this structure is calculated to be ~185 km. These structures had an average phase velocity
of ~140± 30m/s at an angle of 43° from the east (the structures are indicated by red lines, while the
movement is indicated by green arrows). This suggests a time period of the moving structure to be
~22min. The line plot of this structure revealed peak-to-peak perturbation amplitude to be ~15–20%. The
characteristics of this moving structure, in particular the propagation angle and velocity match well with
the characteristics of MSTIDs [e.g., Garcia et al., 2000; Shiokawa et al., 2009;Makela et al., 2010]. It is important
to know whether some signatures of same type were observed over Kolhapur and Gadanki so that
equatorward propagation of these structures can be supported. As the image contrast during early hours
at Kolhapur and Gadanki is not sufficient to note these structures, we look into the zenith intensity plot
shown in Figure 4. It is evident that oscillations of similar periods were noteworthy at both these location with
somewhat pronounced signatures in Gadanki data during 1400–1600UT.

Figure 8. Upper mesospheric OH (open circles with black connecting lines) and O2 temperature variations noted on 19–20
March 2012 over Gadanki. (a, b) The temperature data together with principal wave fit. (c, d) The corresponding residuals with
best fitted sinusoidal waves. Presence of short-period oscillations in residual data and the downward phase propagation is
shown as arrow lines.
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To further support and understand the nature of forcing, we focus on the ionospheric data from equatorial
station Tirunelveli, where the EPBs are generated. In Figure 11, we present the reanalysis of digisonde
observations from Tirunelveli. The temporal variation of heights corresponding to 5–8MHz are plotted in
Figure 11a as solid curves. The dashed curves represent the best polynomial fits. Figure 11b plots the height
fluctuation (Δh= h� hfit) are plotted for these frequencies. The cross-correlation distribution of these
fluctuations is presented in Figure 11c. The cross correlation is defined as follows:

ɳ h; tð Þ ¼
X8

5
Δh f 1; tð ÞΔh f 2; tð Þ
h f 1; tð Þmax

; 5 ≤ f 1 ≤ 8 MHz; 5 ≤ f 2 ≤ 8 MHz

In the above, ɳ is the cross-correlation coefficient and hmax is used to shift the curves for different frequencies.
We note the following features from Figure 11c. The cross correlation before and after 14:54 UT (a dashed ver-
tical line is drawn at 14:54UT in Figures 11a and 11b) are different such that the isocorrelation contours
before this time has downward propagation with time while after this time, they remain standing.
Moreover, the correlation before and after this time are weaker and stronger, respectively. The downward
propagation is the manifestation of the gravity waves as known from previous studies [Abdu et al., 2009].
The disappearance of the downward propagation is an indication of the development of EPB often noticed
from previous studies [Abdu et al., 2009]. This disappearance is accompanied by the intensification of cross
correlation that suggests the involvement of highly correlated dynamics such as instability dynamics.

Therefore, it can be said that over Tirunelveli, the wave-like features and EPB are present before and after
14:54UT. This time coincides with the time of appearance of MSTIDs over Ranchi, i.e., EPBs over equator
and MSTIDs over low latitude occur almost simultaneously. The presence of EPB at Gadanki was noted after
20min from this time during which the EPB over equator has ascended to the apex height of geomagnetic
line connecting 250 km altitude over Gadanki.

The simultaneous occurrence of EPB and MSTIDs is another common aspect, apart from both of them having
similar wavelengths, which suggest that the common forcing is involved for their generation. In this context,
the presence of MSTIDs associated wave-induced disturbances before 14:54 UT, i.e., before the occurrence of
EPBs classify the MSTIDs as a possible common forcing for both of them. To further support this possibility,

Figure 9. (a, b) The mesospheric OH and O(1S) intensity data over Kolhapur together with the best fitted wave. (c, d) The
corresponding residual data are shown with best fitted sinusoidal wave.
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we may note three peaks in the cross-correlation distribution before 14:54 UT which are associated with the
wave-like oscillations. These temporal structures can be equally interpreted as the spatial structures
(assuming the drift velocity ~145m/s and that the temporal variations are due to horizontal displacement
of the features) suggesting the presence of at least three wavefronts at the equator before the occurrence
of the EPBs. The presence gravity waves before EPBs/MSTIDs and MSTIDs favor that the MSTIDs propagation
toward the equator was already in-place and earlier than they were observed in the optical data.

4. Summary

Our results show the occurrence of EPB event over the equatorial and low-latitude Indian sector. We note that
the amplitudes of mesospheric gravity waves were very small. At the same time we noted northeast to the
southwest propagating wave (MSTIDs) in the O (1D) 630 nm emission data. Optical signatures of this propa-
gation were noted till 10° latitudes. The period of MSTIDs was about 22min while the period of oscillatory
feature noted in ionosonde was about 26–28min which are very close. A close resemblance in these two
periods suggests them to be associated with similar feature. Though, the geometry of propagating MSTIDs
suggest them getting mapped to the west of the location of observations, we do not have an exact estimate
on the longitudinal extent of their phase fronts. However, a similar signature was noted in the ionospheric
data at Tirunelveli which is situated very close to the equator. It is possible that MSTIDs had sufficiently
long-phase fronts to trigger the noted undulations in the ionosonde data. Even otherwise, a recent simula-
tion by Krall et al. [2013] suggests that linear growth rate is maximum when seed field centered around
300 km is near about 10° latitudes. Therefore, we have reasons to believe that the eastward (westward) com-
ponent of polarized electric fields associated with the MSTIDs in the region of low densities would result in
the upward (downward) plasma drifts, transporting the F region plasma to higher (lower) altitudes causing
the F layer movement as noted in the ionosonde data. It may be argued that oscillations noted in the h′F
and foF2 may be of local origin. However, most of the theories related to the local in situ generation of gravity
waves at ionospheric heights rely on either secondary wave generation by the breaking of upward propagat-
ing gravity waves [e.g., Fritts and Alexander, 2003] or the solar terminator wave as explained by earlier inves-
tigators [e.g., Galushkov et al., 1998; Forbes et al., 2008]. Absence of any large-amplitude mesospheric waves
over Gadanki and Kolhapur and lower atmospheric convective activity nearby the Gadanki location rules out
the possibility of secondary wave generation. It may further be argued that secondary waves generated at far

Figure 10. The 630.0 nm airglow image sequence monitored over Ranchi, exhibiting the band-type structure movement.
The red lines indicate the position of wavefronts, while the green arrow shows the direction of propagation.
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places may reach the ionospheric altitudes, but absence of deep convection nearby the south Asian region
suggests that if this is a possibility, then such waves have to travel almost horizontal. If this is the case, the
ionospheric kinematic viscosity and molecular diffusion would lead to strong damping of such waves [e.g.,
Vadas and Fritts, 2005]. Further, as pointed out by Forbes et al. [2008], the solar terminator wave period and
horizontal wavelength is expected to be ~30min and ~1000 km which is not the case in the present observa-
tions. However, these waves are expected to travel similar to that of TIDs. Further, Balthazor and Moffett
[1997] pointed out that the TIDs can not only reach the equator but propagate across as well.

Overall, it looks reasonable to believe that a close resemblance between the observed period of wave-like
feature in airglow images and the period of oscillation noted in h′F and foF2 may be signatures of similar
features, i.e., MSTIDs. As far as the seeding of RT instability by these features are concerned, our results
are in line with the theory of Krall et al. [2011], where they have modeled the EPB triggering due to none-
quatorial sources (MSTIDs). Their result clearly suggests that for a horizontal propagation angle 40–50o

(from the east), the e-folding time is ~7–8min. Further, Miller et al. [2009] studied the EPB triggering by
MSTIDs in American sector and found that it takes 10–15min to trigger the EPB after they reach the
equator. Therefore, we have a reason to believe that our results are supporting the trigger of EPB due
to the MSTIDs. Unique to the present study is that so far most of the reports suggest that MSTIDs trigger
the EPBs that occur near the midnight [e.g., Miller et al., 2009], while, we show MSTIDs possibly triggering
the post evening EPBs. Added to this uniqueness is that the present observations are first from Indian
sector to provide simultaneous imaging of MSTIDs and EPB together with an information on the mesospheric
wave features. Our effort is to gather more information related to the mesosphere lower thermosphere
processes which have relevance in improving the satellite navigation and related parameter forecasting and
bring them to the notice of the community.

Figure 11. Digisonde data from Tirunelveli exhibiting (a) temporal variation of heights corresponding to 5–8 MHz together
with dashed curves representing the polynomial fits, (b) the height fluctuation (h� hfit), and (c) the cross-correlation
distribution of the fluctuation.
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5. Conclusions

The present investigation based on the optical data from three stations with supporting ionospheric data
from equatorial station lead to the following conclusions.

1. First image evidence of MSTIDs propagation toward the equator over Indian sector having their horizontal
wavelength ~185 km and period of ~22min.

2. Before the occurrence of ESF, the ionospheric parameters (h′F and foF2) show oscillatory features with
periods ~26min.

3. The amplitude growth of upward propagating waves at mesospheric altitude was found to be insignificant
over off-equatorial latitudes.

4. The seeding of RT instability by MSTIDs is found to be the one of the probable cause behind the observed
EPB event.
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