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Abstract

A charge coupled device based all-sky imaging system with 180° field of view has been operating at Kolhapur (16.8°N,
74.2°E, dip lat. 10.6°N) in India on clear moonless nights to study the dynamics of equatorial ionospheric irregularities by
examining the images of three oxygen lines at OI 630, 557.7 and 777.4 nm. The all-sky camera offers broad and instantaneous
coverage of the movement of large-scale size ionospheric irregularities (depletions or bubbles) over a region of 1800 km at
about 300 km altitude. The location of the station is important as the single image at a given instant maps the irregularities
over a large area extending from the geomagnetic equator to the equatorial ionization anomaly region. Several characteristics
of irregularities discussed in this report were observed during ISTEP campaign periods conducted in March—April of 1998 and
1999. One example of the signature of simultaneous depletions observed in Ol 630, 557.7 and 777.4 nm images is reported.
Also, the signature of midnight temperature maximum (MTM) in OI 630 nm airglow has been presented. The tilt of the MTM
structure with magnetic meridian was found to change during the course of its movement towards north. The eastward plasma
drift speeds ranging from 0 to 289 m/s computed from bubble movement matches well with the drift speeds computed from
VHF scintillation experiments and Jicamarca radar observations.

(© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The observations of Ionospheric plasma irregularities as-
sociated with nighttime equatorial spread-F phenomena have
been extensively carried out at different longitudes in a wide
range of altitude, starting from the base of the F-region to
region beyond 1000 km in the last three decades by us-
ing both radio techniques (incoherent back-scatter radar,
rockets, satellites and UHF/VHF scintillation, ionosondes,
topside sounder) and optical techniques (conventional tilt-
ing and scanning photometers and wide-angle imaging sys-
tem) (Weber et al., 1978; Fagundes et al.,1999; Kil and
Heelis, 1998; Mendillo et al., 1997; Singh et al., 1997;
Tsunoda, 1985; Sahai et al., 1996; Malcolm et al., 1984;
Taylor et al., 1997; Mukherjee et al.,1998; Mukherjee, 2002;
Sinha et al., 2001; Tinsley et al., 1997).

* Corresponding author.
E-mail address: gkm@iig.iigm.res.in (G.K. Mukherjee).

The tropical atomic oxygen nightglow arising from re-
combination of plasma in the F-layer has been used to map
the large-scale F-region plasma irregularities or depletions
(transequatorial bubbles or plumes). The scale size of the
structures varies between 10s of centimeters to 100s of kilo-
meters, which are very sensitive to a wide range of diagnostic
techniques (Abdu, 1993). The wide-angle optical imaging
technique of F-region nightglow emissions has been used
by several research workers to study the large-scale equa-
torial plasma irregularities (Weber et al., 1978, 1980, 1982,
1983; Sinha and Raizada, 2000; Mendillo and Baumgardner,
1982; Mendillo and Tyler, 1983; Rohrbaugh et al., 1989;
Sahai et al., 1994; Mukherjee, 2002). These are the regions
where the plasma densities decrease abruptly by several
orders of magnitude compared to the ambient plasma den-
sities. The HF communications and satellite to ground com-
munication, navigation systems based on GPS satellites get
affected by these plasma irregularities. Weber et al. (1978)
observed the first images of magnetically N-S aligned
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structures of low-intensity (depletions) OI 630 nm air-
glow during the period of spread-F observations. These
low-intensity regions are the optical signatures of depletions,
which have been, mapped in the all-sky images of OI 630.0,
557.7 and 777.4 nm emissions. It is generally initiated by
plasma instability processes operated at the bottom side of
the F-region after sunset under certain conditions when the
bottomside of the F-layer becomes unstable for the growth
of a fluid type gradient instability mechanism such as grav-
itational Raleigh—Taylor instability (Dungey, 1956) in con-
junction with E x B instability (Martyn, 1959) with seeding
provided by gravity waves, vertical winds, electric fields, etc.
(Singh et al., 1997).

Owing to much greater conductivity parallel to the mag-
netic field lines than perpendicular to them, plasma in the
magnetic field tubes tend to convect along F-region mag-
netic field lines while growing upwards and hence the de-
pleted plasma regions tend to be field aligned. They often
get tilted in westward direction while moving towards the
east. At the boundaries and within the depletions, small-scale
size irregularities (~meter to kilometer size) are generally
produced which give rise to strong VHF nighttime scintil-
lations in satellite beacon signals. As these bubbles move
buoyantly upward with respect to the ambient plasma in the
equatorial region, their bottom-side feet migrate poleward,
reaching dip latitudes of over +15°. During this period,
the vertical motion is driven by the gravitational Rayleigh—
Taylor mechanism and in the process the depleted flux tubes
can reach altitude well over 1500 km at the magnetic equa-
tor which is known as the apex height of the bubbles. They
generally break up into smaller-scale size electron density
irregularities, which are associated with spread-F, backscat-
ter and UHF/VHF scintillation. The use of all-sky optical
imaging systems has been especially important in studying
the spatial extent of the bubbles and their motion relative
to both the ground and to the surrounding ambient iono-
sphere (Mendillo et al., 1997). A charge coupled device
(CCD) based all-sky imaging system (180° of view) de-
veloped in collaboration with Boston University, US, was
operated from Kolhapur (16.8°N, 74.2°E, dip lat. 10.6°N)
on clear moonless nights to obtain the signature and dynam-
ics of plasma bubbles by studying the images at OI 557.7,
OI 630.0 and OI 777.4 nm. The data for the generation and
evolution of these large-scale irregularities are limited at the
Indian longitude sector (Mukherjee et al., 1998). The loca-
tion of the observing station is important as a single image
frame at a given instant provides information regarding the
dynamics of these irregularities over a large low-latitude
region starting from geomagnetic equator to the equato-
rial inonization anomaly (EIA) region. As discussed by
Mendillo et al. (1997), the imaging studies provide a wealth
of information, which are not provided easily by other iono-
spheric diagnostic experiments.

We present and discuss in this report several characteris-
tic features of simultaneous ground-based optical and radio
diagnostics of large-scale equatorial F-region plasma irreg-

ularities carried out from a low-latitude station, Kolhapur,
in India situated close to equatorial ionization anomaly re-
gion during the period of moderate solar and geomagnetic
activity.

2. Tropical nightglow emission

The spectral line at OI 630 nm is indicative of dissocia-
tive recombination involving O, molecules and electrons
near 300 km altitude (Mukherjee and Dyson, 1992) in the
F-region and is metastable O('D) state which is formed in
the dissociative recombination of O and electrons (05 +
e — O + O") in the F-region (Peterson and Van Zandt,
1969). The O is produced from charge transfer of O" with
O, and observed OI 630 nm emission is the column integral
([ n(0*)n(02) ds) of the product of O* and O, concen-
tration. The major portion of Ol 557.7 nm emission comes
from the recombination of oxygen atoms in the mesopause
region (80—100 km). There is a general agreement that the
OI 557.7 nm emission is excited by the so-called two-step
energy transfer process O+O0O+M — O; + M, 05 +0 —
0,+0('S) (Bates, 1981). A fraction of these emissions also
originates from the dissociative recombination process in
the F-region. It is estimated to be about 20% of the F-region
630 nm contribution (Sobral et al., 1992). Only difference
is that lifetime of O('D) state is 178 s against O('S), which
is almost 0.9 s.

The OI 777.4 nm emission is a prompt emission (Tinsley
and Bittencourt, 1975) from O(°P) state which is formed
due to radiation recombination of OT with electrons
process (O" +e — O* + hv (777.4 nm)) and since at F-
region heights, the O" concentration is essentially equal to
the electron concentration, the observed OI 777 nm emission
rate is proportional to [ n(O")*ds. Thus, the OI 777 nm
emission is independent of the layer height but depends on
the square of concentration near the peak of F-layer and there
by providing an indirect measurement of F-region peak
electron densities, 7, (€).

Generally, OI 777 nm emission is weaker than OI 630 nm
emission at low-latitude region. The ratio of (/777 )1/ 2 /ls30 is a
measure of the height of the F-layer. The use of these oxygen
emission lines in studying the F-layer properties has been
discussed by Tinsley and Bittencourt (1975) and Bittencourt
et al. (1983).

3. Instrumentation
3.1. All-sky camera

The design features of a CCD-based imaging system
have been explained by a number of research workers
(Baumgardner and Karandanis, 1984; Mendillo et al., 1989)
and more recently by Mendillo et al. (1997), Mukherjee et
al. (1998) and Nakamura et al. (1999).
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Table 1
Filter details and exposure times

Wavelength Diameter of the filters Bandwidth Transmission Integration time
(nm) (in) (nm) (%) (s)

OI 630 4 1.0 65 60

Ol 557.7 4 1.0 65 60

Ol 777.46 4 1.0 65 60

There are six filter positions, which can be used to study
various emission lines originating at different ionospheric—
thermospheric heights. At present, we are using three oxygen
line filters: 630.0, 557.7 and 777.4 nm along with a back-
ground filter. The details about the filters and the exposure
time used are given in Table 1. Since our main concern is
to study F-region dynamics at night, we concentrate mainly
on spatial and temporal characteristics of OI 630 nm emis-
sion. The superiority of CCD over almost all other image
forming devices has been well established in the last two
decades due to its high resolution, high quantum efficiency,
broad spectral response, low noise and large dynamic range
(Abreu and Skinner, 1989; Janesick and Blouke, 1987).

4. Geometry of observations

Fig. 1 shows the location of the observing station Kolha-
pur with respect to geographic coordinates. The two circles
indicate the coverage of the camera system for zenith dis-
tances 75° and 90° for an emission height of 300 km.
Fig. 2 shows the 75° zenith angle distance of 300 km height
which encompasses approximately 8° of latitude longitude
from the zenith which is equivalent to a horizontal diameter
of ~1800 km through the zenith at 300 km. Between zenith
angles 75-90°, an additional 8° latitude/longitude are en-
compassed. Due to compression effects these regions are
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Fig. 1. Field of view at 75° and 90° zenith angles at 300 km for
the all-sky camera at Kolhapur.

Fig. 2. Dip latitudes and magnetic longitudes of geomagnetic field
lines at 2° interval observed at 300 km altitude at Kolhapur.

not very accurate for image analysis. It is important to note,
however, that the geomagnetic equator falls within 75-90°
zenith angles and appears near the southern edge of the field
of view. Fig. 3 shows the image overlay pattern as seen from
Kolhapur. The north-south aligned motions of the bubbles
can be used to find the bubble altitude above the magnetic
equator considering that the layer is situated at 300 km. A
depleted region reaching the extreme northern edge of the
image will correspond to an altitude greater than 1500 km
above the equator. To illustrate the typical nightglow images
(630.0 nm) and explain F-region dynamics involving small-
and large-scale irregularities we also use measurements from
ionosondes, VHF scintillation and photometric experiments.

5. Results and discussion
5.1. Observation on March 25-26, 1998

The solar flux (F10.7 cm) for the day was 114 units and
the average K p was 3.35. This was a night of moderately
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Fig. 3. Projected altitude over the equator for OI 630.0 nm emission
at 300 km for Kolhapur situated at the center. Dotted line represents
the magnetic equator; dashed line represents a 75° zenith distance.

disturbed condition with a moderate solar activity. All-sky
images were taken with 630.0, 557.7 and 777.4 nm filters
at every 1-min interval. On the night of March 25, 1998,
a series of north—south aligned depletions were seen. Also,
simultaneous depletions were seen in all three-emission lines
(OI 630.0, 557.7 and 777.4 nm) (Fig. 4). It was a typical
spread-F night. The depletions were very prominent in OI
630 nm emission line compared to other two oxygen lines.
The north—south aligned plasma depletions were observed
from 21:30 to 01:00 h during the night.

In order to find the depth and width of depletions, we
scan several images from east to west (through zenith)
direction after flat fielding them and calculate OI 630 nm
intensity at each pixel. In Fig. 5 we depict the OI 630 nm
intensity profile from 2308 to 2341 IST h (IST=UT+5.5 h)
when depletions observed were strong and showed variabil-
ities in shapes and sizes. The depth of bubbles (depletions)
was estimated to be varying between 30% and 50% and the
width of the bubbles was ranging between 50 and 350 km.
At 2334 h the western wall of the depletion region showed
ripples with wavelength of about 38 km, which could be
due to propagation of standing waves between the center
of the depleted region and the western wall reaching the
background high-intensity region. Based on the airglow and
Ionosonde measurements, Weber et al. (1982) showed such
a representative structure in the plasma depletion region
on the western wall of a crest or elevation in the bottom
side of the F-layer. The apex altitude of the bubbles at the
equator reached a height more than 1500 km while moving
from west to east. The depth of depletions was stronger in
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Fig. 4. Simultaneous depletions observed in OI 557.7, OI 630 and
OI 777.4 nm on the night of March 25-26, 1998.

OI 630.0 and OI 557.7 nm than in Ol 777.4 nm emission
(not shown in the diagram). There is a time lag between de-
pletion observed in OI 630.0 nm and other two lines. This
could be due to resolving power of the imaging system,
the relative intensity and the lifetime of the emission lines
studied. The continuous sequence of images helps to iden-
tify the eastern and western edges of the depletions as they
drift eastwards. Using the latitude and longitude grids of
the geomagnetic field lines for an assumed emission height
of 300 km, eastern and western edges of the depletions
were determined from successive images during the night
as the sequence of images provides a continuity of identi-
fication of bubble characteristics. By comparing successive
images, the speed and direction of the airglow features
(bubbles) were measured as a function of local time. Fig.
6 shows the typical drift profile during nighttime between
2130 and 01:00 IST. The speeds were derived from the
depletion region marked by an arrow in the diagram and it
was found that the drift speeds decrease steadily during the
pre-midnight hours reaching minimum values around mid-
night and subsequently accelerated up to 50 m/s. The drift
speeds compare well with the earlier imaging observations
of drift motions of F-region depletions above the mag-
netic dip equator at Alcantara (2.3°S, 44.5°W) in Brazil
(Taylor et al., 1997) and also from the Jicamarca incoherent
scatter radar data base for solar 10.7 cm flux index < 100
(Fejer et al., 1991). Taylor et al. (1997) also provided ex-
amples of the reversal of the bubble drift motion from east
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Fig. 5. East-west scans of OI 630 nm intensity at the equatorial plane of the successive images observed at 2308, 2314, 2321, 2328, 2334
and 2341 h on the night of March 25, 1998 showing the changes in the width and depth of depletion (structure is marked by an arrow).
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Fig. 6. Variation of zonal plasma drift velocity (m/s) as a function
of local time during the night of March 25-26, 1998.

to westward direction and explained the phenomena as due
to reversal of normal F-layer dynamo electric field at night.
Though our measurements of zonal plasma drifts show the
similar trend at night, the drift speed never became negative
after reaching the minimum value. The sluggish nature of
drift speeds at the middle of the night could be due to mod-
ification of F-region dynamo electric field due to magnetic
disturbance.

5.1.1. Comparison of optical data with magnetic record

The geomagnetic field (H, Z, and D) data discussed in
this report were obtained from a nearby station, Alibag
(18.63°N, 72.87°E). Fig. 7 shows the variation of geo-
magnetic field components (H, Z, and D) as a function of
local time (IST). It is noticed that a geomagnetic storm
(gradual commencement (GC) type) was in progress com-
mencing at 15:30 h (IST). The maximum value of the Dst
excursion took place around 21:30 h, thereafter the activity
started diminishing up to 1 O’clock at night. It is interest-
ing to observe when dH/d¢ was positive during the period
21:30-00:30 h at night, at the same time interval deple-
tions in OI 630 nm images were observed at the station. A
reversal of normal nighttime downward drift of the F-layer
to the upward direction is required to generate these irregu-
larities (Aarons, 1991). At night, zonal westward electric
fields produce a downward vertical drift. The effect, how-
ever, of the ring current in the midnight and post-midnight
period when the layer height is normally decreasing and the
electric field is westward, is to create for a short time an
eastward electric field which raises the height of the layer
for shorter period of time, the layer height then falls after
creating the irregularities. For the growth of irregularities
under magnetically disturbed conditions a reversal of the
normal nighttime downward drift of the F-layer to upward
direction is required.
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Fig. 7. Magnetogram of Alibag (18.63°N, 72.87°E) shows H, D and Z variations for the night of March 25-26, 1998.

5.1.2. Investigations of OI 557.7 and OI 630 nm
nightglow intensity ratios during the occurrence of
equatorial F-region plasma bubbles

It is well known that ground-based observations of
OI 557.7 nm emission line receives two contributions to
the integrated intensity emanating from two layers (from
mesospheric E-region (90—100 km) and the thermospheric
F-region heights (250-300 km)). Several investigators
(Chiplunkar and Tillu, 1970; Rao and Kulkarni, 1974;
Sobral et al., 1992) have investigated the F-region com-
ponent of the OI 557.7 nm emission at low latitudes. For
comparison of intensities of mesospheric OI 557.7 nm
emissions in relation to other emissions such as OH and
molecular oxygen bands, it is necessary to have an estimate
of the F-region component. Using the photometric data of
simultaneous depletions in OI 557.7 and OI 630.0 nm, the
F-region contribution has been estimated to be 26% of that
of the OI 630.0 nm intensity by Fagundes et al. (1995).
We present here the estimate of the F-region component
to OI 557.7 nm from the near simultaneous observations
of the depletions in Ol 557.7 and OI 630.0 nm through
all-sky imaging, respectively. We use the method adopted
by Fagundes et al. (1995). Following their approach, we
define a ratio » between the difference of OI 630.0 and
OI 557.7 nm intensities before and during the passage of
plasma bubble as

r = (Alssye) + Alssta8))/ Alssoor) = Alssra)/ Alssoor)

assuming that contribution to /ss77 from E-region remains
the same before and during the passage of plasma bubble

B o F
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Fig. 8. Ratio r (Alss7.7(r)/Als3ory) as a function of local time on
the night of March 25-26, 1998.

The local temporal variations of both OI 630.0 and
557.7 nm emissions show simultaneous and similar inten-
sity depletions when a plasma bubble moves across the
field of view of the all-sky camera. The passage of plasma
bubble modifies the F-region contributions of the OI 557.7
and OI 630.0 nm intensities and this ratio is proportional
to Iss7.7r)/I630.0(r). The computed ratio » is plotted in Fig. 8
as a function of local time. The mean F-region contribution
turns out to be 25 £ 4% to OI 557.7 nm
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5.2. Zonal plasma drift measurement

Using the latitude and longitude grid of the geomagnetic
field lines at 2° interval for an assumed height of 300 km,
the eastern and western edges of the depletion were de-
termined from successive images. The spatial separation
and their time delay were noted and thereby the eastward
depletion drifts were estimated and they were plotted as a
function of local time. Fig. 9 shows typical drift profiles for
three nights in March 99 (upper panel) and April 99 (mid-
dle panel). Magnetic activity index Ap and solar F10.7 cm
flux values were also depicted in the figure. The lower panel
shows the observed average zonal behavior for March and
April 1999 along with the mean eastward component wind
velocity using HWM93 model (Hedin et al., 1996). On
the basis of theoretical considerations, it is suggested that
nighttime plasma drifts near the equator are approximately
equal to F-region neutral winds (Rishbeth, 1971; Biondi et
al., 1988). Therefore, with this consideration in mind, we
intend to compare the mean observed zonal component of
the bubble velocity with eastward component of F-region
neutral wind. For numerical computation of wind velocity
we use the Hedin’s improved version (Hedin et al., 1996)
of the model (Hedin et al., 1991) for March and April 15,
1999 at Kolhapur with appropriate parameters. The model
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Fig. 9. Variation of nighttime F-region plasma drifts as a function
of local time (IST) during March and April 1999.

predictions agree very well with the observations at night.
It can be seen that on the average, the drift speeds decrease
steadily reaching their minimum value during post-midnight
hours. This also compares well with the equatorial zonal
neutral wind flow measurements by WATS (wind and tem-
perature spectrometer) aboard DE-2 satellite in 1981 as
well as ground-based zonal ion drift measurement by the
Jicamarca incoherent radar for the corresponding period
(Fig. 12 in Herrero et al., 1993). This behavior matches well
with OI 630 nm measurements of F-region plasma drifts as
observed by Taylor et al. (1997) from an equatorial
station Alcantara (2.3°S, 44.5°W) in Brazil.

Kumar et al. (1995) also estimated the zonal drifts of the
ionospheric irregularities computed from the time delays in
the onset of similar scintillation patches at a pair of stations,
Ujjain and Bhopal, situated exactly at the same latitude in
the Indian anomaly region. The calculated eastward veloci-
ties of the irregularities found by them varied between 180
and 55 m/s during the course of night. At the same longitude
sector, Koparkar (1988) estimated east—west drift speeds
to vary from about 170-60 m/s and Chandra et al. (1989)
found 300-100 m/s during the course of night. Similar find-
ings were also reported by Basu et al. (1991) by comparing
irregularity drifts with neutral wind.

Anderson and Mendillo (1983) showed that in the ab-
sence of significant contribution from E-region horizontal
current flows and tidally driven polarized electric fields, the
equatorial zonal nighttime plasma drift is given by

Ve = /apUB ds/B /apds,

where o, is the Pederson conductivity, U is the zonal neu-
tral wind velocity, B is the magnetic field intensity and the
integration are performed from one end of the field line to
the other. It is seen that the height profile of the flux tube
integrated Pederson conductivity can significantly affect the
amplitude and altitudinal variation of the zonal plasma drifts.

5.3. Signatures of midnight temperature maximum

There are cases when the measurements both by
ground-based and satellite-borne instrumentation, revealed
a pronounced increase in the neutral temperature around
midnight over the equator, sometimes the value exceeds
the afternoon maximum (Spencer et al., 1979). This fea-
ture is known as the midnight temperature maximum
(MTM), a region of anomalous temperature and density
that is generally considered to result from atmospheric tidal
interactions. Winds generated due to pressure bulge phe-
nomena propagate poleward (northward) and its vertical
component moves the F-region plasma downward to region
of enhanced loss and airglow production. This event is
prominent at the stations during the months of March and
April around local midnight. As pointed by Mendillo et al.
(1997), an all-sky camera can be used to map the movement
of the transient airglow structure (brightness wave (BW))
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Fig. 10. Signature of MTM (brightness wave) as observed in Ol 630-nm nightglow images on the night of March 13—14 and April 19-20,

1999.

caused due to MTM-induced winds propagating across the
all-sky field of view from equator to poles. Fig. 10 shows
two examples of the sudden enhancement in brightness
that first appears at the magnetic equatorial region in east—
west direction and moves towards the north with a phase
velocity 248 and 150 m/s on March 13-14 and April 19,
1999. It was noticed that there was a tilt in the structure
with the magnetic meridian and the structure changes as it
moves towards north. The structures were prominent for
about 2-3 h during post-midnight period. Fig. 11 shows the
OI 630 nm images during the night of February 5, 2000

depicting strong enhancement similar to brightness wave
moving from southwest to Northeast direction at 2302, 2310,
2317, 2324, 2332, 2339, 2346 and 2353 h IST. The bright-
ness pattern in Ol 630 nm continued for more than an hour
and could be a signature of MTM moving towards northeast
direction with a phase velocity of 190 m/s first registering
their signature in the equatorial region. The enhancement
and the brightness region are approximately tilted to the
meridian by 45°. As described by Colerico et al. (1996),
an MTM pattern fixed to local time at the observing site
induces a meridional wave moving with a phase speed and
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Fig. 11. Signature of MTM (brightness wave) as observed in OI 630-nm nightglow images on the night of February 5, 2000.
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Fig. 12. Tonosonde #'F and f(F, measurements taken at the Trivan-
drum station for March 13—14, April 19-20, 1999 and February
5-6, 2000 showing enhancement of electron density and small dip
in the F-layer height, #'F during MTM events.

the imaging system corotates with corotational speed of the
earth 7, being related to the tilt (0) of the MTM structure
with respect to the meridian.

tan 0 = Veo/Vsn,

where Vs, is the apparent meridional velocity by which the
BW structure moves in the field of view.

Such tilt angles of MTM have been reported by
(Herrero and Spencer, 1982, 1983) and Colerico et al.
(1996). This feature is also dependent on solar activity. We
found the tilt angle to be about 45° towards west for OI
630.0 nm. However, the signature was missing in images
of OI 557.7 and 777.4 nm on these nights. This was the
first observation of MTM from this part of the globe using
an all-sky camera. The study would help us to examine fur-
ther the latitudinal and longitudinal variation of day-to-day
variability of MTM pressure bulge phenomena in Indian
longitude sector, which has not been reported earlier.

We also study the digital ionosonde data of Trivandrum
(8.5°N, 77.0°E) station to understand the ionospheric
condition at equatorial latitudes during the period of en-
hancement of OI 630 nm emission. In Fig. 12 ionospheric
parameters, virtual height of the F2 layer, #'F (km) and
square of the critical frequency of the F2 layer, foF2 are

plotted at an interval of 15 min for three given nights as
a function of IST h when BW was seen. The upper and
lower panel in the figure shows the enhancement of elec-
tron density (~ foF2)2 around midnight on March 13-14,
and February 5—6, 2000. All three nights had equatorial
spread-F (ESF) phenomena observed in f(F2 as frequency
spread F (Sp-F) and in #'F as range spread F (Sp-R). It
is interesting to note that the MTM events reported here
are all immediately preceded by ESF events commencing
at 20:00 h when F-layer (> 350 km) at Trivandrum was
much higher than their average height in the evening hours.
However, on the evening of February 5 at 20:15 h, the
layer height rose up to 518 km and the rise of F-layer was
very sharp and it gave rise to ESF phenomena. There was
an abrupt enhancement of electron density on the night of
March 13-14, 1999 and February 5—6, 2000 around the time
of appearance of BW waves. Such a strong enhancement of
electron density on the night of February 5 around middle
of the night in the equatorial region leads us to believe
that the event could be the manifestation of MTM. But the
simultaneous measurement of F-region temperature at the
equatorial region at night might have confirmed our results.
However, on the night of April 19-20, foF2 values could
not be measured around midnight due to the presence of
ESF and /'F values showed undulations. Thus there could
be some relationship between MTM and ESF events, which
needs further detailed study at different longitude zones.

6. Conclusions

We have presented the results of the characteristics OI
630.0 nm all-sky-imaging observations carried out at a
low-latitude station, Kolhapur, in India. Complementary
ionosonde data were also used to study the formation and
evolution of large-scale ionospheric plasma depletions and
the study of brightness waves. The main results can be
summarized as follows:

(a) The depletions were normally confined to the time
between 21:30 and 01:00 h. There were simultaneous
depletions observed in all three oxygen emission lines
(OI 630.0, OI 557.7 and OI 777.4 nm) on the night of
March 25, 1998. The depletions observed in OI 777.4 nm
mean that the strong depletions have reached the height of
the peak of the F2 layer. The width of the structures were
varying between 50-350 km and often they were found to
get tilted in the westward direction by about 30—40° dur-
ing their movement towards east. Anderson and Mendillo
(1983) attribute the westward tilt directly to the fact that,
above F2 peak, the eastward plasma drift set up by the
zonal wind decreases with altitude.

(b) By mapping the airglow depleted flux tubes along
the geomagnetic field lines, plumes with heights 1500 km
above equator have been observed. This height limit puts
restriction on the capability of detecting bubbles attaining
equatorial altitudes greater than 1500 km. The location of
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the observing station has to be moved more towards the
north from the present position to detect very high rise
(>1500 km) bubbles, which is a common feature at equa-
torial stations during high solar activity period.

(¢) The mean F-region component to OI 557.7 nm emis-
sion was found to be 25 &+ 4%. Takahashi et al. (1990) re-
ported a value of 17% using simultaneous measurements
of OI 630 and OI 557.7 nm emissions on board a rocket
launched from an equatorial station at 5.8°S, 352°W in
Brazil. It was further pointed out by Smith and Steiger
(1968) that during the periods when OI 630 nm emission
is enhanced, the F-region contribution to OI 557.7 nm also
gets proportionately increased. The higher value (~0.25) of
the ratio  could be due to the enhanced OI 630 nm inten-
sity, which is normally the case when strong plasma bubbles
are developed in the low-latitude ionosphere. Also, the ra-
tios are dependent on the height variations of the F-layer at
the time of imaging observations.

(d) The average eastward plasma drift velocity was found
to vary between 0 to 289 m/s. It matches well with drift
estimate from scintillation, radar experiments and imaging
observations (Fejer et al., 1981; Yeh et al., 1979; Sobral et
al., 1985; Sinha and Raizada, 2000). We also found out that
the ambient plasma (high-intensity bright region) and the
plasma bubbles move eastward almost with the same speed.
In the nighttime equatorial F-region, the eastward neutral
wind develops a vertically downward polarization electric
field which drives the plasma eastwards. In the absence
of drainage of polarization charges, the neutral wind and
E x B plasma drift become equal. Under these conditions
the background plasma, the neutral and plasma bubbles will
move eastwards with equal speed (Basu et al., 1996).

(e) The signature of midnight temperature maximum
(MTM) was also obtained in 630.0 nm emission during the
pre- and post-midnight hours of February 2000 and March
and April 1999. Rao and Sastri (1994) reported the results
on the characteristics of MTM for the Indian sector using
the measurements of Doppler width of OI 630 nm night
airglow at Kavalur (12.5°N, dip 9.5°N). Clear signature of
MTM in enhancement of F-region neutral temperature was
seen on 30% nights at the station during March—April 1992
and November 1992—April 1993.

The recent studies of MTM were made from Arequipa,
Peru using an all-sky camera for OI 630 nm oxygen air-
glow (Mendillo et al., 1997). They found that pre-midnight
brightness wave (PMBW) moves equatorward, while the
post midnight brightness wave moves polewards. The aver-
age poleward speed for October 1993 midnight event was
248 m/s while the average speed for October, 1994 event
was 368 m/s. However, our results show the movement of
BW waves towards the north and northeast direction both
during pre- and post-midnight hours with velocities ranging
between 150 and 248 m/s, respectively, showing consider-
able agreement with earlier results. There was also change
in the orientation of the BW structure from 30° to 45° to-
wards west.

This work has also supported the view that the bubble
generation is mostly associated with a strong development of
equatorial ionization anomaly (EIA). An enhanced intensity
in the region of reverse anomaly moving towards south from
north was found to occur on most of the nights accompanied
by bubble generation process.
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