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Abstract. Observations of ionospheric plasma depletionspatterns contain one or two well developed plasma depletions
were made over Kavalur (12.56l, 78.8 E, Mag. Lat  within them. (f) The brightness patterns reported here differ
4.6° N), India during March—April 1998 using an all sky op- from the earlier observations in that they do not show any
tical imaging system operating at 630 nm, 777.4 nm anddifferential behaviour in the direction of movement before
557.7 nm. Out of 14 nights of observations, plasma de-and after the midnight, and that they are present for extended
pletions were seen only on 9 nights. Except for 21 Marchperiods of time as large as 6 hrs.

1998, which was a magnetically disturbed period, all other . - .
. . : ; Key words. Atmospheric composition and structure (air-
nights belonged to a magnetically quiet period. Some of

. . ! low and aurora); lonosphere (equatorial ionosphere; iono-
the important results obtained from these observations are> I .). P (eq P
Spheric irregularities)

(a) After the onset of the equatorial spread F (ESF), plasma
depletions take typically about 2 hrs 40 min to come to a
fully developed state, (b) There are three distinct types of
plasma depletions: type 1 have an east-west (e-w) extent of |ntroduction
250-350 km with an inter-depletion distance (IDD) of 125—
300 km; Type 2 have an e-w extent of 100-150 km and IDDplasma depletions are large-scale structures of plasma den-
of 50-150km; Type 3 have smallest the e-w extent (40-sijty associated with the phenomenon of the equatorial spread
100km) and IDD of 20-60km, (c) Most of the observed F. |onospheric plasma depletions, first observed by Hanson
plasma depletions{ 82%) had their eastward velocity inthe and Sanatani (1973) using a satellite-borne experiment, have
range of 25-125ms'. Almost stationary plasma depletions been observed subsequently by a number of in situ (Kel-
(0-25ms') were observed on one night, which was magnet-|ey et al., 1976; McClure et al., 1977; Benson and Briton,
ically disturbed. These very slow moving depletions appear1983; Jahn et al., 1997; Singh et al., 1997a) and ground-
to be the result of a modification of the F-region dynamo field pased (Weber et al., 1978; Mendillo and Baumgardner, 1982;
due to direct penetration of the electric field and/or changeRohrbaugh et al., 1989; Sinha et al. 1991; Mukherjee et al.,
in the neutral winds induced by the magnetic disturbance1993; Sahai et al., 1994; Sinha, et al., 1996; Mendillo et al.,
(d) On the night of 21/22 March 1998, which was a mag- 1997a, b; Taylor et al., 1997; Tinsley et al., 1997; Bittencourt
netically disturbed period, plasma depletions could be seert al., 1997; Fagundes et al., 1997, 1999; Sinha and Raizada,
simultaneously in all three observing wavelengths, i.e. in2000) techniques.
630 nm, 777.4nm and 557.7nm. It is believed that this si- Plasma dep|eti0ns are produced in the equatoria' F_region,
multaneous occurrence was due to neutral density modificamgye vertically upwards, diffuse along the magnetic field
tions as a result of enhanced magnetic activity. (e) Well de4ines and reach lower altitudes at low-latitudes. Sometimes
veloped brightness patterns were observed for the first timgpese depletions reach altitudes as high as 2500 km (Fagun-
in 777.4nm images. Earlier, such brightness patterns wer@es et al., 1997; Woodman and LaHoz, 1976). It has been
observed only in 630 nm and 557.7 nm images. These brightyenerally accepted that plasma depletions are generated in
ness patterns initially appear as very small regions in thehe hottom side of the F-region through the Generalized
northern part of the image and then in about 90 min time,Rayleigh-Taylor instability mechanism. Various theoretical
they attain their peak brightness and encompass the entirgnd experimental studies have identified gravity waves as the
field-of-view in about 2 hrs 30 min. In some cases, brightnessseed for the R-T instability to produce irregularities (Kel-
ley et al., 1981, 1986; Huang and Kelley 1996; Singh et al.,
Correspondence td4d. S. S. Sinha (hsinha@prl.ernet.in) 1997a; Sinha and Raizada, 2000). Sinha and Raizada (2000)
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APEX HEIGHT (km) Images grabbed by the CCD camera were processed for
flat field correction, image intensifier noise, background il-
luminations and stationary features, as described by Sinha
and Raizada (2000). Calculations of plasma depletion pa-
rameters were made by using the assumption that 630 nm,
777.4nm and 557.7 nm emissions come from layers which
have their centroids located at 250 km, 350 km and 250 km,
respectively. For estimations of the east-west extent and in-
terdepletion distance, an east—west line scan of the image was
taken for a number of pixelsH8) around an east-west line,
passing through the center of the image (local zenith). The
speed of the movement of plasma depletions was calculated
from such line scans from a number of images taken every
V\O@\* GEO-MAGNETIC LATITUDE 6‘0% 15 r_nin. In_ addition to plasma erletions, extended regions
Pl N having a significantly higher brightness, as compared to the
background, were also observed in this campaign. In order to
Fig. 1. Viewing geometry of the imager at Kavalur (12°36, study the relative change in the brightness of these regions,
78.8 E, Mag. Lat 4.8N). A field-of-view of £75° covers the  a box average of 5& 50 pixels was taken in the middle of
630 nm emission from TN to 8° S. these extended regions in each image. The locus of the box
center pointed towards the approximate direction in which

. . . o these bright patches were moving.
attributed gravity waves of either atmospheric origin or gen-

erated in high-latitudes during geomagnetic disturbances, to
be the seed for the generation of plasma depletions observed )
over SHAR. Understanding the mechanism of the generatior? - Observations
of plasma depletions can be improved if one knows the prop-
erties of plasma depletions and the corresponding geophysithe all sky optical imaging system was operated from
cal conditions at the time of formation, as well as during the Kavalur (12.56 N, 78.8' E, Mag. Lat 4.6 N) during March—
growth phase. The location of Kavalur was selected so that iApril 1998. Figure 1 shows the viewing geometry at Kavalur
could be possible to observe the irregularities from their for-for the 630 nm emission. Although a 18dield-of-view
mative stage up to the generation of well developed deple{FOV) system was employed, the actual usable FOV was
tion bands. The optical imaging campaign conducted fromonly about£75° from the zenith.
Kavalur during March—April 1998 has provided a very good  As there was no ionosonde available at Kavalur, the move-
data set, which sheds light on several interesting propertiesnent of the F layer and the spread F were monitored by
of these large-scale ionospheric irregularities. an ionosonde, which was operated every 15 min at SHAR
(14° N, 80° E, 5.5 N dip latitude). Out of a total of 14 nights
of observations, plasma depletions were observed only on 9
2 Experimental details nights. Very strong plasma depletions were observed on 20,
21, 23 and 29 March 1998. A brightness wave was also seen

An all sky optical imaging system developed at the Physi-0n many of these 9 nights.

cal Research Laboratory (PRL) was used for observing the The onset time of spread F on all four nights when very
plasma depletions over Kavalur. The original version of thestrong plasma depletions were observed was between 19:30
instrument (Sinha et al., 1996) was modified and used for theand 19:45 local time (LT). Figure 2 shows ionograms taken at
present campaign from Kavalur. The major modification was19:45, 21:15, 21:45, 22:15, 22:30 and 00:00 LT on the night
the incorporation of a 55% 816 x 12 hit CCD camera in- of 20/21 March 1998, when an intense spread F and well de-
stead of a 35 mm film camera. The other change in the instruveloped plasma depletions were observed. On this night, the
ment was the computer controlled movement of a filter wheelonset of spread F was at 19:45 LT and it continued through-
instead of a manual filter deployment. These modificationsout the night and could be clearly seen up to 06:00 LT. Spread
resulted in the very precise recording of time and durationF activity on the other three nights was also very intense. Fig-
of exposures. This imaging system can be operated-for ure 3 shows the variation in the height of the base of the F
nights around a new moon night. Three interference filtersregion (h’F) computed from ionograms taken on the nights
with center wavelengths of 630.0 nm, 777.4nm and 557.7 nnof 20, 21, 23 and 29 March 1998. On two nights (21 and
and a full width at half maximum (FWHM) of 1 nm, were 29 March), the onset of spread F was at a time when the
used. As the size of the CCD array was slightly smaller thanF layer was moving upwards; on one night (23 March), the
the size of the image of the sky made by the optical imagerponset occurred when the F layer was coming down and on
the image has been slightly chopped off at the top and also another night (20 March), the onset started when the F layer
the bottom. was about to reach its peak.
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4 Results peak intensity, the brightness pattern contains a well marked
plasma depletion within it. Similar brightness patterns, but

with slightly reduced intensity, were observed in 557.7 nm as

Figures 4a to ¢ show a series of plasma depletions observege| gt no such brightness patterns were found in 777.4 nm
in 630nm, 557.7nm and 777.4nm on the night of 21/22images on the same night.

March 1998. Out of the four nights when very strong plasma . i ,
depletions were observed, it was only on this night (21/22 Figure 5 shows the 630 nm images taken during the night
March 1998) that plasma depletions were observed in alPf 20721 March_ 1998. On this night, observations started at
three wavelengths simultaneously. Although the imaging ob-21:06:12 LT. Signatures of the onset of spread F could be
servations started at 19:59:10 LT on the night of 21/22 MarchS€€N éven in the very firstimage, when very weak depletions
1998, fully developed plasma depletions could be seen onlyVere observed. Plasma depletions appear to be fully devell—
at 22:34:39 LT, 23:16:48 LT and 21:25:13 LT in 630 nm, oped at 22:20:17 LT when these could be seen most promi-
557.7nm and 777.4nm, respectively. Another interesting”en“y: Enhancement of the 630 nm'intensity is also seen in
observation was that the nature of 630nm and 557.7 nnj1€S€ images. At 2_1543:29 LT, the brightness pattern appears
images was quite different up to about midnight, beyond2S & Very small region in the _no_rthern _part of the image. This
which, there was practically one-to-one correspondence if€9i0n subsequently grows in intensity as well as size and
the 630 nm and 557.7 nm images. Absolutely no depIetion@e_yond 23:19:32 LT, it engulf; the entire field-of-view. This
were seen in 557.7 nm images before 23:16:48 LT. DevelopPrightness pattern also contains a well marked plasma deple-
ment and movement of two band-like structures can be veryion Within it, and takes about 91 min to grow to its peak
clearly seen in the 630 nm and 557.7 nm images. The intenYa/Uue-

sity of the 777.4 nm images was relatively weaker. In addi- Figure 6 shows the 630 nm images taken during the night
tion to the depletions in the 630 nm intensity, Fig. 4 a alsoof 23/24 March 1998. Appearance of plasma depletions in
shows the appearance of a bright region in the northern parthese images is slightly different. Here, three weak plasma
of the image (at 23:19:49 LT), with its sudden intensification depletions were observed at 22:04:27 LT (not shown in
(23:33:01 L), its band-like appearance and ultimate spreadrig. 6). Initially these depletions were seen in the north-
in the entire field-of-view up to 01:09:54 LT. Subsequently, ern part of the image (at 22:21:14 LT) and they were very
the plasma depletions became weak. The time interval beelose to each other. The separation between these deple-
tween the appearance of the brightness pattern and its growttions gradually increased. By 00:22:40 LT, the depletions
to the peak intensity was about 93 min. Before attaining itsbecame quite weak and were subsequently not observed.
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SHAR (14°N,80°F) west band £8 pixels) in the center of the image. Figure 8
. 20 March 1995 shows such an average line scan taken for four 630 nm im-
400 |- i 21 Morch 1998 ages, at approximately 15 min intervals, on the night of 20
/ “ —— 23 March 1998 March 1998. One can clearly see the development and east-
I "=+~ 29 March 1998 ward movement of one such plasma depletion (shown by an

upward arrow) at 22:05:17 LT. A second depletion (shown
by downward arrows) also moves eastwards and decays. The
eastward velocity of plasma depletions was determined from
such line scans.

The top and bottom panels of Fig. 9 show the eastward ve-
locity of two of the most prominent plasma depletions which
could be observed for an extended period, calculated from
the 630 nm images on four nights. The direction of move-
ment of plasma depletions was eastwards on all four nights.
In general, the eastward drift velocity was maximum dur-
ing 21:30-22:30 LT and then it decreased to very low val-
ues around 01:00 LT, sometimes exhibiting a secondary peak
L L around 00:30 LT. The fastest moving plasma depletions were
i e ) observed on the night of 29/30 March 1998, when eastward
T J S S T S R velocities as high as 182 m§ were observed. Contrary to

1800 2000 2200Loca1 01?;’1(;6 hroszoo 0400 0600 this, very slow moving plasma depletions were observed on

T the night of 21/22 March 1998, when eastward velocities

Fig. 3. Variation of h'F over SHAR during the nights of 20, 21, 23 ranged between 0-25mS It is interesting to note that the

and 29 March 1998. Arrows show the time of onset of spread F.  Night of 21/22 March 1998 was a disturbed night. On the
other two nights (20 and 23 March 1998), eastward veloci-

ties had intermediate values.

moved in a southern direction and attained its peak intensity10 shows the histogram of the different velocities acquired
; . o , iff i Il 22 leti i igh
at 23:19:57 LT in about 96 min. This brightness pattern |sat different times by a depletions seen during an eight

L _ .~ night observation period. This shows that there is a lot of
able to cover the entire field-of-view only at 00:10:36 LT, i.e. o . )
it takes 2 hrs 27 min to encompass the entire FOV, variability in the velocity of plasma depletions. At the lower

end of velocity (0-25ms!), the contribution is primarily
Figure 7 shows the 630 nm images taken during the nightom the depletions on the magnetically disturbed night and

of 29/30 March 1998. The first signatures of plasma deple+from a few depletions in the later part of the night. Most of

tions were seen in the image taken at 20:04:56 LT (not shownpe depletions (82.5%) have velocities in the range of 25—

in Fig. 7). In the initial part of the night (up to 22:49:05LT), 125ms 1. There were only five occasions when eastward

three, well separated and very strong plasma depletions coulgg|ocities in excess of 125 mé were observed.

be seen. From 23:04:14 LT onwards, the depletion on the s- |n addition to plasma depletions which were observed

w sector had weakened, but had taken the form of three veryn four nights, very strong plasma enhancements or bright-
closely spaced bands, which can be seen up to 23:35:13 LThess patterns were also observed at all three wavelengths on
Afterwards the depletions became too weak. The brightnesﬁ1any nights. Figure 11 shows a series of images in 630 nm
patterns were seen on this night as well. The brightness Wagscorded on the night of 22/23 March 1998, where a small,
not seen in the image taken at 20:20:11 LT after which thereyright region was first observed at 19:35:12 LT (not shown
was gap in the data up to 21:17:59 LT. At 21:17:59 LT, the jn Fig. 11) in the northeast direction, which grew in intensity
brightness pattern was seen as a small, bright region in thgyt did not change much in its size, up to about 21:49:57 LT,
northern part of the image. This brightness pattern attaineggfter which, the size of the brightness pattern started increas-
its peak value at 22:35:03 LT in about 78 min after its first |ng and it started moving southwards. Beyond 23:04:07 LT'
detection. In absence of an image when this brightness pathe size of the brightness pattern did not change significantly,
tern was first observed, one can say that it must have takegyt its intensity showed a wavy pattern. Similar brightness
more than 78 min to come to its peak brightness. patterns were also observed in the 557.7 nm images on the
In order to determine the east—-west movement of plasmaame night.

depletions passing over Kavalur, east—west line scans of each We have observed for the first time the presence of bright-
image were taken. An average of 17 such line scans aroundess patterns in the 777.4nm images also. Appearance of
an east—west line passing through the zenith ware takerbrightness patterns in the 777.4 nm images has not been re-
Such an average line scan represents the intensity of an eagperted previously. Figure 12 shows the brightness patterns
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N KAVALUR

KAVALUR XE (a)
630.0nm 21/22 March 1998

21/22 March 1998

23:0313LT

23:55:26 LT 00:17:23LT 00:36:14 LT

00:07:21 LT

00:59:02LT 01.09.54LT 01:17:48LT

N
KAVALUR 5? £ (c)
21/22 March 1998 557.7 nm

23:16:48LT 00:01:32LT

Fig. 4. Plasma depletions as seen in im-
ages taken over Kavalur on the night of
21/22 March 199¢a) at 630 nm(b) at
557.7nm andc) at 777.4nm. Times
written below images represent local
time in hrs, min and s. The arrow points
towards the geomagnetic north.

01:07:50 LT 01:15:33LT

observed in the 777.4 nm images on the night of 22/23 Marc21:30 and beyond 21:30 these patterns show a periodicity
1998. The brightness pattern appears in the FOV in the northranging between 80 and 90 min. The 777.4 nm images, how-
ern part of the image, as early as 19:53:10 LT, moves to-ever, show an entirely opposite trend. The relative brightness
wards the equator along the western part of the image and bgf the 777.4 nm images is very high at 19:30 and it drops by a
23:25:51 LT, it spreads over the entire FOV. Afterwards, it factor of 4 by 21:30 and becomes minimum at 23:00, beyond
does not show much movement, but by 00:53:52 LT, it is pri- which, it starts increasing.
marily seen only in the eastern half of the image. Itis present
up to 02:07:28 LT, when observations were stopped.
5 Discussion

In order to have an idea of the relative change in the in-
tensities of these brightness patterns, intensity values at ab.1 Growth time of plasma depletions
three wavelengths were normalized to 100 arbitrary units.
Figure 13 shows relative brightness variations observed irOne of the important features of plasma depletions that is still
the 557.7 nm, 630 nm and 777.4 nm images during the nighhot clearly understood is the fact that they are observed only
of 22/23 March 1998. The relative brightness of the 630 nmon some of the spread F nights (Fagundes et al., 1999; Sahai
images is about three times more compared to those in thet al., 2000). In order to understand this aspect, an attempt
557.7nm and 777.4nm images. The relative brightness irwas made to estimate the typical time for the development of
the 630 nm and 557.7 nm images show a periodicity whichplasma depletions once the ESF has set in. lonosonde obser-
varies between 80 and 90 min. The relative brightness ofvations from SHAR and imaging observations from Kavalur
the 777.4nm images, however, do not show any such wavyaken during the present campaign (Fig. 4 to Fig. 7) show
structures. The brightness in the 630 nm images shows athat after the onset of ESF, plasma depletions take 2 hrs 35
increase in intensity by a factor of about 1.5 from 19:30 to min, 2 hrs 49 min, 2 hrs 49 min and 2 hrs 34 min to come to
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N
KAVALUR %E KAVALUR
E
20/21 March 1998 630.0nm 3(

29/30 March 1998 630.0 nm

22:04:46 LT

21:17:59 LT

23:.06:41LT 22:49:05LT

s

2319558 LT 23.35:13LT

231032 L7 23: LT 234915 LT 230aIaLT
Fig. 5. Plasma depletions in the 630 nm images taken over KavaluiFig. 7. Plasma depletions in the 630 nm images taken over Kavalur
on the night of 20/21 March 1998. The arrow points towards theon the night of 29/30 March 1998. The arrow points towards the

geomagnetic north. geomagnetic north.

Table 1. East—west scale\_w ), inter-depletion distance (IDD)
and the total number of plasma depletions observed (N) in each
category during eight nights of observation.

KAVALUR
23/24 March 1998

Type of AB-w (IDD) N
Depletion km km

Type 1 250-350 125-300 10

Type 2 100-150 50-150 16

Type 3 250-350t0 40-100  20-60 2

. known that the growth rate of GRTI is not sufficient to pro-
23:35:26LT duce the observed amplitudes starting from thermal fluctu-
ations and it is necessary to have some other mechanism to
produce a seed perturbation. Gravity waves are considered to
be the main source that produce the necessary initial density
perturbation needed for the generation of these irregularities
(Kelley et al., 1981). As the growth rate of GRTI depends on
a number of parameters, one expects to observe irregularities
Fig. 6. Plasma depletions in the 630 nm images taken over Kavaluin different stages of development when these parameters as-
on the night of 23/24 March 1998. The arrow points towards the sume different values. The contribution to the growth rate of
geomagnetic north. GRTI instability by the gravitational term is more when the

F layer is at higher altitudes, while zonal winds and electric

fields are effective at lower altitudes (Tsunoda 1981, Kelley
the fully developed stage on the nights of 20/21, 21/22, 23/24et al., 1981). In addition, during the descending phase of the
and 29/30 March 1998, respectively. F layer, the tilt of the ionosphere is such that zonal winds

The main mechanism for the generation of largescalehave a stabilising effect.

structures associated with the spread F is the Generalised As shown in Fig. 3, the location of h'F was at different
Rayleigh-Taylor Instability (GRTI) mechanism. The growth altitudes and the layer was moving either upwards or down-
rate of GRTI depends on many parameters, such as electromards. Thus, the background ionospheric conditions on all
density gradient, ion-neutral collision frequency, vertical andfour nights, which we have reported here show a signifi-
zonal winds, electric fields, tilt of ionosphere, etc. It is well- cant variation. But the interesting result is that on all four

23:50:00 LT 00:10:36 LT 00:22:40 LT
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Fig. 8. Variation in the relative intensity of 630 nm along an east— Local Time, hrs.

west band £8 pixels) passing through the center of the image (i.e. ) _ _
the local zenith) in four images taken over Kavalur at approximately Fig- 9. Eastward drift velocity of plasma depletions over Kavalur
15 min intervals on the night of 20/21 March 1998. Upward and during nights of 20/21, 21/22, 23/24 and 29/30 March 1998. Top

downward arrows show eastward movement of two plasma dep|eand bottom panels show velocities of two different depletions ob-
tions. served on the same night.

5.2 East-west extent and inter-depletion distance

nights, the irregularities take nearly same time (2 hrs 40 min)Our observations of plasma depletions, as shown in Fig. 4 to
to come to a fully developed stage from the time that theFig. 7, show basically three types of plasma depletions. Ta-
first signatures of ESF were seen on the ionograms. Thushle 1 shows the number of depletions observed in each class
our results indicate that even though there are differences inluring the present campaign. The first type of depletion has
the background ionospheric conditions at the onset time, tha fairly large east-west extent (250 km to 350 km) and nor-
average growth time required for the appearance of fully de-mally, one sees two such depletions (Fig. 4 a, b and Fig. 5)
veloped depletions is nearly the same in all cases. This alsmost of the time. The eastward velocities of these deple-
tells us that plasma depletions will be produced if the back-tions were such that when one depletion moved out of the
ground conditions are conducive and can provide some mineastern horizon, another one started appearing in the west.
imum growth rate. These background conditions need nofThe typical inter-depletion distance (IDD) for such deple-
be the same on all nights. But if these minimum conditionstions was in the range of 125-300 km. The second category
are not satisfied, depletions in large-scale structures may naif plasma depletion is the one wherein about three plasma
develop to the extent wherein they are defined as plasma delepletions, each having a relatively small east-west extent
pletions. (100-150 km) were observed initially and all of these moved
nearly with the same velocity, at least up to 00:00 LT, beyond
Thus, present observations show that, on an average/yhich, their velocities showed differential behaviour. The
plasma depletions take about 2 hrs 40 min to come to a fullyrange of IDD for such depletions was 50-150 km. The third
developed stage after the onset of ESF. Singh et. al. (19978ype of plasma depletion initially had a large east-west extent
found from their satellite-borne ion probe that the small ion (250 km to 350 km), but after about 23:00 LT, three to four
perturbations took nearly 3 hrs to develop into a wave struc-depletions, each having very a small east-west extent (40—
ture. Our observations show an excellent agreement with thd00 km), bunched together and moved very slowly (Fig. 7).
satellite-borne in situ measurement. Thus, the time required he range of IDD for such depletions was 20-60 km.
for the growth of fully developed plasma depletions can be Inter-depletion distances give information about the wave-
taken to be in the range of 160—180 min. length of the initial seed perturbation, which grows and ulti-
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30 served by us are in agreement with those observed by Singh
etal. (1997b).

5.3 Simultaneous occurrence in the 630, 777.4 and
557.7 nm images

20 —

An interesting observation is that only on the night of 21/22
March 1998, were plasma depletions present simultaneously
in all three wavelengths. On this particular night, the first
signatures of plasma depletions were seen at 21:25:13 LT in
the 777.4nm images; the depletions were next seen in the
630 nm images at 22:34:39 LT and finally in the 557.7 nm at
23:16:38 LT. An attempt was made to find out what special
features were associated with this night, which gave rise to
simultaneous observations of plasma depletions in 630 nm,
777.4nm and 557.7 nm. The onset of spread F on this night

O ‘ ‘; was at 19:45 LT, when the base of the F layer was located
0 25 50 75 100 125 150 175 200 around 320 km.

Eastward Drift (ms-!)

15 =

Number of Depletions

10 =

The 557.7 nm signal is made up of two parts, one coming
Fig. 10. Histogram of the number of depletions observed in differ- from the F-region and the other coming from the mesosphere.
ent velocity ranges during all eight nights of observation. The F-region OI 557.7 nm emission is through the dissocia-
tive recombination of @ or NO™ molecules, which are pro-
duced through charge exchange or ion atom exchange reac-
) ) o _tions between © and neutrals. The mesospheric emission of
mately results in the generation of electron density |rregular|-OI 557.7 nm is given by the Barth mechanism. Normally, the

ties. So Fhe observed intgr-depletion dis'Fances should be "®Rontribution of mesospheric component is dominant as com-
resentative of the scale sizes of the gravity waves responS|bIﬁared to that of the F-region. A modification of the neutral

fc;r the '|n|t|al perturﬁgt;}on. There arelbasmallylthrtlae type,sand plasma density distribution, which follows a magnetic
of gravity waves, which can produce large-scale plasma it rhances event, can thus result in a significant increase in

regularities in the F-region. The first ones, which are thethe F-region’s contribution to the 557.7 nm signal
most well-known type, are the gravity waves present in the F- ' '

region. It was shown by Hines (1974) that at 225 km altitude, ~Simultaneous observations of plasma depletions in 630 nm
gravity waves have a lower wavelength cutoff of 100km. and 557.7nm were conducted earlier by Mendillo et
Thus, F-region gravity waves are basically large-scale graval. (1997a), who found that very similar structures were
ity waves. The second type of gravity waves is present inpresentin both the 630 and 557.7 nmimages. The present ob-
the E-region and they produce the electric field perturbationsservations, on the other hand, show that up to about midnight,
which can be transported along the geomagnetic field lineglthough the 630 nm images show the presence of plasma de-
to the F-region (Prakash, 1999). These gravity waves frorrPletions, no such structures are seen in the 557.7 nm images.
the E-region could have scale sizes down to about 15-20 knBeyond midnight, both images show more or less similar
(Prakash, 1999). The third type of gravity waves comes fromstructures. We feel this was the case because on this par-
the auroral regions during a magnetic disturbance (Kelley eficular night, there was a strong magnetic disturbance dur-

al. 1981); such gravity waves have scale sizes in excess dig which heating of low-latitudes and the subsequent mod-
1000 km. ification of the neutral density took place through a large-

scale circulation. In the presence of such density changes,

In view of the above, we feel that the Type 1 depletions, o -
which have wavelengths in the range of 250350 km, are prof’m enhanced contribution of a 557.7 nm emission from the

duced by the gravity waves in the F-region. The depletions':_reglon is possible.

that we classified as Type 2 and Type 3 have very small val- Although very weak signatures of depletion in 777.4nm
ues of inter-depletion distance (150 km). We believe that  were present as early as 21:25:13 LT, the depletions became
these depletions are produced due to the E-region gravityery prominent after 23:23:20 LT. As the time interval be-
waves through the mechanism suggested by Prakash (199%ween the onset of the magnetic disturbance and the obser-
As we have observed the simultaneous existence of all thregation of prominent depletions was around 6 hrs, the occur-
type of depletion, our results point to the simultaneous in-rence of prominent depletions in the 777.4 nm images could
volvement of many types of gravity waves, in addition to the be due to the enhancement of atomic oxygen subsequent
GRTI, in the production of the observed plasma depletionsto the magnetic disturbance, as suggested by Prolss (1982,
The east—west extent and the inter-depletion distances ol#995).
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Fig. 11. Plasma enhancements or brightness patterns in the 630 nrhig. 12. Plasma enhancements or brightness patterns in the
images taken over Kavalur on the night of 22/23 March 1998. The777.4nm images taken over Kavalur on the night of 22/23 March
arrow points towards the geomagnetic north. 1998. The arrow points towards the geomagnetic north.

5.4 Eastward velocity zales et al., 1979). The time of the first appearance of these
sluggish depletions (21:34:29 LT) is commensurate with time
Except for a single plasma depletion which had an eastwar@cales of the direct electric field penetration mechanism. The
velocity of 182ms!, most of the plasma depletions ob- appearance of depletions in the later part of the night can
served in the present campaign had their eastward velocitieB€ explained in terms of a dynamo field modification due to
in the range of 25-125ms. These observations are com- the direct penetration of electric fields and/or planetary wave
mensurate with the normal behaviour of the F-region dynamcgirculation. Details of these effects during a magnetic distur-
and are in agreement with values reported earlier (Mendillobance are discussed in the next section.
etal., 1997a; Fejer, 1991; Sinha and Raizada, 2000). Some of
the plasma depletions had very small to practically zero easts.5 Effect of magnetic disturbance
ward drift velocity. Plasma depletions observed on the night
of 21/22 March 1998 belong to this class. These plasma de©ut of the four nights of observations which we have de-
pletions had their eastward drift velocities in the range of O—scribed here, 21 March 1998 was a magnetically disturbed
25ms . Very slowly moving depletions, as observed by us night, with K, values reaching as high as @nd 6" dur-
during a magnetically disturbed period, have been observetéhg the periods 12:00-15:00 UT and 15:00-18:00 UT, re-
earlier only once by Fagundes et al. (1999) during a magnetispectively. Interestingly, it was only on this night that we
cally quiet and weak spread F period. Fagundes et al. (1999bserved plasma depletions which showed very small (0-
observed north—south aligned bands, which practically did25 ms™!) eastward drift. In addition, on this night, we could
not move for about an hour. observe plasma depletion structures in all three wavelengths
Our observations of very slow depletions were made on 630 nm, 557.7 nm and 777.4nm). In the following para-
magnetically disturbed night. On this night, these depletionsgraphs, an attempt is made to examine the possible influence
started appearing around 21:34:29 LT. We feel that thes®f this high-latitude disturbance on the features observed at a
sluggish depletions could be due to a severe modification ofow altitude station.
the F-region dynamo electric fields. The modification of the The coupling of high-latitude and low-latitude atmo-
F-region dynamo can be due to the modification of the F-spheres can be either through the changes in the neutral atmo-
region neutral winds or due to the direct penetration of mag-sphere caused by the heating and subsequent changes in the
netospheric electric fields to the equatorial ionosphere (Gonneutral wind pattern or through electrical field penetrations
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Kavalur (12.6°N.78.8°F) tion of disturbance electric fields to low-latitudes. There are
100 ‘ _ B2/23 March, 1998 primarily three mechanisms which can cause heating in the
i j : « 5577 nm low-latitudes and a change in the wind pattern and hence, a
90 |- T 8200 0m change in the F-region dynamo electric fields (Prolss, 1982).
- j j They are (1) ring current neutral particle injection, (2) large-
80 [ scale circulation and (3) travelling atmospheric disturbances.
Pt : The F-region dynamo can also be altered almost instanta-
neously by direct penetration of magnetospheric and plasma-
oo L 3 L s, spheric electric fields. The time scales involved in the ring
: ; T i current neutral particle injection and large-scale circulation
: does not match with the first appearance-021:34:29 LT)
slow drifting bubbles reported here. If the travelling atmo-
spheric disturbances would have been responsible, then we
- : : expect to observe signatures of large-scale gravity waves in
30 el our all sky images, as seen by Sinha and Raizada (2000).
I L e But such signatures were absent in the images of 21 March
Br O 1998. Therefore, one can conclude that the observed changes
I 1 1 ’ in plasma depletion drifts at the time of first appearance
| : : (21:34:29 LT) on 21 March 1998 might be due to the direct
S I T S R S penetration of the disturbance electric fields from the high-
1900 2000 2100 2200 2300 0000 0100 0200 0300 latitudes to low-latitudes, affecting the F-region dynamo.
Local Time, hrs. Based on the time scales involved, plasma depletions ob-
served in the later part of this night (after 23:00 LT) can be
due to dynamo field modifications either through the direct
electric field penetration and/or the planetary wave circula-

70 —

50 —

40

Relative Brightness
L]
No Data
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Fig. 13. Variation in the relative brightness of the airglow enhance-
ments in an area of 5& 50 pixels approximately located at the
center of the brightness pattern on the night of 22/23 March 1998.

The fact that plasma depletions were seen in the 557.7 nm
gnd 777.4nm images taken on the night of 21 March 1998

. : points to the fact that there had been a maodification of
affect neutral winds through momentum transfer (ion drag). " e
neutral densities also on this night. The appearance of

Sahai et al. (1998) have shown that wheneiigrindex as- plasma depletion structures in the 557.7 nm images starts

sumes a value greater than 5, the drift of magnetic dlstur-only around 23:10:48 LT, but the 630 nm emissions show

bance to equatorial latitudes can result due to prompt pene- . . :
tration of high-latitude electric fields to lower latitudes, Ifthe o2 Plasma depletions beforehand. The otherwise faint

. ) . 777.4nm emission showed very clear plasma depletions
changes are due to electrical coupling, low-latitudes follow y P P

the high-latitude disturbances almost instantaneously (Gongggllizoﬁrtsz:éiﬁg I(;Z.mmésngg;ﬁiﬁ%?i?gf—litzum dee%?sptl?rf-
zales et al., 1979). If the observed effects of high-latitude

magnetic disturbances appear at low latitudes after a timé)ances (assuming 12:00 UT to be the starting time).
9 P Prolss (1982, 1995) has shown that the geomagnetic dis-

period of 4-6 s, it can be thought of as a result of the in'turbances can cause density enhancements of all types of
duced effect of the high-latitude activity on equatorial neutral . sity . . wp
eutral particles at low-latitudes, while at higher latitudes,

atmosphere either through large-scale circulation or througrhn
eavier elements (Ar, Netc.) show enhancement, and

travelling atmospheric disturbances. . S .
9 p ) lighter elements (O, He etc.) show a depletion in density at F
Plasma depletions, once generated, usually drift eastwardgyer jtitudes. This can result in a reduction of electron den-

with ambient plasma. The eastward velocity depends on thgjry in the F layer at mid- and high-latitudes (negative iono-
F-region dynamo, which is controlled essentially by neutral gpheric storm). The enhancement of the atomic oxygen den-
zonal winds and electric fields. Therefore, any change in the;jyy, ot F Jayer heights in the equatorial and low-latitudes can
drift velocity of plasma depletions can be thought of as a re-afect the F-region airglow chemistry and result in enhanced
sult of the corresponding change in the neutral wind velocity g mission at 777.4 nm and 557.7 nm. Therefore. it can be con-
or ionospheric electric fields, thereby affecting the F-region, e that the observed enhancements in the 557.7 nm and
dynamo. Since 21 March 1998 was the only disturbed nightz77 4 nm emissions were due to the increase in low-latitude

during the present observation period, it can be concludeq,era| densities as a result of the magnetic disturbance.
that the sluggish plasma depletions observed on that night

could be due to the effect of the enhanced geomagnetic ad; 5 plasma enhancement / brightness patterns
tivity.

The time of occurrence of higli(, values shows that The brightness patterns reported here include some new re-
the change in the F-region dynamo could be either due tasults. We have observed for the first time the presence of
a change in the neutral wind pattern or due to the penetrabrightness patterns in the 777.4 nm images. Our observations

which can change the plasma dynamics at low-latitudes an
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indicate that these brightness patterns start with a very smalbf the MTM.
spatial extent in the northern part of the image and typically Figure 13 shows the variation in the relative brightness of
take about 90 min to grow to their peak amplitudes. Dur-these brightness patterns with time for all three wavelengths
ing their intensification, these bright regions grow in size andobtained on 22/23 March 1998. In the initial part of the night,
most of the time cover the entire field-of-view. Sometimes,i.e. up to 21:30 hrs, 630 nm images showed a brightness en-
these brightness patterns contain one or more well developedancement by a factor of 1.5 with time and in the same dura-
plasma depletions within them. The general trend observedion the 777.4 nm images showed a decrease in brightness by
in our images is that these brightness patterns start appea#-factor of 4. Beyond 21:30 hrs, the 630 nm and 557.7 nm im-
ing in the northern part of the FOV and slowly move towards ages show a wave-like behaviour with a periodicity of 80—-90
the southern part of the image, i.e. towards the equator. Imin, whereas the 777.4nm images do not show any wave-
most cases they reach the southern part by local midnightike pattern. These features appear to be a new type and need
After midnight, the brightness patterns grow in size, at timesto be explained.
covering the entire field-of-view (Fig. 11), and hence, show
practically no movement.

Colerico et al. (1996) has reported the appearance and dy6 Summary
namics of brightness waves (BW) in the all sky images dur-
ing MISETA campaign and concluded that they are the op-This paper reports some new observations of ionospheric
tical signatures of midnight temperature maximum (MTM). plasma depletions taken using an all sky optical imaging sys-
Mendillo et al. (1997a) have also reported the appearancéem developed at PRL. Itis found that plasma depletions take
of BWs in their all sky images and attributed this phe- 2 hrs 40 minto 3 hrs to come to a fully developed state. There
nomenon to MTM. It is interesting to note that BWs re- were three distinct classes of plasma depletions with east-
ported by Mendillo et al. (1997a) were very short-lived and west extents of 250-350km, 100-150km and 40-100 km
were termed as transients. Sinha and Raizada (2000) reand corresponding inter-depletion distances of 125-300 km,
ported the existence of brightness by a factor as high as 3.§560-150 km and 20-60 km, respectively.
which existed for a much longer time-(few tens of min). Out of the 14 nights of observation, the simultaneous oc-
The present understanding of this phenomenon is that theurrence of plasma depletions in the images of 557.7 nm,
observed brightness in the 630nm and 557.7 nm images i§30nm and 777.4nm was observed only on 21/22 March
due to the enhancement in the airglow emission caused b$#998. This particular night was characterized by a mag-
the downward movement (midnight collapse) of the F layer, netically disturbed period and the onset of equatorial spread
which is due to the reversal of meridional neutral winds from F occurring at a time when the base of the F layer was
equatorwards to polewards as a result of the pressure bulg@t 320 km; the h’F on this night showed two well marked
which accompanies the MTM (Colerico et. al, 1996). Therepeaks in a time interval of about 90 min. It appears that the
are pre-midnight as well as midnight BW events. The equa-plasma depletions observed on this night were initiated by
torward or poleward movement of the BWs depends on thenagnetic storm induced neutral density perturbations, which
(eastward or westward) tilt of the MTM and the movement penetrated down to equatorial latitudes by large-scale plane-
of the instrument location through the MTM at the corotation tary wave circulation.
speed of the Earth. The absence of BWs are not expected in Plasma depletions, as seen in 630 nm, were found moving
the 777.4nm images due to the fact that the 777.4 nm emiseastwards on all eight nights. Most of the plasma depletions
sion does not depend on h’F variations. had eastward velocities in the range of 25-125msOn

There are two main differences in brightness patterns seenne occasion (night of 29/30 March 1998), an eastward ve-
in our images. Colerico et al. (1996) have classified the BWlocity as high as 182 ms was also observed. On the night
events as pre-midnight brightness waves (PMBWs) and midof 21/22 March 1998, which was a magnetically disturbed
night brightness waves (MBWs), depending on their time night, plasma depletions were found to be very sluggish with
of occurrence. The PMBWs occur during 20:00-22:00 LT, eastward velocities in the range of 0-25ths We feel that
while MBWs are observed during 00:00-02:00 LT. In some in the initial part of this night, the slow eastward movement
cases, both PMBWs and MBWs are observed on the samef plasma depletions was due to the modification of the F-
night. The direction of movement of PMBWSs is equator- region dynamo electric fields by direct penetration of distur-
ward, whereas the MBWs move poleward. The brightnesshance electric fields from high-latitudes. Plasma depletions
patterns observed by us do not show any such difference imbserved in the later part of the night (after 23:00 LT) could
their direction of motion during different parts of the night. be due to dynamo field modifications either through direct
As shown in Fig. 11, brightness patterns observed by us arelectric field penetration and/or planetary wave circulation.
continuously present from 19:48:51 LT to 02:04:00 LT. The Similar slowly moving depletions have been observed earlier
second difference is the appearance of brightness patterns Iy Fagundes et al. (1999).
the 777.4nm images (Fig. 12). This is a new observation In addition to plasma depletions, plasma enhancements or
and prompts us to investigate more the origin of these brightbrightness patterns were also observed on many nights. The
ness patterns, as their appearance in about 777.4 nm in npresent work reports for the first time the presence of bright-
expected if the generation of BWs is due to the phenomenomess patterns in the 777.4 nm images. It was hitherto believed
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that the brightness waves in 630 nm and 557.7 nm are a resulanson, W. B. and Sanatani, S., Large Ni gradients below the equa-
of the MTM, which is not expected to affect the 777.4nm torial F peak, J. Geophys. Res., 78, 1167-1173, 1973.
emission. Thus, the mechanism of brightness patterns obHines, C. O., The upper atmosphere in motion, Geophys. Monogr.
served by us has yet to be fully understood. The brightness Ser- Vol. 18 (American Geophysical Union, Washington DC,
patterns initially appear in the northern part of the image, USA), 1974. q ) _ )
they grow in size and attain their peak intensity in typically Hua"g: C. S. and Kelley, M. C., Nonlinear evolution of equatorial

. . spread-F 2. Gravity wave seeding of Rayleigh Taylor instability,
about 90 min and in 1.5 to 2.5 hrs, these patterns encom-

- . . J. Geophys. Res., 101, 293-302, 1996.
pass the entire field-of-view. These brightness patterns show,,

- . ) A - hn, J.-M., LaBelle, J., Sobral, J. H. A., Aggson, T. L., and Han-
slightly different behaviour in the 630 nm and 777.4nm im- 5o\, B., Detection of an equatorial spread-F bubble by ground

ages. In the 630nm images, the intensity of these bright- pased photometers and the San Marco 5 satellite, J. Atmos. Sol.
ness patterns shows an increase by a factor of about 1.5 Terr. Phys., 59, 1601-1609, 1997.

from 19:30 to 21:30, whereas the 777.4nm images show &elley, M. C., Haerendal, G., Kappler, H., Valenzuela, A., Balsley,
decrease by a factor of 4 during the same period. Beyond B.B., Carter, D. A., Ecklund, W. L., Carlson, C. W., Hausler, B.,
21:30, the 630 nm and 557.7 nm images show a wave type and Torbert, R., Evidence for a Rayleigh-Taylor type instabil-
perturbation with a period of 80—90 min. These brightness ity and upwelling of depleted density regions during equatorial
patterns are different from those reported earlier by Mendillo  SPread-F, Geophys. Res. Lett., 3, 448-450, 1976.

et al. (1997a) and Sinha and Raizada (2000), and appear 6°1€Y- M- C., Larson, M. ., LaHoz, C., and McClure, J. P., Gravity
be of a new type. wave initiation of equatorial spread F: A case study, J. Geophys.

Res., 86, 9087-9100, 1981.
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