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Preface

The atmospheric region of our interest is the uppesospheric and lower
thermosphere region, where electrons and ions exgifficient number to affect the
radio wave propagation and is termed as ionosphetée nighttimes, if we look the
variation of electron density with altitude, somats we can see lot of fluctuations in
it. These are generally called ionospheric irregigs and we want to study them.
The irregularities present in the equatorial F-oegof ionosphere are also known as
Equatorial Spread-F (ESF).

Equatorial Spread-F or ESF is a night-time phemmne The irregularities
associated with ESF are generated in the steeegtaaf electron density present in
the nighttime bottomside ionosphere when the baxkgt conditions are favorable.
ESF is associated with irregularities of a widegenf scale sizes, varying from more
than a thousand kilometer, down to less than a mdteey are classified in to
different groups and there is different generatinachanism for each group. We
study the large-scale structures associated with. H®ey are known as plasma
depletions.

Plasma depletions are the large-scale structusexciased with ESF. Large scale
means, few tens of kilometer to more than a thadikdometers. These are regions of
large-scale reduction in electron density. Thesgctires often exhibit 2-3 orders of
magnitude reduction in electron density. Thesegareerated in the bottom side of F-
region (200 km). They move eastwards as well asansv They evolve non-linearly
to the topside, which is otherwise a stable regiintimes these are found to attain
very high altitudes over equator. Sometimes theghealtitudes beyond 2500 km. As
they move upwards, they drift down along the fidides, which are highly
conductive, to low latitudes. Thus, they appeafigls aligned structures of large-
scale reduction in electron density. To study slacge-scale dynamic feature, one
needs to have an instrument that can cover a wiea af sky. All sky imaging

systems, which have a large FOV are used effegtieestudy plasma depletions.

All sky imaging system takes snap shots of night sk selected nightglow
wavelengths. Such instruments normally have’ FDV and cover a large area of the
sky. The intensity of the nightglow emission liredexted should be a known function
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of electron density. Also, we can see the strustofeplasma depletions in the all sky
images only when the structures are present althede of bulk emission of these
lines. The first version of such a system was dged by Mende and Eather (1976)
of Air Force Geophysics Laboratory to carry oubamne studies of airglow emissions
at 630 nm. The all sky imaging system developedPRL is similar to the one
described by Mendilo and Baumgardner (1982). Thetfend fish eye lens covers a
circular area of diameter more than 3600 km. Tlymads from the fish-eye pass
through narrow band interference filters, where sson lines are isolated. This
signal is intensified and the images are takenguairCCD camera. The camera is
capable of operating in very low light level comaiits and long period exposures can
be taken with it. The results from such observatiane the basic of our current
understanding of plasma depletions.

This dissertation focuses on the study of ionodphmegularities using selected
airglow emissions whose intensity is related tspla density. The experiments were
conducted from Kavalur (12.5°N, 78.8°E; 4.6°N gegmetic), and Mt. Abu (248,
72.7E, 18.5N geomagnetic), India. The 630.0, 557.7, and 7hfdemissions are
used for studying the different features of thespla depletions. The ionosonde data
is used to monitor the base height of the F-lagewell as the presence or absence of

Spread-F at the time of the appearance of deptetioall sky images.

Several new features of plasma depletions are wbden this study such as the
new type of ‘joined’ pair of depletions where therthern (and later the southern)
ends join together, producing an inverted ‘V’ shdgaircation, which later merge
together, sequences of depletions developing ifighe of view of the all sky imager
in the post-midnight period.
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Chapterl.ntroduction

This thesis is a compilation of the airglow obséimas conducted from Kavalur
(12.5°N, 78.8°E, 4.6°N Magnetic) and Mt. Abi24.5 N, 72.7 E; 18.5 N Magnetic)
in the high solar activity period of 1999-2002. Ttieservations are carried out using
the all sky imaging system developed at Physicak&eh Laboratory, Ahmedabad,
India. The objective of the study is to understdhd characteristics of plasma
depletions over the Indian region during solar nrmaxm. Kavalur, being an equatorial
station, could give features of plasma depletianthe early stages of their evolution,
once the scale sizes are sufficient to be detdnyetthe imager. From the low latitude
station Mt. Abu, it is expected to study featurewal developed plasma depletions. In
this chapter, an attempt is made to introduce threospheric physics, starting with a
brief description of the structure of the atmosghand the details of the structure and
formation of ionosphere. The characteristics of aqtial ionosphere and various
ionospheric processes such as Equatorial SpreadeRlen explained, which leads to
the main topic, “plasma depletions”. The backgroundterial given below is mainly
based on the works Biishbeth and Garriott (1969), and Hargreaves (1992)

1.1 Structure of Neutral Atmosphere

The earth's atmosphere is divided mainly into feegions viz. troposphere,
stratosphere, mesosphere and thermosphere, basdbeowertical distribution of
temperature. Troposphere, meaninming or changingsphere, ranges from ground to
about 17 km near tropics. It accounts for more ®@% of the mass and virtually all of
the water vapor, clouds and precipitation in theasphere. All the weather systems
are within the troposphere. It is characterisedvbyy strong vertical mixing. The
surface of the earth acts as a black body thatrbbgbe solar radiation, which is rich in
short waves, and re-radiates longer wavelengths. aimospheric molecules such as
water vapour, carbon dioxide, ozone etc. absorbeamtithese infrared radiations, thus
providing an efficient heat transfer in the troposge. As we go up in the troposphere,

the temperature initially decreases due to adiabatioling, until above a certain



altitude where it remains uniform (about 17-20 kmthe tropics), which is known as

tropopause.

The temperature starts to increase with altitudevaltropopause, and this region is
known as stratosphere, which extends from 20 kabtwut 50 km. It is highly stratified
or layered region. Unlike in the troposphere, thisrevery small vertical mixing in
stratosphere and is characterized by the preseinogone layer. The ozone absorbs
most of the harmful ultraviolet rays from the Sand thus acts as heat source. This
explains the observed temperature variation in dtratosphere. The region above
stratosphere is termed as stratopause, where itygetature ceases to increase with
altitude. The pressure at stratopause level istabeub, whereas at ground it is 1000

mb. About 99.9% of the atmospheric mass residdsmitoposphere and stratosphere.

Mesosphere, the middle sphere, ranges from 55 kabbdat 85 km. In mesosphere
also temperature decreases with altitude. Vertigsl motions are present in
mesosphere. During summer season, thin layersoafislare produced in this region.
During twilight, when lower atmosphere is in thetes shadow, these clouds will be
visible from ground as noctilucent clouds. The upgion of mesosphere, known as
mesopause, falls among the coldest regions in theosphere. The mesospheric
temperature minimum is due to the radiative coolofgthat region by airglow

emissions both in IR and visible range.

The region above 90 km is called thermosphere tiedténds to several hundred
kilometers. In thermosphere, temperature increfisgtssteeply and then slowly with
height. The temperature in these regions varies 500 K to 2000 K. The heating is
caused by the absorption of solar EUV and X-rayshieyatmospheric constituents. In
this process these constituents get ionised amdt ieshe formation ofonosphere At
higher heights, the density is extremely low andtheonductivity is very high,
resulting in almost uniform temperature distribatid-igure 1.1 illustrates the vertical

temperature distribution in detail.

The region of atmosphere below 100 km is generalied homosphere, which
is marked by turbulent mixing of the gas moleculss.a result, various atmospheric

species are well mixed and are distributed accgrtbrtheir mean mass. In the region
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above 100 km there is no turbulent mixing. Aboves theight diffusive separation
controls the distribution of gases. This regiorcafied heterosphere. The height region
where turbulent mixing becomes less important thdfusive separation is called
turbopause. Heavier elements are prominent inawei parts and as we go up lighter
elements become the important species. In the negpove 600 km, where the mean
free path exceeds scale height, is called exospHereexosphere, collisions are
negligible and molecules move under the influenéegmavity. If the velocity of
molecules is greater than the escape velocity, ¢ésegpe from the gravitational field of

the earth.
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Figure 1.1 Vertical structure of the ionosphere showing thiéedent layers marked as
D, E, F (R and k) etc. This nomenclature is due to the fact tha¢nvan electrically
conducting layer was first proposed to exist arod0@ km, it was termed as E region.
Following the convention, later when other layersrevdiscovered to exist below and
above the E region, they were respectively callednd F regions. The jFand R
regions are the sub divisions of the F region, Wwhi found to split into two layers
during day time, owing to the differences in thetpbhemistry at different altitudes.
Also shown is the vertical distribution of temperat based on which the atmosphere
is divided into different regions as indicated. (i&@e: http://ion.le.ac.uk]
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1.1 Structure of theionosphere

The solar X-ray and UV radiation entering the uppémosphere ionise the
elements present at those altitudes and resutteeiformation of ionised layers in the
upper mesospheric and lower thermospheric regidiss region is known as
ionosphere. lonosphere is defined as that regjidhe earth’s atmosphere, where free
electrons exist in sufficient numbers to affect thdio wave propagation. lonosphere
starts from about 50 km and extends up to more G0 km. The presence of a
conducting layer in the upper atmosphere was stggesng back in eighteenth
century from the study of the geomagnetic fieldiatésns. The ionospheric studies
gathered momentum in 1901, after the success oflues Atlantic radio propagation
by Marconi. This revealed the importance of ion@sphstudies in the field of radio
wave communication. Various techniques were emplotge study the ionosphere.
They involve ground-based instruments such as ctdiorel radar, ionosonde etc. and
in-situ techniques such as Langmuir probes, dopitmbes, etc. carried using rockets or
satellites.

lonosphere is described as a laboratory, whererdiit verities of chemical and
physical processes take place. The major sourdendfation is the solar X-ray and
EUV radiation. At high latitudes the solar wind fiele precipitation plays an important
role in ionisation. Depending on the vertical disition of the electron density,
ionosphere is divided into different regions. Tlaeg known as D region, E region and
F region etc. D region starts from about 50 km amtends to about 90 km. The
important chemical species in this region arg ®, and NO. Radiation having
absorption cross section less thanf@nf causes ionisation in this region [Banks and
Kockarts, 1973]. The hard X-rays (0.1- 1 nm) iorafleelements. The Ly (121.6 nm)
line ionise NO and solar UV rays (102.7-111.8 nonise Q (‘D). Cosmic rays are
also responsible for ionisation in this region. Tyy@cal electron density in this layer is
about 18 electrons per cc. The dynamics of this region &@nty determined by the

dynamics of neutral elements.



The region extending from 90 km to about 140 kmwalked E region. The important
ionising radiations in this layer are the soft X841-20 nm), which ionises all and the
EUV radiation 91.1-102.7 nm that ioniseg. @bsorption cross section of radiation in
this region is less than 1®cnt [Banks and Kockarts, 1973]. The prominent ions are
NO* and Q. In this region, electron density is of the or@érl®® cm®. The region
above 140 km is called F region. The most importpdcies in this layer is atomic
oxygen. The ionising radiation is the EUV rayshe tange 20-91.1 nm that ionises N
0, and O, and the absorption cross-section is lems 10’ cnf. F region is usually
split into two layers F1 and F2 during daytime @rtain seasons. The region below 50
km, where ionisation negligible compared to nesirég called C region. The main
source of ionisation in this region is the cosnmags that ionise all elements. In this
region electron density is very small. The electdgstribution with altitude is given in

Figure 1.1.

1.2 Formation of theionosphere

While the high energy radiation entering the upg&nosphere ionise the neutral
atoms and molecules, the ions and electron thudupsal undergo recombination
reactions. Under quiescent conditions, the baléeteeen production and loss of ions
maintains the stable ionosphere. The layered streicif the ionosphere is as a result of
the relative variation of the intensity of the isimg radiation and neutral distribution
with altitude. Maximum ionisation occurs at the dewhere, the increase in the
attenuation of the radiation and the gas densignoas, as we go down from the top of
the atmosphere. ON, and O are the important chemical elements in dhespheric
region. These elements are ionised by the solar Edd X-rays through photo
dissociation, photo ionisation etc. and form iodisegions in the upper atmosphere.
Photons with energies greater than 12 eV can ionise or more atmospheric
constituents. The processes involved in the praolu@nd loss of ions are described in
detail by Chapman in 1931. The simple productiamcfion given by Chapman for a
horizontally stratified atmosphere having a singgexponent with constant scale height

is,



a(z) / Gho = exp{l — z — &se} (1.1)

where, the optical depth z is given by,

_h-hy (1.2)

2=7H

Here q is the rate of production at a given helgithen the solar zenith anglexisgno
is the maximum rate of production when the sun Verleead and 4y is the
corresponding height of maximum production. H ig fitale height. At heights above

the height of maximum productiop$ z is positive and for large values of z,
0= Omo €° (1.3)
At heights well below ko, z is negative and

g= Omo eXp{— €’ seq} (1.4)

In the above equation, the height of unit opticaptth and the height of maximum
ionisation coincide, since scale height is assutadu independent of height.

The process of ionisation is complete only if #oss mechanisms are also
considered. In D region the photo-ions produced kst through dissociative
recombination with electrons or neutralisation witkgative ions. The rate coefficient
for the above two processes is approximately 67 sec¢'. A three-body reaction
involving attachment of electrons with neutralssisggested for the production of
negative ions. Photo-detachment, associative detachand collisional detachment
are the important loss mechanisms of negative idrise coefficient of photo
detachment for @ is ~ 0.4 se¢ and coefficient of associative attachment is & th
order of 10" cn®sec.

In E and lower F regions, the important loss predsslissociative recombination.

This is a two-stage process involving a charge sfeanreaction followed by
6



dissociative recombination. The direct or radiatreeombination of atomic ions and
electrons is an extremely slow process in thisoegHence the atomic ions undergo

charge transfer reactions with neutrals as givéovhe

A"+ Xp - XA* + X (1.5)

Here A’ is the atomic ions andXlenotes any neutral molecule. The rate coeffig@nt
of this reaction is of the order of 1bcm® se¢'. The molecular ion (XA thus formed

undergo dissociative recombination with electramgigen by,
XA +e- X+A (1.6)

The rate coefficiento(), for the above reaction is of the order of Tr® sec™.

At lower altitudes neutral density is more and feeaguation 1.5 is faster and hence
the overall rate is controlled by rate of equatlo®, which is given agN?, where N is
the electron density. The layer thus formed isechti-Chapman layer. At higher
heights, reactions given in equation 1.5 become sind overall reaction depends on
the production rate of molecular ions. Here the ddtreaction is given agNN* or BN
whereyNn=3 and Nn is the number density of neutrals. Thigiay called3-Chapman
layer. As we go high from lower altitudes, gradtrahsition occurs fronm-type to[3-
type process. At intermediate heights wherand3 type reactions are important, the

production rate is given by

i_1 .1 (1.7)

The ionosphere is sometimes called a laboratorgreviariety of such chemical
reactions takes place, involving neutrals as wsllianized species. Some of the
products of these processes may be in higher engrggited) sates, and, the

subsequent de-excitation results in photon emissioharacteristic of the particular



interaction. These transitions could occur in wheaviolet, visible or infrared regions
of the electromagnetic spectrum, and are termedrg®w. Anders Angstrom was the
first to note the weak radiations and discoveresktgiine in the night sky in 1868. The
detailed investigations of the spectral emissionevadne in 1920’s with the efforts of
Lord Rayleigh. John McLennon and G. M. Shrum, 923, identified the green line to
be originated from atomic oxygen. In the beginnofg1930’s, Sydney Chapman
proposed chemical recombination as the mechanisiiése lines. In 1950, the term

airglow was coined to describe the emissions.

1.3 Airglow and lonosphere

The airglow is generated through the photochemistityie upper atmosphere, and
the intensity of the emission depends on the strertd the reactants and the
corresponding cross-sections. If the excitatioocess involves ionospheric plasma,
then the airglow intensity can be represented &snetion of the plasma (electron)
density. Thus, the variations in the plasma distton would reflect as intensity
fluctuations of such emissions. This very factused or is made use of to determine
ionospheric parameters from airglow measuremeritss Iknown that 630.0 nm
intensity is proportional to Ne and depends on liteighile 777.4 nm intensity is

proportional to N&.

Earlier works associating airglow with the ionosghare from the observations of
630.0 nm enhancements, which were interpretedrimstef the descent of F-region.
[Greenspan, 1966; Nelson and Cogger, 1971]. Highkwyer altitude slowdown the
dissociative recombination and results in lessntlospheric emission [Bittencourt and
Sahai, 1979]. Sharp gradients in 630.0 nm intgngsults when F-layer height is
modified by meridional circulation [Herrero and Meether, 1980]. Such studies point
towards the relationship between the airglow erarssiand the height of ionosphere,
and show how these measurements give informatioatabnospheric and atmospheric
dynamics. Coordinated experiments have been castietb investigate thermospheric-
ionospheric coupling by means of airglow, neutradds, and ionospheric observations.
For example, the study of brightness waves in @vgimages and their relation to the



mid-night temperature maximum (MTM) [Colerico et, d996; Mendillo et al., 1997,

Otsuka et al., 2003]. The association of MTM wattmospheric tides [Fesen et al.,
1986; Fesen, 1996] throws light on the role of Ioanospheric process in controlling
ionospheric behavior. Recent studies have showsitinatures of non-migrating tides
in the global airglow distribution, thus revealidgect coupling between troposphere

and ionosphere [Immel et al., 2006].

The interaction between neutral atmosphere andspgrere sometimes also appear
as periodic modulations of airglow, often associak®rge scale wave propagations
known as traveling ionospheric disturbances (TIGaucia et al., 2000; Shiokawa et al.,
2003]. TID’s are the perturbation of ionospherlagma by acoustic gravity waves
(AGW) [Hines, 1960]. The large scale AGWs or tiawg atmospheric disturbances
(TADs) are generated during geomagnetic stormsnwhe heating and subsequent
rapid expansion of the high latitude results insptege gradients and modify the
thermospheric composition as well as circulatiomhese composition changes are
transported to middle and low latitudes as TADAGWSs [Roble et al., 1978; Prolss,
1987; Rishbeth, 1987]. Another common source ofMg3s in the lower atmosphere,
often associated with weather fronts or land topply, which propagate upwards and
sometimes perturb the ionosphere.

In addition to the modulations caused by exterganaies, ionospheric plasma in
the equatorial region is often re-structured byab#ities that operate when suitable
conditions exist. These irregularities in plasmengity appear as corresponding

airglow patterns, and can be studied by measuhiegget intensity variations.

1.4 1onospheric Irregularities

The nighttime equatorial ionosphere is charactdrizeirregularities of a wide range of
scale sizes. After sunset, loss process in thesmere becomes predominant and
sharp density gradients are generated. Also, tHayér is lifted up to very high
altitudes due to the pre-reversal enhancement pélzelectric field. Under such

conditions, instability processes can operate ander the plasma unstable. Any small



initial perturbations can grow in amplitude andhappear as ionospheric irregularities.

These irregularities are collectively knownksguatorial Spread-6r ESF.

Eqand J=0LE,

— -

n
np=0
Figure 1.2 Rayleigh-Taylor instability in the equatorial plafieelley, 1989]

/

3E xB

Rayleigh-Taylor instability is thought to be the e¢hanism responsible for ESF
[Kelley, 1989]. The instability process could be underdtaith the help of Figure 1.2,
which illustrates a simplified model of the postisat equatorial ionosphere, where the
directions of density gradient, gravitational folmed the magnetic field are indicated.
This is a situation where the heavy plasma, on kigcavity acts downward, is
supported by the light magnetic field. TépeB force acting on the plasma results in an
eastward current that depends on plasma densiggurAing sinusoidal initial density
perturbation as given in Figure 1.2, the currert @ more in the high density trough
and less in the low density crest, causing thegehparticles to be piled up at the walls
of the perturbation. The polarization electriddieghus generated will drive the low

density plasma to higher altitudes and high dermdagma to lower regions.

The irregularities are first detected from the agreg of ionogram trace8poker
and Wells 1938], which explains the name ESF. This phemumeccurs after sunset
when F layer drifts upward to reach higher altimdearely et al, 1970], and, manifest
as ‘bite-outs’ in satellite density measuremeiitarison and Sanatani973], plumes
in radar RTI mapsWoodman and LaH0z1976], and cause scintillations of radio
signals Basu et al 1978]. These irregularities convect upwards Watige velocities

through the F layer peak to the topside by fluetutierchange and can reach very high

10



altitudes Woodman and LaH¢z1976; McClure et al, 1977; Burke et al, 1979].
Tsunoda[1980] showed that the irregularities are fieldjaéd and extend to hundreds

of kilometers.

The ESF is associated with irregularities rangingide variety of scale sizes. The
scale sizes vary from few centimeters to aboubaghand kilometer. The irregularities
are aligned along the magnetic field lines. Theywenopwards with velocities ranging
from tens of ms to hundreds of nis Also they move eastward with velocity about 100
to 200 m&. The small-scale irregularities associated withFEQuse scintillation in
VHF signals. The large-scale structures are calladma depletionsThey represent a
large-scale reduction in plasma density. Two teehvrders of magnitude reduction in
density are observed. They have vertical scales ssteseveral hundreds to thousand
kilometers. Their east-west scale size varies friems of kilometers to hundred
kilometers. They move upwards and eastwards.

1.5 Study of Plasma Depletions

Since the first observation by Booker and Welld#88, many investigators have
looked into the phenomenon of ESF using variousriggies. But, the mechanism
responsible for the generation of irregularitieserosuch a wide scale is still not
completely understood. The occurrence of ESF islhignpredictable. ESF occurs
only on certain nights. The appearance of plasmpletens is even more
unpredictable. Plasma depletions are not obsemeallspread-F nights. This makes

their study very important and interesting.

lonosonde, scintillation receivers, radars, rocksd satellite borne probes etc. can
be used to study the ionospheric irregularitiesiobmnde can be used to detect the
onset of spread-F. But, once spread-F has set @annot provide much information.
Strong scintillations will be recorded in the sdiation receivers when the signals
received traverse through these irregularities. wwement of irregularities can be
studied using spatially separated receivers. Big,gives information about the smaller
scale irregularities that give rise to scintillaiso The plasma bubbles appear as plumes
in the RTI maps obtained using VHF radars. Here, dlse backscatter signals are due
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to small-scale irregularities. Since the small-sdalegularities are found at the edges
of large-scale structures, one can use the RTI nmagsrive information about plasma
depletions under certain assumptions. But fieldietv (FOV) is limited. Rocket and

satellite borne probes are also used to study fhieseomena. But they cannot give any

information along perpendicular directions to theajectory.

To get a complete picture about the formation ef depletions and their growth
and movement an instrument that can cover a vege larea of the sky is required.
Optical imaging of the upper atmosphere is a pawedchnique that can be used to
understand this phenomenon completely. The teckngio take images of the night
sky using the airglow emissions usingahsky imagingsystem. The imaging system
employs a large field-of-view, front-end optics ahdnce is capable of covering
thousands of kilometers of the sky and can be tsedudy the dynamics of plasma

depletions.

1.6 Current Understanding

The signatures of ESF irregularities, which are sheictures in plasma density
distribution, should manifest as corresponding lawgintensity variations. Thus,
ground based measurements of airglow intensity banused to study these
irregularities. Wide angle optical instruments &employed to image the auroral arcs
at high latitudes Mende and Eather1976], using television cameras. Similar
technique was applied in the study of equatoriegdion using the 630.0 nm line. The
observations revealed North-South aligned redudegiow intensity, which are now
called plasma depletionsMeber et gl 1978]. Further studies were conducted to
understand the drift, strength (degree) and sdake f the depletionsWeber et al.,
1980]. The depletions are considered as footpahtiepleted flux tubes at the airglow
emitting region. The reverse of this concept,dbealled ‘apex mapping’, was used to
trace the poleward ends of depletions along thenetagfield lines to determine the
corresponding altitude attained by the irregulesitiat the magnetic equator. This

information was then used to determine the vertisa velocity of depletions. The
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777.4 nm emission was also incorporated in the ureasents for detailed

investigations floore and Weber1981].

Ground based intensified all sky imagers were thioed in early 80’sNlendillo
and Baumgardnerl982]. These observations revealed severalfesanf depletions.
The pronounced occurrence of depletions was obddreéveen 2030 LT-2330 LT.
The poleward end of depletion was found to have estward tilt. Branching or
bifurcation of depletions was also observeumerical simulations had shown that
rising bubbles start bifurcating when contribut@nE-region Pedersen conductivity to
F-region conductivity is included in the calculatsy and the bifurcations occur when
the ratio of conductivities inside and outside thebble becomes less than 10
[McDonald 1981;Zalesak 1982]. Detailed analysis showed that the condttatio
inside and outside the bifurcated depletion metréagiirement, but the appearance of
linear and bifurcated depletions side-by-side reeai unexplained Anderson and
Mendillo, 1983]. The westward tilt of depletion was expél based on the latitudinal
variation in zonal wind§lendillo and Tayloy 1983]. Coordinated all sky imaging and
scintillation observations showed that the irregtis producing scintillations are
located on the walls of the bubblé¥d¢ber 1982].

With the establishing of ground based all sky immageany investigators followed
such observations, which revealed several charsiitsrsuch as sharp eastern walls
[Rohrbaugh et a)] 1989], day-to-day variability, high altitude (~ Zb®&m) bubbles,
post-midnight depletions associated with magnetornss [Sahai et al 1994,
supersonic (2.8 km/s) vertical velocity, aabsence of simultaneous 777.4 depletions
with that in 630.0 nm\\Veber et all996], etc. The association between spread-F in
ionograms and irregularities in the walls of th@lddons were demonstrated using ray
tracing methods3ales et gl1996].

The trans-equatorial, meridional wind at the suteshinator is believed to play an
important role in the growth or suppression of Bxd instability Maruyama 1988].
When there is a strong N-S component, the ionogpheight decreases in the
downwind side, hence the Pederson conductivityeimses (more £, NO' ions), in
comparison to the conductivity at the upwind si@ {ons). This, results in an E-
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region type of load at one end of the flux tubegd dowers the growth rate. The
attempts to study the role of meridional wind imeeting or inhibiting spread-F by
simultaneous wind and depletion measurements dighmw any conclusive evidence
[Mendillo et al, 1992, Bittencourt et al 1997]. It was found that during spread-F
season, depletions were generated when large dlimhs were present in the
meridional wind. During non-spread-F season, nded®n was seen when there were
fluctuations in meridional wind. But, depletionger@ produced when magnetic storms
were present; showing that when there is s strarey present (magnetic storm)
meridional wind also doesn’t suppress ESF. Sewaraky observations have studied
the occurrence of depletions and geomagnetic acfi8ahai et al 1988;Aarons et al
1999;Sinha et al 2000, 2001].

The all sky measurements generally show eastwdtthgrdepletions, but there are
reports of deviation from this pattern when deplesi reversed direction to westward
for a period of about 1 houll@ylor et al, 1997]. There are also reports of stationary
depletions that do not show any movement for vengltime period fagundes et al
1999;Sinha et al2001]. The anomalies in the eastward drift akeled to be due to
the modification of F-region dynamo by the changeseutral circulation caused by
magnetic activity. Sinha et al. [2003] reported splitting and joining of piietions,
indicating strong shear in plasma drifthe zonal drift measurements are used to
understand the latitudinal difference in plasmdt {Martinis et al, 2003;Pimenta et
al.,, 2003a, 2003b]. The depletions were found drifthigher velocities near the
equator compared to off-equatorial latitudes. Plesma drift measurements deduced
from simultaneous 630.0 and 777.4 nm images shahghitly higher velocities near
the F-peak altitudeAblade et al 2004].

The seasonal and solar cycle variations in the roesae of depletions are only
available from the Brazilian sector, owing to thée@ded data set recorded over that
region.. It is shown that the probability of oca&mce of plasma depletions increases
significantly during the periods of high solar aii [Sobral et al, 2002;Sahai et al.
2000].
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1.7 Focus of the Current Study

The present work is aimed to study the variousrpatars of plasma depletions and
to understand the role of various atmospheric andspheric conditions that result in
the generation of these large-scale irregularifié® study is carried out using the all
sky imaging system developed at the Physical Reledraboratory (PRL),
Ahmedabad, India. The all sky imaging system of Riis operated from Mt. Abu
(24.5 N, 72.7 E; 18.5 N Magnetic) as well as Kavalur (12.5 N, 78.8 ELM4.6 N
Magentic), India. The observations were carried duting the increasing phase of
solar activity in 1999-2002. The images obtain@unnfithis campaign were analysed to
determine various parameters of plasma depletioos as degree of depletion, width
of depletion, inter depletion distance and eastwdifi velocity. Mt. Abu is an off-
equatorial station where as Kavalur is very claséhe equator. Thus, the results give
an opportunity to investigate the characteristicdepletions near the equatorial region
as well as at off-equatorial latitudes. Over thaaqr, one could study the developing
depletions or the initial stages of developed depis. At off-equatorial location, the

depletion would be already well developed.

The organization of the thesis is as follows. Thechanism of airglow emissions
and all the technique of sky imaging are given nafter 2. The details of the PRL’s all
sky imager is given in Chapter 3, which also giwes overview of the imaging
observations used in the current study. Chaptevesdhe characteristics of the plasma
depletions from the observations conducted for Whisk, and Chapter 5 highlights
some of the new observations and information redeflom these investigations. A

summary of the results are given in Chapter 6.
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Chapter 2. Airglow I maging of Plasma Depletions

This chapter describes the methodology followed in the  study.
First an introduction is given to the ionospheric processes those results in major
airglow lines. While there are several airglow lines, only certain emission could be
used for ionospheric research. Thus, it is important that the intensities of the selected
airglow lines are related to the plasma density. The detailed emission mechanisms of
the important spectral emissions that are used in the current study are provided,
elaborating how the observed intensities are related with electron density. Next, the
concept of all sky optical imaging is introduced, and the details of the imaging system
are described. A brief description of the all sky imager developed at the Physical
Research Laboratory, Ahmedabad, INDIA, which is used to collect the data used in the

current study is provided, followed by some of the procedures used for image analysis.

2.1 Airglow Emissions

The earth’s ionosphere is sometimes called a clanaboratory, where a number
of chemical reactions take place. These reactionslve neutrals as well as ionised
species. Some of the products of these reactiogsoman the excited sates and as they
transfer to lower energy state, spectral lineseanéted. The emissions may be in the
ultraviolet, visible or infrared regions of the ei®magnetic spectrum, depending up
on the particular reaction responsible for it, @ne generally termed as airglow. It is
continuous throughout the globe. The main sourceaioflow emissions is the
photochemical reactions involving solar radiatiovd aarious atmospheric species. At
higher latitudes, the energetic particles fromgb&ar wind give rise to the fascinating
phenomenon called aurora. The main emission mesimans the excitation of
atmospheric species into higher states. The exspedies returns to ground state in
one or more steps, emitting radiation characterisfi that species. The excitation
mechanisms involve (a) fluorescence and resonanedesng, (b) excitation by

energetic particles, (c) chemical excitation andefeergy transfer through collisions.

The important airglow emissions that are used iticap aeronomy, are the
emission lines of atomic oxygen, atomic sodium dngairoxyl radicals. These

emissions are present at all altitudes, but bulkhef emission comes from a certain
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altitude range where the constituents responsiimetlfe emission have a maximum
concentration. The altitude profile of the impottapecies in the upper atmosphere is
given in Rgure 2.1. Nitrogen (N), and Oxygen (¢ molecules are the dominant
neutral species in the lower heights, while abobeua 220 km, atomic oxygen
becomes important. As a result of the small meaa path at the low altitudes (F-
region bottom side), N and Q plays an important role in loss processes. Ahdrig

heights the neutrals do not have any significalet iothe interactions.
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International Quiet Solar Year (IQSY) daytime atmospheric composition, base on mass spectrometer
measurements above White Sands, New MexXico (32 N, 106 W), The helium distribution is from a
nighttime measrrement. Distributions above 250 km are from the Elektron || satellite results of Istomin
{1986) and Explorer XVII| results or Reber and Nicolet (1965). [ C.Y. Johnson, U 8. Navel Research
Laboratory, Washington, D.C. Reprinted form John (1969) by permission of the MIT Press, Cambridge,
Massachusets. Copyright 1969 by MIT. ]

Figure 2.1 The distribution of neutral particles above 100 km. Also shown are the
distributions of charged particles.

The important emission lines of atomic oxygen &6.6 nm, 777.4 nm and 557.7
nm (Figure 2.2). The bulk emissiof 630.0 nm line comes from an altitude region
centered at about 250 km. This height region cpoeds to the bottom side of the F
region. The 7774. nm bulk emission is from the Blpevhich is at about 350 km. The
557.7 nm Ol green line has two emission peaks,®aéabout 100 km altitude region
(mesospheric contribution) and the second peakt iak@out 250 km (F region
contribution). So this emission can be used to \stddferent altitude regions,
depending on which altitude region contributes ntorthe total emission. The sodium

doublet is originating from an altitude region di Bm to 95 km. The source of this
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metallic ion at these altitude regions is attrilobute the meteoritic activity. Another
important emission is the IR emission of OH rad&839.4 nm. It comes from about

90 km. This emission is responsible for the coobhthis atmospheric region.
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Figure 2.2 Altitudes of the important spectral emissions from atomic oxygen (777.4 nm,
630.0 nm, and 557.7 nm) used in the current study. The electron density profile from
the IRl model and atomic oxygen density from MSSE model for 2002 March are also
shown.

2.2 Airglow and lonospheric Irregularities

The recombination processes in the coupled ionosptieermospheric system
results in the excitation of neutral particles, exsally the atomic oxygen, and the
subsequent transition to the ground state resul&rglow emissions in the ultraviolet
(UV), visible, and near infrared (IR) regions. Timensity of these emissions is a
function of the plasma density. Thus, by monitgrihe airglow using a ground based
instrument, one can study the plasma density aaltitade of their bulk emission. A
time series of such observations can be used tesiigate the plasma density
variations. Though there are numerous spectralstoms from the upper atmosphere,
but only those lines produced as a result of recoation processes, and, whose
intensity is a function of the plasma density carused for ionospheric research. The

emissions from the excited states of atomic oxyglerh as 630.0, 557.7, and 777.4 nm
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are related to the plasma density, and are uséxhe@ers of ionospheric properties in
ground based observations.

The study of airglow intensities gives importarformation regarding the source of
the emission. From the measured intensity of thettednlines and knowing the
excitation cross-section, the column density of éh@tting species can be calculated.
The line of sight velocities and temperatures canchlculated from the Doppler
profiles and line shifts of radiation. The airglamtensity gets modulated as a result of
interaction between neutrals and plasma. Hencestbgying the airglow intensity
variations, dynamics of the neutrals and plasmabeannderstood. Also, this enables
the study of coupling mechanism of different atnfwspr regions. If the intensity of
the airglow emission is some known function of #ectron density, then from the
variations in the intensity of that particular esig one can study the electron density
variation at the altitude of bulk emission. Theegularities in the electron density
distribution will appear as airglow intensity vditams.

Plasma depletions are regions of large-scale remuat electron density. When
they are generated at the equator in the ionosptierdow density regions distribute
along the magnetic field lines to reach low-latéadThus, along a very large area, the
plasma density drops by orders of magnitudes. Suelgularities move with velocities
of the order of 100-150 m/s, which gradually desesawith time. Thus, over such
regions, the intensity of any airglow emission tisatlated to electron density will also
be less. The intensity of airglow emission depeodghe intensity of the source of
emission and the corresponding excitation crossesex If one could monitor the time
variation of the airglow intensity over the areaisi possible to study the ionospheric
irregularities producing the intensity variatiorSo, any variation in the observed
intensity can be attributed to a correspondingatem in the density of the emitting
source, under normal conditions.

The present study is conducted using the All Skadmg System developed at
P.R.L., Ahmedabad. The atomic oxygen emissions3at06 557.7 and 777.4 nm are
used to image the plasma depletions. These airdiiogs are chosen since their
intensity is a known function of electron density the altitude where they are
produced. In the case of 630.0 and 557.7 nm lingnsity is proportional to the
electron density where as in the case of 777.4 ingy intensity is proportional to
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square of the electron density. Hence, any variatio the electron density at the
corresponding altitudes can be inferred from thenisity variation of the airglow lines.
Hence the depletion images obtained using theseetwassion lines can be used to
study the formation, growth and propagation of spiweric irregularities. The

important mechanisms involved in the emission ek¢hlines are described below

2.3 Airglow Chemistry

Atomic oxygen is the source of major airglow enossi in the ionosphere. As a
result of the various photochemical reactions imvg neutral and charged particles,
the oxygen atoms are populated in higher energesst&igure 2.3 gives the energy
level diagram of atomic oxygen. The oxygen in theited states transfers to the lower
energy states, emitting the difference in the epaxg radiation. Figure 2.3 also gives
the wavelength of the possible emissions from atooxygen. Though, there are
several such emission lines, as described aboee,689.0, 557.7, and 777.4 nm

wavelengths are used here.
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Figure 2.3 The energy level diagram of atomic oxygen, showing the various spectral
transitions (Rees, M. H., Cambridge Uni. Press, 1989).
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2.3.1 Dissociative Recombination: 630.0 and 557.7 nm Emission

The 630.0 nm, known as the ‘red line’, is the madiensively observed airglow
emission of the night sky. In a reviewhakrabarti [1998] describes the first
observation of 630.0 nm by Garrigue as early ak9B6. The 557.7 nm green line is
known several years before, and its associatioh atibmic oxygen was suggested in
1923. The green emission comprises of two compsnanweaker emission from the
lower thermosphere, and a much stronger emissmn the upper mesosphere. The
main source of the 630.0 nm, as well as the thephersc component of the 557.7 nm,
is the dissociative recombination 05 QPeterson et al., 1966;Peterson and VanZandt,
1969;Link and Cogger, 1988;Sheeshan and S.-Maurice, 2004,Vlasov et al., 2005].

The transitions from the metastable statedD{)(and, OfS), of the atomic

oxygen to the ground state B}, result in the red and green emissions, resiyti
The main source of these metastable states in igf@time thermosphere is the

dissociative recombination of,Ogiven by the reaction,

O; +e0r* - 20(°P,'D,'S) (2.1)
where, a1 (cm/s) is the rate coefficient, which depends on etectemperature (see
Table 2.1). The fraction of the atomic oxygen g in either of the JP) or O(S)
states as a result of equation (2.1) is given gy dmantum yields (/o and (s,
respectively) of these states. The productionsrafeO¢D) and OlS) states can be
written as,

tpa,[0;][€], and (2.2a)

Hsa[O; ][ €] (2.2b)

The Q" ions are produced through the charge exchangéaeac
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Table 2.1 Reaction coefficients for dissociative recombioatprocess

Reaction Coefficient Value (cms?, s%)
2x10 exp(107.8/
O(iD)+Nz - O+N\, tl 2.9><1O'11e€<(p(67.5/-5|§))
O( P)+Oz - 0+0, k2 (3.730+1.1968107T,’°-6.589&10
Oo('D)+0O - 0O+0 A3 IT,) 1022
O('D)+0O - hv(630.0nm) 1D 7 1x10°
O(D)+O - hv(636.4nm) ’XZD 5 o 10°
0(*S)+0 - hv(557.7nm) N 1.215
O(*S)+0 - hv(297.2nm) yjs 0.076
Lo 1.95x107(T4/300)%’
ls 1.1
0.08
0,+0" - 0; +O (2.3)

where, )4 is the rate of the charge exchange process. Hie loss process of Othus
formed is the dissociative recombination given kguation (2.1). Combining the

equations (2.1) and (2.3), the'@oncentration can be written as,

(0:]= KIOAIO]

a,[€ (2.4)

Using equation (2.4) in (2.2) gives the productiates of O{D) and OtS) as,
Hipai[O,][O7], and (2.5a)
Hisa,[0,][07] (2.5b)

There is another contribution to the 'D] state due to the dissociative
recombination of NQ but the quantum yield of the production is venyadl [Link,
1992], and have been shown to minor compared t@lloge reactionsSpbral et al.,

1993]. The O) state can be deactivated through collisions wihtrals as well as
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electrons, in addition to the emission of 630.0 phwoton, where as the &)
deactivation by collisions with neutral constitiens negligible. The collisional

quenching of OP) state are given by,

O(*D)+ N, O — O(®P) + N, (2.6)
O('D)+0, 0% - O(*P) +0, (2.7)
o(*D)+0 0% - O(P)+0 (2.8)

The radiative deactivation of i) state can be realized either by the emissioa of
630.0 nm photon or by the emission of a 636.4 notgh as illustrated in Figure 2.3.
The transition probability (Einstein coefficient) the 630.0 nm is represented bypA

while that of the 636.4 nm is,A (Table 2.1). It can be seen from Figure 2.3 that

Table 2.2 Reaction coefficients for radiative recombinatmncess

Reaction Coefficient Value (cms?, s
O'+e- O+N, oy 7.8x1013
O+e - O+0O, K1 1.3x10%°

O+0 o O+ ko 1.5x10"
O+0 - O+e ks 1.4x101°
B777.4 0.42
B13s.6 0.54

O(*S) state too has two transition probabilitiessAor the emission of 557.7 nm
photon, and A for the transition to the ground state’®@)(emitting a 297.2 nm photon.
Combining the production and loss processes andetdiction probabilities, and

since [O]=[e] in the F2 region, the volume emission rate tfee 630.0 nm can be

written as,
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Vo = ApHo 1[0, 1[€]
B0 K IN,] + K, [O,] + K [O] + Ay + Ay

(2.9)

and, that for the 557.7 nm,

V... = AshshlO,l€]
5577 Aj_s +A23

(2.10)

It can be seen from equations (2.9), and, (2tbh@},the volume emission rate is
directly proportional to the electron density. @|lsvhen the F-layer altitude decreases,
the numerator in the equations decreases morelyafhidn the denominator (the

guenching efficiency is very low), and hence thession intensity decreases.

2.3.2 Radiative recombination: 777.4 and 135.6 nm Emission

The 777.4 nm and 135.6 nm lines are also usedfmspheric studies, where the
latter is a favorite choice in satellite experingej@@go 4, IMAGE/FUV, TIMED/GUVI,
COSMIC/TIP]. The earlier measurements of 135.6 aren done from Ogo 4H[icks
and Chubb, 1970;Barth and Schaffner, 1970], while ground based instruments are used
to observe the 777.4 nniipsley, 1966; 1972]. These allowed transitions of atomic
oxygen are due to the radiative recombination 6f[Banson, 1969; Tindey et al.,
1973]. The reaction can be written as,

O"+ell®* - O +hv (2.11)
wherea is the rate of the radiative recombination (sekl§2.2). The excited oxygen
atom (O) gives rice to a 135.6 nm or 777.4 nm photon, ddipg on its particular
energy level and the level to which the transitimecurs. As illustrated in Figure 2.3,
the 777.4 nm emission would occur if the exciteggen is in the OP) state and
undergoes transition to the 3j state, and the 135.6 nm is emitted when the enxyg
atom transfers from ©8) state to the ground (&) state.

In addition to the radiative recombination pro¢cab® ion-ion recombination
between O and O is also found to excite oxygen atom to the comesing energy
levels Knudsen, 1970; Tindey, 1973]. The QOions are produced through radiative
attachment. The reactions are,

O+ed* - 0O +hv (2.12)

O +0'0M-0 +0O (2.13)

24



The loss of Oions are given by,
O +00% - 0,+e (2.14)
The volume emission rate for the 777.4 nm can bitenras,

72K G[O][O ][ €]

— + /87
V777.4 - al[o ][e] + k2[0+] + kS[O]

, and, (2.15)

the volume emission rate for 135.6 nm,

Voo = a0 e + Bassk 0N ][
1356 1 k2[0+] + k3[O]

(2.16)

where, 57774 and i35 6 are the fractions of the ion-ion recombinationt tesult in the
emissions of 777.4, and 135.6 nm, respectively.

It can be seen from equations (2.15) and (2.1@}, tthe 777.4 and 135.6 nm lines
also depend on the electron density. The contabuhrough ion-ion recombination in
the nighttime is smaller compared to the radiatieeombination HHanson, 1970;
DeMajistre et al., 2004]. Since [(=[e] in the F2 region, the emission has a quadratic
relationship with the electron density. Also, ttagliative recombination process is
independent of height, and hence the intensitieaatovary significantly with the F-

layer movements.

2.3.3 Barth mechanism: Emission of 557.7 nm

In the case of 557.7 nm, in addition to the disstbee recombination, there is an
additional process of emission described as Bamichanism Barth, 1961, 1964).
This process is responsible for the mesosphericpooent of this emission. In this
method, two oxygen atoms, in presence of otherrakespecies, combine together to
form an oxygen molecule, which undergoes collisionith other oxygen atoms to
dissociate back to oxygen atoms. These oxygensatifrim the'S state, will result in

557.7 nm photons upon transition to the grouncestate reactions are given below.

O+0+M % - O,(c'E, b'Z;) + M (2.17)
0,(c'Z,) +0O M - 0,(X%%,) +O(*S) (2.18)
O(*S)M - O(*D) +557.7nm (2.19)

where M represents a neutral species, and coulbb®,, or atomic oxygen. In these

reactions, the exact precursor state responsibleh® production of G6) is not
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known. Laboratory studies have shown that theee adout six possible precursor
states Bates, 1988], and hence there is an uncertainty in stenation of volume
emission rate.

McDade et al. [1986], using simultaneous measurements of ataxygen density
and the airglow intensity, derived a set of empiriparameters that can be used to
describe the emission, without having any prioriealge of the precursor state. The
volume emission rate accordingNtwDade et al. [1986] is given by,

v o AKIOP(N,]+[O,)
*1 (A +k[O,)(C*[0,]+C°[O])

(2.20)

where, A is the 557.7 nm line (D-O'S) transition probability, k is the rate
coefficient for the three body recombination of raio oxygen, A is the inverse
radiative life time of @S state, kis the quenching coefficient of'® state by @ C°?
and C° are the empirical parameters providedgDade et al. [1986].

It can be seen from equation (2.20) that the mds8p557.7 nm, unlike the other
emission, is independent of electron density, agtcl cannot be used for ionospheric
studies. This emission, much stronger comparethéothermospheric component,
contaminates the ground based measurements oéttiee land thus makes the 557.7
nm not very useful for ionospheric research. Ntaedess, this line is widely used to
the dynamics and wave activities in the mesosphegon.

2.4 All Sky Imaging

The ESF irregularities are considered to be geeérnatthe bottom side F region at
the geomagnetic equator in the post-sunset peaind the regions of depleted plasma
density grow non-linearly to the stable topsideai@@pieco and Ossakow, 1976]. In
this process, the low-density plasma diffuses daleng the geomagnetic field lines to
low and mid-latitude regions, affecting the reconabion reactions, and hence the
airglow. The locations where the foot prints odsh depleted flux tubes encounter the
airglow emitting regions corresponds to a drastiduction in the intensity, provided
the emission is a function of the plasma densitlge basic principle of all sky imaging
is to take snapshots of the night sky using seleaieglow lines that are related to
ionospheric plasma density. When large scale utegijies associated with ESF are

generated, the regions of reduced airglow woulceapn these images as dark bands
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extending along the geomagnetic N-S direction. d&meplasma depletion is related
to this manifestation as dark bands of depletegi@air intensity.

Mende and Eather [1976] came up with a wide-angle instrument todgtu
auroral emissionsWeber et al., [1978, 1980] developed a similar system to stilndy
equatorial airglow emissions. They conducted olz&ms carrying the instrument on
an aircraft, and reported depletion bands at 6800 Mendillo and Baumgardner
[1982] described a ground base photographic metthvachage the airglow depletions.
They used a 18Cfield of view (FOV) lens to achieve large spatialverage required
for the plasma depletion studies. The work rembtere is carried out using an
imaging system, which is developed based on theesyslescribed byendillo and
Baumgardner [1982], at Physical Research Laboratory (PRL), Adabad, India
[Raizada, 1998;Snha and Raizada, 2000;Snha et al., 2001].

The basic setup of an all sky imager consists & F®OV front end lens, a
collimating arrangement, interference filters ofsided wavelengths to isolate the
emission from background, and an imaging opticfotaus the beam to a detector,
which is normally a CCD camera. The 18DV provides a large spatial coverage that
helps the study of evolution and dynamics of lessgale irregularities. At an altitude of
about 250 km, this FOV is estimated to cover a Bphwerical area of about 1800 km
radius. The mapping of such a wide area into auldr image results in large
compression at the edges of the images. Thus,atiagnpt to determine depletion
parameters from such regions in the image couldltréslarge errors. To avoid such
situations, for all practical calculations, the graFOV is restricted to 150

Narrow band interference filters are used to setbet airglow emissions.
Interference filter works on the principle of irfiemence of light. The filter, a multi-
layer thin-film device, consists of a set of thilm& of high and low refractive indices
with spacers or absentee layers between these\&éten the light beam is incident on
the film, reflection and transmission occurs ané tmansmitted beam undergoes
multiple reflections, and, interferes in the regioetween the film boundaries. The
thickness of the filmA/4) and the spacing between thet2] are fixed such that only

the wavelengthl satisfies the condition for constructive interfeze given by,

2utcosfd=nA, (2.21)
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where is the refractive index of the spaceis the thickness of spacer ands the
order of interference fringe. From equation (2,2tLxan be seen that the wavelength
transmitted by the filter will change with a charnigehe angled. The collimating lens
is to make sure that the light collected by theesysis parallel to the optical axis, so
that near normal incidence with the surface offilber is possible. Note that andt
depends on temperature. Hence, in the environme&htse large fluctuations in
temperature are expected, it is desired to use sogwhanism to maintain uniform
filter temperature.

The airglow emissions to be imaged are very weadt,leence the choice of the
CCD camera is very important. The camera shoule legh quantum efficiency in
the spectral region of interest, and should be ldapfor integrating the signal for a
longer period of time. Thus the thermal noisehaf CCD should be as low as possible,
and the dynamic range should be high.

All sky imagers can be developed with relativedwér costs than that required
for setting up radar, ionosonde, or lidar faciti@r conducting a rocket or satellite
experiment. The imager offers a wide spatial cagerand provides two dimensional
information about the evolution and dynamics ofjéascale irregularities that no other
technique is capable of doing. Moreover, an imaystem can be easily transported
from one location to other location. One of the anarawbacks of the method is that
uninterrupted monitoring of the ionosphere is nosgible, and the observations are
limited to dark, clear sky nights (free of moonpudls, and any other light pollution)

only.
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Figure 2.4 The optical arrangement of the PRL all sky imaging system

2.4.1 PRL All Sky Imager

The optical arrangement of PRL all sky imager isvah in Figure 2.4. A Nikkor
8mm, /2.8, 180FOV, fish eye lens is used to collect the airgiolmotons. The fish
eye lens creates a circular image of 23 mm dianattre film plane. The light beam
from the fish eye is diverging in nature. A fiédhs is used to reduce the divergence of
the beam so that all the rays pass through theengémce filter. A 50 mm, /1.2 plano-
convex lens is used as field lens. The collimaterg is a 280 mm, /2.8 lens of 100
mm diameter. The interference filters used ard@ mm in diameter, and have a
bandwidth of 1 nm. A filter wheel that can acconaai@ four filters is used to select
the desired emissions. The 630.0, 557.7, and 7.4vavelengths are used for the
present study.

Since the emissions are very weak, the imager rsygges an image intensifier to
amplify the signal. An imaging lens, identicalttee collimating lens, is used to focus

the parallel beam from the filter to the input paatthode window of the intensifier,
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which converts the incident photons to electronrsming an electrical image
corresponding to the optical signal. These elastrare accelerated through a micro
channel plate (MCP), wherein each electron getstiplied several times by the
production of secondary electrons at the walls kef MCP channels. The micro
channel plate is in the form of a small disc of80mm in thickness and 25 mm in
diameter, formed by fused glass fibers numberingilions, each of which having a
diameter of about 12im. The end surface of the intensifier is a phosEueen,
which re-converts the amplified electrical imagedptical image. The intensifier
output is transferred to the CCD camera using abaoation of Nikkor 105 mm, /1.2,
and 24 mm, f/1.2 lenses. A 16 bit CCD camera f&iarlight Express, which employs

a thermo electric cooling, is used for recording ithages.

2.4.2 Optical design details of the All sky I mager

The front end of All sky imager is a commerciallyadable fish-eye lens (f/2.8,
8mm), used to image the sky, which makes an ima@3mm diameter at the image
plane.

Four interference filters are used to select diféremissions. Filter requires that
the beam is parallel to the optical axis. Henceneed a collimating lens. In order to

get best results, the maximum incident angle shbelléss than 3 degrees.

(AN =AO /21 ; for8=3" AN =3A")

This requires that we must use a collimating ldrs large focal length to minimize
the angle
[tan(angle) = (23 mm) / (2*focal length)]

If we consider angle to be 3 degrees, then thel fleceyth of collimating lens
should be at least 220 mm (or more for angle lkas B degrees). Since we need to
keep the angle well below 3 degrees, 280 mm is.usedf/2.8 optics, the diameter
should be 100 mm. Hence we need to use 100 mirsfilte

The 180 degree FOV of the fish-eye lens producesnaige with beams of large
divergence. Some of the diverging beams from thagamplane of the fish eye lens

could miss the collimating lens kept at about 280.rmMo minimize this, a field lens is
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used. A field lens reduces the divergence of trerbé&om the focus without losing
flux.

The field lens should have tifierumber as that of fish-eye lens, and its diameter
should be at least as that of the image size pemtibg the fish-eye. Now, we use an
/2.8 optics and the image size by the fish-eye is 23 itms, if we consider 23 mm as
the diameter of the field lens, then its focal nshould be,
f=28*23 =644 mm.

The field lens is kept at the image plane of tlsh ®ye. Since the focal length of
field lens is about 64 mm, and the collimating lenkept at about 280 mm from it, the
image magnification is about a factor of ~4 (28(/@6dhich also comes to about 100
mm (for an image size of 23 mm). The angle of #nsrafter field lens is calculated
using the diameter and focal length of field less a
Tan(angle) = (diameter of field lens (23 mm)) / (2*focal length (64 mm)).

Therefore the reduced divergence with Field len$é’=
Thus, the field lens reduces the 180 FOV of thé-&ige lens to a maximum

divergence angle from the above calculation.

2.5 Image Geometry

It is often required to calculate the widths aslwasl velocity of plasma depletions
from airglow images. For such calculations it isc@ssary to convert the pixel
locations of depletions into distances in standanits from a reference point in the sky
at the corresponding altitude of the emission.sTain be done with the help of Figure
2.5, which shows the response curve of the fisteye provided by the manufacturer.
The curve gives the relationship of the distanger( millimeters of any point in the
image from the center, with the zenith ang® ¢f that point. Figures 2.6a and 2.6b
illustrates the definitions of and . The task at hand now is to determinef any
given pixel in the image, and then convert the espondingd from Figure 2.5 into
distance in km or any other convenient unit. Thvst fpart (determiningy), is
straightforward and can be easily done knowingptingsical size of an individual pixel,
and, that the fisheye lens produces a circular @@d@3 mm diameter.
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Figure 2.5 The response curve of the fisheye lens, provided by the manufacturer
showing the relationship between distance from the center of the image and zenith
angle.

The second part, i.e. of convertiggnto distance can be done by considering the

geometry shown in Figure 2.7.is the location of the imageb, is the depletionQ is
the center of the earth, adds the distance to be determined. From the gegmiét
can be seen that the arc lendgthan be calculated if the anggas known. Applying

the law of sine’s t&\OID,

R+h __ R (2.22)
sin(l80-8) sin@-¢)

The equation (2.22) can be used to calcylased hence the distance d. The only
assumption required in this calculation is the gadfih, which is the mean altitude

of the emission layer.
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Figure 2.6 (a) Distance of a point from the image center. (b) The corresponding zenith
angle.
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Figure 2.7. converting @into distance can be done by considering the above
geometry shown
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As mentioned above, the all sky imager uses thrgoa emissions, 630.0, 557.7,
and 777.4 nm, to take the images of the night Blowever, these emissions are not
from the same altitude region. While 630.0 nm haspeak altitude around 250 km
altitude, the 777.4 nm is mainly from the F-peaitwade of about 350 km. The spatial
coverage of the instrument at the two altitudesoregyis thus slightly different. Figure
2.8 gives a sketch of the observing geometry ofalheky imager for the 630.0 nm
airglow. The geometry is drawn for the observatitie at Kavalur. The 180degree
FOV covers approximates 15 to 28 N latitudes for the 630.0 nm layer centered at
250 km altitude. The figure also gives the magnigicl-lines over the observing site,
showing their corresponding apex altitudes. It barseen from the figure that the low
density flux tubes that produce depletions at tloethn most edge of the image
corresponds to an altitude of about 1800 km overntilagnetic equator. Note that the
wide FOV of the fish eye lens results in large cogspion at the edges of the images.
Hence in the calculations, the usable FOV is resili to only 150 The spatial
coverage of the imager at 100, 250, and 350 krudés are given in Table 2.3.

APEX HEIGHT (km)}
2000

KAVALUR

GEO-MAGNETIC LATITUDE ‘900‘“

Figure 2.8 Viewing geometry of the all sky imager at Kavalur. The vertical arrows
denote the center, as well as the north and south edges of the FOV, for a 180°
observing geometry. The thick dark curve is the 630.0 nmairglow layer centered at 250
km and the thin curves are the magnetic field lines.
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Table 2.3 The spatial coverage of the all sky imager for, 28D, and 350 km altitudes.

Emission lines Altitude of Spatial extent of the
bulk emission nstrument
557.7 nm 100 km 2275 km
630.0 nm 250 km 3640 km
777.4 nm 350 km 4340 km

Based on the observation geometry explained alibeespatial resolutions of the
imager at the center as well as for a zenith aofl&5° are calculated. For an airglow
layer at 250 km altitude, one pixel of the CCD cesmased for the observations in
2002 can resolve structures with horizontal scalabout 2 km or less at the center of
the image and about 10-12 km at’.7Bt an altitude of 350 km, the corresponding

resolutions are about 2 km and 16 km, respectively.

2.6 Image Analysis

The data analysis is mainly done using the softsvarege Reduction and Analysis
Facility, IRAF developed by Smithsonian Astrophgsi©bservatory (SAO) and also
using Interactive Data Language (IDL) by Visualdmhation Solutions. In a CCD, the
response of different pixels for a uniform lightnst similar. That is, there will be
always a pixel to pixel variation in the value bétsignal recorded for a uniform input.
This arises due to the inherent error associatéu edch pixel. Hence flat fielding was
done to correct this pixel defect. For this, a feawas generated, by exposing the CCD
using a uniform light. An image having same pixalue throughout was divided by
this image, and a flat fielding frame was thus geteel. This value was selected by
taking the average of the maximum and minimum pueadlies in the frame generated

using the uniform input. All images were multipliading this flat fielding frame.

These images were then corrected for the imagesifiier noise and dark current
of the CCD. For this a frame with same exposurestam the data frame was taken,

keeping the fish eye lens covered, which is witliecaon. This frame was subtracted
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form each data frame to remove the system noise.rExt step was to remove the
constant background noise. This was done by avegadi data frames and subtracting
each frame from this averaged frame. By this pmcesnstant features in the image
such as building lights etc. gets subsided, thusarcing the depletions. This also
compensates for the Van Rhijn and vignetting e$fec(Ref. Mendillo and
Baumgardner, JGR, 1982,87, 7641-7652).

The 16 bit digitiser is capable of detecting aemsity variation of about 0.02%. To
utilise the full intensity levels provided by thegtiiser, the frames were subjected to
histogram equalisation. The geographical N-S anilv Eof these images were
disoriented by about 2@rom the perpendicular axes that pass througleehéer of the
image. Hence, to rectify this, the images wereteotdy 26. These images were then
further analysed to calculate various parametarsh s degree of depletion, drift
velocity, orientation and tilt of depletions, theli-W and N-S extent, width of

depletions and spacing between depletions etc.
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Chapter 3. Observation and Image Analysis

The ESF irregularities are generated over magnetic equator and grow
vertically upward by non-linearly to reach very high altitudes. In this processes, the
low density flux tubes are distributed along magnetic field lines to low latitudes. Thus,
imaging observations in the post-sunset period conducted over a station near the
eguator gives the details of the depletions at or immediately after their generation. On
the other hand, observations from off-equatorial stations are useful to study the
features of well developed depletions. In the present analysis, images taken at two
different locations, one over a low-latitude station Mt. Abu, and other one over the
equatorial station Kavalur are used. This chapter gives the details of the observations

at both the stations and the steps used to analyze the images.

3.1 Observations at Mt. Abu

Geogrophic Latitude

60 70 80 90 100
Geogrophic Longitude

Figure 3.1 The coverage of the all sky imager and observation geometry at Mt. Abu for
the observations in 1999. The circle gives the approximate FOV assuming an emission
altitude of 250 km, for a zenith angle of 75° The dark line denotes the geomagnetic
equator.
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The PRL'’s all sky optical imaging system was opegtairom Mt. Abu (24.8\,
72.7E, 18.5N Magnetic) during 12-18 April 1999. The images &éken using 630
nm emission line. Observations start after the lleczanset and continue till local
moonrise, depending on the sky conditions. Normahligervations are taken with 15
minutes interval between consecutive exposuresexjosure time of 30 seconds was
used in the present experiment. From a low latitstd&on like Mt. Abu, it is possible
to study the movement of the northern end of tlasmph depletions. In principle the all
sky imaging system is capable of covering *18@ld of view (FOV). But in
calculations, the actual FOV was restricted #66° from zenith to minimize the
possible errors at the edges of the FOV. FigutegBes the observation geometry and
the coverage of the all sky imager centered atAdt.

In general, the observations start around 1930-2A00mmediately after the local
sunset. During the observations at Mt. Abu, the GC&imera was not available, and
hence an SLR camera with photographic film was usddke the images. Thus, each
frame was taken manually, and after each exposioeefilm is advanced to take the
next frame. The observations were continued ubtua 0000-0100 LT, depending on
the moonrise time. Though imaging was carried aming 12-18 of April 1999, out of
the 5 nights, plasma depletions were observed omights, 14 and 15" April 1999.
The days were geo-magnetically quiet.

Since the images at Mt. Abu are taken using an &uRera, the image analysis is
very sophisticated. First, the photographic filmme earefully washed. The developed
negatives are then digitized to convert the datel¢cotronic format. This process was
done using the digitizer at the Udaipur Solar Obeery. Note that, as described in
section 2.6, while taking the observations, comeaiges are taken at specific intervals
to remove the system noise. The digitized imagestlaen processed to remove such
system noise as well as background contaminati@ne,Hone major disadvantage is
that the locations of the center of the image ghvildual images do not coincide. This
is because, while digitizing, the photographic filsnmanually advanced frame by
frame. In this process the individual frames do netessarily align with the light
source in the same as the previous or next franetteere will be a slight offset in the

location of the center pixels.
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Thus, to carry out further image analysis of the AMiu images, each image has to
be checked manually, and the center pixels of itoellar image caused by the airglow
is determined. This is done in IRAF. First, a @rd drawn so that it coincides with the
image, and its center locations and radius aredndthis is repeated for each frame
taken in a given night. Once the process is core@lea reference center location is
determined and each frame is processed so thahiercis now the reference center.
This makes sure that the center of all the imaglksntin one night is now aligned, and
that further image analysis such as averagingyactiin, etc. could be carried out. The
entire process is repeated for all the 5 nightser, @ahese images are analyzed to derive
information of the images such as the scale-sielcity, etc. A detail description of
the observation, digitization, and image analysis &n imaging system using
photographic film is given in the Ph.D. thesis bfkba, 1999.

3.2 Observations from Kavalur

Though in the initial stages the all sky observatiovere take using photographic
films, the PRL’s imaging system was subsequentlyifred and updated using CCD
camera. With the inclusion of the CCD camera, theeovation as well as image
analysis became much simple. The software thatra@gnthe CCD camera is used to
run the all sky camera in a semi-automated model, Amce the images are directly
stored in electronic format, the center locatioresidentical for all the images, as long
as the position of the imaging system is not disdr This simplifies the operation as
well as analysis in a great way. Though a CCD camexs incorporated with the PRL
all sky imager in 1998, unfortunately it failed thg one of the observation campaigns
in 1999. A replacement camera could be purchasbdignthe end of the year 2001.
With the arrival of the new camera, the all sky gmaoptics was modified to suit the
new camera and the system was made ready to coobsetvations in early 2002.
Further improvements were made in the optical atignt and image quality.
Meanwhile, a computer controlled filter wheel madbken was also introduced, which
made it easier to employ multiple filters with rmmim manual operation. This time, it
was decided to carryout observations from Kavall?2.§ N, 78.8 E, 4.6 N
Magnetic), which is an equatorial station from wéhéne depletions at their formative

stages could be imaged.
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Figure 3.2 The coverage of the all sky imager and observation geometry at Kavalur for
the observations in 2002. The circle gives the approximate FOV assuming an emission
altitude of 250 km, for a zenith angle of 75° The dark line denotes the geomagnetic
equator.

Figure 3.2gives the geometry and the FOV for the observatfoms Kavalur. It
can be seen that the southern end of the imagersdve locations just to the south of
the magnetic equator. Thus, it is possible to olesdepletions, whenever they develop
to the sensitive range of the spatial and intensitgles of the imaging camera. The
images were taken using 630.0, 557.7, and 777.4missions, with exposure times of
60, 30, and 120 seconds, respectively. Interferéliees of 1 nm bandwidth were used
to isolate the emissions from the background. Hiigln is repeated approximately in
every 10-15 minutes, and observations are takeach night depending on the sunset
and moonrise times. Since the probability of ESEgularities as well clear weather
conditions are suitable in the February-April pdriobservations are conducted during

this interval.
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Table 3.1 Details of observations from Kavalur during February-April 2002

Nights of Depletions in
Month
observations 630.0 nm 777.4 mrB57.7 nm
February 10 4 4 3
March 12 12 10 8
April 11 11 11 8
Total (%) 33 (100 %) 27 (81%) 25 (75%) 19 (57%)

The all sky imager of PRL was operated from Kavaduring the months of
Februry-April, in the year 2002. In this periodetimager was operated for 33 nights,
with 10 days of observations in February (6-16)] 48 days in March (4-17), and 11
days in April (5-15). Out of this, depletions werkserved in the 630.0 nm images in
27 (~80%) nights and in the 777.4 nm about 25 (78ights. Also, about 19 (~57%)
nights there were depletions in the 557.7 images. alhe details of the imaging
observations from Kavalur in 2002 are summarizedahle 3.1. It is rather unusual
that depletions were observed in 630.0 nm in 1llseoutive nights of March (4-14),
and April (5-15). About 70% (19/27) of the nightgh depletions in 630.0 nm also had
depletions in 557.7 nm images. The bright mesasph&7.7 nm emission generally
makes it difficult to observe the F-region signatuin ground based observations.

The observations in 2002 from Kavalur were remadskat that there were several
nights with intense depletions. Moreover, depletioappeared in all the three
wavelengths in some of the nights. The generatibirregularities could be more
during geomagnetic disturbances. Also, in the smlarkimum year of 2002, magnetic
disturbances could be frequent. In order to chéekmagnetic conditions during the
period of observations in 2002, the Kp and Dstaadiduring Februay-April in 2002
are plotted inFigure 3.3. It can be seen from the figure that there is igaifcant
geomagnetic activity during the observation periblde only magnetic disturbance in
this period occurs after the observation in Marshover, and the activity becomes
normal well before the observation in April begins.
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Figure 3.3 The Dst (top panel) and Kp (bottom panel) indices during February-April,
2002. The Dst plotted here are the daily average values, and the Kp values are the
maximum value recorded in a 24 hour period. The values are taken from the national
geomagnetic data center (NGDC). The shaded horizontal bar in the bottom panel
represent the duration of imaging observations in each month in this interval. Note that
there are disturbed conditions immediately before or during the experiment.

The images were taken at every 10-15 minutes iatersing the 630.0, 557.7 and
777.4 nm airglow lines, with exposure times of 80, and 120 seconds, respectively,
when clear sky conditions were available betweerssuand moonrise. Though several
hours of the night are imaged in different dayglelions do not appear over entire
period. Their occurrence varies from night to nighAlso, it is different for each
wavelength used. To give an idea of the periodbsiovations in each night, as well as
the duration for which depletions appear, the surgmmots of observations and
depletions are generated for each wavelength, wieertepletions appedfigure 3.4
gives the details of the depletions observed in@8én. Three different shades of gray
are used to denote depletions (light gray), no miaséen (medium gray), and no
depletions (dark gray). The Y-axis is the days wtiepletions are observed. The X-axis
is the time of observations with an offset of 1&its0 Thus, 0 on X-axis corresponds to
1800 LT, and 12 correspond to 0600 LT on the nettning.
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Figure 3.4 The details of the hours of night for which depletions are observed in 630.0
nm during February-April, 2002. Three different shades of gray are used. The light
gray shade denotes the period for which depletions appear in the images. The medium
shade of gray corresponds to the period of no observation. The dark gray shade
represents the period when imaging was conducted, but no depletion appeared in the
images. The Y-axis is the days when depletions are observed in 630.0 nm. The X-axisis
the time of observations with an offset of 18 hours. Thus, 0 on the X-axis corresponds to
1800 LT on the corresponding day and 12 correspond to 0600 LT on the next morning.
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Figure 3.5 The details of the hours of night for which depletions are observed in 777.4
nm during February-April, 2002. Three different shades of gray are used. The light
gray shade denotes the period for which depletions appear in the images. The medium
shade of gray corresponds to the period of no observation. The dark gray shade
represents the period when imaging was conducted, but no depletion appeared in the
images. The Y-axis is the days when depletions are observed in 630.0 nm. The X-axisis
the time of observations with an offset of 18 hours. Thus, 0 on the X-axis corresponds to
1800 LT on the corresponding day and 12 correspond to 0600 LT on the next morning.

44



Kavalur
B Mo data Mo depletions B Depletions

1€
12
15
1

¥
q_

M
|
I-
C—
|
|1_l'|..
:II_ |
I_ |
1 |
.I._
i _ |
f !
._
=
ll_
o
1 _
T_
af it
I i '
._
r_
'_. X
B
I'_
T —
I_
._
]
J_
|"_l'|'.
] i o
s

Figure 3.6 The details of the hours of night for which depletions are observed in 555.7
nm during February-April, 2002. Three different shades of gray are used. The light
gray shade denotes the period for which depletions appear in the images. The medium
shade of gray corresponds to the period of no observation. The dark gray shade
represents the period when imaging was conducted, but no depletion appeared in the
images. The Y-axis is the days when depletions are observed in 630.0 nm. The X-axisis
the time of observations with an offset of 18 hours. Thus, 0 on the X-axis corresponds to
1800 LT on the corresponding day and 12 correspond to 0600 LT on the next morning.
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Similarly, Figure 3.4 gives the hourly details bE&tdepletions in 777.4 nm images
and Figure 3.5 gives that of the depletions in B5@m. It can be seen that the
depletions in 630.0 nm appear around 2000 LT intrabthe nights. Further, in several
nights the depletions are seen well beyond the-mpadtight period. Note that in the
night of 16 February 2002, depletions are imagédunrise hours. In the case of 777.4
nm also, the depletions appear around 2000 LT iieeaHowever, there are only very
less number of nights when they persist till pogtmmight period. In most of the cases,
depletions are not imaged beyond midnight. The a@mee of depletions in 557.7 nm
is slightly different from the other two emissioris. this case, the depletions start
appearing only around 2300 LT or later. Howevanilgir to the 630.0 nm, they persist
well into the post-midnight hours.

The analysis of the CCD based Kavalur images asg $®phisticated than the
images at Mt. Abu. However, the nights with deples are much more in this case.
The raw images were first corrected for the systemse. For this, cover images were
taken by keeping the fisheye lens covered with same exposure times used for
different filters. The cover image was subtracteminf each image to remove system
noise. The background noise was removed by sulrigatie average of the images
taken in about 1 hour period from each of the gmoading images. In the average
images, stationary features such as backgrounck,nsiation light, etc. are retained,
while non-stationary features such as the inteng#giation due to depletions are
smoothened out. Thus, subtracting the average imamgeves the background noise
from the images, and enhancing the depletionserAlfte noise subtraction, the images

are displayed so as to have the best possibleasintr

3.3 Apex mapping

Equatorial Spread-F (ESF) irregularities in thehttigne ionosphere manifest as
dark bands of reduced intensity in all sky airglomages, known as plasma depletions
[Weber et al., 1978]. It is generally understoloattthe depletions elongate to low- and
mid-latitudes depending on the upward (verticalveroent of the irregularities at the
equator [Weber et al., 1978; Mendillo et al., 200%he less density plasma associated
with the irregularities when transported along tjeomagnetic field lines to off-
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equatorial latitudes modifies the airglow interesti and result in North-South (N-S)
aligned depletions. Thus, as the irregularities @bove the equator to higher altitudes,
the flux tubes extending to lower altitudes and l@antudes will have less plasma
density. At the locations of these low density flubes, the photochemistry also will
be affected, resulting in less airglow emissiord produce plasma depletions in all sky
images.

Thus, when the irregularities are driven to morel amore altitudes at the
equator, the latitude extension of the depleti@o atcreases. The latitude extent of the
depletion depends on the maximum altitude of tHeblriabove the equator [Mendillo
et al.,, 2005]. In other words, a time sequencanuges depicting the poleward
extension of the edge of plasma depletion actuadfyresents the vertical upward
movement of the irregularities above the equatadnis Tpoleward extension of
depletions in all sky images can hence be usedtderstand the vertical movement of
the irregularities above the equator. This is déwyemapping the latitude of the
poleward end of depletion along the field line bazkhe corresponding altitude at the
magnetic equator. This process of finding thewadttof the bubble above the equator is
known as apex mapping. For apex mapping, obsenmteamnducted from a low
latitude station such as Mt. Abu are more suitablee northern limit of the plasma
depletions can be mapped back to the corresporadiibigde attained by the depletions
at the equator with the help of the Internationabfagnetic Reference Field (I.G.R.F.)
Model. Detailed illustration of apex mapping is givbelow.
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APEX HEIGHT {km}
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SATITUDE

2240LT

Figure 3.7 lllustration of apex mapping. Sketch of magnetic field geometry is used. The
depletion is at different stages of vertical motion in the selected images. The thick dark
lines over the field line geometry denotes the vertical motion of the bubble, and the
associated latitudinal extension. When the bubble reaches higher altitude, depletion
grows to more northern latitudes.
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In Figure 3.7, the top panel represents the ciisesainset when the bubble the
bubble develops. The low density plasma regionsvgmthe topside non-linearly by
the action of polarization electric field. The ptees bubble is denoted by the thick dark
vertical line over the equator. As the bubble moysvard, the low density plasma
regions are distributed to lower latitudes along fileld line as indicated by the thick
black curves plotted over the field lines. In tlo@ panel, an example for the image
taken at 2050 on 14 Aril 1999 from Mt. Abu is showihe depletion is seen almost
above the center of the image here. In the secandlpthe image taken at 2130 LT is
shown. Here the bubble already moved to much higitgude above the equator.
Consequently, the dark regions of low plasma dgradgo extends polewards, causing
the depletion in the image to be seen extendingiMard. Similarly, in the third panel
at 2240 LT, the bubble rises to much higher alagidver the equator. In this case it
reaches about 950 km, and the corresponding lataubimit is about 23.1 N.

Thus, by noting the poleward latitudinal limit dépletion in a sequence of
images, it is possible to map back the correspandield line and estimate the
maximum altitude the bubble might have reachedhatequator for each of the image
taken. Using this time series data of the altitadeve the equator, the vertical velocity

of the bubble above the equator is calculated.
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Chapter 4 Characteristics of Plasma Depletion over Indian Region

Plasma depletions appear as dark bands of reductmhsity in all sky airglow
images. They usually align along magnetic fielédinand drift eastwards with velocities
of about 100-150 m/s in the evening hours. Theetiepls often show 50-60% reduction
in intensity, and could be about a few 100 km wvaildeg East-West direction. Along the
North-South direction, the structures could elomrgaver 1000 km, where the poleward
limit depends on the maximum altitude attained dber equator. In this chapter, the
general characteristics of plasma depletions obsérever Indian region are discussed.
The observations carried over equatorial as wellofisequatorial stations are used to

demonstrate different features of depletions witirtevolution.

4.1 All sky observationsover India

The first results of all sky airglow imaging of plaa depletions over Indian region
was reported by Sinhet al., 1996. The observations were carried out usingatheky
imager developed at Physical Research Laboratdime&labad, India, from Shriharikota
rocket range (SHAR) (P4N, 8C E, 5.5 dip latitude), and depletions were observed in
the images taken using the 630.0 and 777.4 nm mmsssThey showed that the
depletions in airglow images are accompanied lgnse spread-F in ionograms, as well
as strong VHF scintillations. Further detailed ge&l of the observations is reported by
Sinha and Raizada [2000], giving morphology of depletions, relation with magnetic
activity, and occurrence of brightness patternge d@apletions showed eastward drift in
the range 40-190 m/s, and their east-west dimensoed from about 100 km to over
800 km. They noted that shallower depletions hamaller width compared to steeper
ones. Another early, but independent, observatia@ahpaign was carried out by
Mukherjeeet al., 1998, using 630.0 nm images from the low latitstition Kolhapur
(16.8 N, 74.2 E; 10.6 N dip latitude). Their results in general agreedhwhat
described above.

Using multi-wavelength all sky observations fronwltatitude station Kavalur (1225
N, 78.8 E, Mag. Lat 4.6 N), Sinhaet al.[2001] discussed several important features of
plasma depletions. They showed that, starting difflerent initial as well as background

conditions, depletions tend to take about 2 hoOrehutes to come to a fully developed
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state after the onset of ESF in ionograms. Furtiety classified depletions into three
distinct types based on the east-west extent aed-depletion distance, and pointed out
that the existence of different types indicate theolvement of different seeding
agencies in the development of the instability pesc In their work, they reported the
first observation of depletions in 557.7 nm imageger the Indian region on a
magnetically disturbed night. They noted that oat tharticular night, depletions were
first seen around 2130 LT in the 777.4 nm imageshé 630.0 nm images, depletions
were visible about 1 hour later and after abouttlz@045 minutes the depletions
appeared in the 557.7 nm. They attributed the tdhfierence in the appearance of
depletions to prompt penetration as well as digirthlynamo effects associated with the
magnetic disturbance. Another important featureormeg in their work was the
occurrence of brightness patterns in all the theesissions. In a separate study
Mukherjeeet al. [2002] showed the observation of depletions during periods of
reversal of EIA.

The results reported here are carried out usingRiIgs all sky imaging system. The
observations were conducted in April 1999 from Mbu (24.5N, 72.7E, 18.5N
Magnetic) using 630.0 nm as well as those carneoh fKavalur (12.5N, 78.8 E, 4.6
N Magnetic) during February-April in 2002 using 5b,7630.0, and 777.4 nm emissions.
The individual images in each night are first pgsmal to remove system noise. Then
further processing is carried out to remove thekbgamnd noise. The images are later
subjected to contrast enhancement, cropping ofroateas, and then rotation by a
suitable angle so that the depletions align alomgtiNSouth direction. The effects of
system noise removal, background subtraction, dsasdhe contrast enhancement and
orientation on a raw image are illustrated in Fegdrl. It can be seen that the raw image
appear more intense, but the features of depléiomt clearly distinguishable. Here it
must be noted that though the depleted regionsgyeasible in the raw image in Figure
4.1, in many other cases depletions are barelytifagdaie from the raw images. After
system noise removal, the overall intensity reducesg the depletion can be better
recognized. The background removal process causesntage intensity to reduce
further. However, the depletion is well definedhis image, and multiple depletions can
be identified in this image. The next step is thance the contrast of the image so that

each of the depletions could be analyzed to extegired information from them. In
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the example given in Figure 4.1, the contrast isaeced so that the borders of the
depletion at the center of the image are well @efirfNote that in this step, the portions

that lie outside the circular image formed by tisedye lens are also cropped.

(a) (b) ()

Figure 4.1 The effect of different stages of image procesga)gaw image at 630.0 nm
taken in the night of 16 February 2002 at 0326 (), the image after system noise
correction, (c) after background removal, and (d)etfinal image with proper
orientation, after contrast enhancement and crogptine portions outside the circular
image formed by the fisheye lens. Here North isangvand East is to the right.

After a series of such complicated processing stdpEs images in each night are
organized as a time sequence for further analgsextract different features of plasma
depletions. Figure 4.2 gives an example of theesesf 777.4 nm images taken in the
night of 12 February 2002. In this night the oba#ions could be started only after 2130
LT since the Moon set was after a couple of hofith® Sun set. The 777.4 nm images
show multiple depletions in the images, extendmgentire FOV. The depletions could
be seen till midnight in this night, and it disappethereafter. Figure 4.3 displays the
sequence of 630.0 nm images taken almost simulshem the same night. The images
also show depletions similar to that in the 777m images. It can be seen that the
depletions in the 777.4 nm images appear more warompared to that in the 630.0 nm.
The sequence of 557.7 nm images taken in the sagheia shown in Figure 4.4. Note
that in these images, depletion is clearly seey aftér 2300 LT.

The examples given here demonstrate the irregulprdacess occurred in this night,
resulting in the generation of depletions in a#l three emissions. It should be noted that

the depletions in this night were not very intenesempared to many other
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Kavalur
12 Feb 0Z

200 LT

e LT 2ERTLT 2336 LT

2245 LT 2303 LT pIpa 232117

2330 7 2348 LT 2357 LT OoOF LT

omF LT Go27 LT G037 LT G047 LT OOST LT

Figure4.2 A sequence of 777.4 nm images taken in the nigt Bebruary 2002

cases observed in this period. Further, the depletin this night weakened after
midnight, and disappeared thereafter. Howevers ivorth to note that the depletions
continued to occur in 630.0 and 557.7 nm imagesséweral minutes even after their
disappearance in the 777.4 nm images. Thus, onernd#dferent among the three

wavelengths are that, the depletions first appeay distinct in the 777.4 nm images.
However, towards the midnight or in the later pafrthe night, they are weaker in the
777.4 nm, but still continue to appear stronglythe 630.0 and 557.7 nm images. The
major reason for this difference could come frora thtrinsic nature of the emissions
itself. The 777.4 nm comes from F-peak altitudel &s intensity is mostly independent
of the F-layer height variations. Whereas the 630r0and the thermospheric 557.7 nm

emissions come from about 250-300 km region, arm dissociative recombination
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Kavalur
12 Feb QZ

6300 nm

2145 LT 2151 17 2157 1T 208 LT 225 LT

2224 LT 2233 1T 2242 LT 2251 LT 2300 LT

2308 LT 23e L 2327 0 2338 LT 2345 LT

2354 LT oood LT ool4 LT o024 LT o034 LT

Figure 4.3 A sequence of 630.0 nm images taken in the nigl®? &ebruary 2002. Some
of the images were contaminated by station lighinduthe observation.

responsible for the emission depends on the nepamdicle density as well. Hence, the
chemistry depends on the altitude and the intensitgnges with F-layer height
variations. Now, in the early evening hours, thiayer moves to very high altitudes due
to pre-reversal enhancement. This results in tdeateon of the 630.0 as well as 557.7
nm intensities, and hence the depletions are ndt defined in those emissions.
However, the 777.4 nm intensity, which comes frdra E-peak height do not change
much and depletions will be well distinguishabletiimse images. Later in the night,
when the F-layer moves to lower altitudes, the 830hd 557.7 nm emission could be
strong enough, but the decrease in plasma dengity night result in the 777.4 nm

intensity to fall faster. As a result, towards mgtrt the depletions could still be seen in
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Kavalur
12 Feb 0Z

557.7 nm

2142 LT 2148 LT 2154 LT 2x03 LT 23217

2221 17 230 LT 2333 LT 2xB LT 2257 LT

2308 LT 2HE LT 2324 LT 2333 17 2342 LT

2351 1T Good LT Goos LT oo LT o020 LT

Figure4.4 A sequence of 557.7 nm images taken in the nigl Bebruary 2002

630.0 and 557.7 nm images, but becomes weakesappiears in the 777.4 nm. Another
factor affecting the nature of depletions in thissages could be the life-time of the meta
stable states that give rise to the respectivesoms. The 777.4 nm emission is prompt,
and similarly the 557.7 nm emission also a quickcpss. However, the life-time of the

O('D) state giving the 630.0 nm emission is about 4d€bnds. As a result of this large
life-time, the depletions in this emission appearensmeared, while in the 777.4 nm the
features appear more distinct.

Several other nights during the observations froavdfur in February-April 2002
showed the presence of very strong depletions,irmmagany such nights, the depletions
were seen in all the three emissions. These olsmmgaare thus analyzed in detail to
understand morphological characteristics of plastepletions in different airglow
images.

4.2 East-west extension
Plasma depletions are regions of very large sdatgdutions in the plasma density,

often having east-west extent or width ranging frarfew tens of kilometers to a few
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hundred kilometers. The east-west extents of depketare indicative of the scale size of
the seeding agencies involved in the instabilitgragion. Most of the previous studies
have reported the width of depletions mainly basedhe observations at 630.0 nm, and
in some cases using 777.4 nm images. The largesdateollected as part of this study
enables a detailed comparison of the scale sizeaofe depletion in all the three
wavelengths simultaneously. Further, the resuks give opportunity to examine how
the widths of the depletions behave in the postamiat and per-midnight observations.

Figures 4.5 to 4.7 display the images taken inright of 11 March 2002 using
630.0, 557.7, and 777.4 nm emissions, respectiVélg.observations in this night started
immediately after the Sun set, and continued almtibsBun rise. In the examples the
images taken only up to about 0230 LT are givervishial comparison of the images
reveals that the depletions are much strongerar680.0 nm images, and they are seen
from around 2100 LT. In the 630.0 nm images, thdet®ns could be seen in this night
even after 0400 LT (not shown in Figure 4.5). Ie 567.7 nm, the depletions are seen
only after 2300 LT, and though weak, they look amdentical to the ones in the 630.0
nm images. In this case, after about 0230 LT, tbpledions were very weak to be
identified. The depletions are seen in the 777.4Amayges starting from around 2100 LT.
However, they are very weak and after about 0130thd depletions almost disappear in
the images.

The observations shown in the Figures 4.5 — 4.7uaeel to examine the east-west
extent of depletions in different images in the-prienight and post-midnight periods.
To make a meaningful comparison, the same depletias identified in all the three
emissions. Note that the depletions in 557.7 nmeappnly after 2300 LT, and in 777.4
nm they are not visible after 0130 LT. Hence thaults from only those images taken
after 2300 LT are used for the study here. Furthes, 777.4 nm images could be
analyzed only for the pre-midnight case. Note thathe calculations made here, the
uncertainty that could arise in the estimation efldtion parameters is about 10% for the
630.0 nm images [Sinha et al., 2001].
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Kavalur

11 March'o2 630.0 nm

=

18535 LT 2019 LT 2033 LT

2108 LT 212217 2134 LT

2144 LT 2154 LT 2%0B LT 2317 LT 2229 1T

2240 LT 2351 LT 2322 1T

2341 LT 2350 LT 2359 LT Q008 LT

oozs LT o033 LT
TV
R

0103 LT QuELT Q123 LT 133 LT

-

0154 LT Q203 LT Q13 LT Q323 LT 023F LT

Figure 4.5 Sequence of all sky images taken in the nightLd¥ldrch 2002 using 630.0
nm emission.
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Kavalur
11 March'02

i

1855 LT 2005 LT 2015 LT 2025 LT

2046 LT 2056 LT 2118 LT

2151 L7 2201 LT 213 LT 2524 1T
.

e

2258 1T 2308 LT 23a LT

2329 L7 2336 LT 2347 1T 2356 LT 0005 LT

G021 LT D050 LT

Q100 LT o9 LT o120 LT Q130 LT 0140 LT

Q150 LT Q200 LT 0 LT 0220 LT 0230 LT

Figure 4.6 Sequence of all sky images taken in the nightLd¥ldrch 2002 using 557.7
nm emission.
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Kavalur
11 March'QZ

2031 LT

2042 LT 2052 LT

2138 LT 2320 LT

2254 LT 2305 LT 2316 LT

abid LT Q018 LT Q036 LT

L0356 LT L10E LT L146 LT

0156 LT Q206 LT Q21E LT Q%26 LT Q236 LT

Figure 4.7 Sequence of all sky images taken in the nighttd¥larch 2002 using 777.4
nm emission.

59



Table 4.1 The east-west extension of selected plasma depletithe 630.0, 557.7,
and 777.4 nm airglow images taken in the pre-midnmeriod of 11 March 2002 over
Kavalur, India.

Local Time (hours East-West extension (km)

630.0 nm| 557.7 nm| 777.4 nm
2302 265
2305 345
2313 243
2316 288
2319 207
2322 214
2325 256
2329 191
2332 176
2334 236
2336 153
2341 150
2343 198
2347 118
2350 110
2352 115
2356 90

It can be seen from Table 4.1 that the east-wesineion of the depletion is about
100-300 km, and is very similar in the 630.0 and.35m, but appears to be a bit wider
in the corresponding 777.4 nm. It should be nobed the spatial resolution for the 777.4
nm image is slightly coarser than the other twogesa Thus, though the values appear
slightly more, they agree well within the expectattertainty in the calculation. The
depletion that was tracked in the three emissior®hstruct Table 1 started appearing in
the 630.0 nm image at 2251 LT near the western etifee FOV, and can be seen as a

weak depletion at the eastern edge of the FOV BB QT . Thus, the particular depletion
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remained over the FOV of the 630.0 nm image forual@ohours and 22 minutes. The

width of the depletion decreases with time in hé three cases, and the overall rate of

decrease is about 3.2-3.6 km per minute, which kieweeed not to be linear with time.

The observations thus suggest the effective ratehath diffusion comes into play,

weakening the density gradient associated witluémetion.

Table 4.2 East-west extensions of two plasma depletionsar680.0 and 557.7 nm
airglow images taken in the post-midnight period bfMarch 2002 over Kavalur, India.

Local Time (hours) East-West extension (km)
630.0 nm 557.7 nm
0050 223
0053 219
0100 189
0103 191
0110 162
0113 158
0120 129
0123 118
0130 98
0133 79
0144 267
0154 253
0203 214
0210 199
0213 195
0220 176
0223 169

Table 4.2 gives the east-west size of two diffedapletions that could be traced as a

function of time in the 630.0 and 557.7 nm imagethe post-midnight period. The first
depletion is between 0050-0133 LT and the secoptetien is between 0149-0223 LT.
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The results indicate that the east-west extendidheopost-midnight depletions is more-
or-less of the same range as that of the pre-nttirdgpletions. It can be seen from
Figure 4.5 that the depletions, when they firstegppgn the image around 2000 LT, are
seen almost over the longitude that crosses thercehthe image. This implies that it is
most likely that the depletions are generated caamth and not drifting into the FOV
from western longitudes. However, it is not possitd conclude of all other depletions
imaged later in the night is generated within ti@VE-or at other longitudes. However,
from the similar ranges of the east-west extensiotine observed depletions in the pre-
midnight and post-midnight cases, it appears they tmight be at similar stages of their
evolution when appeared over the imager FOV.

The post-midnight depletion used for the analysiable 4.2 remains visible in the
FOV of the 630.0 nm images for about 1 hour andn8futes. The post-midnight
depletions also show that the east-west extensmaiuglly decreases with time. For the
case of the first depletion that appears in theggrfast around 0043 LT in the 630.0 nm,
the width decreases at an overall rate of abouB8XhXkm/minute. This is similar to that
of the pre-midnight case. However, for the secogplation in the post-midnight period,
which is first seen around 0133 LT in the 630.0 inmge, the rate of decrease is about
2.3-2.5 km/minute. The density gradient associatgll the depletions that are seen in
the post-midnight period could be different fromattin the earlier hours, and hence their
rate of decay also could be different.

Though in the cases discussed here, the pre-midanghpost-midnight depletion are
of similar width, in general the depletions seerthiea earlier part of the night tend to be
slightly wider than those appear later in the nidthdwever, it should be noted that in
some of the nights during the observations, theeeewases when depletions seemed to
develop overhead in the post-midnight period. Sdeheloping depletions could have
smaller widths and could have influenced the okemesults. In general, the east-west
extensions of the observed depletions were inahge of 50-350 km, which agrees with
the values reported elsewhere.

4.3 Drift velocity of depletions
All sky imaging is regarded as a relatively cheapeat most useful diagnostic tool to
investigate the large-scale structures associatgdB&F, called plasma depletions. This
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is particularly significant, considering the fadtat it is not possible to monitor the
evolution and dynamics of such large-scale feafused collect spatial and temporal
information with any other technique as simpletas method. One major advantage of
all sky images is that by collecting images thraughthe night at specific intervals, one
could estimate the drift velocity of the depletioBy measuring the drift speed of the
depletions, one could relate it with the zonal plagdrift because the depletions at their
developed stage drift at the same speed as théteodmbient plasma. However, this
could be different if one were to image depletiahgheir early stages of development. In
that case the depletions could drift at a muclefastte [Martiniset al., 2003 Lin et al.,
2005].

The previous studies using all sky images havertega@onal drift speeds between
100-200 m/s around 2000-2300 LT, which graduallgrdases with time to below about
50 m/s in the post-midnight period [Mendillo and uBagardner, 1982Sinha and
Raizada, 2000; Sinhet al, 2001]. The drift velocities reported in thesalgres agree
well with that based on incoherent radar obseruatifiFejeret al., 1991]. Some of
discrepancies of the estimated drifts using differ&l sky imager observations across
the globe could be attributed to the assumptiothefheight of the emission layer in the
calculations. Piment&t al. [2003] showed that an increase of about 50 kmhm t
assumption of the layer height could cause about @rease in the derived velocities.

Note that in the analysis used for this study, litude of 250 km is assumed for the
630.0 and 557.7 nm emissions, and the 777.4 nnms@mis assumed to arise from about
350 km altitude. Figure 4.8 gives the drift velast of all depletions observed during
February-April in 2002 in 630.0 nm images as a fiamcof time. Multiple depletions
were observed on several nights and each of thietdeys is considered separately in
calculating the drift velocity. The result showrrdnéncludes all such depletions imaged

within the observation period.
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Figure 4.8 Zonal drift velocity calculated using all the defpibns observed in 630.0 nm
images observed during February-April, 2002.

The overall trend of the observed zonal drift oplééons in 630.0 nm is similar to
that have been reported in the past. The mediaresaivho about 100-120 m/s in the
evening period, which gradually decreases with tim#he night. Note that there is a lot
of scatter in the data points. Considering thedatgta set used to derive the velocity, the
scatter in the values could partly indicate the-tdaglay variations in the F-region
characteristics. Such variations could accountafuout 25% of the deviation. It should
also be mentioned that, while following multipleptitions in a sequence of images, any
slight error in estimating the location of the ddns could add to the scatter in the
values. The spatial resolution of the images iedkht at the center region as well as at
the edges. So, when depletion is near the eddgeeafrtage, even a slight change in the
pixel location could contribute to a large changehie calculation of its spatial location.
For the results reported here, the process of asom of drift velocities was repeated
several times to make sure that the results arsistent.
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Figure 4.9 Zonal drift velocity calculated using all the defbns observed in 777.4 nm
images observed during February-April, 2002.
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Figure 4.10 Zonal drift velocity calculated using all the depbns observed in 557.7 nm
images observed during February-April, 2002.
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The zonal drift velocities determined using all trepletions in the 777.4 nm images
in this period are shown in Figure 4.9. The genieadd is very similar to that seen in the
corresponding 630.0 nm values. However, there l&xrge scatter of the values around
2300 LT. Further, there are only very less datagsan this case after midnight. One of
the reasons for this could be the fact that depistin the 777.4 nm images becomes
weak by 2300 LT, and mostly disappears by midnights, the process of estimation of
the velocities around 2300 LT might result in laogenputational error, giving rise to the
observed scatter. Since most of the depletionppes around this time, there are very
less data points after midnight.

Most of the previous all sky imager observationgehaeported the drift velocities of
depletions using either 630.0 nm or 777.4 nm imaljesome cases both the emissions
are used. In this study, for the first time thdtdrelocity of the depletions are estimated
using 557.7 nm. In Figure 4.10, the zonal velositiéd all the depletions observed in
557.7 nm images in the observation period are grdofThe general trend appears to be
similar to that in Figure 4.9. However, there acedata points before 2300 LT, and most
of the values are in the post-midnight period. Tikiglue to the fact that in 557.7 nm,
depletions mainly appeared only around the mid-{ghiod.

In order to have a better comparison the observédt wlocities in all the three
emissions, all the values are plotted togethelignré 4.11. The velocities in all the three
emissions do reveal a very similar average behaVioe median values suggest that the
777.4 velocities are slightly less than that of @3©.0 nm values in the evening period.
However, in the post-midnight period, the 777.4 walocities are a bit larger. Further,
there is a slight difference in the drift velocgtief 557.7 nm and 630.0 nm in the 0000-
0230 LT interval. In this period, the 557.7 nm e#i@s are less than that of the 630.0
nm values. However, after this interval, both tledoeities tend to show very similar
magnitude. One of the reasons for the differentrayee behaviors of the zonal drift
velocities in could be the difference in the datants used. Especially for the 557.7 nm
depletions, there are much less data points iR8®-0100 LT periods as seen from
Figure 4.10. This could influence the observed siéiks in the two emissions. Note that
in the later part of the night, both 557.7 and 630m have more-or-less similar data
points, and the estimated drift velocities durihgs tperiod show very good agreement

with each other.
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Figure 4.11 The zonal drift velocities estimated using 55730Q.6, and 777.4 nm images
during the observation period. The dashed linehis inedian value of all the 777.4 nm
velocities, this dark line is the median velocay the 630.0 nm depletions, and the thick
dark line stands for that of the 557.7 nm velositie

The 630.0 and 777.4 nm velocities are estimateddifferent altitudes, and the
observed difference in their values could thusdaté altitude difference in the zonal
plasma drift. Further, both the 557.7 and 630.0vwehocities reveal an increasing trend
during the 0100-0300 LT time intervals. Such arreasing trend is not reported in the
past studies. Since the same trend is seen inthet57.7 as well as 630.0 nm velocities,
this variation seems to come from the actual zdn& values in that period. However,
the 777.4 nm velocities do not give any such inibhea One possibility is that, in this
observation period several nights showed develodemletions within the FOV in the
post-midnight period. At the time of such post-mgit generation, the depletions were
seen only in 630.0 and 557.7 nm, and the 777.4mmesgon was too weak to image such
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depletions. Now, the zonal drift of depletions lreit generative stage is reported to be
larger than that of the ambient plasma drift. Thhs, increasing trend in the 557.7 and
630.0 nm velocities in the post-midnight period Idobe influenced by such newly
developing depletions.

4.4 Depletions and wave disturbances

Most of the previous all sky imager observationgore depletions using 630.0 nm
and/or 777.4 nm emissions. There are only a fevasions when plasma depletions are
reported in all the three wavelengths. The obsematconducted from Kavalur during
February-April 2002 were remarkable in that sevaights depletions were imaged in all
the 630.0, 777.4, as well as 557.7 nm observati®ush observations prompted a
detailed investigation of the conditions when depfes could be imaged in 557.7 nm
emission. However, there are several observatibngage disturbances being imaged
using 557.7 nm emission [Mukherjee, 2003, Broeinal., 2004]. The perturbations
modulate the airglow in the upper mesospheric regide 557.7 nm emission has two
components, one from the mesospheric region, froouta97 km altitude and then the
thermospheric component. Thus, if there are anyewdisturbances in the mesospheric
region affecting the airglow intensity, it will apar as band like intensity enhancement
and depletion patterns in all sky images.

Figure 4.12 is a sequence of 630.0 nm images tak#re night of 12 April 2002. In
this night depletion could be seen from the firsage taken at 2103 LT, and intense
depletion activity continues almost throughout tirgtht. In the early evening period, two
well separated depletions bands are seen, whiakaappder. However, later in the night
several multiple depletions bands are seen, whiemarrower. The sequence of 777.4
nm images taken in the same night is given in legufi3. These images also show the
presence of plasma depletions in the images takem the beginning, and are visible till
about 0200 LT. Later in the night, the emissiondoees very weak to show any

depletion features.
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Figure4.12 A sequence of all sky images taken in the nigh2dkpril 2002 using 630.0
nm emission showing plasma depletions.
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Figure 4.13 A sequence of all sky images taken in the nigh2dkpril 2002 using 630.0
nm emission showing plasma depletions.
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Figure4.14 A sequence of all sky images taken in the nigh2dkpril 2002 using 630.0
nm emission showing wave features in the pre-midmugriod and plasma depletions in
the post-midnight period.
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The sequence of 557.7 nm images taken in this msgiisplayed in Figure 12.14. In
these images plasma depletions are not seen imitie@ images. Even in the earlier
examples, plasma depletions are not seen in th& 5@ images in the evening period,
but they appear towards the midnight. However,h@ €¢xample in Figure 12.14, the
images taken from 2050 LT show the presence of swaee disturbance, which
gradually decay after 2210 LT and disappear coralyléty midnight. Though several all
sky imaging observations have shown similar wauéepas produced by gravity waves
in the all sky airglow images, this is the firsh& such observations are imaged over the
Indian region. The finger like band structures apdo be oriented in the Northwest-
Southeast direction, and propagate in the Nortrdieesttion.

In complete contrast to the wave pattern that aggueearlier in the night, the images
from about 0050 LT displays North-South alignedspila depletions. In fact, a careful
examination reveals that weak depletions featuass loe seen in the images from
midnight. Later in the night, the depletions becowrery intense, and the activity
continues almost till 0400 LT. The observationgigure 4.14 reveal remarkable airglow
characteristics. In the early evening hours, theges characterize the dynamical
processes in the mesospheric region. Towards nhitrilte integrated images display the
intensity modulations in the thermospheric altittiddowever, the almost simultaneously
taken 630.0 and 777.4 nm images show that plasplatams exist in this night from the
period when the observations began.

The observations indicate that the 557.7 nm intgrsfiows mesospheric features in
the pre-midnight period, and thermospheric feataresseen in the post-midnight period.
The fact that plasma depletions appear in the 587 Tmages only around midnight has
already been demonstrated in the earlier examplerds as well as the zonal drift
velocities estimated from the depletions. Thisdeathas been revealed for the first time
in the observations used for this study. The flaat ho depletions are seen in the evening
period in 557.7 nm images when the other two ewmmssshow intense depletions prove
that in the evening period the mesospheric compaofethe 557.7 nm emission could be
stronger. It is possible that either the mesosphesimponent becomes weaker or the
thermospheric component becomes stronger by mitindgha result, plasma depletions

appear in the 557.7 nm images around 2300 LT er tatly.
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4.5 Bubblerise velocity

In addition to the all sky observations at the égual station Kavalur described
above, observations were also conducted from theqpfatorial latitude station at Mt.
Abu (24.58N, 72.7PE, 18.48N Geomagnetic Lat.) during during 8-12 April 199%ut
of the 5 nights of observation, plasma depletioesevobserved on two nights,".dnd
15" April 1999. This was geo-magnetically quiet perigéhure 4.15 gives the sequence
of images showing depletions that appeared dhAlptil 1999. In this night observations
could be started at 2050 LT and the very first imagelf showed the presence of plasma
depletions. Two clear bands of depletion are see¢hda image. The depletion bands can
be seen extending from the southern end of theenaag reach up to the middle of the
image FOV. In the subsequent images, the deplefiiser extend within the FOV,
with their poleward end moving northwards, andnat $ame time the depletions drifting
eastwards. Similarly, Figure 4.16 shows the sequefdepletions imaged in the night
of 15 April 1999, showing the northward as well eastward propagation of the
depletion.

From a low latitude station like Mt. Abu, it is ilsle to study the movement of the
northern end of the plasma depletions. The norttiwatitude extent of the plasma
depletions is mapped back to the correspondintudéiattained by the depletions at the
equator with the help of the International GeomagriReference Field (I.G.R.F.) Model.
The calculations showed that the plasma depletissrved on 12 April 1999 attained
a maximum northward extended of about 28.Jgeomagnetic latitude. This when
mapped back in terms of the maximum altitude athiby the plasma depletions at the
equator corresponds to about 950 km. The polewardement of the northern end of
plasma depletion was traced in a few images ttikached the maximum northern limit.
This information was used to calculate the vertiedbcity of the rising plasma bubbles
at the equator. The calculations showed that tleeage vertical drift velocity of plasma
bubbles was about 56.89 tduring the period 2050 LT and 2225 LT. In the nighl5
April 1999, the depletions appeared weaker and Vuaited within the southern half of
the image, with a maximum northward extent of abbu®N. This corresponds to an
altitude of about 590 km at the equator. The ayereertical bubble rise velocity for the
period 2045 LT to 2115 LT on this night was aboBi08 ms'.
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14 April 1999

2050 LT 2115 LT 2130LT

2210LT 2225 LT

2305 LT 2320 LT 2350 LT 0020 LT

Figure 4.15 A sequence of all sky images taken in the nigh#okpril 1999 using 630.0
nm emission from the low latitude station Mt. Abu.

Mt. Abu K 630 nm
15 April 1999 30 sec exp.

2030 LT 2045 LT 2100 LT

2115 LT 2140 LT 2155 LT

I @

2210 LT 2225 LT 2240 LT

Figure4.16 Same as in Figure 4.15, but taken on 15 April 1999
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It is interesting to note that even though the agervertical rise velocities were
almost similar on both the nights, the bubble caige to much higher altitude on 14
April 1999 compared to the altitude achieved on™ 1Bpril 1999. Plasma
bubbles/depletions are generated in the sharp tgegsadients that exist in the post
sunset equatorial bottomside ionosphere when tblegbaund conditions such as neutral
winds, electric field, collision frequency etc. agtable for instability mechanism to act.
The instability makes the plasma unstable so thgtiaitial perturbation present can
grow in amplitude and give rise to a spectrum wégularities. It is generally accepted
that plasma depletions are generated in the bosioi® of the F region through the
Generalized Rayleigh-Taylor instability mechanisand gravity waves are identified as
the source for producing the initial density pdration. These plasma depletions once
generated move upwards as well as eastwards. Tpletides drift eastward with
velocities almost similar to the ambient plasmdt drelocity whereas the vertical rise
velocity depends on the percentage perturbatiom fithe mean plasma density,
geometrical shape of the bubble, electric field etc

The appearance of plasma depletions observed'dAfdl 1999 and 1% April 1999
were different. The depletions observed off Mbril 1999 cover almost the entire FOV,
while the depletions observed on™&pril 1999 are limited to the southern half of the
image. This can happen if the vertical rise velocit the depletions observed on™5
April 1999 is much lower than those observed ofi April 1999. However, the average
vertical velocity of depletion calculated for bdtie nights are approximately equal. But
this velocity was calculated after the images stagiearing in the FOV. On $4April
1999, the first image taken at 2050 LT showed welleloped bands of depletions
covering almost half of the FOV in the north-so(t8) direction. On 18 April 1999 no
depletion could be seen up to 2030 LT. After 2030 diepletions started appearing near
the southern end of the image.

The vertical motion of plasma depletions depends tbe local ionospheric
conditions. Fagundest al. [1997] observed in their images that when somdetiep
showed vertical motion, some depletion observethersame night did not show vertical
motion. In the present case, since in the develgp&ge plasma depletions on both the
nights rose up with almost equal velocity, theiaitonospheric conditions on T5April
1999 might not have been favoring the rise of be®bDssakow and Chaturvedi [1978]
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simulated the effect of background conditions sastelectric field, collision frequency
etc. on the vertical rise velocity of the bubbleslifferent altitudes. The effect of electric
field is more at lower altitudes and at highertattes its effect is negligible even if it
reverses direction. The ambient electric filed edso affect the vertical motion of the
bubbles. An eastward electric field can increase blubble rise velocity, while a
westward electric field can slow down the bubbleerivelocity or even lead to its

downward movement.
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Figure 4.17 Variation of h'F over Ahmedabad or"pril 1999 and 1% April 1999.
The horizontal bar shows the duration of spread F.

Figure 4.17shows the movement of the bottom of the F regidR)(bn both the
nights. On 1% April, F layer was moving upward at the onset tiofieESF. That means
the electric field was eastward. On™April 1999, the F layer first showed a downward
motion and then remained at a lower altitude in ¢hdy evening hours, indicating a
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westward electric field at that time. The Figuré7is based on the ionograms taken at
Ahmedabad (N, 72.4E, 16.8N Geomagnetic Lat.) and cannot be in principle used
infer the ionospheric conditions near the equatdh@ onset time of the irregularities. At
the equator it is mainly the electric field thanhtwls the plasma dynamics. At latitudes
away from equator, in addition to the electricdieheutral winds also play an important
role in the local plasma dynamics. The behavioylaéma depletions on %4\pril 1999
and 18" April 1999 suggests that the electric field coiutis at the equatorial region in
these two nights might have been similar to thatshin Figure 4.17. The electric field
reversal later occurred on both the nights didaffect the bubble rise velocity because
as shown by Ossakow and Chaturvedi (1978) by thz the bubbles had reached
sufficiently higher altitudes where the influendestectric field is negligible.

4.6 Depletions at equatorial and off-equatorial latitudes

In this study the all sky imaging observations talet two different locations are
analyzed, one from the equatorial station Kavaad the other one at the off-equatorial
station Mt. Abu. A set of selected examples frorthlibe observations are given below.

Figure4.18 A set of selected examples from the images takée aff-equatorial station
Mt. Abu (top panel) and the equatorial station Klavgbottom panel).

It can be seen that the northern end of the sedeptetion taken from Mt. Abu

appears to be bifurcated. Also, note that the eontlend of first depletion also begins to
77



bifurcate by 2155 LT. Another characteristic feataeen in the depletions from Mt. Abu
is their significant westward tilt. Such bifurcati@nd tilt can be seen clearly in the
images displayed in the Figures 4.15 and 4.16hEurin the images in Figure 4.15, the
middle one out of the three existing depletionthm images between 2210-2240 LT can
be seen to split into two parts after 2240 LT, @sdupper part appears to have joined
with the preceding depletion in the next image ZB2LT. Such spitting and joining of
depletions indicate the complex turbulent naturéhefirregularities. Strong shear in the
vertical plasma motion could result in such streestand westward tilt.

When comparing with such bifurcation, westward, @bd other complex patterns,
the depletions taken from the equatorial statiopeap very simple linear bands. A
comparison of the images in the top and bottom Ipame Figure 4.18 reveals the
difference. The westward tilt and bifurcation optition are more frequent when imaged
from off-equatorial stations such as Mt. Abu, whadethe locations such as Kavalur,
which is more close to the equator, depletions temdappear as dark bands with
minimum structuring. This indicates that bifurcatioccurs as the bubble rise over
certain altitude, and it is not necessarily produoéien the irregularity is generated.
Further simultaneous observations using two diffeedl sky imagers with overlapping
FOV, one at an equatorial station and the other ainen off-equatorial station could
reveal the details of the time evolution of deplet and the generation of complex
patterns such as bifurcation, and westward tilt alsh about splitting and joining of

depletions.
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Chapter 5 Some New Features of Plasma Depletions

This chapter describes some of the new and integegeatures of plasma
depletions observed in the all sky observations &avalur, India, during the solar
maximum period of February-April, 2002. In this ijoek, depletions were imaged in
630.0, 777.4, and 557.7 nm in several nights. Tlaeeeonly very limited reports of
depletions in 557.7 nm in the past. A detailed wsialof their occurrence is carried out
here. Also, in most of the days, the depletiond tenappear as a dark patch in the
northern end of the image FOV in the post-sunsetrdjoand gradually expand the
entire North-South around mid-night. Plasma deplesi originate at the magnetic
equator, and expand pole-ward. The equatorward agapion observed here is
investigated in detail. In the observations carriedt in the solar maximum year of
2002, there were several cases of post-midnighemggion of depletions, and their
evolution within the imager FOV. In addition, anaexle for a strange type of

bifurcation of the depletion is also described.

5.1 Depletionsin 557.7 nm

Plasma depletion is the name given to the irredidarcorresponding to the outer
scale of the irregularity spectrum associated \Eitjuatorial Spread-F (ESF) based on
their manifestation in the all sky nightglow imag&se phenomenon of ESF was first
reported by Booker and Wells [1934] from the spiregaf the traces in the ionograms.
Ever since it has become a major topic of resedhleh,main reason being the poor
understanding of the complete mechanism responsibie the generation of
irregularities in a wide range of scale sizes. €H&as been a general agreement that the
large-scale structures such as plasma depletiengarerated due to the Generalised
Rayleigh-Taylor Instability (GRTI) mechanism. Bthig exact role of seeding agencies
in the generation of the initial perturbation ig wtearly understood. The background
ionospheric conditions necessary for the growthrreigularities is also not properly
known. The all sky imaging technique for the stwdlyarge-scale structures present in
the airglow emissions was first developed by Memae Ether [1976] and later

modified by Mendillo and Baumgardner [1981]. Similastruments were developed at
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different parts of the globe and many observatieaatpaigns were conducted. Most of
the observations have reported the occurrenceasima depletions in the Ol 630 and
777.4 nm nightglow emissions. 630 nm emission coifines an altitude region
centered around 250 km and 777.4 nm emission ggnating from the peak of F-
region, centered around 350 km. Both are emissodretomic oxygen. Dissociative
recombination is the main process responsibleferegmission of 630 nm, while the
777.4 nm emissions is due to the direct (radiatigepmbination of atomic oxygen.

The characteristics of large-scale ionosphericrpéagepletions have been studied
extensively using all sky imagers for more than thecades. Many experiments were
carried out using the 630.0 nm emission [Malatlal, 2004, and references therein].
In contrast, there are rather limited reports u&isg.7 nm [Mendillcet al,, 1997; Sinha
et al., 2001; Takahaslet al.,2001;Kelley et al., 2002; Mukherjeeet al., 2003]. The
557.7 nm emission has two main source regions,ioniee thermosphere, located at
about 250 km altitude and, the other one in theeuppesosphere, at about 97 km
altitude. The thermospheric component is virtuabn-existent except at equatorial
latitudes [Shepherdt al.,1997], and in presence of strong mesospheric emnissis
difficult to observe the F-region structures in 8%7.7 nm all sky images [Mendilkt
al., 1997; Takahastat al, 2001].

The all sky observations from Kavalur used for stisdy showed the field aligned
depletions in 557.7 nm images in several nightschvivere similar in appearance and
characteristics to those in the simultaneous 68h0mages. Out of the total 39 nights
of observations, plasma depletions were preser@7onights in the 630.0 nm images.
Note that, in any night if depletions appear in sy images, the 630.0 nm always
detected them, irrespective of their occurrendlénother emission. In these 27 nights,
on 18 nights plasma depletions were observed samedtusly in 630, 557.7 and 777.4
nm images. On one night plasma depletions wereise®30 and 557.7 nm images and
were not present in 777.4 nm images. Thus in tptasma depletions were observed
on 19 nights in 557.7 nm images. Such frequentroecae of depletions in 557.7 nm
images is different from the previous experienceshservations in this emission. A
detailed investigation to the conditions in whiclptétions could be imaged in the

557.7 nm is carried out.
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Kavalur
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Figure 5.1 A sequence of all sky images taken in the nighOdfebruary 2002 using
630.0 nm. Intense bands of plasma depletions caede in the images till midnight.
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Figure 5.2 A sequence of all sky images taken in the nighOdfebruary 2002 using
777.4 nm. The emission is weak in this case, slgosome faint depletions in the pre-
midnight period.

A sequence of the all sky images taken in the najhtO0 February 2002 using
630.0 nm emission is given in Figure 5.1. In thighhthe observations started around
1945 LT. Some dark patches can be seen in theerargfart of the FOV in the image
at 2013 LT, and intense depletion bands are semn #125 LT. Multiple bands of
intense depletions occur in this night, and thedsazould be seen till 0030 LT. Though
some dark bands or patches could be seen in thgegnater in the night, no clear
depletions could be identified. The sky was pdsti@loudy in the post-midnight
period, making it impossible to image clear deplesi Figure 5.2 gives selected 777.4
nm images taken in the same night. It can be shatthie emission is very weak in this
night. Though, some very faint depletion could leersin the top two panels, the

depletions are not visible in the images takerr dfte midnight.
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Kavalur

10 Feb'0? 557.7 nm

223% LT 2308 LT

2344 1T 2356 LT GO08 LT Q028 LT @032 LT

W =
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428 LT Q%36 LT G352 LT Q3na LT G324 LT

Figure 5.3 A sequence of all sky images taken in the nighOdfebruary 2002 using
557.7 nm. Compared to the 630.0 nm depletionsgarei5.1, the images here do not
reveal any distinct plasma depletions.

A set of selected 557.7 nm images recorded inrtigist is displayed in Figure 5.3.
When compared to the intense multiple depletionkigure 5.1, it is not possible to
identify clear depletions in these images, thougimes dark bands could be seen in
some of the frames. From the point of view of aetisequence of images, which can be
analyzed to extract various details of plasma depls, the observations in the night of
10 February 2002 mainly show depletions only in &€.0 nm. Most of the earlier
multi-wavelength observations also provided suge tyf results. However, conditions
were not the same in all the nights of the obsematin this study. Very intense
depletions appeared in the 557.7 nm images alsmaimy of the nights, in complete
contrast to most of the previous observations. Sahethe examples of such

observations are given below.
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Kavalur
9 March'0Z
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2300 LT
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Q211 LT Q325 LT 0240 LT Q%54 LT 0304 LT
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Figure 5.4 A sequence of all sky images taken in the nightMarch 2002 using 630.0
nm. Intense bands of plasma depletions can beisgba images throughout the night.
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Figure 5.5 A sequence of all sky images taken in the nightMéarch 2002 using 777.4
nm. Dark bands of plasma depletions can be seetm@nimages from the evening
period till about 0230 LT.

85



Kavalur
9 March'02

557.7 nm
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2025 LT
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212210 2134 LT 2156 LT 2208 LT

2329 LT 2252 1T 2305 LT
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o120 LT o151 LT Q205 LT 0319 LT

0233 1T 0248 1T 0300 LT 0311 LT o321 17

Figure 5.6 A sequence of all sky images taken in the nightMarch 2002 using 557.7
nm. Dark bands of plasma depletions can be seeonsecutive images during 0120-
0311 LT. However, no clear depletion could be idiext in the earlier images.
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Figures 5.4-5.5 give examples for the all sky insaken in the night of 9 March
2002 using the 630.0, and 777.4 nm emissions, cagpky. Observations in this night
could be conducted from the early evening peridldalmost the Sunrise hours. Some
dark patches can be seen in the northern edgeeointage FOV in the 630.0 nm
starting from 2020 LT. The corresponding 777.4 mmages, however show North-
South aligned depletions bands. By around 2200thd North-South aligned depletion
bands that extend the entire FOV is seen in the068M images also. The depletion
activity in the 630.0 nm continue till about 0337,Land very intense depletions are
seen during the 0130-0315 LT interval. The deptetion 777.4 nm also continue till
about 0230 LT in this night, with most intense @#ipin appearing at about 0200 LT.
Though, in principle, the 630.0 and 777.4 nm imaigethis night show depletions
similar to the example illustrated in Figures 5.2;3hey differ in that the activity here
is seen in the post-midnight period also, with vetrpng depletions bands in some of
the images.

The sequence of 557.7 nm images taken in the oigtMarch 2002 is given in
Figure 5.6. No clear depletion can be seen inreges in the pre-midnight period in
this case. Note that the corresponding 630.0 and47hm images show clear
depletions in the period 2200-2330 LT. However, eptcfor some very faint dark
features in some of the images, no similar depistiappear in the 557.7 nm in this
period. In complete contrast, in the post-midnigatiod between 0120-0311 LT, the
images show plasma depletions identical to than sed¢he corresponding 630.0 nm
images. One major difference between Figure 5.3Fagdre 5.6 is that, in the former
there are not much observations after midnight,redee in the latter case the images
are available for the entire night.

The airglow intensity, which is basically a functiof the plasma density, is
supposed to decrease as the night progresses. T hloeglissociative recombination
producing 630.0 nm and the thermospheric 557.7 apends on the neutral density
also, the overall intensity falls with the droptime plasma density in the nighttime.
However, it appears to be very unusual that the/bih do not reveal depletions in the
evening period when it is supposed to be stronget,do show them in the post-
midnight period of weaker intensity. One possipiiit the above example could be that
the depletions in this case were very intenseer0tt80-0330 LT period.
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Figure 5.7 A sequence of all sky images taken in the night2oMarch 2002 using
630.0 nm. Intense bands of plasma depletions appeiar the images throughout the
night.
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Figure 5.8 A sequence of all sky images taken in the night2oMarch 2002 using
777.4 nm. Dark bands of plasma depletions couldsdéen in the images from the
evening period till about 0230 LT.
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Figure 5.9 A sequence of all sky images taken in the night2oMarch 2002 using
557.7 nm. Dark bands of plasma depletions can lea e the images in the post-
midnight period.
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Another set of examples are given in the Figur@s5®. Plasma depletions are
seen in the 630.0 and 777.4 nm images from the eébymeriod and the activity
continues throughout the night. However, in theregponding 557.7 nm images, the
depletions are seen only after midnight. The imageke post-midnight period reveal
depletions that resemble those seen in the comespy 630.0 nm images. Further, it
can be seen from Figure 5.7 that the 630.0 nm tleplat 0123 and 0223 LT are
stronger than that at 0023 LT. However, all the¢hcorresponding 557.7 nm images in
Figure 5.9 do show depletions at these times. Tius,not just the strength of the
depletion that makes it appear in the 557.7 nm @sag

In order to understand more about the appearandepdétions in the 557.7 nm, all
the observations in this period are analyzed iaildét was found that similar depletion
features were also observed in several other nggluls as 12 and 15 February; 5, 9-14,
and 17 March; 5-8, and 10-13 April. Table 5.1 sumpes the number of nights with
depletions in 557.7 nm, compared to that in 6300 About 70% (19/27) of the nights
with depletions in 630.0 nm are accompanied by rkaide depletions in 557.7 nm
images. Note that this is the longest period ared nfost pronounced depletions in

557.7 nm ever observed at Kavalur, and also regppdrben elsewhere.

Table 5.1 Number of nights with plasma depletions observadind February-April
2002.

Total Nights of  Depletions in

Month _
Observations 557.7 (630.0) nm
February 10 3(4)
March 12 8 (12)
April 11 8 (11)
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Figure 5.10 Occurrence of depletions at each hour of the nigh630.0, and 557.7
images during February-April in 2002.

To further investigate the appearance of depletionthe 557.7 nm images in
several nights, the occurrence of plasma depletibesery hour in the night during the
observations in February-April in 2002 are plottedrigure 5.10. Here, the occurrence
in 557.7 nm is compared with that in the correspogé30.0 nm images. The 630.0
nm depletions show a clear maximum in their ocewreeduring 2130-2330 LT time
intervals. In contrast, the occurrence of depletiom that period is very less in the
557.7 nm images, but it gradually shows an incraaserds the midnight. During
0100-0300 LT period, both the 630.0 and 557.7 nrmpled®ns show very similar
occurrence. The statistics given in Figure 5.1@atv that plasma depletions are seen
in 557.7 nm images mostly in the post-midnight perithough the 630.0 nm emissions
do show the occurrence of depletions even in thieeeaours of the same nights. This
suggests that the 557.7 nm images are suitableidy plasma depletions in the post-

midnight period.
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Figure 5.11 The nocturnal variation of the total 630.0 (toph7.7 nm (middle) and
777.4 nm (bottom) intensities (in relative unitBdjit scale), measured near the center

of the images.
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One possibility for the depletions to appear in3b&.7 nm images only in the post-
midnight period could be that the intensity of #mission is much less in the pre-
midnight period, and improves in the post-midnigbtrs. In this case, if the emission
is weak, it might not be able to identify deplesadn the pre-midnight period. In order
to confirm such a possibility, the relative intdies of all the three emission are
displayed in Figure 5.11. The relative intensifpstted in the figures are the average
intensities in a rectangular area of 10x10 pixelarrihe center of each image. It can be
seen from Figure 5.11 that the nocturnal variatibthe 557.7 and 630.0 nm intensities
are very identical, both in the pre-midnight asIvad the post-midnight cases. The
intensities are less in the period 1900-2200 LT, rapidly increase after 2200 LT for
both the emissions. However, the occurrences ofdigetions observed in these
emissions (Figure 5.10) are very different, tha thepletions in 630.0 nm become
pronounced during 2000-0000 LT while the maximunb%7.7 nm lies between 0200
and 0300 LT. For a comparison, the nocturnal viamaof the 777.4 nm intensity is
also given in Figure 5.11. The intensity in thise&as more in the evening hours, and
reveals a gradual decreasing tendency with time bacoming very weak by 0200 LT.
This explains the appearance of depletions in 7id@m4rom the post-sunset hours till
about 0200 LT in most of the nights.

In 630.0 nm, depletions can be observed in the iegehours, even when the
emission is weak, with the maximum occurrence ia gre-midnight period. By
contrast, the depletions in 557.7 nm starts appgamly after the sudden increase in
intensity at around 2200 LT, and the occurrencaepietions reach its peak in the post-
midnight hours. This behavior clearly suggests, thaen the 557.7 nm intensity in the
evening hours from the thermosphere is weak, ttegiated images taken from the
ground cannot reveal the features in the ionospfdrs indicates that the less intense
thermospheric component of 557.7 nm in the everpegod is masked by its
mesospheric component. Note that the thermospbenponent of 557.7 nm intensity
is usually very weak [Shephert al., 1997], and could be masked by the strong
mesospheric component making the intensity vanaticaused by the F-region plasma
depletions difficult to detect from ground [Mendilet al., 1997; Takahashet al,
2001].
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Figure 5.12 Vertical profile of 557.7 nm intensity measuredWiNDII. The figure is
taken from Shepherd et al. [1997]. The measuremshtsv peak around 100 km
altitude and a very weak secondary maximum arod&@dken region.

The 557.7 nm vertical profile measured by WIND Ilimag Interferometer
(WINDII) onboard the Upper Atmospheric Researcheliitd (UARS), which recently
fell on Earth, is shown in Figure 5.12. The resliaken from the work of Shephest
al., [1997]. It can be seen that the main peak of thesson is around 100 km, and in
comparison, the secondary thermospheric peak ardbfdkm is almost insignificant.
Thus, from this result, it is reasonable to conelddat the thermospheric component
will be masked by the stronger mesospheric comporienhis is the case, then it
should not be possible to observe any thermospfeatares in the ground based 557.7

nm images.
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Figure 5.13 Vertical profile of 557.7 nm volume emission rsitaulated using IRI and
MSISE models for equinox conditions in 2002 for®@2M00, and 0100 LT periods.

However, Figure 5.10 shows that the masking effeciot present throughout the
night, or at least in the post-midnight period ofmg nights during February-April in
2002. The observations reported by Sheple¢ral.,[1997] are taken around 2300 LT.
In order to check how the intensities might behatvdifferent local times in the night
in the equinox period of 2002, the volume emisgioofile is simulated for different
local times in the night. The volume emission Hatethe mesospheric component of

557.7 nm emission () arises through Barth mechanism [McDadeal.,1986] given

by,

_ AKIOP(IN,]+[O,)) 5.1)
" (A +k[O,])(C*[0,] + C°[O])

where, A is the 557.7 nm line (D-O'S) transition probability, k is the rate
coefficient for the three body recombination of mio oxygen, A is the inverse
radiative life time of GS state, kis the quenching coefficient of'® state by @ C°?

and C° are the empirical parameters provided by McDetdal, [1986].
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The thermospheric 557.7 nm emission arises thrthegklissociative recombination
of O," [Petersoret al, 1966], which is produced through the charge argk reaction
between O and neutrals, mainly O The volume emission rate of the thermospheric
557.7 nm is given as,

_ A B (5-2)
V, =11+ L 40,
{ A } NO,]le]

S

where As and As are the transition probabilities correspondinghe 557.7 nm and
297.2 nm emissiong is the rate of the charge exchange processs the quantum
yield of the GS state responsible for the 557.7 nm emission[@gicand [e] stands for
the oxygen and electron densities, respectivelyhe Taboratory experiments have
shown GS quantum yields of 3-4% for electron temperat(fesin the range of 600-
1100 K [Peveralkt al, 2000], but are much less than the values infefm@m rocket
measurements [Sobrat al., 1992]. In view of this large discrepancy, a quamtyeld

of 8% [Sobralet al.,1992] is used in the simulations for both solaximaim and solar
minimum, which is justified considering the comptgxinvolved in the laboratory
experiments. The charge exchange rate is giveStbiMaurice and Torr [1978] and
the transition probabilities are taken from Balajad Zeippen [1988] (For detail see
papers listed in Singht al. [1995]; Vlasovet al. [2005]). The Q density and neutral
temperature are computed using the Mass Spectroimetgherent Scatter (MSISE-90)
model [Hedin, 1991], while the electron density aateictron temperature are derived
from the International Reference lonosphere (IRlH@bdel [Bilitza, 2001].

The simulated emission profiles are given in Fighrg3. It can be seen that the
mesospheric peak is still much stronger than thieesponding thermospheric peak at
all local times. However, the maximum of the mesesg emission decreases with
local time in the night, where as the thermosph@eak tend to increase at the
midnight. This could be very significant consideyithat the ground based instruments
are sensitive to the integrated signal. Note that half width of the mesospheric
component is much narrower compared to that ofthleemospheric component, and

hence it will reflect in the integrated intensity.
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To further understand the appearance of depletrob®7.7 nm observed in 2002,
the mesospheric and the thermospheric componemtsraulated and the ratio of their
integrated intensities is calculated. It can benséem Equation (5.1) that the
mesospheric intensity is sensitive to the atomiggex density. Equation (5.2) reveals
that the dissociative recombination depends ontreledensity as well as the neutral
density. The integrated intensities for the mesesph(80-120 km altitude) and the
thermospheric (200-600 km altitude) components udéet geomagnetic conditions
during the equinox of 2002 (near solar maximum) 4886 (solar minimum) are
simulated.

The simulation results are illustrated in Figur&45.The total 557.7 nm intensity
exhibits lower values in the 1900-2200 LT, incregdihereafter, and attains peak value
in the post-midnight period around 0100 LT (Fig&:.é4a). This nocturnal variation
agrees with that of the observed intensity in Fegu.11 middle panel. The
mesospheric 557.7 nm intensity at solar maximungresater than that in the solar
minimum by a factor of about 2. By contrast, therthospheric intensity at solar
minimum is very small, but during solar maximumnmich greater and drastically
enhances after 2300 LT. Note in the solar minimtira,thermospheric component of
557.7 nm emission is much weaker than the mesaspbemponent throughout the
night. Therefore, it is unlikely to observe the rthespheric emissions during solar
minimum. Moreover, during the pre-midnight periodOR-2300 LT, the mesospheric
intensity is constantly stronger than thermosphetensity either in solar maximum or
solar minimum, and therefore it is also difficudtabserve the thermospheric emission.
In contrast, the thermospheric component becormesgsr in the post midnight hours
in the solar maximum and the ratio of the thermesighto mesospheric intensities
reaches a maximum at 0200 LT. The mesospherionmagivery dynamic and photo
chemically active, but least explored, and henee d&tomic oxygen density derived
from the models may have limitations. In orderverify how well the simulation
reproduces the mesospheric emission, the simulasgdlts are compared with the
intensities extracted from the WINDII measurementthe same latitude region for the
equinox period of 1992 [Zhang and Shepherd, 198@ng et al.2001]. Figure 5.14a
confirms that the simulated results are consistathit the WINDII measurements.
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Figure 5.14 The simulations of 557.7 nm emission using theOIRand MSIS-90
models under equinoctial conditions. (a) The dashiedted and solid lines stand for
the 557.7 nm emission from the thermosphere, frenmtesosphere and the ratio of the
thermospheric to the mesospheric components, regplgc The heavy and the thin
curves denote the years of solar maximum in 20@R sambar minimum in 1996. The
asterisks represent the 557.7 nm intensity extdafrtan the WINDII measurements for
the latitude corresponding to that of Kavalur, madéhe equinox period in 1992. The
thick, light curve gives the total 557.7 nm intén$or the year 2002. (b) The hmF2 as
well as the electron density,@ensity, and their product at the altitude of #mission
peak in the nights of 2002. The quantities to tgatrof [€] and [O,] are the scaling
factors used to fit the values within the rangeth@ Y-axis used, and applies to the
product [€]x[O ;] as well. The concentration is in the c.g.s unit.
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Figure 5.15 The ratio of thermospheric to the mesospheric & intensities as well
as the electron density,,@ensity, and their product in the equinox perioahf 1995
to 2004. The quantities to the right of][and [O,] are the scaling factors used to fit
the values within the range of the Y-axis used, applies to the product [x[O,] as
well. The concentration is in the c.g.s unit.

In Figure 5.14b, the nocturnal variation of thecalen [€] and oxygen [G
densities corresponding to the altitude of peakntlespheric 557.7 nm emission for the
solar maximum of the year 2002, their product, &l w&s the altitude of the peak
electron density (hmF2) are displayed. The electtensity has higher values in the
period 2200-0200 LT, and the nocturnal variationtted product of [¢ and [Q] is
identical to that of the thermospheric componens®f.7 nm emission (Figure 5.14a).
The hmF2 shows a gradual decrease with time, witdaction of about 100 km from
the sunset to 0100 LT.

To understand the solar activity variation, weHtertcalculated the ratio at 0200 LT
in the equinox period from 1995 to 2004. FigurgéShillustrates that the ratio is less

than one in the solar minimum, and rapidly increasear the solar maximum years,
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reaching values about two. Similarly, the electeord oxygen densities at the peak
altitude of the thermospheric emission at 0200 laryvaccordingly with the solar
activity.

The results show that the observed occurrence mietlens in 557.7 nm and the
ratio of the simulated thermospheric to mesosplaritssions concurrently reach their
maximum at about 0200 LT. The higher value ofrdt@ implies the masking of the
thermospheric component to be insignificant in teest-midnight period of 2002.
Figure 5.15 further demonstrates that during padsnmght period the masking is
efficient in the solar minimum years, but not i tholar maximum. The simulations
during solar maximum reveal that the integrated. BB emission is dominated by the
mesospheric component in the pre-midnight hourdlevthe thermospheric component
become significant in the post-midnight periodcdin be seen that the thermospheric
intensity is weaker than the mesospheric intensityhe evening hours (2000-2330
LT). Bittencourt and Sahai [1979] find that the lieg F layer altitude slows down the
dissociative recombination and results in lessntiespheric emission. Figure 5.14b
illustrates that the F2 peak height (hmF2) descé&ydsbout 100 km from 2000 LT to
0100 LT in the equinoctial period of 2002. The Bg2dr at a higher altitude results in
the weak thermospheric 557.7 nm intensity betwd#®02.T and 2330 LT. However,
the F2 layer descent increases thed@nsity and in turn enhances the thermospheric
emission, which becomes stronger than the mesdspkarission after 2330 LT.
Meanwhile, it can be seen that the electron deradgg increases towards midnight,
which adds to the greater thermospheric emissiothén post-midnight period and
reaches the peak emission around 0100 LT. Moredkerairglow intensity increases
after the midnight could be also caused by equasmd movement of the electron
density crest associated with the equatorial angioglwestward electric fields. The
mesospheric intensity becomes very weak around ightindue to diurnal tide
[Shephercet al., 1995], causing the ratio to be much higher.

Similar tendencies in solar activity variationstié electron, oxygen densities and
their product as well as the ratio of the thermesjghto the mesospheric intensities of
the 557.7 nm suggest that the plasma depletiorsbHh7 nm emission most likely
occur in the post-midnight period in the solar maxin (Figure 5.15). While the

mesospheric contamination can mask out the depketiothe thermospheric 557.7 nm,
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there is no such secondary source for the 630.@mrasion. Thus, in 630.0 nm, one
would expect to observe the depletions even ifithensity is low. This is evident
from the higher occurrence during 2000-0000 LT (Feg5.10) even though the
emission is less intense during 2100-2200 LT (Fegbrll middle panel), and also
explains the difference in the observed occurreriaepletions in 557.7 and 630.0 nm
(Figure 5.10). Note that the masking effect sigaiftly affects the chances of
observing the 557.7 nm depletions. Meanwhile,nlueh stronger 630.0 nm emission
intensity might result in the associated depletiaming a better chance to be observed.
The two facts might be the reason for the deplstioh 630.0 nm appearing more
frequent than that of the 557.7 nm during the olzgeim period.

In conclusion, due to enhancement of the thermagpbemponent of the 557.7 nm
emission and/or the less efficient masking efféwat, occurrence of depletions becomes
pronounced in the post-midnight period of the sal@mximum. By contrast, the
significant mask results in the 557.7 nm depletiohthe thermosphere being unlikely
observed during years of the solar minimum. Theukatron further shows that the
recombination process related to the ionospherighheas well as the electron and

oxygen densities play important roles.

5.2 Appearancein 630.0 nm

In all sky images, plasma depletions are expeategppear as intensity depleted
bands forming near geomagnetic equator and extgralmost symmetrically in the
magnetic N-S direction, if imaged from an equalooianear equatorial station. But
this is not the case always. The all sky obsesmaticonducted from Kavalur (12.5°N,
78.8°E, 4.6°N, geomagnetic), INDIA, have shown timthe post sunset hours when
the observations begin, the depletions in 630.0 amglow images appear as dark
patches of low intensity regions entering the fiefdview (FOV) from the northern
end. These patches later grow equator ward, dadatouple of hours appear as fully
N-S aligned plasma depletion. Thus, one could atpat these are the irregularities
generated at low or mid latitudes and mapped toettpgatorial regions along the
geomagnetic field lines.
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Equatorial Spread-F (ESF) irregularities in thehttighe ionosphere manifest as
dark bands of reduced intensity in all sky airglonages, known as plasma depletions
[Weberet al.,1978]. It is generally understood that the dephst elongate to low- and
mid-latitudes depending on the upward (verticalveroent of the irregularities at the
equator [Webeet al.,1978; Mendilloet al.,2005]. The less density plasma associated
with the irregularities when transported along tip@omagnetic field lines to off-
equatorial latitudes modifies the airglow interesti and result in North-South (N-S)
aligned depletions. This implies that the irregtiles develop at the equatorial region
and reach to off-equatorial latitudes with theirtigal evolution. The larger field-of-
view (FOV) of an all sky imager makes it an ide@bltto monitor such field-aligned
depletions that extend hundreds of kilometers atbed\-S, and confirm the origin and
development from sequence of images.

Several all sky camera experiments have been ctedlusing 630.0, 777.4, and/or
557.7 nm airglow emissions [Rohrbaughal, 1989; Sale®t al, 1996; Webekt al,
1996; Fagundest al, 1997; Kelleyet al, 2000; Sahaet al, 2000; Abaldest al, 2001,
Otsukaet al, 2002; Sinhaet al, 2003; Shiokawat al, 2004; Mendilloet al, 1997].
These studies invariably report that the depletiexiend from equatorial regions to
low- and mid-latitudes (poleward extension). Twiark, on the other hand, presents
the observations of depletions in 630.0 nm airglmages that appear at the northern
edge in the post-sunset hours, and are seen extetaWards the equator in the later
hours. The all sky observations from Kavalur, dgrthe equinox period in the solar
maximum of 2002 provided a large data set, enalthegtudy of the characteristics of
depletions in different wavelengths, and their taglay variations. Several nights in
this observation period showed depletions in thet-panset as well as post-midnight
period, but there were differences in their appsagan different filters, as well at
different hours of the night. In the post-sunsars (prior to 2200 LT), the 630.0 nm
depletions appeared in the FOV from northern ldétu as dark patches, which

subsequently grew equator ward.
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Figure 5.16 A series from the 630.0 nm images taken in thet b5 February 2002,
illustrating the dark patches that enter the FOWnfr north, which grow subsequently
to extend the whole FOV in the N-S direction byngiot.
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Figure5.17 A series from the 557.7 nm images taken in thet wyh5 February 2002,
illustrating the dark patches that enter the FOWnfr north, which grow subsequently
to extend the whole FOV in the N-S direction byrgict. Note that this is one of the
rare cases when depletion patches were seen ag@&af130 LT.
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Figure 5.18 A series from the 777.4 nm images taken in thet b5 February 2002.
The images show dark bands of intensity depletowsnding along the entire North-
South of the image FOV appearing from the veryt fiteage and continue to occur
until the depletions disappear.
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Figures 5.16-5.18 show the all sky images takethénpost-sunset period (2140-
2234 LT) of 15 February 2002 using 630.0, 557.7 @fAd.4 nm, respectively. In the
630.0 and 557.7 nm, dark patches can be seen abthieern end of the FOV in the
image taken at 2140 LT. These patches graduaby g@quator ward, and extends the
entire FOV in the N-S direction by 2304 LT. Sincettb 630.0 and 557.7 nm show
similar features, for further discussion only ti80® nm depletions are considered. If
the depletions had developed immediately after sitneset and expanded along the
geomagnetic field lines, then in Figure 5.16 (whike first image is at 2140 LT), one
should see dark bands covering the entire N-Seof@V. On the contrary, it appears
that the irregularities develop equatorward. Outthed 27 nights with depletions in
630.0 nm, about 15 nights having images between0-2030 LT showed the
appearance of depletions as dark patches fromattleenn end of the FOV.

In order to confirm the origin of the dark patchesFigure 5.16, the almost
simultaneously taken 777.4 nm images are givenigare 5.18. These images show
dark depletion bands that cover the entire N-S F@W the post-sunset period, unlike
the dark patches entering from the northern entdler630.0 nm. Even though there are
marked differences in the appearance of post-sulegéetions in both these emissions,
the patterns in general are very similar, and deatical towards the midnight hours.
The orientation as well as the eastward drift & tepletions in both the 630.0 and
777.4 nm images, and the fact that spread-F apbear¢he ionograms at nearby
stations indicate that these depletions are adedciwith ESF irregularities that
generate at the geomagnetic equator. Note th&tdiuhe 777.4 nm emission comes
from the K-peak, while that of the 630.0 nm is from the Fwoagbottom-side. The
different behavior of the depletions in these twassions suggests that the ionosphere
altitude plays an important role, by influencingittrespective photochemistry.

It should be noted that in Figure 5.16, the firmage was taken only after about
2130 LT. This is because in this night the obsésnatcould be started only around this
time as the moon set was around 2100 LT only. Hewew give further evidence for
the appearance of dark patches even at earlidrtiota periods, a few sets of selected
630.0 nm images are given below. The date anddmmeoted on the top of each case,

and separate figure numbers are not provided &setlexamples.
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07 March 2002; 630.0 nm; Kavalur

2028 LT 2036 LT 2045 LT 2003 LT 2101 LT

2112 LT 2121 LT 2130 LT 2139 LT 21562 LT

2208 LT 2221 LT 2232 LT 2241 LT 2251 LT

09 March 2002; 630.0 nin Kavalur

2014 LT 2020 LT 2028 LT 2038 LT 2082 LT
2103 LT 2115 LT 2127 LT 2138 LT 2149 LT

2200 LT 2212 LT 2223 LT 2233 LT 2245 LT

Examples for 630.0 nm depletions appearing as gatkhes from the northern end of
the image FOV.
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11 March 2002; 630.0 nm; Kavalur

1953 LT 2003 LT zZ018 LT 2038 LT zZ048 LT

2100 LT 2111 LT 2122 LT 2134 LT 2144 LT

2154 LT 2206 LT Z217 LT 22728 LT 2240 LT

12 March 2002; 630.0 nm; Kavalur

1959 LT 2010 LT 2018 LT 2027 LT 2035 LT

2043 LT 2052 LT 2100 LT 2112 LT 2123 LT

2134 LT 2145 LT 2155 LT 2208 LT 2218 LT

2225 LT 2235 LT 2245 LT 2305 LT 2316 LT

Examples for 630.0 nm depletions appearing as gatkhes from the northern end of

the image FOV.
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13 March 2002; 630.0 nm; Kavalur

2008 LT 2018 LT 2028 LT 2036 LT 2045 LT

2054 LT 2102 LT 2110 LT 2118 LT 2129 LT

2138 LT 2148 LT 2158 LT 2208 LT 2218 LT

2228 LT 2238 LT 22439 LT 2258 LT 2311 LT

Examples for 630.0 nm depletions appearing as gatkhes from the northern end of
the image FOV.

In the post-sunset period, the F-layer is usudfigd to higher altitudes due to the
pre-reversal enhancement of the eastward electeld fl[Kelley, 1989]. Two
ionosondes located at the equatorial station Tdwam (7.6 N, 76.9 E; 1.2 S
geomagnetic), and the off-equatorial station Waltdi7.7 N, 83.3 E; 8.4 N
geomagnetic) were operated in some of the night;gluhe imaging observations.
The night-time F-layer base height (h'F) recordgdhe two stations, given in Figure
5.19, show that the F-layer at Trivandrum reacheshrhigher altitudes than that at
Waltair does. Also, at Waltair the F-layer movesvd to lower altitudes (h'El 250
km) between 2000-2100 LT, whereas at Trivandrunemains at higher heights for a
further period of about 2 hours, and rapidly lowtrsabout 250 km altitude by 2200-
2300 LT. Thus, when the imaging starts after tbetysunset period, the F-layer is
usually at higher altitudes (>300 km) due to the-faversal enhancement, resulting in
a drastic reduction in the dissociative recomboratand the 630.0 nm emission as

shown byNelson and Coggef1971]. Similar to the results @&balde et al [2001],
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with the higher F-layer height and reduced airgiotensity, the depletions may not

have sufficient contrast to be recognized fromlihekground in the 630.0 nm images
immediately after the sunset. Subsequently, theamiatorial ionosphere descends at
earlier local time than the equatorial ionospheresd

-------- Trivandrum

--- Waltair

RN ENENI SRR EEEE ) “‘I!l\ dlivrrr i b b

v v b b b vy s v v b v by gy
22 00 02 04
Local Time

o
»

Figure 5.19 The h’F values derived from the ionograms fromvamdrum (7.6°N,
76.9°E, 1.2°S, geomagnetic), and Waltair (17.7°BI3%E, 8.4°N, geomagnetic) for the
nights of 16 February, and 7,8,9,10,12 March 2002.

Figure 5.20a illustrates this scenario, which shdves latitudinal sketch of the F-
layer and the 630.0 nm emission corresponding & pbst-sunset observations in
Figure 5.16, together with the field-line geometrin these sketches, the altitude and

shape of the F-layer is adapted based on the sefsaih the International Reference
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Figure 5.20 Sketches of the F-layer and the 630.0 nm emissioesponding to the
observations in Figure 5.16, together with thedibhe geometry for both post-sunset
and post-midnight periods. The blue lines denbe 150 FOV of the imager at
Kavalur. The portions shaded in gray, red, andcklahades stand for the F-layer, the
630.0 nm emission, and the airglow depletion, reBpely. Note that the F-layer, the
airglow band, and the depletions shown are sketchesant for conceptual
understanding and need not necessarily correspandhée exact situation in the
ionosphere. (a) The geometry for the post-sunsevghewhere the F-layer higher at
the equator than that at the off-equator. A typicadge in this scenario will be similar
to the circle with dark patch at the North showrtte bottom. (b) The geometry for the
post-midnight case. The F-layer is at lower attéeuat all the latitudes encompassed by
the FOV, and depletion would appear as dark bandrekng from North to South as
drawn at the bottom.

lonosphere (IRI-07) model for the location and perof the imaging observations
combined with the h’F values from Trivandrum andlidMa Similarly, the 630.0 nm
emission is based on the simulation results udimegMass Spectrometer Incoherent
Scatter (MSISE-00) model and the given F-layer getoyn It can be seen from Figure
20a that at the equatorial latitudes, the F-lageatiove the altitude region of the 630.0

nm photochemistry. As a result, the intensitytiase regions would be less, and the
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ESF irregularities, if generated, might not be detiele in the diminished emission.
However, the irregularities that distribute to effuatorial latitudes along the field
lines, where the F-layer is at lower height andckethe emission is stronger, would
appear as a dark patch at the northern edge ¢iheas shown in Figure 5.16. As the
F-layer height gradually decreases at the latitUdether closer to the equator, the
630.0 nm emission in these regions enhances fremnitreased recombination, and
also carries the signatures of plasma irregularifggoducing an apparent equatorward
extension of the dark patches as seen in the segudnmages in Figure 5.16. In the
post-midnight period the F-layer at both the egualtcand off-equatorial latitudes
reaches lower altitudes, and the dark patch wouwittnel over all the latitudes
encompassed within the FOV forming an N-S alignegietion as illustrated in Figure
5.20b.

Figure 5.21 provides supporting evidence for thigppsition, where two selected
630.0 nm images (one pre-midnight and one post-igid); the corresponding h'F
values, and the ionospheric geometry for the nigitd6 February 2002 (hereafter
referred as case 1), and 10 March 2002 (hereafterred as case 2) are given. In both
the cases, the first image selected is taken att&200 LT (at 2204 LT on 16 February
and 2159 LT on 10 March, respectively). Note thay two selected example images
for each night are given here, and that the obSensawere conducted in both the
nights starting from the post-sunset period tillrmiog hours, depending on sky and
moon conditions. For the case 1, the depletiorthenfirst image are confined to the
latitudes north of the imaging station, while foetcase 2, the depletions more or less
fill the FOV along the N-S direction. Now, for &%, the h’'F is about 370 km at 2200
LT, while for case 2, it is about 290 km only. Bhin case 1, the higher F-layer height
results in only those regions far from the equabonave sufficient recombination and

hence the 630.0 nm intensity. This produces thie pi@ches seen at the northern ends
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Figure 5.21 Examples showing the dark patches, appearing anditg equatorward,
for two cases for which the F-layer heights ardedédnt. The left panels give the h'F
values at the equatorial station, Trivandrum, dioat of the spread-F as well as
sample post-sunset and post-midnight depletiondodtin case 1 (16 February 2002)
and case2 (10 March 2002), respectively. The rpggntels illustrate the F-layer and
airglow geometries for each case in the pre-midngriod.

of the FOV in the image at 2204 LT. For case 2,llastrated by the field line
geometry and the airglow emission, the depletionthé image at 2159 LT are seen all
the way up to the equatorial regions due to thatikelly lower F-layer height. Now,
consider the images for both the cases where thletdms that develop in the FOV in
the post-midnight period are seen. The sample ésm&aken at 0258 LT and 0027 LT
for case 1 and case 2 respectively are shown ur&ig.21. In both the cases it can be
seen that the depletions do not begin as dark esitittat enter from north, instead they
are seen all along the N-S FOV from the time ofrtdevelopment. Note that at the
time of the development of these post-midnight eehs in FOV, the h'F is below 250

km for both the cases. The lower F-layer altitudises the irregularities to be
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embedded in the enhanced airglow emission prodwtgpdetions over all the latitudes
to which they extend.

To further confirm the manifestation of 630.0 nnpl@¢éions two different F-layer
electron density configuration are depicted ingketches in Figure 5.22. The left and
right panels differ in the shape of the F-layerhwiéspect to the equator. In the left
panel, there is an N-S asymmetry in the latitudigigtribution of electron density,
which could occur, for example, in presence of aidinenal wind. Hence, in this case
the depletion might not be seen in the 630.0 nngaras illustrated, or could appear as
a dark patch at the edge of the FOV, dependindneritlayer height. However, if the

F-layer shape is different, as given in the rigahhgl of Figure 5.22, the depletion
would be seen throughout the FOV.

800
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Figure 5.22. Sketches demonstrating the manifestation of 68&n0depletions for
different shapes of the F-layer.
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Though the above hypothesis explains the dark patiththe post-sunset 630.0 nm,
we need to understand the simultaneous 777.4 nhetaes (Figure 5.18). The fact
that the 777.4 nm depletions appear fully exteraledg the N-S direction, in effect,
confirms the idea that the depletions in 630.0 mngduthe post-sunset period appear to
enter the FOV as dark patches from the northernasnd result of the descending F-
layer and reduced airglow emission. This is beeaile bulk of the 777.4 nm emission
comes from the F-peak altitude, and the radiatde@mbination process responsible for
this emission is understood to be height indepenpidralde et al., 2001]. Thus one
would see the depletions in 777.4 nm at all laggithoth during the post-sunset and
midnight/post-midnight periods as given in Figurés®

The almost simultaneous observations of 630.0 &7d47/nm intensities are used to
further investigate the variation of the F-peakade along the meridional direction. It
has been shown that the F-region peak altitudeddoeiiremotely inferred using atomic
oxygen emissions arising from radiative recomborgtiion-ion recombination, and
dissociative recombination [Tinsley and Bittencout®75; Chandraet al., 1975].
Sahaiet al., 1981 demonstrated that the ratio of the squareafoiiie column emission
rate of the 777.4 nm (J7774)1/2, to the column simmsrate of the 630.0 nm (J6300),
shows good correlation with the F-peak altitudemfrasimultaneous ionosonde
measurements. Following a similar procedure, t@o r(17774)1/2 / (16300), of
selected pixel locations from the Northern edg¢hef FOV towards the geo-magnetic
equator at different local times are plotted inufeg5.23 for the night of 15 Febraury
2002. Here 17774 and 16300 are the average colategrated intensities of the 777.4
and the 630.0 nm emissions within 10x10 pixels adaine selected location. Note that
the intensities are not calibrated and hence thie mnly indicates the meridional
gradient of the F-peak altitude at different loteles. Hence, in order to give some
confidence to the calculated intensity ratio, thessions are simulated for the times of
the observation period and location. The IRl andISES models are used for the
simulations. The intensity ratio determined fromglations is given in the top panel in
Figure 5.23. It can be seen from the simulatiors the ratio of intensities and the
corresponding hmF2 show very similar variationiffecent latitudes. Thus, the ratio of
intensities estimated at different pixels in theages should also indicate the F-peak

altitude variation.
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Figure 5.23 Ratio of the square root of the intensity of 77@m (17774)1/2, to the
intensity of 630.0 nm (16300); (top): by simulatitige emissions and, (bottom):
calculated at selected pixels along the meridiatha¢ction depicting the variation of
F-peak altitude for different local times in theght of 15 February 2002. The pixels
are in the decreasing order from the Northward edfehe FOV (500), towards the
geo-magnetic equator (150). The vertical lines otlee X-axis denote the pixel
locations where the equatorward edge of the plasiealetion is seen in the images
taken at the corresponding local times, indicatgdtie different line styles. Each of
these vertical lines, if extended, would approxahaintersect the respective curve of
the intensity ratio at the value shown by the tlinokizontal gray line.
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It can be seen from the bottom panel of Figure 528 the ratio or the F-peak
altitude increases from the Northern edge of the/ROwards the geo-magnetic
equator, confirming that the 630.0 nm emission d@dad strong enough at the Northern
edges and less intense near the equatorial regiamage the depletion as a dark patch
as observed. The F-peak altitude tends to lowdr tine, allowing the depletion to
gradually extend towards the equator. At the exristregions the F-peak maintains
the elevated values resulting from the pre-reveesbncement even around 2230 LT.
This agrees with the general h’F behavior over@mdrum, given in Figure 5.19. Also,
note that the observed Northern edge of the dat&hpat different local times (the
vertical lines over the X-axis) seems to dependsa@me particular value of the ratio
(here about 0.09), and hence of the F-peak altitubte other words, the latitudinal
extend within which the dark patch would be visinle630.0 nm depends on whether
the F-peak over the corresponding latitudes is alaoeertain level or not.

In order to explain the poleward extending deptetiseen in most of the previous
observations, such reports were examined casedsy cl is noted that most of these
observations have been conducted from locationorzeylG or more from the
geomagnetic equator and those from near equatiatibns have been taken in low
solar activity years. When the imager is locatedtations far from the equator, most
parts of the F-region within the latitudes covebgdthe FOV would be at sufficiently
lower heights for the photochemistry to occur, lsg in poleward extension. This is
illustrated in Figure 5.24. The F-layer and th®.63nm emission in the figure are
based on the simulations using IRI-07 and MSISEedGhe 45 W longitude sector,
and the location of the imager and the time of &hns correspond to the
observations of Abaldet al.,[2001], which present excellent examples for palelv
extension. In the low solar activity period, theeeing upward movement of the F-
layer is not pronounced [Fejet al.,1979]. Similar simulations for this case are give
in Figure 5.25. It can be seen that at the eqizhtand off-equatorial latitudes the F-
layer is at low altitudes during both the post-&irend the post-midnight periods, and
hence irregularities, if present, would modify %20.0 nm emission over the entire
latitudes covered by the FOV. Thus, in the caseldervations at off-equatorial
latitudes as well as in the low solar activity ciiaths, depletions would be seen

extending poleward. Note that the evening vertication of the F-layer has significant
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Sketches Contours

Brazil Brazil

Figure 5.25a The F-layer electron density distribution and &Gm airglow layer
configuration over Indian and Brazilian longitudes 15 February 2002. The left two
panels are the sketches for India and Brazil, ame tright two panels the
corresponding contours. The filled contour gives thlectron density and the
overplotted line contour gives the 630.0 nm intigngirom top to bottom, each row are
for the local times 1800, 2000, 2200, and 0000re$pectively. It can be seen that the
in the evening hours, over the equatorial regidre emission is not strong enough
because the altitude is higher. However, at offatgual latitudes, where there is
sufficient electron density even at lower altitydég airglow is also strong. However,
towards midnight, the F-layer descends over theatayial region, enhancing the
emission.
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Sketches Contours

Brazil

Figure 5.25b The F-layer electron density distribution and &Gm airglow layer
configuration over Indian and Brazilian longitudes 21 March 1996. The left two
panels are the sketches for India and Brazil, ame tright two panels the
corresponding contours. The filled contour gives tfectron density and the over
plotted line contour gives the 630.0 nm intengttypm top to bottom, each row are for
the local times 1800, 2000, 2200, and 0000 LT,eetpely. It can be seen that the in
the solar minimum conditions, even in the evenmg$the F-layer altitude is not very
high over the equatorial region, and the emiss®strong at all the latitudes. Towards
midnight, the emission continues to be present allethe latitudes. However, the
electron density seems to decrease, especially aiferquatorial latitudes, and this
might case the airglow intensity also to decrease.

day-to-day variability, and it also depends on seand longitudeHejer et al, 1995].

As a result, the latitudinal geometry of the F-lags well as the 630.0 nm emission

could be different in different conditions and abuhfluence the appearance of
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depletions even if imaged from equatorial statiahglifferent longitudes, seasons, or
solar activity periods.

The dark patches in 630.0 nm images in the postigind hours, which enter the
FOV from northern latitudes and grow towards equatee in fact the signatures of the
field aligned plasma depletions that are seen énaffi equatorial latitudes where the
depleted flux tubes meet the emission layer owinthé lower F-layer height than that
at the magnetic equator. Near the equatorial redlee irregularity layer is above the

airglow band, and depletions are limited to nomhemd of the FOV.

5.3 Bifurcation and joining

The pole ward ends of plasma depletions are sorastsaen bifurcated, especially
in the all sky images taken at off-equatorial tatgs [Mendillo and Baumgardner,
1982; Rohrbaughet al, 1989; Pimentaet al., 2001; Kelleyet al, 2002]. Such
bifurcations are termed wishbone formation from irth& (wishbone) shaped
appearance. Numerical simulations show that risviogbles start bifurcating when
contribution of E-region Pedersen conductivity toegion conductivity is included in
the calculations, and the bifurcations occur whHenratio of conductivities inside and
outside the bubble becomes less than 10 [McDori#l8]; Zalesak, 1982]. Anderson
and Mendillo, [1983] found that the conductivityicainside and outside the bifurcated
depletions meet this requirement, but the appearahtinear and bifurcated depletions
side-by-side remained unexplained. Huang and Kel[@996] suggested that
bifurcation occurs when the east-west dimensiorthef bubble is large, and they
speculated that this could happen because of themaogeneous electric field and
upward movement of charged particles within widgbldes.

Even though several investigators have reportedifiaecation of depletion, there
are not many observations of ‘joining’ of two adjat depletions. Sinhet al., [2003]
reported the splitting of depletion into two paatsl the joining of one of the parts with
a preceding depletion. They speculated that thecaéshear in the zonal plasma drift
is responsible for the splitting. The all sky obs¢ions reported here show two types
of bifurcations. One of the bifurcations is simitarthe wishbone structure seen in the

previous studies. The second one is a new typevefted 'V’ shaped bifurcation. This
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bifurcation is apparently formed by the joiningasf adjacent pair of depletions, which

later merge together to become a single depletion.
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Figure 5.26. The top panel shows a series of 630.0 nm images ton the night of 13

March 2002. The northern end of the depletionZ3812LT and 2341 LT appear to be
bifurcated. The bottom panel shows the series7/@f47nm images taken in this night
during the same time period. The horizontal battmtop indicates the time history of
observations in this night, where the arrows dentite start and end times of
observations, and the dark portion gives the doratf depletions.

The top panel in Figure 5.26 displays a series fthen630.0 nm images taken in
the night of 13 March 2002. The northern end ef diepletion in the images at 2331
LT and 2341 LT appear bifurcated. The bifurcatiomot well defined in at 2321 LT,
and in the next image it is seen more or less with’ shape with its west leg linear
and the east leg tilted eastward, similar to th&hivdne type usually observed. At 2341
LT, the west leg appears to be tilted westwardthedeast leg is linear. A series from

the almost simultaneously taken 777.4 nm imagegiven in the bottom panel of
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Figure 5.26. In this case the depletions are weepk to ascertain if there is any
bifurcation. The 557.7 nm images in this night dat show any clear depletion during
this period.

Figure 5.27 displays a series of 630.0 nm imagesnten the post-midnight period
of 16 February 2002. In this night the sky wadiphly cloudy, and dark cloud patches
are seen in some of the images. The gap in thenaditon between 0211 LT and 0241
LT is due to the bad weather during that intervah the image at 0241 LT, the
depletion appears bifurcated with an ‘inverted Wage, where the northern ends of the
two legs are joined together. In fact this pairdepletions can be seen as a weak
structure in the image at 0202 LT. This is a ngpetof bifurcation. Interestingly, in
the subsequent images the two branches of thigchifon start merging together,
starting from the northern latitudes, and by 03TGtlbecomes single depletion.

An almost simultaneously taken set of 557.7 nm ®sag given in Figure 5.28.
The images during 0239 LT to 0254 LT show very EmiV’ shaped bifurcation as
seen in the Figure 5.27. Noticeable differende ihe image taken at 0304 LT, where
the southern ends of the two legs of the bifurcatimss each other. In fact the eastern
leg of the bifurcation remain unchanged in shapartajpom its slight westward tilt,
while the western leg deformed into ‘C’ shape sat ks northern and southern ends
join with the adjacent depletion. By 0313 LT, théwo depletions completely merge
together into a single depletion. The series at.Z'hm images taken during the same
time period in this night are shown in Figure 5.Zhe depletions in this case are very
weak, and disappear after 0320 LT. No clear sigeatof bifurcation or merging of

depletions can be seen in these images.
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Figure 5.27 A series from the 630.0 nm images taken in thet b6 February 2002.

The horizontal bar on the top indicates the timstdry of observations in this night,
where the arrows denote the start and end timesbeérvations, and the dark portion
gives the duration of depletions. The numbers &d 5 in the right stands for 630.0,
777.4 and 557.7 nm, respectively. The letters D2, &d D3 indicates the
corresponding depletions in different images. ThertiN and East directions are
marked using arrows.
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Figure 5.28 A series from the 557.7 nm images taken in thietij16 February 2002.

The horizontal bar on the top indicates the timstdry of observations in this night,
where the arrows denote the start and end timesbeérvations, and the dark portion
gives the duration of depletions. The numbers &d 5 in the right stands for 630.0,
777.4 and 557.7 nm, respectively. The letters D2, &d D3 indicates the

corresponding depletions in different images. ThertiN and East directions are
marked using arrows.
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Figure 5.29 A series from the 777.4 nm images taken in thietij16 February 2002.

The horizontal bar on the top indicates the timstdry of observations in this night,
where the arrows denote the start and end timesbeérvations, and the dark portion
gives the duration of depletions. The numbers &d 5 in the right stands for 630.0,
777.4 and 557.7 nm, respectively. The letters Ddl, ®2 indicates the corresponding
depletions in different images. The North and Easictions are marked using arrows.
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The bifurcation of the 630.0 nm depletions in F&br26 is similar to the wishbone
structures reported by other investigators [Mendikhknd Baumgardner, 1982;
Rohrbaugtlet al.,1989; Pimentat al.,2001; Kelleyet al.,2002]. The westward tilt of
the bifurcation (2331 LT and 2341 LT) provides empental evidence to the
suggestion of Mendillo and Tyler [1983] that th&ubzation could be generated with its
eastern and western legs symmetrical about theakedirection, and the westward tilt
of the depletions that occur with the passagenoé ttauses the typical appearance with

one leg vertical and the other leg tilted to thestwve
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Figure 5.30 Drift velocities of the depletions in the bifuredtpair seen in the night of
16 February 2002. The solid line corresponds ® ¢astern leg while the dashed line
is for the western leg. The heavy and shaded heszectively stands for the 630.0 and
557.7 nm depletions.
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The inverted ‘V’ shaped bifurcations in Figuresbdhd 5.28 are different from the
usual bifurcation, and, are formed by the joinifigh® northern ends of two adjacent
depletions as evident from their subsequent mergifityis peculiar pair of joined
depletions appears developing in the FOV from ORT2 The observed joining and
merging is possible if the depletion to the westhi@a pair drifted faster than the one to
its east. The eastward drift velocities of botl pgairs of the bifurcation for 630.0 as
well as 557.7 nm images are plotted in Figure 5.BBese velocities are calculated for
a location closer to the center of the image.ait be seen from Figure 30 that there is a
tendency for the western depletion to drift sligtilster than its eastern pair.

Depletions usually drift eastwards with velocitexgual to the ambient plasma, but
in the evolving stage their drift would be influexcby the polarization electric field
within the walls of the depletions [Tsunoeiaal.,1981a]. Martiniset al, [2003] found
that the zonal drift of depletions near the equasohigher than at off equatorial
latitude. They suggested that this difference @¢oatcur if the depletions in the
evolving stage drift at velocities different frorat prescribed by F-region dynamo.
Recently, Linet al, [2005] noted that depletions in the early evgnimours drifted
faster than the background plasma, and they atédbthis higher velocity to come
from the group velocity of the gravity waves thaght have seeded the RT instability.
These findings indicate the possibility of deplatodrifting with higher eastward
velocities when they are in the early stages df thevelopment.

The joined depletions appear developing in the H@m 0202 LT, and it is
possible that the eastern and western depletiorieeopair could drift with different
velocities if they are at different levels of deyainent. The fact that the pole ward
ends of the depletions join before their centerareg merge indicates higher eastward
velocities at higher altitudes above equator. &herm confirming trend seen in Figure
4.11, which gives the zonal drift velocity of aliet depletions observed in different
images. The median values of 777.4 nm velocite=rsto be larger than that of
630.0nm after 2330 LT, even though it is well witlhe range of the fluctuation of the
velocity values.

The west depletion in the pair at 0304 LT in Fighr27 has a pronounced C-shape,
while the east depletion appears linear. The @elod depletions is different from that
of radar plumes, which results from the decreasethia field line integrated
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conductivity both above and below the F-peak [Zaltest al., 1982]. In airglow
images the C-shape arises due to the mapping ofkttieally rising bubbles along the
field lines to lower latitudes, where the risingbbles tilt westwards due to shear in
plasma drift Kelley et al., [2003]reported backward C-shape in the airglow images
from space, and showed that the ground based wairdépletions match this shape.
The C-shape of depletion at 0304 LT in Figure 52different from the backward C-
shape reported bigelley et al., [2003] as it mainly represent the bubbles that are
mapped to northern hemisphere. In the absence mbosiing data one can only
speculate about the role of a complicated wind @edtric field pattern in producing
such peculiar depletions.

5.4 Post-midnight depletions

The post-sunset equatorial ionosphere is sometonasacterized by the spectrum
of irregularities associated with the phenomenoovknas Equatorial Spread-F (ESF),
based on their manifestation as diffused tracesnaograms (Booker and Wells, 1938).
The Generalized Rayleigh-Taylor (GRT) instabilisynelieved to be the mechanism of
generation of ESF, which operates in presence arfpsplasma density gradients anti-
parallel to the gravity (Kelley, 1989). The irréguities are generated at the bottom
side of the F-region, and evolve non-linearly te tbpside (Woodman and La Hoz,
1976; Chaturvedi and Ossakow, 1977). The totaWwtrgohase of the irregularities
takes about 50 minutes (Tsunoda, 1981). It has keewn from ionosonde and radar
observations that the pre-reversal enhancemertieoeastward electric field and the
subsequent vertical motion of the F-layer to vaghhaltitudes are necessary conditions
for the generation ESF (Farleyal.,1970; Abduet al.,1983; Fejeet al.,1999).

A routine vertical sounding ionosonde mainly obssrwoverhead ionospheric
parameters, and during ESF one can infer only #ise height of the F-layer (h'F) from
an ionogram. While, an all sky imager provides demange of (180°) field of view
(FOV) (Mendillo and Baumgardner, 1982), and isahlg to study large scale features
of ESF such as plasma depletions, which are theifestations of field aligned
irregularities in the airglow images (Abe al., 1983a). Following the pioneer work

of Weberet al. (1978), ground based all sky imagers have beed tsestudy the
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morphology and dynamics of plasma depletions (Mem@ind Baumgardner, 1982;
Sahaiet al., 1994; Fagundest al., 1999; Tayloret al., 1997; Tinsleyet al., 1997,
Mukherjeeet al., 1998; Kelleyet al., 2002; Sinheet al., 2003, Matrtiniset al., 2003;
Pimentaet al., 2003, Makelaet al., 2004; Mendilloet al., 2005, Rajeslet al.,2007).
These investigations have established the all slaging as an important diagnostic
tool in the study of ionospheric irregularities gavthough this technique is limited by
the observing conditions such as moon phase, weatte This work report extensive
observations of all sky imager from the Indian seauring solar maximum, with
concurrent ionosonde measurements.

Depletions in 630.0 and 777.4 nm usually appeah&post-sunset hours in the
interval 2000-2200 LT, but there are differencethigir duration in different nights. In
some nights, depletions are confined to the pastetuhours and disappear after
midnight. However, in several other nights, deplesi are present even after the
midnight. These post-midnight depletions could bevo types, the ‘fossil’ depletions,
which are generated in the early evening hourgherqwestward) longitudes that drift
into the FOV after midnight, or the fresh depletiaimat are generated in the post-
midnight hours. The ‘fossil’ depletions appear widleloped when they are seen in the
images, while in the case of generation within @V one would be able to see the
depletions developing. About 37% (10 out of 27)h&f nights with depletions in 630.0
nm showed the development of irregularities witiie FOV around midnight or in the
post-midnight period.

As described above, Figures 5.27 illustrates thiesef 630.0 nm images taken in
the night of 16 February 2002, showing examplegpfer and post-midnight depletions
as well as overhead developments. The top pamletésies of depletions that appeared
in the pre-midnight period. These depletions wssen from the beginning of the
observation at 2204 LT till about 2300 LT. At 2204, when the first image was
taken, depletions are seen only in the northerh dfathe FOV. In the subsequent
images at 2214 LT and 2234 LT, these depletionsnekto southern parts also, and fill
the FOV along the North-South direction. During tteriod 2300-0100 LT, the cloud
cover increased, but the observations continugtieagepletions could be still seen in
the images. By the time the sky became clear tdepéetions had disappeared, and
new depletions started appearing.
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The second panel in Figure 5.27 shows the depkeiiorthe post-midnight hours.
In the image taken at 0258 LT, a new depletion (B2een to the west of the ‘joined’
depletions. This new depletion is visible as a kvstucture (marked as D2) in the
image at 0248 LT, which probably indicate the ‘dhsé the depletion in the imager.
The subsequent images depict the development add@pketion. These observations,
probably for the first time, show the sequence agtpmidnight depletions developing
within the FOV. Similar development within the FOQdn be seen for the pair of
depletions (D3) at 0337 LT. These depletions apgukas a faint structure at 0316 LT.
Since they are closer to the western edge of thg BOD0316 LT, it is difficult to
conclude whether they are generated within the F@Wdrifted in from western
longitudes. Nevertheless, their growth as sedhensubsequent images indicates that
they are not fossil depletions. These depletiargicued till the pre-sunrise hours up
to 0525 LT, and disappeared thereafter. Notethiais the first time the occurrence of
depletions extending from the post-sunset peribdhe pre-sunrise hours is observed
at Kavalur.

In this night, the depletions in 557.7 images abowed more or less similar
characteristics as can be seen from Figure 5.2& pFe-midnight depletions are seen
as faint dark patches in the northern ends of @¥.F As in the 630.0 nm, the post-
midnight development of depletion (D2) can be skem 0246 LT, which become
pronounced in the subsequent images. The paieglketons marked D3 are seen till
the pre-sunrise hours. It can be seen that th@&8@ 557.7 nm depletions are similar
in the post-midnight hours, while in the pre-midttigperiod 557.7 nm depletions are
very weak. In Figure 5.29 the examples of 777.4images taken in this night are
given. The depletions in these images are verkwempared to the other two filters,
and, disappear after 0320 LT. Instead of the phjoined depletions, only a single
depletion (D1) is seen. Very weak signatures efdhpletion developing in the FOV
(D2) can also be observed.
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TRIVANDRUM, 16-17 February, 2002
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Figure 5.31 A series of ionograms from the equatorial statibivandrum (7.6°N,
76.9°E; 1.2°S geomagnetic) recorded in the nightéfFebruary 2002, showing strong
spread-F throughout the night.
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Figure 5.32 The time variation of h'F at the equatorial statidrivandrum (dotted line)

in night of 16 February 2002. The arrows denotetthree of appearance of depletions
in the 630.0 nm images. The asterisks represerdubation of the spread-F. Mendillo
et al. (2000) introduced the GPS phase fluctuatrmtex, Fp, derived from the time
variation of the total electron content (TEC), twantify the strength of plasma
irregularities. Fp>200 indicates very strong irrelgrities, often associated with
plasma depletions. Please note that since this waekcribes only the airglow
observations, the Fp index result is not discusssé.

This remarkable display of depletions in the night6 February 2002 is associated
with intense spread-F extending throughout the tniglihe sequence of ionograms
showing spread-F is given in Figure 5.31. In thght spread-F started appearing from
about 1925 LT, and continued up to about 0545 The variation of the F-region base
height (h'F) plotted in Figure 5.32 shows that Eaayer is at higher altitudes when the
depletions are seen in the pre-midnight periodtlfia night, depletions were already
developed when the experiment started at 2200 ldi)at the time of appearance of
the post-midnight depletions, it is lower than X50.

Another example of post-midnight development of leigpns is given in Figure
5.33, where a series from the 630.0 nm images dedoon 10 March 2002 are
displayed. The first panel displays the seriesnafges taken from the beginning of the

observations showing the pre-midnight depletionbkictv appear very weak. These
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depletions disappear after 2230 LT, and no depistiare seen in the images till
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Figure 5.33 A series from the 630.0 nm images taken in thketra§ 10 March 2002.

The horizontal bar on the top indicates the timstdry of observations in this night,
where the arrows denote the start and end timesbeérvations, and the dark portion
gives the duration of depletions. The numbers &d 5 in the right stands for 630.0,
777.4 and 557.7 nm, respectively. The letters Ddl, ®2 indicates the corresponding
depletions in different images. The North and Eagictions are marked using arrows.

135



1 1 1 t n * — — | i
1800 ZQQS[Eltm_t 2200 oo 0Z00 0400 IBRSOG
KAVALUR E
10 March 2002 557.7 nm

2153 LT 2255 LT

2320 LT

0014 LT

0050 LT 0104 LT

0114 LT 0134 LT

", & - “‘ o ? -_- g : ;
0154 LT 0204 LT 0214 LT 0234 LT

Figure 5.34 A series from the 557.7 nm images taken in thketra§ 10 March 2002.

The horizontal bar on the top indicates the timstdry of observations in this night,
where the arrows denote the start and end timesbeérvations, and the dark portion
gives the duration of depletions. The numbers &d 5 in the right stands for 630.0,
777.4 and 557.7 nm, respectively. The North and Baections are marked using

arrows.
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Figure 5.35 A series from the 777.4 nm images taken in thketra§ 10 March 2002.

The horizontal bar on the top indicates the timstdry of observations in this night,
where the arrows denote the start and end timesbeérvations, and the dark portion
gives the duration of depletions. The numbers &d 5 in the right stands for 630.0,
777.4 and 557.7 nm, respectively. The North and Baections are marked using

arrows.

midnight (middle panel).
disappearance of the depletions seen from the piteight hours, the ‘onset’ of a fresh
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depletion (D1) is seen in the FOV. The bottom palepicts the development of this
depletion. This post-midnight depletion becomes kwea around 0200 LT, and

disappears after 0300 LT. In this night also,36&.7 nm shows depletions only in the
post-midnight period, and as seen in Figure 5.Bdsd¢ depletions have very similar
characteristics to those in the 630.0 nm. In 77 the pre-midnight depletions are
too weak to identify (Figure 5.35), and the posthnight depletions are seen during
0045 LT — 0140 LT.

Even though plasma depletions could occur at amy bbthe night, depending up
on the ionospheric conditions, once generated, dheyeen in the images ranging from
a few hours to sometimes even the entire nightthénnight of 10 March 2002, it is
unusual that depletions were found to develop @RV in the post-midnight period
after more than an hour of the complete disappearahthe pre-midnight depletions.
Since it is apparently difficult to see the develgmt of pre-midnight depletions in the
FOV, it is not possible to conclude whether irregities were generated in the imager
FOV in the evening hours of 10 March 2002. Thhs, gre-midnight depletions could
as well be generated in the longitudes to the wektavalur, and later in the midnight
hours the ionospheric conditions in the longitudgions within the imager FOV
became suitable for irregularity generation. Theograms show that spread-F in this
night was very weak, but exhibit a similar occuoemattern as that of the depletions,
in two phases, each in the pre-midnight (1930 122®LT) and post-midnight (0015
LT — 0130 LT) hours, as can be seen from Figuré.5The h’'F values in this night are
displayed in Figure 5.37. In this night also the is very high (>400 km) at the time
of the pre-midnight depletions, while it is abo&02km at the time of generation of
post-midnight depletions.

The probability of occurrence of plasma depletioiss found to increase
significantly during the periods of high solar &ty [Sobralet al., 2002; Sahaet al.,
2000]. Sobrakt al., [2002] reported about 80% increase in the bubbiwence in
high solar activity period than the low activityrjwel in the equinoctial months. The
results presented here indicate a similar highbbleuoccurrence over the Indian sector

in solar maximum period.
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Figure 5.36 A series of ionograms from the equatorial statibivandrum (7.6°N,
76.9°E; 1.2°S geomagnetic) recorded in the nighi@fMarch 2002. The spread-F

disappears about 2000 LT, but reappears again aboab LT.
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Figure 5.37 The time variation of h'F at the equatorial statidrivandrum (dotted line)
and that of the Fp values (solid line) in nightl® March 2002. The arrows denote the
time of appearance of depletions in the 630.0 nagas. The asterisks represent the
duration of the spread-F. (Fp is explained in figuraption of fig.5.36)

One of the basic requirements for the developmespiead-F is the rapid uplifting
of the F-layer to very high altitudes by the preamal enhancement of electric field in
the post-sunset hours [Faredy al, 1970]. The zonal electric field, which itse# i
destabilizing, contributes to the instability gromtate by ensuring higher F-layer
altitudes (lower ion-neutral collision frequencyelley, 1989]. The evening vertical
drift, or the pre-reversal electric field, increaseith solar flux [Fejeret al., 1999]
during equinoctial months. The vertical rise vépof the F-layer was calculated
using the time rate of change of h'F for some efrifghts in this observation period,
for which, ionograms were available. The velositigere in the range 30-70 m/s with
average value of 41 m/s, which are much greater @ threshold vertical velocity (17
m/s) suggested by Abdet al.,[1983b], for the generation of spread-F. Thisdates
that the large evening vertical rise velocities thngs one of the factors responsible for
the observed intense and continuous occurrencelasima depletions in the solar

maximum of 2002.
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This rapid uplifting of the F-layer was mainly obged in the post-sunset hours, and as
evident from Figures 5.32, h'F did not exhibit angward motion prior to the
development of the post-midnight depletions. Thevipus reports of post-midnight
spread-F generation were caused by magnetic storenelectric field lifting equatorial
F layer again in the post mid night period irregpecof solar activity.[Subba Rao and
Krishna Murthy, 1994; Abdwet al., 1998; MacDougalkt al., 1998; Niranjanet al.,
2003]. The present observations give examples ost-midnight development of
spread-F depletions during solar maximum in theéaimdegion when the F-layer was at
relatively low altitudes. Shiokawet al.,[2004] reported the generation of depletions at
midnight on 4 April 2002, from conjugate observatioat the mid-latitude stations,
Sata, Japan (31.0°N, 130.7°E; 21°N, geomagnetiw, @arwin, Australia (12.4°S,
131.0°E; 22°S, geomagnetic). Note that the obsiensof Shiokawat al.,[2004] are
conducted within the period of the current experime

Plasma depletions, which are the manifestation€®F bubbles in the all sky
imagers, evolve to the top side when the non-lipeacesses takes over after the linear
growth phase of the Rayleigh-Taylor (RT) instabilitvoodman and La Hoz, 1976;
Chaturvedi and Ossakow, 1977]. The ‘onset’ of e@phs in the images will occur
when the irregularities develop to a level so thay are within the sensitivity range of
the imager, and do not indicate the time of gemmrabf the ESF irregularities.
Tsunoda [1981b] have shown that the total growthsphof the irregularities takes
about 50 minutes. In other words, prior to the esppnce of the post-midnight
depletions the instability would be already in @m®& generating irregularities of
different scales that might not be detected byalhseky imager but could manifest as
spread-F or cause scintillations. Thus, even thabhg h’F is not high enough when
depletions appear in the images in the post-midrtigie, at the time of onset of the

instability process the conditions could be su#abl provide sufficient growth rate.
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Chapter 6 Conclusions

The all sky observations conducted from Kavaluirduthe months of February-
April, in the year 2002 reveals the occurrence lakma depletions in several nights.
The observations were remarkable in that there veeneeral nights with intense
depletions. Moreover, depletions appeared in &ltbree wavelengths in some of the
nights. There were total 33 nights of observatipussible, with 10 days of
observations in February (6-16), and 12 days inci&4-17), and 11 days in April (5-
15). The 630.0 nm images showed depletions in gftsi which is about 80% of the
total observations. Similarly depletions were sigethe 777.4 nm in about 25 (~75%)
nights. Also, about 19 (~57%) nights there wereletgms in the 557.7 images. It is
rather unusual that depletions were observed in068M in 11 consecutive nights of
March (4-14), and April (5-15). About 70% (19/23%) the nights with depletions in
630.0 nm also had depletions in 557.7 nm imagesrtelts no significant geomagnetic
activity during the observation period.

The east-west extensions (or width) of the obsedegaletions were in the range
of 50-350 km. For the case of 557.7 and 630.0 nages, the east-west extent is very
similar. However, the depletions seem to be a loilewin the 777.4 nm. In the pre-
midnight the width of the depletions were mostlythe range 100-300 km. In the post-
midnight period, in some of the cases, depletidnsaorower width (less than 100 km)
were also observed. However, in some of the nidatsg the observations there were
cases when depletions seemed to develop overheaeé ipost-midnight period. Such
developing depletions could have smaller widthsd¥iof the depletions appears to
decrease with time, with a rate of about 3.1-3.@rkimute. However, for the depletion
in the post-midnight period, the rate of decreasabout 2.3-2.5 km/minute. The
density gradient associated with the depletionsdahaseen in the post-midnight period
could be different from that in the earlier howasd hence their rate of decay also could
be different.

The observations were used to estimate the diificity of the depletions in three
different wavelengths. The median values who alfi-120 m/s in the evening
period, which gradually decreases with time innight, and becomes about 50 m/s in

the post-midnight period. The 777.4 velocities slightly less than that of the 630.0
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nm values in the evening period. However, in thstoidnight period, the 777.4 nm
velocities are a bit larger. The 630.0 and 777.4veiocities are estimated for different
altitudes, and the observed difference in theiuesl could thus indicate altitude
difference in the zonal plasma drift. In the migimti and early post-midnight period,
the 557.7 nm velocities are slightly less than thahe 630.0 nm, probably because of
the much less number of depletions in 557.7 nm @wvag this period compared to that
in the 630.0 nm. In the later part of the nightthbilne velocities are very similar. There
is an increasing trend in the 557.7 and 630.0 niocitees in the post-midnight period,
which could be influenced by newly developing déples imaged in that period.

Several new features of plasma depletions are whbden this study such as the
new type of ‘joined’ pair of depletions where tharthern (and later the southern) ends
join together, producing an inverted V' shape bifation, which later merge together,
sequences of depletions developing in the fieldiiefv of the all sky imager in the
post-midnight period, depletions in 630.0 nm imagetering the field of view (FOV)
as dark patches from the north end in the postdgidnperiod, and the frequent
observations of plasma depletions in 557.7 nm image

The joining and merging of depletions and the po&tright development
provide information about the ionospheric condisicend that could result in such
features. The joined depletions appear developintge FOV, and it is possible that the
eastern and western depletions of the pair coufdvdth different velocities if they are
at different levels of development. The fact ttie pole ward ends of the depletions
join before their center regions merge indicataghéi eastward velocities at higher
altitudes above equator. Similar influence of sheahe zonal plasma drift is evident
in the spitting and joining of depletions obserwienn Mt. Abu, indicating the complex
turbulent nature of the irregularities. The westivalt and bifurcation of depletion are
more frequent when imaged from low latitude stagisnch as Mt. Abu, or Mt. Lulin,
while at the locations such as Kavalur, which isendose to the equator, depletions
tend to appear as dark bands with minimum strustuf&his indicates that bifurcation
occurs as the bubble rise over certain altitudd,iais unlikely that it is produced when
irregularity is generated.

Sequences of depletions that develop within the F&¥ imaged in these

observations, and when these depletions appe&rFhealues are about 250 km. Since
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the instability growth requires higher F-layer talties, it is possible that small scale
irregularities are generated several minutes earien the h’F was higher, and by the
time they grow to a sufficient level to be captutedthe imager the F-layer moves
down to lower altitudes.

The field aligned mapping of irregularities togetketh the altitude dependence
of the 630.0 nm emission is proposed to be resplngir the depletions to appear as
dark patches at the northern ends of the FOV. dHnk patches in 630.0 nm images in
the post-midnight hours, which enter the FOV fromrtihern latitudes and grow
towards equator, are in fact the signatures ofiélé@ aligned plasma depletions that are
seen in the off equatorial latitudes where the etepl flux tubes meet the emission
layer owing to the lower F-layer height than thatle magnetic equator. Near the
equatorial region, the irregularity layer is abdklie airglow band, and depletions are
limited to northern end of the FOV.

Detailed analysis is carried out to understanditi@ortant physical parameters
that influence the emissions of the 557.7 nm inower local times and solar activities,
and result in the appearance of depletions in tloeirgl based images. The results
indicate that due to the enhancement of the thgsheyg component of the 557.7 nm
emission and/or the less efficient masking efféuat, occurrence of depletions becomes
pronounced in the post-midnight period of the sal@aximum. By contrast, the
significant mask results in the 557.7 nm depletiohthe thermosphere being unlikely

observed during years of the solar minimum.
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The All Sky Imager with a typical plasma depletion image taken
with 630 nm optical filter, with north south aligned structure.
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