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STATEMENT

The work presented in this thesis was carried out by the author at the
Physical Research Laboratory, Ahmedabad, India, under the guidance of

Prof. H. §. S. Sinha of the Planetary Atmospheres and Aeronomy Division.

The present study is concerned with the different manifestations of
irregularities in the F-region during the night, generally known as equatorial
spread-F (ESF). These have been studied using various techniques which
include (i) optical imaging of very large scale irregularities viz. plasma
depletions, (ii) Langmuir probe for electron density fluctuations and (iii)
double probe for electric field fluctuations. The author participated in the
experimental campaigns conducted from SHAR for taking airglow imagés of
plasma depletions. To investigate the importance of various agencies in
ESF, the data obtained from the earlier rocket flights conducted from SHAR
was analysed. The author was fully involved in the image processing, rocket

data analysis as well as data interpretation.

Chapter 1 briefly reviews the current understanding of ESF
phenomena. It discusses the F-region dynamics, various manifestations of
nightglow emissions, ionisation irregularities in the ionosphere and their
seasonal and longitudinal variations. The contribution and influence of

various factors on ESF irregularities is also presented.

Chapter 2 discusses various optical, in-situ and radio techniques
used fot the study of irregularities with the emphasis on optical imaging,
Langmuir probe and double probe techniques which have been used in the
present study. This chapter describes the instrumentation of a ground‘based
Multi-Wavelength All-Sky Optical Imaging System developed at Physical

Research Laboratory.

Chapter 3 outlines various instabilities which play a dominant role in
the generation of ESF irregularities. The generation mechanism of various

nightglow emissions, which have been used in the present work for mapping
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of airglow depletions, has been discussed. This chapter includes the
experimental campaigns, observations, and procedure of data analysis of
optical images. The airglow images have been used for studying the
dynamics of F-region irregularities, their zonal scalesizes, degree of
depletions etc. A comparison of the present data with that obtained from

American sector has also been included.

In Chapter 4 the results obtained from rocket flights conducted from
SHAR at the onset time of ESF and during ﬁJlly developed spread F
conditions are presénted. The spectral analysis of the irregularities occurring
in various altitude regions has been performed and the importance of

different agencies in the generation of irregularities has been discussed.

Chapter 5 discusses the electric field measurements which were
obtained simultaneously with electron density discussed in the previous
chapter. The procedure of electric field determination has been described in
this chapter. Correlation studies of electron density fluctuations and electric
field perturbations obtained in the vertical and horizontal direction, which

have revealed revealed striking results, are also described.

A brief summary of the results obtained in the present work is

presented in Chapter 6.



CHAPTER 1

INTRODUCTION

1.1 The lonosphere

The ionosphere is that region of the earth’'s atmosphere which is
characterised by the presence of a significant number of atoms and
molecules and various ionised species so as to affect radio wave
propagation. lts lower boundary lies around 55 km. It is considered to
extend up to the altitudes of several earth radii. Radar studies of the day
time ionosphere revealed a layered structure of electron concentration,
which subsequently resulted in the broad classification of the earth’s
ionosphere into D, E and F regions as shown in Fig. 1.1. The E region of
ionisation was the first to be detected and was named after the electric field

of the reflected radio wave.

D-region extends from about 60 km to 85 km where electron density
is much less than the molecular density. Daytime ionisation in the D-region
is believed to result from three main sources: solar radiation in the band
1027-1118 A acting on O, (14,), solar H Lyman-alpha line at 1216 A acting
on NO, hard X-rays (2-8 A) which ionise all constituents, including major
species such as O, and N,. Part of the atmosphere lying between altitudes

of about 90 and 140 km is defined as the E-region. lonisation
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results from EUV radiation with wavelength between 800-1026 A absorbed
by molecular oxygen, and soft X-rays (10 - 100 A). The most abundant ions

in this region are NO" and O,". Region above the 150 km altitude is

classified as F region.

1.2  Formation of the Quiescent lonosphere

lonosphere results from the processes of ion production, balanced by
those of ion loss. The major contribution to production processes comes
from the photoionization by solar radiation. The most important atmospheric.
species at these altitudes are molecular oxygen (O,), molecular nitrogen
(N;), and atomic oxygen (O). These species when initially in the ground
states, can be ionised by photons at wavelengths shorter than 1027 A, 796
A, and 912 A respectively. Longer wavelengths can be effective if the
neutral species are in excited state initially. The most important example is
the oxygen in metastable state O, (14A,), whose ionisation limit lies at
1118 A. Nitric oxide (NO) is an important contributor to ionisation, despite
being a minor constituent. Its ionising limit lies at 1345 A, therefore, it is
susceptible to ionisation by an intense solar emission at 1216 A the H
Lyman alpha line.

Various factors that contribute to ionisation process during night-time

are listed below:

e Cosmic rays from the space penetrate well into the atmosphere and

produce ionisation by bombardment, particularly below 70 km.

e Bremsstrahlung radiation, produced by the bombarding electrons when
they are stopped by the atmosphere, adds a further source of ionisation.
The ionisation rate due to bremsstrahlung is about ten factor smaller
than that due to the primary electrons. Below 50 km, it is the major

source at times of auroral electron precipitation.

e Hydrogen and Helium atoms, within and beyond the atmosphere, can
scatter appreciable solar UV radiation into the earth’'s shadow cone,

providing a source of ionisation.



e Certain stars, emitting in the X-ray band with high intensity, provide a

further source both during day and night.

* Molecules ablate from meteoroids which pass through the D and E
regions; a fair proportion ionised in this process contribute to metallic

ions.

All the above mentioned sources of ionisation must be balanced by
the loss processes. The dominant O ion is neutralised either by means of
radiative recombination with the ambient electrons, a process
complementary to simple photoionization, or by means of charge transfer
reactions. The former is an extremely slow process compared to the latter
with reaction rate of 1072 cm? s (Banks and Kockarts, 1973). Atomic ions

are converted by charge transfer processes such as

o0 +0, Y ., o+ 0 (1.1)
0" + N, _Y__> NO* + N (1.2)

where vy is the rate coefficient. Molecular ions are inherently more

susceptible to dissociative recombination, represented by
0, +e —2» 0+ 0 (1.3)

NO* + e —% 3 N + O (1.4)

Here o is rate coefficient. Nitrogen ions are removed via the process given

below :

N + 0 —Y 55 NO* + N -~ (1.5)

It is clear that the electron loss does not occur directly but by a two stage

process.

X+ A, _Y oA+ X (1.6)

AX' + e —% 3 A+ X (1.7)



Here A, is a common molecular species such as O, or N,. The reaction
rates y and o are typically of the order of 10" cm® s and 107 cm® s™
(Banks and Kockarts, 1973).

The loss rate of electrons at most of the heights may be expressed in
one of the two simple forms that help to account for ionospheric properties.
The first arises when O," and NO* are the dominant ions. The rate of the
dissociative recombination reaction is proportional to both the positive-ion
concentration (n,) and the electron concentration (n,); these two
concentrations must be equal to maintain charge neutrality. The loss rate of
electrons must then be proportional to n.n, , which can be approximated to
nez. The second form of loss occurs when the concentration n, is dominated
by atomic ions, notably O*. Their frequency of occurrence is proportional to
the concentration of the neutral species(n,) and to n.. So, the loss rate in

this case can be represented by y n, n, . Under equilibrium conditions, the

production rate, q is given by

1 1 1

—_—t— 1.8
q aN2+BN (19)

where B =y n,,, and N is the electron concentration.

At low altitudes B is large and so all X* are rapidly converted to AX".
The overall rate is then determined by (1.2) and thus a type processes
dominate at lower altitudes. At higher altitudes B is small and then (1.1) is
relatively slow and limits the overall rate. The predominant behaviour
therefore shifts from o type to B type as the height increases. In the limiting

cases,
q = aN? when B >>a N

q = BN when B << a N



The transition from o- to B- behaviour is considered to occur at a

height where 8 = o N.

1.3 F-region
1.3.1 Electron Density

Our interest lies in the F region, which on occasions appears to be
split into two, termed as F1 and F2. F1 layer appears as a ledge at the base
of the F, layer and arises from solar radiation in the range 500-600 AInF,
layer the loss rate is expressed by BN, where B depends on the

concentration of neutrals as seen before.

0 + N, —' ., NO* + N (1.9)
As atomic ions dominate at F-region altitudes, most of the F region
ionisation is contributed from atomic oxygen, and thus production rate q o

[O]. Therefore the equilibrium electron density is

q
=3 1.10
N B ( )

h h
Ne o« exp|:—H(O)+ H(Nz)jl (1.11)

where H(O) and H(N,) are the scale heights for O and N,. As the masses of

N, and O are in the ratio of 1.75:1, the electron density varies with aititude

as,

h
Ng [+o.75 s 0)} (1.12)

The above equation represents a layer whose electron density increases
with altitude since the loss rate falls off more rapidly than the production
rate. However, above the F, peak, transport becomes more important than

recombination as the atmospheric density is less at those altitudes. The



maximum in n, occurs when the two loss processes - B type and transport
are equally important.
In the F; region electron density is determined mainly by three types

of plasma motion :
e Diffusion
e Neutral winds

o Electromagnetic drifts.

Effect of Diffusion
The continuity equation is given as
ONg/Ot =q - L -div (N, v)

where q is the rate of production of ions, L is the rate of loss of ions and
electrons, N, is the electron density and v is the plasma velocity. Plasma
diffusion maximises along the geomagnetic field lines. Since the diffusion
coefficient is inversely proportional to the neutral density, diffusion increases
rapidly with height. Diffusive separation in a plasma differs from that in a
neutral gas because as the light electrons separate from the heavier positive
ions, an electric field is established so that the electrons and ions move

together (ambipolar diffusion).

For an electron-proton gas in the F, region, ambipolar electric field, E
~ 0.05 uV/m, and for an electron-oxygen ion gas E = 0.77 uV/m. Thus, this
coupling causes the mean mass of the electron-ion pair to become half the
ion (gas) mass and the plasma scale height is twice that of the neutral

mass.

Effect of Neutral winds

Neutral winds result from differential heating of the neutral air by solar
radiations, energy input into the auroral zones by electron bombardment
and Joule power dissipation. Normally, the air is hottest at sub-solar point,
the resulting pressure gradients drive horizontal winds from the dayside to

7



the nightside. In the F; layer, the low collision frequency compared to that of
the lower altitudes, restricts the motion of the ions by the horizontal neutral
wind, across the Earth's magnetic field. The ions can move along the field
but not across it. However, at mid-latitudes, an equatorward wind lifts
plasma whereas the poleward wind lowers the plasma in altitude. Because
the loss rate decreases with height, the equatorward wind results in an
increase of the electron density and the poleward wind decreases it. In low
‘magnetic latitudes, transequatorial winds transport plasma from one
hemisphere to the other producing hemispherical asymmetry in the F,

region.
Effect of Electromagnetic drift

Electromagnetic (E X B) drifts are important in the F, layer, since it is
the main mechanism that can cause plasma to move across magnetic field
lines.

At low latitudes vertical (E X B) drifts play an important role in
establishing the distribution of electron (ion) density in the F, region. The
height of maximum electron density, h,,F,, acquires very high altitude (F,
peak can be above 500 km) by ~ 1900 hrs LT and then falls such that at
midnight it is about 100 km lower than at noon. This evening uplift results
from the E X B drift caused by prereversal enhancement of the eastward
electric field which will be discussed later on.

1.3.2 Electric Fields

The ionospheric electric fields play a dominant role in low-latitude
electrodynamics. In the equatorial E-region the east-west electric field drives
the equatorial electrojet (Untiedt, 1967; Sugiura and Poros, 1969;
Richmond, 1973; Forbes and Lindzen, 1977) and the associated plasma
instabilities (Fejer and Kelley, 1980). In the F region the plasma transport
across the magnetic field lines is controlled by the E X B drift. The daytime
upward drift at the equator, and subsequent diffusion along field lines, result
in ionisation transport towards higher latitudes, causing the Appleton or
equatorial anomaly (Hanson and Moffet, 1966; Anderson, 1973, 1981). The
generation of electric fields is discussed below.

8



1.3.2a Generation of Electric Fields

Electric fields in the ionosphere arise when the ions and electrons
respond differently to the forces acting on them. These forces may be
related to the plasma pressure gradients, to the magnetic and gravitational
fields, and to the atmospheric winds. The electric current associated with the
difference between the ion and electron velocities has a finite divergence

which is expressed quantitatively by the current divergence equation:
V.J = - Op ot (1.14)

Any charge density, p,, must create electric fields through Poisson’s

equation
V.E = p. /e, (1.15)

where g, is the permittivity of the medium. Thus if the complex forces acting
on the ions and electrons create a divergence in the current, an electric field
builds up quickly to modify the velocities so that V.J = 0. The time scale, t,
for build up of such a charge density can be estimated from the above

equations.
T~pJV.d = g V.EIV.J (1.16)
Using J = oE and assuming o to be constant,
T =¢g,/0 (1.17)

Using the lowest value of any component of ¢ in the ionosphere, the largest
value for 1 =10° s. Electric fields thus build up very quickly in response to
any divergence of J. The latter arise whenever there are spatially varying
forces on the plasma or when conductivity changes in space. Thus the

electric field acts as a free parameter that adjusts in magnitude and direction

to fit the requirement that v.J = 0.

At high latitudes when electric fields are applied from an external

source due to the solar wind - magnetosphere interaction, the quantity J.E is



positive in the ionosphere. The electrical energy is converted into
mechanical energy in the ionosphere and is released in the form of heat.
Joule heating is a important process at high latitudes and it greatly affects
the thermospheric winds. In this case the ionosphere acts like an electrical
load on some external generator. Similarly the momentum may be
transferred to the thermospheric wind through the ion drag if the ions are
driven strongly by an electric field. In such a case the ionosphere-
magnetosphere system acts like a motor wherein the electrical energy gets

converted into the mechanical energy.

Earle and Kelley (1987) performed spectral analysis of a number of
incoherent scatter radar data sets obtained from various locations, for
understanding the sources of electric fields with periods in the range of 1 -
10 hours. It was shown that for this range of periods the zonal electric field
at Jicamarca has a transition from atmospheric to magnetospheric sources
at a K;, level of roughly 3. Below this level of activity, fluctuating atmospheric
winds dominate the signal while at higher K, levels, fluctuations in the
magnetospheric electric filed determines the zonal component of the electric
field over Jicamarca. Balan et al. (1993) presented the power spectra of the
fluctuating component of the east-west electric fields at the magnetic
equator. The electric fields were inferred from vertical plasma drift
observations from Trivandrum (dip 0.9° S) using HF Doppler radar. They
found that the spectra displayed very little day to day variability and have no
appreciable changes with geomagnetic activity. From the spectral
characteristics of electric field they suggested that the medium scale gravity
waves could be a source for the observed fluctuations in the east-west
electric fields in the post-sunset F-region. Viswanathan et al. (1993) found
gobd correlation between E and F-region electric field perturbations and
suggested that the electric fields in the E-region at low and equatorial
latitudes are coherent for the temporal scales of the order of few tens of
minutes. They attributed the observed fluctuations in E and F-region electric

fields to the medium scale gravity waves.
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1.3.2b F region Dynamo

When an electric field is created by a wind, the process is often called
a dynamo because of its similarity to a motor driven electric generator in
which a conductor is moved across a magnetic field. The basic theory of
ionospheric conductivity has been discussed earlier (Cowling, 1945; Baker
and Martyn, 1952). The conductivity is strongly anisotropic because of the
geomagnetic field. Considering z in upward direction, B pointing in y
direction which is horizontal and northward, x towards the east , the

conductivity tensor is given below
c, O Oy
c=|g o, 0 (1.18)
oy O c

where op is the Pederson conductivity, o, is the Hall conductivity and o, is

the longitudinal conductivity and these are expressed as given below.

ne Vi We Ve
op = Of__OM __ _ QeVe (1.19)
] B @)52 + viz) @ez + vez)
2 2
ne (O O
oy he - (1.20)
B (Dez + Vez) @)iz + Vi2)
2 1 1 )
s, = n, - 1.21
° (Mivi meve ( )

where o; and o, are the gyrofrequencies of the ions and electrons
respectively, v; and v, represent the collision frequencies of ions and
electrons with the neutrals, M, is the mass of ions and me is the mass of the

electrons.

The Pederson and Hall conductivities depend on the ratio of
gyrofrequency (o) to collision frequencies with neutral particles (v) for both
ions and electrons (Rishbeth and Gariott, 1969; Rishbeth, 1981). At any
ionospheric height (o/v), = 103(co/v)i. The disparity between their ratios (w/v)

11



causes ions and electrons to move differently in response to an applied
electric field E or a neutral wind U. In the F region op >> o and op << o,
The F region electrodynamics can be understood by considering a simple
model in which the horizontal magnetic field lines terminate at both ends in
an insulating layer. This insulating layer is the E region where the
conductivity decreases during the night-time. As the vertical component of
the large scale neutral wind field is small most of the times, the eastward
component of thermospheric wind with magnitude u, that is uniform with
height is assumed. Since J = . [E + U X B], an electric current will flow with

magnitude and direction given by
J~o (u,xB) (1.22)

The wind driven current is therefore vertically upward with magnitude J, =
opuB. The current density, J, is very small with a peak value of the order of
0.01 pA/m2 However, op varies with altitude due to its dependence on the
product nv;,. The altitude variation of the zonal wind component is small.
This implies that d(cpuB)/dz = 0. As a consequence an electric field is set up
in the vertical direction to produce a divergence free current. However, the E
region at the ends of the magnetic field lines, which acts like the insulating
plates, due to low conductivity in the night-time, does not allow a magnetic
field aligned current to flow at all (Jy = 0). During night time the molecular
ions are destroyed by recombination in the bottomside of the F layer, thus
forming a steep upward density gradient. This situation can be
approximated by a slab geometry model with op constant inside the slab and
zero elsewhere and with zonal wind u constant else where. Since the
current is upward inside the layer and zero outside, charges accumulate at
the two boundaries as shown in the Fig. 1.2. The magnitude of the electric

field which builds up as a result of these charges is such that
Jz = O'pEZ + O'pUB = 0 (1 23)

which yields E; = -uB (6 mV/m for U = 200 m/s, B = 30 uT). The plasma

inside the slab will drift with an (E x B)/B? velocity equal in magnitude and

12
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Fig. 1.2 Picture showing electrodynamics of the equatorial F-region
assuming a slab geometry model and a constant zonal eastward
neutral wind (After Kelley, 1989).

direction to the zonal wind speed. Heelis et al. (1974) confirmed that the
vertical polarisation field can produce a strong eastward drift of the F region
plasma at night which through the operation of ion drag imparts an eastward
motion to the neutral air. King-Hele and Walker (1977), explained this on the
basis of the net eastward thermospheric wind at night; the super-rotation,

revealed by study of the orbital perturbations of artificial satellites.

1.3.2c Morphology of Electric Fields

Most of the recent equatorial electric field data were obtained from F
region drift observations with 50 MHz Jicamarca incoherent scatter radar.
The drifts V; are related to the ambient perpendicular electric field, E,,

through the relation:
E,=-V;xB (1.24)

The initial observations of F region vertical drifts were presented by
Woodman (1970). The daytime drifts are upwards with an average velocity
"~ 20 m/s, corresponding to an eastward electric field of 0.5 mVm™'. The night
time drifts are usually slightly larger, but in opposite direction. The day to
day and seasonal variations of the vertical drifts during solar maximum and
minimum conditions have been reported earlier (Woodman et al., 1977;
Fejer et al.,, 1979; Fejer et al.,, 1981). The seasonal dependence of the
average vertical drifts obtained during magnetically quiet conditions is
shown in the Fig. 1.3., where the summer data is representative of moderate
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magnetic activity. The main features of the solar maximum and minimum

data can be summarised as follows:

a) The vertical drift is often strongly enhanced just after sunset but shows

no comparable feature near sunrise.

b) During solar maximum, the evening pre-reversal enhancement is
observed throughout the year. However, this feature is not seen during

“solar minimum except during equinoctial months.

c) The evening reversal time from upward day time to downward night time
drifts exhibits seasonal and solar cycle variations. During solar minimum,
it occurs few hours earlier than at maximum. The reversal time is latest
during the summer months at sunspot maximum and earliest during the

solar minimum winter months.

d) The solar maximum daytime drifts are slightly smaller except during
summer, than the corresponding solar minimum values but the evening
and night time drifts are substantially larger at solar maximum than at the

minimum.

The F region east-west drifts are driven by the F-region vertical
electric field, whi‘ch is coupled along the magnetic field, lines to the E region
at slightly higher latitudes. Their general characteristics, seasonal as well as
solar cycle dependence have been reported previously (Woodman, 1972;
Fejer at al., 1981). The average F region east-west drifts during solar
maximum and solar minimum period can be seen in the Fig. 1.4. The
morning and early afternoon drifts are westward with a maximum value ~ 45
ms™' around noon. The night time eastward drifts are maximum at about
2100 hrs LT. Fejer et al. (1981), showed that the east-west drifts display day
to day variability with frequent wave like fluctuations. The night time F region
eastward drifts measured with the spaced receiver technique in India
(Chandra et al,, 1970; Rastogi et al., 1972) are of the same order as the

Jicamarca drifts. It is to be noted that a zonal eastward drift is due to a
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vertically downward electric field, with a 100 m/s drift corresponding to a 2.5
mV/m electric field for B =2.5x 10° T.

The diurnal variation in the vertical electric field (zonal winds) can be
understood using F-region dynamo discussed earlier. At night, the vertical
electric field and Hence the horizontal plasma flow, is determined by the
zonal winds in the F region owing to the poor conductivity of E region This
happens as the integrated Pederson conductivity in E region EEP becomes
small and hence E, is nearly equal to -UB in regions where the integrated
Pederson conductivity in F region, e, is large, i.e. near the peak in the F
region plasma density. During the day time, however, thé E region
conductivity is large and the vertical F-region polarisation fields generated
through F-region dynamo are short circuited. Therefore for large ZEp the E-
region controls the electrodynamics of the ionosphere with the E-region
dynamo being driven by tidal winds. Thus the resulting electric fields in the F
region during daytime are governed by the winds in E region which tends to
be weaker and so the plasma drift is smaller during the day. This explains

the diurnal variation in the F region zonal plasma drifts.

The Prereversal Enhancement

The upward drift at the sunset which is the result of the post sunset
prereversal enhancement of the zonal field occurs during all epochs and
seasons except for solar minimum solstices. This causes the uplift of the F
layer to very high altitudes where recombination effects and collisions are

less.

The enhancement was reproduced by Heelis et al. (1974) in their
numerical simulation work. They found that by considering only a diurnal E
region tidal mode in their model, postsunset increase in the F region electric
field could not be reproduced. However, when the horizontal conductivity

gradients near sunset in the F region dynamo mechanism were incorporated
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in the simulation, the calculated vertical velocity showed the pre-reversal

enhancement in agreement with the observations as shown in the Fig. 1.5.

Later on, Farley et al. (1986) completely suppressed the E region
dynamo and included the E region conductivity along with its loading effect
on the F-region electrodynamics and a uniform 200 ms™ eastward wind in
their simulation work. Their results showed that (a) the plasma drift rises to a
value less than, but comparable to, the wind speed at night and is negligible
during daytime due to E region shorting effects and (b) the enhancement at
both the terminators, indicating that it is clearly an F region dynamo effect.
But the simulation is not applicable at the dawn, where the wind direction is

reversed.

The mechanism of the F-region pre-reversal enhancement can be
understood by considering a model shown in the Fig. 1.6. Here the vertical
plane represents the equatorial plane whose projection onto the southern
hemisphere along B is shown in the form of horizontal plane. As discussed
in F- region dynamo, the zonal wind , U, blowing across the terminator gives
rise to downward vertical electric field E, on both the sides. As the
conductivity along B is large, E, map along B to an equatorward electric field
component at off equatorial latitudes. Since the Hall conductivity during
dayside exceeds the night time value by about 10 times, E, generates a
westward Hall current Jq,. Since the current cannot flow in the night side E
region, a negative polarisation charge must develop at the terminator which
generates E, This field maps back to the F region and causes first an

upward (day) and then downward (night) E x B plasma drift.

1.3.3 Airglow .

As a result of the photochemical reactions taking place in the upper
atmosphere, quanta of radiation are emitted in the ultra violet, the visible or
the infra red parts of the electromagnetic spectrum. These emissions
comprise the airglow. The airglow emissions depend on the creation of an

excited species and its subsequent return to the ground state. The

18



60 T T 1

= A
Iy
l(ﬂ 40"‘ | “ —
£
3 20
[e)
°
.3}
> O
c
©
-20
]
©
;—40
>
-60 1 1 j
00 06 12 I8 24

Local Time (hrs)

Fig. 1.5 Local time variation of vertical ion drift velocities calculated using
different driving wind components. The solid line represent velocities
obtained using only the tidal-driven E-region dynamo, while the
dashed line includes the F-region dynamo also. Dotted line shows
the typical measured vertical plasma drifts (After Heelis et al., 1974).



Fwind =~ 777777 {

- L

1

I |F region | |||

| L

‘%Wesf e Eost‘:
\ LR NN

N N Jogp ~—xEg" '—S_\\\ES \\‘E\E\E A N
\ E region Ey— —_\_Q\\\\\J\\\\ \
N e k\\\\"&

Fig. 1.6 Diagram explaining the mechanism of the F-region pre-reversal
enhancement driven by a uniform F-region wind U (After Farley et

al., 1986).

20



immediate causes are of several kinds: (a) radiative recombination
reactions; (b) de-excitation of reactions products in excited state; (c)
formation of excited species by hot electrons (from ionisation processes)
and by electric fields; (d) the excitation by solar radiation, giving rise to

resonance emissions.

Many series of airglow emissions are observed arising from atomic
oxygen, molecular oxygen, molecular and atomic nitrogen, hydrogen,
hydroxyl radicals, nitric oxide and alkali metals. The hydroxyl emissions in
the infra red originate at altitudes near 90 km and are important as a
mechanism of heat loss. The emissions from alkali metals provide examples
of resonant scattering, which are most strongly visible during twilight. The
emissions reveal the presence of Na, K, Li, and Ca at the 90 km level.
Airglow emissions provide a unique opportunity for studying various
interesting phenomenon occurring in the earth’s atmosphere. The
interaction between neutrals and plasma can modulate the airglow intensity,
thus enabling one to study dynamics of the neutrals and ionised species in
the regions where the airglow originates. Some of the manifestations of the

airglow emissions are discussed below.

Meridional Intensity Gradients (MIG)

This refers to a sharp gradient in the meridional intensity distribution
of the nightglow emissions generally observed on magnetically disturbed
nights. This feature has been seen in the airglbw emissions at 630 nm at
mid-latitudes, Arecibo (dip angle ~ 50°) and is observed to move from east to
west (Sobral et al., 1978; Herrero and Meriwether, 1980). Herrero and
Meriwether (1980) interpreted MIG phenomena in terms of a velocity
gradient that is generated by the confluence of opposing meridional neutral
winds. The circulation models of Dickinson et al. (1975, 1977) and Roble et
al. (1982) predict that under disturbed conditions a reasonable energy
source at high latitude (magnetic storm) generates a wind system strong

enough to reach the equator as seen in Fig. 1.7. They showed that the
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circulation develops an equatorward mass flow at high altitudes (above 200
km) with a return path towards the pole at an altitude near 100 km. This
originates as a result of a circulation system in which midnight sector of the
equatorial thermosphere below 200 km is heated by a compressive flow
driven by the solar heating on the dayside. At the point of convergence
(near midnight), upward and downward motions are generated by virtue of
continuity. The auroral heating at high latitudes also produces northward
meridional winds penetrating to low latitudes in the summer hemisphere.
The southern wind system results from the equatorial midnight pressure
bulge that is formed by the thermal tides of the lower atmosphere combined
with the in-situ forcing by EUV radiation absorption in the day time. In the
presence of magnetic storm the covmbining effects of the two opposite
systems results in a sharp front over a latitudinal width of several hundred
kilometres. The ionosphere on the northern side of the front is at a higher
altitude resulting in weak airglow whereas on the southern side, the low
altitude of the ionosphere causes increased airglow brightness because of
enhanced coupling between neutrals and plasma. Herrero and Meriwether
(1980) estimated the meridional intensity gradient (0.1 R/km) as well as the
magnitude of the winds in the midnight pressure bulge to roughly around 40
m/s which matches closely with the value obtained by Spencer et al. (1979)

using the satellite data.

Airglow Enhancements

Greenspan (1966) discovered an enhancement of the atomic oxygen
630 nm airglow in observations which were carried out on board the ship
U.S.N.S. Croatan as it travelled from North to South America. They found an
intensity pattern as shown in the Fig. 1.8, having an east-west extent of
about 50° (3 to 4 hrs duration) and spanning about 20° in the north-south
direction. The centre of the pattern displays a region characterised by an
airglow intensity 2 to 3 times larger than the background intensity, located at

the anti-solar point. Nelson and Cogger (1971) observed 630 nm airglow
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enhancements at Arecibo (18'N) which they associated with the descent of
the F region around midnight and also found that the descent occurred at
later local times with increasing geomagnetic latitude. Wright (1971), using
the spaced receiver technique in Concepcion, Chile (35°S) found a descent
of the F region around midnight and concludedl that it was due to the
variation in neutral wind. He also noted that the descent was strongest near
a magnetic dip angle of 45 at both hemispheres. The descent was
ihterpreted in terms of the meridional wind variation by Behnke and Harper
(1973) who found that the equatorward wind abates before midnight and
frequently reverses to poleward after midnight. In the F region the equatorial
midnight pressure bulge controls the night time neutral wind, giving rise to
abatements and sometimes reversals of the meridional wind often observed
after midnight at Arecibo with incoherent scatter radar (Behnke and Harper,
1973), with the Fabry - Perot interferometer (Burnside et al., 1981; Friedman
and Herrero, 1982), and with ionosonde data (Batista et al., 1997). It has
been observed that the abatement and reversal of the meridional wind
exhibits seasonal variation (Rao and Sastri, 1994; Hari and Krishnamurthy,
- 1995).

Using the Ol 91.9, 130.4 and 135.6 nm UV night glow emissions,
observed from STP--78-1 satellte, Abreu et al. (1986) reported
enhancements in Ol 130.4 and 135.6 nm emission near the magnetic
equator believed to be caused by neutral particle precipitation during
magnetically disturbed periods. Yee and Abreu (1987) observed an
enhancement of the night-time ratio of the Ol 630 nm and 557.7 nm
emission intensities from AE satellite measurements made near the equator
during magnetically disturbed periods. The N," 391.4 nm emission is
normally absent in the tropical nightglow during magnetically quiet
conditions. However observation of this emission have been reported during
magnetically disturbed conditions from low latitude regions (Tinsley et al.,
1982; Rohrbaugh et al., 1983; Sahai et al., 1988). This emission is thought
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to arise from the collisional ionisation and excitation of N,, due to energetic

neutral particle (H,, O, and He atoms) precipitation (Tinsley et al., 1982).

Sometimes the airglow images obtained by all sky imagers, display
bright regions of intensity which have been referred as Brightness waves
observed during MISETA campaign (Mendillo et al., 1997a). They observed
the regions of 557.7 nm and 630 nm brightness which appeared first slightly
to the north east of zenith and exits towards the south west. They suggested
this to be the consequence of an anomaly associated with the thermal
behaviour of the upper atmosphere. They found that the average poleward
speed of this feature was around 300 + 31 m/s. They conjectured that the
brightness wave results from airglow produced by poleward winds
generated by the midnight temperature maximum (MTM) which was first
reported by in-situ observations of AE-E satellite (Spencer et al., 1979).
They indicated that the amplitude of the night-time temperature maximum
can sometimes be as large as the principal daytime maximum (Fig. 1.9).
Mayr et al. (1979) proposed that MTM is a consequence of the ion-neutral
momentum coupling associated with the diurnal variation in the zonal winds
and ion density. The block diagram of the generation mechanism as shown
in Fig. 1.10. The diurnal tide is generated mainly due to the absorption of
solar EUV radiation. The semi-diurnal tide has three major components, one
contributed by EUV is small. The other two components are contributed
from the combined effects of the tidal waves originating in the lower
atmosphere and the momentum coupling associated with the diurnal
. variations of the wind fields and ion density, which are of comparable
magnitude but opposite in phase. Momentum coupling associated with the
diurnal variations in the ion drag is the dominant excitation process. These
account for the large variabilities in the observed temperatures during the
midnight reported earlier (Spencer et al., 1979; Bamgboye and McClure,
1982; Herrero and Spencer, 1982; Ranganath Rao and Sastri, 1994).
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Airglow Depletions

Airglow studies of the equatorial ionosphere revealed departures
from uniform airglow contained within the broad intertropical arcs. This new
approach was the consequence of a technique developed by Mende and
Eather (1976) and Mende et al. (1977), which made use of wide angle
optics. Later on Weber et al. (1978, 1980) using this technique, obtained an
interesting series of ‘equatorial airglow depletions’ from all sky imaging
‘observations of 630 nm. They observed that the regions of reduced 630 nm
intensity were north-south aligned, had east-west dimensions of 500-700
km, often extended to more than 1200 km in north-south direction. Moore
and Weber (1981) modified the system to include 777.4 nm images and
associated the equatorial airglow depletions to the ionsopheric irregularities.
Mendillo and Baumbgarderner (1982) developed a ground based system for
studying the characteristics of airglow depletions and later on followed by
others (Rohrbaugh et al., 1989; Mukherjee et al., 1993; Sinha et al., 1996;
Sahai et al., 1994a; Bittencourt et al., 1997; Mendillo et al., 199743, b; Tinsley
et al.,, 1997).

Interferometric observations of 630 nm nightglow from Arequipa,
Peru, (16.2°S, 71.4'W, 3.2° dip latitude) revealed airglow depletions different
from airglow reductions (Meriwether et al., 1985). They observed a drop in
intensity by a factor of 3 to 4 in the depletions and were correlated closely
with large increases of equatorward (northward) wind and the 630 nm
Kinetic temperatures. They suggested that the reduction in airglow intensity
results from an upward movement of the ionosphere along the inclined

magnetic field lines, driven by the equatorward neutral wind.
1.4 lonisation Irregularities in the lonosphere

Various plasma instability phenomena manifest in the form of
ionospheric irregularities which can be classified as electrojet irregularities,

mesospheric irregularities and F-region irregularities.
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The occurrence of an anomalous scattering region in the ionospheric
E region close to the dip equator was observed initially from jonosonde
records, identified as ‘equatorial sporadic E’ (E;) echoes. Matsushita (1951)
showed that the intensity of the Es, was well correlated with the electrojet
strength. E, irregularities are confined between 90 - 105 km during the day,
and upto ~ 135 km during the night. They are ever present, except for
counter electrojet conditions during the day and zero E-W electric fields in

the night.

Radar spectral studies have shown the existence of two classes of
irregularities, known as type 1 ( Bowles at al., 1960, 1963, Bowles and
Cohen, 1962) and type 2 (Cohen and Bowles, 1967; Balsley, 1969),
‘associated with electrojet. Type 1 is characterised by a narrow Doppler
spectrum with a Doppler shift centred at the corresponding ion-acoustic
velocity of the medium. This Doppler shift is independent of the strength of
the driving electric field, provided that the corresponding E x B drift is higher
than the ion-acoustic velocity. It is also independent of the angle between
the drift and direction of the wave vector, k, responsible for scattering. This
is in contrast with the spectra of type 2 which has a Doppler shift
comparable to the projection of E x B drift velocity in the direction of k. Type
1 are believed to be produced by two-stream instability (Farley, 1963,
Buneman, 1963) and type 2 results from gradient-drift instability (Maeda et
al., 1963; Knox, 1964; Tsuda et al., 1966; Whitehead, 1967, 1971; Reid,
1968; Rogister and D'Angelo, 1970; Fejer et al., 1975).

Mesospheric irregularities were also studied using the electron
density obtained from large number of rocket flights from Thumba (Sinha,
1992) and from ion density data by (Blix et al., 1990; and Chakrabarty et al.,
1989). Number of parameters associated with neutral air turbulence were

determined from these studies.

Electron density irregularities, capable of scattering VHF waves, also

exist at mesospheric heights which are produced by neutral gas instabilities
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(Ecklund et al., 1981). The neutral atmosphere becomes turbulent either
because of dynamically unstable shears or because of the overturning of
convectively unstable gravity waves. The neutral atmosphere drags the
ionisation with it, resulting in the mixing of regions of different electron
density in the presence of a primary electron density gradient. MST radars
serves as an important tool for studying the neutral dynamics. The
irregularities are used as tracers of the velocity field of the neutral gas and
of the state of turbulence at these altitudes. Kudeki and Stitt (1990) used
high resolution frequency domain Interferometric technique at Jicamarca for
studying equatorial mesospheric scattering layer widths and motions. The
layers are manifested in RTI plots as preferred altitude regions with strong
backscatter signal intensity, lasting over periods of tens of minutes to
several hours. Two or three distinct layers are commonly observed at any
time during daylight hours, separated from each other by several kilometres
in altitude. Lower mesospheric (< 70 km) layers tend to last for longer
periods of time than higher mesospheric layers (> 70 km). They found that
the layers performed oscillatory vertical motions with the vertical velocities of
short - period gravity waves, with amplitudes less than 1 km. Gross
characteristics of equatorial mesospheric layering has been discussed in
literature (Harper and Woodman, 1977; Fukao et al., 1980; Royrvik, 1983;
Kudeki, 1988).

lonisation irregularities occurring in the equatorial F region are
collectively known as equatorial spread-F (ESF). The name originated from
the spreading of the ionograms trace from its usual form due to diffuse
echoes, which was first observed by Booker and Wells (1938). Spreading of
F region traces on ionograms has been divided into two main types. One is
range spreading in which two or more traces with different virtual heights are
seen at frequencies well below f,F,, and seems to be prevalent at lower
latitudes. The other is frequency spreading in which the high frequency ends
of the traces are branched or blurred, which is more common at higher

latitudes.
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These irregularities manifest in the form of (a) plasma bubbles which
have been observed by in-situ measurements made with satellite and
rockets, (b) plasma depletions in airglow images (c) plumes observed by the
radar. These are also responsible for scintillations of satellite signal. These
irregularities, have been classified in the literature, depending on their
occurrence altitudes as observed in the radar RT|I maps, into Bottom side,

Bottom type, Valley type and Top side spread F.

Topside spread F

Radar observations from Jicamarca showed that the irregularities
were generated nearly simultaneously below, above and at the F peak and
the ionosphere could be moving upward, downward, or not all when the
echoes were received (Farley et al.,, 1970). Woodman and LaHoz (1976)
presented RTI maps which showed the high altitude plumes reaching
hundreds of kilometres above the F peak. An example of RTI map is shown
in Fig. 1.11. The plumes usually displayed westward tilts. They suggested
the plume was due to a bubble rising and moving west in the plasma frame
of reference, leaving behind a wake of short wavelength irregularities. Kelley
et al. (1976) made a similar suggestion on the basis of simultaneous rocket

and radar data.

Bottom-Side and Bottom-Type Spread F

Sometimes the bottomside of the F-region and on occasions, only the
very bottom of the F region become unstable. Woodman and Lahoz (1976)
referred to this type of irregularities as Bottom-side and Bottom-Type
Spread-F shown in the Fig. 1.11. Woodman and LaHoz (1976) suggested
that an original perturbation on the bottom of the F-region, which is
gravitationally unstable, would grow into a non-linear regime to form a low
density bubble which would then rise, due to its buoyancy, to the stable side
of the ionosphere. It continues to rise until its field integrated density equals
the field integrated density of background. The reasons for the bottomside
irregularities to appear only below certain altitudes and why the plumes are
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not developed in this case are not yet understood fully. The mechanisms
which are quite promising for the generation of irregularities at the
bottomside are the Rayleigh-Taylor (R-T) instability (Dungey, 1956;
Haerendal, 1974; Hudson and Kennel, 1975) and the E x B instability
(Martyn, 1959; Simon, 1963; Linson and Workman, 1970). The linear
instability condition for R-T is Vn should be antiparallel to g and both
perpendicular to B, while for the latter Vn must be antiparallel to E x B drift.
These instabilities will be discussed later on. The gravity is always
antiparallel to vn, on the bottomside, while the E x B process is only
destabilising when the plasma is moving upward. The normal daytime
upward plasma motion (Woodman, 1970) is accelerated at sunset before
reversing to the normal night time downward motion. Thus this uplift may
initiéte the E x B process and create finite amplitude irregularities in short
time period. Occésionally, magnetospheric electric fields penetrate to the
equétor (Fejer et al., 1976; Gonzales et al., 1979) and cause an anomalous
plasma flow during the night at Jicamarca. This is usually accompanied by a
resurgence of spread F activity. Rastogi and Woodman (1978) and Kelley et
al. (1979) suggested that this regeneration of spread F is due to E x B
instability. The observations indicate that bottom-type irregularities develop
when the plasma is marginally unstable and only the }egion of steepest

gradient become unstable (Woodman, 1993).

Sinusoidal irregularities in equatorial F-region in ion number density,
characterised by scale sizes of 2 to 20 km, were first discovered by using
OGO 6 satellite dafa (McClure and Hanson, 1973; Dyson et al., 1974).
Valladares et al. (1983) observed a new category of ESF irregularities using
retarding potential analyser (RPA) and the ion drift meter (IDM) data
obtained from the Atmosphere Explorer satellites AE-C and AE-E. They
found that these occurred in the bottomside at night in a narrow belt
extending approximately +12° from the dip equator and upto 7500 km or
more in the east-west direction. They appeared as sinusoidal waves in the

ion number density, with crest to trough amplitude that span more than three
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orders of magnitude, from 10° to 108, at altitudes from 190 to 500 km. These
were referred to as ‘bottomside sinusoidal’ (BSS) irregularities, typically
having a central wavelength lying in the range from 300 m to 3 km, and
having relatively narrow power spectra. The power spectral index is steep (5
or 6 ) at the shorter wavelength, with a peak in spectrum at A ~ 1 km. They
invoked theoretical considerations for explaining the peak in the spectrum
and suggested that the inclusion of long-wavelength stabilisation due to
altitude localisation, and short-wavelength stabilisation due to cross-field
diffusion, could modify the collisional R-T instability in such a way to
maximise growth rate at this wavelength. Cragin et al., (1985) found that the
occurrence frequency of BSS irregularities maximises at the solstices, and
has a seasonally dependent longitude distribution and are detected most

frequently in the local summer hemisphere.

Valley Type Irregularities

These are the irregularities that develop in the low density region
below the F region and above the E region peak (Woodman and LaHoz,
1976). Their presence implies the existence of density gradients at these
altitudes, possibly associated with irregular layers of higher electron density,
which may be due to meteoric ionisation. These have been observed under
the plumes of RTI plots (Woodman and LaHoz, 1976; Kelley et al., (1981);
Hysell et al,, 1990). The appearance of Valley type irregularities between
20:30 and 21:30 hrs, can be seen in the Fig. 1.11, between 120 km and 300
km that are consistent in many observations in association with well
developed plumes. The features suggest that these echoes are associated
with irregularities in meteoric ion densities at E region heights which are
sucked by the E-W polarisation field responsible for the uplift of the plume.
These irregularities would provide the primary gradients for smaller scale
instabilities to develop (Woodman, 1993). This interpretation supports the
mechanism proposed by the presence of metallic ions observed by satellites

which passed through the bubbles (Hanson and Sanatini, 1973).
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1.4.1 Seasonal and Longitudinal Dependence of ESF

Irregularities

Satellite and multistation observations have revealed distinct
longitudinal variations in equatorial irregularity occurrence during a given
season (Sharma and Muldrew, 1975; Basu et al., 1976; Aarons et al., 1980;
Muldrew, 1980b; Abdu et al., 1983; Abdu, 1993; Kil and Heelis, 1998). The
occurrence of equatorial scintillations exhibits variations with both season
and longitude (Aarons, 1977; Basu and Basu, 1981). Muldrew (1980b) and
Maruyama and Matuura (1980) investigated the global morphology of ESF
by using topside sounder data and showed seasonal variation in the
longitude of high occurrence probability of ESF and bubbles. Basu and Basu
(1985) summarised the longitudinal and seasonal effects of ESF. Rastogi
(1980) attributed this morphology to the longitudinal changes in the reversal
time of the zonal electric field from eastward to westward in the evening
hours. Muldrew (1980a) related it to the E region dynamo field which
generates field aligned currents due to a hemispheric asymmetry of the
field. Maruyama and Matuura (1984) explained it on the basis of
transequatorial component of the thermospheric wind which modifies the

Pederson conductivity integrated along the magnetic field line.

Tsunoda (1985) studied the relationship between the occurrence
maxima for scintillations and E region sunset times, in the Indian-Pacific as
well as in the American-African sector (Fig. 1.12). He explained the
observed longitudinal occurrence patterns of scintillations and range type
spread-F by showing that the maxima in scintillation activity occur when the
solar terminator is most nearly aligned with the geomagnetic flux tubes.
They found that when this occurs, the longitudinal gradient in the integrated
Pederson conductivity is steep, the primary variation in the gradient being
produced by sunset at one of the E layers. However, they suggested that
other influencing factors might be playing a role in the seasonal dependence
besides coincidence in sunset times of the conjugate E layers because (a)

the primary scintillation maxima were occasionally found to be slightly
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displaced from either one or both of the sunset nodes (b) an asymmetry in
the occurrence frequency of scintillations was often observed, e.g. a larger
peak was seen to be associated with the fall node than with the spring node
at four stations, Hong Kong, Guam, Tangua, and Huancayo, and (c) there
appeared an isolated occurrence of scintillation and range type spread-F

maximum near the December solstice at Ancon and Kodaikanal.

Maruyama and Matuura (1988) explained the seasonal differences in
thé occurrence pattern of ESF observed over Fortaleza (declination angle
~ 20° W) and Jicamarca (declination angle ~ 2° E) on the basis of
transequatorial thermospheric winds. They showed that the winter-summer
asymmetry of the occurrence probability at Jicamarca and other stations
close to it can be explained in terms of seasonal changes in E x B drift
irrespective of wind. However, the winter summer asymmetry of ESF
occurrence at Fortaleza could be explained by considering both the

transequatorial wind and E x B drift in their model.

1.4.2 Factors Affecting the Growth of lonisation lrregularities

The very first observation of equatorial spread-F at Huancayo by
Booker and Wells (1938) indicated that the occurrence of spread F was
preceded by the rapid increase of height of the F layer after sunset. Similar
associations between h'F and spread F were found at other places Ibadan
(Lyon et al., 1961) and Thumba (Chandra and Rastogi, 1972). Various
factors influencing the growth of irregularities in the F-region are discussed

below.

1.4.2a Effect of Neutral Winds

Zonal winds - Eastward neutral winds (U), which are primarily horizontal
contribute to the growth of the irregularities through GRT mechanism, only
when the ionosphere is tilted (Kelley, 1985). This happens because the
cross field instability occurs when E’ x B has a component parallel to the

density gradient, where,

38



. E=E + UxB

The zonal component of U is eastward at sunset (Sipler and Biondi, 1978).
Thus an eastward neutral wind can be destabilising in regions where the
isodensity contours are tilted, with Vn partially westward. The growth is

given by
Yw = (Usina)/L
where a is the tilt angle.

Modelling studies by Zalesak et al. (1982) showed that the ‘C’ shaped
structures and the westward tilts of the plumes are the consequences of
vertically rising spread F bubbles being caught up in the ambient plasma
shear. This shear results from neutral wind at the equator and background
layers of finite conductivity connected to the equatorial F-region along
magnetic field lines. They also found that it may be the eastward as well as
westward wall of the bubble which is subject to secondary instabilities in the

presence of eastward neutral wind.

Modelling studies by Chou and Kuo (1993) revealed the formation of
patchy structures with quasi periodic characteristics in the presence of
strong zonal neutral winds. This was explained on the basis of different ion-
neutral and electron-neutral collision frequencies which result in charge
separation and produce electric field. The perturbation would be either
amplified or damped depending on whether the neutral wind is blowing into
or out from the area of positive horizontal density gradient. Consequently,
successive instability and stability regions make the quasi periodic patch

structures.

Meridional Winds - Effects of the transequatorial thermospheric wind on the
ionospheric plasma distribution at low latitudes have been reported in
literature (Bittencourt et al., 1976; Bittencourt and Sahai, 1978). According
to these, a poleward wind transports ionisation to the lower altitudes along
the magnetic field lines through the momentum transfer from the neutral

particles to ions and an equatorward wind transports ionisation to the higher
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altitudes in the other hemisphere. Thus the transequatorial wind yields
hemispheric asymmetry in plasma distribution off the equatorial plane.
Maruyama and Matuura (1984) pointed out from the satellite observations
that the asymmetric distribution of the ionisation may result in an increase in
the magnetic field line integrated Pederson conductivity, which suppresses
the growth of the R-T instability.

Mendillo et al. (1992) used the all-sky airglow imaging system at
Kwajalein simultaneous with the Altair incoherent observations for the case
studies of ESF onset and growth patterns. They showed that subtle changes
in  north-south thermospheref/ionosphere structure were the only
observational patterns which could differentiate the nights of ESF activity
from those on which ESF did not occur. It was shown that ESF onset
occurred when the airglow patterns associated with the equatorial anomaly
were essentially symmetrical about the geomagnetic equator, a condition
that occurs when meridional winds are low. The effect of transequatorial
winds in inhibiting the growth of irregularities was also discussed by
Maruyama (1988).

Recently, Bittencourt et al. (1997) observed the depletions in éll-sky
imager which were seen on the nights which showed the presence of a
large scale structure or fluctuations in the meridional wind velocities. They
suggested that these large scale fluctuations in meridional wind are
indicative of the presence of a seed perturbation to initiate the R-T

mechanism of ionospheric irregularities.

Vertical winds - Vertical winds of significant magnitudes have been observed
using different techniques. Anandarao et al. (1978) using barium blob
releases by a rocket during evening twilight, measured vertical wind
velocities of 10 -20 m/s in the 100 - 200 km height region over Thumba (1.7°
dip) which were ascribed to the passage of gravity waves. Biondi and Sipler
(1985) measured the Doppler shift of 630.0 nm of Ol line emission from the

altitude region of 265 km over Natal, Brazil. They inferred a downward wind
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speed of 20 m/s followed by an upward wind of equal magnitude for several
hours in the night time during quiet time conditions. Significant vertical
winds, using barium release vapour experiments over SHAR (5.5°N dip
latitude), India, have been reported (Raghavarao et al., 1987, Sridharan et
al., 1997), with speeds ranging from 10 to 40 m/s at altitudes from 180 - 290
km. Recently, Laakso et al. (1995) calculated vertical neutral wind from the
electric field measurements obtained by San Macro D satellite data and

found that it varied from 15 ms™' to 30 ms™' with an average value of 25 ms™.

‘ Sekar and Raghavarao (1987) argued that the effect of the downward
wind is similar to that of the E x B effect and can enhance the growth rate of
irregularities even in the presence of downward drift. Hanson et al. (1986)
pointed out that the F-region vertical E x B drift increases the effective
growth rate just after sunset by an order of magnitude in about an hour
when the drift direction is upward. Sekar and Raghavarao (1987)
investigated the role of vertical winds in producing irregularities through R-T
instabilities. They found that the growth rate (y) of the perturbations in night

time F-region in the presence of vertical wind is given by

Yy = %{v—gm— + Wx(%‘:j + WZ}
where the first term in the square brackets represents the R-T instability due
to gravitational drift (Haerendal, 1974), the second term represents the
effect due to the zonal wind (W,), the third term shows the contribution of
vertical winds (W,). They showed that a vertical wind of 1 m/s would cause
the same effect on the growth rate as a horizontal wind of 200 m/s. It was
also pointed out by them that when the plasma density gradient increases
with altitude, it is the downward wind velocity that causes the instability while
the upward wind prevents the growth of plasma irregularities. Downward
vertical wind (-W,) can cause a (v/Q); W, velocity of ions in the eastward
(-W, x B) direction, while the electron move in westward direction with

velocity (v/Q). W;. Rishbeth (1981) showed that (v/Q), is larger by 3 orders
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of magnitude as compared to (v/Q), at all ionospheric altitudes. They
discussed that the ion velocity due to vertical wind of about 16 m/s at an
altitude of 300 km would be around 4.8 cm/s, which is nearly the same as
that due to gravitational drift (g/¢% = 4.8 cm/s). The ion velocity imparted by
the downward wind in the Hall direction adds to the eastward ion motion due

to gravitational drift, thus enhancing the growth rate of R-T instability.

1.4.2b ' Effect of Seeding Agency

Observations have shown that large scale ionospheric irregularities,
such as travelling ionospheric disturbances (TIDs) and wavelike fluctuations
in the F region electron density, are associated with gravity waves. Hines
(1960) recognised similarities between certain TID properties and features
of internal gravity waves in the neutral atmosphere. The mechanism by
which these waves produce modification in the ambient ionisation has been
discussed earlier (Testud and Francois, 1971; Clark et al., 1971; Dauvis,
1973; Francis, 1974; Yeh and Liu, 1974). It was shown that gravity waves
can produce strong ionisation perturbations when the phase speed of a
gravity wave is equal to the drift speed of ionisation, which is known as
spatial resonance effect (Whitehead, 1971; Beer, 1973). Réttger (1973,
1976, 1978) presented observations of large scale wavelike structures of F-
region irregularities and suggested that the wavelike structures were
- produced by gravity waves at spatial resonance. Ossakow et al. (1979)
assumed small perturbation with scalesize of 3 km in the zonal direction in
the simulation studies. They showed that the high altitude of the F peak and
small bottomside plasma density gradient scale length yield large vertical
bubble rise velocities. However, observations indicate bubble structures of
much larger horizontal extent than those by the simulations. Zalesak and
Ossakow (1980) studied plasma bubbles resulting from large horizontal
scale initial perturbations and showed the production of large scale ESF

irregularities.
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Prakash and Pandey (1980) pointed out that the perturbation electric
fields which develop in response to wave driven electric current will be
shorted out if the magnetic field can link the regions of positive and negative
charge. However, this will not occur for pure zonal propagation, but if a finite
meridional component of the gravity wave vector exists, the seeding process
may be limited to locations very near to the dip equator. The gravity waves
generated as a result of auroral activity propagate from poles to equator,
while medium scale TIDs may propagate in any direction. Thus, gravity
waves generated in the auroral zone may be less effective for seeding ESF
than waves generated by tropospheric sources such as thunderstorms and

frontal systems.

Kelley et al. (1981) presented observations which display strong
evidence of gravity wave initiation of ESF. They argued that gravity waves
are capable of seeding ESF via the spatial resonance mechanism and play
an important role in production of plasma bubbles. Hysell et al. (1990)
reported the observations of seeding and layering of ESF by gravity waves.
Huang and Kelley (1996a) showed that a zonally propagating gravity wave
can initiate the R-T instability in the bottomside of the F-region even in the
absence of the spatial resonance mechanism. However, their numerical
simulation work showed that R-T instability initiated by gravity wave at
_ spatial resonance evolves into plasma bubble faster than in the absence of
it. In another computer simulation, Huang and Kelley (1996b) found that the
necessary condition for the productibn of multiple plumes is the presence of
seed gravity wave and a small scale initial density perturbation. They
suggested that (a) gravity waves are the most suitable candidates for
seeding large scale ESF and for determining the outer scale of ESF
irregularities and (b) smaller scale perturbations might be due to R-T
instability in the presence of velocity shear due to large scale perturbation
(Satyanaryana et al., 1984; Kelley et al., 1986), which is possibly due to
large scale instability process. Singh et al. (1997b) presented evidence of

plasma bubble development from wavy ion density structure, which were
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closely associated with simultaneous horizontal neutral wind measurements
in the bottomside F layer using the Atmospheric Explorer AE data. They
suggested that the wave structures served as initial seed perturbations and

were caused by gravity waves.

In most of the work related to the non-linear development of the CRT
mode! (Ossakow, 1981; Kashchekom et al., 1989), a 5% initial perturbation
was found to be essential for the formation of plasma bubble within
reasonable time limit (< 30 min). However, Mendillo et al. (1992) reported
that there exist large number observed ESF onset conditions that are not
associated with the level of seed perturbation required by the simulation
studies. Sekar et al. (1995) showed that 0.5% perturbation can evolve into a

bubble under the influence of vertical wind and electric field.

1.4.2c Storm Effects

It has been observed that the magnetospheric disturbances affect the
ESF phenomenon '(Chandra and Rastogi, 1972; Rastogi and Woodman,
1978; Das Gupta et al., 1985; Dabas et al., 1988; Tanaka, 1986; Takahashi
et al., 1987; Aarons, 1991; Sahai et al., 1994a, 1994b; Abdu, 1997,
Bittencourt et al.,, 1997). Chandra and Rastogi (1972) observed the
tendency of spread F to be reduced on disturbed days during any of the
seasons. During winter and equinoxes when the spread F is maximum in
the premidnight hours, they observed that the post-sunset height rise of h'F
to be reduced on disturbed days as compared to that on quiet days. During
summer there was no significant post-sunset rise of h'F either on quiet or on
disturbed days and the spread was maximum during the predawn hours.
Rastogi and Woodman (1978) observed the generation of irregularities
during midnight to post midnight period in the radar studies of Jicamarca.
They attributed this to the increase in height of the F layer during magnetic
disturbances and found that the irregularities were generated when the layer
height falls.
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Das Gupta et al. (1985) observed the tendency of postmidnight VHF
scintillations recorded from Calcutta, India, to be associated with the
maximum negative excursion of the horizontal intensity of magnetic field
occurring in postmidnight periods. However, no such relation was seen with
premidnight excursions. This pointed out that the effects of maximum ring
current excursion, Dst, are (i) the postmidnight creation of conditions
necessary for the generation of irregularities and (ii) an absence of an effect
if- the maximum negative excursion occurred after sunset and before
midnight. These observations were later on confirmed by Dabas et al.
(1988) who studied the effects of geomagnetic disturbances on VHF
scintillations in the Indian equatorial region. They also observed that the
irregularities were suppressed either completely or partially, if the recovery

phase started during local day time hours.

In-situ night time electron density measurements on board the
satellite Hinottori by Takahashi et al. (1987) showed ionisation
enhancements at low latitudes during disturbed conditions. They pointed out
that the ionisation enhancements displayed an equatorial anomaly like
structure having a minimum at the dip equator and suggested that the
enhancement is induced by low latitude penetration of the magnetospheric
electric field during the development phase of the ring current (Tanaka,
1986). The effects of magnetic storms on equatorial Appleton anomaly have
been discussed by Rishbeth (1975) and it was shown that the equatorial
anomaly is less developed during storm periods. However Fesen et al.
(1989) reported enhancements of the anomaly in which the F region critical
frequency in the equatorial trough is smaller than during non-disturbed days
and the ionisation crests are more pronounced. The above observations
suggest that the ionospheric perturbations at low latitudes, during magnetic
disturbances, depend in a complex manner on several factors, including
storm induced changes in dynamics, heating and composition. Rishbeth et

al. (1985) discussed that the ionospheric fluctuations are also dependent on
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the latitude, longitude, local time and on the elapsed time from the

commencement of the magnetic storm.

Aarons (1991) discussed that the suppression or development of
irregularities depends on two factors (a) the history of the individual storm
and (b) the state of the local ionospheric parameters before the storm. A
brief general explanation for the pattern of inhibition and generation of

irregularities is discussed below.

The predominant flow in the ever present ring current is westward
which is responsible for the depression in Dst. Equatorial eastward electric
fields produce an upward vertical drift during the day. It is known that during
the pre-sunset period the F layer height rises. Ring current negative
excursions in this time period directly or indirectly have the effect of
decreasing the local eastward electric field thus reducing the layer height
and possibly the downward velocity of the F layer in the post sunset
generation period. At night, zonal westward electric field produces a
downward vertical drift. The effect of the ring current in the midnight and
post midnight period when the layer height is normally falling in the
presence of westward electric field is to create momentarily an eastward
electric field and raise the layer height, the change is relatively short lived

and layer height than falls creating the irregularities.

Simulation studies on the ionospheric effects, including the Ol 630
nm emission, of the neutral atmosphere perturbations due to magnetic
storm, at equinox during solar cycle maximum, have been discussed by
Fesen et al. (1989). Tinsley et al. (1986) presented an extensive study of
low latitude aurora and storm time current systems. Sahai et al. (1988)
made simultaneous observations of several night glow emissions from a low
latitude station during magnetic disturbances for studying ionospheric
F - region storm effects. These optical studies have provided evidence for

energetic neutral particle precipitation and disturbed electric fields in the

46



equatorial and low latitude ionospheric F region under magnetically

disturbed conditions.

Sahai et al. (1994a, b) showed a rare case of spread F formation
during the month when it is normally absent in the presence of magnetic
disturbances. Sahai et al. (1994a) found that the depletions occurred during
long lasting periods of moderate and relatively high Dst levels, rather than
periods of strong and rapidly increasing negative values of Dst. Recently,
Bittencourt et al. (1997) observed the presence of plasma depletions on a
night which was preceded by a sudden commencement magnetic storm (K,
~ 6, hourly Dst ~ -8.5 y) in the evening hours. They also observed that the
development of large scale plasma depletions was preceded by an
unusually fast post sunset uplifting of the F layer, which they believed to be
associated with the SSC magnetic storm effects on the ionospheric electric
fields. Abdu (1997) reviewed the results related to the response of the major
phenomenon of the equatorial ionosphere-thermosphere system (EITS) to

magnetospheric disturbances.

Vats et al. (1978) reported an event of daytime scintillations in the
anomaly crest in India following a sudden commencement of magnetic
storm. Chandra et al. (1995) observed magnetic storm induced F-region
scintillations extending into daytime over Bombay, situated near the
anomaly crest region in India on November 12, 1991 and also at

Trivandrum, situated close to magnetic equator.

1.5 Theme of the Present Investigation

It is very well known by varioﬁs ground based experiments in the
Indian, American and Pacific regions that the nature of ESF activity is quite
different in these sectors. Chandra and Rastogi (1970) showed that the
nocturnal average spread F at Huancayo decreased with solar activity in
contrast to the behaviour at all other equatorial stations, Ibadan, Djibouti or
Kodaikanal where the occurrence was directly related to solar activity. As

mentioned before, various observations have indicated that ESF activity
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exhibits seasonal variations (Rastogi, 1980; Tsunoda, 1985). Because of the
longitudinal variabilities shown by ESF phenomenon a strong need was felt
to make in-situ and ground based observations of a few key parameters of
ESF from the Indian region as the bulk of the in-situ and radar work has

been conducted in the other zones.

As far as the in-situ measurements are concerned, there were five
major rocket campaigns in the past, for studying ESF in the American region
(Kelley et al., 1976; Morse et al., 1977; Rino et.al., 1981; Szuszczewicz et
al., 1981; Kelley et al., 1982; Hysell et al., 1994) and a few campaigns in the
Indian zone (Prakash et al., 1991; Raghavarao et al., 1987). Simultaneous
measurements of electric field and electron density fiuctuations were made
during PLUMEX-I and CONDOR experiments and by Hysell et al. (1994) in
the American zone, which showed that irregularities in the intermediate
scales (100 m < A < 2 km) display a power law behaviour with spectral
index, n, ~ -2. The steepening of the power spectrum (n ~ -4.5) is observed
around A = 100 m for the irregularities in the transitional range (10 m < A <
100 m) when F layer is high. In the Indian region there is no simultaneous
measurement of electron density and electric field in the F-region during
ESF. In fact the electric field measurements in the F- region over the Indian

zone during ESF are just not there.

A powerful ground based technique to study the large scale features
~of ESF viz., the plasma depletions, is the optical imaging of 630 nm and
777.4 nm nightglow emissions. In the American region, observations using
the optical technique were made by Weber et al. (1978), Mendillo and
Baumgarderner (1982), Sahai et al. (1981), Bittencourt et al. (1997) but

there were no such observations in the Indian zone.

In view of the above, it was strongly felt to make use of the
simultaneous in-situ measurements of electron density and electric field
fluctuations in the Indian region which were obtained earlier during the ESF.
The relationship between electron density fluctuations (6n,) and electric field
fluctuations (SE) serves as an important clue to the plasma instabilities and
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processes acting during spread F. This is so because the relation between
these quantities is different for different plasma instabilities and may be
used as a test for determining which processes dominate as a function of
altitude and wavenumber. Thus for RT instability, the relationship between

the two quantities is as follows :

o, = - 95 (0]
vin \ N

where 3E, represents the electric field amplitude, v, is the ion-neural

collision frequency, g is gravity and B is the earth’s magnetic field.

In drift waves, or in any low frequency electrostatic wave in which
electrons can stream along B, the density and potential variations are
related by :-

6E=_ik(.k£)_8£
e/ n

where k is Boltzmann constant and T, is electron temperature. Thus the
electric field spectrum should be two powers of k less steeply sloped than
the density fluctuation spectrum in the above mentioned case.

It is now generally accepted that the primary energy source for the
irregularities is gravity, but the microphysics of ESF on various scales and
under various conditions is not well established, either experimentally or
theoretically. It is here that we felt the necessity of simultaneous
measurement of electron density and electric field fluctuations using rocket
experiments by providing vertical cuts through the anisotropic irregularities
in large and small scales. In view of total absence of data in the Indian
sector on various parameters of plasma depletions such as, scalesizes,
degree of depletions, tilts, there is a need to study plasma depletions using
an all-sky optical imaging system. Thus the present study concerns with the
different manifestations of irregularities associated with ESF so as to provide
better insight into the ESF properties for facilitating theoretical
developments.
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CHAPTER 2

TECHNIQUES AND INSTRUMENTATION

2.1 Introduction

lonospheric irregularities in equatorial and low latitude regions have
been a subject of intensive experimental and theoretical investigation in
recent past. Experimental techniques based on radio, in-situ and optical
probing have been employed to study the wide spectrum of irregularities
associated with equatorial spread F (ESF). ESF irregularities occur in a wide
range of spatial and temporal scales covering a few orders of magnitude.
This chapter discusses the principle of a few techniques, to study the spatial
scales, with an emphasis on those techniques which have been used for the
present study viz. optical imaging, rocket-borne Langmuir probe and Double

probe techniques.

2.2  Optical Techniques

Earth’s ionosphere is an exotic chemistry laboratory where a large
number of very complex chemical reactions are taking place all the time.
The constituents of these chemical reactions include atoms and molecules,
in neutral, excited as well as ionised state. Depending upon the type of

constituents involved in a particular reaction, processes such as
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pnotoionization, recombination, lon-aliom  wuercharige,  allduiiii=ii,
detachment etc., take place. The density of constituents, their temperatures
and the strength of the electromagnetic radiation exhibit a very large
variation with time as well as with altitude. As a resuit of these chemical
reactions, there is a variety of optical emissions from different altitude
regions of the ionosphere. These optical emissions are also termed as
airglow. As these optical emissions are produced in atomic and molecular
reactions, their intensity is generally very small. It is relatively difficult to
measure these weak emissions during day time due to the presence of
strong solar radiation. The present work concerns the measurement of the

weak optical emissions during the night i.e. the night airglow.

Optical techniques, which are used for studying the F-region
irregularities, by measuring the nightglow emissions, are basically of three

types, viz. photometers, imagers and interferometers.

Photometers

At the input of a photometer there is a small optics which decides the
field of view Qf the system, which is typically a few degrees. The next
element is a filter to isolate the specific emission of interest. Generally,
interference filters with bandwidths in the range of 0.3 to 5 nm are
employed. If the intensity of the emission to be measured is weak, one has
to employ an additional filter to correct for the background continuum. The
next element is the detector. Photo-multiplier Tube (PMT) is the most
commonly used detector. Cooling of photomultipliers and using them in

counting mode enable the detection of weak emissions.

There are two types of photometers viz. single field photometers and
scanning photometers. In case of single field photometers the look angle of
the filter or the tilt is fixed. It is possible to use the single field photometers,
to get a spectral scan by making the tilt of filters variable (Eather and
Reasoner, 1969). Tilt of the interferénce filter can also be used to correct for

the background continuum without using an additional filter. If the filter is
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tited by small angular increrﬁents, it is possible to build a low resolution
spectrum (Misawa and Tabeuchi, 1977). Although, it is a function of various
parameters, a spectral scan of about 15 nm can be typically obtained by a
filter tilt of about 20 degrees. A circular variable interference filter rotated in
front of a PMT can also be used to get a very low resolution spectra
(Rodrigo et al., 1985). The other type of photometer is the scanning
photometer which is used for measuring airglow emission from different
regions of sky. This is a slight variant of the single field photometer because
here the light from different regions of the entire FOV is séquentially brought
in front of the photometer by using an electronically or mechanically
controlled mirror motion (Titelobaum and Petitdediér, 1978; Tapely et al,
1981: Meek and Manson, 1983; Takahashi et al., 1985; Sobral et al., 1985).
Spatial resolution which can be obtained by scanning photometers lies in the
range of 0.5 km to 25 km at 100 km altitude. It is possible to get a better
resolution but that is at the cost of either a smaller sky coverage or large
time interval between consecutive scans which prevents study of short time |

variations.

Imagers

The principle of optical imagers is to take a snapshot of the sky in the
desired wavelength. Generally the imagers have a very large FOV and
because of this the optics at the input of an optical imager is quite complex.
The design of an imager is discussed in detail in section 2.2. The isolation of
wavelength is achieved by employing interference filters. The detector used
jn imagers is either a 35 mm camera or a CCD camera. In order to record
very faint images, use of image intensifier before the detector is also made.
Use of a fish eye lens (180" FOV) to get an all-sky image, a filter wheel to
measure a number of emissions and high gain image intensifier has resulted
in studying fine details over the entire FOV with exposures as small as a few
seconds enabling one to study the dynamics of the species which is

responsible for the production of the particular nightglow emission (Peterson
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and Kieffaber, 1973; Moreels and Herse, 1977; Weber et al., 1978; Mendillo
and Baumgardener, 1982; Mendillo and Tyler, 1983; Molcom et al., 1984;
Sahai et al., 1994, Sinha et al., 1996; Bittencourt et al., 1997, Taylor et al.,
1997).

Interferometers

The interferometer is based on the interference of two or more beams
of light that have originated from a common source which results in
interference fringes. There are two basic classes of interferometers,
depending on the division of wavefront and division of amplitude. The
Young's double pinhole interferometer and Lloyd’s mirror employ division of
wavefront. For division of amplitude interferometer, a beam splitter is used
to pick up a portion of the amplitude of the radiation which is then combined
with a second portion of the amplitude. The visibility of the resulting
interference fringes is maximum when the amplitude of the two interfering
beams are equal. Fabry-Perot interferometer is a multiple beam
interferometer since the incoming wave is multiply reflected between the two
glass plates, partially silvered on the inner surfaces. As the reflectivity of the
two surfaces increases and the number of interfering beam increases, the
fringes become sharper. These have been used to study the line profile of a
particular emission. The profile of an emission line is usually governed only
by the motions of the atoms, and by the associated Doppler effect. 'The line
broadening serves well to define a Doppler temperature representing the
region of emission. The whole profile is Doppler shifted in the presence of
the neutral winds. The magnitude of the shift in wavelength yields the value
of line of sight wind. Such line profile measurements of natural airglow
emissions made by using Fabry Perot spectrometer have been reported by
several authors (Sipler and Biondi, 1978; Meriwether et al., 1983; Cogger et
al., 1985; Sridharan et al., 1991; Gurubaran, 1993).

Both the photometers and imagers can be very effectively used to

study the electron density variations in the E- and F- regions of the
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ionosphere. For doing this, one has to select those nightglow lines which
originate in the altitude region one is interested in and also whose integrated
emission at the ground can be approximated to some known function of
electron density at the desired altitude range. In the present investigation,
630 nm and 777.4 nm nightglow emission have been used to study electron

density distribution around 275 km and F2- peak heights.

2.2.1 Multiwavelength All sky Imaging System (MAIS)

A schematic diagram of the multiwavelength all sky optical imaging
instrument developed at PRL is shown in the Fig. 2.1. The system
comprises of a fish eye lens, a field lens, a collimating lens, interference
filters, imaging lens, an image intensifier and a 35 mm camera. A brief

description of the system is given below.

As the dimensions of ionospheric plasma depletions are very large, of
the order of a few hundreds to thousand km in N-S and up to about few
hundreds of kilometres along E-W direction, a fish eye lens is used at the
input so as to capture these structures. This Nikon 8 mm /2.8 lens has a
 field of view (FOV) of 180". The Fish eye forms a circular image of 23 mm
diameter. The circular photographic image produced by the fish eye lens is
an exact reproduction on a flat plane of all objects encompassed within the
180’ field of view. The centre of the image corresponds to the zenith and the
distance of any point in the image from the centre, y, is directly proportional

to its angle, o, from the zenith. This can be expressed by the equation:
y = Ca (2.1)

where C is the constant. The relation between the zenith angle and the

distance of a point from the image centre is shown in the Fig. 2.2.

A 50 mm/f1.2 lens is employed as a field lens. The purpose of this
lens is to slightly converge the light rays which are highly diverging in nature
after emerging from the fish eye lens. This lens is placed at such a distance

from the fish eye lens so that the aperture of the fish eye lens is imaged on
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Fig. 2.1 Schematic of Optical Imaging System.
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to the filter so that although the image position and size is not altered, light

throughput is increased.

An 280mm/f2.8 lens is used to collimate the light beam so that all the
light falling at the interference filter is parallel the optic axis. The rays
emanating from the centre of the lens are parallel to the optic axis but the
rays emerging from the edges of lens make a small angle at the interference
filter. This angle, ¢, is determined by the image size and focal length of the

collimator as shown in the Fig. 2.3 and is given by .
¢ = tan™ (v/2f) (2.2)

where v is the image size, which is 23 mm and f is the focal length of the

collimating lens. Thus ¢ is approximately equal to 2.3 for our case.

All the optical components have been housed in an aluminium tube
which is coated with non reflecting black paint to prevent any extra light from

entering the system.

An interference filter is used to isolate the desired spectral
component. The system employs a filter housing facility which has a
provision for selecting one interference filter at a' time in the field of view. For
studying 630 nm and 777.4 nm nightglow lines, interference filters of 100
mm diameter having bandwidths of 1 nm were used to accommodate the
shift of the passband of the filters due to (a) small temperature variations
and (b) a small angle between the optical axis and the parallel bundle of
rays coming from the edge of the field of view which is around 2.3" as shown
above. The shift in wavelength of peak transmission for an angle of 2.3° can

be calculated by the following equation (Barker and Yen, 1967).
Ao = Apeaic [1 - (Lo / He)? Sin’0 1" (2.3)

Where, A, is the wavelength of the peak transmission at an angle of

incidence of 6, L, is the refractive index in vacuum and L. is the effective
refractjve index of the filter material. Thus for an interference filter having a
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peak transmission at 630 nm and an effective refractive index of 1.5, the
peak transmission will occur at 629.77 nm if the angle of incidence is 2.3.
The shift ih peak wavelength will be 0.23 nm. Therefore, for the rays coming
from the edges of lens and making an angle ~ 2.3° with the optic axis, the
shift in wavelength will be approximately 0.23 nm. Hence a bandwidth of 1

nm will be more than adequate to take care of this shift.

The spectral response of the interference filters used for the present
work is shown in the Fig. 2.4. The peak transmission at 630 nm is about
70% while for 777.4 nm is around 65%.

A 280mm/f2.8 lens is used to focus the parallel beam emerging from
the interference filter on to the input window of the image intensifier. This is

done by using an imaging lens which is identical to the collimating lens.

The image of the sky is made at the fibre optic input window of an
image intensifier (Hamamatsu Type V 1366 P). The characteristics of this

type of image intensifier are summarised below:

Spectral Range . 350-910 nm
Wavelength of peak response . 600 nm
Photocathode Material . Multi alkali
Photocathode Effective Diameter : 25 mm
Phosphor Screen Material . P-39

Phosphor Screen Effective Diameter : 25 mm

The spectral response of the image intensifier used for the present
work is shown in Fig. 2.5. An image intensifier consists of a photocathode,
electron lens, microchannel plate (MCP) which multiplies electrons, and
phosphor screen which reconverts.electrons into light. The operation of
image intensifier can be understood from Fig. 2.6. When an optical image is
focused on to the photocathode, electrons are emitted in accordance with
the intensity of the input optical image. The electrons are accelerated across

the cathode-to-MCP gap by a bias voltage. A high voltage ( of the order of
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10 to 15 kV ) is applied between the photocathode and the phosphor screen
in order to accelerate the electrons which bombard the phosphor screen.
The electron image is then focused on to the MCP where it is intensified,

and then strikes the phosphor screen where an optical image is reproduced.

An MCP is a secondary electron multiplier consisting of an array of
millions of glass capillaries (channels) fused into the form of a disk 0.48 mm
thick and 25 mm in diameter. The diameter of each channel is 12 um. When
an electron enters and hits the channel wall, secondary electrons are
emitted from the channel wall. These are accelerated by the potential
gradient and strike the opposite wall to produce additional secondary
electrons. As a result of such collisions repeated many times along the
channel, a large number of electrons are produced, up to several thousand
times the input number. An MCP contains approximately 1.5 million
channels, each of which corresponds to a picture element and is
simultaneously intensified. For the intensifier used in the present work, the
result of this process is an intensification of the original incident light by a

factor of approximately 40,000.

Although the image is intensified, it still needs, depending upon the
natural strength of the airglow line and the image intensifier gain, to be

integrated for a few tens of seconds to record the image.

For transferring the image from the output face plate of the image
intensifier to the film, two standard 35 mm Nikon camera lenses are used in
tandem pair. This is done since the standard camera lens are to be kept at a
certain minimum distance from the image intensifier to focus the image on to
the film. However, in this process, all the photons do not reach the camera
resulting in significant loss of signal. To overcome this difficulty two lenses
are employed before the camera. The first lens (105 mm f/1.8) is used as a
collimator and the second lens (55 mm f/1.8) is used on the 35 mm Nikon

camera for imaging. The final image on the film is 12 mm diameter. Kodak
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tri-x panchromatic film is used and it is developed in Kodak 19b developer

for getting maximum contrast.

A digitizer has been set up for the digitisation of the films. The block
diagram is shown in the Fig. 2.7. It comprises of (a) light source, which is a
light emitting diode LED kept at a constant voltage, (b) a condensing lens of
small focal length for focusing the bundle of rays emerging from the source
on to the film and also to ensure that the film is uniformly illuminated, (c) a
mounting system for loading the films which are to be digitised, (d) a CCD
camera which converts the transmitted light into a digital image of the size

512 X 550 x 12 bits and (e) a computer with a frame grabber.
2.3 In Situ Techniques

2.3.1 Introduction

There are large number of probes which have been flown on board
rockets and satellites to measure the electron density and its fluctuations.
Broadly all of these fall in two categories viz. the radio frequency (RF)
probes and electrostatic probes. RF probes are of two types namely the
impedance probe and the resonance probe. Impedance probes rely on
measuring the impedance of a probe immersed in the plasma at one or
~more radio frequencies. When the incident frequency exceeds the
gyrofrequency and the plasma frequency of the medium, the measured
impedance can be interpreted in terms of the electron density and collision
frequency in the medium. These probes include (a) NASA impedance probe
(Jackson and Kane, 1959) where the impedance is measured by sweeping
a variable capacitor and the value at which resonance occurs determines
the electron density; (b) the capacitance probe (Sayers, 1963; Heikkila,
1965) where the probe forms one element of the tuned circuit whose

resonance frequency is determined.

The second type of RF probe is the resonance probe wherein a RF

transmitter and receiver separated by a few meters are kept on the space
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vehicle. The transmitter frequency is swept from approximately 0.5 MHz to
7.0 MHz for E region. The. transmitted radio wave, after its passage through
the ambient plasma, is received by the receiver. When the transmitted
frequency matches exactly with the plasma frequency there is resonance
between the transmitted radio wave and the local plasma frequency as a
result of which there is an absorption of energy by the medium. This results
in a dip in received signal strength enabling one to identify the local plasma
frequency from which one can calculate the absolute electron density of the
medium using the simple expression.

1 |n, e?

fo = —
2n \eogm,

e

where,
fo is plasma frequency in Hz
ne is the electron density in m?
e is the electronic charge
gg IS the permittivity of free space (8.854 x 10 12 Fim)

m. is the electronic mass in kg

In fact there are number of other resonances such as upper and
lower hybrid frequencies. By a careful examination it is possible to isolate
these resonances. But the most dominant among these is the resonance at
upper hybrid frequency, fr, which is given by, f;* = f,2 + %, where f, is the
local plasma frequency and f, is the electron gyrofrequency. Once f; is
identified, f, can be calculated by substituting the value of f,, which can be
calculated. These probes have been flown mainly for E region studies (Rao
and Prakash, 1978; Heikkila et al., 1968). Under the category of electrostatic
probes, Langmuir probe is the one which is used most, including in the
present work. The principle and details of Langmuir probe are discussed at

length in the following section with emphasis on its use on rockets.
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2.3.2 Rocket-borne Langmuir Probe

Mott-Smith and Langmuir (1926) discussed the current collecting
properties of a probe in a plasma from which the modern Langmuir probe
(LP) derives its name. This technique was first employed for ionospheric
studies in 1946 by Spencer. The basic principle of LP is the following. When
a metallic probe is exposed to plasma it acquires a negative potential vis-a-
vis the plasma potential. The potential thus acquired is called the ‘floating’ or
‘wall' potential. This negative potential is created because the flux of
electrons is much larger than the ion flux due to the fact the thermal velocity
of electrons is much higher than those of positive ions. At floating potential
the total current collected by the probe, which is the sum of electronic and

ionic currents is zero. Floating potential V; is given by

V, = -(k:e) ln(ji) (2.5)

where k is the Boltzmann constant, T, is the electron temperature, e is the

electronic charge, j, (j.) is the electron (ion) random current density. j, is

given by

jo = © A (2.6)

where v, is the electron thermal velocity and A is the surface area of the

probe.

For the F-region of ionosphere, a typical value of the floating potential
will be about -0.5 volts with respect to the plasma potential. Thus when a
rocket, whose outer body is made conducting and has a very large surface
area, is flown it acquires a potential which is the floating potential and the
same is used as reference. Now if one uses a very small probe, which could
be spherical or cylindrical in shape, and bias this probe with respect to the
rocket body, the probe will start collecting electronic or ionic current

depending upon the bias used. Fig. 2.8. shows a typical LP current-voltage
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characteristics. When the probe is at the floating potential, the net current
collected by the probe is zero. When the probe is at plasma potential i.e. at
slightly positive potential with respect to the floating potential, the current
collected by the probe is entirely due to the thermal motion of the charged
particles in the medium. As the average velocity of electrons is much larger
than the average positive ion velocity, the probe current can be considered
to be entirely due to electrons. When small negative voltages are applied to
the probe, then the probe current consist of (a) a positive ion current limited
by the space charge and (b) a current due to the electrons which overcome
the repelling voltage of the probe. When the probe is at a positive potential
with respect to plasma, positive ions are repelled and electrons are attracted
towards the probe. Even a small positive voltage is sufficient to make the
positive ion component of the probe current negligible compared to the

electron component.

Generally, the Langmuir probe is used to determine the electron
temperature and electron density. For determination of T, the probe
potential (V) has to be swept in the electron retardation region where the

probe current is given by

e = o exp (:T\:j ' (2.7)
Assuming that the electron temperature and hence the electron thermal
velocity, v,, does not change during a sweep cycle, which is typically 0.5 s or
less, one can derive electron temperature from equation (2.7). For
determination of electron density, the probe must be biased such that it
operates in electron saturation region. It can be easily attained by biasing

the probe at +4 V with respect to the floating potential.

In the two saturation regions the ion current and the electron current
can be obtained by integrating the appropriate drifting Maxwellian energy

distribution function over the collector surface for all energies less than the
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probe potential. In the electron saturation region the electron current to a

cylindrical collector is given approximately by

12
e = 2“"%(1 + e—V) | (2.8)

L KT,

This expression is derived from the assumption of an infinitely long cylinder
and, therefore, has an end effect correction that is usually small for typical
cylindrical probe dimensions (Szuszuszczewicz and Takacs, 1979). For a

small sphere (radius smaller than the Debye length), the current is given by :
e = Jo(1 + eVKT) (2.9)

where j, is the random electron current and V is the probe voltage.
2.3.3 Langmuir Probe in the lonosphere

Region of applicability

The preceding section discussed the theoretical background of the
Langmuir probe technique. The condition for the above equations to hold in
the ionosphere is determined by the criteria that the Debye length is less
than the mean free path. This is necessary so that the a charged particle
entering the sheath does not suffer collisions before it is captured at the
probe surface. Thus, the optimum conditions for applicability of the theory

are given as:
Yp < Ap <L

where v, is the probe radius, Ap is Debye length and L is the mean free path.
The mean free path for the collisions between electrons and neutral
particles is about 1 cm at 85 km, decreasing rapidly with decreasing height.
Negative ions which are not considered in Langmuir's theory are abundant
below 85 km. Therefore 85 kms is the lower limit for the applicability of

Langmuir probe theory.

The upper limit for the region of applicabilify is set by considerations
of photoelectric effect. The photoelectric yield of a metal surface such as
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tungsten, when exposed to unattenuated solar radiation is about 4 X 10°
amp cm™ (Hinteregger et al., 1959; Bourdeau et al, 1961). Hence the
current due to photoemission would be equal to the random current density
at higher altitudes than about 1000 kms under normal conditions. Thus the
altitude region between 100 - 1000 kms seem to be suitable for exploration
by Langmuir Probes, where it has been used extensively. Various
geometries have been used, the main considerations being those of
mechanical simplicity as well as minimising of the errors introduced due to
the motion of the vehicle. Easier mathematical treatment of spherical and

cylindrical sensors have made them more popular.

~ Earth’s Magnetic field effect

It is known that the charged particles spiral around the magnetic field
lines and diffuse along them. The effective free path for the particles is
decided by the Larmor radius, p = mv/eB. In the lower ionosphere the
Larmor radius is about 1 cm for electrons and is of the order of a meter for
positive ions. Therefore any probe of practical dimensions will be larger than
the effective free path of electrons. When the probe size is larger than the
mean free path it collects more particles than can be made up by diffusion
from distant regions resulting in depletion in its immediate neighbourhood.
This decreases the efficiency of the probe for particle collection. Since the
motion along the field line is uninhibited while motion across is inhibited the
final result is a compromise in which the probe collects the electrons from
regions distant along the field lines but nor far away across the lines.
Electron collection is dependent in a complicated way on the probe radius,
the electron temperature, the electron density and the magnetic field.
Positive jon collection is however not affected by the magnetic field. It is
generally believed that the magnetic field does not affect the retarding
potential analysis and electron temperatures can be determined even in the
presence of a magnetic field. In the retarding potential analysis one is

concerned only with the high energy electrons which can overcome the
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probe field. Since the magnetic field effect is less for the high energy
‘electrons, because of the smaller Larmor radii of these electrons, the

retarding-potential analysis is not considerably affected by magnetic fields.

Reference Electrode

The sweep voltage in the case of an in-situ probe is applied between
two electrodes which are placed in the ambient plasma i.e. are at the
floating potential. Johnson and Malter (1950) were the first to study such
system theoretically. It is customary to make one of the electrodes much
smaller than the other which is used as the probe and the larger one as a
reference electrode. As the probe voltage is varied, the probe collects
current from the medium but the potential of the reference electrode is
assumed not to vary because of its large size. When the probe collects
charges of one sign, it should be possible for an equal and opposite current
to flow into the reference electrode. This condition is easily satisfied when
the probe collects positive ions. This situation arises because of large flux of
electrons reaching the probe as they have high velocity as compared to the
ions. So, when the probe collects electrons an equal number of positive ions
can flow into the reference electrode only if it's area is larger than the probe
area by a factor equal to or greater than the ratio of the velocity of the
electrons to that of the positive ions. A practical Langmuir Probe system can
be treated as a single probe if the ratio of the area of the two electrodes is at
least ten time j./j,. This ratio, j/j,, is about 170 in most of the regions of
interest in the ionosphere. Typically the area available for the reference
electrode is between 2 X 10* and 3 X 10 cm?®. Therefore the surface area of
the probe should not be exceed 10 to 15 cm? if the system is to be treated

as a single probe system.
Effect of Vehicle Velocity

Itis known in that the average velocity of electrons is about 100 km/s

which is much larger than the rocket velocity which is typically around 1.5
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km/s. As the average ion velocity is comparable to the rocket velocity, the
positive ion collection is affected by the vehicle velocity. The ion current to a

_ spherical probe moving in a plasma can be written as
jo = 4 715" jou Qo(1io) (2.10)

where j,. represents the random ion current in the medium, rq is the radius

of the sheath and Qq(n) is a function of the velocity parameter n, given by

M, Ug>
_ [ Miuo” 211
Mo (2KT+J 211

Here M, is the mass of the ion and u, is the velocity of the probe in the
medium. The form of Qu(n,) was determined both theoretically and
experimentally and the results were in agreement. Using these results
observed positive ion currents can be corrected for vehicle motion. The

effect of rocket velocity on electron current is negligible.

Effects of the wake of the vehicle

When a rocket or satellite travels with a velocity which exceeds the
mean ion velocity in the medium, ions cannot penetrate into the rear of the
vehicle. However this is not the case with the electrons which have large
velocities. This results in a negative potential in the wake of the vehicle due
to the absence of positive ions. The consequence of this is the rarefaction in
the electron density distribution. The shape of the wake and the ion and
electron potential distribution in it have been discussed earlier (Alpert 1965).
They showed that the potential, ¢, in the wake at a distance L from the
rocket body is given by

¢ = Zhle IogE (2.12)

where r is radius of the rocket body. So, it is necessary for the probe to

avoid the wake of the vehicle. This can be achieved by mounting the probe
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at the nose tip of the rocket or by projecting it far into the medium using
booms. A probe at the nose tip may enter into the wake during the descent.
The effect of the probe entering into the wake would be a reduction in the

electron current to it.

Effect of Vehicle Potential

When a body is placed in plasma it acquires the floating potential, s,
at which the sum of the electron and positive ion fluxes to it is zero. This

potential for a body at rest is governed by the following equation:

. . eV,)
- xp| — 2.13

where j, is the random electron current, j, is random positive ion current. For
typical ionospheric conditions V; ranges between -0.2 to -1.0 V..But there
are spurious effects due to the motion of the body, solar radiation, the
presence of fields on the moving vehicle, the earth’s magnetic field and
contact potentials due to dissimilar work functions of different parts of the

vehicle.

It has been shown by Bourdeau and Donley, (1964) that the effect of

the vehicle velocity is to modify floating potential which is given by

Ve =- KT, logv—e
e Vg

(2.14)

where v, is the random electron velocity, vg represents vehicle velocity.
However this does not effect the result radically. Solar radiation falling on
the surface of the body gives rise to photo-emission which tends to make
the vehicle acquire a positive potential at higher altitudes and also tends to
increase the positive ion current to the probe. At night this effect is
unimportant. The effect of the magnetic field is to give rise to an aspect

sensitivity to the vehicle potential as the electron diffusion is mainly along

the field lines.
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Study of Electron Density Irregularities Through Langmuir Probe

Although in principle, it is possible to estimate the electron density of
the medium by a Langmuir Probe, in practice it is very difficult to accurately
determine the electron density. Usually, the Langmuir Probe derived values
are corrected by using some simultaneous estimates such as from a
resonance probe or an ionosonde. Generally a few simultaneous flights of
Langmuir Probe and Resonance probes are made and a altitude dependent
calibration factor is determined to correct the Langmuir Probe derive
electron densities. The LP system used for the present work was calibrated
(a) by using the electron density derived from the critical frequency of the E-
layer as observed with an ionosonde and (b) by using the resonance probe
derived absolute electron density. The calibration factor estimated for this
system (Subbaraya et al., 1983) for altitude 90 to 150 km agrees fairly well
with other estimates (Mechtly at al., 1967). In absence of any altitude
dependent calibration factor a fixed factor of 7140 electrons cm™’ per puA of

current is used.

For electron density irregularities one is really interested in dne/ng
instead of n, and in that case the Langmuir Probe is able to give very
precise value of percentage change in electron density. The effect of
calibration factor is unimportant for study of percentage change in electron
density. The spatial resolution of the Langmuir Probe depends on the rocket
velocity and a bandwidth of the electronics systems including the trajectory.
For a typical rocket velocity of 1 km/s and a frequency response of 1 KHz
for the Langmuir Probe electronics, the spatial resolution in one meter. Thus
Langmuir Probe can be used to study electron density structures with scale

size of 1 meter and above along the velocity vector of the rocket.

The Langmuir Probe used in the present work is essentially similar to
the one used by Prakash and Subbaraya (1967), Prakash et al. (1972) and
Sinha (1976). A cylindrical LP sensor of length 20 mm and diameter of

30 mm. mounted on central boom was used in the present flight.
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The current collected by the LP sensor was processed in three
separate channels on board to cover a very large dynamic range of electron
density with a good resolution in all the three ranges. Fig. 2.9 shows the
block diagram of the Langmuir Probe system which was used for study
reported here. As mentioned earlier the LP sensor is a cylindrical sensor
which is mounted on a central boom which is spin symmetric. A voltage
generator creates the desired voltage wave form with respect to the rocket
body, which as at the floating potential. Results presented in this work were
obtained when the sensor was kept at a fixed potential of +4 volts with
respect to the rocket body or the reference potential. Current collected by
the LP sensor is fed to a current to voltage ( I-V) converter which is shown in
Fig. 2.10. I-V converter has four feedback resistances. When the current is
smallest all the three relays (RL1, RL2, and RL3) are open and only the
resistance R, acts as a feedback resistance and the gain of voltage amplifier
is 3.36. As the current increases the gain of the voltage amplifier drops to
1.02. Likewise all the feed back resistance come in parallel one after the
other and the gain keeps on changing alternatively, gives rise to following

eight states of the feed back resistances

Stage | Total Feedback | Gain | Effective Feedback
Resistance Resistance

1 44 MQ '3.36 | 148.10 MQ

2 44 MQ 1.02 |44.88 MQ

3 4 MQ 3.36 | 13.46 MQ

3 4 MQ 1.02 | 4.08 MQ

5 440 KQ 3.36 | 1.48KQ

6 440 KQ 1.02 | 448.80 KQ

7 44 KQ 3.36 | 148.10 KQ

8 44 KQ 1.02 |44.88 KQ
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The output of the voltage amplifier lies in the range of 0-5 volts and goes to
8 bit digitiser which has 255 level. Thus the smallest current which this
system can measure is (5 volts)/(255X148.10 MQ)) ~ 132.5 pA. As the
leakage of the operational amplifier used (CA3140) is less than 100 pA and
total noise of the electronics system is less than 50 pA, the system can very

easily handle currents greater than the 150 pA.

_ The output of the voltage amplifier is termed as LP Main channel and
is used to study fluctuations in the probe current in the frequency range DC
to 60 Hz. With a typical rocket velocity of 1.2 km/s, 60 Hz corresponds to
scalesize of 20 meter. As the power at smaller scalesizes drops significantly,
use of two additional amplifiers is made to study the fluctuations in 50-500
Hz (24m - 2.4m) and 125 - 1250 Hz (9.6m - 0.96m) ranges.

Thus using three channels one can essentially study electron density

fluctuation from very large scales down to about one meter.

Maximum detectable signal, which obviously will come in HF channel,
is 0.8 mV in 5 V of main channe! signal. Hence the maximum detectable
power is 20log (0.8 mV/5V) = 136 db.

2.3.4 In-Situ Techniques of Electric Field Measurement

There are two techniques for measuring the electric fields in the
ionosphere. These are (a) the Bulk Flow Technique and (b) the Langmuir
Double Probe Technique. The bulk flow technique is a indirect technique to
measure the electric field. Before describing the details of the Langmuir
Double Probe technique, which has been used for the present study, an

introduction to the bulk flow technique is given

2.3.4a Introduction

Bulk flow measurements of electric field rely on deducing the electric

field from the plasma bulk flow velocity, v, by using the relation
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E x B

= (2.15)

Vb =

where E and B are the electric and magnetic field vectors respectively. Bulk
flow velocity of plasma can be inferred using any of the following methods:
(a) artificial vapour cloud motion; (b) Doppler shift of radar signals

backscattered from ionospheric irregularities; (c) Thermal ion motion; (d)

Split Langmuir probe measurements on rockets or satellites.

Bulk Flow Measurements with Vapour Clouds

In this technique alkali metals like barium are released in the
ionosphere from rockets during evening twilight periods. During the twilight
period there is no direct sunlight at the ground but the ionosphere is
illuminated by sun. When barium vapours are released by rockets they get
ionised above about 140 km. After the ionisation the barium ions start
drifting under the influence of the ambient electric field. The reason barium
is chosen for such experiments is that the barium ions can resonantly
scatter the solar radiation at wavelengths which fall in the visible part of the
electromagnetic spectrum. The drifting barium ion cloud can be
photographed from three ground stations to uniquely determine the bulk flow
velocity of barium ion by the triangulation technique. As the drift velocity is in
a direction perpendicular to the magnetic field, perpendicular electric field
can be estimated from this technique. The expression for the bulk flow
velocity V, in terms of the ambient electric and magnetic fields, electrical
conductivities, gyro and collision frequencies, etc. was given by Haraendel

et al. (1967) and is reproduced below.

2 [EXB 1(& ansﬂ A1 2.16)

= — v
Vo T B B J| a+1

+
B2 '«
where, A is the ratio of height integrated Pederson conductivities in the
presence and in the absence of the cloud, k is the ratio of gyration to
collision frequencies of the barium ions, v, and v,. are the neutral cloud
velocity in the reference frame fixed to the earth and the component of this
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velocity perpendicular to the local magnetic field direction, and E and E, are
the ionospheric electric field in a frame of reference fixed to the Earth and
the component of this field perpendicular to the local magnetic field
direction. The major disadvantage of this technique is that electric field

measurements can only be made at twilight hours.

Bulk Flow Measurements by lonospheric Backscatter

Bulk flow velocity of plasma can also be determined by making use of
the radar back scattered signals. In case of ionospheric radar the
backscattered signal is either due to incoherent scattering from the thermal

electrons or the coherent scattering from ionospheric irregularities.

The incoherent backscatter radars generally use very high power.
When the electrons, which are responsible for the backscattered signal, are
in motion, the backscattered signal is Doppler shifted. It is possible to
determine the line of sight velocity of the scatterers very accurately, without

making any assumptions.

In the case of coherent backscatter radar, the backscattered signal is
due to these irregularities in electron density which have wavelength equal
to half the radar wavelength. The Doppler shift in the coherent
backscattered signals gives the phase velocity of irregularities responsible
for the backscatter. In this case the bulk flow velocity can be determined
only if the relationship between the phase velocity of irregularities and the
bulk flow velocity can be reliably modelled. Such relationships have been
found empirically for E and F region during day as well as night (Balsley et
al., 1972: Prakash and Muralikrishna, 1981; Woodman, 1970). The major

disadvantages of this technique are twofold.

a) Existing facilities can generally measure only one component of the drift
velocity at a given setting, after which the viewing direction must be
changed to measure a second component. Thus, rather large spatial

differences exist in the groups of data from which perpendicular fields
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are determined and the field vector at a single point is not really

measured.

b) Motions producing Doppler shifts can be caused by phenomena other
than the E X B drifts, such as motions of the neutral atmosphere, gravity
waves, fluxes into or out of the protonosphere, and plasma waves not
moving with an E X B velocity. These result in erroneous estimates of

electric field.

Bulk flow measurement from thermal ion fluxes

Since the bulk flow velocity of the ionospheric plasma is comparable
to the ion thermal velocity, measurements of thermal ion fluxes can also be
'used to compute the bulk flow velocity from which it is possible to estimate
the DC electric field. This technique involves the use of retarding potential

analyser with post acceleration fields and channeltrons.

2.3.4b Langmuir Double Probe Technique

In the Langmuir Double Probe technique, two identical conductors,
separated by a distance, d, which is about a few meters or more, are
exposed to the plasma. The potential difference between the conductors is
monitored using appropriate electronic circuitry. The ambient electric field
can be computed by dividing the potential difference between the two
conductors by the distance, ‘d’, between the conductors. At the first sight the
technique looks very simple but a slightly detailed look indicates the
complexities of this experiment. To have little insight into this technique one
has to look into the current balance equation of isolated conductor in

plasma.

When a conductor is placed in a plasma, it acquires a potential at
which the sum of all currents is zero. This is illustrated by the following

equation:

I+ L + 1l = 0 (2.17)
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where I¢ is the positive current which is fed to the conductor (the reason for
this will be explained later), | is the electronic current and |; is the ionic
current. Eq. (2.17) can be rewritten as

. . vV
o+ A = exp(%:’-) (2.18)

where, where V, is the potential of the conducting surface with respect to the
nearby plasma, k is Boltzman constant. From this one can calculate the

potential reached by a conductor in the plasma which is given by :

1/2

|
V, = f‘eILn (%ﬁj + T’ (2.19)
' Ane (KT/2nm,)

where, m; and m, are the ion and electron masses, n is the density of the
plasma, and A is the surface area of the conducting body. The value of V; in

the ionosphere, in absence of non-thermal particles, is typically about -1 V.

The mechanism of potential difference technique can be understood
by considering the electron energy diagram of the pair of separated
conductors placed in the plasma and connected through a resistance, R,
representing the input impedance of the differential amplifier (shown in Fig.
2.11). The electron energy at distances far away from either conductor
depends on the electric field in the ionosphere. The difference of plasma
potentials at the two conductors is E’ d, where E’ is the electric field strength
and d is the distance between of the two conductors. The electrons
experience the effect of the conductor within a distance of the order of
Debye length from the conductor. At its surface, the maximum potential
energy is reached and then the potential decreases as the surface of the
conductor is penetrated with the potential becoming equal to that of the
electrons inside the conductor. The electrons inside the two conductors are
at different potentials because of the current I, flowing through the
resistance, R, connecting the two conducting bodies. Since this current
flows on to one conductor and away from the other, the surfaces of the two
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conductors are not at the same potentials with respect to the nearby
plasma. The potential of the surface of either conductor with respect to its
nearby plasma can be computed from the current balance equation. In a
linear approximation the effect of this current is to change the potential of

the surface of either conductor by an amount R, | where

1/2

dv  (2nmKT) (ev)

== - | — 2.20

Ri =3 2 TP T (2.20)
Ane

Thus, the potential of the surface of one of the conductor is V, -R; |, where
R, is sheath resistance. Summing the terms of the potential energy diagram,
one obtains

E'd+ (V, - V,) + (WF, - WF)

RI = 1+ (R,/R) + (R,/R) (2.21)

where Rl is the potential difference measured by the differential voltmeter,
(WF, -WF,) is the difference in the wdrk functions of the two conductors, or
their contact potential difference and V;, V, are the potential across the
sheath around the conductors. The importance of various terms in the

above equation is briefly explained below.

E’.d term

The observed electric field (E’) in a moving frame of reference can be

transformed to the Earth’s fixed frame of reference, using the relation,
E=E+VXB

where E represents field in fixed frame of reference and V X B results from
the motion of the conductors across the magnetic field, B. Thus, for
deducing the electric field in the earth frame of reference it is essential to
perform vector subtraction. Performance of the vector subtraction requires
accurate knowledge of the vehicle orientation and trajectory. V X B is

‘typically 38 mV/m for rockets moving with a velocity of 1 km/s, while
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perpendicular ionospheric electric fields are typically 10-100 mV/m at high

latitudes and 1 mV/m at low latitudes.

The magnitude and shape of the V X B component along the distance
vector, d, depends upon the relative position of the sensors with respect to

the spin axis of the rocket.
a) Sensors deployed parallel to the spin axis:-

. In this case, the induced field varies with the rocket velocity and its
coning angle, when the spin axis is normal to the magnetic filed.
Typically, the coning period of F-region rockets is more than 10 s and the
change in rocket velocity is less than 1% per second in this duration.
Therefore, this term manifest as a dc shift for electric field fluctuations
with periods of the order of a few seconds and less. However, if the spin
axis is inclined from the vertical by few degrees than V X B term will
manifest itself as a sine wave with electric field fluctuations

superimposed on it.
b) Sensors deployed perpendicular to the spin axis:-

In this case, the V X B term appears as a sinusoidal variation and the
ambient field can be deduced by taking into account the amplitude of

sinusoidal signal.
Sheath Potential Difference or (V,-V,) term

The sheath potential drop, V,, i.e. the potential difference between
the surface of the sphere and the nearby plasma can be obtained by the

current balance equation discussed earlier.

Electric field measurements are perturbed if the currents of the two
conductors are different. If the potentials of the two conductors change by
same amount, then there is no net effect in the (V; -V,) term. Non zero
differences of sheath potentials may arise from anisotropies of plasma

which causes the floating potentials of the two conductors to differ. To
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reduce such errors, the conductors are made spherically or cylindrically
symmetric and are mounted symmetrically with respect to each other and as

well as with the vehicle.

The Contact Potential or (WF;-WF,) Term

The (WF{-WF,) term originatés when the average work functions of
the sensors with respect to the nearby plasma are not equal. This term
manifest itself as a DC shift resulting from the constant contact potential
difference, developed between the sensors. Thus, the potential difference
generated between the conductors deployed perpendicular to the spin axis
consists of a sine wave due to V X B effect and the DC shift resulting from
the difference in work functions of the two conductors. This effect can be
eliminated by analysing only the signal produced by the external field since
this signal oscillates sinusoidally at the payload spin rate. Non uniformities in
the coating of the sensors generates an AC signal as the sensor spins in the
anisotropic ionosphere, affecting the AC field measureménts. The effect of
this term can be minimised by applying a uniform coating to the sensors to

keep the contact potential uniform.
The Sheath Resistance Term

The sheath resistance terms in the denominator result mainly from
the resistance of the medium to the return flow of current that previously
passed through the electronics. The sheath resistance, R, or R, surrounding

the conductor is given by

dv, kT/e

d 1+Ane KkT/2xm,

This equation for V, shows that as the current | is increased the potential

R, = (2.22)

drop V; becomes less negative and hence sheath resistance R, decreases.
The main advantage of reducing the sheath resistance is that the input

impedance of the difference amplifier can be reduced which results in an
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improved frequency response of the conductors for an AC electric field
measurements. This is done by keeping the bias current to the conductors
larger than the ion current. The denominator in the above can essentially be
made unity by reducing the plasma sheath resistances (Ry and R,) to less
than a mega ohm and by making the input impedance of the difference
amplifier a few tens of mega ohm. This can be achieved by feeding a small

current to the sensors.

2.4 Radio Techniques

Various radio techniques have contributed to the understanding of
ionospheric phenomena. The principle of few techniques which have been

used in the present work are discussed briefly here.

lonosonde

The principle of ionosonde is based on the transmission of radio
pulse vertically and measuring the time elapsed before the echo is received.
The hc?ig'ht is found from the time delay of the echo, assuming that the pulse
travels at the speed of light. In ionosonde, a pulsed transmitter and a
receiver are swept synchronously in frequency, and the delay time is
recorded as a function of radio frequency. lonosondes operate over
frequencies in the range of 1 - 20 MHz and rely on the fact that the radio
signal is reflected when its frequency f matches with the local plasma

frequency f,, where

f, =(@2n)" (ne?mey)?  ~ 9000 vn Hz (2.23)

where n is the plasma density in cm™. As the peak plasma density in the
ionosphere is of the order of 10% em?, fo < 12 MHz. Thus the vertically
transmitted frequencies greater than the plasma frequency penetrate the
ionosphere. Hence ground-based ionosondes yield no information above
the height of the peak on the F-region plasma density. This limitation of
ground based ionosondes and lack of information of topside is overcome by

making use of topside sounder onboard satellites and as well as with the
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incoherent scatter radar techniques. The incoherent scatter radar technique
is based on the fact that an upwardly propagating radiowave of higher
frequency than the plasma frequency will be weakly reradiated by the free
electrons in the ionosphere. This weak incoherent or Thompson scattering
provides small but measurable return signals for a probing radar beam
which contains information about various ionospheric parameters like (a)
electron density, which is proportional to the area of the Doppler signal and
‘typically observable upto 1000 km, (b) the ion acoustic velocity contained in
the width of the spectrum or from the position of the peak, (c) ion
temperature can be derived from ion acoustic velocity (d) ratio between
electron temperature and ion temperature can be inferred from the shape of
the spectrum, (e) large scale drift of the ionospheric plasma from the
observed Doppler shift of the entire spectrum, (f) Rosenbluth and Rostoker,
(1962) inferred differential drifts of electrons and ions from the different

heights of the up - down shifted spectral wings.

Scintillations

The scintillation method is used to study the ionosphere by
measuring the fluctuations of radio signal due to its traversal through an
irregular medium. When the ionosphere contains irregularities of plasma
density, phase fluctuations build up across the wave front. As the wave
propagates away from the ionosphere, phase mixing occurs and fluctuations
in amplitude develop. In the weak-scattering, thin-screen approximation, the
medium is replaced by a plane surface along which the phase of the radio
wave fluctuations is replaced by a plane surface along which the phase of
the radio wave fluctuates but the amplitude remains constant. As the wave
propagates beyond the screen, fluctuations in amplitude develop, due to
interference effects. Thus if P, (k, k,) is the power spectrum of the phase
fluctuations-in the wave emerging from an irregularity layer and P(k,, k,) be

the power spectrum of the intensity fluctuations in the received signal, then
Py (ke k) = 2m(reh )? (L sec y) Py(ks, ky, k=0 (2.24)
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Pikek,) = 4 sin’[(k3 + kAl Polk, k) (2.25)

where k,z = 4n/Lz, A is the wavelength of the incident wave, z is the
distance from the source to the observation point, y is the angle between
the ray path and the vertical at the point where the ray path intercepts the
screen, r, is the classical electron radius which is about 10-15 m, L vis the
thickness of the irregularity layer, and Py(k,, ky, kz = 0) is the two
dimensional wave number power spectrum in the electron density
fluctuations in the plane perpendicular to the k vector of the incident radio
wave. Scintillations of the radio beacons transmitted from a geostationary
satellite offers a simple way of continuously monitoring the sub-kilometre

scale size irregularities associated with equatorial spread F.

Phase and amplitude scintillation measurements are extremely useful

when taken in conjunction with other in-situ and optical measurements.
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CHAPTER 3

MULTIWAVELENGTH OPTICAL IMAGING OF
PLASMA DEPLETIONS FROM SHAR

A unique feature which plays a major role in the physics of ESF
phenomenon is the plasma ‘depletion or bubble’. These are localised
depletions in plasma density with spatial dimensions of the order of ten to
few hundred kilometres in the direction transverse to the magnetic field.
Such large scale structures correspond to the outer scale of the ESF
irregularity spectrum. As the outer scale of ESF structures is considered to
govern the subsequent development and characteristics of the irregularity
spectrum, a full description of plasma bubble can lead to the better

understanding of ESF process.

Plasma bubbles were first discovered as ‘ion density bite-outs’ by
Hanson and Sanatini (1973), using in-situ satellite borne probes. These
localised, irregular depletions in ion density were subsequently studied using
in-situ techniques by others (McClure et al., 1977; Benson and Brinton,
1983; Singh et al., 1997a, 1997b). These depletions are magnetic field
aligned (Tsunoda, 1980), extending to the base of the F region, with ion

density decreases up to about 3 orders of magnitudes. These depletions
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convect upwards at large velocities through the F layer peak to the topside
ionosphere, reaching altitudes as high as 1200 km or more (Woodman and
LaHoz, 1976; McClure et al., 1977; Burke et al., 1979). The plasma inside
bubbles has been found to have velocities both perpendicular and parallel to
the earth’s magnetic field (Mendillo and Baumbgardner, 1982; Hanson and
Bamgboye, 1984; Aggson et al., 1992). The post-sunset equatorial F-layer
can become unstable under the influence of any disturbance produced by
gravity waves, neutral winds or some other source and can generate plasma
irregularities through Rayleigh-Taylor Instability (RTI). Steep plasma density
gradients produced by the primary long wavelength Rayleigh-Taylor mode,
create conditions which leads to the hierarchy of plasma instabilities giving
rise to smaller scale irregularities (Haerendal, 1974, Ossakow, 1981; Huang
and Kelley, 1996a, b). A brief description of two key mechanisms, which are
known to be responsible for the generation of ESF irregularities, is given

below.

3.1 Physical Mechanism of Rayleigh-Taylor Instability

Dungey (1956) first proposed the gravitational Rayleigh Taylor (R-T)
instability as the process driving ESF. This R-T instability occurs when
heavier fluid is supported by the lighter fluid. This condition is satisfied in the
presence of a fluid density gradient which is antiparallel to gravity. In
plasma, R-T instability can occur because the magnetic field acts as a
lighte.r fluid supporting the plasma which acts as a heavier fluid. The
mechanism of R-T instability can be understood by considering the
electrodynamic equation for the plasma:

Py %\?—- = Vpp+ p * qj—h:j—(E + Vj x B) + Zj:PiVik(Vi—Vk) (3.1)
j=K

where p; is the mass density, p; is the pressure, V; is the velocity, g; is the

charge of the jth species, E and B are the electric and magnetic fields. The

plasma constituents are assumed to be in velocity equilibrium with the
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existing force fields. This assumption is valid as the response of the plasma
constituents to changing forces occurs very rapidly i.e. dV/dt ~ 0. The
acceleration term of the above equation is ~ Vjt or Vf/L where 1 is the
response time to the external forces and L is the distance for the velocity
change. The Lornetz term is of the order of V|, where £ is the
gyrofrequency (g; B/M;) and frictional term is =~ Vjv;. As long as t >>Q,-'1 or vj'1,
the acceleration term can be neglected. In F region, this term is negligible

when macroscopic dynamics are considered.

_ Thus the steady state fluid velocity of each species can be written by

setting the time derivative to zero:

- Vp. +n. M. . _ Moy, (V. - 3
0 = Vp, +njkgT +qM(E+ V; xB) Z ;v (v,-v) G2

j#k
Here E is the electric field measured in the earth-fixed co-ordinate system.
The electric field measured in the frame of reference moving with neutral
flow velocity, U, is given by E' = E + U x B. Transforming the above equation

in the neutral frame of reference and using V' =V, - U, the above equation

becomes

0 = kgT,Vn+ Mg +nqE Jrnqj.(vj «B) MV (33)

Dividing by nM,v; and re-arranging the terms containing velocity to one side,
the equation becomes,
v.'_K.(v.'xB) I WAL EJ— 6 (3.4)
I AN R H v =
where B is a unit vector in the direction of magnetic field, gis in direction of
gravity and «; = /v, = qB/Myv;,, D; is the diffusion coefficient (kgTyM;v;s), b; is

the mobility (g/M;v;,), and H; is the scale height (kgTy/M,g). When collision

frequency is large (x;<<1), then the first term on the LHS dominates and
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Vi= DR ibE+ (%jg (3.5)

Thus, the velocity V/ = W}, the fluid velocity, which would arise in an
unmagnetized plasma, results in motion parallel to the forces for collisional

plasma.

Similarly, for intermediate values of k, the velocity in the direction
parallel to B is V' = W] In the direction orthogonal to B, the velocity can be
determined from

Vj'xB-Kj(Vj'xéJXB = wj'xé (3.6)

Defining (V;' x B)x B =V, and (W/'x B)xé = W'}, and arranging the terms,

w K.
v, & o= L. —’z(w xB) (3.7)
1+ k,2 1t 1

i J

For the electrons «, is large, so that the second term in the above equation

dominates and the velocity of electrons can be expressed as :

_ ExB [ m 2
V, = sz - [eBzJ @ xB) + (kBT/eB n) (¥nxB) (3.8)

In the F region «; >> 1, for the ions but not large enough to ignore the first

term as for the electrons,

(m/eBz) @xB) + [kBT/eB2 n) (Vn x B)

(3.9)

As the electron mass is small, g x B term in the equation for V, can be

ignored. Similarly, in the equations for ions, the second and third term can
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be dropped as x; >> 1. Since E x B term is identical for ions and electrons, it

does not give rise to current and J is given by :

J = ne(V; - V)

J = cpE + [%?Jg xB - (;-3} (Ti +Te)(Vn X B) (3.10)

Thus the gravitational current flows even in a collisional plasma while
the electric field term exists only if o, # 0, i.e. in a partially collisional plasma.
For a pure R-T case, considering only the second term i.e. the gravitational
term, for a vertically stratified equatorial F layer under the effect of gravity
only, a net current flows in the x direction with magnitude,

_ nMg
Jy = B (3.11)

Since the gravitational term is proportional to mass, ions move faster than
the electrons. This differential motion results in divergence and
accumulation of charges on the edges of the small initial perturbation. As a
result, perturbation electric fields SE develop in such a way that they cause
an upward 6E x B drift of the ions and electrons in the region of plasma
depletion and a downward drift in the region where the density is enhanced
as shown in Fig. 3.1. Thus the lower density plasma is taken upward and
vice versa creating a larger perturbation and the system becomes unstable.
The linear growth rate has been computed by linearising the continuity
equation, linear momentum and current conservation equation (Haerendal
1974; Ossakow et al., 1979; Hanson et al., 1986) and is expressed as

g
= 3.12
Yo Lvi ( )

where L is the inverse gradient scale length expressed as:

-1
1 dn
0

The growth rate of the instability must be faster than the life time of the ions

(1/vg) otherwise the ions would be lost by recombination process.
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Fig.3.1 Physical mechanism of Rayleigh-Taylor instability. The solid and
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This instability has k L B and is also called as ‘flute instability’.

3.2 Mechanism of Gradient Drift (E X B) Instability

It is known that the steep density gradients created by the primary R-
T instability make conditions favourable for other plasma instabilities to
generate smaller scale irregularities (Haerendal, 1974; Ossakow, 1981). In
the F region, the gradient drift instability occurs whenever the direction of
electric field is such that the E x B drift is parallel to the background plasma
density gradient Vn. The mechanism can be explained by considering the
Pederson mobilities of ions and electrons in the F region which is expressed
as 1/(eB) (v/Q) where v is the collision frequency and Q is the
gyrofrequency. Thus, forces in the Pederson direction are opposite in
direction for electrons and ions. During the night time, since v /Q; (~ 2.7 X
10°) > v/ Qe (~ 2.5 X 10°), charge separation occurs as ions move faster
than the electrons in the Pederson direction. This differential motion results
in regions of excess ions and electrons in such a way that polarisation
electric fields are developed to maintain charge neutrality conditions. In the
presence of a sinusoidal perturbation, these polarisation drifts are directed
eastward and westward alternately in the trough and the crest region which
give rise to upward and downward drift. The downward drift brings plasma
from the denser region which gets accumulated in the crest region while the
plasma is taken away by the upward polarisation drift in the trough region as
shown in Fig. 3.2. This causes the amplitude of the perturbation to grow.
The linear growth rate of this instability at the F region altitudes is given by

the expression:

E
Ye = gt (3.14)

where E, and B are the magnitudes of ambient zonal electric and the earth’s

magnetic fields respectively. -
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The planetary scale electric fields in the F region of the ionosphere
are directed upward and eastward during daytime and reverse their polarity
within one to two hours after local sunset (Woodman, 1970). Under these
conditions the gradient drift instability in the F region can occur in the
presence of either the zonal electric field with vertical plasma density
gradient or vertical electric field with zonal plasma density gradient. During
night time, the bottomside of the F layer is characterised by the presence of
stéep vertical density gradients and hence zonal electric fields can
contribute to the development of primary instability process. As mentioned
before, steep plasma density gradients are created in the zonal direction
due to the action of primary instability mechanisms and so the vertical

electric field can result in the development of secondary instabilities.

It is worth noting that the conditions which determine the growth rate
of the gradient drift instability in the E and F regions are different. This is
attributed to the fact that the collision frequency of ions exceeds their
gyrofrequency in the E region while in the F region they drift essentially in
the Hall direction along with electrons. In the E region this instability occurs
when the direction of electric field E is parallel to the background plasma
density gradient. Simon (1963) invoked this instability to explain the low
frequency fluctuations seen in laboratory plasma discharges. Later on,
attempts were made to explain E region irregularities using this instability
process (Maeda et al.,, 1963; Tsuda et al., 1966; Whitehead, 1967, 1968;
Sato et al., 1968; Fejer et al., 1975; Sudan et al., 1973). The mechanism
was ektended to explain ESF irregularities (Martyn, 1959b; Reid, 1968;
Cunnold, 1969).

» 3.3 Airglow Emissions used in the present study of Plasma
Depletions

Plasma depletions seen in the optical images are the optical
signatures of plasma bubbles which are generated through R-T process

during the postsunset time at the bottomside of the F layer. The formation of
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depleted regions in low latitude ionosphere has been the subject of a
number of observational (Weber et al., 1978; Mendillo and Baumgardner,
1982; Rohrbaugh et al., 1989; Sinha et al., 1991; Mukherjee et al.,, 1993;
Sahai et al., 1994a; Sinha et al., 1996; Mendillo et al., 1997a, b; Taylor et
al., 1997; Tinsley et al., 1997) and theoretical (Zalesak et al., 1982
Anderson and Mendillo, 1983; Sekar et al., 1997) studies. As these plasma
bubbles are regions of localised, irregular depletions in electron density,
they are associated with reduced airglow intensity as compared to the
su‘rrounding regions. The morphology and the dynamics of these field
aligned transequatorial ionospheric plasma depletions can be monitored
through observations of the intensities of various ionospheric airglow

emissions.

Atomic oxygen emissions, which arise from F-region recombination
processes, can be used as diagnostic tools to study large scale F-region
irregularities. The Ol emissions at 777.4 nm and 630 nm are particularly
suitable for ground based mapping of these irregularities. McClure et al.
(1977), indicated that the part of the vertical ionospheric motions,
responsible for the 630 nm airglow maps of VanZandt and Peterson (1968),
was due to ionospheric processes associated with the plumes and bubbles
of ionospheric irregularities. Weber et al. (1978), and Moore and Weber
(1981) used an airborne TV imaging system to demonstrate that 630 nm
and 777.4 nm emissions originating from the equatorial evening ionosphere
could be used to obtain all-sky airglow maps of F-region plasma depletions.

3.3.1 Mechanism of 630 nm Emission

The 630 nm airglow line is emitted by O('D) atoms which are
produced by the dissociative recombination of O," with electrons during
night time. Study of the creation and destruction of the metastable oxygen
atom, O(‘D), became important since the identification of the 630 nm
emission in the nightglow spectrum. The early studies of the processes by
which this state is excited have been reviewed by Chamberlain (1961) and
Noxon (1968). The principal thermospheric sources of O('D) atoms are
discussed below (Hays et al., 1978).
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Electron Impact

Ground state atomic oxygen, O(*P), may be excited to the 'D state as
a result of collisions with electrons of energy greater than 1.96 eV, by both
hot thermals and photoelectrons (Dalgarno and Walker, 1964; Wallace and

McElroy, 1966).
O(P) + e(E>1.96eV) —» O('D) + e (3.15)

Rees et al. (1967) evaluated the excitation rate by hot thermal electrons.
Non-thermal photoelectrons and secondary electrons also produce o('D)
during the random walk energy degradation processes which lead to

thermalization process (Fournier and Nagy, 1965).

Photodissociation

The Photodissociation in the Schumann-Runge continuum (150 nm -
175 nm) of molecular oxygen (Noxon and Johanson, 1972) also contribute

to the production of O(1D) state by,
0,X°zZy) + hv —» 0O('D) + OCP) (3.16)
The cross sections for this process are well known (Metzer and Cook, 1964,
Hudson, 1971) and thus the rate of O('D) production by this process can be
determined if the solar flux is known.
Dissociative Recombination
The classical night-time source of O('D) is dissociative recombination
which is given below:
0°,(X1,) +e 3 O('D) + OC°P) + 5eV (3.17)

‘This process is of little significance in the sunlit atmosphere. The 0", ions
are formed as a part of the night time decay of ionisation via the initial ion-

atom exchange reaction that converts O* ions to 0", as given below:
o' +0, 5 0, +0 (3.18)
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where the rate coefficient y ~ 2 x 10" ecm®™ and o ~ 1.9 x 107(T,/300)%°
cm’s™ (Banks and Kockarts, 1973). It can be seen that the later process
being slower than the former one, governs the overall rate of the reaction.
Tinsley and Bittencourt (1975), showed that the column emission rate, Jgao,

due to dissociative recombination, is given by

o T I(KA63°Y1n(OZ)n(O+) dz} (3.19)

A1 + dz/A)

where n(0,) is the molecular oxygen density, n(O*) is the atomic oxygen ion
density, v, is the reaction rate coefficient for the dissociative recombination
of 0,", K is the quantum efficiency (i.e. the fraction of 'D excited states
produced per dissociative recombination of 0,"), A and Agy represent the
Einstein coefficients for transition from the 'D state to ground state and for
transition leading to the 630 nm emission respectively, and dz is the altitude

dependent quenching coefficient.

Thus this line arises from reactions between F-region plasma (0", &)
and the neutral atmosphere (O,, N,). The exponential decrease of N, and
0, with altitude causes the red line emission profile to be influenced strongly
by the plasma below the F-region peak, as well as the height of that peak.
At higher altitudes the concentration of neutrals is less and at lower altitudes
the concentration of electrons is less. So, the bulk emission originates from
a layer located around 250 km having a thickness of about 50 km as the

optimum number of neutrals and electrons are present around this altitude.
Destruction of O( ’D).' Quenching and Radiation

Airglow emission at 630 nm arise when the oxygen, O('D) state is

destroyed either by quenching or radiation processes:

~ (a) Spontaneous radiation :
o('D) - O(3P) + hv (3.20)

(b) Quenching on O,and N,,
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o('D) + 0, » OCP) + O, (3.21)
o('D) + N, » OCP) + N, (3.22)

The rate of O, quenching is of the same order of magnitude as Ny, but the

concentration of O, is only about 0.1 times that of N..

3.3.2 Mechanism of 777.4 nm Emission

The 777.4 nm emission was first observed by Weil and Joseph
(1970) and it results mainly from the radiative recombination of 0" and
electrons in the ionospheric F-region. The excitation mechanism for Ol
emissions due to radiative recombination was first suggested by Hanson
(1969).

O' + e —» 0@, 3p% 3p°P) + hv  (3.23)

The transitions and corresponding lines are (3s °S° - 4p °P) at 436.8 nm, (3s
55° - 3p 5P) at 777.4 nm and (3s °S° - 3p °P) at 844.6 nm. As can be seen
from the above equation, emission at 777.4 nm is dominated by plasma
densities in the topside ionosphere, where most of the total electron content
(TEC) resides. |

A small contribution to this emission also comes from the ion-ion

recombination reaction (Knudson, 1970; Tinsley et al., 1973)

0"+ 0 » 0+0 (3.24)
The production of O™ ions is through the radiative attachment reaction

O + e - O + hv (3.25)

which is followed by mutual neutralisation with O ions leaving one or both
the oxygen atoms in an excited state, which can then decay or cascade to
_the ground state in one or more transitions (Oslen et al., 1971). Knudson
(1970), estimated the concentration of negative ions in the night time F;
ionosphere and found it to be a small fraction of the electron concentration,
(< 1% of [e]). Hanson (1970), compared the contribution of radiative

recombination and oxygen ion-ion neutralisation mechanism and concluded
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that radiative recombination should always be dominant. Tinsley et al.
(1973), showed that the radiative recombination is the major source for the
777.4 nm emission in the tropical region and that the column emission rate,

J7774, due to this process, is given by

Y = o, DO & (3.26)

where o777 4 is the partial rate coefficient for radiative recombination, n(e) is
the electron density, and z denotes the altitude. Therefore, neglecting the
small contribution from the ion-ion recombination, the observed 777.4 nm
emission is a function of the integrated [n(e)]z, and hence the maximum

contribution comes from F,, peak.

This emission is a very good indicator of the F, region electron
density. This was shown by Tinsley and Bittencourt (1975) by considering
the ratio of vertical column emission rate of radiative recombination process
and dissociative recombination. They showed that for electron density
estimation the above ratio should have (a) the numerator containing the
column emission rate of an atomic oxygen radiative recombination emission
(such as Ol 905 - t0 910 A continuum, Ol 7774 A or Ol 4368 A) and (b) the
denominator containing the column emission rate of an atomic oxygen
emission from dissociative recombination, like [O1] 6300 A, 6364 A, 2972 A,
or 5577 A, if F region component can be separated from E region

component.

The airglow emissions at 630 nm and 777.4 nm have been used in

the present study for studying various properties of plasma depletions.

3.4 Observations of Plasma Depletions

The optical imaging system was operated from SHAR (14" N, 80" E,
5.5 N, dip latitude) from January to March 1993 in order to photograph
ionospheric plasma depletions. During this period, ground based ionosonde

was operated from SHAR. The VHF scintillations were also recorded at
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Ahmedabad, SHAR and Waltair using the 244 MHz beacon onboard the
satellite FLEETSTAT (73" E). A second campaign was conducted from
January to April, 1997, from SHAR. Attempts were made to operate the
system during 1994 to 1996 but very low solar activity coupled with bad

weather did not permit any significant data set from SHAR.

The airglow viewing geometry as seen by the instrument operated
from SHAR is shown in Fig. 3.3. The magnetic field line geometry was
obtained using a model magnetic field represented by spherical harmonic
coefficients. The thick line in this figure represents the 630 nm emission line
located around 250 km. With a 180 field of view, the system can see
plasma depletions up to a dip latitude of 30" N near the northern edge and
upto 17° S dip latitude near the southern edge which correspond to field
lines passing through 2000 km and about 700 km, respectively above the
dip equator. The north-south extent covered by this system is around 3650

km and that along east-west direction is approximately 3575 km.

As the intensity of the airglow emissions are very weak, exposure
times of 30 s was used to record 630 nm images and 120 s exposure was |
required for 777.4 nm iméges. Longer exposures for 777.4 nm were
required as the intensity of this radiation is ~ 4-5 times smaller than 630 nm

emission.

3.5 Procedure of Optical Data Analysis

All the images obtained by the system were digitised using CCD-
based digitising system. During the first campaign the digitisation resuited in
512 x 512 array of 8 bits. However, for the images obtained during 1997
period, a higher resolution digitising CCD camera system was used. This
prodLJced 512 x 550 array of 12 bits. Since the airglow depletions are
embedded in the background, it is necessary to eliminate the background in

order to enhance the depletion. This involves following methodology.
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Fig 3.3 Airglow viewing geometry from SHAR.
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v
Using the light source and condensing lens system employed for

digitisation of the image, a number of frames were exposed with film without
data in the film carrier. These frames represented flat field frame. An
average of 10 such flat field frames was taken to generate the master flat
field frame for the CCD camera employed for digitising. Before taking the
actual picture, the fish eye lens was covered and 30, 60 and 120 s
exposures were taken for removal of the noise of the image inténsifier. All
the frames having same exposure time were averaged and a master
averaged frame was generated for that exposure time. The data frames
were then normalised with the master flat field frame to remove the non-
uniformities of the illumination of the digitising system. For a given exposure
time, the frame which was obtained by closing the fish eye lens cover, was
subtracted from individual data frames to remove the effect of image
intensifier noise. Thus a series of data frames were obtained for a particular
exposure time. Next, all these frames were averaged to generate a final
frame. This final frame was subtracted from the data frames to remove all
the stationary features such as the station illumination, building lights, etc.
and thus enhancing the non-stationary features such as the plasma

depletions.

The entire procedure of analysis starting from, the exposing of film,
developing and fixing it, digitisation, removal of image intensifier and
background noise, flat field and image processing was identical for all
images shown here except that for the 1997 campaign a 12-bit digitising
system was used. The colours introduced are the false colours and these
have been employed to improve the viewing of the image. As no calibration
with the standard source was performed, the airglow intensities of all the
images are in relative units. The images ha}ving similar colours can be inter

compared.
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3.6 Results

3.6.1 Airglow Depletions and Scintillations

Strong spread F echoes were seen on the ionograms recorded from
SHAR on February 21, 1993. Very clear plasma depletions were also
observed on the same night using our Multi Wavelength All Sky Imaging
System, MAIS. The 630.0 nm airglow images obtained on 21/22 February
1993 nights are shown in the Fig. 3.4a and b. The centre of the image
represents zenith over SHAR. The image at 2256 hrs shows the presence of
one fully developed plasma depletion (almost overhead at SHAR) and one
very weak depletion on the western side. The yellow regions indicate small
airglow intensity (and hence low plasma density) whereas the blue regions
indicate the highest density. The other shades represent intermediate
intensities. At 2316 hrs LT the first depletion has moved eastward, the
weaker depletion has intensified and moved slightly eastward and a third
depletion has just started forming on the western horizon. At 2346 hrs LT, all
the depletions have intensified and moved eastward. Another interesting
feature seen in this image is the flanking of depletion on both eastern and
western side, by regions of enhanced airglow. At 0001 hrs LT, the
depletions have weakened very much. But the depletions started becoming
more pronounced at 0006 hrs LT and 0016 hrs LT. Beyond 0016 hrs LT the

depletions became very weak.

Similarly, Fig. 3.4c shows the 777.4 nm airglow images obtained on
the same night. Here dark violet bands represent more airglow intensity.
White regions indicate regions of less airglow intensity and hence represent
plasma depletions. Weaker depletions are seen around 2318 hrs LT and
2323 hrs LT which are observed to drift eastward. Around 2343 hrs LT the
depletions are flanked by enhanced regions of airglow which becomes

weaker later on as shown in Fig. 3.4b.
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.
Fig. 3.4a 630 nm airglow images obtained from SHAR on February 21,
19938.
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Fig. 3.4b 630 nm airglow images obtained from SHAR on February 21,
1998.
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Fig. 3.4c 777.4 nm airglow images obtained from SHAR on February 21,
1993.
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The spread F as seen on the ionograms occurred in three distinct
patches during this night. First signatures of spreading of F-layer trace
during this night were seen at 1900 hrs LT with h'F, the minimum virtual
height of F layer, at 330 km as shown in Fig. 3.5. Spreading became more
evident in the ionogram of 1630 hrs LT. Strong spread F echoes appeared
in the ionograms of 2000 hrs LT. Here the spreading was seen in two
altitude regions. One between 310 and 390 km corresponding to overhead
echoes, while the other between 430 and 500 km corresponding to oblique
echoes appearing from a patch situated in the east or west of the
ionosonde. By 2015 hrs LT the two groups of echoes merged into single
region of echoes which was present till 2115 hrs LT. The spreading is
considerably weakened at 2145 hrs LT and completely absent at 2200 hrs
- LT. The F-layer descended gradually with h'F of 230 km at 2130 hrs LT.

The second patch of spread F occurred between 2230 and 2330 hrs
LT. In this case two additional traces are noticed at 2230 hrs LT which
develop into moderate spread F in subsequent ionograms. Spreading in the
main trace has disappeared at 2330 hrs LT. However, another trace
corresponding to oblique echoes ‘is seen which disappears by midnight. The
third patch occurred between 0045 and 0230 hrs LT.

The nocturnal variations of the h'F and vertical drift, V,, deduced from
the rate of change in h'F are shown in the Fig. 3.6. The evening height rise
in h'F lifts the F layer base to nearly 340 km at 1900 hrs LT. The layer
descends to 310 km by 2000 hrs LT, but again rises for a short duration to
330 km. A rapid descent from 330 km to 225 km is seen between 2015 and
2130 hrs LT. The h’F remains at around 220 km between 2200 and 0400
hrs LT. The vertical drift, V,, is upward before 1900 hrs LT with a maximum
velocity ~ 30 ms™. From 1915 to 2130 hrs LT it is downward, except at 2015
hrs LT, with a maximum downward velocity ~ 50 ms™ at 2130 hrs LT. Later

in the night, there are no significant vertical motions.
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Fig.3.5 Sequence of ionograms taken at SHAR (14'N, 80°E,dip 14'N) at
1900, 1930, 2000, 2015, 2145, 2200, 2230, 2330, 2300, 0000 hrs
LT on February 21, 1993.
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Fig.3.6 Nocturnal variations of h'F (top panel) and the vertical velocity of the
F-layer, V, (bottom panel) deduced from the rate of change in h'F
over SHAR on February 21, 1993. Positive (negative) values of V,
indicate upward (downward) motion.
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Fig.3.7 Durations for which scintillations were observed at Tiruchendur,
Anatpur, Waltair, Bombay and Ujjain on the night of February 21,
1993. Dashed line shows the duration of spread F at SHAR. Dip
angle of sub-ionospheric point at 400 km above these stations are
plotted on the x-axis.
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The VHF scintillations occurring during this night were recorded at
SHAR, Ahmedabad and Waltair using the 244 MHz beacon on board the
satellite FLEETSTAT (73’E). Scintillations were also recorded at a number
of stations in India as part of the All India Co-ordinated Programme on
lonosphere-Thermosphere. Occurrence of scintillations at a few selected
stations is shown in Fig. 3.7. Here the duration of scintillations recorded over
these stations are plotted at the dip angle of the sub-ionospheric point
cdrresponding to 400 km altitude. Scintillations were observed over
Tiruchendur (8.3'N, 78.1°E, dip 0.6’S), situated near the magnetic equator,
in three distinct patches between 1900 and 0030 hrs LT. Two patches of
scintillations were also observed at Anantpur (14.7'N, 77.6'E, dip 15.5'N)
between 2030 and 0000 hrs and over Waltair (17.7'N, 83.3°E, dip 21.4),
between 1915 and 0230 hrs LT. Scintillations were also seen at Bombay
(19'N, 73°E, dip 25.7"), situated south of the anomaly crest region, in three
patches between 2100 and 2315 hrs LT. However, in the anomaly crest
region while there were no scintillations or spread F noticed over
Ahmedabad (23'N, 72.4°E, dip 33.8"), there were scintillation recorded in two
patches between 2015 and 2215 hrs LT over Ujjain (23.2'N, 75.8’E, dip
33.9) which is situated at the same latitude as Ahmedabad but few degrees
east in longitude. Thus, the occurrence of scintillations up to the anomaly
crest region shows that the very large scales features, namely the plasma

depletions as well as smaller scales extend right up to these regions.

3.6.2 Drifts of Plasma Depletions

The observed plasma depletions displayed eastward motions
throughout the night. As discussed earlier, eastward thermospheric winds
cause eastward plasma drift through F-region dynamo mechanism. Thus the
background plasma, airglow depletions, and ESF irregularities all drift with
essentially the same zonal speed. An attempt was made to determine the
eastward velocity of these depletions from the series of 630 nm images. For

this purpose, the images were scanned in the east-west direction through
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zenith to obtain a cross-section of the brightness pattern for each depletion
from which the spatial shifts were determined. Velocities were found to lie
between 40 and 120 ms™' in the eastward direction as seen in the Fig. 3.8.
Also plotted in this figure are the eastward velocities of the irregularities
obtained from other location for comparison with our data. The dotted line
shows zonal velocities of airglow depletions obtained during MISETA
campaign (Mendillo et al., 1997a) from Arequipa, Peru (16.5 S, 72" W)
which agrees closely with the values obtained from Fejer (1991) drift model
which are shown as thick solid line. The dashed line in the figure displays
the eastward velocity obtained using Faraday rotation (TEC) fluctuations
registered at C. Paulista on GOES 3 VHF beacon (Abdu et al., 1985). They
showed TEC fluctuations to be the manifestations of plasma bubble
dynamics in the equatorial ionosphere, since they are strongly correlated
with range type spread F and amplitude scintillations. The different scale
sizes producing TEC fluctuations are expected to drift with the same east-
west velocity, since they are colocated within a plasma depletion (Tsunoda
and Towle, 1979; Szuszczewicz et al., 1980; Basu et al.,, 1978). It can be
seen from the figure that the decrease in irregularity velocity with respect to
the local time over SHAR is consistent with the trend seen at C. Paulista and
Arequipa, Peru. However, the drift velocities obtained from our data are
slightly higher than those observed at Arequipa, Peru (16.5° S, 72° W) and
are smaller than those observed at C. Paulista (22" S, 45 W). This might be
a manifestation of possible existence of a latitudinal variation in the zonal
velocities which when projected in the equatorial plane would manifest as
shear in the velocity. Abdu et al. (1985) reached the same conclusion by
comparing zonal velocities obtained from TEC fluctuations with those
derived from Jicamarca radar (Fejer et al., 1981) and VHF scintillations over
Natal (Yeh et al., 1981). It is interesting to note that the westward tilts of the
plasma bubbles were interpreted in terms of negative shears in the

eastward plasma drift at the dip equator which results from its latitudinal

116



Drift Velocity ms-!

250 T T T T | T T T T T T T T T T T T

_— Mean eastward velocities of Faraday rotation angles

fluctuations (Abdu et al. 1985).
—_—— Equinox ISR Model (Fejer, 1991).

200 I Example of zonal plasma drifts obtained from airglow
depletion in 630 nm images (Mendillo et al. 1997)

-
n
o

|

100

50

Drifts obtained using 630 nm airglow
images taken from SHAR on Feb. 21, 1993.

® = = Drifts obtained using 777.4 nm airglow
images taken from SHAR on Feb. 21, 1993

O ] 1 L 1 I 1 1 1 ! I 1 1 1 1 | L 1

2200 2300 0000 0100
Time Sec

Fig.3.8 Eastward drift speed of plasma depletions
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variation (Woodman and LaHoz, 1976; Tsunoda, 1981; Weber et al., 1980;
Anderson and Mendillo, 1983).

Eastward velocities of drifting patches of irregularities observed are
found to be in range of 100 - 150 ms”' by Koparkar and Rastogi (1985) who
monitored the scintillations of SIRIO and FLEETSTAT satellite signals
simultaneously over Bombay. Mendillo and Baumgardner (1982) presented
local time variation of eastward drift velocities of 630 nm airglow depletion
patches over Ascension Island (7.5 S) that decreased from 190 ms™ to 80
ms™ at 0100 hrs LT. Taylor et al. (1997) found the drift motions of the
depletions to be approximately 80 - 100 ms™ eastward prior to local midnight
and reduced to a minimum of 30 - 50 ms™! in the morning hours. There was
no indication of drift reversal in our data which has been observed by Weber
et al. (1978) and Taylor et al. (1997). Taylor et al. (1997) suggested this to
be related to the reversals in the F region dynamo winds,‘possibly due to

impulsive magnetic activity earlier in the evenings.

3.6.3 Degree of Depletions, Brightness Pattern, and Tilts of the

Plasma Depletions

The images obtained on the nights of February 14, 1993 and
February 17, 1993 display a transient phenomenon where an increase in
airglow intensity or brightness is observed. Fig. 3.9a, b, and c shows the
630 nm images 6Btained on 14 February 1993 at 2116, 2126, 2136, 2141,
2246 and 2257 hrs LT. Black regions represents low airglow intensity, white
regions represent high airglow intensity and purple represents intermediate
intensity. At 2116 hrs LT two depletions are clearly seen, one on the
western side and the other on the eastern side. At 2126 hrs LT all the three
depletions have moved eastwards and the depletion on the eastern side has
weakened. The central depletion is enhanced and is flanked on both sides
by very extended regions of large airglow intensity. At 2136 and 2141 hrs LT
the enhancements around both depletions have increased. Around 2246 hrs

. LT the enhancement around the western depletion has become less
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14 Feb. 1993
2126 LT

Fig. 3.9a Sequence of 630 nm airglow images taken from SHAR showing
brightness pattern on February 14, 1993.
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14 Feb. 1993 N
2141 LT

Fig. 3.9b Sequence of 630 nm airglow images taken from SHAR showing
brightness pattern on February 14, 1993.
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Fig. 3.9c Sequence of 630 nm airglow images taken from SHAR showing
brightness pattern on February 14, 1998,
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pronounced. At 2257 hrs although the depletion has weakened, the
enhancements on both sides have become prominent again. But even in
these cases of very extended depletions, there is enhancement on both

sides which can be very clearly seen at 2216, 2221, and 2226 hrs LT.

Fig. 3.9d shows the development and movement of plasma
depletions on yet another night of 17 February 1993. Unlike the image
shown earlier the depletions obtained on the night of 17 February 1993 are

véry much extended in the east-west direction.

The images shown in Figs. 3.9 were analysed further. As discussed
earlier, the images obtained in 1993 were stored in 512 x 512 x 8 bit format.
In order to estimate various parameters of depletions like (a) the exact
location of depletions and enhancements, (b) degree of depletions (c)
detailed structures on both the walls, (d) exact E-W extent of the depletions
(e) inter depletion distance, eight pixel about the 256th pixel were averaged
for each pixel in the horizontal direction. This gave the variation of airglow
intensity (in relative units) in the zonal direction along the centre of the

image at the zenith.

These scans of the images at the zenith have revealed various
parameters related to the enhancements which can be seen in Fig. 3.10.
Enhancements are seen at 2126 hrs LT on the night of February 14, 1993.
Around 2136 hrs LT, one enhancement is observed on the north-east side
of the image where the increase in the airglow intensity relative to the
background is ~ 80%. This enhancement is characterised by a zonal extent
of width nearly 770 km. A second one is seen on south west side and in this
case the relative increase in airglow intensity is about 50% with an east-west
spread of approximately 630 km. These two enhancements are separated
by ~ 1160 km. The enhancement seen on the left side appears to drift with
velocity of 230 m/s while that on the right side drifts with ~ 115 m/s. By 2141
hrs LT, the intensity of enhancement increases. The relative intensity of the

enhancement seen on the south-west side of the image increases to 98%
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221 L7

Fig. 3.9d Sequence of 630 nm airglow images taken from SHAR showing
brightness pattern on February 17, 1993.
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in airglow intensity.
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while the enhancement on the north-east side increases to 83%. The east-
west extent of the enhancements occurring on the south-west and north-
east side of the image increases to 700 km and 1050 km respectively and
are separated by 980 km. The average velocity of these airglow
enhancement is 172.5 m/s which remains same by 2152 hrs LT. These
enhancements finally disappear from the field of view (FOV) by about 2201
hrs LT. A sudden enhancement in airglow intensity is seen again around
2257 hrs LT.

Fig. 3.11 show a similar increase in airglow intensity as seen on the
night of February 17, 1993. The relative increases in the intensity with
respect to background at around 2216 hrs LT is 57% and 50% each having
a spatial extent of 700 km in the zonal direction. The distance between
these two enhancements is ~1325 km. By 2221 hrs LT, the intensities of
enhancements are ~ 40% and 30% and are characterised by an east-west
extent of 730 and 625 km respectively, separated by 1290 km. The
enhancement seen around 2216 hrs LT is observed to drift with a velocity of
233 m/s which decreases to 116 m/s by 2226 hrs LT. An increase in degree
of enhancement is noticed at around 2226 hrs LT wherein the relative
airglow intensity increases to 85% and 70%. The zonal width is ~ 945 km

and 630 km respectively and are separated by about 1260 km.

Multiple depletions seen in the airglow images are found to have
varying degree of depletions i.e. they are characterised by a range of
depletion depths. One of the interesting observations is that the east-west
extent of the bubbles varies with the depletion depth. Shallower bubbles
appear to be associated with smaller zonal width as compared to steep
bubbles. For example, on the night of February 17, 1993, two depletions
were observed at around 2141 hrs LT wherein the relative decrease in the
airglow with respect to background is 60% and 44%. These depletions are

characterised by a zonal extent of 768 km and 560 km respectively. By 2156
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hrs LT, the depth of depletions changes to 68% and 30% and the
corresponding east-west extent to 910 km and 450 km, respectively. Deeper
bubbles with degree of depletions as high as 98% were observed on the
night of February 14, 1993. Bubbles with depth nearly equal to 33%, 18%,
15% and 77% were observed to be associated with widths of 210 km, 175
km, 105 km, and 875 km in the zonal direction. These features are

summarised in the Table. 3.1.

Table 3.1 Degree of depletion and width of the depletions in the zonal
direction for the images obtained on 14 and 17 February 1993.

Time Degree of depletion : Width of Depletion
(%) (km)

Feb. 17,
1993 ) (ii) (iii) i) | @ (ii) (iif) (@iv)
2146 38 9 700 210
2151 60 27 44 770 140 560
2156 68 30 910 670

Feb. 14,
1993
2106 33 18 15 77 210 175 105
2111 26 31 17 85 175 525 175
2136 50 45 80 175 100 420
2251 18 56 385 1500

Table 3.1 shows few examples where bubbles having high degree of
depletions are observed to be associated with larger depletion widths as
compared to shallower bubbles. This is probably the manifestation of the
fact that deeper bubbles characterised by large amplitudes represent well

developed irregularities while shallower bubbles depict weaker irregularities.

A very interesting feature noticed from the images is the eastward tilt

of the plasma depletions which varies between 10-15" with the geomagnetic
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equator as shown in Fig. 3.4 These tilts are seen in the images which have
been obtained using both 630 and 777.4 nm emission lines. Similar features

are noticed in the images obtained during other nights.

Initial results from airborne measurements conducted within a few
degrees, of the magnetic equator (Weber et al., 1978; Buchau et al., 1978)
revealed that depletions were N-S aligned close to the equator but a
skewness was observed for depletions ends extending far from the equator.

In the subsequent study (Weber at al. 1980), from the region above
and to the north of Ascension Island (7.9° S, 14.4° W, dip lat. 16 S)
observed westward tilts near the poleward ends of the depletions. Later on,
ground based studies using all sky imaging system (Mendillo and
Baumgardner, 1982; Mendillo and Tyler, 1983) showed that the depletions
observed from Ascension Island display westward tilts which seems to be
the optical manifestation of the westward tilts of the plumes recorded by
incoherent scatter radar (Woodman and LaHoz, 1976; Tsunoda, 1980) and

by in-situ probes (McClure et al., 1977).

Woodman and LaHoz (1976) proposed that an eastward neutral wind
blowing through a depleted region will polarise the depletion so that it drifts
eastward with velocity less than the ambient E x B eastward drift. Thus,
relative to the background ionosphere, the bubbles drift westward as they
rise which accounts for the westward tilts of the plumes. Simulation studies
by Zalesak et al. (1982) showed westward tilts of the bubbles to be due to
the assumed decrease of the flux-tube integrated Pederson conductivity
above h,.(F,) with increasing altitude. This decrease leads to a shear in
eastward plasma drift which is responsible for the westward tilt of the
simulated bubble structure. An alternative mechanism was suggested by
Anderson and Mendillo (1983). Modelling studies by them indicate that
westward tilts are associated with eastward plasma drifts that decrease with

altitude above F, peak and this shear results from an altitudinal decrease in

zonal wind.
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It is known that the eastward zonal wind results in the development of
vertically downward polarisation electric fields, through F region dynamo,
which in turn causes F region plasma drift (Rishbeth, 1971; Heelis et al.,
1974). Thus, an increase in zonal wind with altitude will result in an increase
in the eastward plasma drift with altitude. Haerendal (1980), deduced
westward plasma flow in the lower F region which reverses to eastward at
higher levels, from vapour cloud release experiments, whereas radar
measurements of plasma irregularities by Kudeki et al. (1981) and Tsunoda
et al. (1981) have shown positive shears, velocity increasing with altitude.
Eastward tilts seen in our data suggest that tilts might be associated with the
variation of plasma drifts with altitude, thus supporting the mechanism
proposed by Anderson and Mendillo (1983). This is further strengthened by
the evidence of the existence of positive shears in the zonal winds with
altitude which have. been obtained using barium vapour release method
during the onset time of ESF (Raghavarao et al., 1987; Sridharan et al.,
1997). lonisation hole campaign (Sridharan et al., 1997) conducted from
SHAR on February 19, 1993, revealed that zonal winds exhibit a positive
shear of 2.2 ms™ km™ as displayed in Fig. 3.12a. Optical imaging results
obtained during the same night but at the later time from SHAR  display
eastward tilts, shown in Fig. 3.12b, suggesting the existence of altitudinal
increase in plasma drifts. In Fig. 3.12b, depletions are seen as light yellow

regions surrounded by enhanced regions shown as dark blue bands.

3.6.4 Walls of Plasma Depletions:

A very interesting feature which has emerged from the east-west
scan across the plasma depletions observed in our data is the presence of
small scale perturbations on both the eastern and the western walls of the
~ depletions as seen in Fig. 3.10. Weber et al. (1978), reported only western
walls to be unstable. They used an airborne all-sky spectrophotometer and
an ionosonde to show that 630 nm airglow depletions in the night-time

equatorial ionosphere result from local elevations in the bottomside of the F
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time of ESF on February 19, 1993.
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layer. Tsunoda (1981), showed that the plumes are colocated with bubbles
and develop where bottomside backscatter is locally elevated in altitude by
about 30 to 60 km with stronger backscatter occurring on the west side of
local elevation. He suggested that an eastward neutral wind can produce
this E-W asymmetry of the bottomside backscatter strength. This was
explained by considering the linear growth rates for determining the gross
spatial distribution of irregularity strength as shown in Fig. 3.13. The linear
growth rate is proportional to the component of the electron density gradient
that is in the direction of the velocity vector. The figure shows the electron
density contour of an altitude modulated F layer. The linear growth rates for
three different cases is also shown along with the corresponding backscatter
strength which is assumed to be strongest where the largest growth rate is
anticipated leading to the largest amplitude field aligned irregularities. For
the case of an upward moving F layer, the velocity vector is directed upward
and growth rate is maximum in the region where electron density gradient is
directed upward i.e. in the centre and outside the region C and C’ as seen in
the figure. Similarly for a F layer at high altitude, growth rate due to R-T
instability shows similar variation as for an upward moving layer since
equivalent gravitational velocity is upward. It has been mentioned earlier
that an eastward neutral wind generates vertically downward electric field
producing eastward plésma drift. Rishbeth (1971) showed theoretically that
the degree of coupling between F region plasma and the neutral wind
depends upon the ability of the E region to short circuit the polarisation field.
Thus, because of finite conductivity of E region during night time, the
eastward plasma drift lags behind the neutral wind velocity (Woodman,
1972). Therefore, in the neutral wind frame of reference the plasma drifts
westwards which is equivalent to an upward directed electric field in that
frame. The combined effect of an eastward neutral wind and an upward
moving (or high) F layer results in a plasma drift velocity vector which is
directed upward and westward in the frame of reference of neutral wind. As

this velocity vector is closely aligned with electron density gradients in the
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west wall, it results in the maximum growth rate on the west wall of the

elevated region and hence strong backscatter strength.

Numerical simulation work by Zalesak et al. (1982) indicated the
existence of two primary regions of electron density steepening which can
generate secondary instabilities. These regions as identified in their
modelling studies were the west wall of the bubble at low altitudes (below
370 km) and the east wall of the bubble at higher altitudes i.e. above 370
krh, where the largest growth rate for gradient drift and gravitational R-T

instability occurs as verified by local stability analysis.

We conjecture that the structures on the eastern wall can be
accounted by considering steep plasma density gradients in the horizontal
direction which result from the action of the primary R-T instability
(Haerer?dal, 1974). The eastern side of the depletion is characterised by the
presence of steep electron density gradients in the eastward direction. As
discussed earlier, during night time the zonal neutral wind produces
vertically downward polarisation electric field which results in the E x B
plasma drift in the eastward direction. Thus, E x B drift is parallel to the
direction of horizontal gradients, both pointing in the eastward direction.
Hence, the conditions are conducive for gradient drift instability to operate

on the steep horizontal gradients, thus making the eastern wall unstable.

3.7 Discussion

The distance between adjacent depletidns, the inter depletion
distance (IDD), is representative of the scale size of the altitude modulated
F layer which, in turn, can throw light on the source responsible for the
modulation of the bottomside F layer. IDD is found to vary between 100 km
to about 950 km. Plumes observed in the RTI maps of radar (Tsunoda and
White, 1981; Tsunoda et al., 1982; Tsunoda, 1983; Kelley et al., 1986;
Hysell et al., 1990) correspond to bubbles that are usually generated from
near the crest of large scale upwellings. The primary plume spacing is about

400 - 600 km, and the secondary plume spacing is 50 - 100 km. However, it
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is to be noted that the plume spacing is derived by assuming the mean
horizontal plasma drift speed. IDD inferred from airglow images in the
present study are more realistic as the images are the snapshots giving the
instantaneous picture. The separation between the adjacent depletions
suggest that gravity waves might be the seeding agency for generating such
large scale structures (Hysell et al., 1990). F-region gravity wave airglow
signatures were imaged at Arecibo (18" N, 65 W, dec. ~ 11" W) for the first
time (Nottingham et al., 1994; Miller et al., 1994; Mendillo et al., 1997b).
Singh et al. (1997a) presented examples of plasma bubble development
from “wavy ion density structures in the bottomside F layer using
Atmosphere Explorer E data. The wavy structures mostly had east-west
wavelengths of 150-800 km with a exception of 3000 km in one case. They
found that in a fully developed equatorial spread F case, east-west
wavelengths varying between 0.5 km to 690 km occurred simultaneously.
They presented observations showing that the spacing between bubble
patches appeared to be determined by the wavelengths present in the

precursor wave structure.

It has been mentioned earlier that 630 nm emission originates from
the bottomside of the F layer and a’irglow depletions in 630 nm line are
associated with bottomside structures in the F layer (Weber et al., 1978).
Thus the 3-D surface maps of the airglow images provide a unique way for
studying the altitude modulation of the bottomside F layer. 3-D surface maps
of the images taken on 5 March 1997 and 6 March 1997 display prominent
differences. Fig. 3.14a, b show images obtained on these nights where the
dark bands represent regions of reduced airglow intensity and hence
depletions in electron density. Fig. 3.15 to Fig. 3.17 show the 3-D surface
maps of the airglow images where the depletions are seen to have steep
edges. The bottom panel of the Fig. 3.15 and Fig. 3.16 show the contour
plots where a part of the image around the depletion was analysed in
details. The top and right sides of these plots point towards northern and
eastward directipns, respectively. From the total image size of 512 x 5§50, a
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Fig. 3.14a Images obtained on 5 March 1997. Dark bands represent depletions
in electron density.
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SHAR 6 March 1997

2230 LT 0135LT

Fig.3.14b Images obtained on 6 March 1997 from SHAR. Dark bands are
plasma depletions showing brigtness pattern around 2230 LT.
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subset of 350 x 450 was selected. The contours of the images (minimum
values) shows the orientation of the depletions very clearly. The tilts of the
depletions seen in the images obtained in 1993 have been discussed
earlier. One of the noticeable features seen in Fig. 3.15 and Fig. 3.16 is the
presence of sinusoidal structures in the 630 nm airglow images which were
obtained on 6 March 1997. However, no such perturbations are seen in Fig.
3.17 which are the 3-D surface maps of the images obtained on 5 March
1997. The scale size of the sinusoidal structures seen on 6 March 1997
varies between 900 and 1500 km. The most promising candidate
responsible for seeding of such large scale structures appears to be
atmospheric gravity waves. F region gravity waves have been detected for
decades using various radio diagnostics to sense their presence as
travelling ionospheric disturbances (TIDs). Similarly, periodic variations in
photometer and FPI signatures have long been attributed to variations in
airglow chemistry associated with gravity wave motions (Roach, 1961; Hines
1964). Rottger (1973, 1976, 1978) used a transequatorial radio propagation
technique to characterise the wavelike properties of ESF structures and
found that the east-west spacing of ESF patches was ~ 380 km. He argued
that the spatially resonant gravity wave mechanism of Whitehead (1971)
and Beer (1973) is responsible for the organisation of F region ionisation
into large scale wave like ionisation. Klostermeyer (1978) made a non-linear
calculation of the effect of spatial resonance and concluded that gravity
waves could indeed organise the F layer plasma into large scale horizontally
modulated contours. Moreover, the R-T growth rate is quite small
(~ 10 s"), and growth rate from electron density variations due to thermal
fluctuations may not be quick enough to account for the rapid development
of large scale irregularities after sunset.

The presence of large scale sinusoidal structures as seen in the 3-D
surface plots on the night of 6 March 1997 suggests that these structures
are probably associated with gravity waves. It is observed that on this night
strong depletions occur as compared to the preceding night which also
shows the absence of such large scale perturbations in the 3-D surface

plots. This suggests that the variability in the nature of the plasma
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depletions on these nights could possibly be the result of the variability of

gravity waves.

It was seen that transient features such as the airglow enhancements
were observed on few nights. This feature appears both in the south-west
and north-east of zenith and is seen to drift eastward, exiting from north east
side of zenith. Recently ‘brightness wave' was reported during MISETA
campaign (Mendillo et al., 1997a) which appeared as transient airglow
structures seen in the airglow images recorded at Arequipa, Peru (16.4° S).
These were interpreted in terms of an anomaly associated with the thermal
behaviour of the upper atmosphere. Mendillo et al. (1997a, 1997b)
concluded that the brightness waves results from airglow produced by

poleward winds generated by midnight pressure bulge (MTM).
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CHAPTER 4

RESULTS OF IN-SITU ELECTRON DENSITY
MEASUREMENTS FROM SHAR

This chapter deals with the results of the electron density
measurements in the F region over SHAR (13" 42’ N, 80" 14’ E, dip 14 N), a
low latitude station in India. The electron density measurements were made
by using a Langmuir Probe (LP) onboard two RH-560 rockets of the Indian
Space Research Organisation, ISRO.

RH-560 is a two stage solid propellant, spin stabilised rocket with a
nominal apogee of approximately 350 km with a payload carrying capacity
of about 90 kg. Two RH-560 rockets were launched for studying electron
density irregularities (a) during fully developed phase of equatorial spread F
(ESF) and (b) at the onset time of ESF. Before discussing the results from
these two flights, a brief summary of major earlier rocket results is given
below, to present these results in proper perspective.

4.1  Summary of 