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Chapter 1

Introduction

1.1 Tonosphere as a partially ionized plasma

The Farth's ionosphere is a partially ionized plasma that envelops the earth and in some
sense forms the interface between the atmosphere and space. The electron number den-
sity is sufficient to affect the radio wave propagation bul still three to five order less than
the neutrals. One needs to have knowledge of hoth atmespheric dynamics and space
plasma physics to understand various ionospheric processes. The existence of charge
particles is mainly due to the photo-ionization ol neutrals by solar UV radiation and ener-
getic particle impaclon neutrals. The latter is important at high latitudes whereas former
is the important mechanism over the equator and low lalitudes. Its not only the ioniza-
tion which decides the existence of plasma, butits the chemical and transport processes
which also play decisive roles in the lonosphere. All the three mechanisims control the
dynamics of the plasma in the ionosphere. Their relative strength considerably varies de-
pending on the altitudes, latitudes, local lime, seasons and solar activity. The equatorial,
mid-latitude and high-latitude ionosphere exhibit different phenomenon which have
been monitored through radar, optical measurements and #n-siti probes. The present
investigation deals wilh some interesting aspects of equatorial lonosphere.

The radio sounding experiments reveal that the equatorial ionosphere is organized into
the lavered structure over the thermospheric altitudes. These layers are termed as Eand F
regions of the ionosphere and arises due to the varying strength of three processes men-
tioned above. In the Evegion, the chemical processes dominate over transport processes
whereas in the F region, reverse situation takes place. The dominant transport processes
in the F region cause the electron density to be maximum there. I is to be emphasized
that both the processes not only decide the electron density (or total ion densicy) but also
the ion composition. Its therelore worth in this stage to discuss the chemical and trans-
port processes in E and F region.

1.1.1 Chemical processes in E and F region
The dominant neutral composition O, and (0 in E and F regions respectively are pho-
toionized by solar UV-EUV radiation and gives corresponding ions in Eand F regions.
Oy +he = OF + e
O+ hr 0Ot +e”

However the primary atomic ion, O, undergoes charge-exchange process further caus-
ing the secondary ions:
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oF + 0. 5 640,

3

OF 4+ Ny 5

Here 4 is the reaction rate. The primary molecular ion, 07, and sccondary molecular
ions, OF, NOT, are lost by dissociative recombination with clectrons:

NOt N,

OF ce 5040
NOT+e S0+ N,

The reaction rate of these reactions is defined as i, wheren, is the electron density. The
life time of the ions which are taking part in either of the reactions is just the reciprocal
of the corresponding reaction rate. 11 is obvious that the charge-exchange mainly alters
the composition but not the total ion density while the dissoclative recombination alters
both. Its also evident that the molecular ions (07, NO7) are dominated in the L region
where neutral molecules, N, and Os, are dominant while the atomic oxygen (O7) lons
dominale in the F region. However, during evening hours, the dominant NOT ions are
often seenup to the base of the T region [10, 63, 95]. Anderson and Rusch [3] brought the
importance of transport along with the following reaction

Of + N(iS) S NOT + 0 (1.1)

to explain such observalions. We will discuss thisaspectmore elaborately in next seclion.

1.1.2 Transport proccsses

The wnospheric plasmabeing a partially ionized plasma exhibits distinet interesting be-
haviour compared to fully ionized plasma. The low ion density compared to neutrals
make coulombic collisions less effcctive than elastic collisions of particles with neutrals,
Moreaver these collisions, unlike in fully ionized plasma, are binary in nature which
greatly allers the transport processes in ionospheric plasma. Unlike in the fully ionized
plasma, the normal and ambipolar diffusions processes occur in ionospheric plasma.
On the other hand the electric field can be developed in ionospheric plasma similar to
the fully ionized plasma if finite non-divergence current flows. The transport processes
in the ionospheric plasma can be realized with the existence of driving forces such as
mechanical and clectromagnetic forces and by the existence of any gradient in the basic
plasma fluid quantities. The mechanical force includes the gravitational force §and drag
foree w, 17 by neutral winds (W) where oy, is the ion- neutral collision frequency. The
l'i.‘.SlmﬂhL Lo all these forces are valued by maohility tensar (ji) which is anisotropy in na-
ture owing to the existence of Larth’s magnetic field (B3). It has component parallel to I,
perpendicular to B but parallel to driving forces and perpendicular to both B and forces
which are named respectively as Direct, Pedersen and Hall maobility,

I:_-{I'll
s = 1.2)
MaFea
; 2
Yo
Her i — flan T, Z ([3}
Mie T Wy
Yanida S
Mall — Hab =5 3 (1.4
TR P

it [
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Here 'a’ stands for ions and electrons, g, m, are corresponding charge and mass and w,,
v are corresponding gyrofrequency and collision frequency with neutrals. The conduc-
tivity (#) and diffusion (D) rensors are defined as:

-
=} Mol i, =
[

L BT,

Ha
e

1l

here 'k is the Boltzmann constantand T, is the temperature of species 'a’.

Over ionnspheric altitudes, the dircct conductivity is much larger than the other two. Tts
large value prevents the generation of anv potential difference along the field lines mak-
ing it to be equipotential lines. The relalive strength of Pedersen and Hall canductivity
depends mainly on the ratio of gyro to collision frequency, (&,), which varv with altitudes
for both ions and electrons. In E region &, < 1while &, > 1so that the dominant conduc-
tivity is Hall conductivity and current is mainly driven by electrons owing Lo their highly
magnetized nature. In IV region both the ratios are greater than one so that the dominant
conductivity is edersen and current is mainly driven by ions owing to their large mass.

Generation of electric field

The currents in both E and F regions are not merely flowing 1 to B, but also varies consid-
erably over the altitudes cither duce Lo the variations in conductivities or spatially varying
driving forces or both. The electric field is what it builds up vary quickly in response to
any divergence of J. When an electric field is created by winds or tides blowing across the
B, the process is often called the dynamo. The I and F regions are linked by the highly
conducting field lines and depending on the relative conductivities, onc acls as gener-
ator and another acts as load. Owing to its large conductivities during davtime, the E
region acts as generator and F region acts as load. The global electric filed generated by
global tides in the E region then mapped to the F region from off-equatorial I region.
Such mapped field has both vertical and zonal components causing I region plasma to
move as a whole with 252 velocity in zonal and vertical direction respectively. Such iono-
spheric movements have been observed by means ol incoherent scatter radar [108, 18]
and HF Doppler radar [62, 46]. Though, the zonal drift is found to be much larger than
the verlical drift, the latter play a vital role in restructuring and redistributing the plasma
owing to the vertical gradients exist in the innosphere. The vertical F region plasma drift
becomes very large during postsunsel time. Such enhanced transport brings OF and
NO* from B region to T region heights where OF converts into NO1 by reaction 1.1 [3].
Such effecls causes existence of considerable NO™ ions up to the base of the T region [3]
as frequently observed.

The comparative study ol chemical and transport processes reveals that the former pro-
cess dominate in the E region whereas latter process dominates in the F region. In the
nighttime, E region is caten away by recombination while the F region is maintained
by transpart process like diftusion and vertical drift. The steep positive plasma density
gradient is what is created on the bottomside of F region which offer the generation of
interchange instability well known in plasma physics (11, 94].

In brief the ionosphere is a natural plasma laboratory, organized in certain density struc-
ture, allows flow of currents and generation of electric fields, allows normal and ambipo-
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lar diffusions, offer plasma instabilities and lot more.

1.2 Plasma instabilities in the ionosphere

Like astrophysical and lab plasma, the ionospheric plasma possesses the inhomogeneities
and dc electric field and offers plasima instabilities to grow under suitable conditions.

The wave-like structures in density and eleciric fields are frequently observed by vari-

ous measurements. The considerable development in the radar observarion has made it

possible to investigate these instabilities great in depth. The instabilities can be grouped

under [k region plasma instability and F region plasma instability. These plasma instabil-

ity processes are extensively discussed in Lthe literature [50]. Both T and T region insta-

bility processes are equally of interest however in present thesis some of the interesting

aspects of [ repion plasma instabilities are dealt,

1.2.1 Fregion plasma instabilities or Equatorial Spread F (ESF)

Plasma instability phenomenaon oceurring in the equatorial Fregion ionosphere are grouped
under the generic name Equatorial Spread F (ESF). This stems from the earliest obser-
vations using ionosondes [8], which showed that on occasion the reflected ccho did not
display a well behave pattern butwas spread in range or frequency. The phenomenon oc-
curs primarily at night, although isolated day time events occur [110]. In the early 1970s,
grey-scale radar maps came into vogue as a method of following the position and in-
tensity of BSI plasma density hregularities. The probing MHz frequencies are backscat-
tered from the fluctuations having meter scale size and amplitude much larger than the
thermal fluctuations. The RTI (Range-Time-Intensity) maps by coherent radar obser-
vation [109, 100, 101, 45, 42, 68, 69] often reveal the amplitude modulation of botlom-
side backscatter (AMBB] and towering plume structures which penetrate to topside. Al-
though the high-altitude excursion of structured plasma are certainly spectacular, there
is ample evidence that the process beging at low altitudes [55, 17, 100, 103]. Several rock-
ets and satellites have now penetrated both the irregularity layers and the plume struc-
tures. The phime structures are collocated with density depletions [75, 98, 103]. More-
over the depleted regions are elongated along the direction ol the magnetic field for hun-
dreds of kilometars [105, 99]. The &z sitn plasma driflt detector reveal that the plasma
inside the bubble moves upward with hundreds of meter per second velocity [60, 47, 4].
Occasionally the bubble uprise velocities are found to be more than 1 km/s [1, 42]. The
power spectrum [44, 12, 43] reveal that spread F related turbulent structures occur over
seven orders of magnitude in spatial seale, from more than 10% m to less than 0.1 m. Tt
exhibits two regions that obey k" scaling, where n s approximatelv equal to 2 at wave-
lengths greater than 80-100 m and approximately equal to 5 al shorter wave lengths.

In order to explain different aspects of ESE the linear and nonlinear theories are pro-
posed over last 30 years. Dungey |16] was first to praposed the gravitational Rayvleigh-
Tavlor (RT) instability as the process driving ESE The observation over Jicamarca [17]
puts the proposed theory and many other theories under suspicion as they fail to ex-
plain the observed feature mainly the observed irregularities both on bottom and top
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side. Morcover though the turbulent spectium follows the negative power law index like
neutral turbulence, the mechanism is thought not to be just the cascading of large scale
to smaller scale structures. It was Hacrendel [25] who suggested that the ESF is driven
by a hierarchy of multi-step plasma processes involving macroinstability processes such
as collisional BT (CRT) , EXB and microinstability processes like drift wave instability
processes. The GRT instability being a initiative mechanism causes the generation of
large scale plasma depletions (bubbles) having steep plasma boundaries, The microin-
stabililies like gradient driven plasma instabilities could be excited on such walls and
responsible for the turbulent spectrum. The scenario is similar to what one encounter
in the astrophysical plasma and we now discuss these macro-microinstability processes
one after another in the perspective of the ionospheric plasma. Both the macro and mi-
cro instability processes arises due to the inhomogeneity and the currents which act as
sources of free energy in the ionospheric plasma. However the scales at which they op-
erate are different and one need Lo adopt different approach (Muid or kinetic) to analyze
them.

1.2.2 Macroinstability processes for ESF

The gravitational Ravleigh-Tayvlor (T} instability named also as the interchange insta-
bility [94] is being known in lully ionized plasma for long time. The condition for the
ceneration of this instability is:

TR Tl ||

which is also applicable in weakly ionized plasma like ionospheric plasma. Here 'n' is the
plasma density. Moreover one need to take finite collisions into account for the gener-
ation of RT instability in weakly ionized plasma which is named as collisional RT [(CRT)
instability. In the F region of ionosphere, upward plasma density gradient exists on the
bottomside. Near the equator, where Earth's magnetic field helps to support the plasma
against gravity, both collisional and collisionless RT instabilities can then be excited on
the bottomside. [owever, conditions are ideal just aller sunsel, when recombination si-
multaneously reduces the conductivity of the end plates in the [ region and steepens the
upward directed density gradients. 11." the density inhomogeneity and the gravity have
component perpendicular to the Bi|| ), then ions and electrons acquire drifts

where o stands [orions and electrons and vy, 92, are corresponding thermal velocity and
gyrofrequency. Though both drifts give finite current (7} in the ionosphere but the first
one doesn’l produce any electric field as the divergence in J is always perpendicular to
the gradient itself [50]. However it plays an important role in the generation of microin-
stabilities where the [ree energy is dissipated in different way. Its obvious that the current
driven by gravity is in the zonal direction and mainly carried by ions. When there is per-
turbation (say sinusoidal) along the zonal direction, then finite divergence in J causes
the generation of polarization electric field #,. Tn the collisional limit the feld is sus-
tained by collisions while in collisionless limit it is sustained by ion inertia. The less den-

—_
3

sitv (depletion) plasma then moves upward with &, = % % b velocity to achleve a uniform
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stale of thermodynamic equilibrinm, However at the same time the plasma is extracted
from it at the rate of . ¥ sinece gradient is upward. Thus the depleted volume gets more
depletad with time and mstability sets in. Meanwhile the shape of the bubble also gets
distorted. Il one start with two dimensional circular bubble then since initial flow is in
vertical ditection, the bubble gets elongated in that direction.. At later time it gets inore
and more elongated as the degree of depletion and so the vertical Mow increases. When
bubble reaches at the V. allitude, iLis sill less than the plasma above that altitude and
contintie to rise though the density gradient above that altitude is downward. The rising
bubhle travels through both collisional {Jower altitudes) and collisionless regime thigher
altitides) which are defined as [G7]:

- a a - a i,
Callisional region tewy, 3 %
Callisiomless region @ w3 =

in

]

where &y, 1s the ion-neutral collision frequency and L is the plasma scale height. The
orowth rates in these regime are respectively given by |22, 77, G7).

i
Fend =
ir"rl.Tl ‘[’
N
vaer — W )
i

and these modes propagate perpendicular to the magnetic field, in the zonal direction
with the phase velocily:

i 1)
k

kL O

Although quire simple, the treatment olliers explanations for & number of properties of
ESE Eirst, in the initial development of spread I there is a strong tendency for VILF radar
to ohtain echoes confined to the height range where the density gradient is upawvard [109,
100, 103]. It is in this region where the liner theary predicts the instability, Another [ea-
ture predicted by the theory is a height dependence for -, due to ,. The higher the
Flayer, large the growth rate. Farley et al [17] and Jaychandran et al [46] noted a strong
tendency for ESE o be generaled when the layer was at o high altitude consistent with
the theory.

1.2.3 Generalized RT (GHT) instability

The sources of free energy for the generation of CRT instability are the zonal currenl and
the upward gradient in the density. In the F region, there are forces like electric field
and winds other than gravity, which can also drive the signilicant zonal currents. [ the
electric field is the driving force for currents then the instability is called £ x # instability
[92]. The ellec! af wind driven currents can be taken accountjust by replacing the eleciric
field in the rest rame ro the neutral frame. The electric field usually drives the Pedersen
current in the ionosphere while the neutral wind drives currents perpendicular to itself.
Thus the zonal electric field [29] and vertical neutral winds [82] can excite the instabil-
ity. The instability resulting from all three forces, 7, E. v, W is called the Generalized
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Ravleigh-Taylor instabilily and the corresponding growth rate expression is [82]:

. Lie B r
TGRT = F (: + E‘I‘T") (1.5]
The zonal electric ficld al the cquator oflen increases (o a large castward value after the
sunset, driving the F layer to very high altitude. This uplift contributes in two ways to the
destabilization of the plasma. Not only is the electric field is in the right direction for the
instability;, but also the g ,/v;, in term becomes large due to the high altitude of the layer,

1.2.4 Nonlinear stage of CRT instability

The nenlinear stage of CRT instability p.mpn&;c:ri by Tlaerendel [25] has been verified by
various numerical simulation models over the vears (81, 66, 71, 33]. The plasma bubbles
are indeed seen on the topside with very large velocities and having their origin on the
hottomside. The simulations [52, 114] have also been used Lo predict the power spee-
trum of the density structures for comparison with experiments. The simulation [114]
shows a very strong anisotropy in the development of the irregularities, with nearly si-
nusoidal structures developing horizontally and shock-like structures in the direction of
V. The shock-like structures or steepening is a consequence of plasma advection and
occurs on the verlical (up-down) leading edges of depletion wedges. The predicted wave-
[orms and their spectra are in excellent agreement with the experiments at intermediate
scales (10 km - 100 m). The simulation of steepened structures is the verification of the
earlicr observation [14] and the recent observation [43]. Thoese ohservalions reveal that
the nighttime ! region is characterized by propagaring steepened structures. One of the
most remarkable leatures of equatorial spread F is that the plasma structuring it creales
seems (o exhibit a degree ol sell-similar scale invariance. That is, the small-scale strac-
turing is reminiscent in form of the large-scale structuring and of the structuring at all
scales in between, The scale variance is one of the signatures of inertial range turbulence
in neutral gases. However there are sublle dillerences belween lurbulence associated
with spread F and the neutral turbulence. The preferred direction of plasma advection in
spread IY makes the turbulence to be highly anisotropic and inhomogeneous. Most im-
porlantly, one can not regard the phases of the modes that compose spread F irregular-
ities to be random since the irregularilies take the form ol distinct, coherent, steepened
structures as observation indicates [14]. The steepened structures with scale as small as
80 m are ohserved [14]. Thus the intermediate scale CRT instability process could give
rise steep structures which descend from large scale to scale as shortas 100 m by follow-
ing the power spectrum with n =~ -2. Its not only the power index which favours the CRT
instability as the mechanism for turbulence above 100 m, but its the simultaneous den-
sitv and electric field power spectrum measurements [59, 43] which also favours it. This
meastrement reveal that unlike the density power spectrum, the electric field spectrum
doesn't show any break near 100 m bul have n == -2.5 nearly same as density power spec-
trum irrespective of the wavelength. Under the CRT instability process, the electric field
fluctuation, 4 F, is related to density fluctuation, 4w, by relation:

gl n’.l'.B I‘ﬁ.r:'.
Ak = — (T. S ) —
i T

Hence the power spectrum of the two quantities, 4 E and an, predicted by CRT instability
induced turbulence is same which indeed is what observations reveal.
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1.2.5 Microinstability processes and 3-m scale size irregularities

The hierarchy maodel [25] suggests that the growth of long wavelength instabilities, macroin-
stabilitics, produces density gradients (steepened structures) upon which shorter wave-
length microinstabilicy like drift instabilities arise, These enhanced micro fluctuations
scatter particles and lead Lo wave-particle dissipation thal can rapidly remove energy
from the longer wavelength modes and may cause the steep power spectra in shorter
wave length reglon. The VHF radar, which is extensively used for the study of ESF phe-
nomenon mainly detect the sinall scale size irregularities though it also reveal the fea-
tures of the long and Intermediate wavelengths. The interchange instability gets stabi-
lize at small scales owing to the classical perpendicular diffusion. A problem recognized
early in the study of ESE involves the generation of small-scaleirregularities. Some early
theorelical research [wcused on the possible role of the drift instability as a primmary pro-
cess generating shori-scale irregularities [41]. In this picture the drilt instability grows
on the zero-order density gradient in the unstable lonosphere. At long wavelength, A,
the growth of the irregularities is dominated by the CRT mode, but at shart wavelength
the CRT process is inefficient and the dominant growth rate might be due to the drift
instability. They investigated a collisional drift mode and found that there may exist a
subrange in which the drilt mode acts as a primary process; however, even the primary
drift instability would not be unstable at 3 m. Chaturvedi and Kaw [12] worked out the
nonlinear physics and determined thar a secondary drift wave mode cannot grow on a
primary drift wave since the mode-mode coupling for such a process is very weak. Thus
thev concluded that the important process in LESF is the generation of large scale irreg-
ularities by the CRT process followed by the excitation of drift waves on the gradients
associated with the primary process.

A variety of drifl wave modes may or may not be excited as a secondary process in ESE
Among these are the high-frequency drift cyclotron mode and lower hybrid drift mode,
which have been inveked to explain the very short wavelength structure observed with
Altair and Tradex radars [37]. Huba and Ossakow [38, 40] have shown these modes to be
stable in most conditions except for very low densities and relatively high altirudes for
which ion-noeutral collisions are unimpaortant.

Among the low frequency drift waves there exisl collisional (resistive) drift wave modes
as well as the collisionless (universal) mode. Most of the low frequency drift wave modes
have finite wavelength parallel to the B; therefore since the electrons are free to move
along B, the drift wave density irregularities (4n) musl be supported by a perturbed elec-
tric field (— Ve, which to first order is governed by the Boltzmann relation in low fre-
quency domain {w < ;)

g e

i IGT
In the collisionless plasma such polarization field would not sustained and correspond-
ing inslability is universal drift instability (14, 15] mainly driven by electrons owing to
their larger diamagnetic drift. However if collisions are significant then the polarization
field would be created causing another mode of instability called collisional density drift
instability [23]. The major difference between these two low frequency wave modes arc
that the collisions stabilizes the former but destabilize the later. Cosra and Kelley [15]
argue that there is a regime in altitude and wavenumber tor which the universal drift in-
stability should play an important role in the ionasphere.

(1.6]
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[n general, the drift instahilities act (o destroy | he free energy source that drive them i.e,,
the density gradient by anomalous diffusion of plasma across the B. While describing the
power spectra one need to take the proper diffusion into account. In hierarchy of small-
seale irregularities responsible far the radar backscatter measurements, the smaller the
irregularity size, the steeper the densily gradient scale length required to support it. Since
the time scale assaciated with any diffusion processis rp = A /D [ Aisscalelenglth and D
is the diffusion coetficient), the shortest density gradient scale lengths diffuse away first.
Thus, one would expect the smallest scale irregularities to disappear first in the decay
phase of ESF and this, in fact, seems to be the case [5, 6]. By using the anamolous dit-
fusion for universal drift instability mechanism derived by Gary [21], Bernhardl et al [7]
have produced the power spectrum with n > 4 consistent with the observations. From
equation (1.6) it follows that the drift wave induced electric fluctuations spectrum should
have n value smaller by 2 of the density fluctuations n valuei.c.; itis less steepen than the
density spectrum which is indeed the case as pointed out carlier. Its interesting to note
that the diffusion induced fluctuations also follow the similar relation between d# and

A1 as drift wave induced fluctuations.

One of the important quantity which one can inferred from the VHF radar is the Dappler
velocities ol the small scale size irregularities. Tt is debatable whether these velocities
carrespond Lo phase velocities of the drift waves or the the guiding center drifts induced
by CRT instability. The velocity expressions derived by [64, 67] [or CRT instability explain
the large velocities, 200-300 m/s, ohserved by in sifu measurements. The drift wave ve-
locities assnciated with the observed steep gradients [14] is on the other hand restricted
to the 20-100 m/s range. Recent simultaneous observation of 3m and 8m irregularitics
over Indian zone [87] reveal the dispersive nature of Doppler velocities and found that
the ratio of velocities at these scale sizes is nearly equal Lo the reciprocal of correspond-
ing wavelengrh ratio which is what one would expect from the drift waves.

1.2.6 Variabilities in ESF

So far so we discussed the generation of macro-micro instabilities responsible for ESF
phenomenon. EST phenomenon is highly variable in nature as it exhibits the day-to-
day variahilities in the occurrence as well as in the morphology as revealed by radar
observations. Some night one observe the spread F while very next night one doesn't
Some night spectacular spread ¥ is seen while the very next night one sees the bot-
tomside spread [ The satellite and i#n site measuremenis moreover reveal that the ion
compositions in the ionosphere is highly variable during ESF [60, 63, 971. 1t has been
experienced that such variabilities and unpredictability are the consequence ol variabil-
ities occur in the background ionosphere. The numerical simulation of GRT instability
[65, 113, 112,35, 36, 83, B8] deal with the effects of the background conditions on the evo-
lution of spread E The nature of seeding perturbation for GRT instability has also been a
subject of great interest after the observations [78, 79, 80] of large scale wave-like struc-
tures ol ESE The VHF obhservation [48, 45] reveal the bottomside undulation over which
plumes ride. Kelley et al [48] argued that the GRT instability mechanism is the most im-
portant mechanism for production of plumes bul thal gravity waves are an extremely
efficient source to seed perturbations for excitation of large-scale GRT instability. The
spatial resonance proposed by Whitehead |106] and Klostermeyer [54] which may oc-
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cur during postreversal or prereversal [45] is not the necessary condition for the efficient
secding and so for the excitation of GRT instability. The numerical simulation by Huang
etal [33,34, 35, 36] conlirm it and unlold many interesting aspects regarding gravity wave
as a seeding perturbation for CRTU instability. Their investigation with two seeding gravity
waves reveal that the large-scale gravity wave determines the outer scale of ESF irregu-
larities and the small-scale perturbation results in multiple plumes preferentially located
on the west wall. [tis also found by them that the timing of the sced gravity wave is cru-
cial for ESI generation. It a gravity wave exists in the F region during the prereversal of
electric field, the gravity wave can initiate the GR1 instability and result in topside bub-
ble. In contrast, gravity-wave-induced perturbations in @ descending ionosphere evaolve
with large scale bottomside wave-like structures bul not bubbles. They also argue that
the only gravity waves propagating in small angle to the zonal direction are expected to
be capable of gencrating ESI bubbles. These factors are all in variable from day-to-day
and their variation must cause variation of resulting ESE

1.3 Objective and outline of the thesis

As it is discussed in last section that the ESF exhibits variabilities owing to the varying
background conditions. It is therefore essential to study the ESE phenomena under dif-
ferent background conditions. The objective of this research work is to investigate the
effects of background conditions on the plasma instabilities in order to understand the
variabilities in FST phenomena.

One of the varying background condition is the relative ion compositions in the F region.
The satellite ohservation [G0] shows the presence of NO' ions inside the depletion on
the topside [fig. 1(a)]. However its not always the case |60, 63| also, The early ion compo-
sition observation [26, 27] reveal the significant Fe' ions on the topside too. If no other
mechanism is invelved then its the GRT instability induced transport which should bring
NO™ ions and Fet iuns on o the opside provided they are available on the bottomside.
The in st ion composition measurements [63, 35, 10] indeed reveal the presence of con-
siderable NO¥ ions on the bottomside which was earlier thought to be mainly consist of
OT jons [fig. 1{b,c,d)]. The theoretical investigation [3] reveal that prereversal enhance-
menl causes the existence of considerable NO* ions on the bottomside. Since prerever-
sal itself is highly variable in nature the ion composition in bottomside also varies. In
view of these measurcments, it is therefore essential to study the role of molecular ions
in the growth of GIT instability and its further evolution. So far the GRT instability is
invesligated in the presence of O ions, In present work linear theory is developed by
considering both (7 and NOt dynamics. 'The theory is further extended for Fet ions as
well. The nonlinear evolution of GRT instability in the presence of both O and NO™ ions
is discussed thereafter.

The observalions of small scale size irregularities by VHF radar also reveal inleresting
aspects of large scale GRT instability. The observation of 3m scale sive irregularities by
Indian MST radar is presented. Few interesting aspects regarding morphology and bub-
ble velocilies which stem out from our observations are discussed on the basis of existing

theories.
[nteraction of two simultaneous seeding perturbations under nonlinear GRT instability

is studied further to understand the [ealures emerged from our observations.
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1.4 Figure captions

o Fig |. The ion compaosilion measurements by MeClure et al [60] in (a), Narcisi and
szuscczewiey [63] in (b}, Sridharan et al [95] i () and Brinton et al [10] in (d).
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Chapter 2

Effects of molecular ions on the GRT instability: Linear analysis

2.1 Introduction

As discussed in Introduction, plasma instability processes play a crucial role in the de-
velopment of irregularilies in electron and ion densities in the nighttime of equatorial
ionosphere. The GRT instability driven by gravity, electric field and wind is believed to be
causative mechanism for initiation of large scale plasma irregularities. The linear anal-
ysis [25, 29, 82] of GRT instability deals with the dynamics of OV ion alone by assuming
the F-region plasma as single ion-electron plasma. However the ion composition nmea-
surements of undisturbed ionosphere [10] and during spread F [63, 95] reveal that the
molecular ions (NOt, O1) are dominant up to the base of the F region and above the
base 0" ions become dominant, Thus the region near the base acts as two lons-electron
plasma. Since entire bottomside 1s susceptible to become unstable under GRT instabil -
itv, the investigation of the instability by considering the F region as two lons-electrons
plasma hecomes impaortant,

In the present chapter, the linear growth rate of the GRT instabilily [or two ions-eleciron
plasma is derived by solving the set of fluid equations under the first order perturbation
analysis. Before describing the analysis, it is worth to discuss the changes expected to
pceur in steady state lonospheric quantities such as current densily and plasma scale
height which act as the sources of free energy for the instability.

2.2 The steady state current density and electron scale height for two ions-
electron plasma

2.2.1 The zonal current density

The differential velocities among the dominant species give rise the steady state current
in the icnosphere,
J= Z Py e = Vg

where 1. 4, and T, are the number density, charge and velocity of the charged particle.
The forces (gravity, clectric fields, drag forces due to winds) acting on the ionosphere are
responsible for the differential velocitics of the species. Under the action of these forces
separately, the charge particle with mass m, and charge ¢, moves with velocities:

i i 1

> Tikgp 'El" . B. P e rt""rl:'rl. = B Fan T'.f.- X -BI
Vo= ( rm) o Ve= () (5'33) B W= (” ) B (.1

ALY/

12

=
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These velocities are the Hall drift due to gravity ¢, Pedersen drift due to electric field E
and Hall drift due (o drag force, v, b respectively. Since thev are proportional to the
ratio (e, /. 0, finite current flows due to the differential motions of particles ol dillerent
masses and charges. Such current is mainly carried by ions owing to their large masses.
Obviously the large current would flow in two ions-electron plasma as compared to one
ion-electron plasma owing to the contribution from another ion, NO7™. Its expression in
two ions-clectron plasma can be writlen as:
.|-'T= .|'I-|T:;| T .i’.'."::-l;'_'zz g '.','.I._-[_;

where subscripts 1,2 and e stands lor O, NOT and electrons respectively.
[f +3 axis represenls westward direction and for simplicity if anly gravity driven velocities
are considered then it becomes:

. il

J=—(nymy r.!.g.'n-g,lﬁl.,t-}
The negative sign indicates that the current is in eastward direction. However, the ear-
lier investigation of CRT instability for one ion-electron plasma [25, 64, 50] reveal that
its the divergence of J, rather than J itsell which is important for the generation of the
instability , since it generates the polarization electric field. In the presence of density
inhomogeneily along the current direction, the expression for divergence, 4.7, of Jin two
ions-clectron plasma becomes:

51 = —({mi 6y A ;-.u-_JJ-.-u]; (2.2)

where dn, is the gradient in number density of ion "a’. For one ion-electron plasma, the
corresponding expression is:

. T
aJ, = —mipdn, =
i 1 5

The ratio of these two divergence then becomes:
&F iy + modng) (2.3)
ot g [y b dna '

Depending on the relative sign of fny and dwy, the current density divergencein two ions-
electron plasma may become larger or smaller thanits value for one ion-electron plasma.
The nature of Foy and due can be known ooly by the first order perturbation analysis
which is treated in the next section.

2.2.2 The plasma scale heights in two ions-electron plasma

In general, the scale heights of lons and electrons are defined as:

1 dn 1"
. J’.] (2.4)

L.=|-
w, dy

[tis known [25, 13, 82] that the growth rate for one ion-clectron plasma is inversely pro-
portional to the OF scale height L,. Owing to charge neutrality condition, it takes the
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value equals to clectron scale height, L. For two lons-electron plasma, the electron scale
height can be defined as:

1_ L [m m -
Le (v 4 nad [In + LJ (2.5)

where £ is the NOt scale height. Thus the L, takes the value: _

B :{
: (e I reg)

which is less than L, since L, is negative [10, 3, G3]. Thus for given L, and L, the value
of L, which directly enters into the growth rate of one lon-electron plasma, adjusts itsclf
acenrding to the charge neulralily condition and becomes less than L.. One expect the
arowth rale for present case to be inversely proportional to L, as we have derived in sec-
tion 2.3.2 later. Hence elfcel of scale height is to reduce the growth rate in present case as
compared to one lon-electron plasma.

In this section we have discussed the changes occur in sources of free energy for CRT in-
stability when F region is considered as composed of two ions (O and NO) rather than
just ol single 1on O+, Tt is however emphasized that the first order perturbation analysis
is required to understand the complete nature of such changes and their impact on the
wrowth rate of GRT instability. These aspects are now discussed subsequently.

iy

WA } Lo (2.6)

2.3 First order perturbation analysis of GRT instability in two ions-clectron
plasma

The night-thne equatarial ionosphere is considered in a slab geometry which means that
thecirvalura of the Farth's magnetic field is ignored. The positive unit vectors £, § and 2
of the Cartesian co-ordinale syslent are directed along westward, upward and northiard
respectively. The following plasma fluid equations, that govern the motions of the two
positive inns (dominant ion is denoled by sullix 1 while the second ion is denoted Iy
suffix 2) and elactrons (denoted by sutfix &) whose masses are represented asm, ma and
i, respectively, are considered:

a'ﬁl c i} - =, ) - T .= -
(5)-(2)-Grad) ml-Pes an
(3@)_( E) (E+ % B) — i (= W) +3 (2.8)
At ) Amat & T L 2 s :
5"!1- — = = s e gy
(50) = (o) - (B x B) = veae (5= ) 42 2.9
in _
d—; =p — I — V.7 (2.10)
an _ ’
'5,5' =pz =z — V.(n2.T3) (2.11)
& ] _ . ‘
T = e le — V. T) (2.12)
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B x EAE)
V=0 2.14]

where,
T—c im  nath a8 2.13)

The symbuls ny, v and v, Tepresent numbe: densilies of deminanl atomic oxygen ions,
maoleewar ions ind elecrons respoectvely, while their velocities, in the same order, are
represented by, i and T, He'a e corresponds tn the magniruda of the charge. "The
ipn-neutral collisicn [requency, 1y, , 15 talken to be same tor both the ions.

Equartion (2.14) describes Lthe clectrostatic nature of the problem wh_ﬂe equation 2.14)
deseribes the current conservation where the total current density [/ s giver by equa-

lan (2,13,
[he sceady stare drift velocilies ol the s are oblained by solving the cqualions (2.7) and

(2.8,
- ExE v, ¢ Ao my g A v W By, 7 f:’r " 5 16
= —— s T L gn B T Ty R At
TTomE T R - L VA e e ‘

o PRB e € g e GXB B WXB b Ve 217)
” ne 0 'm0 B i, B e

The first lerm corresponds to the dominant 1Tall drift which is the same for both e
species as the Hall drift is independent of charge and mass. The sccond term is the Ped-
ersen drift associated with the electric field due to the finite colligions and depends on
mass of the specics. The thivd and fourth terras are the drifrs due to the applied forces
(graviry and wind respectively in this case] in the Hall direction which also depend on
the mass of the species. The fifth and the lust terms corresponed Lo the drilts due 1o the
applied forces in the Pedersen direction and since their magniludes in the F region lono-
sphere arc relatively small these terms are neglected for lurther caleulation,
Similarly, thi steady state velarity of electrons in the P region of ihe ionosphere s ohb-
tained by solving [2.8] as )

TN ﬁrﬂfﬁ 2.1
necontribution from the other lermes are neplisible as 2, > > o,
Pirst order paemurbation analysis is camied oul by assuming the porlarbations in the vari-
ables (65, 41, 4T, &, dn, dug, dn,) ovar the commesponding steady state values (5, v, v g, nz o).
The periusbations arz assumed o be i the zonal dircction in tke form ol geplise — il
where w and & are the angular frequancy and zonal wavenumber of the pertrhation
reapeclively. The steady state parameters are asswncd to have significant altitude varia-
tioms anly. The following expressions lor perturbed velocilies e obtained by substilul
ing the respected perturbed quantibies and aller sublracling the steady state velocities :

- -:.I: N i— # [ - C E-E
el = . [TI ?_1,:" W) + - 1 = [ oAb - :
" ,'_:.EI i |'|' ity g ] -'f'.!.‘;J ;

T AR
’ 4 : ! 9 il |.I I‘l.\"\"':..":lll.!l
my Q4 (il —w) Sy 20 i
2.18)
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i € [i( ke, —w) -+ 1, o P ﬂ,g
.:5!.‘-3:— - : .--[—T?TM' R — ;
maz €25 — [i(kuy, — wh = y,)2 %) mg §3 + kv, — w) + M”]z —LkA)
(220
. i £ o
Ay = —— .- (ki) g (2.21)

Here the perturbation electric field 5F is assumed to be electrostatic and hence can be
obtained by scalar potential #¢ using the relation §E — — V.
Similarly, perturbation analysis is carried outwith continuity equations and the following
relations are obtained:
[l - e . N .?I-J_ . .
Lk - tw]dny + Lk dey, + ;'_-tf'-.;'n.r =0. (2.22)
+1
Then

ik ag — fw).dny - tknadvy, - r,_.{? vz, — (. (2.23)
o

. s . - Ny
(#hvay — tr) Arte + thn. Ov., + }—{.d e (2.24)
oS

Perturbation analysis with the current conservation equation yields,

I - - ?. j"ll_,,z . Tho .
WO + T 0vey — B0V + (501, + — Fay — .60,
L LZ JT'n: !

—x.':..[l“}.l'.lll L - ii?ZQT:JI-,:_- — {l::'.ltp_ l'.-‘,..,-d-_-_] = [2.25:'

where Ly, L; and L. are the plasma scale lengths of atomic oxygen ions, molecular ions
and clectrons respectively defined by eq. (2.4).

Substitution ol 87, duy and 44, in the above four perturbed equations vields a set
of four linear equations involving the variables duy, ény, dn, and d4. The necessary and
sufficient condition to obtain a non-trivial solution for these variables is to set the deter-
minant of the co-efflicient matrix to be zero,

e — o i} 1] ;—"— ik S
{] .f.n',‘/ — i [ %:'_ — ik Tig 'E:?
|:| ["] "E.“r_',t' — E'— = — ”
=y Jaay, g LT Min E:I_ T 3 o e
(2.26)
fitiqy — H] {] %L _ "i‘E‘""?l?"FIU'
0 LT — ny o r"'|1| '
. g — ! , i) i iktig ! o "
1 I Rttey — w P
W w — 'J‘-‘"‘-’-:.v — “.:_
(2.27)

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

Effects of molecular ions on the GRT instability: Linear analysis 17

We drop out suffix %' in velocities for further investigation and let

LET I M
o = —, b = by ——

L;’ Ty
tlien the above equation becomes
[y — [ (Rwe — w(wde — beeded -+ (s — iBg)w® — (a) — ib))[—(kgwg — win?]
=0sinced, << w,
[hwy — w) (kvg — wid, — (Fug — w)ao — bl + (kg —w){ng — iby)w =10

of,
(fown fivg — whey — whvaw®) An + kv aow — ik by — apw® + ibgw® =10
We decompose the requency w o real part « and imaginary part such that v << w, L.g,

. a -
W ey A i = L B

After substituting it, and setting real part and imaginary part of the above equation sep-
arately equals to zero, we get coupled algebraic equations

B gl —a0 oy o VAL by ngin kg Dioy — 2ham Fusapw - e by v — 20wy — 0 (2.28)

v ' “i s
—eili(vp L) e 201wy hv ee Y — budbaie - 2aawy et v y—Ruedy w— 2oy by = 0

(2.29]
With the use of equality
e = i) |- Gz
lhe equation (2.29) bacomes
—h{ua) + kvane) — by boie - baatr® — Ry — Dy =0
The local approximelion .
hly == 1 o ,r:.. << 1
win
further reduces it to,
‘ [El_bg]w—.f.,{mbg -} 'n'..-‘zf_?|] =
which sives the expression for the phase velacity of the perturbation as,
i b+ b))
19 _ Subes sl (2.30)

b (hy + 31-3]

It gan also be written as

wo (b A vede) | (v — v2) b — i}

E o 4h) (B + b

-

the last term is ~ O[{m, — mq)?] and can be neglected compared to fivst term. Thus the
expression for phase velocity becomes,
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w __ (vnhtvaby)
)

U
o (b+bs

(2.31)

By knowing the expression for phase velocity, the growth rate expression can be derived
from Eq. (2.28). In equation (2.28) the sceond term is ~ O[k{e? 4+ vl -2 1;) A,] and so the
frst lerm can be neglected compared to it. With the use of expression of phase velocity
given by Hq. (2.31}, it becomes

—offoy + Bveda, + wi(bv e - fuaag ) o w{ly A+ baly — 2wy 4+ be)y =0

which ¢an be derived for growth rate, +, as:

1

oy = m[—fﬂ({}[ + v9)ae + k(w109 + vea, )] (2.32)

The substitution ol n, = o, + a. brings it to the fornn:

&
X = ==

(n’n—:—bf;] 101 + vz0]

where -
Piw Ean 0 Vin o, Vin fan 4 Vin

v = 0, B o ﬁf}-]"v.u and iy = W B .y Gy

are the x-components of the velocities given by eqs. (2.16) and (2.17) respectively. E,q
and ¥, are ambient westward clectric field and upward wind respectively. In equa-
lion (2.33), the dominant differential velocities which contributes for the growth of the
plasxné instabilities are included. However for simplicily Lhe henceforth discussion con-
sidars the velocities driven by gravity anly. The expression for growth rate then takes the
form:

W, {2.33)

_ i wy T | g il
= Vi (10370 TR 114 ) [”” fq + v Lg]

(2.34)

Anather interesting [orm ol + which retains all three scale heighls, can be derived from
gquation (2.32). By multiplying and dividing it by (iy + Iy and rearranging the terms, we
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gel an expression for growth rate as:

| [ e U e Mg
i~ = - |—t1=—ny ity —— g ——
{1 i:;.; -+ 'f‘.;g{;—‘l“;' E L £ L. L
P Yin Tla i Y
-I—IT"__I — 1 | { iy —— — —iq .:l [2.35,]
' fh " Lo 87

Many interesting aspects of + with this form are discussed by us [89]. However Owing to
its simple form, the expression (2.34) for growthrate is here considered for further discus-
sinr. In this expression the two terms in square bracket correspond to O and NO™ ions
respectively. Both the terms are proportional to their corresponding number densities
and inverse of scale heights. The number density dependence is quite distinct feature
from the growth rate of one ion-electron plasma which is independent of number den-
sity. The scale height dependence however is similar but now it comes along with some
weighting factors. The ion compeosition measurements and theoretical investigation re-
veal [63, 3] reveal that both number densities and scale heights considerably vary within
the F region. Below the base, NOT ions dominate with very large positive 5(:;11(—?hejght, i.e.
na = i, Le > Ly whereas above the base, L; becomes negative and O ions dominate,
Le g <, Lo < 0, However near the base, either situation ny ~ n; or ny < 7y may exist
depending on whether cross over from NO™ ions to O7 ions take place at ar below the
hase. In either of the situation, the L; is negative near the base, Thus at and above the
base, the second term in + is negative. In order lo have positive growth of porturbation,
the ratio of the two terms then
tiatityf Ly
Comgmy L
must be less than unity, i.e.,
Ly T, TR 1

S St | S
Lz i it

This condition is easily satisfied by ionosphere above the base where ny > ny. The in-

teresting point to note that the condition is adjustable to its own so faras ny, > ng. If

L, is small causing the large value of left hand side of inequality then since n. will also

becomes small causing right hand side to increase. If cross over doesn't takes place at the

base then near the base ) = wp and so inequality is easily satisfied at the base. However

if the cross over takes place just near the base then »| ~ ns there, the condition becaomes
L L

“Lo o “mm’
which looks to be severe, It requires the OT densily profile to be steeper, at least twice,
than NO™T density profile which is what usually ohserved [63]. Thus in normal circum-
stances, growth rate is positive throughout the hottomside. Nonthless the growth rate
would be smaller at the base as compared at any altitude above the base. Tn fig. 1(a,b),
the gu’nﬂh rate given by expression (2. 34) and growth rate for one ion-eleclron plasma,
= r. , are plotted respectively. Since both density ratio, ns /n,, and »;,, varies with
JllLudL both the variations are sim lJllcll"I["{]lJH|‘-f’ taken into account. At 340 km altitude,
both the ion densities, n; and n,, are 10? cm ™ and with altitude they vary exponentially

with their corresponding scale heights which are 7.5 km and -30 ki respectively. The
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suitable altitude profile of i, is chosen. The altitude varies from 340 km to 405 lan. Fol-
lowing points are evident [rom the plots:

o The growth rale, +,, doesn't show any dependence an density ratio, as expected.
However, the growth rate, v does show dependence on it and its etfect is even more
pronounced than the effect of v, for its value closer to unity. Within the change in
density ratio by almost one order from unity to, + s changed by 807, while within
the change in v, by almost two order, the « is changed by same amount.

¢ The growth rate, 7, is positive but smaller than the growth rate , -, for given ;..
The reduction is considerable, however, for values of density ratio closer to unity.
Within the reduction in density ratio by one order rom unily, the growlh rale 1s in-
creased considerably and attains the value almost equal to .. For further reduction

in density ratio, it remains constant,

2.3.1 Thecomparison of growthrates of CRI instability for two ions-electron
and onc ion-electron plasma

In contrast Lo the growth rate of CRT instability for one ion-electron plasma

g
Hin L'J

"-:\1"‘_1.l el

the growth rate lor (wo lons-electron plasma

i EY] i
4= — ——— | = e |
i [re.-| i+ e Ty ) I Lo

explicitly depends on number densities and masses of bath the ions. The ratio of the
growth rates is:

' 1 ! Ly,
i —————————— " Ny | R [—:'
Yo o l0pmig 4 nama) Lgts
; Tha IThe r
X e R - . ALY (2.36)
Ya W | s £y

The last term in left hand side is always positive since Ly is negative at and above the
base. Thus
the mrowth rale for two fons-electron plasma is less than the growth rate for one ion-
elecirons ploasme.
If we neglect Lo/ Ly compared to unity for a moment then

o Tt

= e
e Ry | M Tita

which can also be written as i

l — —
Y [.'.11.?.151_ +1 J

fia i
The last term in right side is maximum for ratio n) /ne equals to unity. Thus the maxi-
mum reduction in growth occurred for ratio wy fae equals to unity. In fig.2, this ratio s
plotted for decreasing values ol ralio ne fny. The features driven by this plot are same as
driven by plots shown in fig. 1. In reality however the scale height ratio never vanishes.
AT the same time its easier to uniquely evaluate the L. from the observation or theoretical
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caleulation rather than L;, The NO* ions specifically follow the neutral ptﬂﬁlr‘ \I; above

the base [3], and so it can be uniquely define. In terms ol scale height l'CltlD , rather
than £ 7h, the ratio of growth rates, [(2.36), can be written as:
- Theptvla I-',., "lL
A 2T {1___._ A o S (2.37)
o iy b ongiig WL +mp iy} — (e ) Lef Lol

In fig. 2, this ratio is plotted by taking the I, and L; values as 20 and -20 km which are
deduced from the observation and thc't;ll['ii{..:]l calculation [63, 3. Note that the assumyj-
tion of zern scale height ratio LJ‘ implies £ also to be zero. By comparing the two plots
in fig. 2, il follows that the growth rate is LL‘II’lE.]dEl"lh]V reduced for finite negative value of
L./ L. as compared to its value equals to zero. In fact by assuming the scale height ratio
equals 1o zero we assume either the electron has very large positive density gradient or
NO= has very small negative gradient. Bolh the situations are conducive for enhanced
erowth rate. The fig. 1 in last section indicates the highly sensitive nature of growth rate,
v to the density ratio. The fig. 2 further reveal that the growth rate is highly sensitive to
the scale height ratio also. By taking the small scale heightratio, #= L2 the ~ can be made
large, though never greater than .. The plot shown in fig. 2 is dlﬂ'ElEllt from correspond-
ing plot presented in paper |89] which was plotted with deduced values of all the scale
heights from ohservation [63] and using growth rale expression (2.35). The 1, value was
15 km while L. and L; were talcen to be same as in present case. Obviously these values
don't satisfy the condition (2.5) which is otherwise used Lo obtain Ly, for given L. and L,
in present case. We feel that there is uncertainty in calculating the I.; from density profile
given by [63] since it was taken during spread F condition.

2.3.2 The cause for the reduction of the growth rate

[n [ast section we found that the growth rate is considerably reduced with the introduc-
tion of second dominant ion NO*t. The cause for reduction can be inferred from the
perturbed equalions (2,22 - 2.25). The substitution of w as w+iv in perturbed continuity
equations leads to there real parts as:

*s’:-nl—l- r':.!,L“_U

. iy
viig + L_,:-':.'.l_:'_zy —{]

2

Ne .
AN + By = [
‘ = .Lﬁ ey
Here duy) s ., are the perturbed vertical velocities given by y-components of velacity ex-
pressions (2.19 - 2.21). With valid F region approximation (@ 5, => », >> w), vertical
velocities of both the ions and electron become same in magnitude

Filly = 0ty = ftgy = —[1/B)[—ikdg) = — (L/B)dF = —uu (say)

and electron continuity equation becomes:
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n. fE
L. B
Using x-component of unperturbed and perturbed velocities given by (2.16-2.21) |, the
expression for 4F can be obtained from the perturbed current conservation equation
(2.25) as

(2.31)

o dn, =

(g diey + regdng ) g/ D

b = (2.39)
o
where o is Pedersen conductivity given by:
o Mg T e P
o=y 2 Tofln (2.40)
- ﬂa ik

[n expression of 4%, the numerator on the right hand side is nothing but the divergence
of current density derived in seclion (2.2.1). The electron continuity equation further
gives Lhe relation among perturbed quantitics and growth rate:

A, = 2=

{2.41)

It is nbvious that for given amplitude of perturbation 4w, , the growth rate is:
(1) proportional to divergence of current density 5.7 i

(2) inversely proporiional to conductivity o,

3) inversely proporiional (o electron scale height I

The same relationship holds in one ion-electron plasma also. [lowever, these quanli-
ties are significantly different in magnitudes in two cases.

The reduction in divergence of current density

In section (2.2.1), the ratio of divergence of current density for two ions-electron plasma
to one ion-electron plasma was derived as:

iJg [ Frag vy | v )

80, gl 4+ A1y
which can also be written as:
A1 (14 meghe)
L 2o A TR (2.42)
ar (14 dirg
- L A )

The expression for an; and ény can be obtained from the perturbed continuity equations
as : - -
VA1 gl - L R T v
g = — 2=, fng = s (2.43)
TR La
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Since above the base, L.; is negalive whereas L, is positive, the value of 4n, and dn, are
negative and positive respectively. The ratio of dn) to dng is thus:

Ay Mo i )

2 B (2.14)
A (n] ) (Lz

It is clear from expression (2,42) that above the base, ratio is less thanunity since m; /rny >
1. It means that though the current density is larger for the two ions-electron plasma, the
divergence in current density is less than its value [or one jon-electron plasma. It leads

to the reduction in the growth rate according to (2.41). Note that the reduction in &.7 is
maximum for density ratio equals to unity, as similar to the growth rate.

The increase in conductivity

The Pedersen conductivity for two ions-electron plasma is given by eq. (2.40). Obvi-
ously the conductivity is increased with the introduction ol second massive dominant
ion NO'. Since the enhanced conductivity causes mare shielding of polarization field
which drives the instability, it is obvious that the growth rate is reduced in present case.
The effect of scale height is already discussed in section (2.2.2). In the presence of NO™
with negative scale height, O scaleheight, which enters into the one ion-electron growth
rate, becomes smaller than electron scale height. Tt otherwise assumes value equals to
clectron scale height,

It follows from above discussion that less divergence of current density and more condiic-
tivity causes the reduction in growth rate when NOT jons are introduced with negative
scale height above the base.

2.3.3 The comparison of growth rate with damping rate

In order to know whether the reduction in growth rate discussed above imposes any se-
vere condition on onset of instability, we need to compare it with the damping rate which
arises due to the chemical loss of the ions, Based on the analysis of [76], for the region
where both the atomic and molecular ions are present and also the perturbation analysis
by Huba et al; [39], we believe that the following rate can be taken as the damping rate
(vR)

F.a{ne + ng)

AR
III_T-j + ﬂll:ﬂ't | 1-;_,2:] [_.-4.}]

YR =

where 4 is the loss rate of atomic oxvgen ion controlled by charge exchange process while
« 15 the reaction rate constant for dissociative recombination reaction. The effective re-
combination rate »p reduces to 2.a.u, in the region where molecular ions are dominant
and to 7 in the region where atomic ions are dominant, which are similar to the analysis
of Huba et al; [39]. The ratio of growth rate given by expression (2.34) to damping rate is:

doy . I s TLn
i § A3+ aing 4 2ng)). 1o T e

¥R Ve Sulnn— 2ng] Tngmg — g

In fig. 3 the ratio is plotted for decreasing values of ns/n;. The decreasing valuc of nq/ny
correspond to increasing altitude. Al 340 km altitude, both the ion densities are 10°/cmn?
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and with altitude they vary exponentially with their corresponding scale heights which
are 7.5 km and -30 km for OT and NO™ ions respectively. The 1y value is obtained by
knowing L. and L; and using eq.(2.5) with density ratio equals Lo unity. The suitable alti-
tude profileof v, and 3 are taken. The growth rateis found to be larger than the damping
rale, Moreover near the base, its value is one order larger than v whereas at higher alti-
tude it is of two order larger than vg.

2.3.4 The comparison of time scale associated with instability and life time of
both the ions

Though the growth rate is found to be larger than the damping rate, it is vet far to state
that the instability grows in all the constituents until one found it to be larger than the in-
dividual loss rates of these constituents. Above the base of I region, the O lons life time
4~V is large compared to the time taken for its transportation by any mechanism. They
respond to any transport process due to their long life time. However for NO™ ions, sce-
nario is quite different. Ttwas shown by Anderson and Rusch [3] that they are in chemical
equilibrium above the base while in dynamical equilibrium below the base. Above the
base they are short lived ions with life time ~ (o0}~ and they becomes even more short
lived as altitude increases. The short life time of NOT ions makes it difficult for them to
respond to any transport process. In order for them to respond to CRT instability, the lin-
ear growth rate v given by expression (2.34) must be larger than the recombination rate
ainy + ng). Infig. 4 the ratio

¥, g TiamyfLy + -n.-_;_.ru.gjﬂ (2.46)

iy b el M (TpEe — Ratiig) (ny o+ e ) ’

is plotted for decreasing value of ratio n:/n,; . The ratio is found to be slightly larger than
unity for unity density ratio. As the density ratio decreases, the ratio increases but re-
mains always less than 10, For very small density ratio, the ratio decreases rapidly and
even becomes less than unity, The two phases, increasing and decreasing, are caused by
varving importance of growth rate and loss rale. Both the rates inerease with decreas-
ing density ratio. The increase in growth rate dominated [or increasing phase while in-
crease in loss rate dominates for decreasing phase as OF or electron density is large in this
phase. Thus where NO* ions are significant both the rates are comparable and where it
is insignificant the loss rate dominates over growth rate.
The investigation of last two sections implies that the instability can grow in the plasma
densilies becawse it is larger than damping reate. In spite that the NO© ions are short lived
ions above the base and having negative scale height, the instability also grows in the pro-
file of it. The reason for this vesult can be ascribed as follows: In the presence of steep (posi-
tive) gradients in the electron and O ion density profiles, the plasma instability processes
grow and the {rregularities are generaled in them. In order lo maintain the charge neu-
trality, the perturbed potential structures in the plane perpendicular to Earth's magnetic
[field ger altered suitably in the presence of negative molecular ion density profile, similar
to the investigation by Sekar et al; [86] provided enowph NOT dons are available to effect
the potential. The altered potential structures redisiribute the molecular ion densities in
generale the imegularities in them.

In this context, itis of interest to recall the satellite measurements [60] which revealed the
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presence of molecular ions (NOT) inside the plasma bubble on occasions. The present

investigation reveals that the Collisional Rayleigh-Taylor instability does not get quenched
even in the presence of NOT and thus supports the observations of ¥O7 inside the

bubhle. As the growth rate of Collisional Rayleigh-Taylor instability in the presence of
double-ion species depends on the background plasma densities, the variabilities asso-

ciated with the presence of NOT inside the bubble may be associated with the variabili-

tics in the ambient plasma densities at the onset time of £5F. However investigation of
further evolution of the instability is desired to confirm these aspects and will be dealt in

the next chapter.

2.4 Role of Fe™ ions

The Fet ians are seen at heights well above the F; peak at concentrations ol arder of 107
fem® [26]. The upward £ x I flow during daytime was shown [28] to be responsible tor
significant Fet ions at peak altitude. However most of the observations found Fe™ ions
to higher altitude even after local sunsel lime when the ambient flow is downward [27].
Morcover in the nighttime, the existence of PFet ions was found to be highly correlated
with irregularities in the total ion concentration [27]. Since CRT instability is generally
believed to be the causative mechanism for irregularities in total ion concentration and
ransporlation of plasma to topside during nighttime, it is of inlerest to deal with this in-
stability in the presence of Fe™ ions along with NO™ and O ions also.
The upward F x B flow during daytime causes accumulation of Fet ions to higher al-
titudes. The prereversal enhancement may cause significant Fe™ ions up to and above
the base altitude. There is no reason for Feo ions to decrease above the base because
there lite time is of order of a day and they are quick in response to any transport process.
However there density is limited by source al E region altitude believed to be of meteoric
origin which causes production of Fe© ion density of order of 10% /em®. Thus the Fe™ ion
density may reach up to ~ 10° at and above the base with positive scale heights. IHowever
Fe™ ion density begins to decrease in diffusion dominated region which is at higher alti-
tude. The Fet jons diffusion rate is larger than O7 jons and NO™ ions owing to its large
mass. During daytime and prereversal Lime when £ x 8 flow is upward, more and more
supply of Fe™ ions from lower altitude occurred . On the other hand, large diffusion rate
restrict the density increase in the less collision zone which is at higher altitude region.
Since Fe™ respond Lo transport process similar to the O7 ions, its profile may becomes
steepened like O though peak density will be considerably less than peak O density.
The Fe® peak allitude maylie in between OF peak altitude and the base. If this is so then
in spite of its density one order less than O ions near the base, the Fet may play an im-
portant role in the development of CRT instability owing to its scale height comparable
o O scale height.
The growth rate expression (2.34) can be extended for three ions-clectron plasma in fol-
lowing form:

il i hy Maltts  faiia

- - 3 — + — 247
Vil e ainy —F vigig + fairg ) L La La ] I: ]

Ve =

where ns, my and Ly are the number density, mass and scale height of Fe™ ions. In fig.
5(h), the growth rate is plotted with the inclusion of Fet ions as third dominant ions.
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The density profiles of all three ions are shown in fig. 5(a). The Fe! densily at the base
is taken as 50 Jem® and upto 350 km its scale height is assumed to be equal to OF scale
height which is 7.5 km. Above 350 km, its scale height is negative owing to the diffu-
sion. The same ratio for two ions-electron plasma is also plotied. At the base (340 km),
the density ralio na/n, is unity and as altitude increases the density ratio decrease. The
variation in ry,, is similar to what was taken for earlier cases. Instead of plotting the varia-
tions of growth rate with both density ratio and iy, its variation with altitude is plotted in
fig. 5(b) which takes both the variations into account. Moreover for comparison, growth
rates ;v and ., are also plotted. Interestingly, the growth rate, . is somewhal larger
than ~ near the hase and as altitude increases, both merge to growth rate ~,.. The cause
for the increase in 4. near the base can be attributed to the enhanced current density
divergence as compared to its value for two ions-electron plasma which takes the follow-
ing form in present case:

S0 = —(1/ 0 mgdng + mpdng + migdng g

where duls are inversely proportional to their corresponding scale heights as evident
from eq. (2.43). Since Ly is posilive, 404 is also positive. Thus the inclusion of Fe™ lons
with positive scale height cause the enhancement in divergence of current density. The
enhanced divergence in current densily cause Lhe increase in growth rale according (o
equation:

e o

L.ocB

derived in section (2.3.2). 1t is to be noticed that the conduclivity is increased with the
inclusion of third carrier, but its effect is not as pronounced to overcome the effect of
divergence in current density,

[t is interesting to note the observation by Hanson and Sanatini [27] where they found
the presence of Fet ions as a necessary condition for irregularities. It is shown here that
indeed the inclusion of Fet ions with positive scale height causes the increase in growth
rate which otherwise would have decreased further owing to the presence of NO* ions
wilh negative scale height. Further the irregularities in all three ions were seen on the
topside. Since v is greater than damping rate as found earlier, the growth rate, vp. greater
than + means the instability indeed grow in all the jonic species causing irregularities in
densities.

T

2.5 Summary and Conclusion

The growth rate expression for the GRT instability for two ions-electron plasmais de-
rived by first order perturbation analysis. The further investigation with CRT instability
reveals that:

(1) The growth rate is dependent on number densities of both the species. This is in con-
trast to the expression for one ion-electron plasma wherein the growth rate is indepen-
dent ol the number densities.

(2)The growth rate is found to be positive for all values of density ratio n; /ny in the bot-
tomside of I region.

(3) The result obtained using the expression with the equatorial night-time F region con-
ditions, reveals thal the growth rate of Collisional Rayleigh-Taylor instability reduces with
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the introduction of second dominant ion species and never exceeds the growth rate cor-
responding o one ion-electron plasma.

(4) The maximum reduction is found for value of density ratio w, /5, close to one, i, in
the region where significant NOT ions are present.

(5) The causes for reduction in growth rate are the reduced divergence ol current density
and enhanced conductivity.

(6) The growth rateis found to be larger than the damping rate by an order of magnitude
or more throughoutthe altitude region.

(7) The growth rate larger than the damping rate for density ratio closer to one implies
that irregularities could be generated in NO* ion densily in the altitude region where
they are in significant amount. Moreover the growthrateis comparable to the loss rate of
short lived NO™ ions at altitudes where they are significant. Such situation may allow the
irregularities in NO* ion density to grow nonlinearly. [t calls for nonlinear investigation
which is carried out in next chapter.

(8) Since the growth rate is highly sensitive to the density ratio and scale height ratio
which are the varving parameter for T region of ionosphere, the day-to-day variability
in the oceurrence of NOT along with O+ ions can be attributed to these parameter. The
nonlinear investigation is necessary to understand such characteristics which could pos-
sibly match the observations [10, 60, 63].

(9] The role of Fe™ ions is discussed and they are found to inerease the growth rate as
compared (o lwo ions-clectron plasma under the circumstances which are quite possi-
ble in F region of ionosphere. The findings are consistent with the observations [26, 27.

2.6 Figure captions

e lig. 1{a): The variation in growth rate, -, with variations in density ratio, ny /%, and
ion-neutral collision frequency, v,

e lig. 1({b): The variation in growth rate, -, with variations in density ratio, »; /n| and
ion-neutral collision frequency, v, .

o Fig. 2: The growth rate ratio, —"'— vs. [he density ratio, aa /n;.

» Fig. 3: The growth rate to damping rate ratio vs, the density ratio, ny/n, .
o Fig. 4: The growth rate to NOT loss rate ratio vs. the density ratio, n /ny .
s [ig. 5(a): The altitude profile of O, NO™ and Fe™ ion number densitics.

+ Fig. 5(b): The variations in growth rates , -, 7 and vy, with altitude.
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Chapter 3

Effects of molecular ions on the GRT instability : Nonlinear
evolution

In previous chapter, the linear aspects of GRT instability are investigared by considering
“he hottomside of F region as two ions-electron plasma. The O7 and NOT ions are con-
sidered as the dominant ionic species. The investigation reveal thar the growth rate is
larger than the O7 loss rate throughout the altitudes while il is comparable to NOY loss
rale of over the altitudes where they are significant. Moreover, the growth rate is fonnd
‘o be larger than the damping rate, Hence the instability grows in both the lon densities.
However in order to know the evolution of the instability, the namlinecar investigation is
required.

The earlier nonlinear simulation model [81, 83] of GRT instahility deals with the dynam-
ics of O ions alone by considering it as the dominant ion in the I' region. [twas shown by
these investigalions that the GRT instability acts in such a way that regions ol low plasma
density below the F layer peak are transported to altitudes well above the F..;. and seen
as plasma depletions or bubbles which confirm the observations [60, 109, 99, 97, 47].
The ion composition within the depletions has been the subject of a number of investi-
aations. Typically, satellite-mass spectroscopic observations [60] has shown that the ion
compaosition can be vastly dilferent inside and outside the depletion, The atomicO" ions
are depleted by as much as a factor of 10 to a concentration below that of the molecular
WOt ions. The N0 ion was found to be in the topside and dominant in the OF depleted
egion. Since the O~ depletions on the topside are caused by nonlinear evolution of GRT
‘nstability, it becomes important to study ils evolution in presence of NOT ions also.

In present chapter, the nonlinear evolution of GRT instability for two lons-electron plasma
s investigaled. The numerical simulation model (71, 83] for one ion-electron plasma is
suitably modified for two jons-clectron plasma lor present investigation.

3.1 Numerical simulation model

3.1.1 Set of equations

The night time equatorial ionosphere is considered in a slab geometry which means that
the curvature of the Farth’s magnetic field is ignored. The positive unit vectors &, gand 2
D_f the Cartesian co-ordinate system are direcled along westward, upward and northward
respectively. The following plasma fluid equations, that govern the motions al the two
aositive ions (dominant ion is denoted by suifix | while the second ion is denoted by
suffix 2) and electrons (denoted by suffix e) whose masses are represented as my, g and

28
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i, respectively, ave considered:

'l:.;}'l'.;"l £ = . # - e - :
( B ) = (E) . (.i'f-'-l— i X B::I — M. (L-_. e i-l-) — 7 3.1)
O F SR (= o
L.ﬂ'i—.) — (E) . ':: S TR J':i) — M |l_‘|;9_ — W J + 7 {3.2)
-"'al_'a_. — i _ i . = .
(\—f) T (I)H‘ -—?.J-CB) — Ven I::b,? 1 :I |- g {3.3)
S . i
LTJ‘._ =1, — V.n ) (3.1)
i .
L as
iy = Ty iy [3.6)
£ =-Vd (3.7)
V.S =0 (3.8
where,
_;?— el 0 4 meltfe — nel ) (3.9)

The svmbols 7y, ny and », represent number densities of dominant atomic axygen ions,
molecular ions and clectrons respectively, while their velocities, in the same order, are
represented by @), @ and .. Tere "¢’ corresponds to the magnitude of the charge. The
potential, electric field and current density are denoted by ¢, E and .J respectively.

The continuity equation for electron is not considered because its number density can
be derived from charge neutrality condition. The expressions for loss terms [, and 7, are:

1= —Anp 0y = —alng +02lns

where Fis (he rate of charge exchange reaction and o is the volume rale of dissocialive
recombination. The charge exchange reaction produces NO™ ions with the rate p; = -/,
The momentum equations are used to obtained the steady state velocilies in Lerms of

forces:
b = Ed;'ﬁ | i,}% ”{TIF + %_E;f + “ETIIT ;‘; B, ?;H F i’;} W (3.10)
rngi':—iﬁqt %%ﬁ—?ﬁi};zﬁ %ﬂ%ﬂ%ﬁ- %IT (3.11)
. = E;—?B 3.12)

For electrons, the contribution from the other terms are negligible as €2, » > v.,. The last
two terms in both the ion velocities are very small compared to other terms and can be
neglected.

The current densily, from eq. (3.9), can then be written as:

frprng gy
3+

- mmy 119 Mg }
e

(F+ v Wix B+ v B (3.13)
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[n obtaining the above expression the charge neutrality condition is used.

The electrostatic field £ is given by eq. (3.7). With the perturbation (- ¥V¢] in the electric
field over ambient field E,, the current conservation equation can be written as:

(12w + moimz)

_HE

Skl Lo | Min ||!.-r'] W JI:j £

o (enpmmng 4+ mgimg)
i

.|/|:||_|'|:.i'__lr:{| — 1T{.}JI} =1

For initial perturbation only in the zonal direction, the equation becomes,

ﬁz-{z_l [n.7it8 )

. (3.14
dx )

V. 0m | e ) Vé] = Bl—g 4+ Wy bin 4+ (Fraf Blvi]-
where B, and W, are the westward field and upward wind respectively. Tt deseribes the
spatial variation of polarization potential. The temporal evolution of number densities
of both the jons are oblained by solving the continuity equations separately:

Goi. D B B o _ o
0y I BV B+ o1+ [ty f Bl A= By~ 220 = —33. 3.1

T g ln /BByt 501+ 5o/ B) == 55 = =B (3.15)

iy _ i |;"""2|:""-’lj}'|;'t"'— B dl’,}” + L_l.[:”"h"lB:l‘l: __E:',G |- 'ﬂf_J]] = F.my — . {my + '-"n'-’gJ-T-lg (3.16)

Mt du T Ay thy o
where It is the vertical electric field. For present investigation, only the effects of gravity
and zonal electric field £, are considered.

3.1.2 The simulation plane

The numerical calculations are performed in two-dimensional Cartesian plane where
the positive @ and j axes represent westward and upward direction respectively. The dit-
ferential equations are solved over the region of 400 km east to 100 km west in zonal
direction and over 182 to 532 km in vertical direction. The grid sizes are chosen to be
unilorm with the values of Az =5 lkan and Ay = 2 km. The vertical line corresponding to
%=0 km is referred as the zero reference longitude for the future discussion.

3.1.3 The boundary conditions and initial conditions

As the problem ol interestis to study the growth of the periodic perturbation in ion den-
sities in zomal direction, periodic boundary conditions are imposed on both «; (i=1,2)
and ¢ in the zonal direction. [n vertical direction, transmitive boundary conditions on
number densities

i,
- I]
iy
and Neumann houndary conditions on ¢
e
— =1
iy

are imposed.
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3.1.4 The numerical scheme

The numerical scheme adopted by sekar [90] for one ion-electron plasma is used for
present investigation. The polential equation is solved using a line by line successive
over relaxation method by maintaining the skew symmetry in the zonal direction.
The continuity equations arc solved by explicit finite difference method (Lax-friedrichs
and Lax-Wandrolf schemes) with flux corrected transport (FCT) technique [111].

3.1.5 The inputs for simulation

The basic inputs required to the simulation are

(1) the altitude profile of ;..

(2] the altitude profile of 3,

(3) the altitude profile of number densities of both the ions,

(41 the temporal variation of zonal electric field £,

(6) the value of o which is taken to be equal to 1.6 x 107" cmPsce
The altitude profiles of both the ions, v, # and temporal variation ol ambient drifl

(= rH vare shownin fig. 1.

The initial density profiles of OF and N¥O+ are similar to the profiles observed by Nar-
cist and Szuszezewicz [63) during PLUMEX experiment. At the base (342 lan), 07 and
Nt are 50%-50% with densily cquals to 3.9 x 10%om . At the £, (448 kan), O and
NOT concentrations are 5.9 x 10Pern % and 1.1 x 10%em ™ * respectively.

3.1.6 The form of initial perturbation

The density perturbation is chosen of the form:

207, ¥ = nopgaly) (1.~ e cos[2me/A])
where .
& | o (151
i = =
i TEpu

is the amplitude of initial perturbation defined as the fractional change in the number
density, The A is the wavelength of perturbation. The initial density perturbations in
hath the ions is shown in fig, 3{a). The isodensity contours shown in fig. 3(b,c), for O~
and NO?T ions respectively, is another way of representing these perturbations. For O
ions, starting rom the lower most contour with density value 10%, the density values of
successive contours are 1077, 104, 104% and 10° fem?®. For NOT ions, starting from lower
mosl conlour with density value 1.5 x 102, the density values of successive contours arc
10%, 1.5 x 10° and 102 fem®*. The similar choice is maintained throughout the inves-
tigation. The slight modulations, upwelling and downwelling, of contours in fig 3{b,c)
correspond to initial amplitude of perturbation, 5%, with respect to reference density
values at different altitudes. The characteristics of these modulations are remarkably dif-
ferent for those OF and NOt contours which fall on altitudes above the base. Wherever
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the upwelling are seen in O contours, the downwelling in NO™ contours over the zonal
distance is noticed.

3.1.7 Cases considered for investigation

[t was noticed in last chapter that the linear growth for two lons-electron plasma is highly
sensitive to the density ratio wy /1y and the scale height ratio L,/ L, above the base. More-
aver the simulation of GRT instability for one ion-electron plasma [112] reveal thar the
nonlinear growth depends on the initial wavelength perturbation used in the simulation.
On the basis of these findings, lollowing cases are considered in present chapter:

Case 1: the initial wavelength of perturbation is 200km and amplitude is 5% of back-
ground densities of O and NO™ ions. The initial density profile is as shown in fig. 1(a).

Case 2 wave parameters are same as in case 1 but the initial density profile is such that
the O scale height above the base is 5k instead of 15km as in case 1. The profile is
shown in fig. 2(a).

Cetse 3: the wavelength of perturbation is 600km with amplitude is 5% of background.
The initial density profile is same as in Case 1.

Cese 4. wave paramelers arc same as in case 1 but the initial density profile is such that
the Ot scale height above the base is 5km and below the base it is Tkm. The profile is
shown in [fig. 2(b).

Case 5 wave parameters are same as in case 1 but at the hase OF and NO'1 ions are
85-15%. The profile is shown in fig. 2(c].

With the numerical simulation model discussed above, the case 1 is studied as a first
step towards the understanding of GRT instability with two ions. We present the results
in following section and discuss the various features revealed from the investigation in
subsequent sectior.

3.2 Results corresponding to case 1

In order to know the evolution of perturbation in OF, isodensity contours are plotted in
fig. 4{a-I} for different phases of evolution. The different phases of evolution chosen for
investigation are 100, 300, 500, 700, 900 and 1000 seconds which are written in the top
of each plot. The growing upwelling and downwelling structures of contours are seen
throughout the phase of evolution.

However, during first 500s, the structures are found to grow slowly while they grow rapidly
later. The evolution thus can be divided into the two phases, initial phase of evolution (<
500s) and later phase of evolution (> 500s).

During initial phase, the structures are seen as slight modulation over inilial isodensity
contours. They grow slowly but not significantly to become prominent over the initial
density contours. During later phase of evolution, these structures however grow rapidly
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ard become prominent over initial density contours. In the upwelling structures corre-
sponding to density contours of values 1047 and 10* just reached up to the £, altitude,
460 kin, at 900s and at 1000s they moved to the topside.

The NO* isodensity contours are plotted in fig. 5 (a-) for similar lime sequence as for
0. Interestingly the initially downwelling (upwelling) structures in fig. 3(c] above the
base are now appeared as upwelling (downwelling) at 100s and continue to grow dur-
ing subsequent times. However, the structures grow rapidly and become prominent over
initial density contours only after 5005 similar to the case for OF ions. More surprisingly
these contours are confined to shorter altitude range at 100s than at 0s, They continue
to confine further during initial phase but not during later phase of evolution. The later
phase of evolution is similar to OF ions isodensity contours. At 900s, the upwelling struc-
ture corresponding to density value of 10° is reached up to F,.; altitude and at 1000s,
they moved to the topside.

In fig.6 (a), the altitude profile of O ion density inside the upwelling structure is shown
[or similar choice of time sequence as ecarlier. During initial phase of evolution, the pro-
file is shifted to higher altitudes and no appreciable change is seen in the shape of the
profile as compared to initial altitude profile shown in fig. 1(a).

However, at 700s during later phase, the OF density profile to beeomes steepened above
400km altitude compared to initial density profile. Below this altitude, the profile is less
steepened. In subsequent times, the profile becomes more and more steepened but the
altitude above which it occurred also shifted to higher altitude.

In fig. 6 (b}, the altitude profile of NO™ ion density inside the upwelling structure is de-
picted. Strikingly, its shape changes during initial phase too unlike O7 case. At 100s,
the NO* jon density profile above the altitude of 350 km becomes steepened compare to
initial density profile. At 300s, it is steepened than cver. At 500s, however the profile be-
comes less steepened again and continue for subsequent times. Moreover below 350km
altitude, the density gradient decreases monotonically with time.

In fig. 7{a,b), the zonal density variation of O ions at different phases of evolution are
shown. The altitude is kept unchanged at 400kan. Throughout the evolulion, the periodic
variations with respect to the reference density value are noticed. Moreover the densities
are [ound to be depleted in the region where upwelling structures are seen. [lowever the
reference density value and the degree of depletion i.e. the fractional amount by which
it is depleted from the reference value of density, varies with time. The reference density
value decreases throughout the phase of evolution. On the other hand the degree of de-
pletion increases with time. During initial phase of evalution, it increases slowly and its
value is also less. In later phase its value increases rapidly to large value. For example, at
500s, the degree of depletion is 40% which is rapidly increased to 80% at 700s. At 900s, its
value further increased to 95%.

In fig. 7 (c,d) the zonal density variations of NO* ions are depicted. The variation reveal
that the NO1 ion density are enhanced in the region where upwelling structures are seei.
The reference density value and the degree of enhancement both varies with time. Both
the values lower down up to 300s, just begin to increase at 500s and continue to increase
during later times. At 900s, the degree of enhancement becomes 95 .

The densily variations of 07 and ¥O7 ions along the assumed path over the simula-
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tion plane somewhat similar to the satellite observation [60] is plotted in fig 8. The time
chosen for this plot is 1000s. [t is clearly seen that the NOF fon densities are found fo be
enhanced in those ranges where O ion density depletions are seen.

3.3 Discussion

3.3.1 The upwelling structures as O' depletions or bubbles

All the OF density contours depicted in fig. 3(b) lie in the bottomside. The contours lie
un the topside are not shown because the perturbation dies an the topside at later times
as revealed by earlier investigations [81, 83]. The initial zonal density perturbation at
any altitude as shown in fig. 3{a) is represented as perturbed density contours over the
simulation plane in fig, 3(b). It is seen thar the slight upwelling of each contour in fig.
(b correspand to the initial depletions in density with respect to the density value of
that contour in fig. 3(a). The time evolution of these structures in fig. 4 reveals that the
upwelling structures (or depleted regions) of all the bottomside contours grow to higher
and higher altitude region. Since the O number density increases with altitude in the
bottomside, the initially depleted region of all the contours are regarded as the more de-
pleted column (plasma bubble] in later phases of evolution. However these bubbles grow
with time in (wo phases. During initial phase [ < 500s) they evolve slowly. This phase
carresponds to the linear phase of the GRT instability. However during the later phase of
evolution it evolves rapidly and corresponds to nonlinear phase of GRT instability. Thus
the instability becomes nonlinear within 700s similar to earlier investigation [81, 66, 83]
for single Ot ion alone.

The evolutionary features discussed above become more clear in view of fip. Gla) and
7(a,b). [n fig. B(a), the reducltion in OF number densily is scen on the bottomside during
first 500s. The profile however remains almost unchanged as compared to initial profile
in fig 1(a). The reason for reduction is the uplifting of Ot depletion due to GRT instabil-
itv. The almost unaltered profile suggests the linear phase of instability during this time.
Its only after 700s the profile changes significantly and becomes steepened above 425 kan
altitude. The density reduction below this altitude is due to the significant growth of GRT
instability which uplifted the O~ depletion to this height. Note that the upwelling strue-
ture just reached to 425 km altitude in fig. 4(d) at 700s. Thus the density variation in first
3005 is cansed mainly by linear phase of GRT instability, while after 500s, its nonlinear
phase of GRT instability mechanism which causes the variations. In other words the in-
stability becomes nonlinear only after 500s. The density reduction extends to higher and
higher altitude after 700s suggesting the extent of Ot depletion to higher and higher al-
titudes. The similar conelusion stemns from fig. 4. Moreover the extended bubble causes
steepening of profile above the altitude which it attains as seen alter 500s. The zonal den-
sity variation shown in fig. 7(a,b) confirm the conclusions drawn above. The depletions
are found at zonal distances where upwelling structure are scen in fig 4. Though the vari-
ation is taken al time 400km but the description is valid for all heights above the base.
The increase in degree of depletion indicates that indeed the initial perturbation grows
under the action of GRT instahility,
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It follows from the above discussion that the upelling structures are seen as O+ depleted
column or O bubble. Under the action of GRT instability mechanism, the initially per-
turbed OFF density evolves with time in fwo phases. In linear phase the depletion grow
slotwdy while in later phase it grows rapidly to large value. These findings are similar to the
nonlinear investigation of GRY instability for one ion-electron plasma (81, 64, 66, 83].

3.3.2 The upwelling structures as NO* enhancement

The initial downwelling of density contours lying above the base as depicted in fig. 3(c)
correspond to depletion in NO' density as shown in fig, 3(a). The difference in initial
morphology of OF (upwelling) and NOT is owing Lo their density gradients above the
base which are positive and negative respectively. Interestingly the downwelling struc-
ture changes its morphology and becomes upwelling immediately within 100s. Since
NOT number density decreases with altitude above the base, it implies thal the initially
depleted NO™ region become enhanced region at 100s. As (ime progress the upwelling
structures or enhanced regime move to higher altitudes and seen as more and more en-
hanced regime. The upwelling structures as the depleted O and enhanced NO1 is what
the observation reveals [60] and reason was thoughlt to be the GRT induced transport
process [3, G3|. IHowever, since the GRT instability induced transport becomes efficient
only after 500s ,it was remained as a puzzle that what keeps the NOT ions to survive ini-
tially near F region peak where its life-time is 100s. We try to explain it in the next section
on the basis of two distinguish features of NO' jons as compared to O7 ions. The first
feature is that the initially depleted NO™ region becomes enhanced immediate alter the
beginning of the simulation and second is the confinement of contours of NO™ lying
above the base till 300s. We keep open the possible causes for these distinguish features
also till next section.

These distinguish features become more evident in fig. 6(b) and 7{c,d) which provide
sorme maore insight towards the understanding. In fig. 6(b) the steepening of NO™T profile
is seen during first 300s above 350 lan altitude. This feature is reflected as the confine-
ment of contours in fig 5 and reduction in reference density value in fig, 7(c). As dis-
cussed in last section that the GRT instability is in lincar phase during this time and any
appreciable variation in profile is attributed to linear phase of instahility . In case of (T
ions it is the uplifting of O depletion which causes the variation. Howewver for NO™ the
this is not the cause for variation. If it is so then the density should increase at any alti-
tucle above 350km altitude due to the uplift of NOT ions by linear phase of GRT instability.
But what is noticed during first 300s is oppasite of it. Another process which may be im-
portant for NO™ is the chemical process. This possibility will be explored in next section.
After 300s, the profile begin to become less and less steepened with the reduction of NO*

number density near the 350 km altitude region. It means that the NO™ ions [rom lower
altitude region are transported Lo higher altitude region significantly after 300s. Thus the
transport process induced by linear GIUT instability becomes dominant atter 300s over
the process which was more dominant during first 300s. After 500s, steepening reduces-
rapidly indicating the phase transition of GRT instability. The upwelling structures of
IO+t density contours seen in fig. 4 after 300s is thus due Lo the transportation of NO'

from lower altitude to higher altitude. Under these circumstances the upwelling of NO'/

densily contours seen during first 300s becomes interesting when the transport process
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does not dominate. This aspect is discussed in next section.

The zonal density variation shown in fig 7(c,d) reveal that the enhancements are found at
zonal distances throughout the phase of evolution where upwelling structures are seen
in fig. 5. We expect this feature as explained in the beginning of the section. It is inter-
esting to note that the enhancement are seen during first 300s when the neither ambient
mation nor linear phase of GRT dominaltes. The feature is similar as to cbserve the up-
welling structure for NO* ions during first 300s and will be discussed in next section.
The decrease in reference density value at 400 km during 300s reflects as confinement
of contours in fig. 5 or steepening of profile in fig. 6(b). The degree of enhancement
also reduces for first 300s and then begins to increase. After 500s it increases rapidly
corresponds to nonlinear phase of GRT. In between 300 and 500s, the increase in refer-
ence density value and degree of enhancement again indicate that the transport process,
dominate over the process which was dominated during first 300s.

3.3.3 Transport processvs. chemical process

Some of the unexplained evolutionary aspects discussed in last two sections are:
(1} The upwelling structures of NO* contours in fig.5 or the enhancement in fig. 7{c)
during initial 300s when the transport process is not dominant.
(2) The confinement of its contour in fig. 5 or steepening of its profile in fig. 6(b) or re-
duction in reference density value in fig. 7(c) during first 300s.
We feel that the different evolutionary aspects discussed above can be attributed to the
varying importance of different processes, chemical and transport, with time and alti-
tude. They decide the evolution of Ot and NO* ion number densities according to con-
tinuity equations
% = —IT’?.,,,.I.Tw.l — fAny
1

&
The rate of chemical process for O

= —Vpot -V + A0y — ez

Wy ~ 3

The rate of chemical process for NO*
Wepg ™ (iile

The rate of transport process for O+

T";mr
Ly L_I
The rate of transport process for NO™
T"‘;}nf
Lu'!'r'\'ﬂ ot LE

These rates vary with time and altitude. The values of scale heights, L; and L,, can be
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inferred from fig. 6. In order to have knowledge of instantaneous velocity and its altitude
profile, fig. 9 is plotted by using the equation:
. Ex B

s

T»F:.,r — T

where £ = —V¢ and ¢ is the solution of eq. (3.14).
At the time of initial perturbation, the above mentioned rates have values:

gl 350 ke altitoede:

o~ 107 em® s, B~ 5 % 107 %1 mp ~ 10%, Vier ~ 5mys, L) = 15&kne, Ly = 30km

thus,

Weg ~ 107% i, e 3 x 1004 e 1074 gy ~ 1071 57

1R

For O ions, the transport rate is much larger than the chemical rate. Since velocity in-
creases with time as well increases ahove 350 km altitude,

For OV the transpoit rate is much larger than chemical rate for all time and at all altitudes
as expected on the basis of earlier investipation [81, 66, 83] for single ion case. The conti-
nuity equation for O+ then can be approximated as:

iriq 1

ot L
Since L, is positive, the density is depleted more and more with time within the upwelling
structure whercin velocily is upward. Moreover, since only one process is involved in the
evolution of OF density perturbation, ils feature doesn't change throughout the evolu-
Lion.
For NOT ions, the scenario is quite different. Both the rates are of comparable magnitude
at 350 km altitude during initial time. Atthe £, (448 km], chemical rate dominates over
transport rate.

o —Tf’}m{

e ™~ 1072, W ™ 1% =1
Here we would like to recall the results oblained by linear analysis in section (2.3.4) that
the linear growth rate is comparable to loss rate where NO* jons are significant i.e; near
the base and it is less than loss rate where NO™ ions are insignificant i.¢; ncar the F,...
Thus the results obtained by linear analysis are consistent with the simulalion results. s
the chemical process which decide the evolution of number density during initial time for
NOT ions throughout the altitude except near the base.

Since chemical process is the dissociative recombination process through which NO*
ions are lost, more and maore NO™ ions are lost as altitude increases above the base. It
causes the confinement of contours, steepening of its profile or reduction in reference
density at 100s. The steepening of profile and increase in the velocity at 100s makes
transport rate to be larger by faclor 4 than its value at 0s near the base.

Vol ~ 8imifs, Ly ~ 20km = wyy,, ~ 4 5 10771

Thus the transport rate becomes dominant over loss rate near the base immediately aller
the initiation of GRT instability. Above the base situation becomes more interesting. 'The
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depletion in OF or in electron density continuously increases as GR1 instability evolves .
[t reduces the NOT loss rate within the depletion as compared to background. However
the effect is pronounced only above 380 km and after 300s where considerable depletion
occur. Thus at 100s and 300s the loss rate still remain larger than the transport rate at
higher altitudes in spite the increase in transport rate. It again steepens the profile during
300-500s . Moreover V. also increases with time. Both steepening and increase in V.
cause the increase in transport rate during 300-500s. Meanwhile the degree of depletion
at 500s increase to 50 % near 400 km causing 50% reduction in loss rate.

Vior ~ 5011 /5, Lo ~ 10km =5 wyy, ~ 5 x 1073571

]—3 -1
o

e ~ B x 1

¢
Hence both the rates become comparable even at 400km altitude at 500s. Since Ot den-
sity al o qp is not much differ from its value at 400 km we can say that the both the
rales become comparable throughout the altitudes above the base. It ceases the further
sleepening in the NO™ profile as evident in fig 6(b) after 300s, After 500s its the transport
process which mainly decides the evolution of NOT density.

The continuity equation of NOT ion density in two time regime can be approximated

&l
hee
Tt] ~ — e, < D00s
an iy
— et =1 —. 1 = alls
at Pl

The features listed in the beginning of the section are now explained as follows:

(1JAL the zonal distances where O depletions are found the NO™ life time is larger than
outside the depletions. It causes the upwelling of NO™ density contour in fig. 5 or the en-
hancement in its density in fig. 7(c) during first 300s when chemical process dominates.
(2) Since N ion life time is smaller at higher altitude than at near the base, the hottom-
side profile becomes steepened which is also seen as confinermnent of density contours
and reduction in reference density.

Once the transport process dominates, more and more NOT ions move to higher alti-
tudes causing enhancement in its density even after 300 s.

An analysis of AF-C satellite data by Szuszczewicz [96] suggested that the chemical pro-
cess alone can not explain the observation and transport processes are required to trans-
fer the significant amount of both the ions to higher altitudes. The present investigation
reveals that:

The evolution of NOV density is dominated by chemical process during first 300s. It catses
the reduction in scale height which increases the transport rate. The increase in velocity
due to the dominant OV positive scale height further enhances the transport rate. On the
other hand, OV density is depleted more and more within the upwelling structure caus-
ing the increase in NOT ion life time or decrease in chemical rate. These effects make the
transpart process to rapidly overcome the chemtical loss process for NOU jons within the
depleled O region. Even when the chemical process dominates, the NOV (s enhanced in
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the upwelling structures since s life-time is larger within it as compared to owtside. The
farger life-tirme makes them to available for iransport ,UJ wress within the upielling strue-
ture during later times.

Onee the transport process dominates the NO™ ions near the base is supplied to higher
altitude. Nole that the 10°NO+ions/em” from near the base at 300s are transported to
420 kun ar 1000s. This point is more clear from the density variation of O+ and NO™ ions
shown in fig. 8 The O depletion and NOT enhancement are collocated up to the top-
side. Moreover (i % 10°N 0% iousfem® are reached to topside through the peak al 1000s,
The density variations of hoth the ions are nearly similar to the satellite ohservation [60].
S0 far we are able to explain the transport of sighificant NOT ions on the topside and its
enhanced morphology along with OF depletion on the basis of chemical loss and GRT
incuced transport process, However we are yvet far to explain one of the rare observation
[60] which reveal the NOT ions more than O~ ions inside the depletion on the topside.
It indicates that the NO7T ions below the base are transported to the topside. Below the
base, electron density scale height beeomes very large and one expect the GRT instabil-
ity to not to work there as was carlier thought [3]. In order to resolve such discrepancy,
the zonal O" and NO'" density variation at 340 km altitude just below the base is plalted
in fig. 10{a,b). Most importantly what we sce 1s 70% enhancement in NOT at 1200s just
below the base. [t means that instability indeed worked there. We throw more light on
this aspect in subsection 3.3.5.

3.3.4 Modified polarization velocity in the presence of NO' jons

The increase in the polarization velocity with time is one of the reason for transport pro-
cess to dominate over chemical process within few hundred seconds. Obviously it is due
to the positive scale height of the O lons which becomes dominant ions above the base.
[ts of interest to find out the analytic expression of nonlinear polarization velocity on the
similar line as Ossakow and Chaturvedi |54] have done for GRT instability with OF jon
alone. Here we make use of their velocily expression for analogy, once we obtained the
linear expressions from the investigation presented in previous chapter. The polarization
electric field given by eq. (2.39) of chapter 1 can be used for deriving the linear velocity
of bubible by the equation:
aE
.h[;'ljl:hr == F

which hecomes _ .
(rre)diny 4 migdng) g7

Vit = : (3.17)
(wepiy o mang) Vi
where,
- H ]
g =n— pﬁn?
E.. is the westward clectric Aeld. and
dny ('i'i'.-z) (Ll) (3.18)
dny wng Ia o
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For given da,, the value for da, can be caleulated from above expression, Ossakow and
Chaturvedi [64] have derived the linear and nonlinear bubble velocity for one ion-clectron

plasma:
Vi = 22 &
Tig Mip
IIJ;J'-&.-
alss) q*
l""lmn = . . Fan [,.-'_ {3191'
0+ [1 — .'-.L-;I-.I-K)J i

where 'b" and "a’ are the horizontal and vertical dimensions of the bubble.
With the analogy between linear veloeity expression in present case and their case, the
nonlinear bubble velocity for two ions-electron plasma can be writlen as:

f dry v —dra . -
Vv _ R i (3.20
pol = btal|l— i Gre my - drigame -| Vg R
Lo —ngoms [
off21) ( i
, ] ] g°
Voot = 3.21)

A
b 1 de 1-|§- - Firy
ba|l- |2 S0
™ |+1:-_ "

We now compare the instantaneous altitude profile of velocity obtained from this ex-
pression with the fig. 9, which is obtained by numerical simulation. The ratio fl—;]} given
by (3.18) is function of the density and scale height ratios and both depends on altitude
and time. Thus the instantancous altitude variation of ratio j;—:- can be evaluated for
instantaneous altitude variation of both the ratios. For assumed value of ratio b:a, the
instantaneous altitude variation of ¥, can then be obtained.

In fig. 11{a,b}, the plot is shown for times 500 and 700 seconds respectively. In the plot,
the fractional depletion of O, ie., “"%I‘IL is chosen as free parameter similar 1o Ossakow
and Chaturvedi [64]. lts values are also shown on the plot, The altitude variation of scale
height ratio at these two times are calculated from fig. 6 (a-bh). The instantaneous altitude

varialion of both the densities are assumed of the form:

ni{z, ) = n;(zg, ) exp [ﬁ}

The form roughly fits the density variations plotted in fig. G(a-b). Since the upwelling
structure becomes more and more vertically elongated with time as evident from fig. 4
and 5, the b:a ratio is taken lesser at 700s than at 500s.

The comparison of fig. Y and fig 11 reveal thal:

(1) The instantaneous altitude variation of analytically calculated velocity is qualitalively
similar to the numerical profile.

(2} The analytical profile corresponding to 50 % degree of depletion at 500s quantitatively
similar to the numerical profile ar that time.

(3] Similarly the analytical profile corresponding to 80 % degree of depletion at 700s
shows the similarity with numerical profile at sirnilar time.
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It is to be noted that the numerically obtained degree of depletion at these two times are
in fact 50 % and 80 % as evident from fig. 7(a,b).

It irmplies from the above findings that the analytical expression for polarization velocity
given by (3.21) can be approximeated as the nonlinear bubble velocity for suitably chosen
value af axis ratio and degree of depletion.

3.3.5 The importance of O" scale height below the base

In the altitude region just below the base, where n; ~ ny both dn,y and dn; are posi-
tive since Ly and L, are positive. However the én; is very small compared to di; since
Ly == L. Thus in this region, the polarization velocity can be approximated by:

{ T
£ i1 4 Ti eI
FELEE S I \ gy g

F s

E"_r.h-:‘.l:' = &l || - in - I.
ik _ dm By —

1 041l = i1 i J

(3.22]

which depends on degree of O depletion. Since the degree of depletion mainly de-
pend on scale height [65], the OF scale height just below the base becomes important for
transportation of plasma to the higher altitude. In addition it was shown by Anderson
and Rusch [3] that the transport process is dominant for NO* ions in this region. Thus
considerable amount of NOT are always available [or iransport process induced by GRT
mechanism. The density fluctuations shown in fig. 10, on the other hand, indicate the
considerable prowth of instability below the base. Such growth is due to the non-local
nature of instability which increases with wavelength of perturbation [112, 53] and could
make instability to grow in the region where even negative gradients exist [86]. However
we see that such growth becomes considerable only after 1000 seconds. By this lime very
large Ot scale height develops on the bottomside owing to the motion of OF depletion
as seen in fig. 6{a). It prevents the motion of plasma from lower altitudes, We ran the
simulation for 1800 scconds and indeed found the reduction in the transport of plasma
to the topside after 1200 seconds. In order to supply significant NO ' ions, thus such fluc-
tuations must develop before the drastic change in OF scale height. In this conrext the
O* scale height below the base becomes important. The small scale height below the
base can make growth faster below the base as implied from above velocity expression.
We explore this passibility below under case 4.

3.3.6 Investigations with other cases

50 far the nonlinear evolution of GRT instability for two ions-electron plasma is investi-
gated under the case 1. The investigation reveals that the GRT induced transport process
causes the advection of both the ions to the topside from bottomside, On the topside, the
NOT density enhancements are collocated with OF densitv depletion consistent with the
observalion [60]. llowever in one of their ion-composition measurement inside the bub-
ble, the OF ion density as low as 107 /evw® and NO™ ion density as much as 107 /e were
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found on the topside. In fig. 13 {a), the zonal density variations of both the ions at 460
km altitude are plotted. The OF ions as low as 107 Jem® and NO™ lons as much as 6
% 10% fem? are scen on the topside. These tindings are far too close to the ohservation.
Such rare ohservation indicate that the both the ions must be transported from below the
base. The Muctuation shown in fig, 10 (a,b) shows the fringe field effect [112] and if one
increase Lhe wavelength of perturbation, efficient transport of theses ions from much
lower allitudes can be achieved. Moreover, we discussed the direct impact of OF scale
height below the base on the 'V, in last section which deserve further investigation here.
Thus in order to have close agreement, quantitatively, with the observaiion, one need Lo
talke proper background conditions such as density profiles and perturbation parameters
mainly the wavelength. We now investigate the GR1 instahilily by varying these parame-
ters as listed in section 3.1.7. The isodensity contours shown in fig. 12 (a,e) for case 2 has
feature of enhanced upwelling of isodensity contours of both the ions compared to case
1. The simulation time is chosen to be 900s which is the thme of maximum upwelling for
case 2. In fig. 13(b), the density variations along zonal direction at 460 km altitude arc
depicted for both the ions. The comparison with fig. 13 (a] reveal that the degree of de-
pletion (enhancement) in 0T (NOT) densities are increased for case 2 compared (o case
1. The NG ions as much as 10% /e~ are found in the topside which was not scen for
case 1. This feature, particularly, is consistent with rthe satellite ohservation [60]. 1L is Lo
he noted that the NOT scale height for hoth the cases is kept unchanged while the O

scale height is made 3 kim for case 2. Moreover base of the F region is shifted to higher
altitude to mainlain the same T, altitude as for case [ We feel that similar to the study
[65] for single ion case, for double ion case both reduction in scale gradient and higher
altitude shift of base could cause the degree of depletion and enhancement Lo be mare
for case 2 as compared to case 1.

The isodensity contours of NO1 and O corresponding to case 3 are shown in fig. 12(hb,1)
while the density variations along zonal direction are shown in fig. 13(c). The enhanced
upwelling compared to case | and 2 are seen. Note that the initial OF and NO™ density
profiles are same as in case | but wavelength of perturbation is 600 km instead of 200 km.
The numerical investigation by Zalesak and Ossakow [112] for single O~ ion reveal that
the longer wavelength causes the large depletion due to supply of (07 ions from much
lower altitude compared to shorter wavelength, We see that 6 x L' O jons/cm are seen
up to 460km causing large depletion in OF {fig. 13(c)). The OF ions with density of order
of 10 was never scen at the peak altitude region for case 1 and case 2.

It was discussed in section 3.3.5 that the O7 scale height below the base play an impor-
tant role owing to the large scale height of NO' jons. This possibility is explored in case
1 where OF scale height below and above the base are chosen as +7 and +5 ki respec-
tively. The isudensity contours and density variations are shown in fig. 12(c,g) and 13(d)
respectively. Interestingly, the finding of case 4 is very similar to case 3. More O™ ions
from just below the base are transported to much higher altitude compared to case 2.
The & » 10°0 T fonsfewe are seen beyond 460 kan which was never seen for case with
shorler wavelength, The comparison of case 2 and case 4 implics that

the shorter wave perturbation with small scale height below and above the base can give
restelis similar to long wave perturbation with large scale heights. The situaiion may arise
where suitable combination of these parameters coudd give rise the vesults similar (o that of
the rare observation [60). The variahililies in the occurrence of NOV ions inside the deple-
tions (60, 63] can now be attribuled (o the varying background conditions such as density
profiles and seeding perfurbation mainly the wavelength.
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It was shown by Anderson and Rusch [3] that the prereversal enhancement of the electric
field is responsible for supplying the sutficient NO™ jons up to the base. In all our inves-
tizalion sa far we have taken 50-5(0% O and NO™ ions at the basc duc to the prereversal
enhancement. Under case 5 we have studied the situation where relative concentration
ol 07 and NOY ions is 85-15% at the base. The isodensity contours and zonal density
variations at 1000s are plotted in fig. 12{d,h) and 13(e) respectively. The modulations of
NOT ion density contours are reduced as compared to case [ while maodulations of O™
ion density contours are unaltered. The zonal density varialions also shows the reduc-
tlion in degree of NOT enhancement as compared to case 1. The reason in the reduction
in degree of NO* enhancement is due to the availability of these ions on the hottomside
which is highly reduced for case 5 as seen from initial density profile. Thus availabifity
of NOT fons near the base is also crucial for supplying significant NOT ions to the top-
siele. The availability of NO™ ions highly depend on the ambient vertical drift [3]. Since
its nature varies from day-to-day, the finding of NOT ions on the topside also varies as
reperted [G0, G31.

3.4 Summary and conclusion

The investigation of GRT instability in the presence of molecular ions is dealt with dif-
ferent background conditions like different seeding perturbations and varving density
profiles. The results of the investigations are as follows:

L. Both O7 and NO~ ions from lower heights where NO™ life time is short, are trans-
ported to higher altitude owing to the steep density gradient present in (7 jons.

2. The depletion in OF and enhancement in NOt ions are collocated throughour the
altitude above the basc. The indings has close similarity with the satellite observation
[G0]. The enhancement in NO™ 1s altributed to chemical effects during initial phase of
evolution while attributed to transport process during later phase of evolution.

3. Theefficiency of transportation depends on density gradients of both the ions, seeding
perturbation of wavelength and the nature of background electric field. Their day-to-day
variabilities can be attributed to the day-to-day variabilities in occurrence of NOT on the
topside as observed [60, 63].

3. The longer wavelength can efficiently supply the plasma compared to shorter wave-
length rom below the base where scale height of dominant NOTions are large.

4. The shorter wavelength of perturbation also can supply enough plasma from below
the base in the presence of steep O density gradient below the base.

5. The prereversal enhancement in clectric ficld play a crocial role for supplying the sut-
ficient NOtions up to the base which arc then transported to higher altitude by GRT
instability.

3.5 Figurecaptions

e Fig. 1. The density profiles of hoth the ions in (a), altitude profile of wy, in (b),
altitude profile of 7 in {c} and temporal variation of ambient vertical plasma drift in
(d}.

e Fig. 2: The density profile of hoth the ions for case 2 in (a), case 4 in (b) and case 5
in ).
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o Fig. 3: Theinitial density perturbations at any altitude for both the ions in 3(a) and
aver the simulation plane in the form of contoursin 3(h,c}.
e Fig. 4: 'The tme evolution of 07 isodensity contours.
o Tig. 5: The time evolution of NOT isodensity contours,

o Fig. 6: The teinporal evolution of density varlations of O+ in 6(a) and NO* in 6(h)
within the upwelling structures.

e Fig. 7: The temporal evolution of zonal density varfations at 400 km altitude for O+
ions in 7{a,h) and for NO' ions in 7(c,d).

o [ig8: The density variations of both the ions at 1000s along the assumed patl.
» Fig. 9: The temporal evolution of velocity profile within the upwelling structures.

o Fig. 10: The temporal evolution of zonal density variations of OF jons in 10(a) and
NOT fons in 10(b) al 340 km altitude,

e Fig. 11: The analytical profile of polarization velocity for different degree of deple-
tions at 500s in 11(a) and 700s tn 11{b).

e Fig. 12: The isodensity contours of NO and OF ions for case 2 in 12(a,e), for case 5
in 12{b,f}, for case 4 in 12(c,g) and for case 5in 12(d,h).

o Fig. 13t The zonal density varialion of both the inns at 460 lan aliitude for case 1
in 13{a), for case 2 in 18(b), for case 3 in 13(c), for case 4 in 13{d) and for case 5 in
13{e).
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Chapter 4

The radar observations of 2.8m scale size irregularities
associated with ESF

4.1 Introduction

The ESF phenomenon covers a wide spectrumn of scale sizes ranging rom few hundreds
of kilometers to few centimeters and exhibits a wide range of dynamical behavior as ob-
served through radars [109, 100, 68], optical imagers [105, 93] and in-situ probes [27, 51].
An interesting feature of [SF irregularities which has been recorded using these tech-
niques is the formation of large scale plasma depletions which are commonly referred
as plasma bubbles. These bubbles manifest themselves on VHE and UHF radars as ver-
tically rising plume structures, Simultaneous in-situ and radar measurements revealed
that the "plumes” as seen by the radars are collocated with the wall of plasma bubbles
(depletions)] |75, 98, 103] . These plasma bubhbles are, numerically simulated |81, 66, 71]
by nonlinear evolution of GRT instability.

Dynamically both the ST irregularities and plasma bubbles exhibit large variabilities.
The radar observations, in particular, reveal that the occurrence and morphology of EST
is highly variable on day-to-day basis [109, 100]. The Doppler velocities of ESE struc-
tures observed by radar are also variable in nature. The velocities inside the bubbles
were found to be upward ranging from few tens ol ms -1 [60, 100] to an nccasional kilo-
meter per second [1]. On occasions, plumes are observed with downward motion larger
than the ambient [69],

In order to understand the nature of ESE we have conducted the observational cam-
paigns during equinoctial period (March-April, 1998-99) using the VHF radar situated at
Gadanki (13.5°N, 79.2°F, dip 12.5°}. The results obtained by the observations are dis-
cussed in this chapter. In first section we discuss the principle of the radar and briefly
describe the radar system used for observation. It further enlists the nights on which
observations were conducted. The general features of ESF observalions are described in
the next section. [n section 3, we have selected some of the interesting events for detailed
discussion. In particular, it deals with the morphoelogy and velocity features and provides
further insighl to the ESF phenomenon.

4,2 Principle of radar and System Description

4.2.1 Principle of radar

The useful tool for exploring the ionosphere is the scatter radar which works on the prin-
ciple of the backscattering from the refractive index fluctuations present in the iono-
sphere. It receives the scattered wave 1, according to the law of conservation when trans-

.rj. 5
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Table 1: Radar parameters used for the spread £ experiments

Specifications

T.ocation

Magnetic dip

Freguency

Peal: DPower-Aperture product
Beam width (3dB)

‘Beam direction

[nter-pulse period

Pulse width

No. of colerent illtt‘gl'i:LLiUMb
No. of FT'T pomts

No. of mcoherent integrations
Range coverage

Range resolution

Velocity range

Velocity resolution

VHF (Gadanki)

13.5° NV, 7928

—
=2
[y}

SN

33 MH=

3 x 1019 Wt

30

14.8% to due north
4 ms

32 s

84 - 533 km
4.8 lam

1354 ims!

1

2.76 s~

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

The racdar observations of 2.8m scale size irregudarities associaled with KSE 46

mitted wave, &, s scattered from the Nuctuations &, present in medium:

—_

~L

fop =l -1 s (4.1]
The radar mainly detecls the backscattered echos owing to their large amplitudes, Le,
by, = k. Above condition then implies that the fluctuation components whose planes

of constant phascare L Lok and wavelength is just halt of the transmitted wave would be
received Dy the radar, Radarwould thus provide the information of one particular spatial
Fourier component of the fluctuation.

The radar power spectra is rich in information of the signal strength, mean Doppler shilt
and Doppler spectral width, 17 the fluctuations are thermal in nature (incolierent scatter
radar), the spectra provide the total electron content in the hrradiated volume, bulk mo-
tion of the lonosphere [18] and the temperature [9]. However if the fluctuations are as-
socialed with some plasma instabilities (coherenrt scatter radar) , the quantities inferred
are the strength of iiregularities inside the irradizted volume, the line of sight velocities
ol inregularities and the dispersion in the velocities [107]. The irradiated volume is deter-
mincd by the antenna beam-width, the transmitied pulse width and the vertical extent
of echoing region under consideration.

The ESF irregularities are found to be field aligned [99] i.e they are ol high aspect sensi-
tive in nature. Since k., || &, Tor back seattering, the radar line of sight has to be pretsy
close to the direction transverse to & for backscattering by the ESF hrregularities.

4,2.2 sysitem Description

The Indian Mesosphere-Stratosphere-Tropospheze (MS5T) radar sitnated at Gadanki was
nperated at 53 MHz frequency to detects the 2.8 meter scale size irvegularities. For the
observations presented hore, the radar beam was orented al 14.8° magnetic north corre-
sponding to the direction transverse to the magnetic field at about 330 km. For the radar
half power beam width of 3 the condition for the perpedicularity Lo the magretic field
is satisficd over the height range of 150-550 lan. Some of the important specifications of
this radar are presented in Table 1.

Before describing the system, we would like to emphasize some aspects regarding radar
specifications. The radar measures the backscaltered power, the Doppler spectra and
wiclth of the spread F echoes. Spectral observations can be dillicull since the radar target
is olten overapreaded both in altitudes and frequencies. The frequency ere is the maxi-
mn Doppler shift plus the expected spectral width. The maxinium velocity of 3m irreg-
ularities are found to be 1-2 kim/s [1] so that the correlation time for this irregulariries are
2-3 ms or the maximum Doppler shift is 500 iz Moreover both upward and downward
maotions can oceur simultaneously which extended this range to 1000 Hz. The Nyquist
frequency for these fluctuations is then 500 Hz. In order to satisty the Nyquist sampling
theorem, the sampling rate (reciprocal of IPP) must be of the same order as the Nyquist
frequency. In other words the IPP must be within 2-3 ms range to avoid the frequency
ambiguity, A the same lime since the irregularities are spreaded as high ag 1200 kin one
need to have IPP as large as 8ms [42] to cover it and to avoid the range ambiguity. In
present observatior. we have chosen the [PP as 4 ms which unambigueusly measure +
123 Hz Doppler shift and covers the altitude up to 600 km. The choice of IPP more than
4 ms gives larger Doppler and altitude range but for the low altitude station like Gadanki,
mainlaining the radar beam direction L to B becomes difficult beyond 600 km, The pa-
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rameter which directly alters IPP or sampling rate is the coherent integration. It acts as
a signal filtering by reducing the sampling rate for fluctuations having longer correlation
time than the [PP [107]. In present observation we don't encounter such requirements
and so no. of coherent integration is kept one.

The MST radar is a high power coherent pulsed radar operating at 53 MHz whose peak
power aperture product can go up to 3 x 10'"Wm*. The system comprises of (1) a phased
antenna array consisting of two orthogonal sets of 1024 three element Yagi antennae ar-
ranged in a 32 x 32 matrix over an area of 130 x 130m?, (2) 32 high power transmitters
with peak power ranging from 20 to 120 KW, adding to a total of 2.5 MW (3) 32 units
of transmit-receiver duplexers realized by means of hybrid couplers and pin diodes and
(4) a phase coherent receiver with quadrature channels having a band width of 1.7 MHz
with a gain of 120 dB. A detailed description of the various subsystems [73] and the ob-
servation of equatorial spread F using this radar for the first time [68, 69] were reported
earlier.

4.2.3 Data processing

The data are collected in the form of complex time series and subjected to the the pro-
cess of FFT for on-line computation of the Doppler power spectrum for each range bin
(no. of range bins = range coverage/range resolution) of the selected range coverage. A
minimum number (here 8) of spectral averaging, incoherent integration, are performed
online and stored in magnetic tape for off-line processing. The incoherent integration re-
duces the unwanted fluctuations significantly and improve the signal detectability. The
data are further edited to remove the interference, if any, which might run through the
entire range window and is subtracted out by estimating it in a range bin where it dom-
inates over the real signal. The spectral parameters viz., total signal power, weighted
mean Doppler velocity and velocity variance are obtained from the three lower order
moments of the spectrum. The spectrum contains noise as background and it needs to
be removed as a first step to compute the moments. The average noise value for each
range bin is estimated following the objective method of Hildebrand and Sekhon [31].
The median noise level is calculated and subtracted from all the range bins of the spec-
tral frame. The next step is to detect the signal and to determine the spectral window.
For this, the Doppler bin having the peak power is identified and a seven-point template
is run across on either side to find the window limits where the running average falls to
3 dB above the noise level. Once the signal window is fixed, the spectral moments are
computed through numerical integration using the expressions give by [107]. The three
lower order moments are expressed as follows:

M=) B

I=1r

- () o

1=m

s . .
My = [F} 2_‘ P.(fi — M)*

Y =

where m and n are the lower and upper limit of the Doppler bin of the spectral window.
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The radar observations of 2.68m scale size frregularities associated with ESF 43

P; and f; are the powers and frequencies corresponding to the Doppler bins within the
spectral window. The zeroth moment, M., is just the intensity of fluctualion al any range
bin. The signal-lo-noise ratio (5NR) in dB is calculated as:

7

M,
SNR = 10log [ 0 L]

where N and L are the total number of Doppler bins and mean noise level respectively.
The Doppler velocity of the fluctuation can be calculated from the first moment, M, ,;

Vi = An ® M

where A,, is the wavelength of fluctuation and for backscattered echo, and equals to half
of the probing wavelength. Doppler width which is taken to be the full width of the
Doppler spectrum in our presentation is calculated as :

Doppler widih = 2({04,)1*

We conducted the observations for 50 nights during equinoctial period (march-april, 98-
949) with specification parameters discussed in section (4.2.2). Out of 50 nights ohserva-
tions, we could get the ESF events on 30 nights. In table 2, the salient features of 30 nights
obscrvalions are enlisted.

The irregularity strength and associated Doppler velocilies observed from radar are usu-
ally plotted as Range-Time-Intensity (RTT) and Range-1lime-Velocity (RTV) maps [109,
100, 42, 68] respectively. We adopt the same method of illustration wherein the x and ¥
axis correspond to time and altitude axes. The intensity are plotied in grey scale while
the velocities are plotled by line vectors (positive upward). Since the radar acts as a slit
camera [109], the times axis in the plots in fact contain information of the temporal as
well as spatial evolution of ESF structures which are moving zonally through the radar
line of sight. The spatial features can be inferred by simply multiplying the time to the
zonal velocity [45].

4.3 General features

The varieties of ESE features are seen during the observations. Some of the leatures ob-
served earlier [L09, 100] are consistently encountered while few rarely observed features
are also seen. In next few sections we discuss these aspects on the light of relevant BSE
cvenls,

4.3.1 Morphology of ESF

[n fig. 1, the RTT maps on six nights are presented. The morphology of ESF is very
similar to the morphology observed over Kwajalein [42]. The bottomside backscattered
(BB structure and plume structures having clear association with BB are commonly ob-
served. However, on nights 18 march 98, 19 april 98,23 march 99, 13 april 99, the altitude
modulations of bottomside backscattering (AMBB) are quite prominent compared to the
nights 25 march and 30 march 98. If one assumes the ambient zonal drift equals to 100
m/s, then the wavelengths of these modulations will be in 400-600 km range. In fig. 2,
the W'l variation over time i.e, altitude modulation of boltomside F (AMBF) layer, are
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The radar observeations of 2.8m scale size irregularities associated with ESEF 458

shown for 18 march, 25 march 98 and 19 april 98. Interestingly the AMBB on all these
nights closely follow the corresponding AMBT Hence the AMBE cowld be used as a trdcer
for bottornside F layer helight variation during sprecd I WMoreover the AMBT doesn't follow
the usual pattern caused solely by ambient zonal electric field on nights when prominent
AMBEB are seen. The large scale zonal seeding of gravity waves along with the temporal
modulation of bottomside F (BF) layer caused by ambient zonal electric feld could be
responsible for AMBFE [48] and so for AMBB on these nights. The plume separations are
found in 100-200 km wavelength range and certainly the AWMEB, which has much larger
wavelenglh, alone can't explain the presence of plume structures. The short wave seed-
ing is required to explain the existence of plumes. Thus for prominent AMBBR cvents,
the morphology of the ESF is multi wavelength morphology such that the large scale
modulation develops into the bottomside whereas the short scale modulation develops
as plumes having clear associalion with bottomside modulation as verified by numerical
simulation |34, 91]. The similar morphology was also obhserved by Kelley et al [48]. Inter-
estingly the plumes are also observed during descending phase of AMBE structure on 18
rmarch 98, 23 march 99 and 13 april 99,

The scales of hottomside modulation and plume separation leads to the hypothesis that
the gravity waves play a role in the seeding process. The wide spectrum and the power
law distribution with negative power index associated with the gravity waves make it as
a suitable candidates [or seeding of ESF phenomenon. The wavelength which we found
is consistent with the spacing predicted [or plasma up-welling seaded by medium scale
gravity waves [48]. Moreover we feel that the variabilities in the morphology of ESE on
these nighls can be linked to the variabilities in the seeding perturbations.

4.3.2 Day-to-day variabilities

In fig. 3, the RTT maps corresponding to six conscoulive nights are shown, Consider-
able amount of day-to-day variabilities on the occurrence as well as on the morphology
of ESF is ahserved. The variabilities in morphology is already discussed in last section.
The variahilities in the ocourrence of ESF are regular features over Jicamarca and Kava-
jalein [109, 100]. The night without spread F event is lollowed by spectacular TST evenl
on earlier night and vice versa. On some night (not shown here) bottomside ESE is ob-
served immediale alter the spectacular ESF event on earlier night also. The occurrence
characteristics of ESF depend on the background parameters such as nature of prerever-
sal enhancement [19, 88], neutral winds [72], seeding perturbations [85, 36], meridional
winds [61] and finite E region conductivities. Since the co-ordinated measurements of all
these parameters are not available during the campaign, definite conclusion could not
be derived. The shear in the zonal plasma along with specific temporal profile of vertical
drift are shown [36, 88] to gives rise the conlined botlomside ESE The nalure of seeding
gravity waves [48, 33, 34] greatly alters the occurrence of spread F [85, 36]. It was shown
by sekar er al [85] that for the generation of the bubbles, the amplitude of seeding per-
turbation must be greater than some threshold which depend on the effective vertical
velocity as defined by them. Huang and Kelley [36] have pointed out that the timing of
the seed gravity wave and its direction of propagation with respect to the ronal direction
are crucial factors for the ESF generation,
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4.3.3 Vertical erect and tilted plume structures

As clear from fig. 1 that the plumes are generally vertically erect till 22:00 IST while they
are found to be westward tilted later. Both eastward and westward tilts are commaon
features observed over Jicamarca [109] while the vertical erect plumes are frequently ob-
served over Kwajalein [42]. Moreover aver the Jicamarca the westward tilts of plumes are
accompanicd by the eastward till on the bottomside [109] which are absent in the tilted
plumes observed by us. The tills in the plumes are attributed to the shear in the zonal
plasma drift [109, 100, 113]. Heelis et al [30] showed a buildup in velocity shear some-
time between 1800:-2300 LT which is experimentally verified by incoherent scatter radar
[18, 37, 56] aver Jicamarca and by coherent scatter radar [104] over Kwajalein. These ob-
servations also reveal the existence of positive shear at lower altitude and negative shear
at higher altitudes. The positive (negative) shear at lower (higher) altitudes in eastward
flowing plasma was shown [113] to tilt the plumes eastward (westward) which finally re-
sembles the 'C’ shaped plume structure observed over Jicamarca. The reversal of zonal
plasma drift from westward (o eastward takes place du ring local sunset time, Moreover,
the Barium cloud experiment [70] shows the significant positive shear at lower T region
altitudes.

The observations presented in fig. 1 show the westward tilted plumes only after 22:00
LI which means that the shear in the zonal plasma drift becomes signiticant later after
22:00 LT over Indian longitudinal sector. This time is well within the time range given by
Heelis et al [30] for build up of a velocity shear. However it differs from observations over
Jicamarca which reveal the strong shear right at the local sunset time and continued till
premidnight [20]. The absence of 'C’ shaped structure of these lilted plumes, on the other
hand, indicates that the shear are not significant at lower F region altitudes in equinoctial
period during evening and premidnight sector over Indian longitudinal sector.

This particular feature of shear is remarkably different from the feature observed over
licamarca. Though the Barium cloud experiment over Indian longitudinal sector shows
the significant positive shear but the experiment is limited to altitude below 300 km at
local sunsct. In this way, the present observation is important for inferring the tem poral
and altitude information of shear throughout the F region heights.

4.3.4 The topside electron density

[n addition to vertically erect plumes, the ESF structurcs are found to have less zonal ex-
lent similar to the observalions over Kwajalcin [42). The shears in the zonal plasma drift
control the tilt of the ESFstructures, but not the zonal extent of the structures. However,
the zonal extent ol the plasma structures in the topside of the ionosphere was shown [84]
to depend on the background topside electron densities. In this contlext, simultancous
topside electron density distributions are needed to make such comparison over the In-
dian longitudes.

4.3.5 The absence of backscatter in the valley region

The extremely narrow scattering structures in the valley region are oflen sen over Jica-
marca [109], The absence of such struclures in present observation (fig. 1) over Gadanki
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is noted earlier also [68, 69] and it is similar to the obhservations over Kwajalein [42]. The
absence ol such layered structure over Kwajalein is atiributed to the inefficient mapping
of them to low latitude station due to the lower altitude of the valley region [12]. The
present observation strengthen the above reasoning since Gadanki is more off-equatorial
than Kwajalein.

4.3.6 The Doppler velocities

In fig. 4, the RTV maps corresponding to ESF nights shown in fig. | are depicted. The
nights when the AMBD were prominent, show the remarkably different velocity features
compared to nights with less prominent AMBB. On this basis we have discussed the
Doppler velocity features separately for prominent and non-prominent AMBB cases in
following subsections.

Doppler velocities when AMBE are less prominent

The nights 25 march and 30 march 98 falls under this categorv. In general, the Doppler
velocity maps reveal two ditferent forms for bottom side structures and the plume struc-
fures. 'The bottom side structures usually exhibil oscillatory features with upward and
downward polarities alternatively with magnitudes not exceeding a few tens of ms™t. In
contrast to that, the Doppler velocities at the center of the plume structures are normally
directed upward with the magnitudes varving from 70 ms~?! to 330 s~ from a dav to
another. These plume structures are usually stronger in signal strength. Such structures
have considerahle variations within the structure (in the zonal direction) with the central
portion having larger upward dritt flanking with the lesser downward drift on the edge of
the structures similar to the results obtained by the numerical simulation [83].

Doppler velocities when prominent AMBB are present

The bottomside structure, in this case, also exhibit the oscillatory velocity feature as for
garlier case. However the magnitudes are remarkably different especially the downward
velocities which are observed during the descending phase of AMBB. The velocities are
found in 70 -150 m/s range much above the ambient downward motion. The plume
structurcs which are seen during the descending phase of AMBE, sometimes move down-
ward with very large velocities (as in 18 march 98, 13 april 99) or move upward also (as in
23 march 99). The strength of echoes from the downward moving plumes suggests their
large degree of depletions. Only few observations [48, 42, 69] revealed such morphology
and dynamics of depletions. First attempt to explain the generation of depletion during
descending phase of AMBB was made by Kelley et al [48]. Their study revealed that the
westward tilt (descending phase) created by some long gravity wave on the bottomside
provides the favorable condition for small wave mode to grow as plumes provided zonal
winds and ambicnt vertical electric field are significant. This idea has been verified by
Huang and Kelley [341] numerically. These studies emphasize the necessity of one longer
and one shorler gravity wave modes consistent with the morphology of the EST which
they observed. However their study was restricted to explain the morphology and not
the Doppler velocity features. Our observation shows sometime upward and sometime
very large downward velocity of plumes seen during descending phase of AMBB. These
unexplained features require more attention and are dealt in the next chapter.
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The radar observations of 2.8m scale size irregularities associated with ESF a2

In following subsection we would like to draw attention on some other interesting as-
pects of Doppler velocities observed on 18 march 98 and tried o explain them on the
basis of nonlinear analytical expression given by [64]. The downward moving highly de-
pleted regions during descending AMEB is also discussed in this context.

March 18, 1998

The motion of plasma depletion or enhancement under the nfluence of gravity, electric
field and neutral winds has been the subject of investigation [24, 67, 54, 2, 58], Ossakow
and chaturvedi [64] have derived the analytic expression for linear and nonlinear bubble
uprise velocities. The nonlinzar velacity is found to depend on degree of depletion and
ceometly of the bubble. For elliptical shape bubble, the vertical velocity in the rest frame
ot ambient plasmais:

= AT

- FE . EBE* . .

V"'===xb+ Wh| —DTL 4.2
B B [n’;-l-r.!.[l—:]—’:] G

where E is the electric field in the neutral wind frame i.e.;
E=FE,+Bixh
E. is the ambient electric field, E* is effective electric field [64]:

— — .E{‘I‘r X
=] —wxh

Fin

B is unit vector along magnetic field, B, and ‘@ and ‘b’ are vertical and horizontal dimen-
sions of bubble respectively. The effect of vertical wind is included in the above expres-
sion. Laakso ot al [58] has derived thelinear bubble velocity by including the wind effect.
It is seen from the expression that the relative strength and direction of zonal current
produced by these three agencies separalely decides the vertical velocity of the bubble,
The gravity induced bubble motion is always upward since it drives the eastward current.
The bubble motion due to zonal electric field and vertical wind field may be upward or
downward depending on their polarities. Moreover since the effect of these fields are
dominant in the lower altitudes of F region while the gravity induced effects are domi-
nant in the higher altitudes, the significant variation ol hubbles velocity over the altitude
can occur, The altitude region above which the gravity effects dominate is found near
400 kim [64]. However the effect of electric and wind field can be extended to as high as
500 km it one considers the flux tube integrated Pederson conductivity and density [2]. It
follows [rom the bubble velocily expression that hubhle may have upward velocity larger
than the ambient velocity [?-gf’ ), may have downward velocity larger than the ambient
downward velocity but in the lower altitude region, may be pinched offl i.c. higher por-
tion moves upward while lower portion moves downward. The upward velocity as high as
300 m{s is commonly observed during prereversal enhancement [109, 100, 69] and can
be explained by eq. (1.2). Sometime supersonic velocity of the upwelling bubble is also
observed [42, 1], The enhanced downdrafting of plasma depletion during electric field
post-reversal is observed by in-situ probes [58] and Indian M5 radar |68]. This aspect
in particular, is also explained rom (4.2) by considering the westward electric field and
upward wind which cause bubble to move downward under the action of CRT instability
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[58].

However one needs to be carcful in interpreting the radar observation due to the follow-
ULE Feaso0:

(1} The radar doesn't distinguish the depletion and enhancement region,

(2] The VHF radar detects meter size irregularities and thus the Doppler velocities ob-
served should conespond to the motion of this small scale sive irregularities rather than
the velocities associated with Lthe large scale plasma bubbles.

The coordinated measurements [75, 103, 51] during spread I reveal that the plume stric-
tures arc indeed the plasma depletion. Therefore so far as the u pwelling structures seen
by radar are concern they are safely considered as the plasma depletion.

Cosla and Kelley [14] suggested that the CRT instability nonlinearl ¥ evolves to the verti-
cally sleepened structures owing to the vertical advection. The steepened structures of
scale sive as small as 50m was ohserved. Near the ion gyro radius these steep density gra-
dients are found to be unstable for collisionless [15] and collisional drilt wave [40] caus-
ing the gencration of small scale irrepularities. ITn collisional regime the collision brings
the severe condition on the upper limit of plasma density for growth rate to overcome
the ion viscous damping near the ion gyro radius. The study ol steepened structures
(43, 44| reveal that the zonal component of polarization electric field dominates at large
scale while the vertical component dominates at small scale (<2 300m). Moreover since
the drift waves have slower phase velocities, the mean Doppler shift observed by radar
represents the guiding center drifts rather than the drift waves [42]. In other words, the
Doppler velocities represent the drift of large scale plasma plasma bubble gencrated by
CRT instability mechanism.

The observation on 18 march 98 reveal several interesting features of mation of phumne
structures. The vastly different velocity features are noticed in the plume structures ob-
served at different times. In the section 4.3.1 it was discussed that the initial seeding
of gravily wave could give rise the regular spaced plume structures. When such wave
rides over AMBR caused by some another longer wave then plume structures with dif-
ferent features are generated. The plume structures seen during 19:30-21:00 LI moves
upward with velocities as large as 350 m/s. Over Indian sector, the field reversal takes
place after 20:00 LT [46, 62]. The combined effect of gravity and eastward electric field as
well as higher allitude of F layer gives rise such h igh velocilies 81, 64). The morphology
of the structures seen during 21:00  22:00 1T are quite similar to that of structures ob-
served over Kwajalein [42]. By this time the field changes its polarity to westward. The
descending bottomside undulation seen just after the reversal has u pwelling structure
which also moves downward. In fig. 5, the RTV plot corresponds to descending modula-
tion is only shawn. It clearly reveal that the u pwelling structure during descending phase
moves downward with as large as 100 m/fs. The geometry of structure, in fig, 1(a), indi-
cates thatil may be originated at the time of field prereversal as a upwelling structure but
could not grow to gravity dominated regime due to the reversal of the field which then
causcs it to move downward as well as confined it to the electric and wind field domi-
nated regime. It is crucial to note that this plume structure must originate just before
the post-reversal unlike the carlier plume structures which s pent enough time hefore the
reversal lakes place. Since seeding of all the plumes are spatial in nature (gravity wave),
such situation could vecur if seeding is nonuniform spatially i.e.; if the seeding pertur-
bation is superposition of mare than ane wave. It follows from the nonlinear veloeity
expression that the maximum downward velocity of 100 m/s near 280 km altitude ac.
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counts for 50 % degreée of depletion in the absence of neutral wind if 20 m/!s ambient
downward motion and 1:4 axis ratio zre assumed [or this upwelling structure. [Towever
it is difficult for depletion to keep or achieved such degree of depletion in the bottom-
side while it moves downward rapid than the ambient plasma since density decreases
witht decreasing aliilude in the bortomside of F region. The backscattered echoes corre-
spond to this pliume structure is similar to the earlier plumes which implics that indeed
the degree of depletion is large, at least 50%. It means that the it acquired the degree
of depletion much larger (say 80%) than the 50 % during prereversal phase while during
post-reversal phase its degree of depletion reduces to 50%. In order to make the 80%
degree of depletion at 350 km altitude to not to move upward requires very strong west-
wird electric field (~ 2.4 mV/m) which is 3 limes larger than the postreversal ambient
electric fleld. We feel that such large westward field could be generated by the large scale
gravity wave associated with AMBB and AMBE This requirement strengthens the view of
presence of more than one wave mode lor serding which is also evident from marphal-
ogy of EST This large scale wave, which itself is amplified by GRT instahility mechanism,
is such that the its corresponding enhancement should pass through the radar during
post-reversal phase. Moreover the initial amplitude of the wave should be such that the
large polarization westward ficld zssociated with its enhancement overcomes the large
polarization eastward field assoclated wilh the 80 % depleted plunie wher it edds to the
ambient westward field. The nature of such interaction will become more clear in next
chapter where we investigated the interaction of one longer and one shorter wave mode
under the non-linear GRT instability. There we have shown that even if the ambient field
is eastward, the large downward velocities of depletion can be achieved wirh the interac-
tion of two wave modes.

Itis surprising to see the vapidly rising plume structure &t 21:00 [T despite the westward
zonal electric field and despite its relatively low altitude (= 250 km) of origin. The well
developed phase of this plume structure and long time separation with last plume sug-
gest that initial seeding is amplificd by GRT instabilily during post-reversal phase itself.
Recently Sekzr and Kelley |88] have discussed the late emergence of plume observed over
Jicamarca. They attributed it to the amplification of preseeded perturbation by GRT in-
stability when the electric field becomes momentarily eastward during late midnight.
The preseeded perturbation is formed by initial perturbation which was suppressed by
westward field and shear in the zonal plasma drift. The similar situation may account for
re-cmergence of plume structure observed much later than the prereversal phase. In-
deed the field became castward at 21:00 IT on 18 march as evident from fig. 2(a).

[11s interesting to observed the velocity features associated with last plume which is tilted
weslward and having origin altitide near 250 km. The structures below 300 km pre

dominantly move dewnward while the structures above il move upward. The very weak
backscaltered echoing layer near 300 kim seems to connect the lwo structures where ve-
locities are very small. This plume structure seems o [ullow the morphology of pinched-
oll bubble [58, 69]. It is to be noted thal it is observed during late premidnight sector
when the downward wind usually reverses its direction. ‘The structure might be orig-
inated during the time when the wind is downward which allows it to grow to gravity
dominated regime similar te previous plume. ITowever before it penetrates (o Lhe topside
the wind ficld reverses causing the downward motion of the lower portion of the bubble
that falls on the electric filed and wind dominated regime. The lower portion is found to
move downward as high as 50 m/s near 250 km while the upper detached bubble moves
upward with velocily as high as 100 m/s near 350 km. Both the velocities amount for
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50 Y degree of depletion at their corresponding altitudes if 15 m/s ambient downward
maotion, 20 m/s upward wind and 1:4 axis ratio are assumed. It is found moreover that
the 300-350 krn altitude region is cross-over region from electric and wind field to gravity
dominated regime. The cross-over altitude region would map to the 350-430 km altitude
region at the equatar which implies that the local Pederson conductivity and density de-
cides the bubble dynamics rather than the flux integrated quantities. The fourth plume
structure which is confined below 400km also has large downward velocity below 350 km
altitude. However il didn't show any pinched oll morphology may be because it could not
find enough time to grow to inertial regime before the electric field reversal takes place.

It follows from the above discussion that the present observation has varieties of phenomenon
such s the erthanced downdrafting of depletion, the effect of downiward wind to accourn!
for rapid rising bubble during post-reversal time and pinched-off bubble. This aspects are
explained on the basis of existing theories (64, 58], However the nonlinear simulation is
desired to understand these fealnres.

4.3.7 LESFevent of 23 march, 99

The ESF event chserved on 23 march 99 night (fig. 1{el) is quite similar to the ESF ob-
serived on Marcn 21, 1979 over Jicamarca [18]. The AMBB is quite prominent on this
night compared to 18 march 98. Moreover irrespective of the descending and ascending
phase, the velocities inside all the plumes are found Lo be upward. This Teature differ
from 18 march 98 event where depletion seen during descending AMBDB strictly moves
downward. Note that the AMER is more prominent on this night and one woeuld expect
the plume seen during descending phase to move more downward than on 18 march 938
if the interaction of two wave modes are only considered. We feel that along with two
modes, one need to take the effects of tilts of the ionosphere in to account which is not
incorporated in eq. (4.2).

4,3.8 Late emergence of plume

The BST event observed on March 19, 1998 (fig. 6(a,b)) shows the late emoergence of
plume along with early seen lavered structure. Except for the first two descending plume
structures, the morphology of the ESF during this night is quite similar to the ESF ob-
served over Jicamarca bn September 8, 1993 (reproduced in [88]). In their observation an
intense botwomside layered structures during 20:30 22:30 L1 was observed which formed
the base for the spectacular plume structure seen at 22:30 LT In present observation we
observed the weak bottomside layered structure which do not clearly shows any con-
nection with the spectacular plume structure seen at 21:45 UL 1t can be attributed to the
inefficient mapping of the the layered stucture to low latitude station from the equator,
the layered structure to low latitude station from the equator, which weakens and may
cause the disappearance of the bottomside layered structure. The separation batween
the plume structures are found to be 100-150 km, which confirms the seeding as due
the gravity wave,

The descending narrow bottomside layer and first two plume structures can be formed if

the seeding perturbartion do not get enough time to grow before the reversal takes place.
Comparison with b'F variation (fig. 2(b]) shows thal the bottomside I layer descends
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downward during the chservation, 1t was shown by Sekar and Kelley [88] that the com-
bined ellect of westwanl feld and sonal shear cause the formation ol narrow bolionn-
side layer provided the seeding amplitude is not to large. In present observation the two
descending plume structures are also seen in addition to the narrow bottomside layer.
[L can be attributed to the non-uniform seeding of gravity wave such that the seeding
carresponds to these structures do have enough amplitude to grow as upwelling struc-
turcs, However they do not find encugh time to grow to gravity dominated regune belore
the reversal tales place where after they move dovwnward, The downward velocity of 40
m/s accounts for 30 % degree of depletion iF 30 m/fs ambient downward motion and 1:5
axis ratio are assuned for both the descending plhuine structures. Since they are moving
downward faster than the ambient, they must have degree ol depletion large: (sey 50%)
than 30% just at the beginning of descending. In order for 50% degree of depletion to
nat to move upward requires strong westward electric field (1.8 mVim) which is twice
as large than the ambient postreversal field. Thus the ambient electric field alone is not
sufficient to make the depletion to move cownward with 40 m/s. Though it is not evident
from the morphology of the event, the sceding of large scale wave similar Lo as discussed
in the context of 100 m/s descending depletion seen on 18 Mazch is the possible candi-
date for giving rise such large required lield.

ILis interesting to observe the rapid rising plume stracture during late midnight in spite
its low altitude of origin {250 km). This plume event is followed by momentarily rapid
ascending of bottomside of F laver (fig 2(b)). The recent investigation [88] reveal thal
the confined narrow bottomside structure which actas a preseeded perturbation can be
excited by CRE instzbility il the verlical plasma drilt momentarily becomes upward with
AL mis velocity during late midnight. In the present observation the botlomside 1 layer
indeed ascended with such desired velocity, Therefore, the rapid rising plume structure
seen during late midnight may be consequences of such mechanism.

4.3.9 The botlomside ESF event

The bottomside spread F event is observed on 16 april 99 night (fig. €(c,d)) . The irreg-
ular structures are conlined within 270-370 kn allitude region, Though the structures
are found to be zonally detached bur appears to follow the wave-like morphology, “he
ohserved periodically upward and downward velocities over time do favour such mor-
phology. The upward velocities as large as 100 m/s is observed. Recently Sckar and Kel-
ley [88] have shown that the combined effect of westward electric filed and »onal shear
could confine the ESF structures to botromside. The time of reversal of ambient electric
is crucial lor such confinement.

4.4 summary and conclusion

We have examined some of the interesting events observed during equinoctial period,
1998-94. The multiwavelength morphology enhanced dewnward motion of plumes,
pinchied-ofl plumes and late emergence of plume structures are some of the interest-
ing aspects which we have tried to explain on the hasis of existing theories. On the basis
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of noniinear analytical expression, it is shown that for enhanced downdrafting of deple-
tions, more than one wave are needed for seeding of CRT instability, The late emergence
of plume structures and bottomside spread T are discussed in the light of recent investi-
galion [88].

4.5 Figure captions

o Fig. 1: The RT1 maps on six nights: {a) 18 march 98, (h) 25 march 98, (¢) 30 march
98, (d) 19 april 88, (e) 23 march 99 and (f) 13 april 99,

e Fig. 2: The temporal variatinns of hortomside I laver height on: (a) 18 march 98, (b)
19 march 98 {¢] 25 march 98 and (d} 19 april 98,

e Ig. 3: The R1'T maps an six consecutive nights: (a) 17 april 98, (b) 18 april 98, (¢) 19
april 98, (d) 20 april 98, {el 21 april 99 and (f) 22 april 99.

s Fig. 4:'The RTV maps on six nights: (a) 18 march 98, (b) 25 march 98, (¢) 30 march
a4, (d} 19 april 98, (c) 23 march 99 and (f) 13 april 99.

o Fig. 5: The enlarge RTV plot during 20:00-22:00 LT on 18 march 98,

¢ Fig. 6: The RT1 and RTV maps on 19 march 98 (a,b) and on 16 april 99 (c,d] respee-
Livily
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Chapter 5

T'he simulation of multiwavelength morphology and
downwelling of plasma bubbles

5.1 Introduction

The morphology and velocily featiures of EST observed by Indian MST redar are dis-
cussed i previous chapter. The lerge scale bullomside modulating structure and the
riding plume structures with different features during ascending and descending phase
of bottomside modulation (BM) are seen on some nights. A similar morphology event
was earlier nhserved and investigated by Kelley et al [48] on the basis of linear theory of
CRT instability. The large scale vonal seeding of gravity wave was suggested as the pos-
sihle candidare for large scale bottomside modulztion. The presence of such wave was
found to be esseutial fur the generation of plume structures seen during the descending
phase of BF layer. The nonlinear investigation [34] reveal that when both a seed gravity
wave and a siualler-scale perturbations are used, indeed the large scale gravity wave de-
fermines the outer-scale of ESF irregularities and the smaller-scale perturbation results
in mnultiple plumes preferentially located on the westwall similar to the observation |48].
However the investigation is restricted to wavelengths not exceeding more than 200 km
and deals mainly with morphology. The earlier observations [48, 42| and observation
presented in last chapter indicate the bottomside modulation with 600-1200 km scale
sive, over which plume structures with regular spacing of 100-200 km ride. Mareover in
our ohservations, the plume structures exhibit lots of variabilities in the velocities, Inter-
estingly the plume structures seen during descending bottomside modulation are some
time found to descend with velocity much larger than the ambient. In last chapter, it was
arguad on the basis of nonlinear analytical velocity expression that the wave mode as-
socialed with BM can gives rise the additional westward clectric field so that the plume
structures associated with short weve mode descend downward much faster than the
ambient. Thus its not only the morphology of the event but the velocity features also SUg-
gest the presence of more than one wave mode as seeding perturbation. Moreover, it is
not always that the plumes observed during descending bottomside modulation moves
downward but somertime they are found to move upward alsc. These are few aspects
which need more attention now to urderstand our observations. In this chapter the in-
teraction of two wave modes, one longer and one shorter, under the GRT instability is
investigated. The objective of the investigation is to explain the different velocity fea-
tures of plumes which were not dealt in earlier investigations.
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5.2 Numnerical simulation model

In the present investigation, the nonlinear numerical simulation model of EST [71, 83] is
adopted. As the irregularities are Uarth’s magnetic Celd aligned (2 axis), the model was
developed in a two-dimensional plane perpendicular to the geomagnetic field lines aver
magnetic dip equartar. In this model, the basic plasma fluid equations applicable to the
equatorial nighttime Fregion were reduced to the following two coupled partial differ-
ential equations in m.k.s.units.

Vo NN = Bl—g + ]-‘1-’;'.12'{-” + i Fluaf H::lfm} Lé]_nll (5.1]
x
dN 0 e ) : i,
- (N/BVE,, + —)]4+ =—[(N/BI[-FE — ] = —vpN 5.2
At {j}!l"‘ Fo Ly | Hli; ;I] f}",n' LY/ ]lr za T Li"?.] VR l:]' }

Here N and ¢ represent the electron number density and the perturbation potential re-
spectively. The symbols g, v;,, vi and B correspond to acceleration due gravity, ion-
neutral collision frequency, recombination rate and the strength of Earth magnetic field
respectively. £,., £, and I, are the background electric field components in zonal (x)
and vertical (y) directions and vertical wind respectively. For further investigation, W,
and B, are not considered.

5.2.1 Thesimulation plane

The numerical calculations are performed in two-dimensional Carlesian plane where
Lthe positive # and § axes represent westward and upward direction respectively. The
differential equations are solved over the region of 300 km east to 300 ki west in zonal
direction and over 182 to 532 km in vertical direction. The grid sizes are chosen to he
uniform with the values of Ar = 3 km and Ay = 2 ki, The vertical line corresponding to
x=0 km is referred as the zero reference longitude tor the future discussion.

5.2.2 The boundary conditions and initial conditions

As the problem of interest is to study the growth of the periodic perturbation in ion den-
sity in zonal direction, periodic boundary conditions areimposed on V and « in the zonal
direction. In vertical direction, transmitive boundary conditions on number density

anN

— =[]

iy
and Neumann boundary conditions on ¢

b

- =

dy

arce imposed.
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5.2.3 The numerical scheme

The numerical scheme adopted by Sekar [90] is used for present simulation. The poten-
lial equation is solved using a line by line successive over relaxalion method by main-
taining the skew symmetry in the zonal direction.

The continuity equations are solved by explicit finite difference method [Lax-Friedrich
and Lax-wWandrofll schemes) with flux corrected transport (FCT] technique 11 11.

5.2.4 The inputs for simulation

The basic inputs required to the simuletion are

(1} the altitude profile of v;..,

(2) the altitude profile of 3,

(3) the altitude profile of electron nu mber density

(4} the Lemporal variation of zonal clectric field £4..

The altitude profiles of v;, and /i are same as in fig. 1 of chapler3. The altitude profile
of the clectron density with a minimum scale length of 15k and peak altitude of 410km
wsed in the simulation, is depicled in figure 1a. In figure 1b the ambient vertical plasma
drift [*—E-‘*] corresponding to background zonal electric field (E..), used in the simulation
is shown as case L.

5.2.5 The form of initial perturbation

The density perturbation is chosen of the form:

| R
=

()l

Nix,yl = Noly}(1 — arvos]

>|

for a single wave length mode and
. S . 2w e 2 :
Nyl = Nelwl[L. — (o i:ﬂﬁl}'._[:?l + a5 )] + a2 ma[,l"—lx.r - i ]3]
L Ay

for superposition of two modes.

In the ahove relations the plasma densities at a given altitude (¥) for various zonal
distances (N(x,y)) are described in terms of sinusoidal perturbation along zonal direction
over the unperturbed plasma dansities Ny(y] at that particular altitude while a, A and v
denote respectively the amplitude, wavelength and the phase of the initial perturbation.
Here the suffixes 1, 2 represent two modes.

5.2.6 Cases considered for investigation

By varying the paramelers a, A and v, nunber of cases are considered [or the present
invesligation. Lhese cases are enlisted in table 1.

5.2.7 Method of illustrations

The continuity equation provides the remporal evolution of zonally permurbed altitude
profile of number density of hoth the ions. Tnstead of plotting the altitude profile for
cach zonal distance at any instant of time, the contours of conslant density are plotted
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The simulation of multiwavelength morphology and downwelling of plasma bubbles 61

over the simulation plane.
The potential equation provides the spatial structure of potential at any instant of time.

The velocity defined by

= 1 T =
1 H_l Vo x B
is plarted instead of plotting the potential contours.
Both isodensity comtours and velocity vectors are plotted in same graph. At the same
time, by knowing the instantaneous profile of background electron density, the iso den
sity depletion and enhancement contours aver the simulation plane are also depicted in
few cases. For single wave mode, the insrantaneous profile is obtained by running the
simulation without perturbation but keeping all other parameter same. However for tvo
wave mode one need to be carclul of calculating it. It was seen during the ohservations
presented in previous chapter thal the 2'F variation follows the longer wave morphology
associated with AMBB and AMBB indeed can be used as a tracer for the AMBE Thus for
two wave mode perturbation, the instantaneous profile of electron density is obtained
by running the simulation with longer wave perturbation.

5.3 The general features of interaction of two wave modes

In order to see the changes which seeurin the evolution of GRT instahility with seeding of
two modes £s compared to single wave mode, the single wave modes are also considered.

3.3.1 Results

The results corresponding to case 1 for single shorter mode are depicled in fig. 2(a,h).
The up-welling structures in fig.2a corresponds to depletions in fig. 2b. The maximum
degree of depletion and upward velocity are found to be 50% and 30 m/s. The up-welling
structures or depletions are extended to 100 km much below Lhe Frcar altitude which is
450 ki at 1800 seconds. The results corresponding to case 2 are shown in fig. 2(c,d). The
up-welling structures or the depletions are extended to the 440 ki with maximum de-
gree of depletion and upward velocity as 80% and 55 m/s respectively. In both case (1,2),
all the depletions move upward while all the enhancements move downward.

In fig. 2{e,[}, the results corresponding to case 3 are shown. The morphology of the struc-
ture is such that the bubbles are seen with the regular spacing ol 150 ki which is the
wavelength of shorter wave mode, However they seem to ride over the longer wave mod-
ulating structure on the bottomside, The bubble which is seen at the center has reached
up to 460 km with maximum degree of depletion more than 90%. The bubbles which
are seen at = 150 ki zonal distance have reached up to 400 km with maximum degree
of depletinn as 10%. Moreover the central bubble moves upward with maximum of 500
m /< while the other twa depletions move downward with maximum of 30 m/s which is
almos| two times as large as the ambient downward motion (12.5 m /s at 1800 seconds).
Further, the enhancement lyving on either side of the central bubble moves downward
with maximum velocity of 40 m/s.

The results corresponding to case 4. is depicted in fig. 2g. The well developed bubhbles
with 150 km spacing are seen with no signature of any prominent bottomside madula-
tion. Al the bubbles are moving upward with very large velocities.
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5.3.2 Discussion

Though the maximum depletions in both cases 1 and 2 are greater than 50%, the bubble
velocity is found te be below 60 m/s. [tindicates the moderate development of ESI struc-
tures in both single wave modea case. Earlier simulation [85] with the 0.5% amplitude of
perturbation for small wave mode was shown to evolve as well developed ESF structure
only when the effective velocity (effect of gravitvelectric ficld, downward wind) was 70
m/s. However, in present case its value is 22 m/s equals to the velocity due to the zonal
electric fleld since other effects are not considered in the simulation. Thus the ESF struc-
ture correspond to single shortwave mode could not grow into the well developed phase.
Even though the perturbation amplitude (5%) for single long wave mode is sufficiently
large, it requires more time to form a well developed bubble, due to the nonlocal effects.
However the superposition of these two perturbations, i.e. the case 3, could grow into
the well developed phase with distinguish morphology and with degree of depletion and
upward velocity as large as 90% and 500 m/s respectively. The bubbles with separation
equals to shorter wave mode are seen with clear association to the long bottomside mod-
ulation (BM] similar to the carlier investigation [34]. The bubbles {though less depleted
and confined to lower altitude) are seen during the ascending and descending phase of
the botromside modulation similar to the earlier investigation by TTuang and Kellev |34].
L their investigation, they had explored the possibility of gravily wave seeding along with
smzll initial perturbation also and fuund the preferential generation of multiple phume
on the descending phase only , consistent with the observalions, The presence of long
wave perturbation propagating in zonal direction provides tilt to the ionusphere. The
lincar growth rate (-, ) [or tilted ionosphere is given by [45]:

Tl = [_—FLL i i-‘ = rg [ELH L chil (5.3)
I M| L B i

where Lis the gradient scale length on the botlomside, « is the tilt angle positive for an
ionosphere tilted upward moving from wesl to east, E,., . and W, arc woestward elec-
tric field, upward clectric field and westward neutral wind respectively. The tilt angle, «,
is negative (positive) for ascending (descending) of bottomside backscatter (BB). Ience
its the last term which hiases the growth of CRT instability during the ascending and
descending phase, The terms in the square bracket are zonal plasma drift and neutral
wind which arc usually eastward during nighttime. Moreover the farmer is either equal
or less than latter which can be inferred from whether the plumes are vertically erect or
tilted westward. The coefficient of sina/ L would be then either zero or positive during
nighttime. [fits value is sufficiently large then growth rate during ascending phase would
highly get reduced causing the disappearance of plumes [48]. In normal circumstances,
the plasma drill doesn't differ much from the neutral wind and so the coelficient is small,
II'one then uses one lenger and one shorter density perturbations then plumes will be
seen during both ascending and descending phase as one of case investigated by Huang
and Kelley [34] reveal. However if the gravity wave is used along with one shorter density
perturbation then ils associated zonal wind adds to the neutral wind and causcs the co-
efficient to become large. It then suppresses the gencration of plumes curing the ascend-
ing [34]. ln our investigation we have not incorporated the etfects of vertical electric field
and zonal neutral wind and also the effect of tilt angle. Moreover we neither included the
pravity wave associated winds n our calculation. In spite of all Lhese, the generation of
bubbles are seen both during ascending and descending phase, Moreover these bubbles
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are found to move downward similar o our observations. In contrast to case 3, case 4
neither shows any prominent bottomside modulating structure nor the downward mov-
ing bubble. These two cases throw some light on how the interaction of two wave mode
is operating under CRT instability. The distinet features for these two cases can be at-
tributed to the relative amplitudes of participatingwave modes. The amplitude ol longer
wave mode is 10 times larger than the shorter wave mode in case 3 while ir is opposite
in case 4. In case 3, the initial large amplitude of longer wave zonally alters the ambient
ionosphere by creating the depletion and enhancement. This zonal varying innosphere
acts as an ambient for small amplitude short wave mode. Some of the mitially small de-
pletivns of short wave maode fall on the large scale ambient depletion now while others
fall on the enhancement. Obviously the former become more depleted while latier be-
come less deplefed compared to the initial amplitude which is 0.5%. At the same time,
the former see the large scale eastward field while latter sce the westward field opposite
to its own short scale eastward field. Since the short wave mode has smaller initial ampli-
tude than the longer one, the net electric field for latter depletions would be westward,
In contrast to it, in casc 4, however all the depletions see the net eastward field due to
large initial amplilude of shorter wave mode as compared ta the longer wave mode.
Both the maodes now evolve and so as their polarization field under GRT instability, In
case 3, longer wave grows faster than shorter wave mode since its amplitude is suffi-
ciently large. The evolution of large scale mode with time would give the prominent hot-
tomside in case 3 as its initial amplitudeis sufficient to grow. In case 4, the absence of bot-
lomside modulation confirms this argument since initial amplitude of lon ger wave mode
s not sulficient to grow in this case. With the effect of westward field in the enhancement
region, in case 3, somc of the depletions of short wave mode then move downward while
the other which fall on depleted region safely move upward due 1o net enhanced easi-
ward lield. fn brief; longer mode provides the additional ambient electric field which itself
is evolving with time. s eastward field causes the smatler amplitude short wave mode
depletions to evolve in well developed phase which otherwise could not grow as in cose |,
At the same time its increasing westward field causes some of the depletions, associated
with shorter wave mode, to move downward with less degree of depletions provided iis
ampliticde is sufficiently large.

The effects of ambient electric field, relative phase, amplitude ratio and wavelength
ratio for superposition mode

T'he result corresponding Lo case 3 is taken at 1800 scconds which is the time when am-
bient motion is downward as seen in case I of fig. 1(b). The question could be raised
whether the downward motion of weakly depleted regions are mainly due to the ambi-
ent westward field or westward field associated with langer wave mode ? [n order to dis-
tinguish out these two cffects, case 5 is chosen for the simulation. Tts result is depicted
in fig. 2h. In this case, the ambient field is kept eastward till 1800s, Interestingly the
weakly depleted regions move downward much faster in this case compared to the case
3. 1tis now well established [88] that the delay in the reversal of the ambient feld causes
larger growth of CRYT instability, Since in case 5, the electric field reversal takes place laler
Lthan as i1 case 3, both the modes evaolve to much larger amplitude than earlier. Its effect
then would be further prominent bottomside modulation, enhanced downward motion
of depletion as well the increase in the degree of depletion of downward moving deple-
tion as we see in fig.2h. This finding strengthen the argument given above that its ‘he

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

The simulation of multivavelength morphology and downwelling of plasma bubbles 64

evolving wesltward polarization field associated with longer mode which causes deple-
tiona to move downward.
On the basis of ahove arguments, one anticipates thut the evolution of the ESF structures
considerably varies with the varialions in the relative phase, ratio of amplitudes and the
wavelengths of both the single wave modes. In fig. 2i the result corresponding to case &
is depicted. The shorter wave mode is shifted by 90 relative Lo un-shifted longer wave
mode while keeping ather parameters same as for case 3. The botlomside modulation
similar as for case 3 is seen. However, in contrast to single well developed bubble in
case 3, two well developed bubbles are seen. Their maximum velocitics, though large,
never exceed the maximum velocitics of well developed bubble seen in case 3. Moreover
in contrast to four descending depletions in case 3, two downward movin g weak deple-
tions are found during ascending and descending phase of BM. The unaltered hottorm-
side modulation indicates that it is merely due to the longer wave whose parameters are
- unaltered. Due to phase shifting of shorier wave mode compared to longer wave mode,
two of its depletion now falls on depletion of lunger wave mode while other depletions
fall cn enhancement of it. We have investigated the two wave interaction with 1807 and
70° relative phase and found the significant difference in morphology of ESF and mo-
tion of depletions. The study thusreveal the importance of relative phase between maodes
to decide the morphology and velocity features of ESE structures, Now we will investigate
the: elfect of relative amplitudes of two medes in the evolution of ESF structures,
In fig. 2j, the resulls correspond to case 7 is presented. The two well developed bubbles
seen in case 6 are grown to further stage in case 7. More interestingly, the enhanced de-
gree of depletions and downward velocities of the depletions seen during the ascending
and descending phase of BM arc found as compared to case 6. It is to be nored thal the
amplitude ratio of shorter to longer wave mode is 1:5 in present case while it was 0.5:5
in case 6. It is the increases in the amplitude of the shorter wave mode which causes the
increase in the degree of depletion of both well developed bubbles as well as the bubbles
seen during ascending and descending phase. By increasing the am plitude of short wave
mode and keeping the amplitude of longer wave mode unchanged, one should expect
the downward moving bubbles o slow down cormpared to the case 6 since they have now
large castward field compared to case 6 to oppose the westward lield associated with the
enhiancement of the longer wave mode. We feel that the enhanced downward motion iz
due to the nonlocal effect. The evolution of two well developed bubbles to further slage
ir case 7 causes either side of their structuresto also develop in further stage and thusin-
creasing their velocities. Thus the increase in amplitude ralio of shorter to longer mode,
but still less than unity, produces the higher degree of depletions with larger downward
velocitios.
The results presented in fig. 2k correspond (o case 8. The degree of depletion seen dur-
ing ascending and descending phase are less than case 6 while the downward velocilies
becomes larger than as in case 6. It is obvious because the amplitude of longer wave
mode is increased which causes the depletions of shorter wave mode, which fall on its
enhancement, to diminish as compared to case 6. At the same time ite enhanced wost-
ward field enhances the motion of this depleled region.
In fig. 2{1), the result corresponding to case 9 is presented. To accommodate the effect of
increase in buth wavelengths, their phases are also increased by same factor compared
rocase . No bubbles are seen in this case which indicate that the choice of wavelengths
are also crucial for nonlinear development of GRT instability. In brief our present inves-
tigation reveals that
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The superposition of longer and shorter wave medes gives rise the morphology such that
the plume structures correspond (o shorter wave mode are having clear association with
butiomside modulation (BM) due to the long wave mode. The too small initial amplitude
0.5%, for short wave mode could grow info the bubbles when it falls over the depletion
af longer wave mode. At the same time the depletions seen during the descending and
ascending phase of BM move dowrneard with varying degree of depletions and velocities
depending on the relative phase and ratio of amplitude. By suitable choice of relative am-
plitudde and phose and relotive wavelength, the lorge degree of depletions and downward
velocities can be achieved.

‘5.4 A case study

We now extend our investigation fiurther o explain some of the FSF featires observed by
patra et al [69] as shown in fig. 3{a,b). The observation reveal the two wave morphol-
opy and enhanced down drafting of EST structures. During descending phase of BM, the
descending plumes are also seen. The wave like structures on this night leads (o the hy-
pothesis that the gravity wave play a role in the process. The wide spectrum of gravity
wave allows the range of waves which could possibly match the data. The parameters
requiredd o specily e waves are their verlival and horizontal wave length and lrequen-
cies in Earth fixed rame. The knowledge of these parameters for both the waves can be

inferred from the dispersion relation of the gravity wave in neutral wind frame [54):
M - l-."uﬂ'zi" II |:L_J 4)
- |“£3—|-:’~,.-I-'HHEJ -

Here k. and k,, are the horizontal and vertical wavenumber, H is neutral scale height, w,
is the Brunt-vaisala frequency and «’ is the frequency in the neutral wind frame,i.e.;

w' = w, — kT (5.5)

Thew, is the earth fixed lrequency and « is the neutral wind. The horizontal wave vector,
k., is negative along the eastward direction. We choose the negative root of eq. (5.4) for
our search of gravity waves.

i |_f|.;.,‘y|r.!x;| .
/ ;,? + h;: + :f-"q r_rz:,uz (5.5)

IHines [32] has shown that viscosity damps out all vertical variations zt thermospheric
heights with a wavelength less than a minimum vertical scale size. Above L region heights,
thus all vertical wavelengt]m of less than 10 km are likely to be strongly damped. We
assume the value of A, = .l., ta be 20 km in our calculation. We then solve both the
equations for w' by taking the w, and k, as independent variables and keeping wind, u,
as 4 [ree parameter. During evening hours, neutral wind usually takes the value in 60

120 m/s range in eastward direction. We choose two values, 60 and 90 m/s for . In fig.
3(c,d], the iso o contours of above two equations are plotted. Instead of k, and ., hor-
izontal wavelength, A, and time period v, are plotted. The plot {c) and (d) correspond to
G0 m{s and 90 m/s m*ufml wind values respectively. The values of contours are 0.0002,
0.0003,0.001, 0.0016 s*. The horizontal parallel lines are solution of eq. (5.6} and curved
contours are solution of eq. (5.5), The intersection of contours of same valuesin «, — A,
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plane, obtained by two equations, are the possible gravity waves. Trom fig. 3ic), two
pravity waves of wavelengths 120, 600 km and time periods 22.5, 105 seconds respeclively
can be identified as shorter and longer wave modes. Similarly, from fig, 3(d), two gravity
waves of wavelengths 175, 900 km and time periods 22.5, 120 seconds respectively can
be identified as shorter and longer wave modes. Tt is inleresting to observe thet the both
shorter and longer gravity waves in any of the plot fulfilled the two essential requirement
for CRT instability. The first one is thal phase of either of the waves must remain unal-
tered during the linear evolution time of nstability which is in between 12-15 minutes.
‘Smee wave periods of both the waves are greater, al least by factor two, than it, the condi-
tion is easily salisfied. Next is about the superposition which must be coherent with time
Le. the relative phase between two waves must remain unchanged. Both chosen waves
propagates in same dircetion, eastward, with equal velocities,§, thus the relative phase
indleed would remain unchanged.

Lor our simulation, we have chosen shorter and longer wave modes with 100 and 600
kin wavelengths which nearly malches the sat of gravily waves identified from fig. 3ic).
Chir next argument is on the amplitudes of these two waves, Since the gravity wave fol-
'ows the power law spectrum with negative indices, the amplitude of shorter wave made
would he less than Lhat of longer wave mode. In our sfmulation we have always chosen
the amplitide ol shorler wave mode to be smaller than that of longer wave mode. An-
other choice which we have made is that amplitudes ol both the waves are decreasing as
thev propagate eastwanrd.

The paramelers [or both the chosen gravity waves are erlisted below

E.I:ﬂ
i i tz , case [ (in
A .-:ll.'i |II|'_:|. Tt
| : 2= S lib) but ex-
100 -~ LO%  in castward 9.0%  in eastward 295135 rende:d till
plane slanc il 2400 seconds
ki km P - : . . ]_q.‘r;' ; ; -
307 in westward 12% in westward with samE
plane plane slope.)

Another choice which we have made is about the clectron density profile. The bottam-
side scale height is reduced 1o 5 km in present case compared to 15 km with which pre-
vious cases were investigated. The reason for such reduction is to reduce the width (al-
firuce extent) of the BM. In fig. 4(a), the iso depletion and enhancement contours along
with velocities are plotted while in fig. 4(b), the isodensity contours aleng with velocities
are plotied at 2100 seconds. The two depletions penetrating to the topside are seen in fig.
Ala} similar to the observed first two rising plumes in fig. 3(a}. The next two depletions
are 71 and 30°% depleted but moving downward, They ride over the cnhancement layer
wihich clearly has descending morphology after the first two rising depletions. Moreover
just beneath to the 70 % deplered region, the enhancement structure move downward
with 60 m/s. These features are very similar 1o the observation by Patra et al [39] in fig,
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(a,b). We would like to emphasize that the plols reveal the structures over the zanal
distance at one thne while the observation gives the map over both zonal as well as over
time.” Thus one need (o plot the simulation result for different zonal area at ditferent
times, Ifwe asswme that the descending enhancement layer along with third and fourth
depletions areseen attime 21008, then the structuresleft (right) Lo it correspond to earlier
(later] lime. Since F layer moves downward after 1500 seconds, the left {right) structure
would be at higher (lower} altitudes than as in fig. 4(a-b). In fig. 4{c) we have plotted the
right (left) structure at 1800 [2400) scconds along with centered structures at 2100s, We
clearly see the relative descending of structure seen after the first two rising depletions by
70 Jar. Though the reference allitudes of descending structure does not match with the
observation, the altitude by which it descends closely matches with ebservation. We feel
thet the discrepancy in the reference altitudes is due Lo the electron density profile and
other background parameters taken for the simulation. Qurinvestigation is restricted to
interaction of two wave modes only. However there can be more than two wave modes
sionultanevusly present in Lhe ionosphere. The interaction among them self would give
rise many other interesting features whichi are nul emerged from present investigation.

5.0 summary and conclusion

The interaction of two wave modes under the CIUT instability is discussed in the chap-
e, The investigarion reveal that morpholegy and velocity features observed on few oc-
casions could be explained on the view of this interaction by suitable choice of phase,
armplitudes and wavelengths of the two waves. One such case is dealt and the results are
found to match the observalions closaly.

5.6 Figure captions

e lig. 2(a,b): The isodensity contours with velocities in (a) and iso-depletion con-
tours with velocitics in [b) are plotted for case 1.

o g, Zic,d}: The isodensity contours with velocities in L:] and ise-depletion con-
tours with velocities in [d) are plotted for case 2.

e Fig. 2(e,f: The isodensity contours with velocities in (e) and iso-depletion contours
with velocities in [f) are plotted for case 3.

 [ig. 2(g): The isodensity contours with velocities are plotted for case 4.
¢ Fig. 2(h): The iso-depletion contours with velocities are plotted for case 5.

» Fig. 2(i-1): The isodensity contours with velocities are plotted for case G-case 9 re-
spectively.

o [ig. 3 (a-d): The RTT map and RTV map observed by Patra et zl; [69] are reproduced
in {a) and (b} respectively. The graviry wave dispersion relation for «, ~ 60 m/s in
(c] and 90 m/s in {d) is plotted in frequency-zonal wavelength plane.
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o Fig. 4{a-c): The iso-depletion contours with velocilies in (a) and 1sodensity con-
tours with velocities in (b) are plotted for case study. In (c), the depletion-enhancement

* contours are plotted at three different times such that left most, center and right
most simulation plane correspond to 1800, 2100 and 2400 seconds,
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i

Conclusions and Future Qutlook

L conclusion, this thasis reports the effects of different background conditions on the
'Sk After the introduction, first two chapters unfold few aspects regarding the role of
dilferent fon compositions un GRT instability. In particular the role of NO* and Fet ions
are discussed. Itis found that the significant NO* fons can be transported to the to pside
by GRT instability in spit their small life time. However, the supply to the topside depends
on the background conditions like ions compositions on (he bottomside and the seed-
ing wavelengths, The results are close in egreement with the observations. In chapter 3
some of the aspects like multiwavelength m nrphalogy and downdrafting of plasma bub-
bles gencrated by GRT instability are emerged [rom our observation of 2.8-m scale size
irregulatities associated with ESE These aspects are discussed there on the basis of ex-
1sting theories which reveal that more than one wave mode is essential to explain them.
In last chapter, these aspects are simulated under nonlinear analysis. The investizalion
reveal that different forms of seeding perturbations can give rise different morphology
of EST. More than one wave mode is found 1o be essential for making the deplelions to
move downward with verylarge velocities,

The dynamics of the plasma bubble depends on the number densities [84] of background
topside ionosphere. Further, the transition from dominznt O to dominant 11+ ions oc-
curs in the topside of T-region of ionosphere beyond 650 km. On the basis of our investi-
gation of GRT instablity with melecular ions, we expect that the large mass ratio of these
ions caw pive rise interesting dynainical aspects of k5t nregularitics. This requires fug-
ther investigation. Further, the VHT radar obscrvations reveal the connection berween
Fregion B« B instability and F-region instabilitics. Moreover in the E-region the duni-
nantions are molecular ions, Thus the present numerical simulation model for T- region
in the presence ol wo ionic species must be extended to accommaodate the dynamics of
E-region as well as the L~ ions ox the topside.

69
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